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Resumen
(Spanish summary)

Given that the present doctoral dissertation is written in English, a summary covering the 
background, aim, methodology, results and conclusions is included in Spanish, in accordance 
with Rey Juan Carlos University policies.
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ANTECEDENTES

Las islas oceánicas son aquellas que, debido a su origen volcánico, nunca han estado 
conectadas con los continentes. Estas islas han atraído el interés de los científicos desde el siglo 
XIX, utilizándolas como laboratorios naturales en los que estudiar el origen de la biodiversidad 
y su evolución (Whittaker & Fernández-Palacios 2007; Warren et al. 2015). Quizás el fenómeno 
evolutivo mejor estudiado en las islas oceánicas ha sido el de las radiaciones evolutivas. Hay 
muchos tipos de radiaciones evolutivas y otros procesos que han sido tradicionalmente incluidos 
dentro de este término: disparificaciones, pseudorradiaciones, radiaciones geográficas, radiaciones 
climáticas, sistemas de coevolución, radiaciones exaptativas y radiaciones adaptativas (revisado en 
Simões et al. 2016). Entre ellas, las radiaciones adaptativas son las que han atraído más atención. 
Los ejemplos mejor estudiados de radiaciones adaptativas se han centrado en organismos bandera 
como los pinzones de las Islas Galápagos (Grant & Grant 2008), la alianza de las espadas de plata 
de Hawái (Landis et al. 2018) o los lagartos Anolis de las Grandes Antillas (Losos 2009). También 
se han detectado posibles radiaciones en taxones menos estudiados (por ejemplo, Parent & Crespi 
2009; Simon et al. 2018), pero rara vez se ha estudiado su carácter adaptativo.

Los líquenes son el ejemplo paradigmático simbiosis mutualista. Tradicionalmente se han 
definido como compuestos por un socio fúngico, el micobionte, y uno o más socios fotosintéticos, 
los fotobiontes (Nash III 2008), pero el concepto se ha ampliado recientemente (Hawksworth 
& Grube 2020; Lücking et al. 2021; Spribille et al. 2022) para dar cabida a los integrantes de 
los microbiomas bacterianos y fúngicos, cuyo papel dentro del talo liquénico se ha demostrado 
esencial (Grimm et al. 2021). Los hongos liquenizados tienen, en general, amplios rangos de 
distribución (Galloway 2008), y se conocen escasos casos de radiaciones insulares en hongos 
liquenizados: los géneros Nephroma en Macaronesia (Sérusiaux et al. 2011), Sticta en Madagascar 
y las Mascareñas (Simon et al. 2018) y la microrradiación de Lobariella en Hawái (Lücking et 
al. 2017b). Sin embargo, el ejemplo más notable tal vez sea el género Ramalina en Macaronesia. 

Ramalina es uno de los géneros de hongos liquenizados más diversos (c. 230 especies, 
Lücking et al. 2017a). Tiene una distribución subcosmopolita, pero cinco zonas destacan por su 
alta diversidad: Baja California (Ryan et al. 2004), África Oriental (Krog & Swinscow 1976), 
Australasia (Stevens 1987; Blanchon et al. 1996), Los Andes (Marcano et al. 2021) y Macaronesia 
(Krog & Østhagen 1980a, b; Krog 1990). Macaronesia es una región biogeográfica formada por 
cinco archipiélagos volcánicos en el Atlántico; Azores, Madeira, Selvagens, Islas Canarias y 
Cabo Verde, así como por una franja de tierra en África occidental conocida como el enclave 
macaronésico (Fernández-Palacios et al. 2011). Estudios recientes han mostrado que ha habido 
un número limitado de eventos de colonización independientes de los archipiélagos por taxones 
del género Ramalina, y que uno de estos eventos de colonización desencadenó una radiación 
excepcional (la “Gran Radiación Macaronésica”, Pérez-Ortega et al. in prep.) que incluye la 
mayoría de las especies endémicas, así como algunos taxones mediterráneos no conocidos 
actualmente en las islas. Dentro de la Gran Radiación Macaronésica se anidan dos radiaciones 
paralelas más pequeñas, que se corresponden con los grupos R. decipiens y R. bourgaeana. Estos 
dos grupos han colonizado el medio saxícola de manera independiente.
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El grupo Ramalina decipiens está formado por cinco especies endémicas de Macaronesia: 
R. decipiens Mont., R. erosa Krog, R. hamulosa Krog & Østh., R. maderensis Motyka y R. 
portosantana Krog. La distribución de las especies varía enormemente. La mayoría de las especies 
están restringidas a un único archipiélago, pero R. decipiens y R. maderensis están ampliamente 
distribuidas. Tal y como las definieron Krog & Østhagen (1980a), estas dos especies muestran 
una variabilidad morfológica muy elevada, lo que se ha interpretado como fruto de un proceso de 
especiación actual. Los estudios sobre radiaciones evolutivas en hongos liquenizados son escasos 
y están limitados a la evolución de algunos grupos que presentan una gran diversidad (Kraichak 
et al. 2015b; Gaya et al. 2015; Nelsen et al. 2021). Actualmente no existe ningún trabajo que 
estudie los factores que originan radiaciones en hongos liquenizados en islas. En base a su carácter 
endémico ligado a la región macaronésica, proponemos el grupo R. decipiens como un sistema 
modelo para el estudio de este proceso en hongos liquenizados en islas oceánicas.

OBJETIVOS

El objetivo principal de esta tesis doctoral es identificar los factores que han causado la 
radiación del grupo Ramalina decipiens, explorando su carácter adaptativo. Para ello proponemos 
los siguientes objetivos específicos: (1) reevaluar la taxonomía del grupo y reconstruir las relaciones 
filogenéticas entre sus especies, (2) explorar el posible papel de una segregación del nicho trófico 
en la radiación, (3) estudiar el papel potencial de las comunidades bacterianas asociadas a las 
especies del grupo en su radiación y (4) explorar el posible papel de una segregación del nicho 
abiótico en la radiación.

METODOLOGÍA

La presente memoria doctoral se estructura en cinco capítulos en los que se abordan los 
objetivos específicos. En el primer capítulo se pretende realizar una delimitación de especies 
siguiendo un enfoque de taxonomía integradora y resolver la filogenia del grupo R. decipiens. 
Construimos una hipótesis filogenética basada en seis marcadores moleculares, cuatro de los 
cuales se desarrollan específicamente para este fin, y utilizamos seis fuentes de información para 
generar varias hipótesis de especies: (1) estrategias de descubrimiento de especies basadas en un 
solo locus, (2) clustering genético jerárquico, (3) caracterización morfológica, (4) caracterización 
química, (5) origen geográfico y (6) algoritmos de clustering no supervisados para analizar los 
datos morfológicos, químicos y geográficos. Estos análisis se realizaron sobre 306 especímenes. 
En el segundo capítulo exploramos el papel del nicho trófico (los fotobiontes) en la radiación del 
grupo R. decipiens. La diversidad de los fotobiontes se estudió mediante secuenciación masiva 
(Illumina MiSeq) de la región ITS2 de 197 especímenes representativos de la distribución total de 
todas las especies del grupo. En el tercer capítulo caracterizamos la fisiología de los dos fotobiontes 
más abundantes identificados en el capítulo anterior. Para ello se establecieron cultivos axénicos 
de ambos fotobiontes que utilizamos para explorar su desempeño bajo diferentes tratamientos de 
temperatura e intensidad de luz, estudiar varios parámetros de la fluorescencia de las clorofilas 
y cuantificar sus pigmentos fotosintéticos. Además, caracterizamos la ultraestructura de ambas 
cepas mediante microscopía electrónica de transmisión. En el cuarto capítulo exploramos el papel 
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de las comunidades bacterianas asociadas a las distintas especies del grupo en la radiación. La 
diversidad bacteriana se estudió mediante secuenciación masiva (Illumina MiSeq) de la región 
hipervariable V1-V2 de 172 especímenes recolectados en los archipiélagos en los que aparecen 
las especies. En el quinto capítulo exploramos la posibilidad de que el motor de la radiación fuese 
la segregación del nicho abiótico. Para ello caracterizamos las estrategias ecofisiológicas de las 
distintas especies del grupo respecto a la captación y retención de agua, evaluamos si existen 
diferencias entre especies y si los distintos rasgos estudiados están relacionados con las variables 
ambientales.

RESULTADOS

En el primer capítulo empleamos un enfoque integrador basado en la generación 
automática de diferentes hipótesis de especies que posteriormente se compararían mediante 
factores de Bayes (Grummer et al. 2014). Sin embargo, encontramos una serie de dificultades 
que nos impidieron seguir este flujo de trabajo. La principal fue el hecho de que las hipótesis de 
especies basadas en datos moleculares de un solo locus devolvían un número biológicamente 
irreal de especies candidatas, mientras que los algoritmos de clustering no supervisado de datos 
fenotípicos y geográficos proponían especies candidatas no monofiléticas. Además, los análisis 
*BEAST mostraron problemas de convergencia en la mayoría de los parámetros estimados, por lo 
que no se pudo realizar el cálculo de los factores de Bayes. Atribuimos estas dificultades al hecho 
de que el grupo R. decipiens es una radiación reciente, un tipo de sistema en el que una correcta 
delimitación de especies es notablemente difícil de realizar (Losos 2009; Zink & Vázquez-
Miranda 2019; Jorna et al. 2021). Como solución de compromiso, basamos la delimitación de 
especies en los clados soportados del árbol filogenético que mostraban caracteres diagnósticos 
(morfológicos, químicos y/o geográficos). Siguiendo este enfoque, elevamos el número de linajes 
a nivel de especie en el grupo R. decipiens a quince. Descubrimos además que dos especies, 
R. nematodes y R. pluviariae, que debido a importantes diferencias anatómicas se creía que 
pertenecían a otra región de la filogenia de Ramalina, formaban parte del grupo R. decipiens. En 
total, descubrimos ocho linajes a nivel de especie no reconocidos anteriormente, seis de los cuales 
se describirán como nuevas especies. Por último, pudimos reconstruir las relaciones filogenéticas 
entre las especies del grupo con un apoyo casi total, proporcionando un marco filogenético en el 
que integrar los datos generados en los estudios posteriores.

En el capítulo dos exploramos la posibilidad de que una segregación del nicho trófico 
(fotobiontes asociados a cada especie) fuera el principal impulsor de la radiación del grupo R. 
decipiens, pero no encontramos pruebas que apoyasen esta hipótesis. Como hongos liquenizados, 
el nicho trófico de las especies del grupo R. decipiens puede entenderse como la identidad y 
abundancia de sus fotobiontes. Descubrimos que el grupo R. decipiens forma asociaciones con 
66 haplotipos de Trebouxia pertenecientes a trece linajes a nivel de especie, que aparecieron a 
lo largo de los cuatro principales clados del género. La mitad de estos haplotipos pertenecían 
a Trebouxia sp. TR9, recientemente descrita como T. lynnae (Barreno et al. 2022), y dos de 
ellos actuaban como fotobionte principal en la mayoría de los talos, independientemente de 
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la especie de Ramalina a la que pertenecieran. Nuestros resultados también mostraron que la 
coexistencia de algas se da en casi todas las especies del grupo, pero su relevancia ecológica y 
evolutiva es probablemente baja, ya que el fotobionte principal representó c. 95% de los “reads” 
en la mayoría de los talos. El principal factor para explicar la estructura de las comunidades 
de fotobiontes fue el efecto combinado de la isla en la que se recolectó el espécimen y las 
condiciones macroclimáticas de la localidad de muestreo, mientras que la especie de micobionte 
tuvo una importancia menor. Estos resultados sugieren que las especies del grupo R. decipiens se 
asocian con fotobiontes adaptados a las condiciones locales. Esto es particularmente claro en los 
especímenes de R. maderensis recolectados en Cabo Verde, que en lugar de las dos cepas de T. 
lynnae se asocian principalmente con Trebouxia C25, una especie no descrita que hasta ahora sólo 
se había encontrado en Kenia (Muggia et al. 2020). La clara dominancia de las dos cepas de T. 
lynnae, junto al hecho de que una de ellas sólo ha sido citada en Macaronesia y el sur de España, 
mientras que la otra también se ha encontrado en Polonia y Suecia, nos hicieron sospechar que 
podrían ser fisiológicamente diferentes a pesar de estar separadas por sólo un nucleótido. En el 
capítulo tres exploramos esta posibilidad. Descubrimos que ambas cepas tenían cierta plasticidad 
para aclimatarse a las condiciones ambientales cambiantes y, lo que es más importante, que 
presentaban estrategias ecofisiológicas diferentes a pesar de su gran proximidad filogenética. La 
cepa restringida a Macaronesia y al sur de España crecía mejor a altas temperaturas, acumulaba 
más xantófilas y β-carotenos y tenía una mayor tasa fotosintética, mientras que la que también 
estaba presente en Polonia y Suecia tenía un mejor rendimiento a bajas temperaturas, acumulaba 
más luteína y tenía menores ratios de clorofila a/b. Este comportamiento fisiológico diferencial 
recuerda a la respuesta de las plantas a la intensidad de la luz, por la que se generan “hojas de sol” 
en ambientes de alta luminosidad y “hojas de sombra” en los de baja luminosidad (Lichtenthaler 
et al. 2007; Esteban & García-Plazaola 2014). Los resultados de estos dos capítulos sugieren que 
no se ha producido una segregación del nicho trófico y que las especies del grupo se asocian con 
los fotobiontes que mejor se adaptan al entorno en el que crecen los talos, tanto a escala de macro 
como de micrositio.

En el cuarto capítulo estudiamos la importancia en la radiación del grupo de las 
interacciones simbióticas con microorganismos. Llevamos a cabo este estudio porque el papel 
de estas interacciones en las dinámicas evolutivas podría ser especialmente relevante para los 
hongos liquenizados, ya que las comunidades bacterianas del talo liquénico son una parte integral 
de la simbiosis y están implicadas en numerosas funciones (Grimm et al. 2021). Descubrimos que 
las especies del grupo R. decipiens se asocian mayoritariamente con bacterias pertenecientes a la 
clase Alphaproteobacteria y, en menor medida, con Acidobacteria. Nuestros resultados mostraron 
que las diferentes especies difieren en la composición de sus comunidades bacterianas asociadas 
y que estas diferencias están estructuradas filogenéticamente. Sin embargo, esto parece ser el 
resultado de un filtrado ambiental. Existe una posible excepción, R. sampaiana, una especie 
endémica de Porto Santo. Esta especie tiene un microbioma “core” anormalmente diverso, que 
incluye bacterias pertenecientes a géneros que no aparecen en los microbiomas “core” de las otras 
especies. Nuestros resultados sugieren que el microbioma de esta especie puede estar sujeto a un 
filtro ambiental específico a nivel funcional.
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En el capítulo cinco exploramos la posibilidad de que una segregación del nicho abiótico 
fuera el principal motor de la radiación del grupo R. decipiens. Sospechamos que la existencia 
de diferentes estrategias para utilizar el agua podría estar detrás de la radiación del grupo porque 
(1) las especies de Ramalina requieren aire húmedo, y no agua líquida, para alcanzar condiciones 
fotosintéticas óptimas (Lange & Tenhunen 1981; Lange et al. 1989; Nash III et al. 1990), (2) 
las especies del grupo R. decipiens parecen estar sujetas a diferentes fuentes de aire húmedo, 
incluyendo los vientos alisios cargados de humedad y, (3) las especies muestran importantes 
diferencias morfológicas que podrían influir en su capacidad para adquirir y almacenar agua 
(Rundel 1982; Eriksson et al. 2018). Nuestros resultados indicaron que la partición del nicho 
ecológico en la radiación del grupo R. decipiens está relacionada con las diferencias en la 
disponibilidad y explotación del agua. Hemos encontrado que las especies del grupo ocupan 
un amplio espacio funcional relacionado con el agua, difieren en la hidrofobicidad de la 
superficie (que en las especies del grupo es un producto de la composición química del córtex), 
capacidad de retención de agua y en las cinéticas de desecación e hidratación por aire húmedo. 
Nuestros resultados muestran que parte de esta variabilidad está relacionada con las condiciones 
macroclimáticas en las que se encuentran las especies. Sin embargo, también sugieren que la 
partición del nicho podría estar teniendo lugar a escala de micrositio, lo que sería congruente con 
los resultados de estudios en otros líquenes (por ejemplo, Stanton 2015) y con el hecho de que 
diferentes especies del grupo aparecen a menudo en las mismas localidades pero con cierto nivel 
de segregación de micrositio. Nuestros resultados también sugieren que la oportunidad ecológica 
para que la radiación del grupo pudiese desarrollarse surgió, al menos en parte, de la evolución 
de una estructura anatómica, los cilindros de tejido condroide, que permitió a las especies sacar 
partido de un cambio en el régimen selectivo relacionado con la disponibilidad de agua.

CONCLUSIONES 

Las siguientes conclusiones han sido extraídas de los resultados de los cinco capítulos de 
la tesis doctoral:

1. La taxonomía del grupo Ramalina decipiens ha sido difícil de resolver, incluso utilizando 
un enfoque integrador que incorpora análisis automáticos de delimitación de especies 
basados en datos tanto moleculares como morfoanatómicos.

2. Los niveles de diversidad y endemicidad en el grupo son mucho mayores de lo que se 
pensaba. Actualmente el grupo consta de quince linajes a nivel de especie: R. decipiens, R. 
delicata, R. erosa, R. fortunata, R. gomerana, R. hamulosa, R. maderensis, R. nematodes, 
R. papyracea, R. pluviariae, R. portosantana, R. sabinosae, R. sampaiana, R. sp. 1 y R. 
sp. 2.

3. No hemos obtenido ningún resultado que indique que una segregación del nicho trófico 
ha tenido lugar en el grupo R. decipiens. Las distintas especies están asociadas con 66 
haplotipos pertenecientes a los cuatro clados del género Trebouxia. Sin embargo, en la 
mayoría de talos estudiados el fotobionte principal fue uno de dos haplotipos ampliamente 
distribuidos de T. lynnae.
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4. La co-ocurrencia de varios fotobiontes ha sido observada en prácticamente todas las 
especies, pero en la mayoría de talos el 95% de los “reads” pertenecían al fotobionte 
principal. Este fenómeno es posiblemente de poca importancia ecológica y evolutiva en 
el grupo.

5. A pesar de su gran proximidad filogenética, los dos fotobiontes más comunes del 
grupo muestran diferencias en el contenido de carotenoides, ratio clorofila a/b y en su 
desempeño fotosintético bajo diferentes tratamientos de temperatura e intensidad de luz. 
Estas diferencias son similares a las observadas entre las hojas de sol y de sombra en 
plantas vasculares.

6. Las especies del grupo R. decipiens se asocian con fotobiontes adaptados a las condiciones 
locales, tanto a una escala de macrohábitat como, probablemente, de microhábitat. Esto 
es especialmente observable en los ejemplares de R. maderensis recolectados en Cabo 
Verde.

7. Se descarta en su mayoría un papel relevante de la microbiota asociada al grupo R. decipiens 
en su diversificación, con la posible excepción de una especie, R. sampaiana, que alberga 
un microbioma “core” anormalmente diverso y cuyas comunidades bacterianas parecen 
estar sometidas a un filtro a nivel funcional.

8. Las comunidades bacterianas asociadas al grupo R. decipiens incluían bacterias 
pertenecientes a 20 clases diferentes, de las cuales las más comunes eran las 
Alfaproteobacterias y las Acidobacterias.

9. Las comunidades bacterianas asociadas a las especies del grupo son diferentes y están 
filogenéticamente estructuradas, pero esto parece ser el resultado de un filtrado ambiental, 
quizá relacionado con las diferencias en la disponibilidad de agua a escala de micrositio.

10. La hidrofobicidad superficial en el grupo R. decipiens es un producto de la composición 
química del córtex de los talos. 

11. Las especies del grupo R. decipiens ocuparon diferentes regiones del espacio funcional 
creado a partir de rasgos relacionados con la captación y retención del agua. Parte de 
esta variabilidad estaba relacionada con las condiciones macroclimáticas en las que 
se encuentran las especies, lo que sugiere un importante papel de la ecofisiología en 
la radiación del grupo, a diferencia de los otros posibles impulsores que se exploraron 
anteriormente.

12. Sólo dos de las variables ecofisiológicas que eran diferentes entre especies estaban 
filogenéticamente conservadas: las cinéticas de hidratación y desecación. Además, el 
modelo de evolución que mejor se ajustaba a ellas era el de “Brownian motion” y no el 
de “early burst”.
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13. Las especies del grupo R. decipiens pueden haberse diversificado desarrollando diferentes 
estrategias ecofisiológicas de captación y retención de agua. Esto habría ocurrido bajo un 
cambio de régimen selectivo causado por la aridificación del clima y la aparición de una 
nueva fuente de agua: los vientos alisios cargados de humedad. La radiación del grupo R. 
decipiens habría sido provocada por los cilindros condroides, que permitieron al grupo 
explotar los diferentes nichos disponibles bajo las nuevas condiciones climáticas.

14. La radiación del grupo R. decipiens aparentemente se desarrolló en primer lugar por 
una diversificación relacionada con el cambio de sustrato, de corteza a roca, y una 
diversificación posterior para aprovechar diferentes micronichos relacionados con el 
agua.

Spanish summary
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OCEANIC ISLANDS

Ever since Charles Darwin’s “On the origin of species” (Darwin 1882) and Alfred Russel 
Wallace’s “Island life” (Wallace 1881) biologists have profited from the fact that islands are 
rather small, discrete entities, often with a reduced diversity compared to that of mainlands. These 
properties turn them into natural laboratories in which to carry out studies concerning many 
disciplines of the biological sciences (Warren et al. 2015). However, the definition of “island” 
is not as straightforward as it seems, and the term can refer to different systems. Whittaker and 
Fernandez-Palacios (2007) divided islands into habitat islands (i.e. patches surrounded by strongly 
different habitats) and true islands (those surrounded by water). Additionally, they further divided 
true islands into island continents, continental shelf islands, continental fragments, islands in lakes 
or rivers, and oceanic islands. Of these subtypes perhaps the best studied and most interesting 
from an evolutionary and ecological perspective are oceanic islands. They are those that originate 
from submarine volcanic activity and appear over the oceanic plates. Thus, they never have been 
in contact with continental landmasses (Whittaker & Fernández-Palacios 2007).

Despite their relatively small size, islands harbor a significant proportion of the biological 
diversity at a global scale (Whittaker & Fernández-Palacios 2007; Tershy et al. 2015). They 
represent just 5.3% of the planet’s land area, and yet islands sustain 17% of flowering plant 
species, 17% of rodents, and 19% of birds (Tershy et al. 2015). The great endemic diversity of 
oceanic islands has its origin in anagenetic or cladogenetic speciation events (Stuessy et al. 2006). 
Under anagenetic speciation individuals of a certain species arrive at an island where they only 
have limited ecological opportunity (“the availability of ecologically accessible resources that 
may be evolutionarily exploited”, reviewed by Stroud and Losos 2016). There, they proliferate 
and accumulate genetic diversity through genetic drift, mutation and recombination until they 
become a species that can be differentiated from the original one (Stuessy et al. 2006; Whittaker 
et al. 2008). It is estimated that c. 25% of plant species in oceanic islands are originated through 
anagenesis (Stuessy et al. 2006). On the other hand, cladogenetic speciation, in which a set of 
new species arises from a common ancestor, has received much more attention, especially in the 
form of evolutionary radiations (Schluter 2000; Whittaker & Fernández-Palacios 2007; Rundell 
& Price 2009). 

EVOLUTIONARY RADIATIONS

Evolutionary radiations are fast proliferations of lineages in a clade (Simões et al. 2016). 
Radiations have fascinated biologists ever since Darwin’s use of the Galapagos finches to support 
his theory of evolution by natural selection (Darwin 1882). Early workers on evolutionary 
radiations (e.g. Osborn 1902; Simpson 1953) considered all radiations to be adaptive. Later, a 
distinction was drawn between adaptive (Schluter 2000) and non-adaptive (Gittenberger 1991) 
radiations. However, in modern approaches (Simões et al. 2016) it is recognized that a wide 
range of abiotic and biotic factors can give rise to different kinds of radiation (i.e. geographic, 
climatic, coevolving, exaptive and adaptive) and radiation-like patterns (i.e. disparifications and 
pseudoradiations) (Figure 1).
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Figure 1. Different kinds of evolutionary radiations and radiation-like processes as reviewed by Simões 
et al. (2016). The clades drawn in grey are not undergoing the processes depicted. a) disparification,                            
b) pseudoradiation, c) geographic radiation, d) climatic radiation and e) adaptive radiation.

Disparifications

A disparification is defined as an increase in morphological diversity that is not related 
with an increase in speciation rate. This phenomenon can be caused by adaptation, accumulation of 
variation over time (Ricklefs 2006), sampling error (Butler et al. 2012) and clade-level differences 
in variability (O’Meara et al. 2006). This is one of the interesting evolutionary phenomena beyond 
the umbrella of radiations.

Pseudoradiations

High diversity within a clade can be caused either by an increase in speciation rate 
(radiations) or by a decrease in extinction rate (pseudoradiations). Traditionally much less 
emphasis has been placed on the latter case, but pseudoradiations might be relatively common 
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(see Moen and Morlon 2014). Many radiations have been explained by the taxa under study 
developing a key innovation (“the evolution of a trait that allows a species to interact with the 
environment in a novel way”, see Stroud and Losos 2016) that reduces the selection pressure 
over them. Theoretically, this could reduce the extinction rate of the clade and, if the reduction is 
maintained over time, the diversity of the clade would increase. In these cases, pseudoradiations 
are not easily distinguished from adaptive radiations. Some potential examples of pseudoradiations 
are fossil beetles (Smith & Marcot 2015) and South American ovenbirds (Derryberry et al. 2011; 
Claramunt et al. 2012).

Geographic radiations

Geographic radiations are driven by allopatric speciation. Allopatric speciation occurs 
when populations of a given species become geographically isolated and then diverge. This 
isolation can be caused by a division of the geographic range of the species (vicariance) or by 
dispersion over already existing barriers (peripatry) (Wiley & Lieberman 2011). Many examples 
of geographic radiations have been reported, including Devonian trilobites (Abe & Lieberman 
2009), salamanders (Kozak et al. 2006), land snails (Cook 2008), and birds (Sly et al. 2011). 
Interestingly, some textbook examples of adaptive radiation like the Darwin finches (Grant & 
Grant 2008; Losos & Ricklefs 2009) or the African cichlid fishes (Seehausen 2015) do include 
a geographic driver. This could mean that there is a synergy between the factors associated with 
adaptive and geographic radiations, as shown by Losos and Ricklefs (2009) and by Rundell and 
Price (2009). Alternatively, some geographic radiations could have been confused with adaptive 
radiations since distinctive features among species may have originated after speciation events. 
Most geographic radiations have been reported from geographically complex areas such as island 
chains or mountain ranges (Soulebeau et al. 2015).

Climatic radiations

Climatic radiations are related to geographic radiations. They are caused by large-scale 
climatic shifts, following the turnover-pulse hypothesis (Vrba 1992). This hypothesis posits that 
an important component of lineage turnover occurs in pulses associated with events of climate 
change. These pulses are explained because climate change modifies the species distributions and 
different populations may become geographically isolated by tracking their preferred climatic 
niches, experiencing subsequent geographic radiation. An example of climatic radiation are the 
African bovids (Vrba 1992).

Coevolving systems

Another type of radiation related to geographic radiations is that experienced in 
coevolving systems. For instance, in a host-parasite system, when the host speciates the subsequent 
evolutionary dynamics that the parasite experiences are akin to those occurring under geographic 
isolation (McCoy 2003; Le Gac & Giraud 2004). Also, the geographic structure of populations is 
known to be important in coevolution (Thompson 2005). An example of this kind of radiation are 
fish parasites of the genus Gyrodactylus, which have diversified following host-switches (Zietara 
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& Lumme 2002). Because Gyrodactylus reproduce asexually host switches lead to genetic 
isolation (Cable & Harris 2002), in a pattern that makes the radiation in this host-parasite system 
akin to geographic radiations. 

Exaptive radiations

Exaptive radiations are similar to adaptive radiations, but differ in the fact that 
diversification in exaptive radiation is triggered by exaptations. An exaptation is a trait that now 
fulfills an entirely different function than when it originally evolved (Gould & Vrba 1982). Some 
exaptations can influence the capacity of a lineage to colonize different environments and undergo 
subsequent diversification, acting as key innovations (Soulebeau et al. 2015). Exaptive radiations 
may be more common than previously thought. For instance, Bouchenak-Khelladi et al. (2015) 
found that many radiations in angiosperms were related to physiological characters that were 
already in place before the onset of the radiations. Another example is the evolution of feathers in 
dinosaurs, that predates the radiation of birds (Benton 2022).

Adaptive radiations

Among all the kinds of evolutionary radiations adaptive radiations are by far the most 
studied. However, a generally accepted definition of adaptive radiation has so far been elusive 
(Gillespie et al. 2020). The term has indistinctly been applied to ancient divergences between 
major lineages (Burns & Sidlauskas 2019) and to intraspecific divergence (Hendry et al. 2009); 
to species that occur both in allopatry (Murray et al. 1993) and in sympatry (Gillespie 2016) 
and to fast (Grant & Grant 2008; Koblmüller et al. 2010) and slow (Losos 2009; Givnish 2015) 
radiations. Thus, many definitions of adaptive radiation have been used in the literature. Some 
of them are highly inclusive. For instance, Losos (2010) defines adaptive radiation as divergence 
into different adaptive forms within a monophyletic lineage, without concern neither about the 
speed of the radiation nor by its causes. Other authors explicitly state the necessity of an important 
increase in disparity, but say nothing about the diversification speed. For example, Givnish 
(2015) defines adaptive radiations as an increase in the ecological roles within a lineage and 
their associated adaptations. This is accompanied by a remarkably high rate of morphological, 
physiological or behavioral disparity. Other definitions are highly restrictive. For instance, under 
the definition of Simões et al. (2016) adaptive radiations require a rapid speciation rate that has to 
be triggered primarily by biotic factors. Perhaps the most accepted definition to date, and arguably 
one of the most restrictive, is that proposed by Schluter (2000). He defines adaptive radiation as 
“the evolution of ecological and phenotypic diversity within a rapidly multiplying lineage” and 
proposes four criteria that should be fulfilled to describe a given radiation as adaptive. These 
are that (1) the involved species must form a monophyletic clade, (2) a correlation between the 
phenotypes (morphological or physiological traits) of the species and the divergent environments 
in which they occur must exist, (3) the traits in which the species diverge must be useful to exploit 
their respective environments and (4) the clade must speciate rapidly.
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Some of the more thoroughly studied examples of adaptive radiation are the Darwin 
finches of the Galapagos (Grant & Grant 2008), the Anolis lizards of the Greater Antilles 
(Losos 2009) and the Hawaiian silversword alliance (Landis et al. 2018). The Darwin finches 
diversified through a segregation of the trophic niche (Grant & Grant 2008), a process that is 
particularly well studied in the genus Geospiza. The species of this genus differ in beak shape 
and size, two traits that are highly correlated with the size and hardness of the seeds that the 
finches eat. The great diversity of Anolis species from the Greater Antilles can be categorized 
into six distinct “ecomorphs” (Losos 2009) on the basis of the microenvironments in which they 
occur and the morphological characteristics (body mass and size-adjusted lengths of hindlimbs, 
forelimbs and tail) that allows them to thrive in them. Interestingly, species belonging to the 
same ecomorph are not monophyletic (Jackman et al. 1997). In fact, the Greater Antillean Anolis 
could be understood as a number of parallel radiations that converge in the same optimal solution 
to shared environmental challenges (Losos et al. 1998). The Hawaiian silversword alliance is 
perhaps the best example of adaptive radiation in plants (Baldwin 1997). They occur under a large 
variety of water regimes in the archipelago, from arid alpine regions to rainforest understories. 
The 28 species also differ in morphology and physiology, in traits such as growth form, rates 
of transpiration and leaf shape, size, conductance and pubescence. The habitat under which the 
species occur and their morphological and physiological traits appear to be correlated (Landis et 
al. 2018). However, radiations in less conspicuous taxa, like snails (Phillips et al. 2020) or spiders 
(Hormiga et al. 2003), have received much less attention. 

LICHENS

The lichen symbiosis

Lichens are a textbook example of mutualistic symbiosis. In fact, the very term 
“symbiosis” was coined to refer to these organisms (Frank 1876). Traditionally lichens have been 
defined as being composed by a fungal partner, the mycobiont, which usually belongs to the 
phylum Ascomycota (Honegger 2008), and at least one photosynthetic partner, the photobiont, 
which is typically a green algae and/or a cyanobacterium (Friedl & Büdel 2008; Sanders & 
Masumoto 2021). Recently, the common presence of other fungal species in the lichen thallus 
as well as the discovery of bacterial communities associated to those thalli have challenged this 
definition (Hawksworth & Grube 2020). Spribille et al. (2016) put forth the idea that the lichen 
symbiosis could include a third partner, a yeast belonging to the order Cyphobasidiales. This idea 
has been strongly contested since, mainly on the basis of the yeasts being vegetative propagules 
of mycoparasites (Oberwinkler 2017), their absence in many lichen species (Lendemer et al. 
2019), and their low mycobiont specificity compared to that of the photobionts (Mark et al. 2020). 
Another component that is beginning to be understood as an integral part of the lichen symbiosis 
are the associated bacterial communities, which are abundant, structurally integrated and are 
implicated in numerous functions (Grimm et al. 2021). Because of this, Lücking et al., (2021) 
recently proposed a new definition of lichen: “a stable, self-supporting association of a fungus or 
fungal-like organism, the primary mycobiont, and a morphologically undifferentiated, unicellular 
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to filamentous alga and/or a cyanobacterium, the primary (and secondary) photobiont, along 
with obligately associated elements of the fungal and bacterial microbiome contained therein. 
The phenotype of the mycobiont in the lichenized state (the exhabitant) typically functions 
as a greenhouse around the photobiont (the inhabitant), the mechanical, physiological and 
evolutionary properties of the symbiosis thereby exhibiting analogies with agriculture”. 

The magnitude of the fungal-algal interaction varies tremendously among lichens. It 
ranges from a few algal cells associating rather haphazardly with the primary mycobiont to well 
delimited thalli with distinct layers (Figure 2). Lichen thalli can be divided into homoiomerous 
and heteromerous. In a homoiomerous thallus the photobiont and mycobiont cells are evenly 
distributed, while a heteromerous thallus is structured in layers. These layers are the upper cortex, 
the photobiont layer, the medullary layer and the lower cortex, although not all layers necessarily 
appear in all species. The thallus layers are formed by various pseudotissues (Büdel & Scheidegger 
2008), of which the two most common are the paraplectenchyma and the prosoplectenchyma. 
The paraplectenchyma is formed by isodiometrical cells and resembles the true parenchyma of 
vascular plants. The prosoplectenchyma is formed by anticlinally arranged elongated hyphae. 
Also, true parenchyma has been found in Endocarpon pusillum, Leptogium cyanescens and Sticta 
canariensis (Sanders & de los Ríos 2017).  

Based on their habit, lichens have been traditionally categorized in three main 
morphological groups: crustose, foliose and fruticose. Crustose thalli are closely attached to the 
substrate and usually cannot be removed from it. Foliose thalli are leaf-like, usually divided into

Figure 2. Schematic anatomical structure of a lichen thallus showing the different organisms involved in 
the symbiosis, based on cross-section of Lobaria pulmonaria (L.) Hoffm.
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lobes with various degrees of branching, and only partially attached to the substrate. Fruticose 
thalli always stand out from the substrate surface. They show a great variety of morphologies, 
from shrubby to hair-like.

As the majority of ascomycetes, most lichen-forming fungi can reproduce sexually and/
or asexually. Traditionally it has been held that sexual reproduction is mediated by the production 
of meiotic spores (ascospores) produced in dedicated structures called ascomata. Asexual 
reproduction strategies were subdivided in those in which both mycobiont and photobiont are co-
dispersed and those in which the fungus disperses alone. The latter consists in the production of 
mitotic asexual spores (conidia) usually in dedicated structures called pycnidia (the reproductive 
role of conidia has been subject to much debate, see Nash et al. 2002 pp. 35). The former includes 
the formation of different vegetative propagules called soredia and isidia. A soredium is a group 
of algal cells aggregated by loosely interwoven hyphae. Usually, they are produced in delimited 
areas of the thallus surface where the cortical layer is interrupted called soralia, from which they 
are easily dispersed. An isidium also harbors algal and fungal cells, but it can be differentiated of 
a soredium by the presence of a cortex. Some lichens also reproduce asexually by fragmentation 
of the thallus. Tripp and Lendemer (2018) proposed a new conceptual framework, describing 
twenty-seven modes of reproduction that include sexual, asexual and parasexual (i.e. mitotic 
recombination) reproduction. 

Lichens show remarkable morphological variation. Regarding color, they can be black, 
brown, gray, green, red, yellow or orange (Rikkinen 1997). In size, they range from less than 1 mm2 
to large pendulous thalli of more than 2 m (Brodo et al. 2001). Nearly all species are perennials, 
some are even estimated to live more than 1,000 years (Matthews & Trenbirth 2011), but also a 
few ephemerals do exist (e.g. Vezdaea, Coppins 1987). Most lichens grow slowly, so much so that 
they can be useful in dating rock surfaces (Beschel 1961), but there are also some species that can 
increase their biomass relatively rapidly (Larsson & Gauslaa 2011). The lichenized way of life is a 
very successful strategy. Lichens are found in nearly all terrestrial habitats, from the tropics to the 
poles. Their biomass contribution to the ecosystems ranges from negligible to being the dominant 
autotrophs, as is the case in many polar and subpolar ecosystems (Longton 1988). They can be 
found in all manner of substrates: as epiphytes on trees, on leaves, on bare soil as an important 
component of the cryptogamic soil crusts, on rocks and even inside them, embedded in the upper 
few millimeters of mineral. Most lichens occur in terrestrial habitats, but a few are also known 
from freshwater streams (Thüs et al. 2014) and marine intertidal zones (Hawksworth 2000). 

Photobiont diversity

More than 50 genera of algae and cyanobacteria are known to act as lichen photobionts 
(Friedl & Büdel 2008; Sanders & Masumoto 2021). The most common green algal photobionts are 
Trebouxia, Asterochloris, Coccomyxa, Dictyochloropsis and Trentepohlia, and the most common 
cyanobacterial photobionts are Nostoc, Scytonema, Stigonema and Gloeocapsa (Friedl & Büdel 
2008). However, most of the nearly 20,000 described species of lichen-forming fungi (Lücking 
et al. 2017a) are associated with algae from the class Trebouxiophyceae (Friedl & Büdel 2008). 
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Inside Trebouxiophyceae, the species belonging to the genus Trebouxia are the most common 
photobionts (Friedl & Büdel 2008; Muggia et al. 2020). For example, the Parmeliaceae, the most 
diverse family of lichen-forming fungi with ca. 2,000 species, is apparently only associated with 
photobionts of this genus (Leavitt et al. 2015a). Also, coexistence inside a single lichen thallus 
of different Trebouxia species has been repeatedly reported (Piercey-Normore 2006; del Campo 
et al. 2010; Muggia et al. 2013). These species can show differences in various aspects of their 
physiology such as photosynthetic output (Casano et al. 2011), growth rate (Casano et al. 2011), 
heavy metal tolerance (Álvarez et al. 2015), and response to oxidative stress (del Hoyo et al. 
2011). Not all lichen-forming fungi show similar specialization towards their photobionts (Pérez-
Ortega et al. 2012a; Magain et al. 2017), ranging from generalists (Muggia et al. 2014b) to narrow 
specialists (Garrido-Benavent et al. 2017). Whether coexistence is a widespread phenomenon or 
it is reduced to certain species or lineages is still not clear, as is its significance in ecological and 
evolutionary times. There are numerous factors that may determine the contribution of photobionts 
in mycobiont diversification (Singh et al. 2017). It has been proposed that photobiont niches are 
influenced by abiotic conditions and these preferences may limit lichen distributions (Peksa & 
Škaloud 2011). It has been shown that photobiont switches between physiologically compatible 
photobionts are mechanisms to widen the mycobiont ecological niches and geographic ranges 
(Fernández-Mendoza et al. 2011; Rolshausen et al. 2018, 2020) or for ecological speciation 
(Ortiz-Álvarez et al. 2015).

The lichen thallus as microbial consortia

Besides the photobionts and the primary mycobiont, the lichen thallus systematically 
harbors other organisms like endolichenic fungi (U’Ren et al. 2012; Spribille et al. 2016; 
Fernández-Mendoza et al. 2017; Smith et al. 2020), and diverse bacterial communities (Bates 
et al. 2011; Molins et al. 2013; Grube et al. 2015a; Grimm et al. 2021). The lichen microbiome 
is currently understood as an abundant and structurally integrated element of the symbiosis that 
plays a role in numerous functions (Grube et al. 2015a; Grimm et al. 2021), including resistance 
against abiotic factors (Grube et al. 2015a) and toxic compounds (Cernava et al. 2018), nutrient 
supply (Ellis et al. 2005; Cardinale et al. 2012b), nitrogen fixation (Almendras et al. 2018), 
production of amino acids and vitamins (Croft et al. 2005), defense against pathogens (Cernava 
et al. 2015b) and growth hormone production (Grube et al. 2009).

Water relations in lichens 

Lichens are poikilohydric organisms and thus do not actively regulate water uptake, 
storage and loss (Gauslaa 2014). However, the rate of uptake and loss of water can vary between 
thalli of different species (Larson 1979; Kappen & Redon 1987). This interspecific variability is 
the result of differences in thallus morphology (Rundel 1982; Eriksson et al. 2018) and anatomy 
(Palmer Jr & Friedmann 1990), and is related to the microclimatic conditions under which the 
species occur (Sancho & Kappen 1989; Pintado et al. 1997). Under the desiccated state, lichens can 
withstand long-term desiccation, high radiation (including UV) and temperatures between 60ºC 
and -40ºC (Green et al. 1999; de La Torre et al. 2002; Heber et al. 2006). They are even known 
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to survive immersion in liquid nitrogen (Oukarroum et al. 2017) and exposure to outer space 
(Sancho et al. 2007). Thus, their poikilohydric nature is related with their ecological success (i.e. 
lichens can colonize habitats that are inaccessible to other photoautotrophic organisms). Water 
sources for lichens include rain, water vapor condensation (dew) and humid air (Gauslaa 2014). 
However, the humidity threshold in which photosynthetic activity is switched on varies with 
the type of photobiont. Green algal lichens can be activated in the absence of liquid water when 
relative humidity is higher than 80% (Nash III et al. 1990; Green et al. 2011). On the contrary, 
cyanolichens always require liquid water, either as rain or dew (Lange et al. 1986, 1988, 1989, 
1993).

Lichenology on oceanic islands

The scientific study of lichens from oceanic islands dates back to Acharius’s foundational 
works in lichenology (Acharius 1810, 1814), which already included taxa from the Canary Islands. 
Since then, numerous authors (e.g. Montagne 1841; Taylor 1847; Hartung 1857; Tuckermann 
1866; Stirton 1875; Crombie 1878; Stizenberger 1890; Steiner 1904) have studied lichens in 
different archipelagos across all oceans: Cape Verde (Krog & Østhagen 1978), Easter Island 
(Richardson 1974), Fiji (Molho et al. 1981), Jeju Island (Kashiwadani & Moon 2002), Lord 
Howe Island (Blanchon & Bannister 2002), Macquarie Island (Bannister & Blanchon 2002), 
Norfolk Island (Elix et al. 1991), Rèunion island (Boom et al. 2011), St. Helena and Ascension 
(Aptroot 2008), the Azores archipelago (Aptroot & Schumm 2008), the Bonin Islands (Asahina 
1938), the Canary Islands (Follmann & Sánchez-Pinto 1980), the Chagos Archipelago (Seaward 
& Aptroot 2000), the Channel Islands (Knudsen et al. 2018), the Comoro Islands (Abbayes 1956), 
the Galapagos Islands (Aptroot & Bungartz 2007), the Hawaiian archipelago (Magnusson 1955), 
the Kuril Islands (Joneson et al. 2004), the Lesser Antilles (Rundel 1972), the Madeira archipelago 
(Tavares 1952), the Scattered Islands (Poncet et al. 2021), Tristan da Cunha (Jørgensen 1977), and 
numerous subantarctic islands (Lamb 1964; Schroeter et al. 2000; Øvstedal & Lewis Smith 2001). 
Most of the studies are taxonomic (e.g. Tuckermann 1866; Kashiwadani et al. 2002; Pérez-Vargas 
& Pérez-Ortega 2014) or floristic (e.g. Magnusson 1955; Aptroot and Schumm 2008; Boom et al. 
2011), but in the last decades have appeared studies about lichen ecophysiology (e.g. Schroeter et 
al. 2000), ecology (e.g. González-Montelongo and Pérez-Vargas 2019, 2021), conservation (e.g. 
Sparrius et al. 2017) and evolution (e.g. Blanco et al. 2004; Sérusiaux et al. 2011), with even 
some examples of island radiation in lichen-forming fungi (Simon et al. 2018). 

The number of island endemic species of lichen-forming fungi is generally much lower 
than that of other groups like vascular plants or invertebrates. For example, 27 % of plant species 
and 50 % of invertebrates in the Canary Islands are endemic, while this figure for lichen-forming 
fungi is just 2% (Hernández-Padrón & Pérez-Vargas 2010). However, a high number of endemic 
species have been recently discovered in different archipelagos (Dal Forno et al. 2017; Lücking 
et al. 2017b; Simon et al. 2018).
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THE GENUS RAMALINA

Taxonomy, description and diversity

Ramalina Ach. is a genus of lichen-forming fungi comprised by c. 230 species (Lücking 
et al. 2017a) that forms usually large, straw-colored, fruticose thalli. It was described by Acharius 
(1810) to accommodate a group of species that he segregated from Parmelia, with Ramalina 
fraxinea (L.) Ach. being the type species of the genus. It is the type genus of the Ramalinaceae 
family, although in this family the microlichens predominate (Kistenich et al. 2018). During 
the last two centuries various genera and subgenera have been proposed to differentiate some 
groups of species, mainly on the basis of thallus anatomy. These are Desmaziera (Montagne 
1852), Cenozosia (Massalongo 1854), Euramalina (Stizenberger 1862), Fistularia (Vainio 1890), 
Myelopoea (Vainio 1890), Ramalinopsis (Follmann 1974), Trichoramalina (Rundel & Bowler 
1974), Fistulariella (Bowler & Rundel 1977), Niebla (Rundel & Bowler 1978), Vermilacinia 
(Spjut 1995) and Namibialina (Spjut et al. 2020). However, most of them are phylogenetically 
nested within Ramalina and have been reduced into synonymy (Bowler & Rundel 1977; Bowler 
1981; Sérusiaux et al. 2010; Kistenich et al. 2018; Spjut et al. 2020). In our current knowledge 
Ramalina, Namibialina, Cenozosia, Niebla and Vermilacinia are the only four fruticose genera 
of the Ramalinaceae (Spjut et al. 2020). These genera are clustered in two sister lineages of 
the family. One of them is formed by Ramalina and Namibialina and the other by Niebla, 
Vermilacinia and microlichens of the genus Cliostomum s. str. Together, the two lineages are 
sister to Cliostomum griffithii, and thus are nested within Cliostomum s.l. (Spjut et al. 2020). The 
phylogenetic placement of Cenozosia is still ambiguous, but it is suspected to cluster with Niebla 
and Vermilacinia (Spjut et al. 2020).

Krog and Østhagen (1980a) described Ramalina as having a paraplectenchymatous 
cortex and prosoplectenchymatous “chondroid tissue”, that appears as a cylinder underneath the 
cortex in some species and as strands embedded in the medulla or adjoining the cortex in others. 
They noted that the chondroid tissue is absent in some species. Roughly at the same time, Bowler 
(1981) distinguished Ramalina from other similar fruticose genera as having a two-layered 
cortex. The outer cortical layer would consist of a network of interwoven paraplectenchymatous 
hyphae with highly gelatinized cell walls and narrow lumina. The inner layer would be formed 
by longitudinally aligned, periclinally disposed hyphae. Bowler (1981) refers to this layer as 
“supportive tissue” and corresponds with the chondroid cylinder described by Krog and Østhagen 
(1980a). He describes this tissue as prosoplectenchymatous (i.e. “periclinally arranged elongate 
cells”), but also found that in many species the hyphae in this layer branch irregularly and not 
necessarily periclinally. He also notes that in some species this supportive tissue appears not 
as a uniform sheet adjoining the outer layer, but as an irregular system of “internal ribs” that 
often appear in contact with the external layer but that in a few saxicolous species can appear 
as “isolated rafts” in the medullary region. These structures correspond to the chondroid strands 
described by Krog and Østhagen (1980a). As it has been noted previously (see Divakar et al. 
2007), the use of the terms “prosoplectenchyma” and “paraplectenchyma” in the literature can 
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Figure 3. Anatomical types described in the genus Ramalina. I) farinacea type, II) farinacea type variant, 
represented by R. chondrina, III) farinacea type variant, represented by R. pluviariae, IV) decipiens type, 
V) decipiens type variant, represented by R. hamulosa, VI) bourgaeana type, VII) duriaei type and VIII) 
discontinuous farinacea type.

be misleading because “prosoplectenchyma” is often associated to a pseudo-tissue with thick-
walled hyphae (Hawksworth et al. 1995). The original concept of prosoplectenchyma refers to the 
structural pattern of the pseudo-tissue and the form of the cells, not to the thickness of their walls 
(Hale 1976). The term prosoplectenchyma as used by Krog and Østhagen (1980a) and Bowler 
(1981) is congruent with the current meaning of the word. However, this is not the case for the  
cortex, that under current nomenclature would be classified as a prosoplectenchyma of irregularly 
oriented hyphae (see Nash et al. 2002). 

The genus shows striking anatomical, morphological and ecological diversity. Regarding 
the genus anatomy, Krog and Østhagen (1980a) classified the Canarian Ramalina species in four 
main anatomical types (farinacea, decipiens, bourgaeana and duriaei). This categorization was 
created on the basis of the situation and development of the cortex and chondroid tissue. The 
farinacea type is characterized by a thin cortex, that can be indistinct or even absent, and a 
continuous chondroid cylinder immediately underneath; the decipiens type is characterized by 
the presence of chondroid strands adjoining a well-developed cortex; the bourgaeana type is 
characterized by the presence of a well-developed cortex and chondroid strands embedded in the 
medulla; and the duriaei type is characterized by the lack of chondroid tissue. Later, Kashiwadani 
and Kalb (1993)  described a new anatomical type similar to farinacea but with discontinuities in 
the chondroid cylinder. Krog and Østhagen (1980a) recognized certain level of variability within 
their four main anatomical types. Within the farinacea type they included R. chondrina, whose 
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chondroid cylinder has an almost even thickness, and R. pluviariae, which lacks a cortex and 
has the chondroid tissue intermingled with the medulla and disrupted by pseudocyphellae-like 
structures in which Krog and Østhagen (1980a) considered to be a modified chondroid cylinder. 
Also, inside the decipiens type they included R. hamulosa, which in younger parts presents the 
chondroid tissue forming continuous upper and lower layers disrupted at thallus margins by 
pseudocyphellae. The four main anatomical types of Krog and Østhagen (1980a), their variations 
and the discontinuous farinacea type of Kashiwadani and Kalb (1993) are illustrated in Figure 3.

Regarding the genus morphological and ecological diversity (Figure 4), Ramalina species 
can have long, pendulous thalli with intricate ramification patterns, like R. menziesii Taylor, or 
short, erect thalli, like R. cuspidata (Ach.) Nyl. Their laciniae can be broad and palmate, like 
those of R. lacera (With.) J.R. Laundon, or thin and cylindrical, like those of R. chondrina J. 
Steiner. Some species, like R. pusilla Le Prévost ex Duby, have hollow thalli, while others, like 
R. bourgaeana Mont. ex Nyl., have solid thalli with thick medullae. There are saxicolous species, 
like R. clementeana Llimona & Werner, and also epiphytes, like R. farinacea (L.) Ach. Some 
species, like R. breviuscula (Nyl.) Nyl., reproduce only sexually; others, like R. carminae R. 
Arroyo & Seriñá, reproduce only asexually; and others, like R. maderensis Motyka, reproduce 
both sexually and asexually. Ramalina has a subcosmopolitan distribution, being present in all

Figure 4. Representation of the morphological, ecological and reproductive diversity of the genus Ramalina. 
a) R. hierrensis, b) R. cuspidata, c) R. lacera, d) R. pusilla, e) R. bourgaeana, f) apothecia in R. breviuscula, 
g) soralia in R. carminae and h) pycnidia in R. maderensis. Pictures a-g by Sergio Pérez-Ortega.
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Figure 5. Distribution and main areas of diversity and endemicity of the genus Ramalina. Yellow dots are 
the georeferenced occurrences of the genus deposited in GBIF (https://doi.org/10.15468/dl.73sjau).

continents, including Antarctica, and many oceanic archipelagos. There are five areas in which 
the genus shows great taxonomic diversity and endemicity (Figure 5): Australasia (Stevens 1987; 
Blanchon et al. 1996), which harbors 31 species (52% of them endemic); East Africa (Krog & 
Swinscow 1976), which hosts 30 species (27% of them endemic); Baja California (Nash et al. 
2002), which contains 28 species (42% of them endemic); the Andes (Marcano et al. 2021), which 
harbors 42 species (69% of them endemic) and Macaronesia (Krog & Østhagen 1978, 1980a, b; 
Krog 1990), which hosts 39 species (67% of them endemic). 

The genus Ramalina in Macaronesia

Macaronesia (Figure 6) is a geographical region formed by five volcanic archipelagos 
situated on the Atlantic Ocean (i.e. Azores, Madeira, Selvagens, Canary Islands and Cape Verde) 
and a part of West Africa known as the Macaronesian Enclave (Fernández-Palacios et al. 2011). In 
Macaronesia the genus received great attention in the second half of the last century, especially by 
the Norwegian lichenologists Hildur Krog and Haavard Østhagen (Østhagen & Krog 1976; Krog 
& Østhagen 1978, 1980b, a; Krog 1990). Since then, one new species has been described from the 
Canary Islands (Pérez-Vargas & Pérez-Ortega 2014), one common to the Canarian, Madeiran and 
Azorean archipelagos (Spjut et al. 2020) and two restricted to the Azores archipelago (Aptroot 
& Schumm 2008), being all of them Macaronesian endemics. In the phylogenetic hypotheses 
proposed by Sérusiaux et al. (2010) and Spjut et al. (2020) most of the species belonging to the 
decipiens and bourgaeana types according Krog and Østhagen (1980a) form two monophyletic 
groups (which these authors named Ramalina decipiens and Ramalina bourgaeana groups). 
There have been a limited number of independent colonization events of the archipelagos. 
One of these colonization events triggered an exceptional radiation (the “Great Macaronesian 
Radiation”, Pérez-Ortega et al. in prep.) that includes most of the endemic species, as well as 
some Mediterranean taxa not currently known in the isles. Two smaller parallel radiations are 
nested inside the Great Macaronesian Radiation, which correspond with the R. decipiens and R. 
bourgaeana groups (Figure 7).
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Figure 6. Map of the Macaronesian region, showing the geographic situation of the Azores archipelago, 
the Madeira archipelago, the Selvagens Islands, the Canary Islands, the Cape Verde archipelago and the 
continental Macaronesian enclave.
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Figure 7. Maximum clade credibility tree of the Ramalina species studied in Pérez-Ortega et al. (in prep.) 
showing the phylogenetic placement of the Great Macaronesian Radiation and the two parallel radiations 
of the R. decipiens and R. bourgaeana groups. Branches with posterior probability ≥ 0.95 are highlighted 
in bold.

General introduction



36

Figure 7. (cont.)
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The Ramalina decipiens group

As circumscribed by Sérusiaux et al. (2010) and Spjut et al. (2020), the Ramalina 
decipiens group is comprised by five species endemic to Macaronesia: R. decipiens Mont., R. 
erosa Krog, R. hamulosa Krog & Østh., R. maderensis Motyka and R. portosantana Krog. A 
sixth species, R. subwebbiana (Nyl.) Hue., was synonymized by Krog and Østhagen (1980a) 
under R. decipiens but has been recognized as a different species by subsequent authors (Aptroot 
& Schumm 2008; Sérusiaux et al. 2010; van den Boom & Ertz 2012; van den Boom et al. 2015; 
Spjut et al. 2020). The distribution of the species varies enormously. Most species are restricted 
to a singles archipelago. Of these some are narrow endemics, like R. erosa and R. portosantana, 
that are only known from to the island of Porto Santo in the Madeira archipelago (Krog 1990; 
Sparrius et al. 2017). Others are present in multiple islands, like R. hamulosa, that has been 
reported from El Hierro, La Gomera, Tenerife, Fuerteventura and Lanzarote in the Canary Islands 
(Krog & Østhagen 1980a; Hernández-Padrón & Pérez-Vargas 2010; van den Boom & Ertz 2012). 
The rest of species show widespread distributions. R. maderensis is known from all the Canary 
Islands except La Gomera (Krog & Østhagen 1980a; van den Boom 2015), the islands of Porto 
Santo and Madeira in the Madeira archipelago (Motyka 1960; Sparrius et al. 2017) and the 
island of São Vicente in the Cape Verde archipelago (Motyka 1960). It has also been reported 
from St. Helena (Aptroot 2008), which makes it the species with the largest distribution range 
and the only species of the group present in both hemispheres. Given their complex taxonomic 
history and fuzzy species boundaries, it is difficult to properly establish the distributions of R. 
decipiens and R. subwebbiana. Krog and Østhagen (1980a), who understood R. subwebbiana as a 
R. decipiens synonym, reported the presence of the species in all the Canary Islands. R. decipiens 
has also been reported from the island of Porto Santo in the Madeira archipelago (Sparrius et al. 
2017). As defined by Krog and Østhagen (1980a), R. decipiens and R. maderensis show extreme 
morphological variation and were suspected to be undergoing speciation, which prompted them 
to understand the species in a wide sense. 

OBJECTIVES AND THESIS STRUCTURE

The studies on evolutionary radiations started nearly 200 years ago with the seminal 
work of Darwin (1882). Since then, a great variety of taxa have been studied (see Gillespie et al. 
2020). However, the number of studies dealing with radiations of lichen-forming fungi is still low, 
limited to several works focused on the evolution of certain species-rich families (Kraichak et al. 
2015a; Gaya et al. 2015; Nelsen et al. 2021). To our knowledge, there are no studies that deal with 
the factors influencing evolutionary radiations of lichen-forming fungi neither at lower taxonomic 
levels nor in islands. On the basis of its endemic character linked to the Macaronesian region 
we propose the R. decipiens group as a model system for the study of patterns and processes of 
evolutionary radiations in lichen-forming fungi on oceanic islands. The main objective of the 
thesis is to identify the main drivers of the R. decipiens group radiation and shed light on its 
adaptive nature. In order to do this, the following specific objectives are proposed: 
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o To revisit the taxonomy of the R. decipiens group and reconstruct the 
phylogenetic relationships between its species. In spite of the taxonomic 
revision carried out by Krog and Østhagen (1980a) species boundaries in the 
group remain elusive. The identification of many specimens, both in the field 
and in the laboratory, is a hard task since sorting between intraspecific plasticity 
and interspecific diagnostic features is usually impossible. Thus, a proper and 
modern taxonomic approach seems to be a necessary prerequisite to address 
evolutionary questions in the group. For these reasons, a re-evaluation of the 
species boundaries in the group by means of the use of integrative taxonomy is 
proposed. In addition, the reconstruction of the relationships among species-level 
lineages in the group builds a phylogenetic framework in which to integrate the 
results of the following objectives. 

o To explore the potential role of a trophic niche segregation in the R. decipiens 
group radiation. The segregation of the trophic niche is a key driver in many 
radiations such as East African cichlid fishes (Danley & Kocher 2001), the Darwin 
finches (Grant & Grant 2008), Cyprinodon pupfishes (Martin & Feinstein 2014), 
Tylomelania freshwater gastropods (Rintelen et al. 2004), Tetragnatha spiders 
(Kennedy et al. 2019), and many others (Gillespie et al. 2020). On the basis of the 
niche expansions mediated by the photobionts in other groups (e.g. Fernández-
Mendoza et al. 2011), we hypothesize that a segregation of the trophic niche 
may be the main driver of the R. decipiens group radiation. The trophic niche is 
here understood as the photobionts associated with the group species, who act 
as the thallus’ source of energy (Spribille et al. 2022). Photobionts associated 
to the different species are characterized molecularly:  we study photobiont 
diversity, community structure, species specialization towards their photobionts 
and the occurrence of algal coexistent in the group by means of Illumina MiSeq 
metabarcoding. Additionally, the physiology of the most abundant photobionts is 
thoroughly studied on isolated axenic cultures. 

o To explore the potential role of the associated bacterial communities in the R. 
decipiens group radiation. Traditionally the study of radiations has focused on 
anatomical or physiological traits, but recently Gillespie et al. (2020) proposed 
that symbiotic interactions with microbes could facilitate adaptive radiation. The 
rationale behind this hypothesis is that specific bacteria may mobilize previously 
unobtainable nutrients and harness new forms of energy (e.g. Douglas 2009), 
helping their hosts colonize an ecological space that may otherwise be unsuitable 
for them. Given its role in nutrient supply, growth hormone production, and 
resistance against abiotic factors, pathogens and toxins we hypothesize that the 
microbiome could be a radiation driver in the R. decipiens group. The bacterial 
communities associated with the group species are characterized molecularly:  
we study microbiome composition, functionality, community assembly, and the 
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existence and possible causes of a phylosymbiotic pattern by means of Illumina 
MiSeq metabarcoding.

o To explore the potential role of a segregation of the abiotic niche in the R. 
decipiens group radiation. A complementary hypothesis to the trophic niche 
segregation hypothesis is that the R. decipiens group species have diversified 
through ecological speciation (“the process by which barriers to gene flow evolve 
between populations as a result of ecologically based divergent selection between 
environments”, see Nosil 2012), by adapting to different abiotic niches in the 
Macaronesian archipelagos. This is the main driver of other radiations, such as 
that of the Hawaiian lobeliads, which have diversified by filling nearly the entire 
range of light regimes available in the archipelago (Montgomery & Givnish 
2008; Landis et al. 2018). We hypothesize that a partitioning of the abiotic niche 
may be the main driver of the R. decipiens group radiation. Here we aim to find a 
relationship between the climatic conditions under which the species grow with 
the ecophysiological strategies that they use to exploit a key resource, water. 
Differences in this strategies, if correlated with the climatic conditions, would be 
indicative of ecological speciation taking place (Nosil 2012).

This dissertation is structured in five chapters to address the objectives mentioned above 
(Figure 8):

o Chapter 1. In this chapter we attempt to resolve the R. decipiens group phylogeny 
and to clarify its species boundaries following an integrative taxonomy approach. 
We construct a phylogenetic hypothesis based on six molecular markers, four 
of which newly developed, and examine six sources of information to generate 
competing species hypotheses: (1) species discovery strategies based on a 
single locus dataset, (2) hierarchical genetic clustering, (3) morphological 
characterization, (4) chemical characterization, (5) geographic origin and (6) 
clustering algorithms based on the morphological, chemical and geographic data.

o Chapter 2. In this chapter we explore the role of the trophic niche (i.e. the 
photobionts) in the R. decipiens group radiation. Photobiont diversity is studied 
by Illumina MiSeq sequencing of the ITS2 region of 197 specimens spanning the 
phylogenetic breadth and geographic range of the group.

o Chapter 3. In this chapter we characterize the physiology of the two most 
abundant photobionts found in chapter 2. For this, we establish axenic cultures of 
both photobionts and (1) explore their performance under different treatments of 
temperature and light intensities, (2) study their chlorophyll fluorescence and (3) 
quantify a wide representation of their photosynthetic pigments. In addition, we 
(4) characterize their ultrastructure by transmission electron microscopy.
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o Chapter 4. In this chapter we explore the role of the bacterial communities 
associated with the species in the R. decipiens group radiation. Bacterial diversity 
was studied by Illumina MiSeq sequencing of the V1–V2 hyper-variable region 
of 172 specimens collected in the archipelagos where the species occur.

o Chapter 5. In this chapter we explore the potential role of a segregation of the 
abiotic niche in the R. decipiens group radiation. For this, we characterize the 
ecophysiological strategies that the specimens use to exploit water, evaluate 
if there are differences between species, and relate them with the climatic 
variables under which they grow (i.e. Schluter’s (2000) “phenotype-environment 
correlation” criteria).

Figure 8. Graphical summary of the thesis structure.
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ABSTRACT

Oceanic islands have been recognized as natural laboratories in which to study a great variety 
of evolutionary processes. One such process is adaptive radiation, the diversification of a single 
ancestor into a number of species that inhabit different environments and differ in the traits that 
allow them to exploit these environments. The factors that drive adaptive radiations have been 
studied for decades in charismatic organisms such as birds or lizards, but are lacking in lichen-
forming fungi, despite recent reports of some lineages showing diversification patterns congruent 
with radiation. Here we propose the Ramalina decipiens group as a model system in which to carry 
out such studies. This group is currently thought to be comprised of five saxicolous species, all of 
them endemic to the Macaronesian region (the Azores, Madeira, Canary and Cape Verde islands). 
Three species are single-island endemics (a rare geographic distribution pattern in lichens), whereas 
two are widespread and show extreme morphological variation. The latter are suspected to harbor 
unrecognized species-level lineages. In order to use the R. decipiens group as a model system it is 
necessary to resolve the group’s phylogeny and to clarify its species boundaries. In this study we 
attempt to do so following an integrative taxonomy approach. We construct a phylogenetic tree 
based on six molecular markers, four of which are newly developed, and examine five sources 
of information to generate competing species hypotheses: (1) species discovery strategies based 
on a single locus dataset, (2) hierarchical genetic clustering, (3) morphological characterization, 
(4) chemical characterization and (5) geographic origin. We found that taxonomic diversity in 
the R. decipiens group has been highly underestimated in previous studies. In consequence, we 
describe six new species, most of them single-island endemics, and provide a key to the group. 
Phylogenetic relationships among species have been reconstructed with almost full support which. 
This, coupled with the endemic character of the group, makes it an excellent system for the study 
of island radiations in lichen-forming fungi.

INTRODUCTION

Oceanic islands, those that never have been connected to a continental landmass as a 
consequence of their volcanic origin, have been regarded as simplified versions of the natural 
world and used as natural laboratories in which to carry out studies on evolutionary biology 
(Whittaker & Fernández-Palacios 2007; Warren et al. 2015). Ever since Darwin used the finches 
of the Galápagos Islands to support his theory of evolution by natural selection (Darwin 1882), 
island systems have been used to study diversification (Whittaker & Fernández-Palacios 2007). 
Diversification in oceanic islands may be driven by anagenetic speciation, when trait modification 
occurs within a given linage and does not give rise to a branching pattern (Stuessy et al. 2006), and 
by cladogenetic speciation (i.e. radiations; Gould & Eldredge 1977), when a branching pattern 
does exist (Gould & Eldredge 1977).

The taxonomy of groups of organisms that have radiated in islands has been notoriously 
difficult to resolve, both by morphological (Lack 1983) and molecular approaches (Rokas & Carroll 
2006; Zink & Vázquez-Miranda 2019). There are three main factors behind these difficulties. 
First, lineage accumulation under radiation is often fast (Kim et al. 2008; Lim & Marshall 2017), 
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which can result in incomplete lineage sorting (Koblmüller et al. 2010). Second, phenotypic 
convergence is frequent among species of the same radiation (e.g. the repeated evolution of the 
same ecomorphs in the radiation of the Anolis lizards of the Greater Antilles driven by ecological 
features repeated at discrete geographic units, the islands; Losos 2009; Mahler et al. 2013). Third, 
barriers for gene flow are often weak and hybridization among species originated within the 
radiation can be common (Salzburger et al. 2002; Palmer & Kronforst 2015). Particularly relevant 
to radiations taking place in island systems is the “surfing syngameon hypothesis” (Caujapé-
Castells 2011) that posits that islands can act as melting pots of genetic variation. This occurs 
via multiple colonisations of closely related compatible species that generate syngameons (sensu 
Grant 1957, “the sum total of species or semispecies linked by frequent or occasional hybridization 
in nature”). 

Although island radiations have intrigued scientists since the XIX century no studies were 
carried in this regard on lichen-forming fungi until quite recently (Sérusiaux et al. 2011; Leavitt et 
al. 2011; Gaya et al. 2015; Simon et al. 2018; Blázquez et al. 2022). This is likely a consequence 
of the “everything small is everywhere” paradigm that has been traditionally applied to these 
organisms (Fontaneto 2011). Lichen-forming fungi have been divided in four biogeographical 
regions at world level: pantropical, holartic, oceanian and subantartic/Australian (Feuerer & 
Hawksworth 2007), with very few endemisms. Recent studies are challenging this view, with 
new endemic species being discovered in oceanic islands (Sérusiaux et al. 2011; Moncada et al. 
2014, 2021; Dal Forno et al. 2017; Simon et al. 2018). One example of endemic species from 
oceanic islands can be found in the ascomycete lichenized fungal genus Ramalina Ach. (e.g. Krog 
& Østhagen 1978; Krog 1990).

Ramalina is a subcosmopolitan genus of lichen-forming fungi comprised by c. 230 
species (Lücking et al. 2017a) that typically forms more or less large, straw-colored, fruticose 
thalli. It belongs to the Ramalinaceae family, which is predominantly comprised by microlichens 
(Kistenich et al. 2018). It is one of the five fruticose genera of the Ramalinaceae, together with 
Cenozosia A. Massal., Namibialina Spjut & Sérus., Niebla Rundel & Bowler and Vermilacinia 
Spjut & Hale (Spjut et al. 2020). These genera appear in two separate lineages of the family. 
One of them is formed by Ramalina and Namibialina, while the other is formed by Niebla, 
Vermilacinia and microlichens of the genus Cliostomum Fr. s. str. Together, the two lineages are 
sister to Cliostomum griffithii (Sm.) Coppins, and thus are nested within Cliostomum s.l. (Spjut 
et al. 2020). The phylogenetic placement of Cenozosia is still ambiguous, but it is suspected to 
cluster with Niebla and Vermilacinia (Spjut et al. 2020). There are five areas in which Ramalina 
shows great taxonomic diversity and endemicity: East Africa (Krog & Swinscow 1976), the Andes 
(Marcano et al. 2021), Australasia (Stevens 1987; Blanchon et al. 1996), Baja California (Bowler 
& Rundel 1972, 1973) and Macaronesia (Krog & Østhagen 1980a, b; Krog 1990). Macaronesia 
is a phytogeographical region formed by five volcanic archipelagos situated on the Atlantic Ocean 
(i.e., Azores, Madeira, Selvagens, Canary Islands and Cape Verde) and a part of West Africa 
known as the Macaronesian Enclave (Fernández-Palacios et al. 2011). The genus Ramalina in 
the region received great attention in the second half of the last century, especially at the hands 
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of Norwegian lichenologists Hildur Krog and Haavard Østhagen (Østhagen & Krog 1976; Krog 
& Østhagen 1978, 1980b, a; Krog 1990). Since then, one new species has been described from 
the Canary Islands (Pérez-Vargas & Pérez-Ortega 2014), another occurring in the Canarian, 
Madeiran and Azorean archipelagos (Spjut et al. 2020), and two additional new species from the 
Azores archipelago (Aptroot & Schumm 2008). So far, all of them are considered Macaronesian 
endemics. 

Among the characters most commonly used for species differentiation in Ramalina, 
thallus anatomy is one of the most important. Krog and Østhagen (1980a) classified the Canarian 
Ramalina species in four anatomical types (farinacea, decipiens, bourgaeana and duriaei). 
They describe the genus as having a paraplectenchymatous cortex and prosoplectenchymatous 
“chondroid tissue”, that appears as a cylinder underneath the cortex in some species, as strands 
embedded in the medulla or adjoining the cortex in others. They noted that the chondroid tissue 
is absent in some species. Roughly at the same time, Bowler (1981) distinguished Ramalina from 
other similar fruticose genera as having a two-layered cortex. The outer layer consists of a network 
of interwoven paraplectenchymatous hyphae with highly gelatinized cell walls and narrow lumina. 
The inner layer is formed by longitudinally aligned, periclinally disposed hyphae. Bowler (1981) 
refers to this layer as “supportive tissue” and it is most likely the chondroid cylinder described by 
Krog and Østhagen 1980a. He describes this tissue as prosoplectenchymatous (i.e. “periclinally 
arranged elongate cells”), but also notes that in many species hyphae in this layer branch 
irregularly and not necessarily periclinally. He also notes that in some species this supportive 
tissue appears not as a uniform sheet adjoining the outer layer, but as an irregular system of 
“internal ribs” that often appear in contact with the external layer but that in a few saxicolous 
species can appear as “isolated rafts” in the medullary region. The anatomical types of  Krog 
and Østhagen (1980a) were defined on the basis of the development and situation of these two 
layers. The farinacea type is characterized by a thin cortex, that can be indistinct or even absent, 
and a continuous chondroid cylinder immediately underneath; the decipiens type is characterized 
by the presence of chondroid strands adjoining a well-developed cortex; the bourgaeana type is 
characterized by the presence of a well-developed cortex and chondroid strands embedded in the 
medulla; and the duriaei type is characterized by the lack of chondroid tissue. Two recent studies 
which addressed the phylogenetic relationships in the genus showed that the two groups with 
medullar chondroid strands formed two monophyletic groups (Sérusiaux et al. 2010; Spjut et al. 
2020). 

As currently understood, the Ramalina decipiens group is comprised by five species 
endemic to Macaronesia: R. decipiens Mont., R. erosa Krog, R. hamulosa Krog & Østh., R. 
maderensis Motyka and R. portosantana Krog. There is also R. subwebbiana (Nyl.) Hue., a 
species that Krog and Østhagen (1980a) synonymized with R. decipiens but has been treated as 
a separate species in more recent studies (Aptroot & Schumm 2008; Sérusiaux et al. 2010; van 
den Boom & Ertz 2012; van den Boom et al. 2015; Spjut et al. 2020). Some of these species are 
restricted to one or two geographically close islands, while others are widespread. Ramalina erosa 
and R. portosantana are endemic to the island of Porto Santo in the Madeira archipelago (Krog 
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1990; Sparrius et al. 2017). Ramalina hamulosa is known from El Hierro, La Gomera, Tenerife, 
Fuerteventura and Lanzarote in the Canary Islands (Krog & Østhagen 1980a; Hernández-Padrón 
& Pérez-Vargas 2010; van den Boom & Ertz 2012). Ramalina maderensis is the species of the 
group with the largest distribution range. It is known from all the Canary Islands except La Gomera 
(Krog & Østhagen 1980a; van den Boom 2015), the islands of Madeira and Porto Santo in the 
Madeira archipelago (Motyka 1960; Sparrius et al. 2017) and the island of São Vicente in the 
Cape Verde archipelago (Motyka 1960). It has also been reported from St. Helena (Aptroot 2008), 
which makes it the only species of the group present in both hemispheres. Given their complex 
history it is difficult to distinguish the distributions of R. decipiens and R. subwebbiana. Krog 
and Østhagen (1980a), who regarded R. subwebbiana as a synonym of R. decipiens, reported 
the presence of the species in all the Canary Islands. Ramalina decipiens has also been reported 
from the island of Porto Santo in the Madeira archipelago (Sparrius et al. 2017). As defined 
by Krog and Østhagen (1980a), R. decipiens and R. maderensis show extreme morphological 
variation and were suspected to be undergoing speciation, which prompted them to propose wide 
species concepts. In the last decade we have been studying the Macaronesian Ramalina and we 
have found that species within the R. decipiens group are rather difficult to differentiate. Also, 
we suspect that some of the widespread species could be concealing undescribed species-level 
lineages. For these reasons, a re-evaluation of species boundaries in the group following modern 
approaches was needed.

It has been argued that species delimitation in lichen-forming fungi should be carried out 
under the unified species concept (de Queiroz 1999; Lücking et al. 2021), which defines species as 
segments of metapopulation lineages. The unified species concept allows taxonomists to choose 
different sources of evidence in species delimitation studies, not restricting delimitation to a single 
feature or property (de Queiroz 2007). This approach results in more robust delimitations when 
multiple lines of evidence are considered (Stegenga & Menon 2017). However, finding the right 
set of characters is a considerable challenge in and on itself (Lumbsch & Leavitt 2011). Compared 
to other groups of organisms, lichen-forming fungi display few taxonomically useful characters. 
Species have traditionally been circumscribed on the basis of differences in morphology, 
chemistry and ecology (Printzen 2009), but the different degrees of intraspecific variation 
in these characters can further confuse taxonomic circumscriptions. Over the last decades the 
incorporation of molecular data in species delimitation of fungal species has proven remarkably 
useful (Crespo & Pérez-Ortega 2009; Lumbsch & Leavitt 2011; Lücking et al. 2021). Molecular 
data can help the taxonomist detect putative species, assign individual specimens to those species, 
validate them as evolutionarily distinct lineages and infer the relationships between them (Leavitt 
et al. 2015b). However, molecular data alone is not enough to robustly circumscribe species 
(Leavitt et al. 2015b; Lücking et al. 2021); an integrative taxonomic framework  (Dayrat 2005; 
Goulding & Dayrat 2016) that brings together multiple and complementary lines of evidence (e.g. 
phylogenetics, comparative morphology, chemistry, biogeography, etc.) is therefore needed.

All in all, the Ramalina decipiens group represents an excellent model system to study 
the process of adaptive radiation in lichen-forming fungi. However, before further exploring the 
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drivers of diversification in the group, an in-depth taxonomic revision is needed to clarify species 
boundaries and phylogenetic relationships among them. Thus, the objectives of the present study 
are (i) to test the current species concepts in the R. decipiens group, (ii) revisit the taxonomy of the 
group using an integrative taxonomy approach and (iii) reconstruct the phylogenetic relationships 
among species using multilocus sequence data. 

MATERIAL AND METHODS

Sampling

Between 2010 and 2021 we collected more than 800 thalli of the Ramalina decipiens 
group in a total of 76 localities from the Canarian, Madeira, Azores and Cape Verde archipelagos. 
Originally, we sampled the entire morphological variability of species monographed by Krog and 
Østhagen (1980a) as having decipiens anatomy, but because R. polymorpha (Lilj.) Ach. and R. 
krogiae Guissard & Sérus. did not cluster with the other species in previous phylogenies (Sérusiaux 
et al. 2010; Spjut et al. 2020, Pérez-Ortega et al. in prep.) they were not further considered in the 
present study. In addition, within the framework of a larger study of the phylogenetic relationships 
of the Macaronesian Ramalina we found that Ramalina nematodes (Nyl.) Krog & Østh. and 
Ramalina pluviariae Krog & Østh., two species not studied in Sérusiaux et al. (2010) nor in 
Spjut et al. (2020), clustered within the Ramalina decipiens group (Pérez-Ortega et al. in prep.). 
Hence, specimens of these species are also included in the present study. In total, 306 specimens 
representing the morphological diversity of the group (Supplementary Table S1) were selected for 
subsequent molecular studies. 

Nomenclature

Mycological nomenclature follows the International Code of Nomenclature for algae, 
fungi, and plants (Turland et al. 2018). The present study is included in an independent non-serial 
work stated to be a thesis submitted to a university for the purpose of obtaining a degree. Because 
of this, in accordance to Art. 30.9. of the Code none of the taxonomic novelties here reported 
are validly published. Such was never our intention, and they will be effectively published after 
the acceptance and publication of this study in a scientific journal. However, we included the 
descriptions as they should appear in the effective publication, with the exception of the MycoBank 
numbers and the designation of type specimens. We preferred not to include this information until 
the studied material is deposited and curated in the MA-Lichen and TFC herbaria.

In silico development of novel molecular markers

In this study we developed novel molecular markers from new genomes of four species 
of the genus: R. breviuscula (Nyl.) Nyl., R. clementeana Llimona & Werner, R. fastigiata (Pers.) 
Ach. and R. rosacea (A. Massal.) Hepp. (data not published). Handling of NGS data and marker 
development were carried out using the bioinformatic pipeline DOMINO (Frías-López et 
al. 2016), a highly customizable tool designed for discovering molecular markers at different 
levels of taxonomic resolution. Briefly, DOMINO workflow consists of three main steps. First, 
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DOMINO performed the pre-processing step of the raw reads to trim regions of low-quality and 
to clip adapters sequences. Second, the high-quality reads of the four species were independently 
mapped back to the genome of Ramalina intermedia (Wang et al. 2018). Then, DOMINO applied 
ad hoc filters to reduce putative false nucleotide variants. More precisely, to exclude redundant 
sequences, remove sequences with statistical differences in coverage and/or with multi-mapping 
events, and estimate the occurrences of polymorphic positions under a statistical framework. 
Third, DOMINO conducted the SNP calling using implemented Perl scripts ad hoc to translate 
the filtered data generated in the previous step (BAM and pileup files) in order to determine the 
variable regions flanked by conserved positions. Finally, DOMINO generated a list of candidate 
sequences and their corresponding FASTA file to allow developing PCR primers shared among 
the taxa of interest and other parameters selected by the user, such as the minimum level of 
variation between taxa, the range length of the conserved and variable region, etc. In particular, 
we used the parameters listed in Supplementary Table S2. 

Identification of novel molecular markers

To determine the presence of protein-coding regions in the discovered marker sequences, 
we conducted a BlastP search (version 2.2.30; Altschul et al. 1997) using as query the set of 
predicted peptides of Ramalina rosacea (data not published) with an E-value cutoff of 1e-5. We 
performed a second BlastN (version 2.2.30; Altschul et al. 1997) search against the genome of R. 
rosacea using as query the sequence markers with positive BlastP hits of the previous step and 
then we extracted the coordinates of the coding and non-coding regions listed in the GFF file. 
Furthermore, we applied InterProScan (5.4.47; Jones et al. 2014) analysis against the predicted 
peptides of R. rosacea to characterize the functional annotation of the sequence markers with 
positive BlastP hits. Here we refer to the four markers as “unknown gene marker Ramalina” 
(UGMR): UGMR7_22, UGMR33_20, UGMR70_14 and UGMR197_101.

DNA extraction, PCR, and sequencing

Thallus fragments of the apical zone (c. 10 mm2) free of epiphytic microalgae and fungi were 
selected for DNA extraction under a stereomicroscope (Nikon SMZ800). Samples were washed 
with acetone to remove secondary metabolites and stored at -80ºC. After one hour of freezing, 
they were pulverized using TissueLyser II (Qiagen) with two crystal beads. Genomic DNA was 
extracted using E.Z.N.A.® Forensic DNA Kit (Omega Bio‐Tek), following the instructions of the 
manufacturer. We amplified six genes: the nuclear internal transcribed spacer (ITS), elongation 
factor 1-α (efa), and the four novel markers identified in the present study. ITS was amplified 
using primers ITS1F-KYO2 and ITS4-KYO2 (Toju et al. 2012). For efa we designed new internal 
primers with Primer-BLAST (Ye et al. 2012) to improve amplification efficiency. These and the 
primers used to amplify the four novel markers appear in Table 1. PCR reactions were carried 
out in a total volume of 15 μL, containing 2 (ITS) or 3 (remaining 5 markers) μL of template 
DNA, 0.5 (ITS) or 1 (remaining 5 markers) μL of each primer (10 μM), 6.5 μL of MyTaq™ Red 
Mix (Bioline) and 5.5 (ITS) or 3.5 (remaining 5 markers) μL of distilled water. The amplification 
programs were (1) initial denaturation at 95ºC for 2 min; 8 cycles of 94ºC for 1 min, 58ºC for 1 
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min (decreasing 0.5ºC each cycle) and 72ºC for 1 min 30 s; 28 cycles of 94ºC for 1 min, 52ºC 
for 1 min and 72ºC for 1 min 30 s; with a final extension at 72ºC for 7 min for ITS and (2) initial 
denaturation at 95ºC for 4 min; 6 cycles of 95ºC for 1 min, 62ºC for 1 min (decreasing 1ºC each 
cycle) and 72ºC for 1 min 30 s; 30 cycles of 95ºC for 1 min, 56ºC for 1 min and 72ºC for 1 min 
30 s; with a final extension at 72ºC for 7 min for the remaining five markers. PCR products were 
run in 1% agarose gels stained with SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific). 
DNA was sequenced in Macrogen Spain (Madrid, Spain) with the same primers used in the PCRs. 

Table 1. Primer sequences used to amplify efa and the four novel markers identified in the present study.

DNA region Primer Sequence (5' → 3')

 efa
RamEFA2-For AGACCCYTCATTTTCTGAAG

RamEFA2-Rev CTGACCRTCCTTGGAGATAC

UGMR7_22
UGMR7_22-For CATTCCYGCCATCAACATC

UGMR7_22-Rev GGATAGATTCTCCTCRAAGTC

UGMR33_20
UGMR33_20-For TAAGCTTGCCAACCCTACCA

UGMR33_20-Rev CCGAGRAGCAGCGCAAAYAC

UGMR70_14
UGMR70_14-For GTAAGGCTGGCCCRGTATC

UGMR70_14-Rev ATGCATGAATAGTGCAAGAACC

UGMR197_101
UGMR197_101-For CCRGCAATCAAATGGGTAGC

UGMR197_101-Rev GGTCACYGACTTCGAGACTAC

Sequence alignment and phylogenetic analysis

We performed multiple sequence alignment for each marker using MAFFT v.7.308 (Katoh 
et al. 2002) as implemented in Geneious® v.9.1.8. with the following parameters: the FFT-NS-I 
x1000 algorithm, the 200PAM / k = 2 scoring matrix, a gap open penalty of 1.53 and an offset 
value of 0.123. We divided the ITS into three regions, namely ITS1, 5.8S, and ITS2. Similarly, efa 
and the four novel markers were divided into their intronic and exonic regions. For each marker, 
Maximum Likelihood (ML) and Bayesian approaches were used for inferring phylogenetic 
relationships. Single-locus ML trees were calculated using RAxML (Stamatakis 2014) and 1000 
rapid bootstrap pseudoreplicates were performed to evaluate nodal support. Nodes with bootstrap 
values equal or higher than 70% were considered to be significantly supported. Bayesian trees were 
calculated using MrBayes 3.2.7 (Huelsenbeck & Ronquist 2001; Ronquist & Huelsenbeck 2003). 
Starting with a random tree, two simultaneous, parallel four-chain runs were executed over 1x107 
generations, and sampled after every 1000th step. The first 20% of data was removed as burn-
in. The 50% majority-rule consensus tree was calculated from the remaining trees. Nodes with 
posterior probabilities equal or higher than 95% were considered to be significantly supported. 
ML and Bayesian single-locus phylogenies were used to check for topological incongruences. 
Lastly, we generated a multi-locus phylogenetic tree using BEAST 1.8.1 (Suchard & Rambaut 
2009; Drummond et al. 2012). We used PartitionFinder 1.1.1 (Lanfear et al. 2012) to estimate 
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optimal substitution models and partition schemes using the subdivisions of the six markers 
as input. We performed BEAST analyses using a lognormal uncorrelated relaxed clock for all 
partitions inferred by PartitionFinder. We tested the adequacy of the uncorrelated clock model for 
each marker using MEGA 5.2 (Tamura et al. 2011) on the RAxML and MrBayes topologies. We 
used substitution models found in PartitionFinder but changing GTR for HKY to reduce model 
complexity, given previous problems of convergence due to analysis overparameterization. A 
concatenated RAxML phylogeny was calculated and used as the starting tree. The tree prior was 
set to “Coalescent: Constant Size”. All clock priors were set to “Uniform”, with a range between 
0.1 and 30.0. The prior constant.popSize was set to “Uniform”, with a range between 0.1 and 
10.0. A total of 6 runs of 2x108 generations each, sampling every 10,000 steps, were combined 
using LogCombiner v1.8.1. (http://beast.bio.ed.ac.uk/logcombiner). The first 50% trees of each 
run was discarded as burn-in. Given that the output file was too large for TreeAnnotator v.1.8.1 
(http://beast.bio.ed.ac.uk/treeannotator) to handle, we developed a custom R script to generate 
files with 10,000 randomly selected trees. We generated 10 such files and processed them with 
TreeAnnotator v.1.8.1 to generate ten annotated maximum clade credibility trees. Tree parameters 
reported in this study are the result of averaging over these ten maximum clade credibility trees. 
We used Tracer 1.7.1 (Rambaut et al. 2018) to check for convergence of chains. RAxML, 
MrBayes and BEAST inferences were carried out in CIPRES Science Gateway (Miller et al. 
2011). Ramalina bourgaeana (S7582), R. maciformis (S6393), R. lacera (MB55), R. hierrensis 
(S5903) and R. pusilla (S5744) were used as outgroup to root the phylogenetic trees.

Species discovery strategies based on single locus datasets

We attempted to build competing species hypotheses using five sources of information: (1) 
species discovery strategies based on single locus datasets, (2) genetic clustering, (3) morphology, 
(4) secondary chemistry and (5) geographic origin. Because the ITS is regarded as the universal 
barcode for fungi (Schoch et al. 2012), we employed four species discovery algorithms on this 
dataset. These were the Automatic Barcode Gap Discovery (ABGD, Puillandre et al. 2012), the 
recently developed Assemble Species by Automatic Partitioning (ASAP, Puillandre et al. 2021), 
the Generalized Mixed Yule Coalescent model (GMYC, Pons et al. 2006; Fujisawa & Barraclough 
2013) and the Poisson Tree Processes model (PTP, Zhang et al. 2013). ABGD and ASAP are 
species discovery algorithms that calculate a pairwise genetic distance matrix and attempt to 
find the so called “barcode gap” between the small intraspecific genetic distances and the larger 
interspecific ones. Both algorithms generate multiple species hypotheses accompanied with a p 
value and, in the case of ASAP, a measure of the barcode gap width. ABGD was run at https://
bioinfo.mnhn.fr/abi/public/abgd/ and ASAP at https://bioinfo.mnhn.fr/abi/public/asap/. For both 
algorithms we used the K80 model to calculate pairwise genetic distances. The required TS/TV 
value was calculated in MEGA 5.2 (Tamura et al. 2011). The remaining model parameters were 
left at default values, with the exception of Pmax, which was set to 0.01 (see Puillandre et al. 2012). 
We used three values for the relative gap width (X), 0.1, 1.0 and 1.5, to assess the consistency of 
the inferred groups under varying gap width values. In contrast with ABGD and ASAP, GMYC 
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and PTP are species discovery algorithms that need a phylogenetic tree as input. They estimate the 
branching rates in different regions of the tree and try to identify which part follows a speciation 
model and which part follows a coalescent model. The species hypothesis is generated by the 
identification of a threshold that maximizes the transition between the two branching rates. 
GMYC was run using the gmyc function of the splits R package (https://rdrr.io/rforge/splits/). 
Species hypotheses following single and multiple threshold models were computed. As input, we 
generated an ultrametric ITS tree using BEAST 1.8.1 (Drummond et al. 2012) as implemented in 
CIPRES Science Gateway (Miller et al. 2011). Briefly, we partitioned the ITS into the ITS1, 5.8S, 
and ITS2 regions and carried out the BEAST analysis using a lognormal uncorrelated relaxed 
clock, the GTR + I + G substitution model, the “Coalescent: Constant Size” Tree Prior and a 
random starting tree. PTP was run on https://species.h-its.org/ with 5x105 MCMC generations and 
a burn-in of 30%. We used the previously generated ML phylogenetic tree of ITS as input.

Genetic clustering

We explored genetic clustering in our dataset as evidence of putative species based on the 
hypothesis that specimens belonging to a given species should be genetically closer to one another 
than to specimens belonging to other species. However, the speciation process is quantitative 
in nature and under adaptive radiation it often resembles a continuum of divergence that has 
been referred to as the “speciation continuum” (Nosil 2012). To take this into consideration, we 
employed the Hierarchical Bayesian Analysis of Population Structure (hierBAPS, Cheng et al. 
2013) to cluster DNA sequence data and reveal nested population structure. The hierarchical output 
of hierBAPS provides a way to explore genetic clustering at multiple resolutions, an approach 
that can be used to identify putative species at the early stages of the “speciation continuum” of 
an island radiation, such as that of the R. decipiens group. hierBAPS takes a multi-locus DNA 
alignment as input and transforms it into a single nucleotide polymorphism matrix. We excluded 
in this analysis the 30 samples for which ITS was the only marker available. hierBAPS was run 
using the function hierBAPS of the rhierbaps R package (Tonkin-Hill et al. 2018). We set it to 
cluster individuals in three hierarchical categories and run until it converged into a local optimum. 
Following the developer recommendation of choosing a n.pops value significantly larger than the 
expected number of clusters we set this parameter to 70.

Morphological characterization

Specimens were examined with a Nikon SMZ800 stereomicroscope and a Zeiss Primo 
Star compound microscope. We characterized morphological features previously reported in the 
literature as relevant for the group (Krog & Østhagen 1980a; Krog 1990; Pérez-Vargas & Pérez-
Ortega 2014). We studied 13 qualitative features and 8 quantitative traits. Qualitative features 
were: (1) apothecia (presence-absence), (2) apothecia position (marginal-terminal-marginal and 
terminal), (3) black ring surrounding the hamathecium (presence-absence), (4) soralia (presence-
absence), (5) pseudocyphellae (presence-absence), (6) pseudocyphellae position (marginal-
laminar-laminar and marginal-laminar and marginal near the base-laminar near the base), (7) 
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pycnidia (presence-absence), (8) pycnidia color (black-pale), (9) pycnidia position (laminar-
marginal-laminar and marginal), (10) pycnidia tuberculated (yes-no), (11) contorted laciniae 
(presence-absence), (12) fenestrations (presence-absence) and (13) surface brightness (matt-
shiny). Quantitative traits were: (1) pseudocyphellae length, (2) apothecia diameter, (3) laciniae 
length, (4) laciniae width, (5) ascospore length, (6) ascospore width, (7) conidia length and (8) 
conidia width. All quantitative traits were independently measured five times in each thallus. 
Measured ascospores and conidia were observed from more than one apothecium and pycnidium, 
respectively. The number of measured specimens of each species is available in Supplementary 
Table S3. Ten additional features were studied in up to eight specimens of each species to 
complement the species descriptions: anatomical type, cortex thickness, apothecia color, apothecia 
shape, presence of pruina in the apothecia, thalline margin, paraphyses, paraphyses width, asci 
length and asci width. Quantitative traits are reported in the species descriptions as (smallest 
absolute measurement-) 10th percentile - 90th percentile (-largest absolute measurement). 

Chemical characterization

We characterized lichen secondary chemistry by means of thin layer chromatography 
(TLC) following Culberson (1972) and Orange et al. (2001). Briefly, we immersed thallus 
fragments on acetone to extract lichen substances. The acetone extracts were applied to TLC 
Silica gel 60F254 plates (Merck KGaA, Germany) and run in solvent system C (Orange et al. 
2001). Once they were completely dry, we applied 10 % sulfuric acid to the plates and placed 
them on a heated plate (120 °C). We examined the developed plates in a CN-6 darkroom cabinet 
(Vilber Lourmat Sté, France) under a wavelength of 365 nm. 

Geographic categorization

We categorized the geographical origin of samples in four categories: Madeira archipelago, 
Cape Verde archipelago, and western and eastern Canary Islands. The approach of dividing the 
Canarian archipelago has previously been taken in biogeographic studies (Sanmartín et al. 2008), 
and it aims to take into account the age of the islands (Ancochea et al. 2006) and their present-day 
climatic differences (del Arco Aguilar & Rodríguez Delgado 2018).

Scanning electron microscopy

Representative laciniae from dried specimens were transversally cut with the help of a 
razor blade and subsequently coated with gold in a SCD 004 Sputter Coater Balzers (Leica) and 
examined in a Hitachi S3000N scanning electron microscope at the Unidad Técnica de Apoyo a 
la Investigación of the Real Jardín Botánico-CSIC.

Light microscopy

Representative laciniae from dried specimens were fixed with FAA (Johansen 1940) 
for 24 hours and then dehydrated at room temperature in a graded series of ethanol, starting 
at 70% and increasing to 96% and 100% for 30 minutes each step. The fixed and dehydrated 
samples were embedded in subsequent mixes of 2:1, 1:1 and 1:2 ethanol/LR White resin (Sigma-
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Aldrich, USA) for 30 minutes. Finally, the samples were embedded in pure resin and allowed 
to polymerize in the oven for 24 h at 60ºC. Semi-thin sections (4 μm) were made with a CUT 
5062 rotary microtome from SLEE medical GmbH (Germany), stained with toluidine blue and 
examined under an Olympus BX-51 microscope. 

Unsupervised clustering of morphological, chemical and geographic data

We combined the data on morphology, chemistry and geographic origin and used it to 
generate competing species hypotheses by cluster analysis methodology. The rationale behind 
this was to include a species discovery strategy that did not rely on molecular data. The analysis 
was performed in Python v. 3.8.12 using the numpy v. 1.22.3 (Harris et al. 2020), pandas v. 1.4.2 
(McKinney 2010), matplotlib v. 3.5.1 (Hunter 2007), seaborn v. 0.9 (Hunter 2007), scikit-learn 
v 1.1.2 (Pedregosa et al. 2011) and sklearn-pandas v. 2.2.0 (Wamanse & Patil 2022) libraries. 
The input dataset (Supplementary Table S3) was comprised by 265 specimens and included 31 
variables (21 morphological, 8 chemical and 2 geographic). Data pre-processing was performed 
using the sklearn.preprocessing module (Wamanse & Patil 2022) and consisted of three steps. 
First, in order to better understand the structure of our dataset, an exploratory descriptive analysis 
consisting in the generation of histograms for the quantitative variables and barplots for the 
qualitative variables was performed. Second, missing data resulting from the nested structure 
of some variables (e.g. data on apothecia position, apothecia diameter and length and width of 
ascospores could not be recorded for the specimens lacking apothecia) were imputed through 
Sklearn’s SimpleImputer tool using the mean strategy for quantitative variables and the constant 
strategy for qualitative variables. Third, in order to prevent scale effects and improve clustering, 
quantitative features were normalized using the MinMaxScaler module (Raju et al. 2020). Then, 
two different methodologies were used to generate competing species hypotheses: k-Means (Ding 
& He 2004) and agglomerative hierarchical unsupervised clustering (Murtagh & Contreras 2017). 
The k-Means clustering method works by assigning the number of centroids based on the number 
of clusters given (k). For the implementation of this method we use the module k-Means from 
sklearn.cluster using parameters by default.  Prior to their inclusion in the k-Means algorithm, 
categorical data were transformed into numerical data using the OneHotEncode tool from sklearn.
preprocessing (Bisong 2019). Then, we used Principle Component Analysis (PCA) to reduce the 
dimensionality and correlation between variables. This was done using the sklearn.decomposition 
module. After performing the PCA, the results were finally passed for the unsupervised clustering 
K-means. The optimal number of clusters, which corresponds to the species hypothesis derived 
from the K-means method, was chosen through heuristics employing the elbow method and 
silhouette scores, which were calculated from k=1 to k=30. Further, to visualize patterns in the 
data we plotted the clusters assigned through k-means algorithm for each PCA using seaborn.
pairplot. The second unsupervised method, hierarchical agglomerative clustering, was performed 
using the scipy.cluster.hierarchy module. The input matrix for this algorithm was calculated from 
the pre-processed data using Gower’s distances (Gower 1971) which allows to handle mixed data 
(qualitative and quantitative). For this type of clustering we tested two different linkage methods: 
1) average linkage and 2) complete linkage (farthest neighbors). Finally, to visualize clustering 
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results we plotted the assigned groups using scipy.cluster.hierarchy.dendogram tool. The optimal 
number of clusters under each linkage method was the one in which the distance between possible 
clusters was maximized. 

Comparison of competing species hypotheses

We intended to evaluate the resulting 5 competing species hypotheses (ABGD, ASAP, 
the first two hierarchical levels of hierBAPS and the unsupervised clustering of morphological, 
chemical and geographic data) using the Bayes factor delimitation approach (BFD, Grummer et 
al. 2014). For each of the competing species hypotheses, we performed a Bayesian reconstruction 
of the species tree using *BEAST (Heled & Drummond 2010; Drummond et al. 2012). Due 
to previous chain convergence issues, we only included the 259 samples for which at least 
four markers were available. No outgroup was included. For each hypothesis we performed 6 
*BEAST runs of 2 x 108 generations each, sampling every 20,000 steps. All parameters were 
identical to those used for the BEAST multi-locus phylogeny except the species tree prior, that 
was set to “Species Tree: Yule Process”, and the population size model, that was set to “Piecewise 
linear & constant root”. The priors species.popMean and species.yule.birthRate were set to 
“Uniform”, with a range between 0.1 and 10.0. Marginal likelihood estimates (MLEs) were then 
calculated from the Bayesian posterior distributions using the Path Sampling (PS, Lartillot and 
Philippe 2006) and Stepping-Stone (SS, Xie et al. 2011) methods, using default settings. Chain 
convergence was checked in Tracer 1.7.1 (Rambaut et al. 2018). We found a widespread lack of 
convergence, with nearly all runs having post-burn-in ESS < 200 in most parameters. We took 
two alternative approaches to resolve this lack of convergence. On the one hand we generated 24 
additional runs with the same parameters and length for each hypothesis. On the other hand, we 
performed *BEAST runs with identical parameters but with ten times more generations (2 x 109). 
The shorter runs were computed in the cluster Trueno (CSIC–Ministry of Science and Innovation) 
and the longer runs were carried out in a 36-CPU computer with 500Gb of RAM.

Polymorphism statistics and neutrality tests

We used the software DnaSP v.6.12.01 to calculate DNA polymorphism for each dataset. 
Four indices were calculated: nucleotide diversity (π, calculated using the Jukes and Cantor 
correction), number of polymorphic sites (s), number of haplotypes (h) and haplotype diversity 
(Hd). Additionally, we tested for deviations from neutrality with Tajima’s D and Fu’s Fs statistics, 
also in DnaSP v.6.12.01, using the number of segregating sites. The significance of both tests was 
assessed based on 104 coalescent simulations.

RESULTS

Development of novel molecular markers

We obtained a total of 306.098.980 genomic raw reads across all four Ramalina specimens. 
After conducting the pre-processing step, the number of high-quality reads kept was 249.567.359. 
Of those reads, a total of 155.973.840 were mapped back to the genome of Ramalina intermedia. 
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Then, through the SNP calling procedure implemented in DOMINO, we identified 235 molecular 
markers shared across the five taxa. Eleven pairs of primers were preliminarily selected and 
successfully amplified. Four of them were selected for use in the present study based on their 
phylogenetic informativeness and amplification success. 

Identification of novel molecular markers

BlastP analyses against the proteins of Ramalina rosacea showed that all markers 
enclosed regions coding for functional nuclear genes. We characterized the functional domains 
of two of them using InterProScan. UGMR7_22 exhibited the characteristics PFAM and IPR 
identifiers related to an YjeF-related protein, whereas UGMR197_101 might encode an ABC 
transporter. We validated and extracted the gene coordinates using the sequence genome and the 
structural annotation data (GFF file) of R. rosacea, and we obtained that the full sequences of 
the UGMR7_22 and UGMR33_20 markers corresponded to a single exon. In contrast, only the 
~20% of the sequence of UGMR70_14 corresponded to a coding region, where the marker region 
between the positions 409 and 545 corresponded to the first exon, and the rest of the sequence to 
a non-coding region. We also identified that the marker sequence of UGMR197_101 encoded for 
two exons (positions 1-121 and 175-489) and one intronic region (122-174). 

Sequence data and phylogenetic analysis

In this study we generated 1.461 new sequences of 6 different regions (Supplementary 
Table S1). Alignment lengths where 787 bp for the ITS, 655 bp for UGMR7_22, 607 bp for 
UGMR33_20, 621 bp for UGMR70_14, 552 bp for UGMR197_101 and 738 bp for EFA. We 
inspected the single-marker trees looking for incongruences among them. Incongruence was 
considered significant if supported clades of the different phylogenies contradicted each other 
(Mason-Gamer & Kellogg 1996). Clades were considered to be supported if they had bootstrap 
values higher than 75 and posterior values higher than 0.9. Following this procedure, we found 
significant incongruences across all markers. The partition scheme and substitution models 
returned by PartitionFinder for the concatenated BEAST analysis are reported in Table 2. The 
adequacy of the uncorrelated clock model was corroborated for all markers using the RAxML and 
MrBayes topologies (Supplementary Table S4). The resulting runs were topologically congruent 
but showed convergence issues, having post-burn-in ESS < 200 in the following parameters: 
posterior, prior, treeModel.rootHeight, tmrca(ingroup), constant.popSize, coalescent and various 
parameters related to the clocks and tree likelihoods. After combining the six runs most of these 
parameters reached ESS > 200, with the exception of the clock and tree likelihood parameters. 
We generated ten maximum clade credibility trees through random sampling of the tree space 
resulting from the post-burn-in combination of the six runs, which contained 60.000 trees. One 
of these maximum clade credibility trees is shown in Fig. 1, with support values being averaged 
across the ten maximum clade credibility trees. The ten trees were almost topologically identical, 
differing only in the placement of the undescribed Ramalina sp. 1. In some of the trees this species 
appeared as the sister species of R. decipiens and in others as the sister species of the clade formed 
by R. fortunata, R. maderensis and R. portosantana, in both cases without support. The trees 
showed an unsupported relationship between R. nematodes and R. pluviariae.
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Figure 1 . Maximum clade credibility tree from the BEAST analysis. Branches with posterior probability 
≥ 0.95 are highlighted in bold. The table on the right side provides further information for all accessions: 
results of species discovery strategies based on single locus datasets that were included in the BFD (column 
1-2), hierarchical levels of the genetic clustering that were included in the BFD (column 3-4), results of 
the different clustering methodologies (column 5-7), chemical characterization by TLC (column 8) and 
geographic origin (column 9). Color schemes for the first seven columns bear no meaning and have been 
selected to facilitate visualization of specimens clustering to putative species. Meaning of the color schemes 
of the remaining columns is explained at the bottom left of the figure. Relationships among the outgroup 
species are not displayed.
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Figure 1. (cont.)

Species discovery strategies based on single locus datasets

ABGD returned 9 partitions for X = 0.5 and X = 1.0, and 3 for X = 1.5, in all cases 
grouping the specimens in between 113 and 1 putative species under the calculated 1.71 transition/
transversion rate. No distinct barcode gap could be observed in the distance histograms. ABGD 
retrieved the most biologically sensible partition under X = 0.5, comprised by 25 species. This was 
the ABGD hypothesis included in the BFD analysis. Similar results were obtained in the ASAP 
analysis, which grouped the specimens in between 113 and 11 putative species, not showing a 
clear barcode gap either. We included the hypothesis with the lowest ASAP score, delimiting 11 
putative species, in subsequent BFD analyses. GMYC and PTP returned biologically unrealistic 
results, reaching as many as 143 putative species in PTP, 71 in GMYC under the multiple 
threshold and 62 in GMYC under the single threshold. The inclusion of outgroup sequences did 
not modify the number of inferred putative species. Due to these unrealistic results no GMYC or 
PTP hypotheses were included in the BFD analysis.
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Figure 1. (cont.)

Genetic clustering

The first hierBAPS hierarchical category consisted of 7 genetic clusters. These where 
subdivided in 21 clusters in the second hierarchical category and 56 in the third. Cluster 
assignment probabilities of the studied Ramalina specimens ranged from 0.50 to 1.00 in the first 
hierarchical category, from 0.53 to 1.00 in the second, and from 0.69 to 1.00 in the third. Mean 
cluster assignment probabilities were 0.99, 0.98 and 0.99, respectively. The first two hierarchical 
categories were included in the BFD analysis, but the third was excluded due to its biologically 
unrealistic number of putative species.

Chemical characterization

Five major lichen substances were detected by TLC (Fig. 2): 4-O-demethylbarbatic acid, 
divaricatic acid, lecanoric acid, protocetraric acid and salazinic acid. Usnic acid probably occurs in 
all the species, but sometimes its concentration is too low to be detected by TLC (Krog & Østhagen 
1980a). Salazinic acid was the most common, being present in all species except R. delicata,                                    
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Table 2. Partition scheme and substitution models returned by PartitionFinder for the concatenated BEAST 
analysis.

Partition Components Substitution model

1 ITS1 , UGMR7_22 1st, UGMR7_22 2nd, UGMR7_22 3rd, 
UGMR197_101 (exonic) 2nd

GTR + I + G

2 5.8S GTR + G
3 ITS2, UGMR33_20 1st, UGMR33_20 2nd, UGMR33_20 

3rd, UGMR70_14 (exonic) 1sr, UGMR70_14 (exonic) 2nd, 
UGMR70_14 (exonic) 3rd, UGMR197_101 (exonic) 1st, 
UGMR197_101 (exonic) 3rd

GTR + G

4 UGMR70_14 (intronic) GTR + G
5 UGMR197_101 (intronic), EFA (exonic) 1st, EFA (exonic) 3rd, 

EFA (intronic) 
GTR + I + G

6 EFA (exonic) 2nd GTR + I + G

R. erosa, R. fortunata and R. sampaiana. 4-O-demethyllbarbatic acid was the rarest, being only 
present in R. fortunata and a R. maderensis chemotype restricted to the island of São Vicente. 
Additionally, three different triterpene patterns were detected in the species containing divaricatic 
acid.

Geographic categorization

Most of the species (46%) were restricted to the Canary Islands, followed by the Madeira 
archipelago (26%). The only species present in the Azores and Cape Verde archipelagos was R. 
maderensis which, together with R. decipiens and Ramalina sp. 2, were the only species occurring 
in more than one archipelago. Geographic origin at the island level was of great taxonomic value, 
as many of the species were single-island endemics (Fig. 1).

Unsupervised clustering of morphological, chemical and geographic data

The exploratory analysis revealed some outliers in the distributions of the quantitative 
variables. These outliers were not removed since they correspond to the actual morphological 
diversity present in the studied organisms (e.g. considerably larger laciniae length in R. nematodes 
samples). After normalization, pseudocyphellae length and ascospore length were the quantitative 
variables with the lowest variability (sd = 0.07). The first four axes of the PCA accounted for 
51.9% of total explained variation, reaching the 77,47% within the first ten axes. The number of 
clusters (k) according to the elbow method and the Silhouette score was ten, also the maximum 
Silhouette score (0.43) was reached at k = 15. Overlap could be observed among most of the 
clusters. Although some groups could be visually distinguished in some pair combination of 
principal components, this separation was not maintained for the rest of the combinations. The 
agglomerative method, both by average linkage and by complete linkage, found that the 

Taxonomic revision



62

Figure 2. TLC chromatogram representation of acetone extracts of the species of the R. decipiens group 
after applying 10 % sulfuric acid and heating, and run on solvent C. Roman numbers after the species 
names represent different chemotypes. Control contains atranorin and norstictic acid. a. Normal light; b. 
UV light (365 nm). Secondary metabolites depicted are atranorin (At), 4-O-demethylbarbatic acid (dem), 
divaricatic acid (Div), lecanoric acid (Lec), norstictic acid (Nor), protocetraric acid (Prot), salazinic acid 
(Sal) and three different triterpene patterns (visible below divaricatic acid under UV light).

most suitable number of clusters was six, although the putative species of both hypotheses were 
comprised by different specimens (Fig. 1).

Comparison of competing species hypotheses

We took two complementary approaches to resolve the lack of convergence of the 
*BEAST analyses. First, we generated 30 short (2 x 108 generations) *BEAST runs for each 
of the 5 competing species hypotheses, i.e., ABGD, ASAP, the first two hierarchical levels of 
hierBAPS, and unsupervised clustering of morphological, chemical and geographic data. We 
found a generalized lack of convergence, with c. 90% of all the runs having post-burn-in ESS < 
200 in most parameters. The remaining runs also showed convergence issues, although most were 
related to clock prior parameters. In addition, the parameters with ESS > 200 reached different 
local maxima. Therefore, we could not combine them, and the averaging of MLEs and Bayes 
factors calculation were not carried out. On the second approach we generated a longer (2 x 109 
generations) run for each hypothesis. This did not improve ESS values compared with the previous 
approach, with all runs showing convergence issues in nearly all parameters. As a compromise 
solution, we cautiously based species boundaries on the supported clades of the phylogenetic 
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Table 3. Polymorphism statistics and neutrality tests results for each marker: number of sequences (n), 
alignment length (bp), number of gaps and missing data, number of polymorphic sites (s), number of 
haplotypes (h), haplotype diversity (Hd), nucleotide diversity calculated using the Jukes and Cantor 
correction (π), Tajima’s D and Fu’s F. Statistical significance of Tajima’s D and Fu’s Fs is depicted as: ns > 
0.05; *< 0.05; **< 0.01; ***<0.001.

Marker n bp Gaps/
missing

s h Hd π (JC) Tajima's D Fu's Fs

ITS 306 754 466 75 71 0.953 0.030 -0.075 (ns) -1.201 (**)

EFA 188 737 348 131 120 0.989 0.056 -0.093 (ns) -1.641 (ns)

UGMR7_22 241 654 443 65 47 0.932 0.060 -0.101 (ns) -1.220 (ns)

UGMR33_20 217 607 262 73 65 0.965 0.017 -0.100 (ns) -1.174 (ns)

UGMR70_14 243 611 368 85 99 0.979 0.037 -0.111 (ns) -1.468 (ns)

UGMR197_101 244 552 223 85 77 0.967 0.026 -0.103 (ns) -1.303 (ns)

tree and circumscribed them on the basis of the morphological, chemical and geographic data. 
We understand that this is not the desirable solution under an integrative taxonomy approach, but 
given the thorough characterization of the studied material we propose 15 species-level lineages 
in the R. decipiens group, 7 of which correspond to previously known species (Østhagen & 
Krog 1976; Krog & Østhagen 1980a, b; Krog 1990), 6 are newly described and 2 will remain 
undescribed until more material is available.

Polymorphism statistics and neutrality tests

The combined matrix consisted of 3,960 bp. EFA was the marker with the greatest number 
of polymorphic sites. π ranged between 0.0179 in UGMR33_20 and 0.06086 in UGMR7_22, 
while Hd ranged between 0.932 in UGMR7_22 and 0.9892 in EFA. Values for the remaining 
statistics are summarized in Table 3. We did not find deviations from neutrality in any of the 
datasets or species according to Tajima’s D. However, Fu’s Fs was significant for the whole 
ITS dataset (Table 3) and five species: R. hamulosa (EFA), R. gomerana (ITS, UGMR7_22, 
UGMR70_14 and UGMR197_101), R. portosantana (UGMR33_20), R. sabinosae (UGMR33_20 
and UGMR197_101) and R. sp. 1 (ITS, UGMR7_22 and UGMR197_101) (Supplementary Table 
S5). Aside from R. sabinosae, most of these results seem to be caused by the low number of 
samples of those species in the datasets.
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TAXONOMY

Ramalina decipiens Mont, in Webb & Berthelot, Hist. nat. Iles Canar. (Paris) 3(2): 100 (1840).; 
Fig. 3-5.

= Ramalina scopulorum subsp. decipiens (Mont.) Nyl. (Published as R. scopulorum * R. decipiens), Bull. Soc. linn. 
Normandie, sér. 3 4: 157 (1870).

= Ramalina scopulorum subsp. subwebbiana Nyl. (Published as R. scopulorum ** R. subwebbiana), Bull. Soc. 
linn. Normandie, sér. 3 4: 158 (1870).

= Ramalina subwebbiana (Nyl.) Hue., Nouv. Arch. Mus. Hist. Nat., Paris, 3 sér. 2: 267 (1890).
= Ramalina subdecipiens Steiner, Öst. bot. Z. 54(10): 353 (1904).
Typus. In Canariin, ex herb. Webbianum, sine coll. (Original material BM000890348!).

Thallus saxicolous, rigid, erect or subpendulous, sparingly to richly branched. Laciniae stramineous, 
green-grey or pale yellow-brown, usually complanate, in some specimens canaliculated, matt or 
shiny, (10-) 19-61 (-117) x 1-4 (-11) mm, sometimes contorted, dichotomously branching, arising 
from a single holdfast. Pseudocyphellae frequently present, laminar, usually near the base, 1-4 
(-5) mm in length. Fenestrations present in some specimens. Anatomy decipiens-type (Krog & 
Østhagen 1980a). Cortex well developed, (28-) 45-73 (-95) μm thick. Chondroid tissue forming 
a discontinuous cylinder or separate strands adjoining the cortex, with some strands appearing 
imbedded in the medulla. Medulla dense and highly hydrophobic. Isidia absent. Soralia absent. 
Apothecia mostly marginal, in some thalli subterminal, 1-7 (-12) mm in diam. Disc pale orange 
colored, at first deeply concave, becoming flat at maturity, pruinose; thalline margin present, 
persistent, occasionally showing a black ring, circular, crenate or with radial cracks. Paraphyses 
simple, not enlarged apically, 1 μm thick. Asci elongate-clavate, 8-spored, (32-) 33-42 (-43) µm 
x (6-) 8-10 µm. Ascospores 1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, (8-) 
10-12 (-15) µm x 4-5 µm. Pycnidia marginal, at times also laminar, sometimes tuberculated, with 
black or pale ostioles. Conidia bacilliform, (3-) 4-5 (-6) µm x 1-2 µm.  

 Chemistry – Medulla K+ yellow, then orange to red, C-, Pd+ orange, UV-; TLC salazinic 
acid (Fig. 2).

 Ecology & Distribution – Ramalina decipiens is present in all the Canary Islands (Krog 
& Østhagen 1980a) as well as in Porto Santo in the Madeira archipelago (Sparrius et al. 2017). 
We have collected it between 165 and 1043 m of altitude, in localities with frequent fogs. It 
grows on all types of rocky substrates, from vertical cliffs to volcanic scoria. Ramalina decipiens 
has a broad ecological niche. It can be accompanied by all the other species of the group; as 
well as species appearing elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), 
R. bourgaeana Mont. ex Nyl., R. confertula Krog & Østh., R. crispatula Despr. ex Nyl., R. 
cupularis Krog & P. James, R. deminuta Krog & Østh., R. hierrensis Krog & Østh. (which we 
have found growing on rock in Lanzarote), R. jamesii Krog, R. krogiae Guissard & Sérus., R. 
nodosa Krog & Østh., R. parva Krog & Østh., R. pitardii Hue, R. subfarinacea (Nyl. ex Cromb.) 
Nyl., R. timdaliana Krog, R. tortuosa Krog & Østh. and R. webbii Mont.

 Notes – Ramalina decipiens is the sister species of the clade formed by R. fortunata, R. 
maderensis and R. portosantana (Fig. 1). It is a widespread species that can be distinguished from 
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the other species of the group in a species-by-species basis. Pycnidia color, surface brightness, the 
presence of a black ring on the apothecia and the presence of salazinic acid are generally the most 
taxonomically useful characters. As previously reported by Krog and Østhagen (1980a), R. decipiens 
shows extreme morphological variation. Two contrasting morphotypes can be distinguished in R. 
decipiens, although all manner of intermediate forms between them can be found. The occurrence 
of those intermediate forms and the lack of phylogenetic structure within the species prevented 
us to recognize them at the species level. According to Krog and Østhagen (1980a), Montagne’s 
original material in the Natural History Museum (BM000890348, digitized in  https://plants.jstor.
org/) corresponds with a morphotype showing pycnidia with pale ostioles and matt, broad laciniae 
(Fig. 3). As noted by Krog and Østhagen (1980a), we found that this morphotype is uncommon 
and restricted to Lanzarote and Fuerteventura. In our phylogeny, specimens belonging to this 
morphotype showed up in more than one subclade inside R. decipiens. The remaining specimens 
correspond with the morphologies of R. subwebbiana (Nyl.) Hue (thallus shiny, pycnidia with 
black ostioles) and R. subdecipiens J. Steiner (thallus shiny, pycnidia tuberculated with black 
ostioles, apothecia with a black ring around the hamathecium). Again, these specimens appear 
in more than one of the species’ subclades. For this reason, we agree with Krog and Østhagen 
(1980a) in considering R. subwebbiana and R. subdecipiens as R. decipiens synonyms. This 
morphotype is characterized by having pycnidia with black ostioles which may in some cases 
be tuberculated, flat and shiny laciniae with straight margins and by showing a black ring on 
their apothecia (Fig. 4). In Porto Santo we have found two thalli (TFC 14961 and TFC 14965) 
that cluster inside R. decipiens but are morphologically indistinguishable of R. portosantana. 
Most likely these samples correspond to R. portosantana and their phylogenetic placement 
inside R. decipiens is an artefact caused by incomplete lineage sorting in the ITS, a marker that 
recovered no less than eight supported R. decipiens subclades, one of them corresponding to R. 
portosantana. The ITS was the only marker available for TFC 14965 and one of two available 
for TFC 14961 (alongside UGMR70_14). However, further studies should be carried out to test 
this hypothesis. Krog and Østhagen (1980a) reported the existence of a R. decipiens chemotype 
containing protocetraric acid. In our phylogeny specimens showing this chemotype clustered 
within R. maderensis and are here included under that species, which leaves salazinic acid as the 
only chemotype in R. decipiens. Most R. decipiens specimens are easily distinguished from other 
species of the group. The pycnidia with black ostioles are of great diagnostic value, as the only 
other species with black pycnidia on the group are R. portosantana (Krog & Østhagen 1980b) 
and R. sampaiana. However, R. portosantana is never fertile, has matt, subterete or more or less 
complanate laciniae and is endemic to Porto Santo (Krog & Østhagen 1980b). R. decipiens can 
be easily distinguished of R. sampaiana by its chemistry, as R. decipiens reacts K+ yellow, then 
orange to red, C-, Pd+ orange, UV- (containing salazinic acid) while R. sampaiana reacts K-, C-, 
KC-, Pd-, UV+ (containing divaricatic acid). The rare specimens belonging to the morphotype 
with pale pycnidia could be superficially confused with R. maderensis (Krog & Østhagen 1980a), 
but are easily separated by chemistry, as R. decipiens only has salazinic acid while R. maderensis 
in the Canary Islands has either lecanoric (K-, C+ red, KC+ carmine red, Pd-, UV-) or protocetraric 
(K-, C-, KC+ pink (reaction often weak and ephemeral), Pd+ orange-red, UV-) acid. However, 
given the great morphological variation of R. decipiens some intermediate forms lacking pycnidia 
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with black ostioles could be locally problematic to separate from micro-endemic species such as 
R. fortunata, R. gomerana, R. hamulosa, R. papyracea, or R. sabinosae.  Differences with those 
species are provided under their respective discussions. We observed numerous granules around 
the cortical hyphae of this species that were not present in the chondroid strands (Fig. 5b). These 
granules are similar to those observed by Stevens (1987) in other Ramalina species, and which 
he suspected to be usnic acid crystals. We have observed them in other species of the group: R. 
gomerana, R. hamulosa, R. maderensis, R. sabinosae and R. sampaiana. Future studies should be 
carried out to explore the ubiquity and function of these granules in Ramalina.

Additional specimens examined. Portugal, Madeira archipelago, Madeira, Ponta de São Lourenço, 32º44’57”N, 
16º41’36”W, on volcanic rock. 83 m alt. 6 August 2018. S. Pérez-Ortega 7260, 7266 – Portugal, Madeira archipelago, 
Porto Santo, Pico do Castelo, 33º04’46”N, 16º20’04”W, on volcanic rock. 340 m alt. 4 August 2018. S. Pérez-Ortega 
6978 – Spain, Canary Islands, El Hierro, Guarazoca, alrededores del mirador de la Peña, 27º48’27”N, 17º58’48”W, on 
volcanic rock. 648 m alt. 29 July 2011. S. Pérez-Ortega 5814, 5819, 5820, 5824, 5830 & M. Arróniz Crespo. – Spain, 
Canary Islands, El Hierro, Guarazoca, alrededores del mirador de la Peña, 27º48’27”N, 17º58’48”W, on volcanic rock. 
648 m alt. 3 November 2021. I. Pérez-Vargas & M. Blázquez 350, 351, 352, 353, 354 Spain, Canary Islands, El Hierro, 
Gorona del Viento, 27º48’27”N, 17º58’48”W, on volcanic rock. 648 m alt. 29 July 2011. S. Pérez-Ortega s.n. & M. 
Arróniz Crespo. – Spain, Canary Islands, El Hierro, road margin in Sabinar de la Dehesa, 27º44’48”N, 18º07’35”W, on 
volcanic rock. 605 m alt. 16 March 2018. S. Pérez-Ortega. 5951, 5954, 6066, 6072, s.n., M. Blázquez 356 & I. Pérez-
Vargas. – Spain, Canary Islands, Fuerteventura, Malpaís de la Arena, 28º37’50”N, 13º55’28”W, on volcanic rock. 310 
m alt. 19 March 2018. S. Pérez-Ortega 6402, 6407, 6429 & I. Pérez-Vargas. – Spain, Canary Islands, Fuerteventura, 
Montaña de la Muda, 28º38’44”N, 13º57’32”W, on volcanic rock. 166 m alt. 19 March 2018. S. Pérez-Ortega 6455, 
6457, 6463, 6483, 6484, 6491, 6497, 6513 & I. Pérez-Vargas. – Spain, Canary Islands, Fuerteventura, Pico del Aceitunal, 
28º32’50”N, 13º57’24”W, on volcanic rock. 650 m alt. 20 March 2018. S. S. Pérez-Ortega 6546, 6556, 6558 & I. Pérez-
Vargas. – Spain, Canary Islands, La Gomera, Amalahuigue reservoir, 28º11’21”N, 17º59’05”W, on volcanic rock. 510 
m alt. 1 November 2018. S. Pérez-Ortega 7617, 7710, 7717, 7728, 7733, 7742, 7783, 7796, 7799, 7800 & I. Pérez-
Vargas. – Spain, Canary Islands, La Gomera, mirador de El Santo, 28º07’46”N, 17º19’30”W, on volcanic rock. 829 
m alt. 1 November 2018. S. Pérez-Ortega 7594, M. Blázquez & I. Pérez-Vargas. – Spain, Canary Islands, La Gomera, 
near road GM-1, 28º11’26”N, 17º13’44”W, on volcanic rock. 659 m alt. 1 November 2018. S. Pérez-Ortega 7553, 
7574, 7575, 7576, 7578, 7579, 7580, 7586, 7638, M. Blázquez & I. Pérez-Vargas. – Spain, Canary Islands, La Gomera, 
road between Vallehermoso and Epina, 28º09’41”N, 17º17’16”W, on volcanic rock. 696 m alt. 1 November 2018. S. 
Pérez-Ortega 7954, M. Blázquez & I. Pérez-Vargas. – Spain, Canary Islands, La Gomera, Road margin in Alajeró, 
28º04’29”N, 17º15’52”W, on volcanic rock. 924 m alt. 1 November 2018. S. Pérez-Ortega 8347, 8350, M. Blázquez & 
I. Pérez-Vargas. – Spain, Canary Islands, La Gomera, Roquedos al sur de Imada, 28º04’31”N, 17º14’13”W, on volcanic 
rock. 1,042 m alt. 2 November 2018. S. Pérez-Ortega 7477, 7498, 7803, 7806, 7847, M. Blázquez & I. Pérez-Vargas. 
– Spain, Canary Islands, La Gomera, Roquedos y paredones en el risco de Heredia, 28º07’52”N, 17º19’23”W, on 
volcanic rock. 811 m alt. 1 November 2018. S. Pérez-Ortega 7644, 7649, 7669, 8114, 8122, M. Blázquez & I. Pérez-
Vargas. – Spain, Canary Islands, La Palma, volcán San Antonio, 28º29’10”N, 17º51’02”W, on volcanic rock. 574 m alt. 
3 November 2018. M. Blázquez 158, 165, 167, 168, 170, 171, 172, 174, 228 & I. Pérez-Vargas. – Spain, Canary Islands, 
La Palma, Volcán Teneguía, 28º28’38”N, 17º51’00”W, on volcanic rock. 391 m alt. 3 November 2018. M. Blázquez 
59, 60, 61, 63, 65 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, Caldero Riscado, 28º55’55”N, 13º45’19”W, 
on volcanic rock. 372 m alt. 2 November 2021. M. Blázquez 308, 309 & I. Pérez-Vargas. – Spain, Canary Islands, 
Lanzarote, malpaís near bodegas El Grifo, 29º00’04”N, 13º38’36”W, on volcanic rock. 312 m alt. 17 March 2018. 
S. Pérez-Ortega 6317, 6321 & I. Pérez-Vargas. – Spain, Canary Islands, Lanzarote, Peñas del Chache, 29º07’16”N, 
13º30’59”W, on volcanic rock. 611 m alt. 17 March 2018. S. Pérez-Ortega 6144, 6156, 6173, 6107, 6111, 6113, 6116, 
6121, 6123, 6124 & I. Pérez-Vargas. – Spain, Canary Islands, Lanzarote, Peñas del Chache, 29º07’16”N, 13º30’59”W, 
on volcanic rock. 611 m alt. 1 November 2021. I. Pérez-Vargas & M. Blázquez 325, 326, 327 – Spain, Canary Islands, 
Lanzarote, Volcán de la Corona summit, 29º11’5”N, 13º28’53”W, on volcanic rock. 520 m alt. 18 March 2018. S. Pérez-
Ortega 6202, 6223, 6263, s.n. & I. Pérez-Vargas. – Spain, Canary Islands, Lanzarote, Volcán de la Corona summit, 
29º11’5”N, 13º28’53”W, on volcanic rock. 520 m alt. 1 November 2021. I. Pérez-Vargas & M. Blázquez 323 – Spain, 
Canary Islands, Tenerife, Mirador Altos de Baracán, 28º19’42”N, 16º51’21”W, on volcanic rock. 808 m alt. 30 October 
2018. S. Pérez-Ortega 7996, 8000, 8006, 8018, 8027, 8037, 8069, 8073, 8149, M. Blázquez 342, 343 & I. Pérez-
Vargas. – Spain, Canary Islands, Tenerife, mirador de Aguaide, 28º33’53”N, 16º17’41”W, on volcanic rock. 593 m alt. 
29 October 2018. S. Pérez-Ortega 7924, M. Blázquez & I. Pérez-Vargas. – Spain, Canary Islands, Tenerife, montaña 
de Taco, 28º22’27”N, 16º50’07”W, on volcanic rock. 295 m alt. 23 October 2021. M. Blázquez 329, 330, 331, 333, 
334 & I. Pérez-Vargas – Spain, Canary Islands, Tenerife, recreative area near road TF-82, 28º21’38”N, 16º45’58”W, 
on volcanic rock. 556 m alt. 31 October 2018. S. Pérez-Ortega 7694, M. Blázquez & I. Pérez-Vargas. – Spain, Canary 
Islands, Tenerife, risco ‘El Mogote’ on the road to Taganana, 28º33’29”N, 16º12’20”W, on volcanic rock. 427 m alt. 
29 October 2018. S. Pérez-Ortega 7455, 7457, 7473, 7491, 7902, M. Blázquez & I. Pérez-Vargas – Spain, Canary 
Islands, Tenerife, riscos de Chinamada, 28º33’49”N, 16º17’45”W, on volcanic rock. 534 m alt. 29 October 2018. S. 
Pérez-Ortega 7734, 7812, M. Blázquez & I. Pérez-Vargas – Spain, Canary Islands, Tenerife, Roque Vitor, 28º20’50”N, 
16º50’53”W, on volcanic rock. 528 m alt. 30 October 2018. S. Pérez-Ortega 7993, 8126, 8127, 8143, 8147, 8162, 7461, 
M. Blázquez 337, 339 & I. Pérez-Vargas.
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Figure 3. Ramalina decipiens (morphotype with pale pycnidia, TFC 11971). Macroscopic and microscopic 
characters. a. Habit; b-c. Laciniae detail; d. Pseudocyphellae; e. Apothecium; f. Pycnidia; g. Thallus 
anatomy; thalline layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). Scale bars: a: 
2 cm, b, c, d, e, f: 1 mm, g: 200 µm.
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Figure 4. Ramalina decipiens (morphotype with black pycnidia, SPO 6221). Macroscopic and microscopic 
characters. a. Habit; b. Laciniae detail; c. Pseudocyphellae; d-e. Apothecia; f. Pycnidia; g. Thallus anatomy; 
thalline layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). Scale bars: a: 2 cm, b, 
c, d, e, f: 1 mm, g: 200 µm.
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Figure 5. Ramalina decipiens (SPO 6121). a. SEM micrography showing thallus anatomy; b. Cortex detail. 
Scale bars: a: 500 µm, b: 20 µm.

Ramalina delicata Blázquez, Pérez-Vargas & Pérez-Ort.; Fig. 6-7.
sp. nov. 
Etymology. The specific epithet ‘delicata’, from the Latin delicatus, refers to the extremely fragile laciniae of the 

species, compared to those of the remaining species of the group.
Typus. Spain, Canary Islands, Lanzarote, Volcán de la Corona summit, 29º11’5”N, 13º28’53”W, on volcanic rock. 

520 m alt. 18 March 2018. S. Pérez-Ortega (SPO 6226) & I. Pérez-Vargas.
Diagnosis. Thallus saxicolous, laciniae subterete, extremely fragile, vegetative propagules (soralia, isidia and, 

pycnidia) absent. Chondroid tissue very scarce, appearing as strands imbedded in the medulla and never adjoining 
the cortex. Secondary chemistry: divaricatic acid and a unique triterpene pattern.

Thallus saxicolous, fragile, erect, richly branched. Laciniae stramineous or green-grey, subterete 
to slightly complanate, matt, (10-) 13-21 (-25) mm x (0.5-) 0.7-1.3 (-2.3) mm, non-contorted, 
dichotomously branched, arising from a single holdfast. Pseudocyphellae absent. Fenestrations 
rare, occasionally present in some thalli. Anatomy bourgaeana-type (Krog & Østhagen 1980a). 
Cortex well developed, (15-) 17-28 (-33) μm thick. Chondroid tissue very scarce, never adjoining 
the cortex and appearing as strands imbedded in the medulla. Medulla dense and highly 
hydrophobic. Isidia absent. Soralia absent. Apothecia rare, marginal, (1-) 1.1-1.4 (-1.5) mm in 
diam. Disc pale orange colored, concave, pruinose; thalline margin present, persistent. Paraphyses 
simple, not enlarged apically, 1 μm thick. Asci elongate-clavate, 8-spored, 39-42 (-43) µm x (4) 
5 µm. Ascospores 1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, 10-13 µm x 4-5 
µm. Pycnidia not seen. 

 Chemistry – Medulla K-, C-, KC-, Pd-, UV+; TLC divaricatic acid and triterpene pattern 
type 1 (Fig. 2).

 Ecology & Distribution – We have collected R. delicata in two localities in Lanzarote, 
Volcán de la Corona and Caldero Riscado, and in one locality in Fuerteventura, growing on 
rock crevices exposed to fog. It can be accompanied by other species of the group, R. decipiens, 
R. maderensis (protocetraric acid chemotype) and R. pluviariae; as well as species appearing 
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elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), R. bourgaeana, R. crispatula, 
R. cupularis, R. hierrensis (which we have found growing on rock in Lanzarote) and R. krogiae.

 Notes – Ramalina delicata is the basal species of the group (Fig. 1). It is an easily 
recognizable species, mainly because of the brittle consistence of its thallus and abundant 
fragmentation scars. Broken laciniae are common, leaving more or less circular fractures 
superficially resembling pseudocyphellae or even soralia. This feature could lead to confusion 
with certain morphotypes of R. krogiae Guissard & Sérus., a species that doesn’t belong to the 
group although it also has chondroid strands embedded in the medulla (Krog & Østhagen 1980a; 
Spjut et al. 2020). Ramalina krogiae also shares with R. delicata the presence of divaricatic acid 
(K-, C-, KC-, Pd-, UV+). However, the triterpene patterns are diagnostic for each species. The 
rarity of reproductive structures and the presence of these fracture zones could be indicative of 
this species reproducing manly through thallus fragmentation.  The species is certainly rare in the 
Canarian archipelago, restricted to a few localities in the most eastern islands where it ranges from 
rare to locally abundant. Considering that some of the known localities have a high anthropogenic 
impact, conservation measures should be considered for its protection. Interestingly, historesin 
embedded samples observed under the light microscope provided a picture of a rather lax 
medullar layer (Fig. 7b), pretty different from the dense medulla observed in SEM pictures (Fig. 
7a). One possibility to explain this fact is that the medulla may be highly filled with substances 
from secondary metabolism that disappear in historesin inclusion protocols. This pattern was 
also observed in R. erosa, but not in R. sampaiana, both species sharing the same chemistry of R. 
delicata. 
Additional specimens examined. Spain, Canary Islands, Fuerteventura, Península de Jandía, subida al Pico de la Zarza, 
28º06’06”N, 14º21’19”W, on volcanic rock. 802 m alt. 26 August 2015. S. Pérez-Ortega s.n. & M. Arróniz Crespo. – 
Spain, Canary Islands, Lanzarote, Caldero Riscado, 28º55’55”N, 13º45’19”W, on volcanic rock. 372 m alt. 2 November 
2021. M. Blázquez 312, 313, 314, 315, 316, 317, 318 & I. Pérez-Vargas. – Spain, Canary Islands, Lanzarote, Volcán de 
la Corona summit, 29º11’5”N, 13º28’53”W, on volcanic rock. 520 m alt. 5 September 2020. M. Blázquez 278, 279, 280, 
304, 305 & I. Pérez-Vargas. – Spain, Canary Islands, Lanzarote, Volcán de la Corona summit, 29º11’5”N, 13º28’53”W, 
on volcanic rock. 520 m alt. 9 August 2012. S. Pérez-Ortega s.n. & M. Arróniz Crespo.

Ramalina erosa Krog, Lichenologist 22(3): 242 (1990); Fig. 8-9.
Typus. Portugal, Madeira, Porto Santo, Pico do Facho, 33º05’N, 16º19’W, on acidic rock, 500 m alt. 30 April 1987. 

H. Krog & E. Timdal. (O-L-1215 holotype).

Thallus saxicolous, rigid, erect, sparingly to moderately branched. Laciniae stramineous, green-
grey or pale yellow-brown, subterete to complanate, slightly angular, tapering gradually to 
blunt apices, shiny, (19-) 27-49 (69-) mm x 1-3 (-5) mm, sometimes contorted, dichotomously 
branching, arising from a single holdfast. Pseudocyphellae present in most thalli, laminar, usually 
near the base, 1-4 (-7) mm in length. Fenestrations present in some thalli. Anatomy decipiens-type 
(Krog & Østhagen 1980a). Cortex well developed, (30-) 32-56 (-60) μm thick. Chondroid tissue 
forming a discontinuous cylinder or separate strands adjoining the cortex, with some strands 
appearing imbedded in the medulla. Medulla dense and highly hydrophobic. Isidia absent. Soralia 
marginal, oval, delimited, to 1 mm in length. Producing coarse granules c. 200 μm in diam. 
Frequently producing short branchlets with hook-shaped apices. Apothecia not seen. Pycnidia 
absent. 
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Figure 6. Ramalina delicata (SPO 6226). Macroscopic and microscopic characters. a. Habit; b. Laciniae 
detail; c. Laciniae detail showing a tremelloid gall; d. Laciniae cracks; e. Apothecium (MB 279); f. Thallus 
fractures; g. Thallus anatomy; thalline layers are indicated as C (cortex), Ch (chondroid tissue) and M 
(medulla). Scale bars: a: 2 cm, b, c, d, e, f: 1 mm, g: 200 µm.
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Figure 7. Ramalina delicata (MB 304). a. SEM micrography showing thallus anatomy; b. Cortex detail. 
Scale bars: a: 500 µm, b: 20 µm.

 Chemistry – Medulla K-, C-, KC-, Pd-, UV-; TLC divaricatic acid and triterpene pattern 
type 2 (Fig. 2).

 Ecology & Distribution – Ramalina erosa is only known from Porto Santo (Krog 1990). 
We have collected it near the summit of four volcanic cones between 354 and 496 m altitude. 
This expands the distribution of the species, that was only known from near the type locality 
(Sparrius et al. 2017). It grows on vertical cliffs influenced by mists. It can be accompanied by 
other species of the group, R. decipiens, R. maderensis (lecanoric acid chemotype), R. nematodes, 
R. portosantana, R. sampaiana and the undescribed lineage Ramalina. sp. 2; as well as species 
appearing elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), R. bourgaeana, R. 
confertula, R. crispatula, R. jamesii, R. krogiae and R. timdaliana.

 Notes – Ramalina erosa is the sister species to the clade formed by R. decipiens, R. 
fortunata, R. maderensis, R. portosantana and R. sampaiana (Fig. 1). It is easily recognizable by 
the unique presence of soralia (Krog 1990). Some specimens with complanate laciniae could be 
confused with narrow-lobed forms of R. krogiae, a sorediate species that doesn’t belong to the 
group but shares the same thallus anatomy and the presence of divaricatic acid (K-, C-, KC-, Pd-, 
UV+, Fig. 2). In this case, the triterpene pattern is an useful diagnostic character to distinguish 
them (Krog 1990). As in R. delicata, historesin embedded samples observed under the light 
microscope provided a picture of a rather lax medullar layer (Fig. 9b), pretty different from the 
dense medulla observed in SEM pictures (Fig. 9a). This is further discussed under the “Notes” 
section of R. delicata.
Additional specimens examined. Portugal, Madeira archipelago, Porto Santo, Pico Branco e Terra Chã, 33º05’38”N, 
16º18’11”W, on volcanic rock. 334 m alt. 4 August 2018. S. Pérez-Ortega 7190, 7223 – Portugal, Madeira archipelago, 
Porto Santo, Pico do Castelo, 33º04’46”N, 16º20’04”W, on volcanic rock. 340 m alt. 4 August 2018. S. Pérez-Ortega 
6816, 6817 – Portugal, Madeira archipelago, Porto Santo, Pico do Facho, 33º05’02”N, 16º19’25”W, on volcanic rock. 
474 m alt. 4 August 2018. S. Pérez-Ortega 7017, 7029, 7030, 7033, 7040, 7043, 7070, 7074, 7108.
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Figure 8. Ramalina erosa (TFC 14932). Macroscopic and microscopic characters. a. Habit; b-c. Laciniae 
detail; d. Pseudocyphellae; e. Laciniae showing solaria; f. Detail of a soralium; g. Thallus anatomy; thalline 
layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). Scale bars: a: 2 cm, b, c, d, e, f: 
1 mm, g: 200 µm.
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Figure 9. Ramalina erosa (SPO 7097). a. SEM micrography showing thallus anatomy; b. Cortex detail. 
Scale bars: a: 300 µm, b: 20 µm.

Ramalina fortunata Blázquez, Pérez-Vargas & Pérez-Ort.; Fig. 10-11.
 sp. nov.

Etymology. The specific epithet ‘fortunata’, refers to the term “Fortunatae Insulae”, one of the names given to the 
Canarian Archipelago by Romans, from which the species is endemic.

Typus. Spain, Canary Islands, Tenerife, near Mirador de Aguaide, 28º33’49”N, 16º17’45”W, on volcanic rock. 566 
m alt. 29 October 2018. S. Pérez-Ortega, M. Blázquez & I. Pérez-Vargas.

Diagnosis. Morphologically similar to Ramalina maderensis, but with laciniae mostly shiny, up to 103 mm in 
length, containing 4-O-demethylbarbatic acid.

Thallus saxicolous, rigid, erect to subpendulous, moderately branched. Laciniae stramineous or 
pale yellow-brown, complanate, sometimes canaliculate, shiny, (10-) 21-73 (-103) mm x (1-) 2-4 
(-5) mm, contorted, dichotomously branching, arising from a single holdfast. Pseudocyphellae 
laminar, usually near the base, 1-4 (-5) mm in length. Fenestrations not seen. Anatomy decipiens-
type (Krog & Østhagen 1980a). Cortex well developed, (33-) 37-69 (-83) μm thick. Chondroid 
tissue forming a discontinuous cylinder or separate strands adjoining the cortex, with some strands 
appearing imbedded in the medulla. Medulla dense and highly hydrophobic. Isidia absent. Soralia 
absent. Apothecia mostly marginal, rarely also subterminal, usually spurred, (1-) 2-6 (-8) mm 
in diam. Disc pale orange colored, at first deeply concave, becoming flat at maturity, pruinose; 
thalline margin present, persistent, circular, crenate or with radial cracks, in some occasions 
turning into vegetative part and producing branchlets. Paraphyses simple, enlarged apically, 2-3 
μm thick. Asci elongate-clavate, 8-spored, (3-0) 35-49 (-50) µm x (6-) 7-9 (-10) µm. Ascospores 
1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, (9-) 10-12 (-15) µm x 4-5 µm. 
Pycnidia present in most thalli, marginal, at times also laminar, sometimes tuberculated, with pale 
ostioles. Conidia bacilliform, 4-5 µm x 1 µm. 

 Chemistry – Medulla K-, C+ orange, KC+ orange, Pd-, UV-; TLC 4-O-demethylbarbatic 
acid (Fig. 2).

Chapter 1



75

 Ecology and distribution – We have collected R. fortunata in three localities in Tenerife, 
between 300 and 593 m altitude. We found it growing in vertical cliffs in Anaga but also in small 
rocks in Montaña de Taco, in both cases under the clear influence of mists. The species appears 
to have suffered a distribution range reduction in the last 40 years. We have collected R. fortunata 
only in Tenerife, but Krog and Østhagen (1980a) reported its presence in Lanzarote and the TFC 
herbarium harbors a specimen (TFC 137) collected in Gran Canaria in 1976. This range reduction 
could be an effect of climate change, a phenomenon already observed in other cryptogams of the 
Macaronesian region (Patiño et al. 2016) and narrow endemic species of lichen-forming fungi 
elsewhere (Allen & Lendemer 2016). It can be accompanied by another species of the group, R. 
decipiens, as well as species appearing elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. 
in prep.), such as R. bourgaeana, R. crispatula, R. cupularis, R. krogiae, R. nodosa and R. pitardii.

 Notes – Ramalina fortunata is the sister species of R. maderensis (Fig. 1) and it was 
previously interpreted as a chemotype of R. maderensis containing 4-O-demethylbarbatic acid 
(Krog & Østhagen 1980a). However, in our phylogeny all specimens form a monophyletic clade 
sister to R. maderensis and are thus described as a new species. Ramalina fortunata could be 
confused with R. maderensis on the basis of the presence of pseudocyphellae, commonly spurred 
apothecia and pycnidia with pale ostioles (Krog & Østhagen 1980a), but both species can be easily 
differentiated by chemistry, as R. fortunata always contains 4-O-demethylbarbatic acid (K-, C+ 
orange, KC+ orange, Pd-, UV-), while R. maderensis contains lecanoric (K-, C+ red, KC+ carmine 
red, Pd-, UV-) or protocetraric acids (K-, C-, KC+ pink (reaction often weak and ephemeral), 
Pd+ orange-red, UV-). This is true for the studied populations from the Canary Islands and 
Madeira archipelago. However, in Cape Verde (São Vicente island), we have found R. maderensis 
specimens with 4-O-demethylbarbatic acid. In this case, the diagnostic character to distinguish 
both species is surface brightness, as laciniae in R. fortunata are shiny while all examined thalli of 
R. maderensis containing 4-O-demethylbarbatic acid are matt. Ramalina fortunata could also be 
confused with some specimens of R. decipiens (Krog & Østhagen 1980a). In this case, chemistry 
is diagnostic, as R. decipiens only contains salazinic acid (K+ yellow, then orange to red, C-, 
Pd+ orange, UV-). We observed granules in the cortex as well as in the chondroid strands of 
this species (Fig. 11b). These granules differ of those found in R. decipiens, R. gomerana, R. 
hamulosa, R. maderensis, R. sabinosae and R. sampaiana in that they do not appear as concentric 
rings around the hyphae, but are haphazardly distributed across the intercellular matrix. Because 
of their extracellular occurrence we suspect that they may correspond to accumulations of the 
4-O-demethylbarbatic acid that this species contains. Further studies should be undertaken to 
explore this possibility. 
Additional specimens examined. Spain, Canary Islands, Gran Canaria, Tamadaba, 14 April 1976. B. Mond. (TFC 137) 
– Spain, Canary Islands, Tenerife, mirador de Aguaide, 28º33’53”N, 16º17’41”W, on volcanic rock. 593 m alt. 29 
October 2018. S. Pérez-Ortega 7931, M. Blázquez & I. Pérez-Vargas – Spain, Canary Islands, Tenerife, montaña de 
Taco, 28º22’27”N, 16º50’07”W, on volcanic rock. 295 m alt. 23 October 2021. M. Blázquez 335 & I. Pérez-Vargas 
– Spain, Canary Islands, Tenerife, risco ‘El Mogote’ on the road to Taganana, 28º33’29”N, 16º12’20”W, on volcanic 
rock. 427 m alt. 29 October 2018. S. Pérez-Ortega 7460, 7464, 7899, 7912, M. Blázquez & I. Pérez-Vargas – Spain, 
Canary Islands, Tenerife, riscos de Chinamada, 28º33’49”N, 16º17’45”W, on volcanic rock. 534 m alt. 29 October 
2018. S. Pérez-Ortega 7826, M. Blázquez 344, 345, 346 & I. Pérez-Vargas.
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Figure 10. Ramalina fortunata (TFC 11829). Macroscopic and microscopic characters. a. Habit; b-c. 
Laciniae detail; d. Pseudocyphellae; e. Apothecium; f. Pycnidia (SPO 7460); g. Thallus anatomy; thalline 
layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). Scale bars: a: 2 cm, b, c, d, e, f: 
1 mm, g: 200 µm.
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Figure 11. Ramalina fortunata (SPO 7460). a. SEM micrography showing thallus anatomy; b. Cortex 
detail, including a x2 zoomed area showing extracellular granules. Scale bars: a: 500 µm, b: 20 µm.

Ramalina gomerana Blázquez, Pérez-Vargas & Pérez-Ort.; Fig. 12-13.
sp. nov.
Etymology. The specific epithet ‘gomerana’ refers to La Gomera island, from which the species in endemic.
Typus. Spain, Canary Islands, La Gomera, Mirador de los Roques, 28º6’33”N; 17º12’58”W, on volcanic rock. 1120 

m alt. 2 November 2018. S. Pérez-Ortega (SPO 7855), M. Blázquez & I. Pérez-Vargas.
Diagnosis. Morphologically similar to Ramalina decipiens, but lacking pseudocyphellae: pycnidia are marginal, 

not tuberculated, with pale ostioles.

Thallus saxicolous, rigid, erect, moderately branched. Laciniae stramineous, green-grey or pale 
yellow-brown, more or less complanate, sometimes canaliculated, matt or, more rarely, shiny, 
showing vein-like ridges that are in fact the external appearance of the abundant chondroid strands 
that adjoin the cortex, 30-37 (-44) mm x 2-3 mm broad, sometimes contorted, dichotomously 
branching, arising from a single holdfast. Pseudocyphellae absent. Fenestrations not seen. 
Anatomy decipiens-type (Krog & Østhagen 1980a). Cortex well developed, (55-) 62-80 (-83) 
μm thick. Chondroid tissue very abundant, forming a discontinuous cylinder or separate strands 
adjoining the cortex, with abundant strands filling almost completely the medulla layer. Medulla 
dense and highly hydrophobic. Isidia absent. Soralia absent. Apothecia terminal, 4-5 (-6) mm 
in diam. Disc pale orange colored, at first deeply concave, becoming flat at maturity, pruinose; 
thalline margin present, persistent. Paraphyses simple, not enlarged apically, 1 μm thick. Asci 
elongate-clavate, 8-spored, (33-) 34-39 µm x (6-) 7-9 µm. Ascospores 1-septate, hyaline, broadly 
ellipsoid to slightly kidney-shaped, 10-11 µm x 4-5 µm. Pycnidia present in most thalli, marginal, 
non-tuberculated, with pale ostioles. Conidia bacilliform, 5 µm x 1 µm. 

 Chemistry – Medulla K+ yellow, then orange to red, C-, Pd+ orange, UV-; TLC salazinic 
acid (Fig. 2).

 Ecology & Distribution – Ramalina gomerana is only known from four localities in La 
Gomera. We have collected it between 809 and 1134 m altitude, growing in vertical cliffs exposed 
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to mist. It can be accompanied by other species of the group, R. decipiens and R. hamulosa, as 
well as species appearing elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), 
such as R. bourgaeana, R. cupularis, R. krogiae, R. nodosa, R. subfarinacea and R. tortuosa.

Notes – Ramalina gomerana is the sister species of R. hamulosa (Fig. 1). It can be differentiated 
of other species of the R. decipiens group by the large proportion of the cross-section that is 
filled by chondroid tissue, which gives the species a characteristic rigidity. Ramalina gomerana 
could be confused with some forms of R. decipiens. R. decipiens thalli showing pycnidia with 
black ostioles can be easily differentiated of R. gomerana as this species’ pycnidia always have 
pale ostioles. Fortunately, this was the case of all the R. decipiens specimens collected in the 
localities in which R. gomerana was found. It can also be separated straight away of R. decipiens 
forms showing apothecia with a black ring, regardless of pycnidia, as this ring only occurs in R. 
decipiens. Unfortunately, there are R. decipiens specimens that lack pycnidia, pseudocyphellae 
and do not have a black ring on their apothecia. Ramalina gomerana shows a considerable 
morphological overlap with those specimens. As both species have salazinic acid as their only 
secondary metabolite chemistry is of no use either. At this point a molecular approach could be 
necessary, as the two species can be unambiguously separated by DNA sequence data. We have 
observed numerous granules around the cortical hyphae of this species that were not present in 
the chondroid strands (Fig. 13b). These granules are further discussed under the “Notes” section 
of R. decipiens.
Additional specimens examined. Spain, Canary Islands, La Gomera, Mirador de los Roques, 28º06’33”N, 17º12’57”W, 
on volcanic rock. 1,134 m alt. 2 November 2018. S. Pérez-Ortega 7829, M. Blázquez & I. Pérez-Vargas. – Spain, Canary 
Islands, La Gomera, Road margin in Alajeró, 28º04’29”N, 17º15’52”W, on volcanic rock. 924 m alt. 1 November 2018. 
S. Pérez-Ortega 8374, M. Blázquez & I. Pérez-Vargas. – Spain, Canary Islands, La Gomera, Roquedos al sur de Imada, 
28º04’31”N, 17º14’13”W, on volcanic rock. 1,042 m alt. 2 November 2018. S. Pérez-Ortega 7534, 7536, 7540, 7548, 
M. Blázquez & I. Pérez-Vargas. – Spain, Canary Islands, La Gomera, Roquedos y paredones en el risco de Heredia, 
28º07’52”N, 17º19’23”W, on volcanic rock. 811 m alt. 1 November 2018. S. Pérez-Ortega 7938, M. Blázquez & I. 
Pérez-Vargas.

Ramalina hamulosa Krog & Østh., Norw. Jl Bot. 27(3): 275 (1980); Fig. 14-15.
Typus. The Canary Islands, El Hierro, Barranco Hondo above Sabinosa, 350-400 m altitude. 2 April 1978. Krog & 

Østhagen (O-L-918 holotype!, isotypes in BM-001106894, UPS-L-078706 and TFMC).

Thallus saxicolous, fragile, shrubby to subpendulous, moderately to richly branched. Laciniae 
stramineous, subterete or flattened, shiny, (23-) 27-87 (-108) mm x 1-2 (-3) mm, mostly non 
contorted, dichotomously branching, arising from a single holdfast. Often with fragmentation 
areas in thin branches. With numerous, short, divergent branchlets terminating in hook-shaped 
structures or nodules. Pseudocyphellae marginal, (1-) 2-5 (-10) mm in length. Fenestrations 
sometimes present. Anatomy decipiens-type (Krog & Østhagen 1980a). Cortex well developed, 
(30-) 35-55 (-63) μm thick, at times eliminated in laciniae margins due to marginal pseudocyphellae. 
Chondroid tissue in younger parts forming continuous upper and lower layers, becoming disrupted 
in older parts, with some strands appearing imbedded in the medulla. Medulla dense and highly 
hydrophobic. Isidia absent. Soralia absent. Apothecia extremely rare, marginal, 1 mm in diam. 
Disc pale orange colored, at first deeply concave, becoming flat at maturity, pruinose; thalline 
margin present, persistent, circular. Paraphyses simple, not enlarged apically, 1 μm thick. Asci 
elongate-clavate, 8-spored, 32-39 µm x 6-9 µm. Ascospores 1-septate, hyaline, broadly ellipsoid 
to slightly kidney-shaped, 12-13 µm x 4-5 µm. Pycnidia absent. 
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Figure 12. Ramalina gomerana (SPO 7855). Macroscopic and microscopic characters. a. Habit; b-d. 
Laciniae detail; e. Apothecium; f. Pycnidia; g. Thallus anatomy; thalline layers are indicated as C (cortex), 
Ch (chondroid tissue) and M (medulla). Scale bars: a: 2 cm, b, c, d, e, f: 1 mm, g: 200 µm.
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Figure 13. Ramalina gomerana (SPO 8374). a. SEM micrography showing thallus anatomy; b. Cortex 
detail. Scale bars: a: 500 µm, b: 20 µm.

 Chemistry – Medulla K+ yellow, then orange to red, C-, Pd+ orange, UV-; TLC salazinic 
acid (Fig. 2).

 Ecology and distribution – Ramalina hamulosa had been reported so far from El Hierro, 
La Gomera, Tenerife, Lanzarote and Fuerteventura (Krog & Østhagen 1980a; Hernández-Padrón 
& Pérez-Vargas 2010; van den Boom & Ertz 2012). However, we did not find the species in 
Lanzarote and Fuerteventura. We have collected it between 504 and 1043 m altitude, growing in 
exposed cliffs affected by mists. It can be accompanied by other species of the group, R. decipiens, 
R. gomerana, R. maderensis, R. papyracea and R. sabinosae, as well as species appearing 
elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), such as R. bourgaeana, R. 
crispatula, R. cupularis, R. krogiae, R. nodosa, R. pitardii, R. subfarinacea and R. tortuosa.

 Notes – Ramalina hamulosa is the sister species of R. gomerana (Fig. 1). It can be 
differentiated of other species of the group by the presence of numerous hook-shaped branchlets. 
Krog and Østhagen (1980a) speculated that the fragile branchlets and nodules of this species 
could serve as vegetative propagules, which would explain why apothecia in R. hamulosa are so 
infrequent. R. hamulosa is easily distinguished from the other species of the group. It can only be 
confused with R. sabinosae and narrow forms of R. decipiens. However, the presence of hook-
shaped branchlets (Fig. 15f) in R. hamulosa makes the separation rather straightforward in both 
cases. R. hamulosa could also be superficially confused with some forms of R. crispatula which 
also present terete branches with hook-like structures at their ends. The two species can be easily 
differentiated on the basis of their anatomy, since while R. hamulosa has its chondroid filaments 
attached to the cortex, in R. crispatula they are embedded in the medulla. We have observed 
numerous granules around the cortical hyphae of this species that are not present in the chondroid 
strands (Fig. 15b). These granules are further discussed under the “Notes” section of R. decipiens.
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Figure 14. Ramalina hamulosa (holotypus, O-L-918). Macroscopic and microscopic characters.  a. Habit; 
b-c. Detail of the laciniae; d. Pseudocyphellae; e. Apothecium; f. Hook-shaped structures (arrow); g. Thallus 
anatomy (TFC 12597); thalline layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). 
Scale bars: a: 2 cm, b, c, d, e, f: 1 mm, g: 200 µm.
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Figure 15. Ramalina hamulosa (SPO 5934). a. SEM micrography showing thallus anatomy; b. Cortex 
detail. Scale bars: a: 200 µm, b: 20 µm.

Additional specimens examined. Spain, Canary Islands, El Hierro, road margin in Sabinar de la Dehesa, 27º44’48”N, 
18º07’35”W, on volcanic rock. 605 m alt. 16 March 2018. M. Blázquez 357, 358 & I. Pérez-Vargas – Spain, Canary 
Islands, La Gomera, between San Sebastián and Hermigua, 28°7’N, 17°9’W, on volcanic rock. 460 m alt. January 
2012. I. Pérez-Vargas. (TFC 12614) – Spain, Canary Islands, La Gomera, Roquedos al sur de Imada, 28º04’31”N, 
17º14’13”W, on volcanic rock. 1,042 m alt. 2 November 2018. S. Pérez-Ortega 7848, M. Blázquez & I. Pérez-Vargas – 
Spain, Canary Islands, Tenerife, Roque Vitor, 28º20’50”N, 16º50’53”W, on volcanic rock. 528 m alt. 23 October 2021. 
M. Blázquez 338, 341 & I. Pérez-Vargas.

Ramalina maderensis Mot., Fragm. flor. geobot. (Kraków) 6(4): 705 (1961); Fig. 16-18.
Typus. Madeira, Mandon (H-NYL 36945 holotype!)

Thallus saxicolous, rigid, erect to subpendulous, sparingly to moderately branched. Laciniae 
stramineous, green-grey or pale yellow-brown, palmate or sublinear, sometimes canaliculate, 
matt, (6-) 15-61 (-180) mm x (1-) 2-6 (-22) mm, often contorted, dichotomously branching, arising 
from a single holdfast. Pseudocyphellae laminar, rarely marginal, longitudinally arranged, (1-) 
2-5 (-124) mm in length. Fenestrations present in some thalli. Anatomy decipiens-type (Krog & 
Østhagen 1980a). Cortex well developed, (35-) 38-70 (-80) μm thick. Chondroid tissue forming 
a discontinuous cylinder or separate strands adjoining the cortex, with some strands appearing 
imbedded in the medulla. Medulla lax and highly hydrophobic. Isidia absent. Soralia absent. 
Apothecia mostly marginal, in some thalli terminal, often spurred, (1-) 2-9 (-15) mm in diam. 
Disc pale orange colored, at first deeply concave, becoming flat at maturity, pruinose; thalline 
margin present, persistent, circular, crenate or with radial cracks, in some occasions turning 
into vegetative part and producing branchlets. Paraphyses simple, enlarged apically, 2-3 μm 
thick. Asci elongate-clavate, 8-spored, (31)- 32-40 (-50) µm x (6-) 7-10 µm broad. Ascospores 
1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, (7-) 9-12 (-16) µm x (3-) 4-5 (-6) 
µm. Pycnidia marginal and laminar, mostly non tuberculated, with pale ostioles, sometimes mixed 
with tubercles that may be incipient pycnidia or apothecia. Conidia bacilliform, (3-) 4-5 (-6) µm 
x 1 (-2) µm broad. 
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 Chemistry – Four chemotypes have been detected: (I) Medulla K-, C+ red, KC+ carmine 
red, Pd-, UV-; TLC lecanoric acid. (II) Medulla K-, C-, KC+ pink (reaction often weak and 
ephemeral), Pd+ orange-red, UV-; TLC protocetraric acid. (III) Medulla K+ yellow, then orange 
to red, C-, Pd+ orange, UV-; TLC salazinic acid. (IV) Medulla K-, C+ orange, KC+ orange, Pd-, 
UV-; TLC 4-O-demethylbarbatic acid (Fig. 2). 

 Ecology and distribution – Ramalina maderensis is the species with the largest 
geographical range. We have collected it in the Canary Islands, the Madeira archipelago, the Cape 
Verde archipelago and the Azores archipelago, growing in all kind of volcanic rocky substrates 
influenced by sea mists. The records from São Miguel represent the first record for the Azores 
archipelago. Likewise, it is recorded for the first time from Sal in the Cape Verde archipelago 
and La Gomera in the Canary Islands. Ramalina maderensis has also been reported from St. 
Helena (Aptroot 2008), being the only species of the group present in both hemispheres. It can 
be accompanied by all the other species of the group, as well as species appearing elsewhere in 
the Ramalina phylogeny (Pérez-Ortega et al. in prep.), such as R. bourgaeana, R. confertula, R. 
crispatula, R. cupularis, R. hierrensis (which we have found growing on rock in Lanzarote), R. 
jamesii, R. krogiae, R. nodosa, R. parva, R. pitardii, R. rubrotincta Krog & Østh., R. subfarinacea, 
R. timdaliana and R. webbii.

 Notes – Ramalina maderensis is the sister species of R. fortunata (Fig. 1). It is a 
widespread species that can be distinguished from the other species of the group mainly by its 
abundant laminar pseudocyphellae and chemical characters. Based on material collected in the 
Canary Islands Krog and Østhagen (1980a) interpreted R. maderensis as having two chemotypes, 
one containing lecanoric acid and other containing 4-O-demethylbarbatic acid. Based on our 
molecular data, the 4-O-demethylbarbatic acid chemotype present in the Canary Islands is here 
segregated as a new species, R. fortunata (for differences, see Notes section in R. fortunata). 
However, R. maderensis from Cape Verde shows two additional chemotypes, one of which 
contains 4-O-demethylbarbatic acid. All but one thalli (which contained lecanoric acid) collected 
in São Vicente contain 4-O-demethylbarbatic acid and all but two specimens (which contained 
4-O-demethylbarbatic acid) collected in Sal contain salazinic acid. Krog and Østhagen (1980a) 
also reported a R. decipiens chemotype, restricted to the eastern Canary Islands, containing 
protocetraric acid. The studied specimens showing this chemotype are morphologically and 
molecularly indistinguishable from R. maderensis, so we consider that they clearly belong to this 
species. Thus, R. maderensis is the species of the group showing the highest chemical diversity. 
Interestingly, two of the chemotypes contain depsides (lecanoric and 4-O-demethylbarbatic 
acids) and the other two contain depsidones (salazinic and protocetraric acids), two groups of 
substances that are structurally different (Huneck & Yoshimura 1996). Like R. decipiens, the 
other widespread species in the group, R. maderensis shows extreme morphological variability 
(Figures 10-11). This fact, together with the presence of well-supported intraspecific clades 
showing geographic structure (see Fig. 1), could be indicative that R. maderensis is currently 
undergoing speciation, a possibility already speculated by Krog and Østhagen (1980a) purely 
based on morphological and chemical evidence. With the data at hand, however, we think it best 
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to keep interpreting the species in a wide sense. R. maderensis could be confused with R. fortunata 
and with some forms of R. decipiens. In both cases chemistry is diagnostic (Krog & Østhagen 
1980a). Ramalina decipiens always contains salazinic acid (K+ yellow, then orange to red, C-, 
Pd+ orange, UV-) but does not occur in the Cape Verde archipelago, where the R. maderensis 
salazinic acid chemotype is restricted. R. fortunata always contains 4-O-demethylbarbatic acid 
(K-, C+ orange, KC+ orange, Pd-, UV-). Ramalina maderensis also has a chemotype containing 
4-O-demethylbarbatic acid, but it is restricted to São Vicente. Ramalina maderensis can also be 
confused with R. papyracea. We have found these species occurring together only in La Palma, 
but they can be morphologically differentiated because R. papyracea has very thin, soft, shiny and 
abundantly fenestrated laciniae. They can also be separated by chemistry, as R. papyracea only 
contains salazinic acid and the R. maderensis chemotype that contains salazinic acid is restricted 
to Sal in the Cape Verde archipelago. We have observed numerous granules around the cortical 
hyphae of this species that were not present in the chondroid strands (Fig. 18b). These granules 
are further discussed under the “Notes” section of R. decipiens.   
Additional specimens examined. Lecanoric acid: Portugal, Azores archipelago, São Miguel, Praia de Sao Roque, 
37º45’01”N, 25º37’50”W, on volcanic rock. 10 m alt. 17 September 2010. A. de los Ríos s.n. –Portugal, Madeira 
archipelago, Madeira, Ponta de São Lourenço, 32º44’57”N, 16º41’36”W, on volcanic rock. 83 m alt. 6 August 2018. 
S. Pérez-Ortega 7245, 7249, 7250, 7253, 7254, 7261, 7263, 7265, 7273, 7277 – Portugal, Madeira archipelago, Porto 
Santo, Pico Branco e Terra Chã, 33º05’38”N, 16º18’11”W, on volcanic rock. 334 m alt. 4 August 2018. S. Pérez-
Ortega 7161 – Portugal, Madeira archipelago, Porto Santo, Pico do Castelo, 33º04’46”N, 16º20’04”W, on volcanic 
rock. 340 m alt. 4 August 2018. S. Pérez-Ortega 6914, 6922, 6924, 6955, 6825 – Spain, Canary Islands, El Hierro, 
Gorona del Viento, 27º47’41”N, 17º55’19”W, on volcanic rock. 735 m alt. 15 March 2018. M. Blázquez 355 & I. 
Pérez-Vargas – Spain, Canary Islands, El Hierro, road margin in Sabinar de la Dehesa, 27º44’48”N, 18º07’35”W, on 
volcanic rock. 605 m alt. 16 March 2018. S. Pérez-Ortega s.n., M. Blázquez & I. Pérez-Vargas – Spain, Canary Islands, 
El Hierro, rocky outcrops and rock fences along a rural path, 27º49’37”N, 17º55’05”W, on volcanic rock. 520 m alt. 
15 March 2018. S. Pérez-Ortega 5904, 5905, 5914, 5915, 5921, 5923, 5931 & I. Pérez-Vargas – Spain, Canary Islands, 
Fuerteventura, Jandía peninsula, Pico de Cuchillo del Ciervo, 28º05’25”N, 14º22’39”W, on volcanic rock. 492 m alt. 
20 March 2018. S. Pérez-Ortega 6527 & I. Pérez-Vargas – Spain, Canary Islands, Fuerteventura, Pico del Aceitunal, 
28º32’50”N, 13º57’24”W, on volcanic rock. 650 m alt. 20 March 2018. S. S. Pérez-Ortega 6549 & I. Pérez-Vargas – 
Spain, Canary Islands, La Palma, between Las Caletas and Faro de Fuencaliente, 28º29’28”N, 17º49’48”W, on volcanic 
rock. 441 m alt. 3 November 2018. M. Blázquez 79, 82, 83, 89, 90, 93 & I. Pérez-Vargas. – Spain, Canary Islands, La 
Palma, Fuencaliente, Montaña del Viento, 28º28’16”N, 17º50’11”W, on volcanic rock. 215 m alt. 3 November 2018. 
M. Blázquez 98 & I. Pérez-Vargas – Spain, Canary Islands, La Palma, Volcán Teneguía, 28º28’38”N, 17º51’00”W, on 
volcanic rock. 391 m alt. 3 November 2018. M. Blázquez 64 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, 
Caldero Riscado, 28º55’55”N, 13º45’19”W, on volcanic rock. 372 m alt. 2 November 2021. M. Blázquez 310, 311 & 
I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, Montaña Roja, 28º52’11”N, 13º51’13”W, on volcanic rock. 177 
m alt. 2 November 2021. M. Blázquez 303 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, Peñas del Chache, 
29º07’16”N, 13º30’59”W, on volcanic rock. 611 m alt. 17 March 2018. S. Pérez-Ortega 6147 & I. Pérez-Vargas. 
Protocetraric acid: Portugal, Madeira archipelago, Porto Santo, Pico Branco e Terra Chã, 33º05’38”N, 16º18’11”W, 
on volcanic rock. 334 m alt. 4 August 2018. S. Pérez-Ortega 7229 – Spain, Canary Islands, El Hierro, Guarazoca, 
alrededores del mirador de la Peña, 27º48’27”N, 17º58’48”W, on volcanic rock. 648 m alt. 29 July 2011. S. Pérez 
Ortega s.n. & M. Arróniz Crespo. – Spain, Canary Islands, Fuerteventura, Jandía peninsula, Pico de Cuchillo del Ciervo, 
28º05’25”N, 14º22’39”W, on volcanic rock. 492 m alt. 20 March 2018. S. Pérez-Ortega 6535 & I. Pérez-Vargas – Spain, 
Canary Islands, Fuerteventura, Península de Jandía, subida al Pico de la Zarza, 28º06’06”N, 14º21’19”W, on volcanic 
rock. 802 m alt. 26 August 2015. S. Pérez-Ortega s.n. & M. Arróniz Crespo –  Spain, Canary Islands, Fuerteventura, 
Malpaís de la Arena, 28º37’50”N, 13º55’28”W, on volcanic rock. 310 m alt. 19 March 2018. S. Pérez-Ortega 6401, 
6411, 6415, 6417, 6420, 6421, 6424, 6440, 6441, 6442, 6445, 6446, 6449, 6453 & I. Pérez-Vargas – Spain, Canary 
Islands, Fuerteventura, Pico del Aceitunal, 28º32’50”N, 13º57’24”W, on volcanic rock. 650 m alt. 20 March 2018. 
S. S. Pérez-Ortega 6560 & I. Pérez-Vargas – Spain, Canary Islands, La Gomera, mirador de El Santo, 28º07’46”N, 
17º19’30”W, on volcanic rock. 829 m alt. 1 November 2018. S. Pérez-Ortega 8089, M. Blázquez & I. Pérez-Vargas 
– Spain, Canary Islands, Lanzarote, barranco de la Poceta, 29º06’51”N, 13º32’15”W, on volcanic rock. 249 m alt. 17 
March 2018. S. Pérez-Ortega 6084, 6087, 6089, 6092, 6102 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, 
Ermita de las Nieves, 29º06’24”N, 13º31’44”W, on volcanic rock. 596 m alt. 17 March 2018. S. Pérez-Ortega 6270, 
6272, 6282 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, malpaís de la Corona, 29º12’12”N, 13º25’41”W, on 
volcanic rock. 20 m alt. 18 March 2018. S. Pérez-Ortega 6335, 6338, 6339, 6342, 6343, 6345, 6348, 6350, 6355, 6359, 
6366, 6368, 6369, 6371, 6372, 6373, 6375, 6380, 6385, 6387 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, 
malpaís near bodegas El Grifo, 29º00’04”N, 13º38’36”W, on volcanic rock. 312 m alt. 17 March 2018. S. Pérez-Ortega 
6286, 6287, 6291, 6294, 6309, 6310, 6313, 6319, 6328 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, malpaís 
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on the road between Masdache and La Vegueta, 29º00’39”N, 13º39’88”W, on volcanic rock. 316 m alt. 17 March 2018. 
S. Pérez-Ortega 6127, 6136 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, Peñas del Chache, 29º07’16”N, 
13º30’59”W, on volcanic rock. 611 m alt. 17 March 2018. S. Pérez-Ortega 6145, 6146, 6168, 6170 & I. Pérez-Vargas 
– Spain, Canary Islands, Lanzarote, Volcán de la Corona summit, 29º11’5”N, 13º28’53”W, on volcanic rock. 520 m alt. 
18 March 2018. S. Pérez-Ortega 6206, 6213, 6244, 6258, 6264, 6265 & I. Pérez-Vargas. Salazinic acid: Cape Verde, 
Cape Verde archipelago, Sal, top of Monte Grande, 16º49’15”N, 22º54’35”W, on volcanic rock. 374 m alt. 7 August 
2017. S. Pérez-Ortega 4773, 4774, 4825, 4828, 5177, 5179, 5182, 5183, 5191, 5210, 5212, 5213, 5214, 5216, 5218, 
5219, 5220, 5221, 5223, 5224, 5225, 8660, 8662, I. Garrido-Benavent & I. Pérez-Vargas. 4-O-demethylbarbatic 
acid: Cape Verde, Cape Verde archipelago, Sal, top of Monte Grande, 16º49’15”N, 22º54’35”W, on volcanic rock. 
374 m alt. 7 August 2017. S. Pérez-Ortega 4777, 5184, I. Garrido-Benavent & I. Pérez-Vargas – Cape Verde, Cape 
Verde archipelago, São Vicente, rocky outcrops in a small hill in the way from Mindelo to Salamansa, 16º53’16”N, 
24º57’16”W, on volcanic rock. 233 m alt. 31 July 2017. S. Pérez-Ortega 4762, 4859, 4861, 4900, 5046, 5072, 5080, 
5082, 5084, 5095, I. Garrido-Benavent & I. Pérez-Vargas.

Ramalina nematodes (Nyl.) Krog & Østh., Norw. Jl Bot. 27(3): 187 (1980); Fig. 19-20.
= Ramalina scopulorum var. nematodes Nyl., Bull. Soc. linn. Normandie, sér. 2 4(2): 157 (1870)
= Ramalina siliquosa var. nematodes (Nyl.) Tav., Portug. acta biol., Sér. B 3: 381 (1952).
Typus. Ins. Canar. [The Madeira Islands], Portu Sanctu [Porto Santo] (H-NYL-36988 lectotype!, PC-0000405 

isolectotype).

Thallus saxicolous, rigid, subpendulous to pendulous, moderately to richly branched. Laciniae 
stramineous or green-grey, subterete or more or less complanate, matt, (29-) 39-101 (-125) 
mm x (0.2-) 0.4-1.2 (-2.5) mm broad, dichotomously branching, arising from a single holdfast. 
Pseudocyphellae-like structures (see notes) prominent, longitudinally arranged, 1-6 (-11) mm in 
length. Rarely fenestrated. Cortex absent. Strands of chondroid tissue intermingled with a dense, 
highly hydrophobic medulla. Isidia absent. Soralia absent. Apothecia very rare, marginal, 2-7 
(-10) mm in diam. Disc pale orange colored, at first deeply concave, becoming flat at maturity, 
pruinose; thalline margin present, persistent. Paraphyses simple, not enlarged apically, 1 μm thick. 
Asci elongate-clavate, 8-spored, 30-39 µm x 8 (-9) µm. Ascospores 1-septate, hyaline, broadly 
ellipsoid to slightly kidney-shaped, 10-11 (-13) µm x 4 - 5 µm broad. Pycnidia not seen. 

 Chemistry – Two chemotypes have been detected: (I) Medulla K+ yellow, then orange to 
red, C-, Pd+ orange, UV-; TLC salazinic acid. (II) Medulla K-, C-, KC+ pink (reaction often weak 
and ephemeral), Pd+ orange-red, UV-; TLC protocetraric acid (Fig. 2).

 Ecology & Distribution – Ramalina nematodes is endemic to the island of Porto Santo in 
the Madeira archipelago. (Krog & Østhagen 1980b). We have collected it in three of the island’s 
volcanic cones, between 204 and 395 m altitude, but it is known to form dense populations on all 
cliff tops of the island (Sparrius et al. 2017) . It grows in all manner of rocky substrates influenced 
by sea mists. It can be accompanied by other species of the group, R. decipiens, R. erosa, R. 
maderensis (of its lecanoric acid strain) and R. sampaiana, as well as species appearing elsewhere 
in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), such as R. bourgaeana, R. confertula, 
R. crispatula, R. jamesii, R. krogiae and R. timdaliana.

 Notes –Ramalina nematodes was originally described as having pseudocyphellae (Krog & 
Østhagen 1980b), but given that the species lacks a cortex these structures cannot be described as 
true pseudocyphellae (i.e., breaks in the cortex where the medullar hyphae extend to the surface), 
but as the outward appearance of the longitudinally arranged chondroid strands interspersed with 
the medulla. Ramalina nematodes is sister to R. pluviariae (Fig. 1). It can be differentiated rather
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Figure 16. Ramalina maderensis collected in Porto Santo, Madeira archipelago (TFC 14906). Macroscopic 
and microscopic characters. a. Habit; b-c. Laciniae detail; d. Pseudocyphellae; e. Apothecium; f. Pycnidia; 
g. Thallus anatomy; thalline layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). 
Scale bars: a: 2 cm, b, c, d, e, f: 1 mm, g: 200 µm.
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Figure 17. Ramalina maderensis collected in Fuerteventura, Canary Islands (TFC 12087). Macroscopic 
and microscopic characters. a. Habit; b-c. Laciniae detail; d. Pseudocyphellae; e. Apothecium; f. Pycnidia; 
g. Thallus anatomy; thalline layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). 
Scale bars: a: 2 cm, b, c, d, e, f: 1 mm, g: 200 µm.
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Figure 18. Ramalina maderensis (SPO 7246). a. SEM micrography showing thallus anatomy; b. Cortex 
detail. Scale bars: a: 500 µm, b: 20 µm.

easily from most of the species of the group because it lacks a cortex. Morphologically it is only 
slightly similar to its sister species, R. pluviariae, as both species share the lack of a cortex (Krog 
& Østhagen 1980a, b). Both species can be distinguished by the lack of a delimited holdfast in 
R. pluviariae which is always present in R. nematodes, the prostrate thallus of R. pluviarieae, 
pendulous in R. nematodes, and thicker walled ascospores in R. pluviariae. In addition, R. 
nematodes is endemic to Porto Santo, whereas R. pluviariae is only known from the most eastern 
Canary Islands. R. nematodes could be superficially confused with R. rubrotincta, a species 
endemic to the Cape Verde archipelago. These species can be easily distinguished by the presence 
of norstictic and connorstictic acids in R. rubrotincta. Based on their ecological and morphological 
similarities, Mies and Lösch (1995) hypothesized that R. nematodes, R. pluviariae, R. rubrotincta 
Krog & Østh. and R. implexa (Nyl.) Krog (as R. arabum (Dill. ex Ach.) Meyen & Flot.) were 
endemic vicariant species sharing a common ancestor. Our results do not support this hypothesis 
as only R. nematodes and R. pluviariae cluster into the R. decipiens group, while R. rubrotincta 
and R. implexa appear elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.).

Additional specimens examined. Salazinic acid: Portugal, Madeira archipelago, Porto Santo, Pico do Castelo, 
33º04’46”N, 16º20’04”W, on volcanic rock. 340 m alt. 4 August 2018. S. Pérez-Ortega 6933, 6965, 6966, 6980, 6983, 
6987, 6988, 6994, 6997, 7002, 7004, 7006, 7007, 6847 – Protocetraric acid: Portugal, Madeira archipelago, Porto 
Santo, Pico Branco e Terra Chã, 33º05’38”N, 16º18’11”W, on volcanic rock. 334 m alt. 4 August 2018. S. Pérez-Ortega 
7234, 7230 – Portugal, Madeira archipelago, Porto Santo, Pico de Ana Ferreira, 33º02’49”N, 16º22’04”W, on volcanic 
rock. 172 m alt. 4 August 2018. S. Pérez-Ortega 7166, 7182, 7201 – Portugal, Madeira archipelago, Porto Santo, Pico 
do Castelo, 33º04’46”N, 16º20’04”W, on volcanic rock. 340 m alt. 4 August 2018. S. Pérez-Ortega 6931, 6944, 6969, 
6976, 6977, 6981, 6995, 6999, 6814, 6820 – Portugal, Madeira archipelago, Porto Santo, Pico do Facho, 33º05’02”N, 
16º19’25”W, on volcanic rock. 474 m alt. 4 August 2018. S. Pérez-Ortega 7020, 7026, 7066, 7072, 7096.
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Figure 19. Ramalina nematodes (SPO 6802). Macroscopic and microscopic characters. a. Habit; b-c. 
Laciniae detail; d. Pseudocyphellae; e. Apothecium (SPO 6986); f. Ascospore (SPO 6986); g. Thallus 
anatomy; thalline layers are indicated as Ch (chondroid tissue) and M (medulla). Scale bars: a: 2 cm, b, c, 
d, e: 1 mm, f: 10 µm, g: 200 µm.

Taxonomic revision



90

Figure 20. Ramalina nematodes (SPO 6802). a. SEM micrography showing thallus anatomy; b. Chondroid 
strand detail. Scale bars: a: 200 µm, b: 20 µm.

Ramalina papyracea Blázquez, Pérez-Vargas & Pérez-Ort. Fig. 21-22.
sp. nov. 
Etymology. The specific epithet ‘papyracea’, from the Latin papyrus, refers to the papery consistence of the species 

laciniae when moist.
Typus. Spain, Canary Islands, El Hierro, road HI-500 between Pozo de la Salud and El Verodal, 27º45’58”N; 

18º7’50”W, on volcanic rock. 30 m alt. 16 March 2018. S. Pérez-Ortega (SPO 6021) & I. Pérez-Vargas.
Diagnosis. Morphologically similar to Ramalina decipiens, but with thin laciniae, abundantly fenestrated; pycnidia 

are laminar, not tuberculated, with pale ostioles; pseudocyphellae laminar but also marginal.

Thallus saxicolous, rigid (becoming very soft when moist), erect, sparingly to moderately 
branched. Laciniae stramineous or green-grey, more or less complanate, very thin, shiny, (7-) 
12-57 (-84) mm x 2-7 (-12) mm, sometimes contorted, dichotomously branching, arising from a 
single holdfast. Pseudocyphellae laminar and marginal, (1-) 2-5 (-6) mm in length. Fenestrations 
very abundant. Anatomy decipiens-type (Krog & Østhagen 1980a). Cortex well developed, (20-
) 23-43 (-48) μm thick. Chondroid tissue very abundant, forming a discontinuous cylinder or 
separate strands adjoining the cortex, with some strands appearing imbedded in the medulla. 
Medulla dense and highly hydrophobic. Isidia absent. Soralia absent. Apothecia marginal and/or 
terminal, 2-7 (-10) mm in diam. Disc pale orange colored, at first deeply concave, becoming flat 
at maturity, pruinose; thalline margin present, persistent, circular, crenate or with radial cracks. 
Paraphyses simple, not capitate, 1 μm thick. Asci elongate-clavate, 8-spored, (30-) 33-38 (-39) 
µm x 7-10 µm. Ascospores 1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, 10-14 
(-15) µm x 4-5 µm. Pycnidia very frequent, laminar, non-tuberculated, with pale ostioles. Conidia 
bacilliform, 4-5 µm x 1 µm. 

 Chemistry – Medulla K+ yellow, then orange to red, C-, Pd+ orange, UV-; TLC salazinic 
acid (Fig. 2).

 Ecology and distribution – Ramalina papyracea has been collected in El Hierro, Tenerife 
and La Palma. It has been found in localities between 37 and 255 m altitude in El Hierro and La 
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Palma, while in Tenerife it was found at 504 m. All localities were influenced by mists. The species 
grows on cliffs, but also in small rocks and volcanic scoria in El Hierro. It can be accompanied by 
other species of the group, R. decipiens and R. hamulosa, as well as species appearing elsewhere 
in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), such as R. bourgaeana, R. cupularis, R. 
krogiae and R. pitardii.

Notes – Ramalina papyracea is the sister species of R. sabinosae (Fig. 1). It is an easily recognizable 
species within the R. decipiens group, mainly because of its thin, abundantly fenestrated laciniae. 
R. papyracea could be confused with R. maderensis since they share some morphological features. 
So far, we have never observed both species cooccurring at the same locality. Both have relatively 
broad laciniae, laminar pseudocyphellae, marginal and/or terminal apothecia and laminar, non-
tuberculated pycnidia with pale ostioles (Krog & Østhagen 1980a). Ramalina papyracea can 
be morphologically differentiated of R. maderensis by its very thin, soft, shiny and abundantly 
fenestrated laciniae. Its pseudocyphellae are laminar but also marginal, while R. maderensis rarely 
has marginal pseudocyphellae (Krog & Østhagen 1980a). Chemically, R. papyracea always has 
salazinic acid (K+ yellow, then orange to red, C-, Pd+ orange, UV-) while R. maderensis contains 
either lecanoric (K-, C+ red, KC+ carmine red, Pd-, UV-) or protocetraric acids (K-, C-, KC+ pink 
(reaction often weak and ephemeral), Pd+ orange-red, UV-), and the chemotype with salazinic 
acid seems to be restricted to the island of Sal in the Cape Verde archipelago. R. papyracea could 
also be confused with some forms of R. decipiens, but it can again be differentiated by the softness 
and thinness of its laciniae and its abundant fenestrations. The location of the pseudocyphellae 
can also be helpful to distinguish them, in R. papyracea are laminar and marginal while in R. 
decipiens, when present, they are only laminar (Krog & Østhagen 1980a).  
Additional specimens examined. Spain, Canary Islands, El Hierro, malpaís near road HI-500 between Pozo de la Salud 
and El Verodal, 27º45’58”N, 18º07’49”W, on volcanic rock. 37 m alt. 16 March 2018. S. Pérez-Ortega 5989, 5991, 
5995, 6004 & I. Pérez-Vargas. – Spain, Canary Islands, El Hierro, near road HI-500 on the way up to Sabinar de la 
Dehesa, 27º45’13”N, 18º08’38”W, on volcanic rock. 255 m alt. 16 March 2018. S. Pérez-Ortega 6007 & I. Pérez-
Vargas. – Spain, Canary Islands, La Palma, Fuencaliente, Montaña del Viento, 28º28’16”N, 17º50’11”W, on volcanic 
rock. 215 m alt. 3 November 2018. M. Blázquez 96 & I. Pérez-Vargas – Spain, Canary Islands, Tenerife, Roque Vitor, 
28º20’50”N, 16º50’53”W, on volcanic rock. 528 m alt. 23 October 2021. M. Blázquez 336, 340 & I. Pérez-Vargas.

Ramalina pluviariae Krog & Østh., Norw. Jl Bot. 23(4): 236 (1976); Fig. 23-24.
Typus. The Canary Islands, Lanzarote, Famara, Bco. de la Poceta, 400-600 m alt. Krog & Østhagen (O-L-934 

holotype, isotypes at O-L-933!, BM-001106925, UPS -L-078716, TFMC).

Thallus saxicolous, rigid, erect to prostrate, richly branched. Laciniae stramineous or green-grey, 
subterete, matt, (16-) 18-57 (-93) mm x (0.3-) 0.4-0.9 (-1.2) mm, dichotomously branching, without 
a delimited holdfast. Pseudocyphellae-like structures (see notes on R. nematodes) longitudinally 
arranged, (0.3-) 0.4-1.1 (-1.7) mm in length. Very rarely fenestrated. Cortex absent. Strands of 
chondroid tissue intermingled with a dense, highly hydrophobic medulla. Isidia absent. Soralia 
absent. Apothecia marginal, (1-) 2-4 (-5) mm in diam. Disc pale orange colored, at first deeply 
concave, becoming flat at maturity, pruinose; thalline margin present, persistent. Paraphyses 
simple, not enlarged apically, 1 μm thick. Asci elongate-clavate, 8-spored, (32-) 34-37 (-38) µm x 
7-10 µm. Ascospores 1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, (6-) 9-11 µm 
x 4-5 µm, with thick spore walls. Pycnidia laminar, non-tuberculated, with pale ostioles. Conidia 
bacilliform, (4-) 5 µm x 1 µm. 
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Figure 21. Ramalina papyracea (SPO 6021). Macroscopic and microscopic characters. a. Habit; b. Laciniae 
detail; c. Pseudocyphellae; d. Apothecium; e. Fenestrations; f. Pycnidia; g. Thallus anatomy; thalline layers 
are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). Scale bars: a: 2 cm, b, c, d, e, f: 1 mm, 
g: 200 µm.
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Figure 22. Ramalina papyracea (SPO 6021). a. SEM micrography showing thallus anatomy; b. Cortex 
detail. Scale bars: a: 500 µm, b: 20 µm.

 Chemistry – Medulla K-, C-, KC+ pink (reaction often weak and ephemeral), Pd+ orange-
red, UV-; TLC protocetraric acid (Fig. 2).

 Ecology & Distribution – Ramalina pluviariae is only found in Lanzarote and 
Fuerteventura, where it can be locally abundant (Krog & Østhagen 1980a). Hernández-Padrón 
and Pérez de Paz (1995) reported this species from La Palma island in a rocky area of humid 
Monteverde in the Reserve of  “El Canal y Los Tilos”. This is an area ecologically completely 
different from the localities in Fuerteventura and Lanzarote. This location has been visited several 
times and no presence of this species has been found. We collected R. pluviariae between 20 and 
648 m altitude, in localities affected by mist. It can be accompanied by other species of the group, 
R. decipiens, R. maderensis (usually of its protocetraric acid chemotype) and R. delicata, as well 
as species appearing elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), such 
as R. bourgaeana, R. crispatula, R. cupularis, R. deminuta, R. krogiae, R. parva, R. pitardii, R. 
subfarinacea and R. webbii.

 Notes – Ramalina pluviariae is the sister species of R. nematodes (Fig. 1). It can be 
differentiated rather easily from most of the species of the group because it lacks a cortex. The 
most morphologically similar species is R. nematodes, which also lack the cortical layer (Krog & 
Østhagen 1980a, b), but both species can be easily differentiated (see notes on R. nematodes). In 
addition, R. pluviariae is only known from the easternmost Canary Islands, whereas R. nematodes 
is endemic to Porto Santo. 
Additional specimens examined. Spain, Canary Islands, Fuerteventura, Península de Jandía, subida al Pico de la Zarza, 
28º06’06”N, 14º21’19”W, on volcanic rock. 802 m alt. 26 August 2015. S. Pérez-Ortega s.n. & M. Arróniz Crespo 
– Spain, Canary Islands, Fuerteventura, Pico del Aceitunal, 28º32’50”N, 13º57’24”W, on volcanic rock. 650 m alt. 
20 March 2018. S. Pérez-Ortega 6553 & I. Pérez-Vargas – Spain, Canary Islands, Lanzarote, malpaís de la Corona, 
29º12’12”N, 13º25’41”W, on volcanic rock. 20 m alt. 1 November 2021. M. Blázquez 319, 321 & I. Pérez-Vargas – 
Spain, Canary Islands, Lanzarote, Volcán de la Corona summit, 29º11’5”N, 13º28’53”W, on volcanic rock. 520 m alt. 
26 August 2015. S. Pérez-Ortega s.n. & M. Arróniz Crespo.
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Figure 23. Ramalina pluviariae (isotype, O-L-933). Macroscopic and microscopic characters. a. Habit; 
b. Laciniae detail; c. Pseudocyphellae; d. Apothecia; e. Pycnidia; f. Ascospore (SPO 6555); g. Thallus 
anatomy (SPO 6555); thalline layers are indicated as Ch (chondroid tissue) and M (medulla). Scale bars: a: 
2 cm, b, c, d, e: 1 mm, f: 10 µm, g: 200 µm.
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Figure 24. Ramalina pluviariae (SPO 6204). a. SEM micrography showing thallus anatomy; b. Chondroid 
strand detail. Scale bars: a: 200 µm, b: 20 µm.

Ramalina portosantana Krog, Lichenologist 22(3): 244 (1990); Fig. 25-26.
Typus. Portugal, Madeira, Porto Santo, Pico do Facho, 33º05’N, 16º19’W, on acidic rock, c. 500 m alt. 30 April 

1987. H. Krog & E. Timdal. (O-L-1217 holotype!, isotypes at BM, UPS).

Thallus saxicolous, rigid, erect to subpendulous sparingly branched. Laciniae green-grey or 
pale yellow-brown, subterete or more or less complanate, tapering gradually towards blunt 
apices, matt, sometimes with shiny apices, (24-) 30-58 (-62) mm x 1-2 (-3) mm, non-contorted, 
dichotomously branching, often eroded, arising from a single holdfast. Pseudocyphellae present 
in most thalli, laminar, usually near the base, 1-3 (-5) mm in length. Fenestrations absent. Cortex 
well developed, (40-) 48-73 (-80) μm thick, becoming almost completely eroded in older parts. 
Chondroid tissue very abundant, mostly forming numerous strands imbedded in the medulla, in 
a lesser extent also adjoining the cortex. Medulla dense and highly hydrophobic. Isidia absent. 
Soralia absent. Apothecia not seen. Pycnidia present, laminar (marginal in flat laciniae), non-
tuberculated, with black ostioles. Conidia bacilliform, 4-5 µm x 1-2 µm. 

 Chemistry – Two chemotypes have been detected: (I) Medulla K+ yellow, then orange to 
red, C-, Pd+ orange, UV-; TLC salazinic acid. (II) Medulla K-, C-, KC+ pink (reaction often weak 
and ephemeral), Pd+ orange-red, UV-; TLC protocetraric acid (Fig. 2).

 Ecology & Distribution – Ramalina portosantana is only known from Porto Santo. Krog 
(1990) only reported it from the summit of Pico do Facho. We have also found it in three additional 
volcanic cones, between 334 and 469 m in altitude. It grows in all manner of rocky substrates 
influenced by mists. It can be accompanied by other species of the group, such as R. decipiens, 
R. erosa, R. maderensis and the undescribed lineage Ramalina sp. 2, as well as species appearing 
elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), such as R. bourgaeana, R. 
confertula, R. crispatula, R. jamesii, R. krogiae and R. timdaliana.
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 Notes – Ramalina portosantana is the sister species to the clade formed by R. fortunata 
and R. maderensis (Fig. 1). It is easily distinguished from other species of the group by its eroded 
laciniae, abundant black pycnidia and lack of apothecia. Krog (1990) described R. portosantana 
as having a single chemotype, containing salazinic acid. However, we have also found specimens 
containing protocetraric acid. R. portosantana could be confused with R. sampaiana and some 
forms of R. decipiens on the basis of their pycnidia with black ostioles (Krog & Østhagen 1980a), 
but R. portosantana has matt, subterete to more or less complanate laciniae and it is never fertile 
(Krog 1990). It is easily separated from R. sampaiana, as this species always contains divaricatic 
acid (K-, C-, KC-, Pd-, UV+). It could also be confused with sparingly branched specimens of 
R. nematodes with broad laciniae, but R. nematodes always lacks the cortical layer, present in R. 
portosantana (Krog & Østhagen 1980b; Krog 1990). 
Additional specimens examined. Salazinic acid: Portugal, Madeira archipelago, Porto Santo, Pico do Castelo, 
33º04’46”N, 16º20’04”W, on volcanic rock. 340 m alt. 4 August 2018. S. Pérez-Ortega 7001 – Portugal, Madeira 
archipelago, Porto Santo, Pico do Facho, 33º05’02”N, 16º19’25”W, on volcanic rock. 474 m alt. 4 August 2018. 
S. Pérez-Ortega 7010. Protocetraric acid: Portugal, Madeira archipelago, Porto Santo, Pico Branco e Terra Chã, 
33º05’38”N, 16º18’11”W, on volcanic rock. 334 m alt. 4 August 2018. S. Pérez-Ortega 7194, 7224 – Portugal, Madeira 
archipelago, Porto Santo, Pico do Castelo, 33º04’46”N, 16º20’04”W, on volcanic rock. 340 m alt. 4 August 2018. S. 
Pérez-Ortega 6975.

Ramalina sabinosae Blázquez, Pérez-Vargas & Pérez-Ort. Fig. 27-28.
sp. nov.
Etymology. The specific epithet ‘sabinosae’ refers to the Sabinosa region in El Hierro, from which the species is 

endemic.
Typus. Spain, Canary Islands, El Hierro, Sabinar de la Dehesa, 27º45’1”N; 18º7’36”W, on volcanic rock. 590 m alt. 

16 March 2018. S. Pérez-Ortega (SPO 6060) & I. Pérez-Vargas.
Diagnosis. Morphologically similar to Ramalina decipiens, but pycnidia are marginal, tuberculated, with pale 

ostioles, pseudocyphellae always marginal and lacking apothecia.  

Thallus saxicolous, rigid, erect to subpendulous, moderately to richly branched. Laciniae 
stramineous or green-grey, complanate, tapering gradually towards sharp apices, shiny, 46-67 
(-70) mm x c. 1 mm, non-contorted, dichotomously branching, arising from a single holdfast. 
Pseudocyphellae marginal, (4-) 5-9 (-12) mm in length. Fenestrations present but scarce. Anatomy 
decipiens-type (Krog & Østhagen 1980a). Cortex well developed, (30-) 32-48 μm thick. Chondroid 
tissue forming a discontinuous cylinder or separate strands adjoining the cortex, with some strands 
appearing imbedded in the medulla. Medulla dense and highly hydrophobic. Isidia absent. Soralia 
absent. Apothecia extremely rare, marginal, 1.3 mm in diam. Disc pale orange colored, at first 
deeply concave, becoming flat at maturity, pruinose; thalline margin present, persistent, circular. 
Paraphyses simple, not enlarged apically, 1 μm thick. Asci elongate-clavate, 8-spored, 30-38 µm 
x 7-9 µm. Ascospores 1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, 12-13 µm 
x 4-5 µm. Pycnidia marginal, tuberculated, with pale ostioles. Conidia bacilliform, (3) 4-5 µm x 
1 µm. 

 Chemistry – Medulla K+ yellow, then orange to red, C-, Pd+ orange, UV-; TLC salazinic 
acid (Fig. 2). 

 Ecology & Distribution – Ramalina. sabinosae is only known from three close localities
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Figure 25. Ramalina portosantana (holotypus, Her. Univers. Osloënsis O-L-1217). Macroscopic and 
microscopic characters. a. Habit; b-d. Laciniae detail; e Pseudocyphellae; f. Pycnidia; g. Thallus anatomy 
(TFC 14963); thalline layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). Scale bars: 
a: 2 cm, b, c, d, e, f: 2 mm, g: 500 µm.
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Figure 26. Ramalina portosantana (SPO 7010). a. SEM micrography showing thallus anatomy; b. Cortex 
detail. Scale bars: a: 300 µm, b: 20 µm.

in the Sabinar de la Dehesa, which is included in the “H-4 Parque Rural de Frontera” natural 
protected area, in El Hierro island. We have collected it from 592 to 660 m in altitude. It grows 
in all manner of rocky substrates influenced by sea mists. It can be accompanied by other species 
of the group, R. decipiens, R. hamulosa and R. maderensis (of its lecanoric acid strain), as well as 
species appearing elsewhere in the Ramalina phylogeny (Pérez-Ortega et al. in prep.), such as R. 
crispatula, R. cupularis, R. krogiae, R. nodosa, R. pitardii and R. subfarinacea.

 Notes – Ramalina sabinosae is the sister species of R. papyracea (Fig. 1). It can be 
differentiated of other species of the group by its marginal pseudocyphellae and tuberculated 
pycnidia with pale ostioles. R. sabinosae could be confused with R. decipiens and R. hamulosa, 
two species with which it occurs. R. hamulosa shows characteristic small branchlets ended in 
hook-shaped structures (Krog & Østhagen 1980a) which are unique in the group. In addition, R. 
sabinosae shows abundant pycnidia, absent in R. hamulosa (Krog & Østhagen 1980a). Despite 
being phylogenetically rather distant, differentiating R. sabinosae and R. decipiens can be more 
problematic due to the great intraspecific variability that R. decipiens can show. All examined 
thalli of R. sabinosae show marginal, tuberculated pycnidia with pale ostioles and marginal 
pseudocyphellae. Apothecia are extremely rare in the species; only one fertile specimen has been 
found (SPO 6051). Thus, the species is easily differentiated of fertile forms of R. decipiens or 
those having pycnidia with black ostioles. However, there are some rare R. decipiens specimens 
that show marginal, tuberculated pycnidia with pale ostioles and lack apothecia. In this case 
both species can be differentiated by the position of their pseudocyphellae. In R. sabinosae 
pseudocyphellae are always marginal whereas in R. decipiens, if present, are laminar (Krog & 
Østhagen 1980a). We have observed numerous granules around the cortical hyphae of this species 
that are not present in the chondroid strands (Fig. 28b). These granules are further discussed under 
the “Notes” section of R. decipiens.    
Additional specimens examined. Spain, Canary Islands, El Hierro, road margin in Sabinar de la Dehesa, 27º44’48”N, 
18º07’35”W, on volcanic rock. 605 m alt. 16 March 2018. S. Pérez-Ortega 5941, 6051, 6064, M. Blázquez 306, 307 & 
I. Pérez-Vargas.
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Figure 27. Ramalina sabinosae (SPO 6060). Macroscopic and microscopic characters. a. Habit; b. Laciniae 
detail; c. Tappering; d. Pseudocyphellae; e. Apothecia (SPO 6051); f. Pycnidia; g. Thallus anatomy; thalline 
layers are indicated as C (cortex), Ch (chondroid tissue) and M (medulla). Scale bars: a: 2 cm, b, c, d, e, f: 
1 mm, g: 200 µm.
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Figure 28. Ramalina sabinosae (SPO 6060). a. SEM micrography showing thallus anatomy; b. Cortex 
detail. Scale bars: a: 200 µm, b: 20 µm.

Ramalina sampaiana Blázquez, Pérez-Vargas & Pérez-Ort. Fig. 29-30.
sp. nov.
Etymology. The specific epithet ‘sampaiana’ refers to the Portuguese lichenologist Gonçalo Sampaio, on whose 

honor the species is named.
Typus. Portugal, Porto Santo, Pico do Facho, 33º5’2”N; 16º19’16”W, on volcanic rock. 489 m alt. 4 August 2018. 

S. Pérez-Ortega (SPO 7083).
Diagnosis. Morphologically similar to Ramalina decipiens, but lacking pycnidia and containing divaricatic acid 

and a triterpene pattern different to that of R. erosa and R. delicata.

Thallus saxicolous, rigid, erect, moderately branched. Laciniae stramineous or green-
grey, complanate, shiny, (22-) 29-64 (-90) mm x 1-3 (-4) mm broad, mostly non-contorted, 
dichotomously branching, arising from a single holdfast. Pseudocyphellae present in some thalli, 
laminar, usually near the base, 2-6 (-7) mm in length. Fenestrations sometimes present. Cortex 
well developed, 30-54 (-70) μm thick. Chondroid tissue forming a discontinuous cylinder or 
separate strands adjoining the cortex, with some strands appearing imbedded in the medulla. 
Medulla dense and highly hydrophobic. Isidia absent. Soralia absent. Apothecia marginal, (1-) 
2-4 (-6) mm in diam. Disc pale orange colored, at first deeply concave, becoming flat at maturity, 
pruinose; thalline margin present, persistent, circular or with radial cracks. Paraphyses simple, not 
enlarged apically, 1 μm thick. Asci elongate-clavate, 8-spored, (36-) 37-40 (-41) µm x 8-9 µm. 
Ascospores 1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, (9-) 10-13 (-15) µm x 
4-5 µm. Pycnidia rare, marginal, with black ostioles. Conidia bacilliform, 5 µm x 1 µm. 

Chemistry – Medulla K-, C-, KC-, Pd-, UV-; TLC divaricatic acid and triterpene pattern type 3 
(Fig. 2).

Ecology and distribution – Ramalina sampaiana is only known from Porto Santo. We have 
collected it near the summit of four of the island’s volcanic cones, between 204 and 496 m altitude. 
It grows in all manner of rocky substrates influenced by sea mists. It can be accompanied by other 
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species of the group, R. decipiens, R. erosa, R. maderensis (of its lecanoric acid strain) and R. 
nematodes, as well as species appearing elsewhere in the Ramalina phylogeny (Pérez-Ortega et 
al. in prep.), such as R. bourgaeana, R. confertula, R. crispatula, R. jamesii, R. krogiae and R. 
timdaliana.

Notes – Ramalina sampaiana is the sister species to the clade formed by R. decipiens, R. 
fortunata, R. maderensis and R. portosantana (Fig. 1). It can be distinguished from the other 
species of the group mainly by the presence of pycnidia with black ostioles and divaricatic acid. 
Ramalina sampaiana is morphologically close to R. decipiens specimens with flat, shiny laciniae 
and lacking pycnidia. The two species are easily separated by chemistry: R. decipiens always 
has salazinic acid (K+ yellow, then orange to red, C-, Pd+ orange, UV-), while R. sampaiana has 
divaricatic acid (K-, C-, KC-, Pd-, UV+) and a triterpene pattern. Specimens with black pycnidia 
could also be superficially confused with R. portosantana; in this case the terete branches and lack 
of divaricatic acid in the latter are diagnostic characters. We have observed numerous granules 
around the cortical hyphae of this species that were not present in the chondroid strands (Fig. 
30b). These granules are further discussed under the “Notes” section of R. decipiens.
Additional specimens examined. Portugal, Madeira archipelago, Porto Santo, Pico Branco e Terra Chã, 33º05’38”N, 
16º18’11”W, on volcanic rock. 334 m alt. 4 August 2018. S. Pérez-Ortega 7235, 7191, 7197, 7221, 7222 – Portugal, 
Madeira archipelago, Porto Santo, Pico de Ana Ferreira, 33º02’49”N, 16º22’04”W, on volcanic rock. 172 m alt. 4 
August 2018. S. Pérez-Ortega 7210 – Portugal, Madeira archipelago, Porto Santo, Pico do Castelo, 33º04’46”N, 
16º20’04”W, on volcanic rock. 340 m alt. 4 August 2018. S. Pérez-Ortega 6917 – Portugal, Madeira archipelago, Porto 
Santo, Pico do Facho, 33º05’02”N, 16º19’25”W, on volcanic rock. 474 m alt. 4 August 2018. S. Pérez-Ortega 7028, 
7031, 7046, 7051, 7056, 7061, 7064, 7065, 7082, 7088, 7106, 7113, 7115, 7116, 7117.

Ramalina sp. 1 Fig. 31 (a, b).

Thallus saxicolous, rigid, erect to subpendulous, richly branched. Laciniae stramineous, 
complanate, shiny, (44-) 48-74 (-84) mm x (2.5-) 2.8-4.2 (-4.3) mm, sometimes contorted, 
dichotomously branching, arising from a single holdfast. Pseudocyphellae sometimes present, 
laminar, usually near the base, 2.2-5.6 mm in length. Fenestrations present. Anatomy decipiens-
type (Krog & Østhagen 1980a). Cortex well developed. Chondroid tissue forming a discontinuous 
cylinder or separate strands adjoining the cortex, with some strands appearing imbedded in 
the medulla. Medulla dense and highly hydrophobic. Isidia absent. Soralia absent. Apothecia 
marginal, (2.5-) 2.9-4.7 (-5.2) mm in diam. Disc pale orange colored, concave, pruinose; thalline 
margin present, persistent, circular. Paraphyses simple, not enlarged apically, 1 μm thick. Asci 
elongate-clavate, 8-spored. Ascospores 1-septate, hyaline, broadly ellipsoid to slightly kidney-
shaped, 10 (-11) µm x 5 µm. Pycnidia marginal, non-tuberculated, with black ostioles. Conidia 
bacilliform, 5 µm x 1 µm. 

 Chemistry – Medulla K+ yellow, then orange to red, C-, Pd+ orange, UV-; TLC salazinic 
acid (Fig. 2). 
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Figure 29. Ramalina sampaiana (SPO 7083). Macroscopic and microscopic characters. a. Habit; b-c. 
Laciniae detail; d. Pycnidia; e. Pseudocyphellae; f. Apothecium; g. Thallus anatomy; thalline layers are 
indicated as C (cortex), Ch (chondroid tissue) and M (medulla). Scale bars: a: 2 cm, b, c, d, e, f: 1 mm, g: 
200 µm.
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Figure 30. Ramalina sampaiana (SPO 6823). a. SEM micrography showing thallus anatomy; b. Cortex 
detail. Scale bars: a: 500 µm, b: 20 µm.

 Ecology and distribution – Ramalina sp. 1 was represented in our sampling by only two 
specimens (TFC 11902 and SPO 7897) collected in Tenerife and Fuerteventura. The species co-
occurred with other Ramalina, some of which belonging to the R. decipiens group: R. decipiens 
and R. maderensis.

 Notes – Ramalina sp. 1 is the only species in our study whose phylogenetic placement 
was ambiguous: in some trees it appeared as the sister species of R. decipiens and, in others, as 
the sister species of the clade formed by R. maderensis, R. fortunata and R. portosantana. Support 
was lacking in both cases (Fig. 1). The two specimens were morphologically and chemically 
indistinguishable of R. decipiens specimens belonging to the morphotype with dark pycnidia. 
We therefore refrain from formally describing this lineage as a new species until more material is 
available.

Ramalina sp. 2 Fig. 31 (c-h).

Thallus saxicolous, rigid, erect to subpendulous, scarcely to richly branched. Laciniae stramineous 
or green-grey, complanate, matt or shiny, (12.3-) 17.8-93.2 (-123.9) mm x (1-) 1.4-4.3 (-5.4) mm, 
sometimes contorted, dichotomously branching, arising from a single holdfast. Pseudocyphellae 
sometimes present, laminar, rarely also marginal, sometimes near the base, (0.9-) 1-3.6 (-5.5) mm 
in length. Fenestrations sometimes present. Anatomy decipiens-type (Krog & Østhagen 1980a). 
Cortex well developed. Chondroid tissue forming a discontinuous cylinder or separate strands 
adjoining the cortex, with some strands appearing imbedded in the medulla. Medulla dense and 
highly hydrophobic. Isidia absent. Soralia absent. Apothecia marginal and terminal, (1.6-) 1.8-
3.6 (-3.8) mm in diam. Disc pale orange colored, concave, pruinose; thalline margin present, 
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persistent, circular. Paraphyses simple, not enlarged apically, 1 μm thick. Asci elongate-clavate, 
8-spored. Ascospores 1-septate, hyaline, broadly ellipsoid to slightly kidney-shaped, (10-) 11-13 
(-14) µm x (3-) 4 (-5) µm. Pycnidia laminar and marginal, sometimes tuberculated, with pale 
ostioles. Conidia bacilliform, 4 µm x 1 µm. 

 Chemistry – Medulla K+ yellow, then orange to red, C-, Pd+ orange, UV-; TLC salazinic 
acid (Fig. 2). 

 Ecology and distribution – Ramalina sp. 2 was represented in our sampling by seven 
specimens collected in Tenerife (TFC 11852), La Gomera (TFC 12590 and TFC 12593), Madeira 
(TFC 10857, TFC 10886 and TFC 10893) and Porto Santo (SPO 7206). It is accompanied by 
other Ramalina species of the group such as R. erosa, R. hamulosa, R. maderensis, R. nematodes, 
R. portosantana and R. sampaiana.

 Notes – Ramalina sp. 2 appears as the sister species of the clade formed by R. sabinosae 
and R. papyracea (Fig. 1). It is unclear if this lineage corresponds to a single species. On the one 
hand, the seven specimens are phylogenetically very close, with differences in only 12 positions 
of the ITS. On the other, they show striking differences in size and overall morphology, because 
some specimens have subterete laciniae with abundant pseudocyhellae (Fig. 31 c-d), others 
have complanate laciniae without pseudocyhellae (Fig. 31 e-f), while others have rather broad, 
contorted laciniae without pseudocyphellae and show circular scars (Fig. 31 g-h). Besides, they 
have been collected in four islands of two different archipelagos. This is not a common pattern in 
the R. decipiens group, dominated by single-island endemics. We refrain from formally describing 
this lineage as a new species until more material is available.

 The following key is presented to identify the species and undescribed lineages in the 
Ramalina decipiens group:

1a. Thallus without cortex
1b. Thallus with cortex

2a. (1a) Thallus without a delimited holdfast, prostrate. Usually fertile 
species. Ascospores with thick walls. So far only found in the eastern 
Canary Islands

2b. Thallus with a delimited holdfast, pendulous. Rarely fertile species. 
Ascospores with thin walls. So far only found in Porto Santo

3a. (1b) Soralia present. So far only found in Porto Santo

3b. Soralia absent

4a. (3 b) Pycnidia present

4b. Pycnidia absent

2
3

R. pluviariae

R. nematodes

R. erosa

4

5

18
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Figure 31. Undescribed lineages. a-b. Ramalina sp. 1 (TFC 11902); c-d. Ramalina sp. 2, collected in 
Tenerife (TFC 11852); e-f. Ramalina sp. 2, collected in La Gomera (TFC 12593); g-h. Ramalina sp. 2, 
collected in Madeira (TFC 10886). Scale bars: a, c, e, g: 2 cm, b, d, f, h: 2 mm.
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5a. (4a) Pycnidia with black ostioles

5b. Pycnidia with pale ostioles

6a. (5a) Medulla K-, C-, KC-, Pd- and UV+ (containing 
divaricatic acid)

6b. With different medullary substances

7a. (6a) Thallus sterile. Laciniae subterete, mostly matt, often 
eroded. Chondroid strands mostly dominating the cross-
section. So far only found in Porto Santo

7b. Thallus often fertile. Laciniae complanate, mostly shiny. 
Chondroid strands mostly adjoining the cortex. Widespread

8a. (5b) Medulla K- (containing lecanoric, protocetraric or 
4-O-demethylbarbatic acid)

8b. Medulla K+ yellow, then orange to red (containing 
salazinic acid)

9a. (8a) Medulla C+ and KC+ carmine red and Pd- (containing 
lecanoric acid) or C- and KC+ pink (reaction often weak and 
ephemeral) and Pd+ orange-red (containing protocetraric 
acid)

9b. Medulla C+ and KC+ orange and Pd- (containing 
4-O-demethylbarbatic acid)

10a. (9b) Thallus matt. Cape Verde

10b. Thallus shiny. Canary Islands

11a. (8b) Thallus mostly matt. Laminar pseudocyphellae 
usually along the entire length of the laciniae. Apothecia 
marginal, mostly spurred. Cape Verde

11b. Thallus matt or shiny. Pseudocyphellae absent, marginal 
or laminar; when laminar rarely along the entire length of the 
laciniae. Apothecia marginal or terminal, mostly not spurred

12a. (11b) Pycnidia tuberculated

12b. Pycnidia non tuberculated

6

8

R. sampaiana

7

R. portosantana

R. decipiens/Ramalina sp. 1 
(see notes under Ramalina sp. 1)

9

11

R. maderensis 
(chemotypes I or II)

10

R. maderensis (chemotype IV)

R. fortunata

R. maderensis (chemotype III)

12

13

16
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13a. (12a) Mostly sterile species. Laciniae with marginal 
pseudocyphellae. So far only found in El Hierro

13b. Species often fertile. Pseudocyphellae rare, when present laminar 
and usually near the base. Widespread

14a. (13b) Apothecia with a black ring around the hamathecium

14b. Apothecia without a black ring

15a. (12b) Thallus thin, paper-like, soft especially when moist. Laciniae 
abundantly fenestrated

15b. Thallus relatively thick and not paper-like. Laciniae not or sparsely 
fenestrated

16a. (15b) Apothecia with a black ring around the hamathecium. 
Widespread

16b. Apothecia without a black ring

17a. (16b) Thallus often matt, thick, medulla almost completely filled 
by chondroid tissue, pseudocyphellae absent, apothecia 4-5 mm. So far 
only found in La Gomera

17b. Thallus often shiny, not so thick, with chondroid tissue not so 
abundant, pseudocyphellae present or absent, apothecia 2-3 mm, 
present in the Canary Islands and the Madeira archipelago, thallus from 
La Gomera always shiny

18a. (4b) Medulla K-, C-, KC-, Pd- and UV+ (containing divaricatic 
acid)

18b. With different medullary substances

19a. (18a) Thallus 1.3-2.1 long, with matt subterete laciniae. Very 
fragile. So far only found in Lanzarote

19b. Thallus 2.9-6.4 long, with shiny complanate laciniae. So far only 
found in Porto Santo

20a. (18b) Medulla K+ (containing salazinic acid)

20b. Medulla K- (containing protocetraric, lecanoric or 
4-O-demethylbarbatic acid)

R. sabinosae

14

R. decipiens

Ramalina sp. 2

R. papyracea

16

R. decipiens

17

R. gomerana

Ramalina sp. 2

19

20

R. delicata

R. sampaiana

21

26

Taxonomic revision



108

21a. (20a) Laminar pseudocyphellae usually   along the 
entire length of the laciniae. Apothecia marginal, mostly 
spurred. So far only found in the Cape Verde archipelago

21b. Pseudocyphellae absent, marginal or laminar; when 
laminar rarely along the entire length of the laciniae. 
Apothecia marginal or terminal, mostly not spurred

22a. (21b) Thallus with numerous divergent short branchlets 
terminating in hook-shaped structures or nodules

22b. Divergent branchlets absent

23a. (22b) Thallus thin, paper-like, soft especially when 
moist. Laciniae abundantly fenestrated

23b. Thallus relatively thick and not paper-like. Laciniae 
not or sparsely fenestrated

24a. (23b) Apothecia with a black ring around the 
hamathecium

24b. Apothecia without a black ring around the hamathecium

25a. (14b) Thallus often matt, thick, with chondroid tissue 
very abundant, pseudocyphellae absent, apothecia 4-5 mm. 
So far only found in to La Gomera

25b. Thallus often shiny, not so thick, with chondroid 
tissue not so abundant, pseudocyphellae present or absent, 
apothecia 2-3 mm, present in the Canary Islands and the 
Madeira archipelago, thalli from La Gomera always shiny

26a. (20b) Medulla C+ and KC+ carmine red and Pd- 
(containing lecanoric acid) or C- and KC+ pink (reaction 
often weak and ephemeral) and Pd+ orange-red (containing 
protocetraric acid)

26b. Medulla C+ and KC+ orange and Pd- (containing 
4-O-demethylbarbatic acid)

27a. (26b) Thallus matt. So far only found in the Cape 
Verde archipelago

27b. Thallus shiny. So far only found in the Canary Islands

R. maderensis (chemotype III)

22

R. hamulosa

23

R. papyracea

24

R. decipiens

25

R. gomerana

Ramalina sp. 2

R. maderensis (chemotypes I or II)

27

R. maderensis (chemotype IV)

R. fortunata
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DISCUSSION

Our results show that the taxonomic diversity in the Ramalina decipiens group has been 
highly underestimated. Widespread sampling coupled with thorough morpho-anatomical and 
chemical studies and the use of molecular markers has allowed us to recognize eight previously 
unrecognized species-level lineages, six of which are here described as new species. In addition, 
our approach has allowed a more natural and proper species delimitation in the group. Krog and 
Østhagen (1980a) had in fact reported high morphological and chemical plasticity in some of the 
species of the group; for example, they were aware of the high morphological variability in R. 
decipiens and R. maderensis, although they proposed a conservative treatment of this variability.  
According to our results, the newly described R. gomerana, R. papyracea and R. sabinosae, as 
well as the two undescribed lineages, would be nested within the previous concept of R. decipiens, 
and R. fortunata within R. maderensis. In recent decades, an increasing number of studies have 
shown that there is a large number of unknown fungal species hiding under the names of widely 
distributed species. (e.g. Crespo & Lumbsch 2010; Simon et al. 2018; Moncada et al. 2021). In 
spite of the split of newly described species previously included in the concepts of R. decipiens 
and R. maderensis, these species continue to be the most widely distributed species of the group, 
occurring in all the archipelagos and basically all the studied islands. Our phylogenetic data 
revealed a moderate level of geographic structure underlying these large distributions, a fact that 
could indicate that these species may be undergoing differentiation due to lack of gene flow. This 
possibility was already suggested by Krog & Østhagen (1980a), and will be explored in a future 
study. Even after the split of the newly described species that were nested inside the previous 
species concepts, R. decipiens and R. maderensis remain the more morphologically plastic species 
of the group. Their variability, however, is not clearly correlated with the geographic structure 
observed in the phylogeny, which prevented us from raising the morphotypes to the species level. 
Muggia et al. (2014) found a similar issue in Tephromela atra (Huds.) Hafellner, a widespread 
species in which they found fifteen intraspecific lineages, some of them well supported but that 
lacked enough morphological and chemical differentiation to warrant formal descriptions. Cryptic 
species, lineages that can be separated using molecular data but lack diagnostic characters, are 
common in lichen-forming fungi (Crespo & Pérez-Ortega 2009; Divakar et al. 2010; Spribille 
et al. 2011; Pino-Bodas et al. 2012; Haugan & Timdal 2019). It is worth mentioning that even 
though some of the diagnostic characters are often subtle, we consider that there are no cryptic 
species in the R. decipiens group, with the only exception of the undescribed Ramalina sp. 1, 
which we were not able to differentiate neither morphologically nor chemically from R. decipiens. 
However, given that Ramalina sp. 1 is represented in our dataset by just two specimens, this must 
be interpreted with caution. 

Nevertheless, the absence of cryptic species does not mean that taxonomy and species 
identification in the group is straightforward. In addition to the large plasticity typical of the 
whole Ramalina and closely related fruticose Ramalinaceae (Spjut 1996), we consider that 
the problem of species delimitation in this group is perhaps due to the fact that it represents a 
relatively recent radiation. The process of speciation is quantitative in nature. It does not happen 
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instantly; but as the result of a more-or-less gradual accumulation of genetic differences and 
reproductive isolation (Hendry et al. 2000; Mallet 2008; Nosil et al. 2009). Because of this it is 
often difficult to determine when speciation is “complete”. It can be more useful to think of it as a 
gradient of variation between panmictic populations and distinct, reproductively isolated species. 
This gradient has been referred to as the “speciation continuum” (Nosil 2012) and can be roughly 
divided in four stages (Hendry 2009). These are (1) continuous variation within a group with no 
reproductive isolation, (2) partially discontinuous variation with minor reproductive isolation, (3) 
strong discontinuous variation and strong but potentially reversible reproductive isolation and (4) 
complete speciation, with irreversible reproductive isolation. The barriers between these stages 
are not always clear and transitions between them are not necessarily unidirectional. In recent 
radiations the lineages under study are usually in the earlier stages of the speciation continuum, 
with evidence of incomplete reproductive isolation between them (e.g. Salzburger et al. 2002; 
Grant and Grant 2006; Wegener et al. 2019).

The “speciation continuum” (Nosil 2012), usually coupled with a background of low 
extinction (Rabosky & Lovette 2008; Rabosky & Glor 2010), lies at the root of the challenging 
taxonomy of recent radiations. Taxonomical issues exist even in textbook examples that have 
been studied for decades, such as the Anolis lizards and the Darwin finches. Species in Anolis are 
understood in a wide sense and many of them show intraspecific genetic variation comparable to 
that found between species (Losos 2009 pp. 306-311), with some of the subclades being congruent 
with a previously rejected taxonomic proposal (Losos 2009 pp. 308). Species boundaries in the 
Darwin finches were recently evaluated with genomic data (Zink & Vázquez-Miranda 2019) 
and they remain unclear, particularly in the genera Geospiza and Camarhynchus. The problems 
experienced during molecular delimitation of species in the R. decipiens group are not unique 
within lichen-forming fungi, and although our data set may be limited in terms of the number 
of molecular markers used, the problems may not be fully solved by increasing the number of 
analyzed loci. Jorna et al. (2021) recently examined species boundaries in Niebla with genome-
scale data. Niebla is a fruticose genus of the Ramalinaceae that, although it does not represent an 
insular radiation, is well known to have a complex evolutionary history and puzzling taxonomy 
(Spjut 1996; Jorna et al. 2021). Jorna et al. (2021) found that even using a molecular approach that 
utilized tens of thousands of RADseq loci failed to unequivocally delimit species. The speciation 
continuum is probably also at the root of the overall poor results of the automatic species discovery 
strategies we used in this study. Automatic species discovery strategies such as ABGD, ASAP, 
GMYC or PTP have been widely used to address the taxonomy of diverse groups of lichen-
forming fungi (Kraichak et al. 2015b; Del-Prado et al. 2016; Pérez-Ortega et al. 2016; Simon et 
al. 2018). It is known that these automatic strategies have limitations. For instance, GMYC shows 
a tendency for oversplitting, while ABGD handles singleton sequences poorly (Pentinsaari et al. 
2017). We have found that for algorithms based on pairwise genetic distances, such as ABGD 
and ASAP, the speciation continuum translates into a lack of the barcode gap, which makes their 
results unreliable. Also, algorithms based on identifying differences in the branching rates of a 
phylogenetic tree, such as GMYC and PTP, produce an unrealistically high number of putative 
species. This is most likely influenced by the group lineages being in the earlier stages of the 
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speciation continuum, as these methods are negatively influenced by gene flow (Luo et al. 2018). 
The problem with the species discovery strategies based on phenotypic and geographical data 
alone stems not so much from the speciation continuum itself as from the fact that they are unable 
to weight the importance of the different traits (Ding & He 2004; Murtagh & Contreras 2017). 
In other systems that have less taxonomic characters, like microalgae, these methods reach more 
satisfactory results, but their performance has been shown to still be inferior to that of supervised 
approaches (Salvesen et al. 2020). The speciation continuum has discouraged the generation of 
robust taxonomies in evolutionarily complex lineages (e.g.  Monaghan et al. 2006), which in turn 
discourages the undertaking of studies aimed at exploring the factors underlying such complexity 
(Raposo et al. 2021). Some authors have argued that in the face of an unclear taxonomy, a DNA 
taxonomy independent of the Linnaean naming system could be used as a reference system to 
integrate ecological and other biodiversity data (Tautz et al. 2003). It is important to remember 
that taxonomic ranks are human constructs designed to facilitate communication about any given 
taxa (Hawksworth 2020) and that a taxonomist task is to identify and utilize the most objective 
criteria to reach a practical solution (Lücking et al. 2021). In this study we have carried out an in-
depth revision of specimens searching for diagnostic characters. We have opted to base the species 
boundaries in phylogenetically supported clades and the integration of geography, chemistry and 
morphological characters. It is our intention that this will facilitate such communication and make 
future studies in the R. decipiens group more feasible.

As here circumscribed, most of the species of the R. decipiens group represent narrow 
endemics. Traditionally, lichen-forming fungi have been considered to display widespread 
distribution ranges, especially compared to other sessile organisms such as vascular plants. 
However, the use of molecular approaches to species delimitation has brought the existence and 
abundance of endemic species into focus. New endemisms have been found in oceanic islands in 
the genus Nephroma (Sérusiaux et al. 2011), Pseudocyphellaria (Moncada et al. 2014), Cora (Dal 
Forno et al. 2017), Cyphellostereum (Dal Forno et al. 2017), Dictyonema (Dal Forno et al. 2017) 
and Sticta (Simon et al. 2018; Moncada et al. 2021). But this pattern is not restricted to islands, 
as continental endemisms have also been described in the genera Rhizoplaca (Leavitt et al. 2013), 
Cora (Lücking et al. 2014b) and Parmelia (Crespo et al. 2020). 

Endemic species are certainly abundant in the genus Ramalina compared to other widely 
distributed genera with high species diversity, and this tenet is especially true for oceanic islands. 
Endemic Ramalina species other than those of the R. decipiens group are known from oceanic 
islands in many archipelagos: Tristan da Cunha (1 species, Jørgensen 1977), Cape Verde (1 
species, Arechavaleta Hernández et al. 2005), the Canary Islands (11 species, Krog and Østhagen 
1980a; Pérez-Vargas and Pérez-Ortega 2014), Madeira (3 species, Krog and Østhagen 1980b; 
Krog 1990), Polynesia (1 species, Molho et al. 1981), Hawaii (18 species, www.anbg.gov.au/abrs/
lichenlist/HAWAIIAN_ISLANDS_lichen_list.html), Galápagos (4 species, Aptroot and Bungartz 
2007), Azores (2 species, Aptroot and Schumm 2008), St. Helena (5 species, Aptroot 2008) and 
the Scattered Islands (3 species, Poncet et al. 2021). Other genera of fruticose Ramalinaceae also 
show high levels of endemicity, and the case of Niebla in Baja California is astonishing (Spjut 
et al. 2020; Jorna et al. 2021). As stated above, the taxonomy of the genus is problematic and 
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molecular data suggest that the number of species is larger than previously thought (Spjut et al. 
2020; Jorna et al. 2021). To explain this a micro-endemism scenario has been proposed, in which 
species with extremely narrow distributions develop similar morphologies through convergent 
evolution along the coastal fog dessert of the region (Spjut et al. 2020).

The results obtained in this study raise the need for conservation policies for some species 
of the R. decipiens group, specially the narrow endemics. These are inherently vulnerable due to 
their limited distribution ranges, and often have small and isolated populations, which usually 
translates into low levels of genetic diversity (Ellstrand & Elam 1993; Gitzendanner & Soltis 
2000) that can be further reduced by their low competitive ability (Lavergne et al. 2004) and high 
habitat specificity (Babbel & Selander 1974; Karron 1987). Because of this they are commonly 
included in conservation priority assessments (e.g. Wulff et al. 2013). Sparrius et al. (2017) 
evaluated the population size and threats of some of the narrow endemic species of the group 
occurring exclusively in Porto Santo (i.e., R. erosa, R. nematodes and R. portosantana).  Using 
the IUCN criteria, these authors classified all of them as critically endangered.

CONCLUSIONS

The current update of the taxonomy of the Ramalina decipiens group in Macaronesia has 
resulted in the recognition of 15 lineages at the species level, six of which are described as new 
to science. The endemic character of the group linked to the Macaronesian region makes it an 
excellent candidate for the study of patterns and processes of insular and adaptive radiations in 
lichen-forming fungi on oceanic islands. 
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ABSTRACT

Speciation in oceanic islands has attracted the interest of scientists since the 19th century. One 
of the most striking evolutionary phenomena that can be studied in islands is adaptive radiation, 
i.e., when a lineage gives rise to different species by means of ecological speciation. Some of the 
best known examples of adaptive radiation are charismatic organisms like the Darwin finches of 
the Galapagos and the cichlid fishes of the great African lakes. In these and many other examples 
a segregation of the trophic niche has been shown to be an important diversification driver. 
Radiations are known in other groups of organisms such as lichen-forming fungi. However, very 
few studies have investigated their adaptive nature, and none have focused on the trophic niche. In 
this study we explore the role of the trophic niche in a putative radiation of endemic species from 
the Macaronesian Region, the Ramalina decipiens group. The photobiont diversity was studied 
by Illumina MiSeq sequencing of the ITS2 region of 197 specimens spanning the phylogenetic 
breadth and geographic range of the group. A total of 66 amplicon sequence variants belonging to 
the four main clades of the algal genus Trebouxia were found. Approximately half of the examined 
thalli showed algal coexistence, but in most of them a single main photobiont amounted to more 
than 90% of the reads. However, there were no significant differences in photobiont identity and 
in the abundance of ITS2 reads across the species of the group. We conclude that a segregation of 
the trophic niche has not occurred in the R. decipiens radiation.

INTRODUCTION

Oceanic islands, which are of volcanic origin and have never been connected to continental 
land masses, have attracted the interest of scientists since the 19th century, using them as natural 
laboratories in which to study the origin of biodiversity and its evolution (Whittaker & Fernández-
Palacios 2007; Warren et al. 2015). Perhaps the best studied evolutionary phenomenon on oceanic 
islands has been that of cladogenetic speciation, i.e., how from a colonization event a lineage 
radiates into a collection of species (Gould & Eldredge 1977). 

Radiations can be adaptive or non-adaptive (Gittenberger 1991; Schluter 2000; Rundell 
& Price 2009). Non-adaptive radiations are those in which diversification is not accompanied by 
niche differentiation, and usually gives rise to ecologically similar allopatric species (Gittenberger 
1991; Rundell & Price 2009). On the other hand, in adaptive radiations ecological speciation is 
the driver of diversification, and niche differentiation among radiation-originating species allows 
sympatric patterns (Schluter 2000). One key point in defining an adaptive radiation is that the 
traits presented by the species (phenotype) must have a clear correlation with the environment in 
which the species occur (Schluter 2000; Givnish 2015). Therefore, in the study of the adaptive 
nature of a radiation, it is essential to study the variability of functional traits in the species of 
the radiation and their correlation with abiotic factors. The best-studied examples of adaptive 
radiation have focused on charismatic organisms such as the Darwin finches of the Galápagos 
Islands (Grant & Grant 2008), the silversword alliance of Hawaii (Landis et al. 2018) or the 
Anolis lizards of the Greater Antilles (Losos 2009). However, the number of studies that have 
investigated the adaptive nature on radiations of other groups of less charismatic organisms is still 
very limited (Gaya et al. 2015; Mao et al. 2018).
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Lichens are the symbiotic phenotype of fungi with a specialized type of nutrition that takes 
sugars from a population of extracellular algae and/or cyanobacteria (hereafter, the photobionts). 
Thus, for lichen-forming fungi (hereafter, the mycobionts), the identity and abundance of their 
associated photobionts constitute the trophic dimension of their ecological niche. Although 
more than 50 genera of algae and cyanobacteria are known to act as lichen photobionts (Friedl 
& Büdel 2008; Sanders & Masumoto 2021), the vast majority of the nearly 20,000 described 
species of lichen-forming fungi (Lücking et al. 2017a) are associated with algae from the class 
Trebouxiophyceae (Friedl & Büdel 2008). Among the Trebouxiophyceae, the species of the 
genus Trebouxia are the most common photobionts (Friedl & Büdel 2008; Muggia et al. 2020). 
The role of photobionts as drivers of speciation in lichen-forming fungi is still poorly known. 
There are several factors that may determine the contribution of photobionts in mycobiont 
diversification (Singh et al. 2017). On the one hand, it has been proposed that photobiont niches 
are influenced by abiotic conditions and these preferences may limit lichen distributions (Peksa & 
Škaloud 2011). It has been shown that photobiont switches between physiologically compatible 
photobionts are mechanisms to widen the mycobiont ecological niches and geographic ranges 
(Fernández-Mendoza et al. 2011; del Campo et al. 2013; Rolshausen et al. 2018, 2020) or for 
ecological speciation (Ortiz-Álvarez et al. 2015 p.). On the other hand, not all mycobiont species 
show similar specialization towards their photobionts (Pérez-Ortega et al. 2012b; Magain et al. 
2017), ranging from narrow specialists (Garrido-Benavent et al. 2017) to generalists (Muggia 
et al. 2014b). In addition, different Trebouxia species have been found to coexist inside a single 
lichen thallus (Piercey-Normore 2006; del Campo et al. 2010; Muggia et al. 2013). These species 
show differences in various aspects of their physiology such as growth rate (Casano et al. 2011), 
photosynthetic output (Casano et al. 2011), response to oxidative stress (del Hoyo et al. 2011) 
and heavy metal tolerance (Álvarez et al. 2015). It is still not clear whether coexistence is a 
widespread phenomenon or it is reduced to certain species or lineages, and its significance in 
ecological and evolutionary times.

Ramalina is a well-known genus of lichen-forming fungi which forms usually large 
fruticose thalli of a more or less light-yellow color. The genus belongs to a clade of fruticose 
genera in the Ramalinaceae (Spjut et al. 2020), a family dominated by microlichens (Kistenich 
et al. 2018). The genus is subcosmopolitan and with c. 230 species is one of the largest genera of 
lichen-forming fungi (Lücking et al. 2017a). Most of its diversity is concentrated in five areas: 
The Andes (Marcano et al. 2021), East Africa (Krog & Swinscow 1976), Baja California (Bowler 
& Rundel 1972, 1973), Australasia (Stevens 1987; Blanchon et al. 1996) and Macaronesia (Krog 
& Østhagen 1980a, b; Krog 1990). Macaronesia is a group of volcanic archipelagos in the North 
Atlantic: Azores, Cape Verde, Canary Islands, Madeira and Selvagens Islands. In spite of the 
small area, a total of 37 species of Ramalina have been recorded from the area, of which 25 are 
endemic (68%), most outstanding being the island of Porto Santo which, with an area of 42 km2, 
hosts a total of 6 endemic Ramalina species (Sparrius et al. 2017). Among the endemic species 
of Ramalina in Macaronesia two groups of saxicolous species stand out, the R. bourgaeana 
group and the R. decipiens group, which are defined by the presence of characteristic structures, 
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chondroid strands embedded in the medulla in the former and adjacent to the cortex in the later 
(Krog & Østhagen 1980a; Spjut et al. 2020). The taxonomy of the Ramalina decipiens group has 
been recently revisited through an integrative approach recognizing 15 species-level lineages, six 
of which are newly described and two remain formally undescribed (Blázquez et al. in prep.). Of 
the fifteen recognized species, all are endemic to Macaronesia, except R. maderensis, which has 
also been reported from Saint Helena (Aptroot 2008). In addition, most of them are single-island 
endemics, but two species (R. decipiens and R. maderensis) are widespread. 

In this study, we hypothesize that photobiont-mycobiont associations play an important 
role in adaptive radiations of lichen-forming fungi. Photobiont differences among the species 
of a radiating clade of mycobionts, either in identity or abundance, could indicate a segregation 
of the trophic niche of the clade. We propose the Ramalina decipiens group as a framework 
to study the role of trophic niche segregation as a key driver in adaptive radiation. In order to 
explore and test this hypothesis we are to analyze (i) the diversity of the photobionts associated 
with the species of the R. decipiens group, (ii) the relative importance of mycobiont identity, 
island and macroclimate on photobiont community structure, (iii) the level of specialization of 
each Ramalina species towards its photobionts and (iv) whether specialization and photobiont 
diversity are phylogenetically structured. In addition, as algal coexistence has been previously 
reported in Ramalina species, we also intend (v) to explore to what extent this phenomenon 
occurs in the group.

MATERIALS AND METHODS

Sampling

We studied 197 specimens of the R. decipiens group representing the 15 species-level 
lineages (Blázquez et al. in prep.). Seven of those species correspond to previously known 
species (Krog & Østhagen 1980a, b; Krog 1990). Another six represent new species which are 
going to be described in Blázquez et al. (in prep.). They are referred here with the following 
provisional names: R. delicata nom. prov., R. fortunata nom. prov., R. gomerana nom. prov., 
R. papyracea nom. prov., R. sabinosae nom. prov. and R. sampaiana nom. prov. Two further 
species-level lineages will remain unnamed until further material is available and are referred in 
the present study as Ramalina sp. 1 and Ramalina sp. 2. The specimens were collected throughout 
66 localities spanning the seven Canary Islands, the islands of Madeira and Porto Santo of the 
Madeira archipelago and the islands of Sal and São Vicente of the Cape Verde archipelago 
(Supplementary Table S1). 

DNA extraction, amplification and sequencing

A small thallus fragment from each specimen (c. 10 mm2) was excised from the tip of a 
single laciniae with the help of razor blade and forceps under a Nikon SMZ800 stereomicroscope. 
First, we inspected the thalli under a x80 magnification to check for areas free of epiphytic 
microalgae and fungi. Thallus tips were the only zones free of epiphytes in all samples. The 
choice of thallus tips is also supported by the finding of Molins et al. (2021), who reported 
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that there were no differences in photobiont composition among different parts of the thallus in 
specimens of a species of the same genus (R. farinacea) from the same biogeographic region as 
the present study. Samples were washed with acetone to remove secondary metabolites and stored 
at -80ºC. After one hour of freezing they were pulverized using TissueLyser II (Qiagen) with two 
crystal beads. Genomic DNA was extracted using E.Z.N.A.® Forensic DNA Kit (Omega Bio‐
Tek), following the instructions of the manufacturer. The second region of the ribosomal internal 
transcriber spacer (ITS2) was used as barcode to prospect photobiont diversity. We used primers 
FDGITS2-f and FDGITS2-r (Dal Grande et al. 2018) for amplification. These primers included 
Fluidigm CS1 and CS2 universal oligomer sequences at their 5’ ends. PCR reactions were carried 
out in a total volume of 15 μL, containing 3 μL of template DNA, 0.3 μL of each primer (10 
μM), 0.6 μL of MyFi DNA Polymerase (Bioline, Sydney, Australia), 3 μL of 5x MyFi Reaction 
Buffer and 7.8 μL of distilled water. PCR settings consisted in an initial denaturation at 95ºC 
for 1 min; 35 cycles of 95ºC for 15 s, 54ºC for 15 s and 72ºC for 15 s; with a final extension at 
72ºC for 5 min. PCR products were checked in 1% agarose gels stained with SYBR™ Safe DNA 
Gel Stain (Thermo Fisher Scientific). PCR products were quantified using the Qubit dsDNA HS 
(High Sensitivity) Assay Kit (Thermo Fisher Scientific) and pooled in equimolar concentrations 
for sequencing on a single MiSeq run (Illumina, USA) at the RTSF Genomics Core at Michigan 
State University (East Lansing, Michigan). The Genomics Core completed library preparation by 
secondary PCR targeting the Fluidigm CS1/CS2 oligos at the ends of the primary PCR products. 
Primers used for the second PCR included dual indexed, Illumina library compatible sequences. 
Finished libraries were bulk normalized using Invitrogen SequalPrep DNA Normalization Plates 
(Thermo Fisher Scientific) and the recovered products pooled. The pool was QC’d and quantified 
using a combination of Qubit dsDNA HS (Thermo Fisher Scientific), Agilent 4200 TapeStation 
HS DNA1000 (Agilent Technologies) and Kapa Illumina Library Quantification qPCR assays 
(Kapa Biosystems, Inc.). This pool was loaded onto an Illumina MiSeq v2 Standard flow cell 
and sequencing performed in a 2x250bp paired end format using a MiSeq v2 500 cycle reagent 
cartridge. Custom sequencing and index primers complementary to the Fluidigm CS1/CS2 oligos 
were added to appropriate wells of the reagent cartridge. Base calling was done by Illumina Real 
Time Analysis (RTA) v1.18.54 and output of RTA was demultiplexed and converted to FastQ 
format with Illumina Bcl2fastq v2.19.1.

Sequence processing

Raw sequence data was processed using the DADA2 pipeline (Callahan et al. 2016b) 
in R 4.0.3 (R Core Team 2022). DADA2 takes a set of demultiplexed paired-end fastq files, 
filters the sequences based on their length and quality, assembles them into error-corrected 
amplicon sequence variants (ASVs) and removes chimeric ASVs. We chose this pipeline because 
ASVs make possible to work at a finer resolution than other approaches based on the creation of 
operational taxonomic units (OTUs). Besides, ASVs allow for greater reproducibility, reusability 
and comprehensiveness than OTUs (Callahan et al. 2017). Following Dal Grande et al. (2018) we 
considered that ASVs that represented < 0.005% (i.e. n = 100) of the total reads were most probably 
exogenous to the symbiosis and did not include them in downstream analyses. We then assigned 
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taxonomy to the ASVs using all sequences assembled by Muggia et al. (2020) as a taxonomic 
reference. This was done using the assignTaxonomy function in DADA2. Given that microalgae 
can show ecophysiological differences even when they are phylogenetically close (Sadowsky et 
al. 2016) we chose to conduct all analyses in this study at the ASV level. All sequences obtained 
in this study are available in the SRA (NCBI) under BioProject PRJNA764073.

Alignment, phylogenetic relationships and ASV haplotype networks

ASVs where aligned using MAFFT v.7.308 (Katoh et al. 2002) as implemented in 
Geneious® v.9.1.8. Sequences of Asterochloris glomerata (MW043487, Pino-Bodas & Stenroos 
2021) and Vulcanochloris guanchorum (KR952330, Vančurová et al. 2015) were included as 
outgroup. We inferred phylogenetic relationships among ASVs using Maximum Likelihood using 
RAxMLHPC2 v. 8.2.4 (Stamatakis 2014) as implemented in CIPRES Science Gateway (Miller et 
al. 2011). We selected the GTRGAMMA substitution model and carried out 1000 rapid bootstrap 
pseudoreplicates to evaluate nodal support. We considered nodes with bootstrap values equal or 
higher than 70% to be significantly supported. The resulting phylogenetic tree was visualized in 
FigTree 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and edited using Adobe Illustrator CS5 
(Adobe Systems Inc., San José, USA). Additionally, we generated haplotype networks for the 
Trebouxia species represented by more than three ASVs. We used the TCS method (Templeton et 
al. 1992) as implemented in in PopART v.1.7 (Leigh & Bryant 2015) for network construction. 
These networks were edited in Adobe Illustrator CS5 to show the prevalence of the different 
recovered ASV in each sampled Ramalina species and island. 

Differences in frequency of ASVs in islands and species

To explore whether the frequency of ASVs was different among islands and Ramalina 
species we adjusted a two-way ANOVA for each ASV. ASV frequency was used as the response 
variable and island and Ramalina species as explanatory variables. We used Levene’s test to check 
if data for each ASV met the normality assumption necessary to carry out a two-way ANOVA. 
In the cases in which our data did not meet the assumptions we employed the non-parametric 
Kruskal-Wallis test. This was done using the functions aov, leveneTest and kruskal.test in base 
R 4.0.3 (R Core Team 2022). ASVs occurring only in one specimen were not included in this 
analysis. 

Photobiont community structure

In order to explore the relative importance of mycobiont identity, macroclimate and island 
in shaping photobiont communities we performed distance-based redundancy analysis (dbRDA, 
Legendre & Anderson 1999). Following Shankar et al. (2017), we calculated an abundance-
weighed phylogenetic UniFrac distance-based dissimilarity matrix. This was done with the R 
package phyloseq (McMurdie & Holmes 2013). We transformed the ASV table into relative ASV 
abundances using the function decostand of the vegan package (Oksanen et al. 2012) with the 
method “total” and combined it with  the taxonomy of the ASVs and the RAxML phylogeny 
previously generated into a phyloseq object using the merge_phyloseq function. The dissimilarity 
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matrix was calculated from this object using the UniFrac function. The weighed UniFrac 
dissimilarity matrix was used as the response matrix in the dbRDA. We used three explanatory 
matrices: 1) first matrix corresponded to the Ramalina species, 2) second to the island where 
samples were collected, 3) and third matrix included five macroclimatic variables downloaded 
from WorldClim (Fick & Hijmans 2017): average temperature (°C), precipitation (mm), solar 
radiation (kJ m-2 day-1), wind speed (m s-1) and water vapor pressure (kPa). Because lichens 
are photosynthetic and poikilohydric symbioses we chose to use these instead of the 19 widely 
used bioclimatic variables also available in WorldClim, that are derived from temperature and 
rainfall only. All layers of the five variables (data for each month of the year are available) were 
downloaded at a resolution of 30 seconds (~1 km2) and merged into year averages using the calc 
function of the raster R package (Hijmans et al. 2015). Then, variable values for each sample 
were obtained through their geographic coordinates using the extract function from the raster 
package. Before computing the dbRDA we checked for correlation between WorldClim variables 
in our samples. We calculated a Pearson correlation coefficient matrix and generated a correlation 
hierarchical cluster plot with the absolute correlation values. Precipitation and water vapor 
pressure were dropped as they were correlated (absolute correlation > 0.5) with solar radiation 
and average temperature, respectively. Then we inspected the remaining variables to check their 
normality. To do so we generated a histogram for each variable with the hist function of base R. 
Solar radiation was found to be not normal and was log-transformed. dbRDA was then calculated 
with the dbrda function of the vegan R package (Oksanen et al. 2012). Variance partitioning 
between the three explanatory matrices was estimated using adjusted R2. Adjusted R2 significance 
was assessed for each fraction with a permutation based anova test with 2000 permutations. This 
was done in vegan using the functions varpart and anova.cca.  Significance of the dbRDA as a 
whole was also assessed with a permutation based anova test with 2000 permutations, this time 
with the function anova. To visualize variance partitioning we generated a Venn diagram plotting 
the output of the varpart function. 

Algal co-occurrence analyses

Based on the ASVs abundance table we calculated for each Ramalina species: number of 
studied thalli, percentage of thalli that showed algal coexistence, minimum number of ASVs in 
one thallus, mean number of ASVs per thallus and maximum number of ASVs in one thallus. For 
the species that showed algal coexistence we also calculated: minimum relative abundance of the 
main photobiont found in one thallus, mean relative abundance of the main photobiont across all 
thalli showing algal coexistence and maximum relative abundance of the main photobiont found 
in one thallus. 

Bipartite network, specialization and modularity

We built two different adjacent matrices i × j, where i represents mycobionts and j ASVs. 
In the first matrix, interaction frequency between mycobiont i and ASV j was calculated as the 
sum of reads for ASV j found in all specimens of mycobiont i previously rarefied to the depth 
of the sample with the lower number of reads (Weiss et al. 2017). In the second matrix, number 
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of reads are not taken into account and the interaction frequency was based in the number of 
specimens of the mycobiont i where ASV j was found. The rarefaction was done with the rarefy_
even_depth function of the phyloseq (McMurdie & Holmes 2013) R package. The presence-
absence conversion was done using the function decostand of the vegan package (Oksanen et al. 
2012) with the method “pa”. For each network we calculated the parameter d’ (Blüthgen et al. 
2006) to estimate the specialization of the mycobionts towards the ASVs. This index ranges from 
0 (no specialization) to 1 (high specialization). We also calculated species degree, which is the 
sum of links per species, and ND, which is species degree normalized by the number of possible 
partners. All analyses were carried out in the R package bipartite (Dormann et al. 2008), using 
the functions plotweb and specieslevel. Following the approach of Gómez et al. (2015), we used 
the quantitative modularity (Q) of the bipartite networks to explore the occurrence of different 
photobiont niches in the species of the R. decipiens group. Optimal modular configuration was 
calculated using the Beckett algorithm (Beckett 2016) as implemented in the computeModules 
function of the bipartite package. The algorithm was run 20 times with 108 MCMC steps and 
a tolerance level of 10-10, retaining the iteration with the highest likelihood value as the optimal 
modular configuration. In order to check for significance, we built a null model based on 500 
random networks calculated using the function nullmodel and the vaznull null model which 
implements the null model proposed by Vázquez et al. (2007) in which matrix connectance 
remains the same as in the original network but total marginals change. We calculated modularity 
for each of the random matrices and calculated a z-score as (Xobserved- µnull)/σnull, being Xobserved the 
actual value of the parameter, µnull the mean of the parameter for the population of matrices in 
the null model, and σnull their standard deviation. p-values for the z-score was calculated as the 
number of elements of the null model showing higher or lower values than the observed value 
divided by the total number of elements in the null model. To explore if the resulting modules 
were a consequence of the species geographic distribution we compared the geographic distances 
within and between modules. This was done with permanova tests using the adonis function of 
the vegan R package (Oksanen et al. 2012). The geographic distance matrix was obtained with the 
distm function of the geosphere R package (Hijmans et al. 2017).

Genetic diversity statistics 

We calculated genetic diversity statistics at both the island and Ramalina species levels. 
We used the software DnaSP v.6.12.01 to calculate two indices: haplotype diversity (Hd, Nei 1987) 
and nucleotide diversity (π, Nei 1987). π was calculated using the Jukes and Cantor correction 
(Lynch & Crease 1990). Instead of using the raw ASVs abundance table as input, we generated 
DNA alignments for each species and each island, which included a representative sequence of 
each ASV present in each sample. The two indices were then calculated for each alignment. 

Phylogenetic signal 

We used the phylogeny of the R. decipiens group which will be published in a forthcoming 
paper (Blázquez et al. unpubl.) to calculate the phylogenetic signal of the specialization, species 
degree, ND, haplotype diversity and nucleotide diversity. We employed two different methods to 
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calculate the phylogenetic signal: Pagel’s λ (Pagel 1999) as implemented in the phylosig function 
of the phytools R package (Revell 2012) and Blomberg’s K (Blomberg et al. 2003) as implemented 
in the phylosignal function of the picante R package (Kembel et al. 2010). Pagel’s λ can have 
values between 0 (no phylogenetic signal) and 1 (Brownian motion model, i.e. correlation among 
trait values is proportional to the extent of shared ancestry). Blomberg’s K can be interpreted 
as follows: if K = 1 the trait under analysis follows a mode of evolution that is consistent with 
Brownian motion. If K > 1 close relatives are more similar than expected under Brownian motion. 
On the other hand, in K values <1 close relatives are less similar than expected (Blomberg et al. 
2003). 

RESULTS

Phylogenetic relationships, haplotype networks and frequency of ASVs

We obtained a total of 2,949,259 raw reads, of which 2,175,408 passed DADA2 quality 
filter. After removing ASVs represented by less than 100 reads 66 ASVs remained (Figure 1). The 
66 ASVs clustered into the four main Trebouxia clades (Leavitt et al. 2015a; Muggia et al. 2020), 
but not into the newly reported clade D (Xu et al. 2020). 62 ASVs belonged to four formally 
described species (i.e. Trebouxia jamesii, T. aggregata, T. decolorans and T. australis) and to 
nine of the undescribed Trebouxia lineages reported by Muggia et al. (2020). Four ASVs did not 
match with any of the sequences assembled by Muggia et al. (2020). These ASVs represented 
three new lineages, two of them in clade A and one in clade I. Thirty-three of the 66 ASVs 
clustered into Trebouxia A39. This clade was identified as Trebouxia sp. TR9 through its reference 
sequence (FJ418565). The most common photobionts found in this study were ASVs 1 and 2, 
both belonging to Trebouxia sp. TR9 (Figure 2) and diverging by just one nucleotide. They were 
present on all islands and often coexist in the same localities. These two ASVs were the most 
common photobionts in the Canarian and Madeira archipelagos, together they represented the 
main photobionts in 78% and 85% of the Canarian and Madeiran thalli, respectively. Regarding 
the Cape Verde archipelago, the main photobionts from all samples corresponded to one of the 
five ASVs placed in the Trebouxia clade C25. On the other hand, 41 ASVs were only found in one 
thallus, although only 6 of them acted as the main photobiont. 

ASVs belonging to Trebouxia clades A and C were found in all archipelagos. Clades 
I and S were not found in Cape Verde samples. Mycobiont identity had a limited effect on the 
frequency of ASVs (Table 1). Of the 25 ASVs present in more than one thallus only one, belonging 
to the species Trebouxia jamesii, was significantly associated to some Ramalina species. The 
island of origin had a greater influence on ASV frequency, with a significant effect in 8 of the 25 
included ASVs. The greatest effect was observed in ASVs 5, 7 and 11. These three ASVs belong 
to Trebouxia clade C 25 and act as main photobionts in thalli collected in Cape Verde, but also 
occur in small numbers in El Hierro, La Gomera and Porto Santo. An interaction between island 
an mycobiont identity was found in ASV 9. However, this ASV only occurs in three thalli: Two 
specimens of R. decipiens collected in Fuerteventura and one of R. sp. 2 collected in La Gomera.
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Figure 1. RAxML phylogeny of the 66 ASVs. Branches with bootstrap support higher than 70 are 
highlighted in bold. Clade nomenclature follows Muggia et al. (2020).  Formally described Trebouxia 
lineages are indicated with UTEX or SAG culture numbers.

Figure 2. TCS networks of the ASVs colored according to (a) island and (b) mycobiont species. The size of 
the circles is proportional to the number of samples carrying the ASV. Black-filled circles indicate missing 
haplotypes.
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Table 1. P values of two-way ANOVA and Kruskal-Wallis test exploring the effect of island and/or 
mycobiont species on the frequency of each ASV. ASVs lacking the island-species interaction are those 
who did not meet the assumptions necessary to perform a two-way ANOVA. Bold values are statistically 
significant. *< 0.05, **< 0.01, ***<0.001.

ASV P species P island P species*island

ASV 1 0.8864 0.0028** 0.4886

ASV 2 0.2556 0.4255 0.2016

ASV 3 0.5121 0.0803 0.7751

ASV 4 0.0831 0.9234 0.9996

ASV 5 0.5794 4.73E-14*** -

ASV 6 0.9861 0.1584 0.3857

ASV 7 0.6763 6.17E-12*** -

ASV 8 0.5544 0.8430 0.6702

ASV 9 0.1188 0.0007*** 2.85E-12***

ASV 10 0.9892 0.4981 0.6184

ASV 11 0.9162 6.26E-08*** -

ASV 13 0.9886 0.9360 0.9964

ASV 19 0.5398 0.0879 0.9068

ASV 21 1.25E-03*** 0.0011** -

ASV 23 0.8087 0.1121 0.9435

ASV 28 0.1180 0.9886 0.9997

ASV 29 0.9410 0.1643 0.5964

ASV 35 0.9788 0.9284 0.9924

ASV 36 0.0125* 0.6126 0.3036

ASV 38 0.7826 0.2845 0.2359

ASV 42 1.12E-02*** 0.8119 -

ASV 43 0.0909 0.0006*** -

ASV 47 1.0000 0.4689 0.9905

ASV 49 0.9996 0.0105** 0.9507

ASV 54 0.9831 0.2656 0.5889

Photobiont community structure

The dbRDA analysis returned a F = 3.265 with a p = 0.001. The constrained axes explained 
0.34 of the variance in ASV community structure (Figure 3). Island was the variable with the 
greatest simple effect. On the other hand, macroclimate was the variable with the smallest simple 
effect. However, the main driver of ASV community structure was the mixed effect of island and 
macroclimate, explaining a greater variance proportion than all other simple and mixed effects 
combined. Mycobiont identity was the least important variable, taking its simple and mixed 
effects into account.
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Figure 3. Venn diagram showing variance partitioning between the simple and combined effects of the 
explanatory variables of the dbRDA (island, mycobiont identity and macroclimate) and their mixed effects. 
The explained variation indicated are the adjusted R2 values. Values < 0 not shown. *P < 0.05, **P < 0.01, 
***P < 0.001.

Co-occurrence analyses and frequency of ASVs

Out of 197 thalli studied, 102 showed coexistence of several ASVs (51.77%). Specimens 
from the Canary Islands and Cape Verde showed a higher proportion of multiple ASVs within the 
thallus (56% and 58%, respectively) than specimens from the Madeira archipelago (38%). Algal 
coexistence was observed in all species (Table 2) except Ramalina sp. 1, which is most likely 
an artefact given that the species is represented in our dataset by only one specimen. The mean 
number of ASVs per thallus was 2.19, with a median of 2. Mean ASV count per thallus ranged 
from 1.30 in Ramalina hamulosa to 4.67 in Ramalina pluviariae. The sample with the highest 
ASV count was a Ramalina maderensis collected in Lanzarote (SPO 6337) containing 10 algae. 
However, on average the main photobiont amounted to 94% of the reads in thalli showing algal 
coexistence. The mean abundance of the main photobiont in thalli showing coexistence ranged 
from 83 % in Ramalina erosa to 99 % in Ramalina sp. 2.  There were only six thalli, of varied 
origin and representing four Ramalina species, in which the main photobiont accounted for less 
than 70% of the reads.  In most of them, the main and secondary photobionts were different ASVs 
belonging to the same Trebouxia species. 

Bipartite network, specialization and modularity

The bipartite interaction networks (Figure 4; Supplementary Figure S1) clearly depict 
ASVs 1 and 2 as the main photobionts of the Ramalina decipiens group. Ramalina sp. 1 is the only 
species not associated with these ASVs. This is most probably due to the poor representation of 
this species in the dataset. Excluding Ramalina sp. 1, whose only thallus associates with another 
ASV belonging to Trebouxia sp. TR9, specialization (d’) based on rarefied reads varied from 0.98
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Table 2. Summary of algal coexistence across Ramalina species. Number of studied thalli, percentage 
of thalli that showed algal coexistence, minimum, mean and maximum number of ASVs per thallus and 
minimum, mean and maximum relative abundance of the main photobiont across thalli showing algal 
coexistence.

Species Nº 
thalli

% thalli 
> 1 ASV

Mean ASV 
count/
thallus

Maximum 
nº ASV/
thallus

Minimum 
% main 

photobiont

Mean 
% main 

photobiont

Max % 
main 

photobiont

Ramalina 
decipiens

57 60% 2.46 9 42.93% 93.85% 99.94%

Ramalina 
delicata

3 33% 2.33 5 95.89% 95.89% 95.89%

Ramalina 
erosa

9 22% 1.22 2 67.04% 83.50% 99.96%

Ramalina 
fortunata

8 38% 1.38 2 99.59% 99.81% 99.95%

Ramalina 
gomerana

3 33% 3 7 85.78% 85.78% 85.78%

Ramalina 
hamulosa

10 30% 1.3 2 95.84% 97.99% 99.81%

Ramalina 
maderensis

57 53% 2.23 10 54.28% 93.74% 99.98%

Ramalina 
nematodes

6 50% 2 5 90.28% 96.63% 99.87%

Ramalina 
papyracea

6 50% 2 4 96.19% 98.33% 99.63%

Ramalina 
pluviariae

6 100% 4.67 7 83.74% 93.73% 99.79%

Ramalina 
portosantana 

8 50% 2 5 88.48% 94.70% 99.95%

Ramalina 
sabinosae

4 100% 2.25 3 80.00% 94.22% 99.75%

Ramalina 
sampaiana

13 38% 1.92 6 69.96% 90.89% 98.60%

Ramalina 
sp. 1

1 0% 1 1 - - -

Ramalina 
sp. 2

6 50% 1.5 2 99.85% 99.89% 99.96%

in Ramalina delicata to 0.51 in Ramalina maderensis. Species degree varied from 37 in Ramalina 
decipiens to 4 in Ramalina erosa and ND varied from 0.56 in Ramalina decipiens to 0.06 in 
Ramalina erosa. Species degree and ND were highest in the two most sampled species (R. 
decipiens and R. maderensis). Specialization parameters obtained from the data non considering 
read counts returned similar results for species degree and ND, but overall lower values of d’, that 
ranged from 0.59 in R. erosa to 0.27 in R. decipiens. All specialization parameters are summarized 
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in Table 3. The network based on rarefied reads was significantly modular (Q = 0.18, z-score = 
24.75, p-value < 0.001), and detected the presence of six modules (Figure 5). The modularity 
analyses of the second network resulted in a non-modular pattern (Q = 0.21, z-score = -0.68, 
p-value = 0.241). The modular structure recovered in the first analysis seems to be a consequence 
of the mycobiont species distributions inasmuch as the geographic distances between and within 
modules were significantly different (F = 7.98, R2 = 0.17, p < 0.001).

Figure 4. Bipartite network showing interactions between Ramalina species and Trebouxia ASVs. 
Interactions with ASVs belonging to Trebouxia clades A, C, I and S are depicted in green, orange, red and 
blue, respectively. Width of the links is proportional to the frequency of the association.
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Figure 5. Modularity plot featuring the six modules identified by the Becket algorithm (Q = 0.179, z-score 
= 709.31; p-value < 0.001) in the rarefied reads network. Taxa are sorted according to their modular affinity, 
mycobiont species as rows and photobiont ASVs as columns. Red boxes delineate the six modules. Color 
intensity is proportional to the relative abundance of each ASV per mycobiont species.

Table 3. Summary of specialization parameters of the bipartite networks based on the sum of the rarefied 
reads of the thalli of each species and the conversion of the abundance of ITS2 reads of the thalli to 
presence-absence data.

Rarefied reads network Presence-absence network

Mycobiont 
species

d' Species degree ND d' Species degree ND

R. decipiens 0.54 37 0.56 0.28 38 0.58

R. delicata 0.98 5 0.08 0.46 5 0.08

R. erosa 0.68 4 0.06 0.59 4 0.06

R. fortunata 0.72 5 0.08 0.54 5 0.08

R. gomerana 0.56 7 0.11 0.38 7 0.11

R. hamulosa 0.70 6 0.09 0.53 6 0.09

R. maderensis 0.51 33 0.50 0.29 33 0.50

R. nematodes 0.51 9 0.14 0.33 9 0.14

R. papyracea 0.74 6 0.09 0.46 6 0.09

R. pluviariae 0.54 12 0.18 0.31 12 0.18

R. portosantana 0.70 8 0.12 0.41 8 0.12

R. sabinosae 0.58 5 0.08 0.42 6 0.09

R. sampaiana 0.51 14 0.21 0.33 14 0.21

Ramalina sp. 1 0.62 6 0.09 0.44 6 0.09

Ramalina sp. 2 1.00 1 0.02 1.00 1 0.02
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Genetic diversity statistics

Nucleotide diversity (π) and haplotype diversity (Hd) were calculated at the island and 
species levels (Figure 6). At the island level π ranged from 0.036 in Tenerife to 0.096 in Sal. 
Hd values ranged from 0.678 in Porto Santo to 0.928 in Fuerteventura. On average, Cape Verde 
had the highest π value (0.092) followed by Madeira (0.060) and the Canary Islands (0.052). 
Regarding Hd, Cape Verde again showed the highest value (0.810), followed by the Canary 
Islands (0.803) and Madeira (0.730). At the species level π values ranged from 0.014 in Ramalina 
hamulosa to 0.077 in Ramalina papyracea. Hd values ranged from 0.709 in Ramalina erosa to 
0.905 in Ramalina pluviariae. 

Phylogenetic signal

The parameters d’, species degree and ND derived from both networks where not 
phylogenetically structured according to Pagel’s λ and Blomberg’s K. Regarding genetic diversity, 
neither π nor Hd were phylogenetically structured either. Phylogenetic signal statistics are 
summarized in Table 4.

Figure 6. Diversity statistics. Upper and lower panels represent nucleotide (π) and haplotype (Hd) diversities 
at the species (left) and island (right) levels. Species plots are colored by the number of archipelagos in which 
the species is present: green (one), yellow (two) and orange (three). Island plots are colored by archipelago: 
yellow (Canarian archipelago), green (Madeira archipelago) and orange (Cape Verde archipelago). The 
number of samples by which the island or species is represented in the dataset appears on top of each bar.
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Table 4. Summary of phylogenetic signal statistics. *< 0.05, **< 0.01, ***<0.001.

λ p-value (λ) K p-value (K)

d’ (rarefied reads network) 0.716 0.535 0.771 0.183

Species degree (rarefied reads network) 0.257 0.634 0.734 0.227

ND (rarefied reads network) 0.257 0.634 0.734 0.218

d’ (presence-absence network) 0.000 1.000 0.596 0.163

Species degree (presence-absence network) 0.237 0.665 0.735 0.209

ND (presence-absence network) 0.237 0.665 0.735 0.227

π 0 1 0.414 0.631

Hd 0 1 0.423 0.616

DISCUSSION

We explored the role of the photosynthetic partners in the radiation of a clade of symbiotic 
organisms. According to our knowledge this is the first time that the trophic niche is analyzed 
within the evolutionary framework of an island radiation in lichen-forming fungi. We found no 
differences in the identity of the photobionts associated with the species of the R. decipiens group. 
The vast majority of specimens analyzed contained as their main photobiont one of the two most 
abundant ASVs, both belonging to Trebouxia sp. TR9. The frequency of both ASVs does not 
differ among Ramalina species, and we have indistinctly found both acting as major photobionts 
in thalli collected from the same locality on multiple occasions. The prevalence of T. sp. TR9 
as main photobiont is not exclusive of the R. decipiens group. It was found in Macaronesian 
specimens of R. farinacea using Sanger sequencing (del Campo et al. 2013) and NGS (Molins 
et al. 2021). BLAST searches of the two predominant ASVs revealed their presence also in other 
genera. Both appear in Protoparmelia montagnei thalli in southern Spain (Singh et al. 2017) 
while ASV2 additionally appears in Lecanographa amylacea thalli in Poland and Sweden (Ertz 
et al. 2018). The fact that T. sp. TR9 is the main photobiont of Ramalina species in Macaronesia 
is congruent with our current knowledge of its physiology. Casano et al. (2011) showed that T. 
sp TR9 grew faster and had better photosynthesis performance in in vitro experiments under 
relatively high temperatures and irradiances than T. jamesii, the main photobiont of R. farinacea 
thalli in the Iberian Peninsula (del Campo et al. 2013; Molins et al. 2021). The presence of both 
ASVs in southern Spain (Singh et al. 2017) also seems to point to the fact that this species can 
cope with higher temperature and light intensity given the similarity of that locality to those in 
which the R. decipiens group species occur in Macaronesia. Surprisingly, the records from Poland 
and Sweden occurred in localities with radically different climatic conditions (Ertz et al. 2018). 
Lichen photobionts can show different physiologies even when they are phylogenetically very 
close (Sadowsky et al. 2016). The presence of ASV2, but not ASV1, in climatically divergent 
localities such as the Białowieża Primeval forest in Poland or the island of Gotland in Sweden 
(Ertz et al. 2018) might suggest that they have differences in ecophysiological adaptations. 
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Their presence in thalli collected in a same locality could be reflecting climatic differences at the 
microsite scale, as we have detected differences up to 4ºC in two rocky outcrops separated by 
only 200 m (data not shown). The existence of such physiological differences will be explored in 
a forthcoming study. 

We did not find differences in photobiont dominance between mycobiont species either. 
We detected algal co-occurrence in c. 50 % of the studied thalli, a phenomenon reported in different 
lineages of lichen-forming fungi (Blaha et al. 2006; Piercey-Normore 2006; del Campo et al. 
2010; Muggia et al. 2014b; Rolshausen et al. 2018). Casano et al. (2011) showed that the two 
Trebouxia species detected in R. farinacea apparently displayed complementary physiological 
behaviors, arguing that algal co-occurrence in this species could have allowed it to expand its 
geographical range. However, most photobiont co-occurrence reports have been based on Sanger 
sequencing, so the relative abundance of each photobiont could not be assessed. Recently, Molins 
et al. (2021) revisited photobiont diversity in R. farinacea with NGS data showing that in c. 70 
% of all thalli one Trebouxia species was dominant. Paul et al. (2018) reported similar results for 
Umbilicaria hispanica and U. pustulata, with the main photobiont being represented by at least 
80% of the reads in c. 80 % of all thalli. In our study this proportion is even more pronounced, 
with the main photobiont being dominant in 94 % of the thalli showing algal co-occurrence. The 
overwhelming dominance of the main photobiont over the rest sheds doubt on the ecological 
importance of algal co-occurrence. Photobiont co-occurrence has been studied more in-depth in 
coral-dinoflagellate symbioses. Young corals establish symbiosis with a subset of the photobionts 
available in their environment (Poland et al. 2013; Yamashita et al. 2013). This first photobiont 
community is restructured in response to environmental heterogeneity (Rowan 2004) or other 
processes, such as re-establishment of photobiont communities after a previous stress-induced 
loss (Jones et al. 2008). After the restructuration process adult corals usually end up with a single 
Symbiodiniaceae lineage dominating the photobiont community (Parkinson & Baums 2014). This 
agrees with the results shown by Molins et al. (2021) for Ramalina farinacea in which young and 
old thalli showed different microalgal communities, more diverse in young thalli.

The community structure of the photobionts associated to species of the R. decipiens 
group is chiefly explained by the interaction between island and macroclimate, mycobiont identity 
being only of marginal importance. This finding agrees with previous studies that have reported 
macroclimate as a major driver of genetic variation of photobionts (Beiggi & Piercey-Normore 
2007; Nelsen & Gargas 2009; Fernández-Mendoza et al. 2011; Leavitt et al. 2016; Magain et 
al. 2017). Other studies, however, have suggested a greater importance of mycobiont identity 
(Buckley et al. 2014; Leavitt et al. 2015a; Vančurová et al. 2018; Jüriado et al. 2019). The relative 
importance of both factors can be influenced by the scale of the study. For instance, Pino-Bodas 
& Stenroos (2021) studied the diversity of the photobionts associated with the genus Cladonia 
by Sanger sequencing of the ITS and actin type I genes and found that the relative importance of 
the different factors differed between the two genes. However, when the ITS dataset was trimmed 
to include only the specimens for which actin type I sequences were available (losing mycobiont 
species in the process) the results for both datasets were similar (Pino-Bodas & Stenroos 2021). 
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The importance of the island-macroclimate interaction in our study is congruent with the climatic 
heterogeneity of Macaronesia, as the different islands show marked differences in the vegetation 
assemblages they harbor (del Arco Aguilar & Rodríguez Delgado 2018) but at the same time, due 
to their pronounced orography, close areas can experience radically different climatic conditions 
(Sánchez-Benítez et al. 2017). 

We found no phylogenetic signal in either the specialization parameter d’ or the genetic 
diversity indices tested, suggesting that species specialization toward their photobionts is not an 
evolutionarily conserved trait. Magain et al. (2017) studied patterns of mycobiont specialization 
towards their cyanobionts in the Peltigera section Polydactilon. They found that generalist and 
specialist species were distributed all over the phylogeny proposing that photobiont specialization 
by lichen-forming fungi does not equal to an evolutionary dead-end as it has been proposed for 
other organisms (e.g. Haldane 1951; Nosil & Mooers 2005). Similar results of no phylogenetic 
conservatism in mycobiont specialization towards photobionts has been recently reported by 
Pino-Bodas & Stenroos (2021) for the genus Cladonia. Our results suggest that the R. decipiens 
group species associate with locally adapted photobionts, as do other lichen-forming fungi 
(Blaha et al. 2006; Muggia et al. 2014b; Rolshausen et al. 2018). This is particularly clear in 
R. maderensis, the only species of the group occurring in the Cape Verde archipelago. In Cape 
Verde R. maderensis has performed a photobiont switch and associates predominantly with ASVs 
belonging to Trebouxia C25. Trebouxia C25 has only been found previously in Parmotrema 
aldabrense thalli in Kenya, in a locality near the coast (Muggia et al. 2020). Nothing is known 
about this species physiology but the fact that it occurs mainly in tropical regions as well as all 
other clade C Trebouxia species in Muggia et al. (2020), could be indicative of a physiology 
adapted to higher temperatures and light intensities than those in which T. sp. TR9 thrives.

We have not observed differences neither in identity nor in the abundance of ITS2 reads in 
the photobionts associating with the different species of the R. decipiens group. Because differences 
in identity can be linked with differentiated growth rates and photosynthetic performances at the 
species (Casano et al. 2011) and strain (Determeyer-Wiedmann et al. 2019; Aigner et al. 2020) 
levels we conclude that a partitioning of the trophic niche has probably not occurred during the R. 
decipiens group radiation. This fact, coupled with the marginal importance of mycobiont species 
on photobiont community structure and the geographic structure underlying the bipartite network 
modules, suggest that the photobionts are not a factor driving the R. decipiens group diversification. 
A segregation of the trophic niche is a key driver of adaptive radiation in many other examples 
such as the Darwin finches (Grant & Grant 2008), East African cichlid fishes (Danley & Kocher 
2001), Tylomelania freshwater gastropods (Rintelen et al. 2004), Cyprinodon pupfishes (Martin 
& Feinstein 2014), Tetragnatha spiders (Kennedy et al. 2019) and many others (Gillespie et 
al. 2020). However trophic niche differentiation is not the only factor that can explain adaptive 
radiation. It has been hypothesized that Hawaiian lobeliads have diversified physiologically across 
environments differing in a key resource (i.e. light, Montgomery & Givnish 2008). Recently it has 
been proposed (Gillespie et al. 2020) that symbiotic interactions with microbes could facilitate 
adaptive radiation. Physiological speciation in the R. decipiens group and a study of the species 
associated microbiomes will be explored in forthcoming works.
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CONCLUSION

We have found no evidence for trophic niche segregation in the context of the diversification 
of the Macaronesian endemic species of the R. decipiens group. They do not differ neither in the 
identity nor in the abundance of their photobionts. Thus, we argue that the photobionts are not 
a key factor driving speciation in the group. Instead, Ramalina species appear to associate with 
locally adapted Trebouxia. Algal coexistence was common, but the contribution of the secondary 
photobionts was marginal in most thalli. This opens new questions about the ecological importance 
of algal coexistence.
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ABSTRACT

Lichens are among the autotrophic organisms with the widest ecological limits. The tolerance to 
harsh environments they show is mediated in part by the autotrophic partner of the symbiosis, 
the photobiont. Photobiont species can differ in growth rate, photosynthetic output, response to 
oxidative stress and heavy metal tolerance. However, much less is known about their physiological 
variability at the infraspecific level. Here we study two strains of Trebouxia lynnae (former T. sp. 
TR9) that act as the main photobionts in a group of lichens endemic to Macaronesia. The two 
strains differ in just one nucleotide of the ITS region of the ribosomal cistron but, based on climatic 
differences among the localities in which they have been found, we hypothesize they may have 
different ecophysiological strategies. We explore their performance under different treatments 
of temperature and light intensities, study their dynamics in photochemical performance and in 
photosynthetic pigment composition under a selection of contrasting treatments and characterize 
their ultrastructure by transmission electron microscopy. We found differences between the two 
strains in biomass accumulation, photochemistry, in their content of photoprotective pigments, 
and in their temperature optima. Their behavior is reminiscent of that of the sun and shade 
leaves of plants, with one strain showing higher photosynthetic activity, chlorophyll a/b ratios 
and xanthophyll content and other strain containing higher levels of lutein. The existence of sun 
and shade photobiont strains is of great ecological significance, and may constitute a fine-tuning 
mechanism that allows lichen-forming fungi to occur in environments with different microclimatic 
conditions. 

INTRODUCTION

 Lichens are a textbook example of mutualistic symbiosis. In fact, the very term “symbiosis” 
was coined to refer to these organisms (Frank 1876). Traditionally, lichens have been defined 
as being composed by a fungal partner, the mycobiont, which usually belongs to the phylum 
Ascomycota (Honegger 2008), and at least one photosynthetic partner, the photobiont, which 
is typically a green algae and/or a cyanobacterium (Friedl & Büdel 2008; Sanders & Masumoto 
2021). Also, the old idea of considering the lichen thallus as a miniature ecosystem (Farrar 1976) 
has recently received much attention (Hawksworth & Grube 2020; Lücking et al. 2021; Spribille 
et al. 2022). In this symbiotic associations, the mycobiont (95% of the lichen thallus biomass) 
protects the photobiont from excess irradiation and slows down its dehydration. In return, the 
algae feed the fungus with photoassimilates which then the fungus turns into polyols, which are 
involved in the lichen’s capacity to live in anhydrobiosis, as well as in thallus growth (Spribille et 
al. 2022). In this way, the symbionts are able to conquer habitats that they could not conquer on 
their own. Lichen symbiosis is a very successful association that appears throughout the globe, 
from the tropics to the polar regions (Feuerer & Hawksworth 2007; Galloway 2008). Lichens are 
the dominant vegetation in many polar and subpolar ecosystems (Longton 1988) and can be found 
in such unlikely habitats as inside solid rock (de los Ríos et al. 2005). 
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Two hypotheses have been proposed to explain the broad ecological distribution of some 
lichens. The first one suggests that lichens have a high phenotypic plasticity that allows them to 
acclimate to wide ranges of environmental factors such as moisture, light or temperature. This 
plasticity includes the modification of the thallus morphology, i.e. changes in the cortex thickness 
(Palmer Jr & Friedmann 1990) or in the shape of the thallus itself to make better use of water 
resources (Rundel 1982; Eriksson et al. 2018). But also, lichens can adjust their physiology to the 
local environmental conditions. In this sense, the photosynthesis performance can be modulated by 
changing the light compensation points, photosynthetic rates, chlorophyll content or the number 
of photobiont cells (Sonesson et al. 1992; Sancho et al. 2000; Domaschke et al. 2013; Tretiach 
et al. 2013).  The second hypothesis suggests that lichens can expand their ecological niches and 
geographic distributions by selecting the photobiont better adapted to each environment, by means 
of rare photobiont switches in specialist species (Fernández-Mendoza et al. 2011) or by associating 
with different, locally adapted photobionts throughout their distribution ranges in generalist ones 
(Muggia et al. 2014b). The association with photobionts with different environmental preferences 
would allow lichens to maintain high photosynthetic carbon gains beyond the marginal ranges of 
a single photobiont strain, broadening their ecological niche.  The importance of the photobionts 
in the lichen symbiosis has motivated a profusion of studies aimed at characterizing their diversity 
across mycobiont lineages (Piercey-Normore, 2006; Thüs et al., 2011; Ortiz-Álvarez et al., 2015; 
Pino-Bodas & Stenroos, 2021) and biogeographic regions (Pérez-Ortega et al. 2012b; Werth & 
Sork 2014; Chrismas et al. 2021), as well as exploring its evolutionary and ecological implications 
(Fernández-Mendoza et al. 2011; Muggia et al. 2014b; Ortiz-Álvarez et al. 2015; Dal Grande et 
al. 2018; Blázquez et al. 2022). A common pattern found in these studies is that a single mycobiont 
shows substantially lower genetic variability than associated photobionts, due to the presence of 
multiple photobiont lineages across the mycobiont’s geographic range (Piercey-Normore 2006; 
Yahr et al. 2006; Muggia et al. 2014b). The spatial structure of photobionts associated with a 
lichen host has been documented along latitudinal and altitudinal gradients, suggesting symbiont 
turnover as a result of environmental selection (Rolshausen et al. 2018, 2020; Gasulla et al. 2020; 
Medeiros et al. 2021). Another way in which photobionts may influence lichen ecology is by the 
fact that more than one species of algae can appear simultaneously in a given thallus (Piercey-
Normore 2006; del Campo et al. 2010). This phenomenon has been studied in-depth in the model 
species Ramalina farinacea, that associates with two different Trebouxia species (Casano et al. 
2011), with regional variability on which one of them dominates the photobiont community (del 
Campo et al. 2013; Molins et al. 2021). 

Despite the evidence for the existence of physiological differences across photobiont 
species only a few ecophysiological studies have addressed directly this question. Fernández-
Mendoza et al. (2011) reported that polar and temperate populations of the lichen Cetraria 
aculeata establish symbiosis with two different haplotype groups of Trebouxia jamesii. 
Ecophysiological studies demonstrated that specimens of that species with photobionts from 
the different haplotypes differ in their temperature optimum for photosynthesis, maximal net 
photosynthesis, maximal dark respiration and chlorophyll content (Domaschke et al. 2013). 
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However, although these physiological differences seemed to be due to genetically fixed 
adaptations, the effect of the acclimation to the environmental conditions when the samples were 
collected could not be discarded.  Experiments under controlled conditions are the only way to 
discern whether the physiological behaviour of a lichenised photobiont is due to acclimation or 
is genetically determined. In part, this could be achieved by transplanting thalli to locations with 
known climatic conditions. Ideally, however, this would be done by growing lichen thalli under 
controlled environmental conditions. Unfortunately, attempts at growing lichens in vitro have 
been largely unsuccessful (Ahmadjian 1973; Lobakova & Smirnov 2012; Kono et al. 2020). A 
viable option is to conduct ecophysiological studies by isolating and growing photobionts under 
artificial conditions. Comparative experiments carried out with isolated photobionts from lichens 
growing in Antarctica and in European temperate habitats discovered different photosynthesis 
response to abiotic factors like temperature, freezing, irradiation or desiccation (Sadowsky & 
Ott 2012; Determeyer-Wiedmann et al. 2019). The photobionts isolated from lichens growing in 
harsh Antarctic habitats demonstrated higher tolerance to stressful conditions, such as desiccation 
and freezing, than those of European species from less extreme habitats. Photobiont-specific 
adaptation mechanisms might explain the dominance of clade S Trebouxia in Antarctic lichens. 
Another well-known example of comparative physiological studies are those performed with the 
two Trebouxia species isolated from the lichen R. farinacea, T. jamesii and T. lynnae, the former 
T. sp. TR9 (Barreno et al. 2022). Several experiments have shown that these two algae differ in 
their physiological responses to environmental variables like temperature and irradiation (Casano 
et al. 2011), and abiotic stresses like heavy metal (Álvarez et al. 2015) and oxidative stress (del 
Hoyo et al. 2011). In general, T. lynnae was more tolerant to high temperature, irradiance and 
oxidative stress than T. jamesii. Accordingly, T. lynnae is the dominant photobiont in the thalli of R. 
farinacea growing in warm Canarian habitats while T. jamesii dominates in European continental 
climates (del Campo et al. 2013; Molins et al. 2021). All these experiments with photobionts 
grown under standardised conditions indicate that the response of photobionts to changing 
environmental conditions is based on genetically fixed physiological strategies. Interestingly, the 
physiological variability observed between photobionts of the same lichen occurs at an inter-
specific level (Casano et al. 2011; Determeyer-Wiedmann et al. 2019), but also at an intra-specific 
level (Domaschke et al. 2013; Determeyer-Wiedmann et al. 2019).

In a recent study aimed at characterizing the photobiont diversity of the Macaronesian 
endemic Ramalina decipiens group (Blázquez et al. 2022) we found that two Trebouxia lynnae 
strains vastly dominated the photobiont communities of most thalli, regardless of the Ramalina 
species to which they belonged. These two strains differed in just one nucleotide of the ITS2 region, 
but based on the fact that one of them has only been found in Macaronesia and in Southern Spain 
whereas the other also occurs in Poland and Sweden we speculated that they may have different 
ecophysiological behaviours. This could be linked to the existence of micro-habitats with different 
micro-climatic conditions in the localities, with similar macroenvironmental conditions, in which 
the R. decipiens group species grow. In this study we hypothesize that the two Trebouxia lynnae 
strains we found in Blázquez et al. (2022) do have differentiated ecophysiological behaviours 
despite their great phylogenetic proximity. Our main objective is to characterize the physiological 
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strategies of both strains. For this, we will (i) isolate both strains, confirm their identity by Sanger 
sequencing and expand their molecular characterization, (ii) determine their growth response to 
the temperature and irradiance, (iii) study their photochemical performance through chlorophyll 
fluorescence parameters under contrasting treatments, (iv) quantify their photosynthetic pigments 
under the same treatments and (v) analyse their ultrastructural features by transmission electron 
microscopy.

MATERIALS AND METHODS

Photobiont isolation

 We isolated the two most common photobionts found in Blázquez et al. (2021) from thalli 
of Ramalina krogiae Guissard & Sérus. (coll. num.: Pérez-Ortega 6018 & Pérez-Vargas) collected 
at the margins of road HI-500, on the way up to Sabinar de la Dehesa (27°45’13”N 18°8’39”W, 250 
m asl) and Ramalina decipiens Mont. (coll. num.: Pérez-Ortega 6044 & Pérez-Vargas) collected 
in Sabinar de la Dehesa (27°45’1”N 18°7’36”W, 600 m asl). Both sampling localities are found in 
the island of El Hierro, Canary Islands, Spain. The two Ramalina specimens are deposited in the 
MA-Lichen herbarium (Real Jardín Botánico, Madrid). Thalli were air dried and stored at -20°C 
until photobiont isolation. Both algae were isolated following Gasulla et al. (2010). Isolated algae 
were cultured in 3 × N Bold’s basal medium (BBM3N) supplemented with 2%(w/v) glucose and 
1%(w/v) casein hydrolysate (Ahdmajian 1973) and placed in a growth chamber at 15 °C and 25 
µmol m-2 s-1 photosynthetic photon flux density (PPFD), under a 14 h/10 h light/dark cycle. 

Molecular characterization

 To check whether the isolated algae were the same two predominant strains found in 
Blázquez et al. (2022) we took a small amount of each algal culture with a sterilized toothpick 
and placed it on an Eppendorf tube. Eppendorf tubes were frozen at -80 °C and pulverized using 
TissueLyser II (Qiagen) with two crystal beads. Genomic DNA was extracted using E.Z.N.A.® 
Forensic DNA Kit (Omega Bio‐Tek), following the manufacturer instructions. The entire nuclear 
internal transcribed spacer region (ITS) was amplified using primers ITS1T and ITS4T (Kroken 
& Taylor 2000). We also amplified two additional regions: the nuclear RPL10A using primers 
L10a-F and L10a-R (del Campo et al. 2013) and the plastidial 23SrDNA using primers 23Sps1 
and 23Sps2 (Álvarez et al. 2015). PCR reactions were carried out in a total volume of 15 μL, 
containing 2 μL of template DNA, 1 μL of each primer (10 μM), 6.5 μL of MyTaq™ Red Mix 
(Bioline) and 4.5 μL of distilled water. The amplification program for the ITS consisted of an 
initial denaturation at 94 °C for 2 min; 10 cycles of 94 °C for 1 min, 62 °C for 1 min (decreasing 
0.5 °C each cycle) and 72 °C for 1 min; 35 cycles of 94 °C for 1 min, 57 °C for 1 min and 72 °C 
for 1 min; with a final extension at 72 °C for 7 min. Amplification programs for the remaining two 
markers were identical and consisted of an initial denaturation at 94 °C for 2 min; 40 cycles of 
94 °C for 30 second, 55 °C for 30 seconds and 72 °C for 1 min; 35 cycles of 94 °C for 1 min, 57 
°C for 1 min and 72 °C for 1 min; with a final extension at 72 °C for 7 min. We ran PCR products 
in 1% agarose gels stained with SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific). The 

Chapter 3



143

PCR products were sent to Macrogen Spain (Madrid, Spain) for sequencing. The ITS sequences 
were compared with the Trebouxia sequences reported in Blázquez et al. (2022) through multiple 
sequence alignment in MAFFT v.7.308 (Katoh et al. 2002) as implemented in Geneious® v.9.1.8.

Light and temperature treatments

 We inoculated 1 mg of actively growing algae resuspended in 50 μL of distilled water 
on 2 x 2 cm nylon membranes (Santa Cruz Biotechnology Inc., California, USA) and placed 
on Petri dishes containing BBM3N supplemented with 2% glucose and 1% casein hydrolysate. 
Cultures were grown under a 14 h/10 h light/dark cycle experiencing different combinations of 
temperature and light intensity: 10, 15, 20, 22.5, 25 and 27.5 °C; and 10, 30, 45, 60, 100 and 
150 µmol m-2 s-1 PPFD. After a period of 21 days, we assessed the effect of each treatment on 
biomass accumulation and chlorophyll a fluorescence. Cultures were dark-acclimated for 10 
minutes and chlorophyll a fluorescence was measured with a modulated pulse fluorometer PEA 
(Plant Efficiency Analyser, Hansatech, UK). The maximum photochemical efficiency of both 
algal strains was assessed through the fluorescence parameter variable fluorescence/maximum 
fluorescence (Fv/Fm), which can be understood as the maximum quantum yield of photosystem 
II (Schreiber et al. 1986). We observed that in four treatments; at 25°C (45 and 60 µmol m-2 s-1 
PPFD) and 27.5 °C (10 and 30 µmol m-2 s-1 PPFD); both algal strains did not survive, but one 
strain could endure the experimental conditions longer than the other (Supplementary Figure 
S1). In order to quantitatively characterize this, we stablished new cultures from 10 mg of algae 
and placed them under optimal conditions (20 °C and 30 µmol m-2 s-1 PPFD) for a week. After 
this time, the fluorescence signal was high enough as to be measured with the fluorometer PEA 
through the Petri Plate lid, which allowed to maintain the axenic condition. Cultures were placed 
under the four stressful treatments and Fv/Fm was measured every two days for 21 days. 

Chlorophyll fluorescence measurements

 Nine treatments were selected to generate chlorophyll fluorescence light response curves. 
These consisted of three temperatures (10°C, 20°C and 25°C) and three light intensities under 
each temperature (10, 45 and 150 µmol m-2 s-1 PPFD). The nine treatments were selected because 
they correspond to the minimal technical temperature (10°C) and upper (25°C) ecological 
extremes of both strains, as well as to intermediate growth conditions (20°C). In order to obtain 
enough biomass under the more stressful treatments, all light curves were measured on cultures 
originating from 10 mg of algae. These were first placed under intermediate growth conditions 
(20 °C and 30 µmol m-2 s-1 PPFD) for a week and then were cultured under each treatment for two 
weeks. At the end of the 21-day period, four nylon square membranes were dark-acclimated for 
15 minutes and placed on filter paper moisted with distilled water to maintain the cells in a fully 
hydrated state. Chlorophyll a fluorescence was measured at room temperature using a modulated 
light fluorometer (Dual-PAM, Walz, Effeltrich, Germany). The minimal fluorescence yield (F0) 
was obtained by exciting the algal cells with a weak measuring beam from a light-emitting diode. 
A saturating pulse of 800 ms of actinic light (8000 µmol m-2 s-1 PPFD) was then applied to obtain 
maximal fluorescence (Fm). Variable fluorescence (Fv) was calculated as Fm - Fo. Next, a series of 
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60 s light exposition (15, 22, 31, 62, 104, 175, 225, 348, 540, 834, 1037, 1296, 1603 and 1961 µmol 
m-2 s-1 PPFD) followed by saturating light pulses were applied to determine maximum fluorescence 
yield during actinic illumination (Fm′) and Chl a fluorescence yield during actinic illumination 
(Fs). The parameter F0’ was calculated by a brief interruption (3 s) of actinic illumination in the 
presence of 6 µmol m-2 s-1 PPFD far-red light. The non-photochemical dissipation of absorbed 
light energy (NPQ) was determined at each saturating pulse as NPQ = (Fm - Fm′)/Fm′, following 
Bilger & Björkman (1991). The coefficient for photochemical quenching (qP) was calculated 
as qP = (Fm′ - Fs)/(Fm′ - Fo′), following Schreiber et al. (1986). The parameter qP indicates the 
proportion of primary quinone electron acceptor (QA) that are oxydized, and by definition, the 
fraction of open PSII reaction centers. The quantum efficiency of PSII photochemistry (ΦPSII) was 
estimated as ΦPSII = (Fm′ - Fs)/Fm′, following Genty et al. (1989). The relative electron transport 
rate (rETR) was calculated as ΦPSIIxPPFDx0.84x0.5, following Schreiber et al. (1986).

Analysis of photoprotective pigments and tocopherol

 The same cultures that were grown to measure chlorophyll fluorescence were also used 
to analyse photosynthetic pigments and tocopherols. This was done by UHPLC following the 
method described by Lacalle et al. (2020). Briefly, samples were taken from growth conditions, 
frozen in liquid nitrogen and subsequently lyophilized. Each treatment was represented by three 
or four replicates of approximately ~10 mg of dry mass. Samples were dry pulverized with the 
help of a TissueLyser II (Qiagen) with two 5 mm metal beads (Sourcingmap) and a handful of 
1 mm crystal beads (Sigma-Aldrich), using frozen holders. Once pulverized, a first extraction in 
1 mL of cold (+4 °C) pure acetone was conducted, followed by cold centrifugation (+4 °C) for 
20 minutes. Then, the pellet was resuspended in an additional 1 mL of pure acetone, ran again 
through the TissueLyser II and centrifuged. Both supernatants were mixed and filtered through a 
0.2-µm polytetrafluoroethylene filter (Teknokroma, Barcelona, Spain) before being analysed by 
uHPLC. Photosynthetic pigments were detected with a photodiode detector (Acquity PDA uHPLC; 
Waters) and tocopherols by fluorescence, using a g FLR uHPLC Acquity (Waters) (Lacalle et al. 
2020). Both were identified and quantified by retention time and spectral characteristics, using 
known concentrations of standards (see Fernández-Marín et al. 2018). 

The measured pigments were expressed as ratios per chlorophyll a. Also, three additional 
ratios were calculated: (1) initial xanthophyll cycle pool (VAZ) per chlorophyll a (VAZ/Chl a), (2) 
de-epoxidation index (AZ/VAZ) and (3) chlorophyll a/b (Chl a/b). The VAZ/Chl a and AZ/VAZ 
ratios summarize the level of photoprotection mediated by the xanthophyll cycle. Under an excess 
of light conditions, the protonation of the thylokoidal lumen activates the enzyme violaxanthin 
deepoxidase that convert violoxantin into antheraxantin, and this one into zeaxanthin, a pigment 
that is related with the dissipation of the excess of light energy absorbed by PSII as non-harmful 
heat (Demmig-Adams 1990). The Chl a/b ratio is useful to characterise the structure and function 
of the photosynthetic apparatus, as chlorophyll a is bound to the photosystems I and II, where light 
reaction takes place, whereas chlorophyll b is bound to antenna complex, where light is captured 
(Blankenship & Hartman 1998). A lower Chl a/b ratio can be either the result of an increase in the 
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antenna size to capture more light energy (Thielen & van Gorkom 1981; Melis & Harvey 1981), 
or a decrease in the fraction of PSII capable of photochemistry due to photooxidative stress (Melis 
1999). Previously we explored the usefulness of the total tocopherol/Chl a ratio, but α-tocopherol 
amounted to nearly all tocopherols in our samples and this ratio was discarded. α-tocopherol/Chl a 
was used in its place. α-tocopherol is a lipophilic antioxidant that belongs to the vitamin E group. 
In plants it is located in the chloroplast envelope, plastoglobuli, and thylakoid membranes, where 
it scavenges photosynthesis-derived reactive oxygen species (mainly 1O2 and OH), preventing the 
propagation of lipid peroxidation by scavenging lipid peroxyl radicals in thylakoid membranes 
(Munné-Bosch 2005).

Statistical analysis

 Data on biomass accumulation and Fv/Fm of the different light and temperature treatments, 
chlorophyll fluorescence and photoprotective pigments and tocopherol were analysed by three-
way ANOVAs. In all cases, temperature, light intensity and algal strain were regarded as factors 
and used as explanatory variables. The ANOVAs were computed using the aov function in the 
stats R package (R Core Team 2022). We also calculated Pearson’s correlation coefficient (r) 
between NPQ and all measured pigments. This was done using the cor function of stats. Finally, 
the plasticity index for each measured physiological parameter was calculated as the range of 
variation of each physiological parameter normalized by its maximum value observed across all 
treatments. The plasticity index for biomass and Fv/Fm was calculated only from the values of 
cultures grown under temperatures of less than 22.5 ºC, beyond which the cultures of both strains 
hardly grew. All analyses were performed in R 4.2.1 (R Core Team 2022).

Ultrastructural characterization by electron microscopy

 To assess whether the ultrastructure of both strains differ under contrasting conditions, 
10 mg of algae actively growing under optimal conditions (20 °C and 30 µmol m-2 s-1 PPFD) for 
7 days were transferred to one of the following three experimental treatments: 10, 20 and 27.5 
°C, all under 30 µmol m-2 s-1 PPFD during 7 days. Thereafter, samples for ultrastructural study 
were prepared following de los Ríos and Ascaso (2002). In brief, cultures were initially fixed in 
glutaraldehyde (2·5% v/v in phosphate buffer), then postfixed in osmium tetroxide (1% w/v in 
phosphate buffer) and finally dehydrated in a graded ethanol series (30, 50, 70, 90, 100%) before 
embedding in Spurr’s resin. Ultrathin sections of 70 nm were obtained in a Reichert Ultracut-E 
ultramicrotome and post-stained with lead citrate (Reynolds 1963) before the observation in a 
JEOL JEM-1011 transmission electron microscope. 

 RESULTS

Photobiont isolation and molecular characterization

 Both algal strains were successfully isolated and their identity was confirmed. The strain 
isolated from coll. num.: Pérez-Ortega 6044 & Pérez-Vargas corresponds to the haplotype named 
ASV1 in Blázquez et al. (2022) and the strain isolated from coll. num.: Pérez-Ortega 6018 & 
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Pérez-Vargas to the haplotype ASV2. Sequences of the ITS region had a length of 638 and 667 
base pairs for ASV1 and ASV2, respectively. Blázquez et al. (2022) reported that the two strains 
differed in only one nucleotide of the ITS2. This assessment is now expanded to the whole ITS as 
no further differences were found in the ITS1 and 5.8S regions. RPL10A sequences had a length 
of 837 and 826 base pairs for ASV1 and ASV2, respectively. RPL10A was the region that showed 
more polymorphic loci, with both strains differing in 4 base pairs. 23SrDNA sequences had a 
length of 1133 and 1131 base pairs for ASV1 and ASV2, of which only 1 site was polymorphic. 
Interestingly, the 23SrDNA sequence of ASV2 had a 100% BLAST hit with the chloroplast 
genome of a T. lynnae strain isolated from R. farinacea in Castellón, peninsular Spain (Martínez-
Alberola et al. 2020). None of the electropherograms showed double peaks.

Light and temperature treatments

 We found statistically significant differences in biomass accumulation and Fv/Fm between 
the two strains (Table 1). Both were able to grow under light intensities between 10 and 150 µmol 
m-2 s-1 PPFD and temperatures between 10 and 25 ºC (Figure 1). Overall, ASV1 cultures grew 
better than those of ASV2 at high temperatures (20 and 22.5 ºC). Under these conditions ASV1 
accumulated between 20 (22.5 ºC / 100 µmol m-2 s-1 PPFD) and 145 mg (20 ºC / 45 µmol m-2 
s-1 PPFD), and between 3 % (20 ºC / 150 µmol m-2 s-1 PPFD) and 680 % (22.5 ºC / 45 µmol m-2 
s-1 PPFD) more biomass than ASV2. The performance of ASV2 was better at low temperatures 
(10 ºC and 15 ºC), under which it accumulated between 27 (10 ºC / 30 µmol m-2 s-1 PPFD) and 
209 mg (15 ºC / 150 µmol m-2 s-1 PPFD), and between 7 % (15 ºC / 30 µmol m-2 s-1 PPFD) 
and 358 % (10 ºC / 150 µmol m-2 s-1 PPFD) more biomass than ASV1. At temperatures beyond 
22.5 ºC the cultures of both strains hardly grew, but ASV2 was able to survive under stressful 
treatments (22.5 °C / 150 µmol m-2 s-1 PPFD) while ASV1 was not. We found differences in Fv/
Fm between the two strains. ASV1 had higher Fv/Fm values than ASV2 in cultures grown under 
all temperatures except 10 ºC. These differences were less marked than those in biomass, ranging 
between 0.57 (22.5 ºC / 100 µmol m-2 s-1 PPFD) and 0.75 (15 ºC / 100 µmol m-2 s-1 PPFD), and 
between 0 % (22.5 ºC / 10 µmol m-2 s-1 PPFD) and 46 % (22.5 ºC / 100 µmol m-2 s-1 PPFD) 
more Fv/Fm in ASV1 than in ASV2. The three-way ANOVAs found a significant effect of the 
three variables and all their possible interactions over biomass and Fv/Fm (Table 1). Regarding the 
experimental treatments in which both strains perished, at the beginning of the four Fv/Fm kinetics 
(Figure 2) ASV1 showed Fv/Fm values higher than those of ASV2. Fv/Fm values of both strains 
decreased as the experiment unfolded and rapidly after Fv/Fm values of ASV2 became higher than 
those of ASV1. ASV1 reached Fv/Fm values of zero sooner than ASV2 in the four treatments. The 
plasticity analysis (Table 2) showed that both strains were equally plastic in relation to biomass, 
with negligible differences between them. Regarding Fv/Fm, ASV2 was more plastic than ASV1. 
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Figure 1. Effects of light and temperature on biomass accumulation (left panels) and Fv/Fm (right panels) 
of the two Trebouxia lynnae strains. Red bars correspond to ASV1 and blue bars to ASV2. Y axis limits 
are modified to highlight differences between the two strains. Data are the mean values of ten independent 
replicates with standard errors. 
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Figure 1. (cont.)

Table 1. Results of the three-way ANOVAs conducted on the biomass and Fv/Fm data.

Biomass F value p value

Temperature 1146.33 < 0.001 ***

Light 52.82 < 0.001 ***

Strain 43.62 < 0.001 ***

Temperature x Light 139.64 < 0.001 ***

Temperature x Strain 302.82 < 0.001 ***

Light x Strain 52.41 < 0.001 ***

Temperature x Light x Strain 8.37 < 0.001 ***
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Table 1. (cont.)

Fv/Fm F value p value

Temperature 330.75 < 0.001 ***

Light 105.73 < 0.001 ***

Strain 99.8 < 0.001 ***

Temperature x Light 59.02 < 0.001 ***

Temperature x Strain 41.21 < 0.001 ***

Light x Strain 9.5 < 0.001 ***

Temperature x Light x Strain 4.56 < 0.001 ***

Figure 2. Fv/Fm kinetics in four experimental treatments in which both strains perished before the 21-day 
growth period. Red lines correspond to ASV1 and blue lines to ASV2. Data are the mean values of ten 
independent replicates with standard errors.
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Table 2. Results of the plasticity analysis for all measured physiological parameters: biomass accumulation, 
Fv/Fm, final values of ΦPSII, rETR, NPQ and qP, chlorophyll a/b ratio, VAZ pool, AV/VAZ ratio, neoxanthin, 
violaxanthin, antheraxanthin, lutein, zeaxanthin, β-carotene, total carotenes and α-tocopherol.

ASV1 ASV2 

Biomass 0.9748 0.9588

Fv/Fm 0.2714 0.3650

YII 0.7619 0.9048

rETR 0.7829 0.9071

NPQ 0.7961 0.7703

qP 0.7381 0.7805

Chlorophyll a/b ratio 0.3765 0.4270

VAZ pool 0.5608 0.4764

AZ/VAZ ratio 0.6667 0.6667

Neoxanthin 0.2461 0.5235

Violaxanthin 0.7852 0.5908

Antheraxanthin 0.8937 0.8838

Lutein 0.2927 0.3233

Zeaxanthin 0.8363 0.7024

β-carotene 0.5404 0.4925

Total carotenes 0.3200 0.3012

α-tocopherol 0.8640 0.8546

Chlorophyll fluorescence measurements

We found statistically significant differences between the two ASVs in the four fluorescence 
parameters studied (Supplementary Figure S2, Table 3).  For both strains ΦPSII values decreased 
as the light curves unfolded. Overall, the ΦPSII differed between the two strains, although the 
differences were mild. ΦPSII was generally higher in ASV1 than in ASV2, but in algae grown at 
25 ºC this relation was inverted. It was also inverted at 10ºC and 150 µmol m-2 s-1 PPFD. The 
rETR increased as the light curves were carried out but saturated c. 700 µmol m-2 s-1 PPFD in 
all treatments. We also found differences between strains in this parameter, and they were more 
pronounced than those in ΦPSII. qP values were roughly the same for both ASVs under 10 ºC (all 
light intensities) and 20 ºC (10 and 45 µmol m-2 s-1 PPFD), higher in ASV1 than in ASV2 under 
20 ºC and 150 µmol m-2 s-1 PPFD and higher in ASV2 than in ASV1 under 25 ºC, when ASV1 
was more strongly affected by the treatment conditions. In all cases, differences in qP were less 
pronounced than in the other three parameters. The NPQ values increased with light intensity 
in both strains, reaching maximum values in cultures grown under 150 µmol m-2 s-1 PPFD, but 
the NPQ kinetics were different in the two algae. ASV2 generally showed a more rapid initial 
increase (between 15 PPFD and 540 µmol m-2 s-1 PPFD) and then kept rising at a much slower 
pace, or even remained the same under some low-light treatments (10 ºC / 10 µmol m-2 s-1 PPFD 
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Table 3.  Mean final values (n = 4) of chlorophyll fluorescence parameters of both strains grown at different 
temperatures (10, 20 and 25 ºC) and light intensities (10, 45 and 150 μmol m-2 s-1). Maximum quantum 
yield of photosystem II (ΦPSII), relative electron transport rate (rETR), photochemical quenching (qP) and 
non-photochemical quenching (NPQ). Below are depicted the F values of the three-way ANOVAs and 
their significance, expressed as ns (p > 0.05), * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). Statistical 
significance is highlighted in bold.

Temperature Light Strain ΦPSII rETR qP NPQ

10

10
ASV1 0.204 167.33 0.298 0.228

ASV2 0.197 161.75 0.318 0.208

45
ASV1 0.204 167.43 0.315 0.366

ASV2 0.193 158.08 0.309 0.279

150
ASV1 0.159 130.45 0.391 0.964

ASV2 0.184 151.35 0.404 0.703

20

10
ASV1 0.134 110.30 0.200 0.278

ASV2 0.104 84.98 0.162 0.183

45
ASV1 0.137 112.88 0.221 0.366

ASV2 0.149 121.78 0.241 0.313

150
ASV1 0.125 102.43 0.262 0.454

ASV2 0.105 86.28 0.240 0.266

25
10

ASV1 0.053 43.18 0.124 0.620

ASV2 0.081 66.60 0.189 0.373

45
ASV1 0.000 0.00 0.000 0.352

ASV2 0.005 3.95 0.024 0.269

Temperature 3083.04 *** 2674.06 *** 869.24 *** 40.13 ***

Light 110.50 *** 86.60 *** 80.49 *** 164.45 ***

Strain 0.04 ns 0.00 ns 3.37 ns 78.49 ***

Temperature x Light 144.04 *** 129.61 *** 80.25 *** 86.22 ***

Temperature x Strain 26.33 *** 25.30 *** 10.32 *** 1.00 ns

Light x Strain 6.28 ** 5.44 ** 0.14 ns 11.11 ***

Temperature x Light x Strain 32.04 *** 27.38 *** 5.23 ** 3.32 *

and 20 ºC / 10 µmol m-2 s-1 PPFD). ASV1 had a slower initial increase, but its NPQ values kept 
rising after 540 µmol m-2 s-1 PPFD and at the end of the measurements were always higher than 
those of ASV2. The differences in ΦPSII, rETR and qP between the two strains were influenced 
mostly by the interaction between light and temperature (Table 3). Additionally, qP was also 
affected by temperature alone. On the other hand, differences in NPQ between both algae were 
significant per se, despite also being in part explained by the interaction with light intensity (Table 
3). Regarding the plasticity analysis (Table 2), ASV2 was considerably more plastic than ASV1 in 
ΦPSII and rETR and, to a lesser extent, in qP. ASV1 was more plastic in relation to NPQ.
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Analysis of photosynthetic pigments and tocopherol

 Statistically significant differences between the two strains were detected in all pigments 
(Table 4). ASV1 had higher chlorophyll a/b and AZ/VAZ ratios, as well as higher levels of the VAZ 
pool, antheraxanthin, zeaxanthin, β-carotene and α-tocopherol under all treatments. ASV2, on the 
other hand, had higher lutein levels. Cultures grown under 150 µmol m-2 s-1 PPFD had a greater 
VAZ pool as a consequence of their higher accumulation of violaxanthin and antheraxanthin. 
They also accumulated more α-tocopherol under all temperatures. The chlorophyll a/b ratio 
decreased with temperature in both strains, especially in cultures grown under low and medium 
light intensities. At 10 ºC it decreased in cultures of both strains grown under 150 µmol m-2 s-1 
PPFD, but at 20 ºC this was only observed in ASV1. The three-way ANOVAs (Table 4) showed 
that the main variables governing the amount of pigments were light intensity, that had the highest 
F values in the VAZ pool, violaxanthin, antheraxanthin, lutein and total carotene models, and 
temperature, that had the highest F value in the chlorophyll a/b, neoxanthin, and α-tocopherol 
models. The algal strain was the variable with the highest F value in the β-carotene model. Lastly, 
the interaction between temperature and light intensity was the most important component in the 
zeaxanthin and AZ/VAZ models. Regarding the plasticity analysis (Table 2), ASV2 was more 
plastic in relation to the chlorophyll a/b ratio, neoxanthin and lutein. On the other hand, ASV1 was 
more plastic than ASV2 in relation to the VAZ pool, the AZ/VAZ ratio, violaxanthin, zeaxanthin, 
β-carotene and α-tocopherol. The NPQ values were correlated with the amount of photoprotective 
pigments. These were, for ASV1, violaxanthin (r = 0.68), antheraxanthin (r = 0.50), lutein (r = 
0.79), total carotenes (r = 0.63) and the VAZ pool as a whole (r = 0.56). For ASV2 NPQ values 
were correlated with antheraxanthin (r = 0.63), lutein (r = 0.70), total carotenes (r = 0.70) and 
the VAZ pool (r = 0.66), but not with violaxanthin. Raw data for all pigments is available in 
Supplementary Table S1.

Ultrastructural characterization by electron microscopy

 The algal cells showed the typical ultrastructure of Trebouxia lynnae (Barreno et al. 2022), 
with a large lobate chloroplast and a central single pyrenoid (Fig. 4). No apparent differences were 
found in ASV1 grown at 10 ºC and 20 ºC. In both culture conditions, ASV1 showed vacuoles 
with electron-opaque deposits in the proximity of the chloroplast and accumulated numerous 
cytoplasmic lipid bodies close to the cell membrane (Fig. 4A, 4C). Starch grains were seen 
near pyrenoid regions of ASV1 grown at both temperatures, although they were slightly larger 
when growing at 20 ºC (Fig. 4A, 4C). In ASV1 grown at 27 ºC (Fig. 4E) the starch volume in 
the chloroplast was markedly higher than in cells grown at 10 ºC and 20 ºC (Fig. 4A, 4C). A 
cytoplasm disorganized harbouring big size lipid bodies and an unstructured chloroplast where 
the thylakoids appeared intermixed with the numerous starch grains, were common in ASV1 cells 
grown at 27 ºC (arrows in Fig. 4E and 4G). No ultrastructural differences were detected between 
ASV1 and ASV2 grown at 10 ºC (Fig. 4A, 4B). However, some light differences were found 
between ASV1 and ASV2 grown at 20 ºC; lipid bodies were more numerous in ASV2 and the 
big starch grains observed in ASV1 were not detected in ASV2 (Fig. 4A-D). The ultrastructure of 
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Table 4. Mean values (n = 4) of photoprotection pigments and tocopherol of both strains grown at different temperatures (10, 20 and 25 ºC) and light intensities (10, 
45 and 150 PPFD). Chlorophyll a/b ratio (Chl a/b), VAZ/Chlorophyll a (VAZ, µmol mol-1), AZ/VAZ ratio (AZ/VAZ), neoxanthin/Chlorophyll a (N, µmol mol-1), 
violaxanthin/Chlorophyll a (V, µmol mol-1), antheraxanthin/Chlorophyll a (A, µmol mol-1), lutein/Chlorophyll a (Lut, µmol mol-1), zeaxanthin/Chlorophyll a (Z, µmol 
mol-1), β-carotene/Chlorophyll a (β-carot, µmol mol-1), total carotenes/Chlorophyll a (Tot carot, µmol mol-1) and α-tocopherol/Chlorophyll a (α-toco, µmol mol-1). 
Below are depicted the F values of the three-way ANOVAs and their significance, expressed as ns (p > 0.05), * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). Statistical 
significance is highlighted in bold.

Temp. Light Strain Chl a/b VAZ AZ/VAZ N V A Lut Z β-carot Tot carot α-toco

10 ºC

10
ASV1 4.80 92.78 0.3 75.48 64.56 7.78 243.2 20.44 60.69 487.10 9.78
ASV2 4.44 93.94 0.28 72.53 67.40 6.86 241.33 19.68 54.41 476.42 9.74

45
ASV1 4.79 113.58 0.41 75.40 66.99 11.11 255.28 35.48 70.68 530.62 9.42
ASV2 4.43 97.82 0.32 75.27 66.68 6.11 245.32 25.03 57.69 491.79 8.45

150
ASV1 3.88 156.05 0.45 84.60 85.73 30.96 300.27 39.36 79.33 639.71 12.42
ASV2 3.39 135.95 0.42 89.09 79.38 22.09 321.42 34.49 75.42 640.17 11.00

20 ºC

10
ASV1 4.25 118.76 0.61 79.48 46.91 12.26 270.41 59.59 93.83 584.05 16.43
ASV2 3.61 96.73 0.46 84.45 52.61 6.11 288.16 38.01 85.68 572.53 16.10

45
ASV1 4.50 119.74 0.40 73.44 71.30 17.12 256.2 31.32 82.64 548.95 15.02
ASV2 3.78 106.20 0.32 77.46 72.15 7.83 273.96 26.21 77.48 549.39 15.45

150
ASV1 3.87 154.69 0.41 76.15 90.50 35.68 279.77 28.51 93.64 625.04 18.92
ASV2 3.95 137.17 0.3 68.95 95.73 19.72 286.06 21.72 72.72 584.00 17.85

25 ºC
10

ASV1 3.30 125.53 0.34 70.49 82.68 12.29 265.15 30.56 121.1 597.35 27.89
ASV2 3.24 116.31 0.24 56.89 89.07 4.05 293.57 23.19 79.82 562.03 21.35

45
ASV1 3.32 159.28 0.64 71.96 56.37 27.70 271.31 75.21 99.98 624.71 47.76
ASV2 2.76 109.87 0.49 48.67 56.42 4.89 284.04 48.55 65.32 530.30 11.40

Temp. 717.73 *** 20.77 *** 16.29 *** 287.91 *** 1.25 ns 58.83 *** 18.96 *** 35.77 *** 247.120 *** 60.31 *** 44.94 ***
Light 194.93 *** 298.58 *** 9.60 *** 26.27 *** 105.28 *** 729.28 *** 160.96 *** 12.79 *** 45.80 *** 299.51 *** 1.66 ns
Strain 382.80 *** 137.01 *** 73.13 *** 46.62 *** 0.19 ns 541.42 *** 54.34 *** 53.20 *** 290.04 *** 64.31 *** 13.4 ***
Temp. x Light 88.61 *** 4.62 ** 115.73 *** 58.04 *** 69.06 *** 11.07 *** 59.71 *** 132.61 *** 47.02 *** 75.27 *** 0.55 ns
Temp. x Strain 4.33 * 7.76 ** 4.6 * 86.93 *** 1.48 ns 40.88 *** 9.12 *** 3.69 * 97.38 *** 19.73 *** 20.26 ***
Light x Strain 13.51 *** 11.17 *** 1.19 ns 1.53 ns 4.42 * 50.93 *** 6.45 ** 2.71 ns 0.59 ns 5.52 ** 4.88 *
Temp. x Light x Strain 25.20*** 13.51*** 25.20 *** 13.51 *** 2.9 * 16.14 *** 0.75 ns 10.76 *** 7.52 *** 12.80 *** 8.09 ***
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Figure 4. TEM images of ASV1 and ASV2 algal cells grown at different temperatures. A: ASV1 grown at 
10ºC, B:  ASV1 grown at 20ºC, C: ASV1 grown at 27ºC. D: ASV2 grown at 10ºC, E:  ASV2 grown at 20ºC, 
F: ASV2, grown at 27ºC, G: detail of ASV1 chloroplast, H: Detail of ASV2 chloroplast. L (lipid bodies), 
S (starch grains), P (pyrenoid), EV (vacuoles with electron-opaque precipitates). Arrows note degraded 
thylakoids. All scale bars correspond to 1 μm.
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ASV2 algal cells grown at 27 ºC was markedly different to the rest of the cultures (Fig. 4F). Lipid 
bodies of different size occupied almost the whole volume of the algal cells and the chloroplast 
was constituted by isolated and dispersed groups of thylakoids (arrows in Fig. 4F and 4H). 
Plasmolysed cells were especially frequent in ASV1 and ASV2 grown at 27 ºC (Fig. 4E, 4F).

DISCUSSION 

The results of the present study indicate that the two Trebouxia lynnae strains found in 
Blázquez et al. (2022) have a certain plasticity to acclimate to changing environmental conditions, 
but above all they support the hypothesis that very closely related genotypes can nonetheless have 
constitutive differences in their physiology. The case-study here reported may be of considerable 
importance to improve our current understanding of lichen ecology. The strain that was restricted 
to Macaronesia and southern Spain, ASV1, grew better at high temperatures while the one that 
was also present in Poland and Sweden, ASV2, had a better performance at low temperatures. The 
behaviour of both strains is reminiscent of the response of plants to light intensity, by which “sun 
leaves” are produced under high light and “shade leaves” in low light environments. 

Acclimation to light and temperature

Several studies have reported seasonal cyclic changes in the photosynthetic machinery 
and photoprotective mechanisms of lichen photobionts. Generally, it has been observed that 
chlorophyll concentration decreases and carotenoid concentration increases in lichens during 
the warm and bright spring and summer months. The opposite behaviour is observed when the 
colder and darker days of autumn and winter arrive (Gauslaa & McEvoy 2005; Bjerke et al. 
2005; Vráblíková et al. 2006; Gauslaa et al. 2013; Vivas et al. 2017; Veres et al. 2022). The 
expression of key proteins such as PsbA, PsbS and RbcL, involved in photochemical electron 
transport, dissipation of energy as protecting heat and in CO2 fixation, respectively, can also be 
modified in response to seasonal changes in light and temperature conditions (MacKenzie et 
al. 2001; Schofield et al. 2003). The capacity to modulate the photosynthetic performance and 
photoprotective mechanisms in response to changes in the environment is a genetic adaptation that 
allows lichens to survive to local environmental disturbances. The different species can acclimate 
to the changing environmental conditions (humidity, light) by taking advantage of each season in 
various ways, as formerly documented by Paoli et al. (2017). 

In our experiments, T. lynnae strains showed a limited photoacclimation response to light. 
At 10 ºC, the chlorophyll a/b ratio decreased at high light intensities (150 µmol m-2 s-1 PPFD) 
in both strains, while at 20 ºC this behaviour was only observed in ASV1. The decrease in the 
maximum photosynthesis yield of PSII (Fv/Fm) point to a photoinhibition effect of high light 
intensities due to the inactivation of PSII reaction centers, which also caused the decline in the 
efficiency of PSII (ΦPSII), more evident during the first steps of the light-curves. These results 
indicate that 150 µmol m-2 s-1 PPDF is close to the highest light intensity that T. lynnae photobionts 
can resist. Similar upper light limits of irradiance have been observed in other lichen photobionts 
(Ahmadjian 1967; Casano et al. 2011). Samples exposed to 150 µmol m-2 s-1 PPFD also increased 
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the xanthophyll pigments pool (VAZ) due to the accumulation of violaxanthin and antheraxanthin. 
Accordingly, 150 µmol m-2 s-1 PPFD T. lynnae cultures showed a higher NPQ at the end of light 
curves, which together with a lower photosynthesis yield, may cause the decrease of the apparent 
electron transport rate (rETR). A decrease in the photosynthesis rate and the increase in NPQ 
allowed to maintain the level of photochemical quenching (qP) under all light conditions. Thus, 
acclimation of photosynthesis and photoprotection mechanisms allows to avoid the saturation of 
photosynthesis under high light conditions and thus might prevent photooxidative stress.

The increase in culture temperature caused a decrease of the chlorophyll a/b ratio in both 
T. lynnae strains, more evident in those cultures growing under low and medium light intensities. 
This change in chlorophyll composition was accompanied by a decrease in the photosynthetic 
activity: lower Fv/Fm, yield of PSII and rETR, together with a decline in the maximum 
photosynthesis yield (Fv/Fm). The negative effect of temperature in photochemistry is well-known 
in plants (Bulthuis 1987; Mathur et al. 2014) and also in lichens (Green et al. 2008; Oukarroum et 
al. 2012; Colesie et al. 2018). The heat tolerance of hydrated lichens is lower than that of higher 
plants, although the upper limit varies among lichens from different climates, around 13 ºC for 
artic lichens, 23 ºC for temperate lichens and 35 ºC for tropical lichens (Beckett et al. 2008; 
Tretiach et al. 2012; Colesie et al. 2018). It has been proposed that one of the main factors that 
can limit the assimilation of CO2 at supraoptimal temperatures is the electron transport flux from 
PSII to NADP+ and the net ATP synthesis (Sage & Kubien 2007; Tikhonov & Vershubskii 2020). 
Electron transport flow can be affected by donor side of photosystem II because the inhibition 
of an oxygen evolving complex (OEC) (Strasserf et al. 1995; Strasser et al. 2007), the increase 
of cyclic electron flow around the photosystem I or by acceptor side due to limited ribulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco) and Calvin cycle activity or Pi regeneration 
capacity (Sage & Kubien 2007). Oukarroum et al. (2012) observed that a short immersion (40 
s) of the lichen Parmelina tiliacea in hot water (45 ºC) was enough to inactivate nearly all PSII 
reaction centres by the destruction of OECs. In addition, they observed a non-photochemical 
donation of electrons to the PQ-pool following heat stress in lichens.  Our results support the 
hypothesis of a decay of photosynthetic activity by the heat impairment of PSII activity, but also 
by the saturation of the electron transport chain (ETC) since qP decreased with temperature. It has 
been observed that in isolated lichen photobionts chlororespiration increases with temperature, 
but also in heterotrophic mediums (Gasulla et al. 2019), like in our experiments. The increase 
in the sources of NADH through the plastidial glycolysis might increase chlororespiration and, 
consequently, the reduction of the PQ pool. In addition, the great accumulation of starch in the 
stroma with temperature indicate that the glucose of the medium was used as the main source 
of energy. The enhancement of respiration pathways can produce the accumulation of the final 
products of the light-dependent phase of photosynthesis, NADPH and ATP, that can block the 
linear electron transport flow, with the consequent closure of the PSII reactions centers. Probably, 
in response to the saturation of photosynthesis activity and a possible photooxidative stress, 
T. lynnae accumulated photoprotective pigments, like β-carotenes and xanthophylls, and also 
α-tocopherol. The protective role of these pigments seemed to be effective until 22.5 ºC. Beyond 
this temperature limit T. lynnae strains hardly grew.
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Our results indicate that the photosynthesis and photoprotection acclimation capacity of 
the two T. lynnae strains allowed them to grow in conditions of irradiation from 10 to 150 µmol 
m-2 s-1 PPFD and temperature from 10 to 25 ºC. We found a synergic negative effect of temperature 
and irradiation, probably because both of them resulted in the saturation of photosynthesis and a 
photooxidative stress. The upper limits for T. lynnae strains were set up in 22,5 ºC / 100 µmol m-2 
s-1 PPFD and 25 ºC / 30 µmol m-2 s-1 PPFD, although some differences in the resistance to high 
temperature and light were observed between the two strains. 

Intraspecific variation

Besides their ability to acclimate to changing environmental conditions, T. lynnae strains 
showed differential physiological strategies. ASV1 grew more than ASV2 at high temperatures 
(20 and 22.5 ºC), while the opposite behaviour was observed at low temperatures (10 ºC and 15 
ºC). The optimum growing temperature for in vitro ASV2 cultures was around 15 ºC, whereas 
it seems to be a little lower than 20 ºC for ASV1. These results are consistent with the previous 
study of Casano et al. (2011), who observed that the species Trebouxia sp. TR9, which correspond 
genetically with T. lynnae_ASV2, grew better at 17 ºC than at 20 ºC. At 20 ºC ASV1 displayed a 
better photosynthetic performance (higher Fv/Fm) than ASV2, and also accumulated more starch, 
which indicates that the general metabolism of ASV1 is adapted to higher temperatures than 
ASV2. Accordingly, ASV1 has been found in lichens from Macaronesia and Southern Spain, 
whereas ASV2 has also been detected in lichens from continental Mediterranean forests and in 
Poland and Sweden (Casano et al. 2011; Singh et al. 2017; Ertz et al. 2018; Blázquez et al. 2022). 

In addition, ASV1 has a higher chlorophyll a/b ratio and accumulated more xanthophyll 
and β-carotene, while ASV2 contained more lutein. These differences were maintained during 
all the experiment, independently of the growing temperature and irradiance, which indicates 
that they are genetically fixed physiological parameters. This differential physiological behaviour 
resembles that of sun leaves and shade leaves. Sun leaves of different plant species are adapted to 
high irradiation and therefore exhibit higher photosynthetic rates (Lichtenthaler et al. 2007), and 
contain more photoprotective carotenoids (Lichtenthaler et al. 2007). On the other hand, in shade 
leaves chlorophyll a/b ratio is lower to improve light energy harvesting (Lichtenthaler et al. 1981) 
and contain more lutein, which can allow them to switch rapidly between a photosynthtetically 
efficient state to a photoprotected one (Esteban & García-Plazaola 2014), and thus take advantage 
of brief bursts of high light. The two strains studied herein seem to behave in a similar fashion. 
ASV1 could be considered as the “sun strain” and ASV2 as the “shade strain”. 

Counterintuitively, the sun strain perished sooner than the shade strain in the more stressful 
conditions of high light and temperature despite growing better at 20 ºC and accumulating more 
xantophylls and β-carotene. ASV1 also showed increased photosynthetic and metabolic rates at 
warm temperatures, resulting in the accumulation of starch between the thylakoids that filled 
and deformed the chloroplast over the few days it survived at 27.5 °C. In vascular plants it has 
been observed that the accumulation of non-structural carbohydrates in leaves often represses 
photosynthesis (Krapp et al. 1991; Krapp & Stitt 1995; Jeannette et al. 2000). The high saturation 
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of photosynthesis might lead to an excessive production of reactive oxygen species (ROS, Sharma 
et al. 2012), which could cause progressive oxidative damage and ultimately the sooner death of 
ASV1 cultures. Further experiments are needed to determine if this behaviour also occurs within 
the lichen thallus or if it is due to the artificial growth conditions with the presence of sugar in the 
culture medium. ASV1 also showed lower plasticity of photosynthesis parameters such as Fv/Fm, 
ΦPSII and rETR and chlorophyll a/b ratio, than ASV2, which indicate a lower capacity of ASV1 to 
adapt its photosynthesis machinery to changing environmental conditions. 

To our knowledge, this is the first time in which the sun and shade syndrome has been 
described in isolated lichen photobionts. Previous authors have studied sun and shade populations 
of whole lichen thalli and found differences in the optimum temperature for photosynthesis 
(Kappen 1983), chlorophyll content (Tretiach & Brown 1995; Pintado et al. 2005; Paoli et al. 
2010; Pirintsos et al. 2011), photoprotective carotenoids (Demmig-Adams & Adams III 1992; 
Paoli et al. 2010; Gautam et al. 2011), accumulation of starch grains on the photobiont cells 
(Legaz et al. 1986), water storage (Pintado et al. 2005) and amount of the sun-screening pigments 
produced by the fungus (Legaz et al. 1986) between the sun and shade thalli. In the future it would 
be interesting to compare the ecophysiology of whole thalli from sun and shade populations 
and that of their isolated photobionts. This would allow us to explore the relative importance of 
the algae in the adaptation of the thalli to their micro habitats. The existence of sun and shade 
photobiont strains may have a great ecological significance. At large geographic scales lichens 
can associate with different locally adapted algae, a mechanism that allows the mycobiont to 
expand its distribution (Fernández-Mendoza et al. 2011; Rolshausen et al. 2018, 2020). A similar 
process may be taking place at the local geographic scale, mediated by thallus development. It is 
known that newly stablished lichen thalli associate with a large number of microalgae (Molins 
et al. 2021). As the thallus grows, some species or strains are favoured, ending with a mature 
thallus that typically has a single main photobiont strain (Paul et al. 2018; Molins et al. 2021; 
Blázquez et al. 2022). It is not known what particular factors influence this selection of the main 
photobiont but they must be related with the strains’ ability to contribute optimally to the thallus 
growth (Lücking et al. 2009). In this way, favoring the sun strain in high light micro-habitats and 
the shade strain in low light ones would be highly beneficial to the thallus. It would also explain 
the fact that we repeatedly found ASV1 and ASV2 acting as main photobionts in thalli collected 
in the same localities (Blázquez et al. 2022).

Implications for biodiversity and phylogeographic studies

These results also have implications for how photobiont diversity is studied and recorded. 
On the one hand, if the selection of the sun or shade strains is understood as a fine-tuning to the 
micro-habitat we should use macroclimatic data (e.g. WorldClim, Fick & Hijmans 2017) with 
some caution. These data can be useful at wide geographic scales, but their large cell size (~1 km2) 
can mask microclimatic variability. For example, Gunderson et al. (2018) modelled the ecological 
niches of 16 Anolis species using microclimatic data (measured in situ) or macroclimatic 
data (taken from WorldClim). They found that the niches inferred from the two datasets were 
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correlated, but much of the microclimatic variability was lost when only the macroclimatic data 
was considered. In some cases, the niches derived from the two datasets were clearly different. 
On the other hand, it would be beneficial to include analyses at the ASV level in photobiont 
diversity studies. The data of these studies are usually analyzed at the species or operational 
taxonomic unit (OTU) level, and all strains of a given species are routinely merged. The sun 
and shade strains found in this study differ in just one nucleotide of the ITS, the region that is 
typically used to prospect photobiont diversity (Paul et al. 2018; Molins et al. 2021; Moya et 
al. 2021). The selection of the barcode region may limit our ability to detect closely related but 
physiologically different strains. The two strains here studied would have been indistinguishable 
had we used the ITS1 as barcode instead of the ITS2 (Blázquez et al. 2022). Analyses at the ASV 
level could be an additional layer of information that would help us explore photobiont diversity 
at the intraspecific level, that may be nonetheless ecologically important to the lichens under 
study, especially when working at a local or landscape scale.  Intraspecific trait variability, due to 
plasticity or genetic variability, has been proposed to be a key driver of physiological changes in 
epiphytic lichen communities (Hurtado et al. 2020). Ignoring intraspecific diversity increases the 
variability of functional traits at the species level, which may decrease the possibility of finding 
relationships between lichen photobiont diversity and climatic factors. We support the suggestion 
of Hurtado et al. (2020) that “intraspecific variability should be explicitly incorporated (in 
ecophysiological or phylogeographic studies) to understand the effect of environmental changes 
on lichen communities”.

CONCLUSION

 The two Trebouxia lynnae strains here studied show different ecophysiological strategies 
despite their remarkable phylogenetic closeness. Their behaviour is reminiscent of that of sun and 
shade leaves. ASV1, the “sun strain”, has higher photosynthetic activity, chlorophyll a/b ratios 
and xanthophyll content, while ASV2, the “shade strain”, contains more lutein. Moreover, ASV1 
has a better photosynthetic performance and grows better at relative high temperatures while 
ASV2 does so at lower temperatures. These different physiological responses to temperature 
are less pronounced that those observed between the two Trebouxia species that coexists in the 
lichen Ramalina farinacea (Casano et al. 2011), which probably is related with their adaption 
to macroclimatic conditions. The variable association of the Macaronesian endemic Ramalina 
decipiens group (Blázquez et al. 2022) with different T. lynnae ecotypes may be a fine-tuning 
mechanisms by which lichen-forming fungi adapt to the microclimatic conditions under which 
they grow. Further ecophysiological experiments are needed to corroborate the differential 
behaviour of photobionts in lichen symbiosis.
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SUPPLEMENTARY MATERIAL

The following items can be found in the accompanying CD:

Supplementary Figure S1. Pictures of the cultures of both strains at 27ºC.

Supplementary Figure S2. Light curves showing parameters Y(II), ETR, NPQ and qP of ASV1 (red) and 
ASV2 (blue) grown at 10 °C (10, 45 and 150 μmol m-2 s-1), 20 °C (10, 45 and 150 μmol m-2 s-1) and 25 
°C (10, 45 and 150 μmol m-2 s-1). Data are the mean values of four independent replicates with standard 
deviations, except for ASV1 under 25 °C and 45 μmol m-2 s-1, where only one replicate survived.

Supplementary Table S1. Raw pigment data.
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ABSTRACT

Adaptive radiation is one of the most striking processes evolutionary biologists have studied in 
islands. An adaptive radiation is often sparked by the appearance of an ecological opportunity, 
which can be caused by processes like trophic niche segregation, the evolution of a key innovation 
or the loss of antagonists. Another factor proposed is the composition of microbial communities 
associated with the species undergoing radiation, which could open an ecological opportunity. 
The role these microbes play in adaptive radiation has been partially studied in textbook 
examples, such as the Darwin finches. Here we explore their role in a radiation of lichen-forming 
fungi endemic to the Macaronesian Region, the Ramalina decipiens group. Bacterial diversity 
was quantified by high throughput sequencing of the V1–V2 hyper-variable region of 172 
specimens collected in the three archipelagos where the species occur. Host phylogeny showed 
a significant congruence with the microbial communities, which were mostly comprised of 
Alphaproteobacteria and Acidobacteriia. However, a beta diversity through time analysis revealed 
that this congruence was better explained by divergence among ancient lineages of bacteria, 
pointing to environmental filtering being responsible for the phylosymbiotic pattern instead 
of a host-microbiome co-evolution. These findings are congruent with the combined effect of 
secondary chemistry and mycobiont identity being the main driver of community structure in the 
whole bacterial communities and with the importance of geographic location and macroclimate 
to explain community structure of the core microbial communities. Lastly, we used PICRUST2 
to predict microbiome functionality, but we did not find significant differences between species.  
Altogether, our results suggest that the associated microbiomes are not the radiation’s main driver.

INTRODUCTION

Oceanic islands, those which have never been connected to continental landmasses, 
have attracted the interest of naturalists and evolutionary biologists since the 19th century. Their 
isolation and the smaller size of their biotas compared to continental landmasses make them ideal 
natural laboratories for studying the origin and evolution of biodiversity (Whittaker & Fernández-
Palacios 2007; Warren et al. 2015). One of the most studied evolutionary phenomena on oceanic 
islands are radiations, that is, how a single colonization event diversifies by cladogenesis into a 
collection of species (Gould & Eldredge 1977). Radiations have been divided in adaptive and non-
adaptive (Gittenberger 1991; Schluter 2000; Rundell & Price 2009). In non-adaptive radiations, 
diversification is not accompanied by niche differentiation and gives rise to ecologically similar 
allopatric species (Gittenberger 1991; Rundell & Price 2009). In contrast, adaptive radiations 
are those in which ecological speciation drives diversification, producing ecologically different 
species, either allopatric or sympatric (Schluter 2000). In adaptive radiations species differ in 
traits which show clear correlations with the niche they occupy (Schluter 2000; Givnish 2015). 
Hence, when studying the adaptive nature of a radiation, it is essential to explore the variability 
of functional traits in the species and their correlation with abiotic factors. Textbook examples of 
adaptive radiation have focused on flagship organisms such as the silversword alliance of Hawaii, 
that have diversified colonizing a vast array of habitats including rainforests, bogs and alpine 
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regions (Landis et al. 2018). Silversword species are varied in their physiology and morphology 
(e.g. growth form, rates of transpiration, leaf shape, etc.), and these variations are correlated with 
the habitats in which the species are found (Robichaux 1984; Robichaux & Canfield 1985; Carr et 
al. 1989). Putative radiations have also been reported in less studied organisms (Monaghan et al. 
2006; Parent & Crespi 2009; Simon et al. 2018), but their adaptive nature has rarely been studied 
(Gaya et al. 2015; Blázquez et al. 2022). 

Although the study of adaptive radiations has usually focused on the morphological 
variability of traits presumably related to the performance of the species in a certain environment 
(Pinto et al. 2008; Jønsson et al. 2012), or on physiological traits that denote differences in the use 
of resources associated with certain niches (Givnish et al. 2004), Gillespie et al. (2020) proposed 
that symbiotic interactions with microbes could facilitate adaptive radiation. The rationale behind 
this hypothesis is that specific microbiomes may mobilize previously unobtainable nutrients and 
harness new forms of energy (e.g. Douglas, 2009), helping their hosts colonize an ecological space 
that may otherwise be unsuitable for them. The role of these interactions on adaptive radiations 
could be particularly relevant for lichens, a symbiosis between a fungus and different types of 
microorganisms (i.e., algae, cyanobacteria, other fungi, and various microbes). The bacterial 
communities of the lichen thallus are implicated in numerous functions (Grube et al. 2015; 
Grimm et al., 2021): nutrient supply, including nitrogen fixation and production of aminoacids 
and vitamins (Ellis et al. 2005; Croft et al. 2005; Cardinale et al. 2012a; Almendras et al. 2018), 
growth hormone production (Grube et al. 2009) and resistance against abiotic factors (Grube et 
al. 2015b), pathogens (Cernava et al. 2015b) and toxins (Cernava et al. 2018). 

Microbial communities of closely related species are generally more similar than those of 
more distantly related species (Hacquard et al. 2015), and can even recapitulate the phylogeny of 
their hosts. Such pattern has been termed phylosymbiosis (Lim & Bordenstein 2020) and has been 
found in plants (Yeoh et al. 2017), spiders (Armstrong et al. 2022) and primates (Amato et al. 
2019) but, to our knowledge, it has never been studied in lichen-forming fungi. The mechanisms 
by which phylosymbiosis emerge are not clear (Moran & Sloan 2015; Kohl 2020), although two 
agreed hypothesis are the vertical transmission of microbial communities (Ochman et al. 2010; 
Moeller et al. 2018) and environmental filtering (Moran & Sloan 2015; Mazel et al. 2018). The 
role of associated microbiomes in adaptive radiations has been at least partially explored in some 
of the best studied radiations, such as in the Darwin finches (Michel et al. 2018; Loo et al. 2019a, 
b), the Anolis lizards (Ren et al. 2016) or the African cichlid fishes (Baldo et al. 2017), but so far 
its role in radiations of lichen-forming fungi remains unexplored. 

One of the most striking examples of radiation in lichen-forming fungi is the genus Ramalina 
in the islands of Macaronesia (Pérez-Ortega et al. in prep.). Ramalina has a subcosmopolitan 
distribution, but most of its diversity occurs in five regions: East Africa (Krog & Swinscow 1976), 
Baja California (Bowler & Rundel 1972, 1973), The Andes (Marcano et al. 2021), Australasia 
(Stevens 1987; Blanchon et al. 1996) and Macaronesia (Krog & Østhagen 1980a, b; Krog 1990). 
Macaronesia is a biogeographical region formed by a group of volcanic archipelagos in the North 
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Atlantic; Azores, Madeira, Selvagens, Canary Islands and Cape Verde, as well as by a swath of 
land in continental Africa known as the Macaronesian Enclave (Fernández-Palacios et al. 2011). 
Among the Macaronesian Ramalina, two clades of saxicolous species seem to have diversified 
in parallel, the R. bourgaeana and the R. decipiens groups (Krog & Østhagen 1980a; Spjut et 
al. 2020). The taxonomy of the Ramalina decipiens group has been recently thoroughly studied 
following an integrative approach (Blázquez et al., in prep.). Interestingly, most species are single-
island endemics, but two (i.e. R. decipiens and R. maderensis) are widespread. All are endemic 
to Macaronesia, with the exception of R. maderensis, which has been reported from St Helena 
(Aptroot 2008). This solid taxonomic background and the endemic character of the group makes 
it and excellent system to study the patterns and processes of radiations in lichen-forming fungi 
on oceanic islands (e.g. Blázquez et al., 2022).

On the basis of the many functions that the associated bacterial communities fulfil in the 
lichen symbiosis and the fact that these communities can vary between species (Hodkinson et al. 
2012; Sierra et al. 2020; Grimm et al. 2021), we hypothesize that microbiomes may have played 
an important role in lichen-forming fungi radiations in oceanic islands. To test this hypothesis 
in the Ramalina decipiens group, we specifically address the following questions: (i) does the 
microbiome composition vary among the species of the group? (ii) Are there differences in the 
functional capacities of the microbial communities associated with each species? (iii) Which 
factors drive microbiome diversity and composition? (iv) Is there a phylosymbiotic pattern? And, 
if so, (v) is the phylosymbiosis the result of vertical transmission or of environmental filtering?

MATERIALS AND METHODS

Sampling

  We studied 172 specimens of the R. decipiens group representing the 15 species-level 
lineages reported by Blázquez et al. (in prep.). Seven of them correspond to previously known 
species (Krog & Østhagen 1980a; Krog 1990), six to the newly described species (Blázquez et 
al. in prep.) and two to undescribed lineages, which are here referred to as Ramalina sp. 1 and 
Ramalina sp. 2. The specimens were collected in 48 localities of the seven main Canary Islands, 
the islands of Sal and São Vicente of the Cape Verde archipelago and the islands of Madeira and 
Porto Santo of the Madeira archipelago (Supplementary Table S1). Thalli were collected using 
forceps that had been sterilized with ethanol. Samples were immediately placed on sterile bags, 
dried and frozen at -20°C until DNA extraction.

DNA extraction, amplification and sequencing

 Approximately 20 mg of lichen material were selected for DNA extraction under a Nikon 
SMZ800 stereomicroscope with the help of razor blades and forceps. Tools were sterilized between 
samples using ethanol. Entire laciniae were included in order to capture microbial diversity 
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associated with different zones of the thalli (Grimm et al. 2021). Laciniae showing conspicuous 
biofilms or those colonized by lichenicolous fungi were excluded. Samples were then placed 
into Eppendorf tubes and stored at −80ºC. Frozen samples were pulverized using TissueLyser II 
(Qiagen) with two crystal beads prior to DNA isolation. Genomic DNA was extracted using the 
PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, United States), following 
the instructions of the manufacturer. The V1–V2 hyper-variable region of the bacterial 16S rRNA 
was used as barcode to prospect microbial diversity. We used universal primers 27F and 338R 
(Lane 1991; Fierer et al. 2008) for amplification. PCR reactions were carried out in a total volume 
of 15 μL, containing 3 μL of template DNA, 1 μL of each primer (10 μM), 7 μL of ACCUZYME™ 
DNA Polymerase Mix, 2x (Bioline, Sydney, Australia) and 3 μL of distilled water. PCR settings 
consisted in an initial denaturation at 95ºC for 5 min; 30 cycles of 94ºC for 1 min, 54ºC for 1 min 
and 72ºC for 1 min; with a final extension at 72ºC for 7 min. PCR products were checked in 1% 
agarose gels stained with SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific) and quantified 
using the Qubit dsDNA HS (High Sensitivity) Assay Kit (Thermo Fisher Scientific). Then they 
were pooled in equimolar concentrations and sequenced on a single MiSeq run (Illumina, USA) 
using v2 chemistry and 2 × 250-bp paired-end reads at the RTSF Genomics Core at Michigan 
State University (East Lansing, Michigan).

Sequence processing

  Raw sequences were processed using DADA2 (Callahan et al. 2016b) in R 4.1.1 (R Core 
Team 2022) using the parameters described in Callahan et al. (2016a). In short, DADA2 takes a set 
of demultiplexed paired-end fastq files, filters the sequences based on their quality and length and 
assembles them into amplicon sequence variants (ASVs) taking sequencing errors into account. 
We removed chimeric ASVs and assigned taxonomy to the remaining ones with the functions 
assignTaxonomy and addSpecies of DADA2 using the SILVA 132 database (Quast et al. 2013) as 
reference. We generated rarefaction curves using the rarecurve function of the vegan R package 
(Oksanen et al. 2012). We obtained 8,442,731 raw reads (min = 953, mean = 46,937 and max = 
70,066), of which 1,976,254 passed DADA2 quality filter (min = 101, mean = 11,228 and max = 
39,279) and clustered into 3,920 ASVs. After removing ASVs corresponding to chloroplasts and 
mitochondria, those that were not identified as Bacteria in the SILVA database, and those present 
in less than 1% of the samples 1,798,461 reads belonging to 586 ASVs remained (Supplementary 
Table S2). Rarefaction curves indicated that a sequencing depth of 2,000 reads was enough to 
capture the microbial communities of the thalli (Supplementary Figure S1). 33 samples belonging 
to seven species (R. decipiens, R. erosa, R. fortunata, R. hamulosa, R. maderensis, R. nematodes 
and R. sabinosae) were removed because their sequencing depth was below this threshold. An 
additional sample (M134) was also dropped because it harboured an abnormally large number of 
ASVs.
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Alignment and phylogenetic relationships

 We aligned the remaining ASVs using SINA (Pruesse et al. 2012) and removed the 
hypervariable regions in Gblocks (Castresana 2000; Talavera & Castresana 2007) selecting 
settings for the least stringent selection available (ran on a webserver: http://molevol.cmima.
csic.es/castresana/Gblocks_server.html). In order to mitigate the uncertainty derived of using 
short sequences for phylogenetic inference we constrained the tree topology at the phylum and 
class levels to reflect ASV taxonomy, based on the SILVA database. The phylogenetic analysis 
was carried out in BEAST 1.8.1 (Suchard & Rambaut 2009; Drummond et al. 2012). We used 
a lognormal uncorrelated relaxed clock and the substitution model GTR+I+G. The Tree Prior 
“Speciation: Birth-Death” was selected. A randomly generated tree was used as the starting point. 
The analysis was set to run for 2 x 108 generations sampling every 20,000 steps. The phylogenetic 
tree was time calibrated using secondary calibration, implemented with normal priors to calibrate 
the nodes. We established seven calibration points at the phylum level and two at the class 
level based on the crown ages reported by Marin et al. (2017) for the origin of Acidobacteria 
(2,750 Mya), Actinobacteria (1,400 Mya), Alphaproteobacteria (1,850 Mya), Bacteroidetes 
(1,500 Mya), Cyanobacteria (2,100 Mya), Firmicutes (2,400 Mya), Fusobacteria (2,500 Mya), 
Gammaproteobacteria (1,700 Mya) and Planctomycetes (1,650 Mya). The sampled population 
of trees was processed with TreeAnnotator v.1.8.1 (http://beast.bio.ed.ac.uk/treeannotator) with a 
50% burnin to generate an annotated maximum clade credibility tree. The post-burnin population 
of 5,000 trees was kept to take phylogenetic uncertainty into account in downstream analyses. 
The BEAST analysis was performed in the Trueno cluster facility of the SGAI-CSIC. 

Microbiome characterization

 We combined the ASV table, the taxonomy and the phylogenetic tree of the ASVs in 
a single phyloseq (McMurdie & Holmes 2013) object. Taxonomic profiles of the microbial 
community of each sample were produced at the class level using the functions transform, 
aggregate_rare and plot_composition on the raw phyloseq object in the microbiome R package 
(http://microbiome.github.io). ASVs forming the strict (i.e. ASVs appearing in all the samples 
of a given species, Risely, 2020) and relaxed (i.e. ASVs appearing in at least half the samples of 
a given species) core microbiomes of the species were assessed using the core function of the 
microbiome R package for those species represented by at least four samples. For visualization 
we produced a heatmap with the function plot_heatmap of the phyloseq R package. Alpha-
diversity metrics, more specifically ASV richness, inverse Simpson diversity, Shannon diversity, 
Pielou’s Evenness, Faith’s phylogenetic diversity (PD, Faith, 1992) and the standardized effect 
size of PD (sesPD) were calculated using the function alpha of the microbiome R package and 
pd and ses.pd of the picante R package (Kembel et al. 2010). sesPD was calculated with the 
null model “taxa.labels” and 9,999 permutations. Richness, PD and sesPD were calculated 
from a rarefied phyloseq object that was generated using the function rarefy_even_depth of the 
phyloseq R package. Inverse Simpson diversity, Shannon diversity and Pielou’s Evenness were 
calculated from a phyloseq object in which we transformed the raw ASV abundance into relative 
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abundance using the function phyloseq_standardize_otu_abundance of the metagMisc R package 
(Mikryukov 2019) with the method “total”. To take phylogenetic uncertainty into account, PD 
and sesPD were calculated for 100 randomly selected trees of the post-burnin population. To 
test the statistical significance of the observed differences we computed an ANOVA followed 
by a post-hoc Nemenyi’s non-parametric all-pairs comparison test for each of the indices using 
the functions aov of the stats R package (R Core Team 2022) and kwAllPairsNemenyiTest of the 
PMCMRplus R package (Pohlert 2018), respectively. In order to explore if the composition of the 
microbial communities was different across the Ramalina species a non-metric multidimensional 
scaling (NMDS) ordination based on the Bray-Curtis distance was computed using the functions 
transform_sample_counts and ordinate of the phyloseq R package. The same approach was used 
to explore compositional differences in the ASVs forming the relaxed core microbiomes of the 
Ramalina species represented by at least four samples. The statistical significance of the observed 
differences was tested by analyses of similarities (ANOSIM, Clarke, 1993) using the anosim 
function of the vegan R package with 9,999 permutations. Additionally, we used PERMDISP 
(Anderson 2006), implemented in the function betadisper of vegan, in order to determine 
if the dispersion of the whole microbial communities and the ASVs forming the relaxed core 
microbiomes differed across species. The phyloseq object with ASV relative abundance was used 
to compute the NMDS, ANOSIM and PERMDISP. 

Functional prediction

 To explore the functionality of the bacterial communities associated with the different 
species of the group, we used a functional prediction implemented in PICRUST2 (Douglas et 
al., 2020). Briefly, PICRUST2 places ASVs into a reference genomic tree of 20,000 bacterial and 
archaeal species (Markowitz et al. 2012) and uses this information to predict the ASVs genomes. 
The functional prediction is derived from the gene-family copy numbers assigned to each ASV. To 
summarize the PICRUST2 output, first, we identified the metabolic pathways in which the species 
differed significantly. This was done by ANOVA in Statistical Analysis of Metagenomic Profiles 
(STAMP, Parks et al., 2014). Only the species that were represented by more than two specimens 
were used in this step. The remaining species were dropped from the following analysis. The 
values of these pathways for every specimen were then standardized and included in a principal 
component analysis (PCA), which was computed using the prcomp function in the stats R package 
(R Core Team 2022). The coordinates of the specimens in the first two principal components were 
extracted and used as synthetic trait values. Finally, these two synthetic values were used to 
explore interspecific differences in bacterial functionality. This was done by ANOVA, which was 
computed using the aov function of the stats R package (R Core Team 2022).  

Factors driving microbiome community structure

 The relative importance of different factors over the structure of the bacterial communities 
was explored by distance-based redundancy analysis (dbRDA, Legendre and Anderson, 1999). 
We calculated an abundance-weighed phylogenetic UniFrac distance-based dissimilarity 
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matrix (Shankar et al. 2017) in the phyloseq R package. We used a phyloseq object with ASV 
relative abundances, calculated using the function phyloseq_standardize_otu_abundance of the 
metagMisc R package, to compute the dissimilarity matrix using the function UniFrac of the 
phyloseq R package. The dissimilarity matrix was used as the response matrix for the dbRDA. We 
used four explanatory matrices: 1) the first matrix corresponded to the islands where the samples 
were collected, 2) the second consisted in the Ramalina species to which they belonged, 3) the 
third corresponded to the main lichen substance present in the thalli (salazinic acid, lecanoric 
acid, protocetraric acid, divaricatic acid or 4-O-demetilbarbatic acid) and 4) the fourth included 
macroclimate information based on five variables downloaded from WorldClim (Fick & Hijmans 
2017): precipitation (mm), average temperature (°C), wind speed (m s-1), solar radiation (kJ m-2 
day-1) and water vapour pressure (kPa). As in previous studies (Blázquez et al. 2022), we used 
these variables instead of the commonly used bioclim variables because those are solely based 
on temperature and rainfall and do not include information on other factors that are important 
to lichens, such as solar radiation or water vapour pressure. We downloaded all layers of each 
variable (one for every month of the year) at a resolution of 30 seconds (~1 km2). Then, they 
were merged into year averages using the calc function of the raster R package (Hijmans et al. 
2015). Variable values for each sample were calculated based on their geographic coordinates 
using the function extract from the raster R package. Prior to the calculation of the dbRDA we 
checked for correlation between the macroclimatic variables. For this, we calculated a Spearman 
correlation matrix that was used to produce a correlation hierarchical cluster plot with the absolute 
correlation values. Precipitation and water vapour pressure were dropped as they were correlated 
with solar radiation and average temperature, respectively. Lastly, we checked the normality of 
the remaining variables by visual inspection of their histograms. Histograms were generated with 
the hist function of the stats R package (R Core Team 2022). Solar radiation was not normal and 
was log-transformed. dbRDA was calculated with the dbrda function of the vegan R package. 
Variance partitioning between the four explanatory matrices was calculated using adjusted R2. 
Statistical significance of the adjusted R2 was assessed for each fraction with a permutation based 
anova test with 2000 permutations. This was done using the functions varpart and anova.cca of 
the vegan R package. Significance of the dbRDA as a whole was also assessed with a permutation 
based anova test with 2000 permutations, this time with the function anova. The whole analysis 
was repeated using the phyloseq object containing the relative abundances of the ASVs belonging 
to the relaxed core microbiomes of the nine Ramalina species represented by at least four samples. 
Venn diagrams were plotted to visualize variance partitioning.

Assessing phylosymbiosis

 We used the Procrustean approach to co-phylogeny (PACo, Balbuena et al., 2013) to 
explore if there was a phylosymbiotic pattern between the Ramalina species and their microbiomes. 
PACo was originally conceived to detect co-evolution patterns in host-parasite studies. Here, 
the microbial communities are treated as the parasites and are compared with the phylogeny 
of the R. decipiens group produced by Blázquez et al. (in prep.). The Ramalina phylogeny was 
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transformed into a distance matrix using the cophenetic function of the stats R package (R Core 
Team 2022). We used an abundance-weighed phylogenetic UniFrac distance-based dissimilarity 
matrix, calculated as in previous sections from a phyloseq object with the relative abundance 
of the ASVs, as the microbiome distance matrix. PACo was ran on these matrices using the 
functions prepare_paco_data, PACo and paco_links of the paco R package (Hutchinson et al. 
2017). Statistical significance of the analysis was calculated with 10,000 permutations. To take 
phylogenetic uncertainty into account, both for the Ramalina species and their microbiomes, 
PACo analysis was replicated 100 times with randomly selected trees from the post-burning tree 
populations of the Ramalina species and the bacterial ASVs. The correlation coefficient r was 
calculated as r = (1-ss).

To further explore the cause of the phylosymbiosis between the Ramalina phylogeny 
and their microbial communities we carried out beta diversity through time analysis (BDTT, 
Groussin et al., 2017). BDTT samples the bacterial phylogeny at user defined time intervals 
and provides a correlation profile between the diversification of the bacterial taxa and a user 
defined variable for each time interval. This methodology was developed to try to differentiate 
between several processes that could generate congruence between the phylogeny of a host and its 
associated microbial communities – co-evolution of both partners or phylogenetically correlated 
environmental filters. A BDTT profile showing high correlation coefficients at recent times and 
low correlation further back in evolutionary time is indicative of recent bacterial diversification 
being responsible for the congruence between the variable and the microbial communities. 
Alternatively, BDTT profiles showing high correlation back in time indicate that ancient bacterial 
lineages are driving the observed correlation. It is important to note that the BDTT profiles 
expand far beyond the diversification of the Ramalina decipiens group itself (around 3 Mya, 
Pérez-Ortega et al. in prep.). Hence, BDTT can be used to discern if the putative correlation 
between the bacterial phylogeny and the Ramalina species is explained by more ancient or more 
recent bacterial evolution. The former would point to environmental filtering, while the later to 
co-evolution. We calculated BDTT as described in Groussin et al. (2017). Briefly, we sliced the 
bacterial phylogeny in units of 10 Mya and computed BDTT using a phyloseq object with the 
relative abundance of the ASVs, which we obtained with the function phyloseq_standardize_
otu_abundance of the metagMisc R package. This was done using the R function BDTT provided 
in the BDTT original paper (Groussin et al. 2017) using the Bray-Curtis distance. Then, we 
calculated the correlation between BDTT and three explanatory variables (mycobiont identity, 
island and chemistry) through PERMANOVA. This was done using the adonis function of the 
vegan R package.

RESULTS

Microbiome characterization and functional prediction

 The 586 ASVs belonged to 20 classes (Fig. 1), the most common being Alphaproteobacteria 
(71.57% of the reads) and Acidobacteriia (23.35%). 20 ASVs belonging to four classes were found 
to be part of the strict core microbiome of the nine species represented by at least four samples. 
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Only 4 of these (ASV3, ASV7, ASV8 and ASV11) were part of the core microbiome of more 
than one species. The median number of ASVs in the strict core microbiomes was 1. The two 
widespread species, Ramalina decipiens and R. maderensis, did not have strict core microbiomes. 
On the other hand, Ramalina sampaiana had a strict core microbiome comprised by 13 ASVs, 
some of them belonging to families not present in the strict core microbiomes of the other species, 
specifically Beijerinckiaceae, Caulobacteraceae and Isosphaeraceae. 58 ASVs belonging to five 
classes were found to be part of the relaxed core microbiome of the nine species (Fig. 2). No ASV 
belonged to the core microbiome of all species.  All core microbiomes were mostly comprised by 
ASVs belonging to the families Acetobacteraceae (Proteobacteria), Acidobacteriaceae (subgroup 
1, Acidobacteria) and Propionibacteriaceae (Actinobacteria). The median number of ASVs 
in the relaxed core microbiome of the species was 9. The least diverse was that of Ramalina 
maderensis, with just four ASVs. On the other hand, Ramalina sampaiana harboured a relaxed 
core microbiome comprised by 43 ASVs, many of them belonging to genera not present in the 
core microbiomes of the other species. These were Terriglobus (Acidobacteriaceae subgroup 1) 
and unidentified genera belonging to the families Acidobacteriaceae subgroup 1 (Acidobacteria), 
Caulobacteraceae (Proteobacteria), Beijerinckiaceae (Proteobacteria) and Rickettsiaceae 
(Proteobacteria). 

We found alpha diversity differences between the bacterial communities of the Ramalina 
species (Fig. 3, Table 1). The post-hoc tests (Supplementary Table S3) revealed that this had 
its origin in differences between Ramalina sampaiana and/or R. maderensis and other species. 
Despite ANOVA showing statistically significant differences between species phylogenetic 
diversity, the post-hoc test did not find supported differences between them. The NMDS ordination 
plots (Figure 4) showed differences in the structure of bacterial communities associated to each 
Ramalina species. This pattern is somewhat obscured by the high intraspecific variability of 
Ramalina maderensis and R. decipiens, the two species of the group with the largest distribution 
ranges. This pattern was observed analysing the whole bacterial communities (Fig. 4a) as well as 
the relaxed core microbiomes (Fig. 4b). The existence of differences in community composition 
between species was statistically confirmed by ANOSIM results, both for the whole bacterial 
community (R = 0.245, p < 0.001) and for the ASVs forming the relaxed core microbiomes (R = 
0.262, p < 0.001). Differences in bacterial community dispersion between Ramalina species were 
statistically confirmed by PERMDISP in the whole communities (F = 7.652, p < 0.001), and in 
the relaxed core microbiomes (F = 4.633, p < 0.001). 

Table 1. ANOVA results for the alpha diversity indices. *P < 0.05, **P < 0.01, ***P < 0.001.

F p
ASV richness 2.968 <0.001***
Pielou's evenness 3.349 <0.001***
Inverse Simpson diversity 3.539 <0.001***
Shannon diversity 2.787 0.0012**
PD 2.021 0.0212*
sesPD 6.101 <0.001***
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Figure 1. Taxonomic profiles at class level of the bacterial communities found in the Ramalina decipiens 
group species. A) Mean relative abundance of the bacterial classes across all samples of each species 
adjoining an ultrametric phylogenetic tree depicting the relationships between them (modified from 
Blázquez et al. in prep.). The number of samples of each species is depicted alongside its name. B) Relative 
abundance of the bacterial classes in individual thalli, grouped by species.
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Figure 2. Heatmap depicting the taxonomy and abundance of the bacterial ASVs that comprised the relaxed 
core microbiome (i.e. ASVs appearing in at least half the samples) of the nine Ramalina species represented 
by more than four samples. ASVs belonging to the core microbiome of each species are highlighted in 
yellow.

Figure 3. Boxplots representing the six alpha-diversity metrics (ASV richness, inverse Simpson diversity, 
Shannon diversity, Pielou’s Evenness, PD and sesPD) for each Ramalina species. Species occurring in one, 
two or three archipelagos are shown in green, yellow and orange, respectively.
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Figure 4. NMDS ordination plots based on Bray-Curtis dissimilarity matrices for (a) the whole bacterial 
communities and (b) the ASVs belonging to the relaxed core microbiome of the nine Ramalina species 
represented by at least four samples.

 

Functional prediction

PICRUST2 identified 342 metabolic pathways in the bacterial communities associated 
with the R. decipiens group species (Supplementary Table S4). Of these, 185 differed significantly 
between Ramalina species. The first two principal components of the PCA computed with 
these pathways explained 51.55 % and 11.77 % of the total variance, respectively. All species 
overlapped in the two principal components (Fig. 5) although, interestingly, R. sampaiana showed 
less dispersion than the other species. However, ANOVA did not find statistically significant 
differences in the overall functionality of the bacterial communities, neither in the first (F = 1.385, 
p = 0.109) nor in the second (F = 1.844, p = 0.075) principal components.

Factors driving microbiome community structure

  The dbRDA analysis (Fig. 6, a) explained 33% of variance, showing that the main driver 
of bacterial community structure was the combined effect of chemistry and mycobiont species (F 
= 1.895 with a p = 0.001). Considering the possibility that this pattern was an artefact caused by 
the chemical variability of R. maderensis, which shows four different chemotypes and is the most 
represented species in the study, we repeated the analysis excluding Ramalina maderensis and 
the pattern remained (data not shown). The dbRDA conducted over the standardized phyloseq 
object containing the ASVs forming the relaxed core microbiome of the species represented by 
at least four samples returned a F = 2.920 with a p = 0.001. Its constrained axes explained 38% 
of the variance in ASV communities. The variance partitioning pattern was different to the one 
in the former case (Fig. 6, b). There was not a single driver of bacterial community composition, 
as the most important effects where those of the combination of two or even three variables. The 
combined effect of chemistry and mycobiont identity remains, but its importance is surpassed by 
that of other variables.
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Figure 5. Overall functional diversity of the bacterial communities associated with the R. decipiens group 
species. Boxplots show the coordinates of the studied specimens in the (a) first and (b) second principal 
components of the PCA computed from the 185 metabolic pathways predicted by PICRUST2 in which 
there where interspecific differences.

Figure 6. Venn diagram showing variance partitioning between the combined and simple effects of the 
variables included in the dbRDAs (chemistry, island, macroclimate and mycobiont identity) over bacterial 
community structure in (a) the whole communities and (b) the ASVs belonging to the relaxed core 
microbiome of the nine Ramalina species represented by at least four samples. The explained variation 
indicated are the adjusted R2 values. Values < 0 not shown. *P < 0.05, **P < 0.01, ***P < 0.001.

Assessing phylosymbiosis

 PACo analysis detected a significant correlation between the phylogenetic distances 
between Ramalina thalli and their microbiome communities (r = 0.66 ± 0.10, p = 0.020 ± 0.019; 
values here reported are the means and standard deviations across the 100 replicates). Thus, a 
phylosymbiotic pattern does exist. BDTT profiles showed that ‘Mycobiont identity’ was the 
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Figure 7. Beta diversity through time analysis. Profiles show the correlation between the pairwise Bray 
Curtis dissimilarities of the microbial communities determined by time slices every 10 Mya. Bold lines 
are the mean values across 100 randomly selected phylogenetic trees and envelopes represent standard 
deviations. 

variable that most strongly correlated with the beta diversity (Fig. 7). Its correlation coefficient 
was always above R2 = 0.20, and increased steadily to the present, raising above R2 = 0.30 around 
300 Mya. ‘Island’ was the second most correlated variable, but its profile was different to that of 
‘Mycobiont identity’. It kept almost constant R2 values c. 0.18 until around 600 Mya, when it 
spiked and almost reached R2 = 0.30 at around 100 Mya. Afterwards it decreased until the present. 
The BDTT profile for ‘Chemistry’ shows the overall lowest values of R2. It kept R2 values c. 0.10 
until around 100 Mya, when it spiked and reached R2 = 0.15 at present dates.

DISCUSSION 

 We explored the role of the associated microbiomes in the radiation of the Ramalina 
decipiens group. According to our knowledge, this is the first time that the associated microbial 
communities have been analysed within the evolutionary framework of an island radiation 
in lichen-forming fungi. The microbiomes of the 15 species of the group were dominated by 
Alphaproteobacteria and, to a lesser extent, by Acidobacteriia. Alphaproteobacteria is the dominant 
bacterial class in many genera of lichen-forming fungi, such as Cladonia (Noh et al. 2020), Lobaria 
(Grube et al. 2015b), Parmelia (Bates et al. 2011), Peltigera (Leiva et al. 2021) or Rhizoplaca 
(Bates et al. 2011). The fact that Acidobacteriia is the second most abundant bacterial class in the 
R. decipiens group is in agreement with previous studies that found that the microbiomes of some 
saxicolous lichens, such as Ophioparma (Hodkinson et al. 2012) and Umbilicaria (Greshake 
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Tzovaras et al. 2020), were dominated by this class. Also, some specimens of R. decipiens, R. 
maderensis, R. nematodes and R. pluviariae harboured a significant proportion of Actinobacteria, 
that even became the dominant class in some of them. A relatively high presence of Actinobacteria 
has also been reported in Peltigera frigida (Leiva et al. 2021) and the bacterial communities of the 
intertidal Hydropunctaria maura are dominated by this class (Bjelland et al. 2011). Actinobacteria 
are known for their antimicrobial activity (Barka et al. 2015; Liu et al. 2017), and some species 
isolated from lichens are able to produce bioactive compounds (e.g. Davies et al., 2005; Cernava, 
Aschenbrenner, et al., 2015; Parrot et al., 2015), which suggest that Actinobacteria may have a 
role in defence against pathogens or in the balance of microbial communities within the thallus 
(Sierra et al. 2020). 

We found highly reduced or even non-existent strict core microbiomes and reduced 
relaxed core microbiomes associated with the species of the R. decipiens group. Whereas some 
lichens analysed harbour a relatively stable core microbiome (e.g. Lobaria pulmonaria, Eymann 
et al. 2017), others do not (e.g. Cladonia stellaris, Alonso-García & Villarreal Aguilar 2022). 
These differences could be related with the predominant reproductive strategy. Aschenbrenner 
et al. (2014) discovered that the asexual propagules of Lobaria pulmonaria harbour bacterial 
communities largely similar to those of whole thalli. They argued that these bacteria acted as a 
‘starter community’ in the development of the thallus microbiome, which could be linked with 
the fact that distant Lobaria pulmonaria populations share a core microbiome. The asexual 
propagules of Lobaria pulmonaria are isidia and/or soredia, which contain both fungal and 
algal cells, whereas in most of the Ramalina decipiens group species asexual reproduction is 
mediated by conidia, which are asexual spores of the fungus. This difference in the type of asexual 
propagules, together with the fact that many of the species of the R. decipiens group reproduce 
sexually, could explain the fact that their core microbiomes are formed by a rather low number 
of ASVs. This result would be congruent with the fact that species in which the co-dispersion 
of both symbionts is predominant tend to show higher levels of specialization towards their 
photobionts than sexually reproducing species (Steinová et al., 2019) although the environment 
may modulate the relationships (Berlinches et al. in rev.). The strict and relaxed core microbiomes 
were comprised by ASVs belonging to the families Acetobacteraceae (Endobacter, Acidiphilum 
and an unidentified genus) and Acidobacteriaceae subgroup 1 (Acidipila and Bryocella). This 
could be related with the substrate on which the species of the R. decipiens group occur: acidic 
volcanic lavas. Bates et al. (2011) found that Acetobacteraceae were fairly dominant in species of 
Parmelia, Rhizoplaca and Umbilicaria collected from acidic rocks. Acidobacteriaceae occur in 
all manner of acidic environments, from Sphagnum peat to uranium-contaminated soils (Campbell 
2014).

Regarding the functional prediction, we did not find significant differences in the functional 
variability of the overall microbial functionality associated with the R. decipiens group species, 
despite the existence of differences in individual metabolic pathways. Such result could be due 
to the phenomenon of functional redundancy, where communities have similar functional spaces 
(Allison & Martiny 2008; Louca et al. 2018). However, the case of R. sampaiana is intriguing. 
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This species harbours the most diverse core community of the group, containing ASVs belonging 
to genera that are not present in the core microbiomes of the other species and, despite ANOVA 
did not find differences between its microbiome functionality and those of the other species, R. 
sampaiana shows a more reduced dispersion in the PCA. This would imply that the functional 
space of the R. sampaiana microbiome is particularly homogeneous, perhaps being subject to a 
specific environmental filter at the functional level. However, since we predict overall metabolic 
potential but not actual activity, we cannot rule out functional diversity that we have not been able 
to quantify in our study, requiring to obtain metagenomic, proteomic, or metatranscriptomic data 
(see Grube et al., 2015).  

 We found differences in the composition of the microbiomes associated with each 
species of the group, as well as in all the alpha diversity indices. ‘Mycobiont species’ was the 
only variable that had a simple effect on the structure of the bacterial communities and, together 
with ‘secondary chemistry’, were the main drivers of community structure. Also, ‘island’ and 
‘macroclimate’ influenced the structure of the bacterial communities only through their combined 
effect with chemistry and mycobiont species. Alonso-García and Villarreal Aguilar (2022) 
found that geography was the key factor behind the structure of the microbial communities 
associated with Cladonia stellaris. Likewise, Cardinale et al. (2012b) found that the diversity of 
Alphaproteobacteria associated with Lobaria pulmonaria was mainly explained by geography, 
while the diversity of Burkholderia and the nitrogen fixers was explained by the local habitat. 
The preponderant role of geography has also been reported by other authors (Hodkinson et al. 
2012; Printzen et al. 2012), however it is likely that the effect on community composition exerted 
by intraspecific differences among  populations of the same species cannot be compared with the 
effect produced by different species.

A plethora of studies have shown unequivocally that the secondary metabolites produced 
by plants affect the composition and function of their associated microbiomes (Lebeis et al. 2015; 
Stringlis et al. 2018; Koprivova et al. 2019; Voges et al. 2019; Huang et al. 2019; Cotton et 
al. 2019; Jacoby et al. 2021). We have found that the combined effect of secondary chemistry 
and mycobiont species was the most important driver of bacterial community structure in the R. 
decipiens group. These findings are in agreement with Grube and Berg (2009), who argued that 
differences in chemistry between lichens, together with thallus structure, could create different 
ecological niches for the associated microorganisms. To our knowledge, this is the first time that 
the relative importance of secondary chemistry in shaping the bacterial communities associated 
with lichen thalli has been explicitly explored, in spite of the well-known role of certain secondary 
metabolites as potential antibiotics (Shrestha & St. Clair 2013; Kosanić & Ranković 2019). Also, 
the species of the Ramalina decipiens group produce compounds such as depsides and depsidones 
(Krog & Østhagen 1980a) that are known to have antimicrobial activity, like divaricatic acid (Oh 
et al. 2018), protocetraric acid (Nishanth et al. 2015) and salazinic acid (Candan et al. 2007), 
which further points to secondary metabolites having an important role in shaping the associated 
microbiomes. 
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 We detected a phylosymbiotic pattern between the Ramalina phylogeny and the microbial 
communities associated with the thalli. However, the high correlation values in the beta diversity 
through time profiles (around 100 Mya), well beyond the divergence time of the Ramalina 
decipiens group (around 3 Mya), suggest that this pattern is due to divergence among ancient 
lineages of bacteria, which points to phylogenetically structured environmental filtering and 
does not support the co-evolution hypothesis. These findings are congruent with those reported 
by Loo et al. (2019a) for the Darwin finches, which also showed phylosymbiosis and BDTT 
profiles indicative of environmental filtering. They are also congruent with those found by Perez-
Lamarque et al. (2022) for the Hawaiian Ariamnes spiders, who show a significant phylosymbiosis 
with their microbiota that is most likely not caused by vertical transmission. The relationship 
between microbiomes and host diversification has been explored in other well-known examples 
of adaptive radiations, namely the Anolis lizards (Ren et al. 2016) and the African and American 
cichlid fishes (Baldo et al. 2019), although the existence of phylosymbiosis has not been explicitly 
tested. In both cases the host phylogeny was related to the associated bacterial communities, but 
weakly. Ren et al. (2016) found substantial variability in the microbiomes associated with the 
different Anolis species and ecomorphs (i.e. species that occupy the same niche and are similar 
in morphology and behaviour), but there were no significant differences in alpha diversity among 
them. They did find subtle differences in beta diversity related to host phylogeny, but not to the 
ecomorphs. The cichlid microbiomes were firstly influenced by geography (continent and lake) 
and then by genetic and ecological distances between species (Baldo et al. 2019). This could be 
related with the fact that all these are rather recent radiations. Host-microbiome co-diversification 
has been detected in older groups, like mammals (Groussin et al. 2017) or sea turtles (Scheelings 
et al. 2020).  

CONCLUSION

 We have found that the species of the Ramalina decipiens group differ in the composition 
of their associated bacterial communities, that mycobiont identity is an important driver of the 
bacterial community structure and that a phylosimbiotic pattern between the Ramalina species 
and their microbiomes does exist. However, the main driver of bacterial community structure is 
the combined effect of secondary chemistry and mycobiont identity, the phylosymbiotic pattern 
is most likely caused by phylogenetically structured environmental filtering and the bacterial 
communities associated with the different species do not show overall functional differences. 
Based on these findings we discard a relevant role of the microbiota associated with the Ramalina 
decipiens group in its diversification within Macaronesia.
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ABSTRACT

Evolutionary radiations may be the process that has attracted more scientific interest to oceanic 
islands. Radiations have been divided in adaptive and non-adaptive. When testing the adaptive nature 
of a radiation, researchers measure numerous traits and try to link them with the environments in 
which the species occur. In most cases these traits are morphological, even though ecophysiology 
has an important role in various radiations, like those of the lobeliads and silverswords of the 
Hawaiian archipelago. Here we explore the role of water-related ecophysiology in a radiation of 
lichen-forming fungi endemic to the Macaronesian Region, the Ramalina decipiens group. We 
characterized the ecophysiological strategies of the different species by means of seven water-
related functional traits. Then, we looked for relationships between them and macroclimate and 
surface chemistry using a phylogenetic framework. We found that the species occupied different 
regions of the functional space, differed in four of the traits and part of the variability was linked 
to macroclimate. The results are discussed in the context of the diversification timing and the 
climatic events taking place in Macaronesia at the time, suggesting that water ecophysiology is 
the main driver of the group’s radiation.

 INTRODUCTION

 Because oceanic islands have a volcanic origin they have never been connected to 
continental landmasses. This fact, together with their comparatively small size and reduced biotas, 
makes them remarkable natural laboratories in which to study the origin of biodiversity and its 
evolution (Whittaker & Fernández-Palacios 2007; Warren et al. 2015). Perhaps the evolutionary 
phenomena that has attracted more scientific interest to oceanic islands are evolutionary radiations, 
when a single colonization event sparks cladogenetic diversification in a given lineage (Gould 
& Eldredge 1977). Radiations have been traditionally classified as adaptive and non-adaptive 
(Gittenberger 1991; Schluter 2000; Rundell & Price 2009; but see Simões et al. 2016). Non-
adaptive radiations give rise to ecologically similar species that occur in allopatry (Gittenberger 
1991; Rundell & Price 2009), while adaptive radiations generate ecologically different species 
(Schluter 2000). Two key points that must be met for a radiation to be considered adaptive are 
that the species must differ in some trait or traits and a correlation must exist between those traits 
and the niche that each species occupies (Schluter 2000; Givnish 2015). Thus, in order to study 
the adaptive nature of different radiations scientists have measured all kind of functional traits 
and their correlation with the niches of the species. In most cases these functional traits have been 
morphological, like the beak shape and size in the Galapagos finches, which are related to the 
trophic niche of the species (Grant & Grant 2008), or the body mass and size-adjusted lengths of 
hindlimbs, forelimbs and tail in the Anolis lizards of the Greater Antilles, which have been proven 
to be related with different ecological strategies and related with the habitat where they thrive 
(Losos 1990a, b, 1992, 2009). Less frequently, researchers have studied ecophysiological traits. 
This is the case of the Hawaiian lobeliads, whose species differ in numerous photosynthesis-
related traits in addition to growth form and leaf shape (Rock 1919; Givnish et al. 2004), which 
has allowed them to diversify by filling nearly the full range of light regimes on moist areas of the 
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archipelago (Givnish et al. 2004; Montgomery & Givnish 2008). Another example is the Hawaiian 
silversword alliance, whose species differ in transpiration rates in addition to leaf shape, size, 
conductance and pubescence (Robichaux et al. 1990). The species in the Hawaiian silversword 
alliance occur in a large variety of water regimes in the archipelago and their habitat preferences 
and water-related traits appear to be correlated (Robichaux 1984; Robichaux & Canfield 1985; 
Carr et al. 1989). 

The adaptive nature of island radiations has been studied in depth in flagship organisms, 
like the Darwin finches or the Anolis lizards. Putative radiations have also been reported in less 
studied taxa (e.g. Parent & Crespi, 2009; Simon et al., 2018) but their adaptive nature has rarely 
been studied (Gaya et al. 2015; Blázquez et al. 2022) and, to our knowledge, never from an 
ecophysiological perspective. In recent years putative radiations have been discovered in lichen-
forming fungi (Simon et al. 2018). Lichens are symbiotic organisms composed of a fungal partner 
and at least one photosynthetic partner. They are poikilohydric, i.e. they do not show active water 
uptake and retention mechanisms, and may take water from three main sources: rain, water vapour 
condensation (dew) and humid air, (Gauslaa 2014). Despite their poikilohydric nature their rates 
of water uptake, storage and loss can vary among thalli of different species (Larson 1979; Kappen 
& Redon 1987). This variability is the result of differences in thallus morphology (Rundel 1982; 
Eriksson et al. 2018) and anatomy (Palmer Jr & Friedmann 1990), which can be related to the 
microclimatic conditions under which the species occur (Sancho & Kappen 1989; Pintado et al. 
1997). 

 Ramalina is one of the largest genera of lichen-forming fungi (c. 230 species, Lücking 
et al. 2017). It forms conspicuous fruticose thalli of a light-yellow colour. The genus has a 
subcosmopolitan distribution, but five areas stand out for their high diversity: Baja California 
(Bowler & Rundel 1972, 1973; Ryan et al. 2004), East Africa (Krog & Swinscow 1976), Australasia 
(Stevens 1987; Blanchon et al. 1996), The Andes (Marcano et al. 2021) and Macaronesia (Krog & 
Østhagen 1980a, b; Krog 1990). Macaronesia is a biogeographical region formed by five volcanic 
archipelagos in the Atlantic; Azores, Madeira, Selvagens, Canary Islands and Cape Verde, as well 
as a swath of land in Western Africa known as the Macaronesian enclave (Fernández-Palacios 
et al. 2011). In our study of the Macaronesian Ramalina we have detected a limited number of 
independent colonization events of the archipelagos. One of these colonization events triggered 
an exceptional radiation (which we have dubbed “Great Macaronesian Radiation”, Pérez-Ortega 
et al. in prep.) that includes most of the endemic species, as well as some Mediterranean taxa not 
currently known in the isles. This radiation includes epiphytic and saxicolous clades, and two of 
the saxicolous clades (the Ramalina decipiens and R. bourgaeana groups) seem to be two smaller 
parallel radiations. 

Water ecophysiology has been studied in different Ramalina species (Lange & Tenhunen 
1981; Lange et al. 1989; Nash III et al. 1990; Matthes-Sears et al. 2011), with the studies of 
hydration and photosynthesis in R. maciformis being pioneer in lichen ecophysiology (Lange & 
Tenhunen 1981). These studies found that Ramalina reaches optimal photosynthetic conditions 
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when hydrated with humid air, while liquid water saturates the thalli, causing a decrease in 
photosynthetic activity. Interestingly, the species of the R. decipiens and R. bourgaeana groups 
are found in areas exposed to moist air from the Atlantic Ocean and, in numerous localities, to the 
moisture-laden trade winds, which generate a frequent low-level cloud cover (Krog & Østhagen 
1980a; Marzol 2008; Ritter et al. 2008; Figueira et al. 2013). The two groups are characterized 
by the presence of strands of chondroid tissue, formed by thick-walled, conglutinated hyphae, 
that appear adjoining the cortex in the former and embedded in the medulla in the later (Krog & 
Østhagen 1980a). The chondroid tissue gives these species a higher density compared to other 
Ramalina, a fact that could be linked to their water-related ecophysiology (Valladares et al. 1998; 
Honegger 2006; Gauslaa et al. 2017). Recently we revisited the taxonomy of the R. decipiens 
group following an integrative approach, identifying 15 species-level lineages and resolving the 
phylogenetic relationships among them (Blázquez et al. in prep.). 

Because of its recently studied taxonomy and the fact that phylogenetic relationships 
among its species are known and can be used as an evolutionary framework, here we propose the 
R. decipiens group as a model system in which to study the role of ecophysiology in a radiation 
of lichen-forming fungi. We tested the correlation between traits related to water uptake and 
retention and the macroclimatic conditions under which the species occur. For this, we employed 
two techniques that have scarcely been used on lichen-forming fungi or not at all: contact angle 
measurement, to characterize the species hydrophobicity (Shirtcliffe et al. 2006; Hauck et al. 
2008), and Fourier transformed infrared spectroscopy (FTIR-ATR), to explore a possible link 
between hydrophobicity and the species superficial chemical composition. We hypothesize that 
the group species may have diversified by filling different niches in the water-related functional 
space. To test this hypothesis, we specifically address the following questions: (i) do the species 
show differences in water-related functional traits? (ii) Are they phylogenetically structured? (iii) 
How did these traits evolve? And, (iv) is there a relationship between these traits and the climatic 
conditions under which the species occur?

MATERIALS AND METHODS

Sampling and sample preparation

 This study was based on 200 specimens of the Ramalina decipiens group, for which we 
measured thallus surface hydrophobicity and chemistry. This dataset included the 15 species of the 
group and was representative of the species geographic ranges. More specifically, specimens were 
collected in 51 localities of the islands of Madeira and Porto Santo of the Madeira archipelago, 
the islands of São Vicente and Sal in the Cape Verde archipelago and the seven main Canary 
Islands (Supplementary Table S1). All samples included in the study were prepared under a Nikon 
SMZ800 stereomicroscope with the help of razor blade and forceps with special care to include 
only laciniae without biofilms, lichenicolous fungi or any other exogenous element.  In addition, 
twenty-six specimens from ten different species were selected to characterize traits involved in 
water uptake and water retention. We only included samples that had been stored at -20 °C after 
collection.
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Ecophysiological variables

 To characterize the ecophysiological strategies of the different species of the group 
with respect to water uptake and retention we measured thallus surface hydrophobicity, three 
functional traits related to water function and hydration and desiccation kinetics. Thallus surface 
hydrophobicity was calculated by contact angle as in Fernández-Marín et al. (2019). Briefly, 
3 µL sessile droplets were placed on the surface of three thallus fragments of each specimen, 
previously equilibrated with silica gel, and their contact angle was recorded using an OCA 15EC 
contact angle measuring device (DataPhysics Instruments, Filderstadt, Germany) and the SCA 
software for optical contact angle v.4.4.3. Each value was the mean of three droplets placed on 
different laciniae of the same thallus. Contact angles from the left and right margins of the water 
droplet were averaged. Measurements were performed at 1 s after contact. Previously, we had 
tested for differences in hydrophobicity at different heights of the laciniae, as well as in their two 
sides, but none were found (data not shown).

Based on previous knowledge of water ecophysiology in the genus Ramalina (Lange 
& Tenhunen 1981; Lange et al. 1989; Nash III et al. 1990; Matthes-Sears et al. 2011), we 
developed an experimental procedure to characterize water ecophysiology in the species under 
study (Supplementary Figure S1). We measured three commonly used functional traits related 
to water function (Gauslaa 2014): specific thallus mass (STM) and water holding capacity, 
standardized both by dry mass (WHCdm) and sample area (WHCarea). Additionally, we recorded 
hydration kinetics when thalli were hydrated with either liquid water or humid air and desiccation 
kinetics. For each individual we selected three laciniae (or groups of laciniae in thalli of small 
size) of roughly the same size. Samples were kept on silica gel for two days before starting 
the procedure to homogenize their starting hydration status. The first step of the procedure 
(Supplementary Figure S1, 1) was focused on characterizing the hydration kinetics when samples 
were hydrated with liquid water. Samples were submerged in distilled water and were weighed 
at 10, 20, 30, 60, 120 and 1,440 minutes using a precision balance KERN & Sohn Gmbh ABJ 
80-4M. Immediately before weighing, the samples were placed on filter paper for a moment to 
eliminate surface water (Longinotti et al. 2017). The weight at 1,440 minutes was regarded as 
the parameter wet mass (WM). The second step (Supplementary Figure S1, 2) was focused on 
characterizing the desiccation kinetics. Samples were placed on a desiccator to which we had 
previously attached a small fan to ensure proper air circulation. On the bottom of the desiccator 
we placed a saturated solution of magnesium nitrate hexahydrate, Mg(NO3)2 + 6H2O, which 
generates a relative humidity of 52% (Greenspan 1977). Relative humidity inside the desiccator 
was monitored with a temperature and humidity monitor. Samples were weighed at 15, 30, 45, 60, 
75, 90, 105, 120 and 1,440 minutes. The third step of the procedure (Supplementary Figure S1, 3) 
was focused on characterizing the hydration kinetics when samples were hydrated with humid air. 
The magnesium nitrate hexahydrate of the desiccator was replaced with distilled water. Relative 
humidity was allowed to increase until 100% and then samples were placed in the desiccator. 
Again, relative humidity inside the desiccator was monitored. Samples were weighed at 1, 2, 3, 
4 and 24 hours. The fourth step (Supplementary Figure S1, 4) consisted in determining the dry 
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mass (DM) of the samples. For this, samples were placed on glass petri dishes and left in an oven 
at 80 °C for 48 hours, after which they were immediately weighed to obtain DM. The fifth step 
of the procedure (Supplementary Figure S1, 5) was aimed at measuring the area of each sample 
(A). For this, samples were hydrated with liquid water and placed between two glass plates. Then 
they were immediately scanned using an EPSON J181A. Sample area (A) was measured from this 
image using ImageJ (Schneider et al. 2012). 

 The raw data gathered along the experimental procedure was first used to calculate three 
commonly used functional traits related to water function (Gauslaa 2014). 1) The specific thallus 
mass (STM), which provides a rough measure of thallus density, was calculated as in equation 1:

                                                                                                 (1)

2) The water holding capacity standardized by dry mass (WHCdm, equation 2):

                                                                                           (2)

and 3) The water holding capacity standardized by sample area (WHCarea, equation 3):

                                                                     (3)

In the former equations WM is the sample mass after being hydrated with liquid water for 24 
hours, DM is the sample dry mass and A its area. These last two parameters give complementary 
estimates of the maximum capacity of the thallus to store water. The remaining three traits were 
species-specific constants that specify the shape of the hydration and desiccation kinetics: the 
hydration by liquid water (Krei) and humid air (Krev) constants and the desiccation constant (Kdes). 
Following Jonsson et al. (2008), these were obtained from fitting exponential rise to maximum and 
exponential decay models, respectively, to the kinetics data. More precisely, Krei was calculated 
as in equation 4:

                                                                       (4)

where WC is the water content of the sample at a given time, WM is the sample mass after being 
hydrated with liquid water for 24 hours and t is time. Krev was calculated as in equation 5:

                                                                   (5)

where WC is the water content of the sample at a given time, WM is the sample mass after being 
hydrated with liquid water for 24 hours and t is time. Finally, Kdes was calculated as in equation 6:

                                                                                (6)

where WC is the water content of the sample at a given time, WM is the sample mass after being 
hydrated with liquid water for 24 hours and t is time. The three constants were calculated using 
SigmaPlot v. 14 (Systat Software Inc.).
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Cortical chemical composition

 FTIR-ATR was applied to explore the relationship between the surface hydrophobicity of 
the samples and the chemical composition of said surfaces. Measurements were carried out by the 
Laboratory of Spectroscopic Techniques of the Universidad Rey Juan Carlos (Móstoles, Spain). 
The spectra were captured in a Varian Excalibur 3100 (Varian Medical Systems, Inc.) using a 
MKII Golden Gate Single Reflecttion ATR system (Specac Ltd), in the wavenumber range of 
4,000-600 cm-1, at 2 cm-1 resolution. Three replicates of each specimen were measured. Spectra 
were baseline corrected using the function baselineSpectra of the ChemoSpec R package (Hanson 
2014) with the method “modpolyfit”. Then they were normalized using the function normSpectra 
of ChemoSpec with the method “TotInt”. We identified four regions of the spectra (Colabella 
et al. 2017) that could be of interest to explain thallus surface hydrophobicity: a lipid region 
between wavenumbers 2,800 and 3,050, a polysaccharide region between wavenumbers 700 and 
1,200, a mixed lipid and protein region between wavenumbers 1,500 and 1,800 and a mixed lipid, 
protein and polysaccharide region between wavenumbers 1,200 and 1,500. We measured the area 
under the curve for these regions in OriginPro 2019 (OriginLab Corporation), which was used to 
summarize the spectra and to incorporate them in downstream analyses.  

Climatic variables

 To look for a possible link between the R. decipiens group species ecophysiology and 
the climatic conditions under which they occur we downloaded five macroclimatic variables: 
precipitation (mm), water vapour pressure (kPa), which can be understood as an inverse of 
cloud cover, solar radiation (kJm−2 day−1), average temperature (°C) and wind speed (ms−1). As 
in previous studies (Blázquez et al. 2022) we chose these variables instead of the widely used 
bioclim variables (Fick & Hijmans 2017) because those are derived solely from temperature and 
rainfall, and do not include information that may be relevant for lichens such as cloud cover. The 
five variables were obtained from WorldClim (Fick & Hijmans 2017). We downloaded all layers 
of each variable (there is one layer per month of the year) at a resolution of 30 s (~1 km2) and 
merged them into year averages using the calc function of the raster R package (Hijmans et al. 
2015). Then, variable values for each Ramalina specimen were obtained from the layers using the 
extract function of raster. 

Differences among species and archipelagos

 We tested for differences among species in all the measured traits by means of ANOVA. 
This was done using the function lm of the stats R package (R Core Team 2022), dropping the 
taxa represented by less than 5 specimens. Then, we explored the data from the perspective of the 
multivariate phenotype (i.e. “a set of continuously measured trait values, which may be correlated 
with one another”, Adams & Collyer, 2019). This was done by means of principal component 
analysis (PCA) and phylofunctionalspace plots (a projection of the phylogeny into functional 
space). We used standard PCA instead of phylogenetic PCA (Revell 2009) because, on the one 
hand, standard PCA does not assume independence among observations, making the rationale for 
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including the phylogeny into the computations unclear (Adams & Collyer 2019). On the other 
hand, the results from phylogenetic PCA are not as easy to interpret as those of standard PCA 
(see Adams & Collyer, 2019). PCAs were computed using (1) only ecophysiological variables, 
(2) ecophysiological and chemical variables and (3) all variables. We used the function prcomp of 
the stats R package (R Core Team 2022) to generate the PCAs. Phylofunctionalspaces were then 
calculated to visualize trait dispersion of the PCAs relative to the phylogeny. For this we used the 
function PCA of the FactoMineR R package (Lê et al. 2008) and the phylomorphospace function 
of the phytools R package (Revell 2012). To generate the PCAs and phylofunctionalspace plots 
we averaged all trait values to include just one entry for species. We used PERMDISP (Anderson 
2006) to explore the existence of differences in species dispersion along the functional space. The 
PERMDISP analysis was carried out on the specimens without missing data using (1) just the 
ecophysiological variables, (2) the ecophysiological and chemical variables and (3) all variables. 
Then, the analysis was repeated using the entire dataset, but excluding all ecophysiological 
variables except contact angle. This was done using the betadisper function of the vegan R 
package (Oksanen et al. 2012). Lastly, we tested for differences among the three archipelagos in 
all measured traits. This was done by phylogenetic ANOVA (pANOVA, Garland et al., 1993), to 
take the phylogenetic non-independence of the samples into consideration. The pANOVAs were 
calculated with the function phylANOVA of the phytools R package (Revell 2012). 

Phylogenetic signal

We calculated the phylogenetic signal of all traits employing two different methods, 
Pagel’s λ (Pagel 1999) and Blomberg’s K (Blomberg et al. 2003). Blomberg’s K can be interpreted 
as follows: if K is close to 1 the trait under analysis follows Brownian evolution. If K < 1 close 
relatives are less similar than expected under Brownian motion. On the other hand, if K values >1 
close relatives are more similar than expected (Blomberg et al. 2003). Pagel’s λ can have values 
between 1 (Brownian motion) and 0 (no phylogenetic signal). Pagel’s λ and Blomberg’s K were 
calculated using the phylosig function of the phytools R package (Revell 2012) and the phylosignal 
function of the picante R package (Kembel et al. 2010), respectively. The phylogeny obtained by 
Blázquez et al. (in prep.) was used to calculate both metrics. First, trait values were averaged to 
include just one entry for species. Then we repeated the analyses modelling the species mean 
values of each trait with the Bayesian approach developed by Revell & Graham Reynolds (2012), 
to account for the possible effect of intraspecific variability on phylogenetic signal. This was done 
with the fitBayes function of phytools, with 100000 generations and a 20 % burnin.

Modelling ecophysiological evolution

 We tested which model of evolution best fitted each of the measured traits, comparing: 
(1) the Brownian motion model, under which correlation among the species’ trait values increases 
linearly with time, (2) the Ornstein-Uhlenbeck model, under which correlation among trait values 
increases exponentially with time, and (3) the early burst model (Harmon et al. 2010), under 
which there is greater trait diversification early in a clade’s history. The early burst model has been 
associated with adaptive radiations by theoretical models (Glor 2010; Landis et al. 2013). Model 
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fitting was done with the function fitContinuous of the geiger R package (Pennell et al. 2014). 
The phylogeny obtained by Blázquez et al. (in prep.) was used to fit the models. Trait values were 
averaged to include just one entry for species. To compare among models, we used the small-
sample-corrected Akaike information criterion (AICc, Akaike, 1974; Hurvich & Tsai, 1989). 

Relationship between variables

 We calculated phylogenetic generalized least squares (PGLSs, Grafen & Hamilton, 1989; 
Martins & Hansen, 1997) between all variables. Even though most traits lacked a statistically 
significant phylogenetic signal we still chose to use PGLSs. This is because the phylogenetic signal, 
or lack thereof, of individual traits is not a reason for not using PGLSs as this method assumes 
that the residuals of the model are phylogenetically non-independent, not the traits themselves 
(see Revell, 2010). Because the evolution model that best fitted all traits was Brownian motion, 
all PGLSs were calculated under this model. To calculate the PGLSs we used the gls function of 
the nlme R package (Pinheiro et al. 2017) and the corBrownian function of the ape R package 
(Paradis et al. 2004). The phylogeny obtained by Blázquez et al. (in prep.) was used to fit the 
PGLSs. Trait values were averaged to include just one entry for species.

RESULTS

Differences among species and archipelagos

The ANOVAs detected statistically significant differences among species in the 
ecophysiological (contact angle, WHCdm, Kdes and Krev) and chemical variables (polysaccharide 
region, mixed lipid, protein and polysaccharide region and lipid region), as well as in all the 
climatic variables (Table 1). The most hydrophobic species was R. nematodes, while the most 
hydrophilic was R. maderensis. WHCdm ranged from 2.12 in R. erosa to 0.71 in R. sabinosae. 
The species with the highest Kdes was R. nematodes, while the lowest value for this variables 
corresponded to R. sampaiana. The species that hydrated more rapidly with humid air was R. 
delicata, and the slowest was Ramalina sp. 1. Mean values for the ecophysiological and chemical 
variables are summarized in Table 2. Although the ANOVAs did not find significant differences 
among the group species in WHCarea and STM, the values for this two variables are markedly 
higher than those reported for epiphytic Ramalina species like R. farinacea (Trobajo et al. 2022). 
The first two principal components of the PCAs conducted on the ecophysiological variables, 
ecophysiological and chemical variables and all variables explained 62.09 %, 58.66 % and 
54.22 % of the variance, respectively. The species are scattered throughout the three functional 
spaces, only showing a directional trend in the first component of the PCA computed from 
the ecophysiological variables (Figure 1). The variables with the highest contribution to this 
component were Krev (33.46 %), WHCdm (24.74 %) and Kdes (21.68 %). The PERMDISP analysis 
only found differences in dispersion among species in the analysis that included the three kinds 
of variables of the entire dataset (Table 3). The phylogenetic ANOVAs found differences among 
archipelagos in the polysaccharide and lipid regions of the FTIR and in all the climatic variables, 
but not in the ecophysiological ones (Table 4).
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Table 1. Differences among species in the ecophysiological, chemical and climatic variables tested by 
ANOVA.  Abbreviations stand for: water holding capacity standardized by dry mass (WHCdm), water 
holding capacity standardized by area (WHCarea), specific thallus mass (STM), hydration by liquid water 
(Krei) and humid air (Krev) constants and the desiccation constant (Kdes). 

F value p value

Contact angle 6.64 <0.001***
WHCdm 3.24 0.019*
WHCarea 0.82 0.601
STM 2.13 0.088
Krei 1.54 0.214
Kdes 24.26 <0.001***
Krev 15.14 <0.001***
Polysaccharide region 15.91 <0.001***
Mixed lipid, protein and polysaccharide region 6.19 <0.001***
Mixed lipid and protein region 1.99 0.051
Lipid region 26.46 <0.001***
Precipitation 15.13 <0.001***
Water vapour pressure 7.61 <0.001***
Light 30.53 <0.001***
Temperature 9.72 <0.001***
Wind speed 6.53 <0.001***

Table 2. Average values of the ecophysiological and chemical variables. Abbreviations stand for: contact 
angle (CA), water holding capacity standardized by dry mass (WHCdm), water holding capacity standardized 
by area (WHCarea), specific thallus mass (STM), hydration by liquid water (Krei) and humid air (Krev) 
constants, the desiccation constant (Kdes), protein region (P), mixed lipid, protein and polysaccharide region 
(MLPP), mixed lipid and protein region (MLP) and lipid region (L).

Species CA WHCdm WHCarea STM Krei Kdes Krev P MLPP MLP L

R. decipiens 86.50 1.19 23.18 20.54 0.16 0.06 0.11 0.76 0.14 0.13 0.03

R. delicata 76.95 1.85 34.91 19.02 0.10 0.18 0.56 0.85 0.13 0.13 0.04

R. erosa 89.57 2.12 33.75 17.13 0.14 0.06 0.23 0.69 0.14 0.13 0.04

R. fortunata 79.41 - - - - - - 0.81 0.13 0.13 0.03

R. gomerana 91.79 - - - - - - 0.82 0.13 0.11 0.03

R. hamulosa 82.89 - - - - - - 0.70 0.15 0.14 0.03

R. maderensis 76.38 1.35 46.67 33.13 0.10 0.04 0.10 0.85 0.12 0.14 0.03

R. nematodes 102.42 1.48 33.54 22.83 0.17 0.28 0.42 0.55 0.18 0.16 0.07

R. papyracea 85.38 - - - - - - 0.89 0.08 0.10 0.03

R. pluviariae 84.48 1.32 30.05 22.84 0.11 0.11 0.22 0.76 0.14 0.15 0.04

R. portosantana 98.86 0.74 31.11 24.48 0.03 0.03 0.06 0.62 0.18 0.15 0.05

R. sabinosae 83.66 0.71 11.69 17.23 0.10 0.10 0.11 0.70 0.13 0.22 0.03

R. sampaiana 102.37 1.76 26.58 15.44 0.12 0.00 0.18 0.70 0.17 0.14 0.04

R. sp. 1 86.25 0.86 20.45 23.80 0.14 0.04 0.04 0.87 0.10 0.09 0.03

R. sp. 2 96.90 - - - - - - 0.77 0.14 0.14 0.04
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Table 3. PERMDISP. 

F value p value

Specimens without missing data

Ecophysiological variables 2.15 0.111

Ecophysiological and chemical variables 2.15 0.111

All variables 1.34 0.295

Entire dataset

Contact angle 1.02 0.434

Contact angle and chemical variables 1.05 0.403

All variables 4.30 <0.001***

Table 4. Differences among archipelagos in the ecophysiological, chemical and climatic variables tested by 
phylogenetic ANOVA. Abbreviations stand for: water holding capacity standardized by dry mass (WHCdm), 
water holding capacity standardized by area (WHCarea), specific thallus mass (STM), hydration by liquid 
water (Krei) and humid air (Krev) constants and the desiccation constant (Kdes).

F value p value

Contact angle 16.21 0.191

WHCdm 1.58 0.475

WHCarea 0.26 0.872

STM 2.61 0.27

Krei 1.54 0.463

Kdes 0.49 0.782

Krev 2.21 0.366

Polysaccharide region 43.97 0.011*

Mixed lipid, protein and polysaccharide region 13.81 0.224

Mixed lipid and protein region 0.08 0.997

Lipid region 49.09 0.006**

Precipitation 174.7 <0.001***

Water vapour pressure 175.34 <0.001***

Light 884.02 <0.001***

Temperature 164.3 <0.001***

Wind speed 34.28 0.035*
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Figure 1. PCA and phylofunctionalspace plots computed from the ecophysiological variables (a-b), 
ecophysiological and chemical variables (c-d) and all variables (e-f). Ecophysiological, chemical and 
climatic variables are depicted in blue, red and green, respectively. Variables are named as: CA (contact 
angle), WHCdm, WHCarea, STM, Krei, Kdes, Krev, P (polysaccharide region), MLPP (mixed lipid, protein and 
polysaccharide region), MLP (mixed lipid and protein region), L (lipid region), Pr (precipitation), WVP 
(water vapour pressure), light, Temp (temperature) and WS (wind speed).
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Table 5. Summary of phylogenetic signal statistics. Abbreviations stand for: water holding capacity 
standardized by dry mass (WHCdm), water holding capacity standardized by area (WHCarea), specific thallus 
mass (STM), hydration by liquid water (Krei) and humid air (Krev) constants and the desiccation constant 
(Kdes).

Without intraspecific 
variability

With intraspecific 
variability

λ K λ K
Contact angle 0.00 0.36 0.00 0.33
WHCdm 0.00 0.98 0.00 0.90
WHCarea 0.00 0.66 0.00 0.90
STM 0.00 0.74 0.00 0.88
Krei 0.00 0.84 0.61 1.09
Kdes 1.00 1.60** 1.00 1.57*
Krev 1.00 1.38* 1.00 1.40*
Polysaccharide region 0.00 0.52 0.00 0.53
Mixed lipid, protein and polysaccharide region 0.36 0.61 0.40 0.63
Mixed lipid and protein region 0.00 0.64 0.32 0.55
Lipid region 0.16 0.68 0.08 0.71
Precipitation 0.00 0.40 0.00 0.36
Water vapour pressure 0.00 0.69 0.00 0.68
Light 0.00 0.51 0.00 0.66
Temperature 0.00 0.60 0.00 0.59
Wind speed 1.00* 1.01* 1.00* 1.17**

Table 6. Comparison among the three models of evolution for each trait: Brownian motion model (BM), 
Ornstein-Uhlenbeck model (OU) and early burst model (EB). The lowest AICc for each trait is highlighted 
in bold. Abbreviations stand for: water holding capacity standardized by dry mass (WHCdm), water holding 
capacity standardized by area (WHCarea), specific thallus mass (STM), hydration by liquid water (Krei) and 
humid air (Krev) constants and the desiccation constant (Kdes).

BM OU EB
Contact angle 114.81 117.67 118.00
WHCdm 19.14 23.35 23.42
WHCarea 80.76 84.82 85.04
STM 67.41 71.50 71.69
Krei -27.94 -23.95 -23.66
Kdes -18.54 -14.25 -14.27
Krev -5.61 -1.32 -2.78
Polysaccharide region -15.59 -12.96 -12.41
Mixed lipid, protein and polysaccharide region -53.73 -51.17 -50.55
Mixed lipid and protein region -38.84 -36.56 -35.65
Lipid region -89.62 -86.58 -86.44
Precipitation 113.83 116.66 117.02
Water vapour pressure -5.73 -3.16 -2.54
Light 271.67 274.31 274.85
Temperature 59.26 61.85 62.44
Wind speed 23.81 26.40 26.99
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Phylogenetic signal and ecophysiological evolution

We found statistically significant phylogenetic signal for three variables: Kdes, Krev and 
wind speed. Bloomberg’s K returned significant p values for all these variables, while Pagel’s 
λ did so only for wind speed. The results did not vary when taking intraspecific variability into 
account. Phylogenetic signal statistics are summarized in Table 5. The Brownian motion model 
was the one with the lowest AICc values for all variables. The Ornstein-Uhlenbeck and early burst 
models were not selected for any of them (Table 6).

Relationship between variables

The PGLSs (Table 7) found relationships between the ecophysiological and climatic 
variables; positive between contact angle and precipitation and between WHCarea and water vapour 
pressure, and negative between contact angle and light. They also found some relationships 
among the ecophysiological variables, namely between WHCarea and STM and between Kdes and 
Krev. Contact angle was related to the chemical variables. This relationship was positive with the 
lipid region and the mixed lipid, protein and polysaccharide region, which in turn was positively 
related to precipitation. It was negative with the polysaccharide region, which also was positively 
related with light intensity.

DISCUSSION 

 Despite their potential relevance, the analysis of ecophysiological data on studies of 
adaptive radiation is scarce. These studies have been undertaken in paradigmatic examples of 
adaptive radiation, like the African cichlid fishes (Sturmbauer et al. 1992), the Anolis lizards 
(Hertz et al. 2013) and the Hawaiian lobeliads (Givnish et al. 2004; Montgomery & Givnish 
2008) and silverswords (Robichaux 1984; Robichaux & Canfield 1985; Carr et al. 1989). The 
studies in animals suggest a secondary role of ecophysiology in the radiations, being coupled with 
trophic niche segregation in the cichlid fishes and subsequent to morphological diversification 
in Anolis. In contrast, the role of ecophysiology appears to be much more prominent in the 
radiations of sessile organisms, with light-related and water-related differentiation possibly 
being the main diversification drivers of the lobeliads and silverswords, respectively. In a similar 
fashion, we have found that the Ramalina decipiens group species occupy different regions of the 
functional space created from water-related traits and that part of this variability was related to 
the macroclimatic conditions under which the species occur. This strongly suggest an important 
role of ecophysiology in the group’s radiation, unlike other potential drivers that were previously 
explored (Blázquez et al., 2022, Blázquez et al. in prep.). In addition, the saxicolous species of 
the R. decipiens and R. bourgaeana groups occupy a separate region of the functional space when 
other species of the genus are included in the analysis (Pérez-Ortega et al. in prep.), which further 
suggests a relevance of water ecophysiology as a radiation driver in the Great Macaronesian 
Radiation as a whole. 
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200 Table 7. PGLSs. Abbreviations stand for: contact angle (CA), water holding capacity standardized by dry mass (WHCdm), water holding capacity standardized by area 
(WHCarea), specific thallus mass (STM), hydration by liquid water (Krei) and humid air (Krev) constants, the desiccation constant (Kdes), protein region (P), mixed lipid, 
protein and polysaccharide region (MLPP), mixed lipid and protein region (MLP), lipid region (L), precipitation (Pr), water vapour pressure (WVP), temperature (Temp) 
and wind speed (WS).

CA WHCdm WHCarea STM Krei Kdes Krev P MLPP MLP L Pr WVP Light Temp WS

CA -0.08 ns -0.51 ns -1.18 ns -0.28 ns -0.24 ns -0.27 ns -4.44*** 4.79*** 0.60 ns 2.48* 4.22** 0.77 ns -4.46*** 0.27 ns -0.66 ns

WHCdm
-0.08 ns 1.75 ns -0.43 ns 0.81 ns 0.15 ns 2.06 ns 0.34 ns 0.06 ns -0.85 ns 0.31 ns 0.02 ns 1.45 ns -1.21 ns 0.71 ns -1.91 ns

WHCarea
-0.51 ns 1.75 ns 2.71* -0.66 ns 0.05 ns 0.84 ns 0.38 ns 0.33 ns -0.80 ns 0.77 ns -0.58 ns 3.32* -0.85 ns 1.85 ns -1.98 ns

STM -1.18 ns -0.43 ns 2.71* -0.48 ns -0.10 ns -0.61 ns 1.01 ns -0.61 ns -0.74 ns -0.08 ns -0.85 ns 0.98 ns 0.57 ns 0.86 ns -0.32 ns

Krei
-0.28 ns 0.81 ns -0.66 ns -0.48 ns 0.39 ns 0.03 ns 0.85 ns -1.44 ns -1.05 ns -0.84 ns 0.62 ns -1.42 ns 0.51 ns -1.18 ns 0.48 ns

Kdes
-0.24 ns 0.15 ns 0.05 ns -0.10 ns 0.39 ns 2.90* -0.64 ns 0.15 ns 0.97 ns 1.64 ns -0.57 ns -0.03 ns 0.26 ns 0.07 ns 0.14 ns

Krev
-0.27 ns 2.06 ns 0.84 ns -0.61 ns 0.03 ns 2.90* -0.03 ns 0.27 ns 0.16 ns 1.28 ns -0.66 ns 0.69 ns -0.44 ns 0.28 ns -1.13 ns

P -4.44*** 0.34 ns 0.38 ns 1.01 ns 0.85 ns -0.64 ns -0.03 ns -7.94*** -2.68* -3.29** -2.08 ns -1.14 ns 3.03** -1.05ns 0.59 ns

MLPP 4.79*** 0.06 ns 0.33 ns -0.61 ns -1.44 ns 0.15 ns 0.27 ns -7.94*** 1.82 ns 2.90* 2.46* 0.86 ns -3.77** 0.60 ns -0.90 ns

MLP 0.60 ns -0.85 ns -0.80 ns -0.74 ns -1.05 ns 0.97 ns 0.16 ns -2.68* 1.82 ns 0.95 ns -0.42 ns 1.07 ns -0.21 ns 1.88 ns 0.73 ns

L 2.48* 0.31 ns 0.77 ns -0.08 ns -0.84 ns 1.64 ns 1.28 ns -3.29** 2.90* 0.95 ns 1.21 ns 1.64 ns -3.24** 0.79 ns -2.39*

Pr 4.22** 0.02 ns -0.58 ns -0.85 ns 0.62 ns -0.57 ns -0.66 ns -2.08 ns 2.46* -0.42 ns 1.21 ns -0.22 ns -4.67*** -1.23 ns -0.37 ns

WVP 0.77 ns 1.45 ns 3.32* 0.98 ns -1.42 ns -0.03 ns 0.69 ns -1.14 ns 0.86 ns 1.07 ns 1.64 ns -0.22 ns -1.71 ns 7.65*** -1.8 ns

Light -4.46*** -1.21 ns -0.85 ns 0.57 ns 0.51 ns 0.26 ns -0.44 ns 3.03** -3.77** -0.21 ns -3.24** -4.67*** -1.71 ns -0.40 ns 2.34*

Temp 0.27 ns 0.71 ns 1.85 ns 0.86 ns -1.18 ns 0.07 ns 0.28 ns -1.05ns 0.60 ns 1.88 ns 0.79 ns -1.23 ns 7.65*** -0.40 ns -0.61 ns

WS -0.66 ns -1.91 ns -1.98 ns -0.32 ns 0.48 ns 0.14 ns -1.13 ns 0.59 ns -0.90 ns 0.73 ns -2.39* -0.37 ns -1.8 ns 2.34* -0.61 ns
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At the trait level, we found differences in surface hydrophobicity, water holding capacity 
(WHC), hydration by humid air and desiccation, but not in hydration by liquid water. This is 
congruent with previous studies on other Ramalina species that found that liquid water reduced 
net photosynthesis due to a reduction of CO2 gas diffusion to the photobiont and that optimal 
photosynthetic conditions were reached with humid air (Lange & Tenhunen 1981; Nash III et al. 
1990; Matthes-Sears et al. 2011). The fact that surface hydrophobicity was positively related with 
precipitation but not with cloud cover is also congruent with those studies. Our results show that 
surface hydrophobicity in the R. decipiens group is a product of the chemical composition of the 
cortical layer of the thalli. This is also the case for other species, like Cryptothecia rubrotincta, 
whose hyphae are covered with microscale bulbous-like crystals (Lakatos et al. 2006) or 
Flavoparmelia caperata, whose hydrophobicity decreases by half after extraction of metabolites 
with acetone (Hauck et al. 2008). In other lichens hydrophobicity is apparently mediated by 
surface texture and hygroscopic features. This is the case of Lecanora conizaeoides (Shirtcliffe et 
al. 2006) and various species in the Umbilicariaceae family (Valladares 1994). We have explored 
the surface of the 15 species of the group by means of scanning electron microscopy but they are 
rather homogeneous, without significant differences in terms of surface evenness among species 
and the absence of microstructures that could a priori be related with hydrophobicity (data not 
shown). 

Of the four ecophysiological variables that were different among species the hydration and 
desiccation kinetics were phylogenetically structured, but the model of evolution that best fitted the 
data was Brownian motion. Theoretical models of adaptive radiation have proposed that an early 
phenotypic disparification should have occurred at the onset of the radiation and that this should 
leave an early burst signal in phenotypic traits (Glor 2010; Landis et al. 2013). However, an early 
burst in phenotypic traits is not necessarily coupled with species diversification (Désamoré et al. 
2018). The early burst hypothesis has recently received important criticism (Martin & Richards 
2019) and numerous alternatives exist (see Gavrilets & Losos, 2009). Of these alternatives the 
“stages of radiation” hypothesis (Gavrilets 2004; Gavrilets & Vose 2005; Butlin et al. 2009) may 
explain what we observed in this study. The hypothesis posits that adaptive radiation unfolds in 
four stages: (1) divergence with respect to macro-habitat –epiphytic vs. saxicolous in the Great 
Macaronesian Radiation, (2) divergence with respect to microhabitat –different water-related 
microniches, like the case of R. decipiens group, (3) divergence in traits that control both non-
random mating and local adaptation –assortative mating mediated by occupying microsites with 
different water regimes, and (4) divergence with respect to other traits involved in survival and 
reproduction –for example, differences in secondary chemistry (e.g. species containing salazinic 
acid vs. species containing protocetraric acid) or reproductive strategy (e.g. mostly asexual in R. 
hamulosa vs. mostly sexual in R. gomerana) between closely related species (see Blázquez et al. 
in prep.).

We have detected significant relationships between ecophysiological and macroclimatic 
variables, namely between surface hydrophobicity and rainfall and between WHC and cloud cover. 
However, other variables that were different among species were not related to macroclimate, 
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including the two traits that were phylogenetically structured: Kdes and Krev. This could be explained 
if the niche partitioning is taking place at the microsite scale. Such would be congruent with 
the findings of Stanton (2015), who found that microsites with different fog availability in the 
Atacama Desert hosted two distinct aerohygrophitic species that were morphologically adapted 
to the air flow dynamics of those microsites. In fact, we have found that the R. decipiens group 
species often appear together in a single locality but some level of microsite segregation exists. 
For example, Ramalina delicata and R. decipiens appear together, but the former grows on rock 
crevices while the later appears in vertical cliffs and volcanic scoria (Blázquez et al. in prep.). 
This is further supported by the fact that we have detected differences in the dispersion of the 
macroclimatic variables, but not of the ecophysiological and chemical ones. If niche partitioning 
is indeed taking place at the microsite scale, the resolution of the macroclimatic raster layers (~1 
km2) may be too coarse to detect relationships between ecophysiology and climate. Future studies 
should address microniche partitioning in the group.

Of the variables that did show a relationship with macroclimate the case of WHC is 
most interesting. The WHC of the species was positively related with water vapour pressure (i.e. 
less frequent cloud cover) and STM. The relationship between WHC and STM was previously 
reported by Gauslaa & Coxson (2011). The fact that WHC and cloud cover are negatively related 
suggest that an increase in STM and subsequent WHC may be an adaptation to increase the 
photosynthtetically active periods when water is not readily available. This would be congruent 
with the findings of Gauslaa et al. (2017), who described this phenomenon in three Lobaria species. 
A complementary explanation could be that a higher WHC under low water availability helps to 
maintain a baseline hydration level that would allow the species to activate rapidly in the presence 
of humid air (Jonsson et al. 2008). In the Ramalina decipiens group species the high STM is most 
likely caused by the strands of chondroid tissue. These structures are formed by thick-walled, 
conglutinated hyphae and have evolved independently in different genera: Niebla (Spjut 1996), 
Anzia (Galloway 1978), Himantormia (Sancho et al. 2020) and numerous Ramalina species (Spjut 
et al. 2020), being characteristic of the R. decipiens and R. bourgaeana groups (Krog & Østhagen 
1980a). Honegger (2006) described the conglutinate pseudotissues of heteromerous lichens as 
hydrophilic and passively absorbing water. If the chondroid strands function in a similar way they 
may have acted as a key innovation (“a trait that allows a species to interact with the environment 
in a novel way”, see Stroud & Losos 2016) that triggered the radiations of these groups. This is 
further supported by the match between the diversification dates and the climatic events taking 
place in Macaronesia at the time. The origin of both groups dates back to the late Miocene (c. 
10-6 Mya, Pérez-Ortega et al. in prep.; Spjut et al. 2020), but most of their diversification takes 
place in the Pliocene-Pleistocene limit (c. 3 Mya Pérez-Ortega et al. in prep.; Spjut et al. 2020). 
According to Fernández-Palacios et al. (2011), Macaronesia had a warm tropical climate in the 
late Miocene that shifted to a general arid climate in the Pliocene-Pleistocene transition (3-2 
Mya). The Pliocene-Pleistocene limit also marks the appearance of the Cool Canarian current 
(3.2-2.6 Mya), which is associated with a trade winds impulse. Given that the chondroid strands 
are already present in the basal species of the group, R. delicata (Blázquez et al. in prep.), we 
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infer they had already evolved by the late Miocene. The adaptive nature of the R. decipiens group 
radiation would be dependent on the original function of the chondroid strands. If this structure 
evolved as a response to the climate change that took place in the archipelagos the radiation would 
be adaptive (“increase in the rate of speciation within a clade driven primarily by biotic factors 
(i.e., a key innovation) occurring in sympatry and coupled with ecomorphological divergence”, 
see Simões et al. 2016). On the other hand, if the strands originally had a different function, like 
their alleged role as supportive tissue (Krog & Østhagen 1980a), and were then repurposed, the 
radiation would be an exaptive one (similar to an adaptive radiation, but the diversification is 
triggered by “a trait becoming advantageous after a change in selective regime”, see Simões et 
al. 2016). Regardless, in both scenarios the radiation would have been triggered by the chondroid 
strands, that allowed the species to take advantage of the moisture-laden trade winds in a climate 
that was turning increasingly arid.

 

CONCLUSION

 We have found that species in the Ramalina decipiens group appear throughout the water-
related functional space, differ in four of the seven ecophysiological variables studied and that part 
of this variability is related to the macroclimatic conditions under which the species occur. These 
results fit with the climatic events taking place in Macaronesia when most of the diversification 
took place, and suggest that the radiation could have been triggered by a key innovation –strands 
of chondroid tissue that allowed the species to take advantage of the trade winds as the climate 
became increasingly arid. Based on these findings we conclude that water-related ecophysiology 
is the main driver of the Ramalina decipiens group radiation.
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The formation of new species may be the result of anagenetic (“evolutionary change within 
a lineage over time”, Emerson & Patiño 2018) or cladogenetic (“branching of evolutionary 
lineages”, Emerson & Patiño 2018) speciation events (Stuessy et al. 2006). Cladogenetic 
speciation can give rise to evolutionary radiations when a number of new lineages are originated 
from a single ancestor. There are many kinds of evolutionary radiations and radiation-like 
processes: disparifications, pseudoradiations, geographic radiations, climatic radiations, 
coevolving systems, exaptive radiations and adaptive radiations (reviewed in Simões et al. 2016). 
Among these, adaptive radiations have attracted the most attention and have been by far the most 
studied. However, a generally accepted definition of adaptive radiation has so far been elusive and 
authors have focused on different aspects of the evolutionary process to characterize it (Schluter 
2000; Gavrilets & Losos 2009; Rundell & Price 2009; Glor 2010; Losos 2010; Givnish 2015; 
Simões et al. 2016). For this reason and because of the particularities of the different organisms 
on which the process has been studied, ranging from plants (Choi et al. 2021), to snails (Phillips et 
al. 2020), spiders (Gillespie 2005), fishes (Seehausen 2015), salamanders (Blankers et al. 2012), 
lizards (Losos 2009), birds (Grant & Grant 2008) or amoeba (González-Miguéns et al. 2022), it is 
often difficult to make generalizations of the processes and patterns found in research on adaptive 
radiations. Gillespie et al. (2020) sought to synthesize our current knowledge of taxonomically, 
geographically and ecologically diverse radiations in order to identify common denominators 
among them. Their comparison was centered in six aspects. The first three are classic elements 
that are present in all definitions of adaptive radiation (Schluter 2000): 

(1) Ecological opportunity 

(2) Adaptive response to ecological selection 

(3) Tempo and mode of evolution 

The analysis of these three factors is necessary to understand any given radiation, but they 
are not sufficient by themselves. The remaining pieces of the puzzle are to determine: (4) how 
do populations gain reproductive isolation, (5) how do the different species manage to persist 
through time, and (6) to what extent adaptive traits are exchanged among diversifying lineages 
via admixture (Gillespie et al. 2020).

The main objective of this dissertation was to identify the main drivers of the radiation 
of the Macaronesian endemic Ramalina decipiens group and shed light on its adaptive nature. 
In order to achieve it, we resolved the group’s phylogeny and clarified its species boundaries 
(chapter 1), explored the role of the trophic niche (i.e. the photobionts) in the radiation (chapter 
2), characterized the physiology of the two most abundant photobionts (chapter 3), explored the 
evolutionary role of the bacterial communities associated with the species of the group (chapter 4) 
and studied the existence of differences in ecophysiological traits (i.e. water uptake and retention) 
among species as well as their evolution and correlation with climatic conditions (chapter 5). 

So far, three cases of island radiations are known in lichen-forming fungi: the genera 
Nephroma in Macaronesia (Sérusiaux et al. 2011), Sticta in Madagascar and the Mascarenes 
(Simon et al. 2018) and the micro-radiation of Lobariella in Hawaii (Lücking et al. 2017b), 
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but, to our knowledge, this is the first time in which the underlying mechanisms of an island 
radiation of lichen-forming fungi have been studied. The following discussion consists of a first 
section, centered on the importance of a solid taxonomic background in the study of evolutionary 
radiations, three subsequent sections corresponding to the first three points of Gillespie et al. 
(2020) and a concluding section in which we suggest future research, which revolves in great part 
around the last three points of Gillespie et al. (2020). 

TAXONOMIC ACCURACY AS THE BASIS OF PROPER EVOLUTIONARY ANALYSES

The taxonomy of groups of organisms that have radiated in islands often presents numerous 
problems (Lack 1983; Rokas & Carroll 2006; Zink & Vázquez-Miranda 2019). However, before 
undertaking any evolutionary study, it is necessary to make sure that the taxonomy and systematics 
of the studied group are reliable. Failing to do so will result in necessarily erroneous conclusions. 
This is particularly true in groups with relatively few taxonomic characters, like lichen-forming 
fungi, whose taxonomy often changes dramatically when evaluated with molecular data (Lücking 
et al. 2014a; Kraichak et al. 2015b; Pérez-Ortega et al. 2016; Crespo et al. 2020; Jiang et al. 
2022). For example, Garrido-Benavent et al. (2018) sought to study the bipolar biogeographic 
pattern of one fungus, Mastodia tessellata, and one algae, belonging to the genus Prasiola. 
However, after conducting a taxonomic study, they realized that their system consisted in two 
fungi, Mastodia. sp. 1 and Mastodia. sp. 2, and three algae, P. delicata, P. borealis and Prasiola. 
sp. Had they assumed that they were studying one fungus and one algae their conclusions would 
have been misguided. Likewise, had we used the original species concepts proposed for the R. 
decipiens group (Krog & Østhagen 1980a; Krog 1990; Sérusiaux et al. 2011) the conclusions of 
the studies carried out in this dissertation would have been necessarily erroneous too, as we would 
have lumped together different lineages that are not even sister taxa. 

Historically the R. decipiens group was considered to be composed of five species, R. 
decipiens, R. erosa, R. hamulosa, R. maderensis and R. portosantana, of which R. decipiens and 
R. maderensis were known to be extraordinarily plastic (Krog & Østhagen 1980a; Krog 1990; 
Sérusiaux et al. 2011). In the earlier stages of the dissertation we found that species boundaries 
among these five species were often rather difficult to delineate and came to suspect that the 
widespread species could be concealing undescribed species-level lineages, a phenomenon rather 
common in lichen-forming fungi (e.g. Crespo & Lumbsch 2010; Simon et al. 2018; Moncada et 
al. 2021). Because of this, a re-evaluation of the group’s taxonomy with modern methodologies 
and a reconstruction of the phylogenetic relationships between the resulting species was of 
utmost importance. We sought to employ an integrative approach based on the automatic 
generation of different species hypotheses, based on molecular, morphological, chemical and 
geographic information, that would be subsequently evaluated using the Bayes factor delimitation 
approach (Grummer et al. 2014). We faced a number of difficulties that prevented us from 
fully following this workflow. Chief among them was the fact that species hypotheses based 
on single locus molecular data returned a biologically unrealistic number of putative species, 
while unsupervised clustering of phenotypic and geographic data returned putative species that 

General discussion



209

were not monophyletic. In addition, the *BEAST analyses showed convergence issues in most 
of the estimated parameters, so the calculation of Bayes factors could not be carried out. We 
attributed these difficulties to the fact that the R. decipiens group is a recent radiation, and species 
boundaries in such radiations are remarkably difficult to resolve (Losos 2009; Zink & Vázquez-
Miranda 2019; Jorna et al. 2021). In recent radiations it is perhaps more useful to think of the 
speciation process as a gradient of variation between panmictic populations and reproductively 
isolated species, the speciation continuum (Nosil 2012). The reason behind the poor performance 
of the automatic species discovery strategies based on molecular data is possibly the presence of 
gene flow among the species of the radiation, which are most likely in the earlier stages of the 
speciation continuum (e.g. Salzburger et al. 2002; Grant & Grant 2006; Wegener et al. 2019). This 
translates into a nonexistent barcode gap and difficulties in stablishing a clear threshold between 
the speciation and coalescence branching patterns in a phylogenetic tree. The problem with the 
species discovery strategies based on phenotypic and geographical data is that they are unable 
to weight the importance of the different traits (Ding & He 2004; Murtagh & Contreras 2017), 
and thus cluster together specimens that are rather easily differentiated when paying attention 
to diagnostic characters. As a compromise solution, we cautiously based species boundaries on 
the supported clades of the phylogenetic tree which showed morphological, chemical and/or 
geographic distinctive characters. Following this approach, we raised the number of species-
level lineages in the R. decipiens group to fifteen. We found that two species, R. nematodes and 
R. pluviariae, that were thought to belong elsewhere in the Ramalina phylogeny on the basis of 
anatomical differences (i.e. the absence of the cortical layer) were in fact part of the R. decipiens 
group. Also, we discovered eight previously unrecognized species-level lineages, six of which 
will be described as new species. Two of these species, R. delicata and R. sampaiana, were rather 
distinctive taxa that had not been previously pointed or discussed in the available literature. On 
the other hand, R. gomerana, R. papyracea, R. sabinosae and the two undescribed lineages were 
nested within the previous broad concept of R. decipiens, and R. fortunata within R. maderensis. 
Further, one chemotype of R. decipiens was found to be nested inside R. maderensis and was 
thus listed under that species. Clearly, had we used the original species concepts, the conclusions 
of the remaining studies of the thesis would have been deeply erroneous. Lastly, we were able 
to reconstruct phylogenetic relationships between the group’s species with almost full support, 
providing a phylogenetic framework in which to integrate the data generated in the subsequent 
studies. 

ECOLOGICAL OPPORTUNITY

In his seminal work on adaptive radiation Simpson (1953) proposed that ecological 
opportunity is the primary prerequisite for a radiation to occur. Ecological opportunity can arise 
in one of three ways: (1) emergence of a trait that allows a lineage to exploit the environment in 
a novel way (i.e. a key innovation, see Miller et al. in press), (2) dispersal to an underutilized or 
underpopulated area, and (3) emptying of the ecological space by the extinction of a previously 
dominant group. In many radiations ecological opportunity results from the colonization of new 
areas or habitats that lack ecologically similar species. This is the case of the Darwin finches 
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(Grant & Grant 2008), Orsonwelles giant spiders (Hormiga et al. 2003) or neotropical cichlid 
fishes (Elmer et al. 2013). Our results show that the ecological space necessary for the Ramalina 
decipiens group radiation to take place was not attained in this way. It could not have arisen 
from the group’s ancestor colonizing the Macaronesian archipelagos, as the R. decipiens group 
is nested inside the Great Macaronesian Radiation (GMR, Pérez-Ortega et al. in prep.) and it 
most likely originated in the isles. We do know that the R. decipiens group colonized volcanic 
rocks, a new habitat with apparently fewer competitors than tree barks. There are hundreds of 
saxicolous species in Macaronesia (Hernández-Padrón & Pérez-Vargas 2010), but most of them 
are crustose taxa that would not compete in niche space with Ramalina, as all species in the genus 
are fruticose and thus are markedly different from an ecophysiological point of view (Wan & Ellis 
2020). There are few other taxa ecologically similar to the saxicolous Ramalina in Macaronesia. 
Namely the genus Roccella, which is mostly restricted to the coast (Tehler et al. 2004), likely 
by the fact that it associates with algae of the genus Trentepohlia (Nash et al. 1987), and some 
rare Usnea species growing at high altitudes, like U. flammea (van den Boom 2015). Substrate 
shifts seems to be certainly relevant in the context of the GMR, as is the case in other radiations 
of lichen-forming fungi (Gaya et al. 2015). However, the colonization of the saxicolous habitat is 
likely not the only factor that triggered the R. decipiens group radiation. Our results suggest that 
the ecological opportunity for the radiation to unfold arose from a combination of the colonization 
of the saxicolous habitat and the evolution of a structure, the strands of chondroid tissue, that 
allowed the species to take advantage of a change in selective regime (Chapter 5). 

According to Fernández-Palacios et al. (2011), Macaronesia had a warm tropical climate 
in the late Miocene that shifted to a general arid climate in the Pliocene-Pleistocene transition (3-2 
Mya). The Pliocene-Pleistocene limit also marks the appearance of the Cool Canarian current 
(3.2-2.6 Mya), which is associated with a trade winds impulse. This change in the climatic 
conditions would have affected both epiphytic and saxicolous species, but none of the epiphytic 
lineages have radiated in the isles (Spjut et al. 2020). Transitions from epiphytic to saxicolous 
have occurred repeatedly in the genus (Spjut et al. 2020): R. rubrotincta (c. 16 Mya), R. implexa 
(c. 7 Mya), the most recent common ancestor (MRCA) of the R. decipiens group (c. 6 Mya), the 
MRCA of the R. bourgaeana group (c. 6 Mys), R. pitardii (c. 4 Mya), R. tingitana (c. 3 Mya), R. 
inaequalis (c. 3 Mya), R. krogiae (c. 1 Mya), R. requienii (c. 1 Mya), R. clementeana (c. 1 Mya) 
and R. subfarinacea (c. 0.65 Mya). However, only three of these lineages have radiated, the R. 
decipiens and R. bourgaeana groups and, to a lesser extent, the saxicolous and hollow species 
allied to R. pitardii, which are not present in the phylogeny of Spjut et al. (2020). The R. decipiens 
and R. bourgaeana groups are characterized by the presence of strands of chondroid tissue and 
both radiated at the same time, in the Pliocene-Pleistocene transition (Spjut et al. 2020), when 
the climate turned arid and the trade winds became an important source of water. We suspect that 
the ecological opportunity that both groups required to radiate was provided by this change in 
climatic conditions. However, they appear to have taken advantage of this ecological opportunity 
in different ways, as the R. bourgaeana group species generally occur at lower altitudes than 
those of the R. decipiens group (Krog & Østhagen 1980a). We argue that the chondroid strands 
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were instrumental in allowing the R. decipiens group species to take advantage of the changing 
climatic conditions because (1) we found a positive relationship between specific thallus mass and 
water holding capacity, that was in turn negatively related with cloud cover (chapter 5) and (2) 
we have preliminary data (low-temperature Scanning Electron Microscopy) that suggest that the 
chondroid strands are able to accumulate and retain water. Ramalina krogiae and R. requienii also 
have chondroid strands (Krog & Østhagen 1980a; Spjut et al. 2020), but given that they colonized 
the saxicolous habitat much later than the R. decipiens and R. bourgaeana groups it is likely that 
there was not enough free ecological space for them to radiate in, which could explain their lower 
evolvability (see Miller et al. 2022). 

Given that the chondroid strands are present in all the extant species of the group, 
including the older R. delicata (in which they are rather scarce, Chapter 1), we assume that 
they were present by the onset of the radiation. However, it is not clear whether their original 
function was related to water ecophysiology or if they had a mechanical supportive role, as it was 
suggested by previous authors (Krog & Østhagen 1980a). The categorization of the R. decipiens 
group radiation as adaptive or exaptive (Simões et al. 2016) depends on the original function of 
the chondroid strands. If they served an entirely different function than they do now, they would 
constitute an exaptation (Gould & Vrba 1982) and the radiation would thus be exaptive. On the 
contrary, if they were primarily related with the species ability to store water, they could be 
regarded as a key innovation and the radiation would be adaptive. A clear distinction between 
key innovations and exaptations fulfilling that role may in fact be much more nuanced, as key 
innovations may evolve in a series of steps in a dynamic that is likely to be, at least in part, 
exaptive (Donoghue 2005; Lieberman 2012; Simões et al. 2016). This is because the function 
and utility of the traits that would end up acting as key innovations are likely to change over their 
evolutionary history. Regardless, in both scenarios ecological opportunity would have resulted 
from a trait that allowed the species to take advantage of the new environmental conditions. There 
are numerous radiations in which ecological opportunity results from a key innovation or key 
innovation-like trait, including dendrobatid poison frogs (Arbuckle & Speed 2015), Aquilegia 
columbines (Ree 2005), various radiations in the Ericaceae, Fagales and Poales (Bouchenak-
Khelladi et al. 2015) and, in lichen-forming fungi, the Teloschistaceae family, whose radiation is 
associated to a colonization of the saxicolous habitat and the evolution of sunscreening pigments 
(Gaya et al. 2015).

ADAPTIVE RESPONSE TO ECOLOGICAL SELECTION

According to the ecological theory of adaptive radiation the multivariate empty ecological 
space that results from ecological opportunity constitutes a “selection landscape” with a number 
of alternative fitness “peaks” and “valleys” between them, following the metaphor proposed by 
Simpson (1953) and widely used in the literature. Each of these peaks subjects a lineage to unique 
selection pressures and, through divergent natural selection, the lineages under radiation end up 
differing in the traits used to thrive under those unique pressures (Simpson 1953; Schluter 2000). 
The selection landscape may be related to different aspects of the species’ biology. Perhaps the 
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best known case is when the selection landscape is related to the trophic resources. The most 
famous example is that of the Darwin finches of the Galapagos (Grant & Grant 2008), but many 
other cases have been documented, including African cichlid fishes (Danley & Kocher 2001), 
Tetragnatha spiders (Kennedy et al. 2019), Cyprinodon pupfishes (Martin & Feinstein 2014) 
and Tylomelania freshwater gastropods (Rintelen et al. 2004). Species divergence in the Darwin 
finches has occurred, in part, by ecological speciation in several dietary directions, with different 
species of ground and tree finches feeding on buds, seeds, arthropods, fruits, nectar, pollen and 
blood (Grant & Grant 2008). In chapter 2 we explored the possibility of a trophic niche segregation 
being the main driver of the R. decipiens group radiation, but found no evidence to support this 
hypothesis. As lichen-forming fungi, the trophic niche of the R. decipiens group species’ can be 
understood as the identity and abundance of their photobionts. We found that the R. decipiens 
group associated with 66 Trebouxia haplotypes belonging to thirteen species-level lineages, which 
appeared along the four major clades of the genus. Half of these haplotypes belonged to Trebouxia 
sp. TR9, recently described as T. lynnae (Barreno et al. 2022), and two of them acted as the main 
photobiont in most thalli, regardless of the Ramalina species to which they belonged. Our results 
also showed that algal co-existence occurs in nearly all species of the group, but its ecological 
and evolutionary relevance is probably minor, as the main photobiont amounted to c. 95% of the 
reads in most thalli. The main driver of photobiont community structure in any given thallus was 
the mixed effect of the island in which it was collected and the macroclimatic conditions of the 
sampling locality, while mycobiont species was of minor importance. These results suggest that 
species in the R. decipiens group associate with locally adapted photobionts. This is particularly 
clear in the R. maderensis specimens collected in Cape Verde, which instead of the two T. lynnae 
strains associate primarily with Trebouxia C25, an undescribed species that had so far only been 
found in Kenya (Muggia et al. 2020). This species belongs to the clade C of the genus Trebouxia, 
which is distributed across the tropics, and thus, it could be physiologically quite different of 
T. lynnae, that belongs to the clade A (Muggia et al. 2020). The clear dominance of the two T. 
lynnae strains, coupled with the fact that one of them has only been reported from Macaronesia 
and Southern Spain whereas the other also has been found in Poland and Sweden, in areas with 
rather different climatic conditions, lead us to suspect that they could be physiologically different 
despite being just one nucleotide apart. We explored this possibility in chapter 3. For this, we 
isolated both strains, explored their performance under different treatments of temperature and 
light intensities, studied their chlorophyll fluorescence and photoprotective pigments under 
a selection of contrasting treatments and characterized their ultrastructure by transmission 
electron microscopy. We found that both strains had a certain plasticity to acclimate to changing 
environmental conditions and, more importantly, that they have different ecophysiological 
strategies despite their great phylogenetic proximity. The strain that was restricted to Macaronesia 
and southern Spain grew better at high temperatures, accumulated more xanthophyll and β-carotene 
pigments and had a higher photosynthesis rate, while the one that was also present in Poland and 
Sweden had a better performance at low temperatures, concentrated more lutein and had lower 
chlorophyll a/b ratios. This differential physiological behavior is reminiscent of the response 
of plants to light intensity, by which “sun leaves” are produced under high light environments 
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and “shade leaves” in low light (Lichtenthaler et al. 2007; Esteban & García-Plazaola 2014). 
The existence of sun and shade photobiont strains may have a great ecological significance. It 
is possible that the R. decipiens group species’ selection of the sun strain or the shade strain 
could be a fine-tuning mechanism to the climatic conditions at the microsite scale, which would 
explain why we repeatedly found both of them acting as main photobionts in thalli collected in 
the same localities. The results of chapter 2 and 3 suggest that a segregation of the trophic niche 
has not taken place and that the group’s species associate with the photobionts best suited to the 
environment in which the individual thalli grow, both at the macro- and microsite scales. In this 
way, the R. decipiens group, particularly R. maderensis in Cape Verde, is similar to other lichen-
forming fungi that have expanded their niches by associating with different photobionts, like in 
the cases of Lecanora rupicola (Blaha et al. 2006), Cetraria aculeata (Fernández-Mendoza et al. 
2011) or Lasallia pustulata (Rolshausen et al. 2018). On the contrary, other studies have pointed 
to the importance of the photobionts in the evolutionary dynamics of lichen-forming fungi. This is 
the case of Lichina pygmaea and L. confinis (Ortiz-Álvarez et al. 2015), that are thought to have 
undergone ecological speciation based on the photobionts with which each species associates, 
or Cladonia bellidiflora, C. polydactyla and C. umbricola (Steinová et al. 2022), a three-species 
complex that is interpreted to be the result of recent speciation events triggered by associations 
with different photobiont lineages. 

Another possible mechanism  by which the selection landscape is partitioned, that has so 
far been little explored, is that symbiotic interactions with microbes could facilitate the colonization 
of different fitness peaks in the selection landscape (Gillespie et al. 2020). The rationale behind 
this hypothesis is that specific microbiomes may mobilize previously unobtainable nutrients and 
harness new forms of energy (e.g. Douglas 2009), helping their hosts colonize an ecological space 
that may otherwise be unsuitable for them. The role of the bacterial communities in adaptive 
radiation has been studied, although rather tangentially, in some radiations like the Anolis lizards 
(Ren et al. 2016), Darwin finches (Michel et al. 2018; Loo et al. 2019a, b) or the African cichlid 
fishes (Baldo et al. 2017). Recent studies, like those of Heras & Martin (2022) on the Cyprinodon 
pupfishes and Perez-Lamarque et al. (2022) on the Hawaiian Ariamnes spiders, have explored 
this possibility more explicitly. We studied the importance of this mechanism in the R. decipiens 
group radiation because the role of these interactions on the evolutionary dynamics could be 
particularly relevant for lichen-forming fungi, as the bacterial communities of the lichen thallus 
are an integral part of the symbiosis and are implicated in numerous functions (Grube et al. 
2015b; Grimm et al. 2021): nutrient supply, including nitrogen fixation and release of aminoacids 
and vitamins (Ellis et al. 2005; Croft et al. 2005; Cardinale et al. 2012a; Almendras et al. 2018), 
growth hormone production (Grube et al. 2009) and resistance against abiotic factors (Grube et al. 
2015b), pathogens (Cernava et al. 2015b) and toxins (Cernava et al. 2018). Overall, the bacterial 
communities did not seem to have an important role in the groups in which they have been studied 
so far, with the occasional exception of individual species in certain radiations, like the scale-
eating species in the Cyprinodon radiation (Heras & Martin 2022). Our results were congruent 
with this trend. We have found that the species of the R. decipiens group associate mostly with 
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bacteria belonging to the class Alphaproteobacteria and, to a lesser extent, with Acidobacteria, a 
result that is congruent with previous studies in other species of lichen-forming fungi (Bates et 
al. 2011; Hodkinson et al. 2012; Grube et al. 2015b; Noh et al. 2020; Greshake Tzovaras et al. 
2020; Leiva et al. 2021). Our results showed that the different species differ in the composition of 
their associated bacterial communities and that these differences are phylogenetically structured 
(Chapter 4). However, this seems to be a result of phylogenetically structured environmental 
filtering, maybe related with a segregation at the microsite scale tied to differences in water 
availability, as suggested in Chapter 5. There is one possible exception to the rule, the Porto 
Santo endemic R. sampaiana. This species has an abnormally diverse core microbiome, which 
includes bacteria belonging to genera not present in the core microbiomes of the other species. 
Our results also suggest that this species’ microbiome may be subject to a specific environmental 
filter at the functional level. Given that Porto Santo, with an area of just c. 40 km2, is the island of 
Macaronesia that harbors more species of the R. decipiens group (7 out of 15, 4 of which endemic 
to the island), it is not unreasonable to think that the water-related ecological space is much more 
filled up than in other islands. If this is the case, R. sampaiana may indeed be a species in which 
the microbiome, more diverse that in the other species, could have had a more relevant role in the 
speciation process. This hypothesis should be properly tested from a multi-omics perspective (see 
Grube et al. 2015b).

A third way in which the selection landscape can be partitioned is related to abiotic 
resources. This has been identified as the main driver of numerous radiations, like that of the 
Metrosideros plants, that have adapted to different environments in altitudinal (Stacy et al. 2020), 
riparian (Ekar et al. 2019) and successional (Morrison & Stacy 2014) gradients, or the Heliconius 
butterflies, that have evolved different mimicry patterns in different host trees (Merrill et al. 2015). 
In addition, it is known that the colonization of the different fitness peaks in a selection landscape 
can be mediated by physiological adaptations. This has been found in relation to different abiotic 
resources, like light in the Hawaiian lobeliads (Givnish et al. 2004; Montgomery & Givnish 
2008) or water in the Hawaiian silverswords (Robichaux 1984; Robichaux & Canfield 1985; 
Carr et al. 1989). We suspected that a similar dynamic could be behind the R. decipiens group 
radiation because (1) Ramalina species require humid air, and not liquid water, to reach optimal 
photosynthetic conditions (Lange & Tenhunen 1981; Lange et al. 1989; Nash III et al. 1990), (2) 
the R. decipiens group species appear to be subject to different sources of humid air, including 
the moisture-laden Trade winds and, (3) the species have important differences in morphology 
(chapter 1) that may influence their ability to take and store water (Rundel 1982; Eriksson et al. 
2018). The results of chapter 5 indicated that the partitioning of the selection landscape in the R. 
decipiens group radiation is indeed related to differences in the availability and exploitation of 
water. We have found that the R. decipiens group species display a wide water-related functional 
space, differ in surface hydrophobicity (which in the group species is a product of the chemical 
composition of the cortex), water holding capacity and in the kinetics of desiccation and hydration 
by moist air. Our results showed that part of this variability is related to the macroclimatic 
conditions under which the species occur. However, they also suggest that niche partitioning 
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could be taking place at the microsite scale, which would be congruent with the results of studies 
in other lichens (e.g. Stanton 2015) and with the fact that different species of the group often 
appear in the same localities but with some level of microsite segregation (Chapter 1). Future 
studies should be carried out to address microniche partitioning in the group.

There is also an entirely different possibility: that divergence is not the result of an initial 
partitioning of the selection landscape, hence speciation is not ecological. This can occur when 
a lineage diverges in ecologically similar allopatric environments or through genetic drift, the 
resulting species evolve reproductive isolation and later come into secondary contact. When this 
happens one of the species undergoes character displacement as a result of ecological selection, 
giving rise to the phenotypic disparification of the radiation (Weber et al. 2017; Cotoras et al. 
2018). This seems to be the case in various groups, like the Anolis lizards (Losos 2009; Stroud 
& Losos 2020), Galapagos snails (Phillips et al. 2020) and Hawaiian spiders (Gillespie 2005; 
Cotoras et al. 2018). Future studies should explore the historical biogeography of the group in 
order to determine which one of the two processes gave rise to the observed phenotypic disparity 
of the R. decipiens group species.

TEMPO AND MODE OF EVOLUTION

It has been theorized that initially, as an adaptive radiation unfolds and the ecological 
space is explored, the diversification rate increases but then it slows down as the number of 
available niches decreases. This pattern is known as “early burst”, and it has been associated 
with adaptive radiations by theoretical models (Glor 2010; Landis et al. 2013). In theory, this 
early burst in diversification is coupled to an early phenotypic disparification at the onset of 
a radiation, so it should leave an early burst signal in the evolution of phenotypic traits (Glor 
2010; Landis et al. 2013). This pattern has been found in some classic examples of adaptive 
radiation (Gavrilets & Losos 2009), but in many others it has not (Harmon et al. 2010; Reddy 
et al. 2012; Wood et al. 2013; Givnish 2015). We have not detected such signal in any of the 
traits studied in the R. decipiens group. The bacterial communities associated with the species 
and the group’s phylogeny displayed a phylosymbiotic pattern, but it is probably derived from 
environmental filtering (chapter 4). We did not detect any phylogenetic signal in the genetic 
diversity of the species’ photobionts or in their specialization toward them. (chapter 2). We did 
find that some of the traits related to water retention and loss were phylogenetically structured, 
but the model of evolution that best fitted them was Brownian motion and not early burst (chapter 
5). However, the lack of an early burst signal in trait evolution does not necessarily mean that 
the group’s diversification did not follow this pattern (Martin & Richards 2019). Given that we 
lack information on the diversification and extinction rates of the R. decipiens group and on 
how they compare to the genus as a whole we cannot rule out this possibility. However, the 
early burst hypothesis has recently received important criticism (Martin & Richards 2019) and 
numerous alternative models exist (see Gavrilets & Losos, 2009). One of these alternatives, the 
“stages of radiation” hypothesis (Gavrilets 2004; Gavrilets & Vose 2005; Butlin et al. 2009), may 
match more closely the R. decipiens group radiation. The hypothesis posits that adaptive radiation 
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unfolds in four stages: (1) divergence with respect to macrohabitat, (2) divergence with respect 
to microhabitat, (3) divergence in traits that control both non-random mating and local adaptation 
and, (4) divergence with respect to other traits involved in survival and reproduction. In the R. 
decipiens group radiation these stages would translate to diversification related to substrate, 
through a bark-to-rock substrate shift, and subsequent diversification throughout different water-
related microniches. Future studies should be carried out to shed light on the remaining stages, 
that were beyond the scope of the thesis. There are other radiations that seem to fit better with 
the stages of radiation hypothesis than with early burst, like the Anolis lizards, Phylloscopus 
leafwarblers or New Guinea mountain birds (reviewed by Todd Streelman & Danley 2003; 
Ackerly et al. 2006).

FUTURE PERSPECTIVES

In this dissertation we studied various possible drivers of an insular radiation of lichen-
forming fungi, something that, to our knowledge, had never been done. We found that the R. 
decipiens group radiation unfolded by the combination of a bark-to-rock substrate shift and 
subsequent diversification related to different ecophysiological strategies for water retention and 
loss. Also, we characterized the photobionts and bacterial communities associated with the group 
species. However, various questions remain unanswered and many more stem from the results 
here presented. In this section we propose various studies that could be carried out in the future 
that would help us understand the R. decipiens group radiation better. The first is related to the 
extent in which we were able to carry out fieldwork. We have studied specimens from the Azores, 
Madeira, Canarian and Cape Verde archipelagos, but there are areas inside the Macaronesian 
region that we were unable to explore. Namely, the Selvagens archipelago, the Desertas islands 
south of Madeira and the continental Macaronesian enclave. It is possible that new populations 
or even species of the R. decipiens group occur in these areas and have not yet been discovered. 
This is unlikely for the Selvagens and Desertas, as they have a maximum height of 100 and 400 
m, respectively, but it would be very interesting to do fieldwork in continental Macaronesia as the 
existence of saxicolous Ramalina has been noted (Egea 1989). We were also unable to examine 
the reported specimens of R. maderensis from Saint Helena (Aptroot 2008). Further experimental 
work would be necessary to advance in our knowledge of the evolutionary history of the R. 
decipiens group. The following experimental lines represent research ideas that would help us 
to know better specific aspects of the radiation: (1) exploring, through the use of microloggers, 
whether a segregation at the microsite scale among species has taken place (which is already 
underway), (2) comparing the two Trebouxia lynnae strains at the genomic and epigenetic levels, 
(3) ascertaining, also with the help of microloggers, if the two T. lynnae strains express in the field 
the physiological properties observed in vitro and, complementarily, (4) if whole thalli associated 
with the different strains have a similar laboratory response to that of the isolated algae, (5) further 
exploring, with techniques like low-temperature Scanning Electron Microscopy, the role of the 
chondroid strands in water retention, (6) characterizing the photosynthetic performance of the 
species across the different peaks of the selection landscape and (7) further exploring the role of 
the bacterial communities in the evolutionary history of R. sampaiana. The remaining studies 
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correspond to the pieces of the puzzle that are needed to give more complete answers to the six 
points proposed by Gillespie et al. (2020), particularly the last three. These include to: (8) time-
calibrate the genus-wide Ramalina phylogeny, (9) use the time-calibrated phylogeny to study the 
diversification and extinction rates on the R. decipiens group radiation relative to the entire genus, 
(10) reconstruct the historical biogeography of the group and (11) study the role of hybridization 
in the radiation from a genomic perspective. Some of these ideas are currently underway. 
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The following conclusions have been drawn from the results of the five chapters of the 
dissertation:

1. The taxonomy of the Ramalina decipiens group has been challenging even using an 
integrative taxonomy approach and incorporating modern automatic delimitation analyses 
based on both molecular and morphoanatomical data.

2. The species diversity and endemicity in the group is much higher than previously 
thought. As currently understood the group consists in fifteen species-level lineages: R. 
decipiens, R. delicata, R. erosa, R. fortunata, R. gomerana, R. hamulosa, R. maderensis, 
R. nematodes, R. papyracea, R. pluviariae, R. portosantana, R. sabinosae, R. sampaiana, 
R. sp. 1 and R. sp. 2.

3. We did not find any evidence for trophic niche segregation in the Ramalina decipiens 
group. The species associate with 66 haplotypes belonging to the four main clades of 
Trebouxia. However, in most thalli one of two widespread T. lynnae haplotypes acted as 
the main photobiont.

4. Algal co-occurrence was found in nearly all species, but in most thalli the dominant 
photobiont accounted for roughly 95% of the reads. The ecological and evolutionary 
importance of this phenomenon is likely of minor importance in the R. decipiens group.

5. Despite their phylogenetic closeness, the two most common photobionts of the group 
differ in the content of carotenoids, chlorophyll a/b ratio, and in their photosynthetic 
performance under different temperature and light treatments in a way that is reminiscent 
of the sun and shade leaves of vascular plants.

6. The R. decipiens group species associate with locally adapted photobionts at the 
macrosite scale and, probably, as suggested by the physiological characterization of the 
two most common strains, also at the microsite scale. This is particularly clear in for the 
R. maderensis specimens collected in Cape Verde.

7. A relevant role of the microbiota associated with the Ramalina decipiens group in its 
diversification is mostly discarded, with the possible exception of one species, R. 
sampaiana, which harbors an abnormally diverse core microbiome and whose bacterial 
communities seem to be subject to a filter at the functional level.

8. The bacterial communities associated with the R. decipiens group included bacteria 
belonging to 20 different classes, of which the most common were Alphaproteobacteria 
and Acidobacteriia.

9. The bacterial communities associated with the R. decipiens group species are different 
and phylogenetically structured, but this seems to be the result of environmental filtering, 
maybe related to differences in water availability at the microsite scale.
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10. Surface hydrophobicity in the R. decipiens group is a product of the chemical composition 
of the cortical layer of the thalli.

11. The R. decipiens group species occupy different regions of the functional space created 
from water-related traits. Part of this variability was related to the macroclimatic conditions 
under which the species occur, which suggest an important role of ecophysiology in the 
group’s radiation, unlike the other potential drivers that were previously explored.

12. Only two of the ecophysiological variables that were different among species, the 
hydration and desiccation kinetics, were phylogenetically structured. Moreover, the 
model of evolution that best fitted them was Brownian motion and not early burst.

13. The R. decipiens group species may have diversified by developing different 
ecophysiological strategies for water uptake, retention and loss. This would have occurred 
under a change in selective regime caused by the aridification of the climate and the 
appearance of a new water source: the humidity-laden Trade winds. The R. decipiens 
group radiation would have been triggered by the chondroid strands, that allowed the 
group to exploit the different niches available under the new climatic conditions.

14. The R. decipiens group radiation unfolded by diversification related to substrate, through 
a bark-to-rock substrate shift, and subsequent diversification throughout different water-
related microniches.
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