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Antecedentes  

La biodiversidad se ve comprometida por perturbaciones naturales y antropogénicas 

como el cambio climático y la contaminación y es importante conocer las causas y 

encontrar soluciones para salvaguardarla. Las especies interactúan y su desaparición 

puede causar un gran impacto en otras y/o sobre el medio ambiente. Los líquenes, al igual 

que otros organismos simbióticos, pueden ser más sensibles a estas perturbaciones debido 

a las interacciones entre sus simbiontes y su naturaleza.  

Los líquenes están compuestos al menos por un hongo heterótrofo (micobionte) y 

organismos fotosintéticos (fotobiontes) ya sean algas (ficobiontes) y/o cianobacterias 

(cianobiontes). El concepto tradicional debe ampliarse, ya que se han detectado 

numerosos agregados bacterianos y la presencia de levaduras que son necesarios para el 

funcionamiento y supervivencia del liquen. Estos organismos pueden encontrarse en la 

mayoría de los hábitats y pueden tolerar condiciones extremas y seguir realizando sus 

funciones vitales. La liquenización permite el desarrollo de sus simbiontes en esas 

difíciles condiciones, lo que no sería posible de forma aislada. 

Estos organismos son poiquilohidros, carecen de ceras y cutículas, por lo que están 

sometidos a continuos ciclos de desecación/rehidratación lo cual genera una liberación de 

especies reactivas de oxígeno (ROS) que, si supera la capacidad de las defensas 

antioxidantes, puede producir estrés oxidativo. Los líquenes absorben directamente los 

nutrientes de la atmósfera debido a la ausencia de órganos específicos de captación. En 

general, estos organismos muestran una gran tolerancia al estrés abiótico porque poseen 

mecanismos para amortiguar la liberación de ROS. Numerosas especies son tolerantes a 

metales pesados, como el Pb, porque además de tener un gran sistema antioxidante, 

presentan mecanismos para excluirlo o inmovilizarlo en el espacio extracelular, como se 

ha estudiado ya en el liquen Ramalina farinacea.  
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Por otro lado, el monóxido de nitrógeno (NO) es una molécula de señalización celular 

multifacética que se ha descrito como uno de los primeros mecanismos de defensa frente 

al estrés oxidativo en células eucariotas y es clave en las interacciones simbióticas. Esta 

molécula también desempeña un importante rol en la regulación de la apoptosis, un 

proceso biológico de eliminación de células dañadas que parece mejorar la eficacia 

biológica en condiciones estresantes, pero que no se ha estudiado en líquenes. La 

biosíntesis de NO se produce en plantas principalmente por la nitrato reductasa (NR) y 

por la NO sintasa (NOS) en animales, si bien existe una actividad similar a la NOS 

también en plantas cuyo origen aún no ha sido desentrañado. Sin embargo, se ha descrito 

la presencia de NOS en algunas microalgas y hongos, organismos participantes en la 

simbiosis liquénica.  

Se sabe que esta molécula se libera en líquenes como R. farinacea durante condiciones 

estresantes como la rehidratación y se ha observado su capacidad de reducir el exceso de 

ROS provocado por estas condiciones. Por todo lo anterior, se ha querido profundizar 

más sobre los roles del NO en la tolerancia a metales pesados como el Pb, su implicación 

en la muerte celular activa y su biosíntesis utilizando como modelo al liquen R. farinacea.  

Hipótesis y objetivos 

Nuestra hipótesis es que el NO tiene funciones importantes en los líquenes y en sus 

simbiontes siendo clave en la simbiosis y en la tolerancia al estrés abiótico. El objetivo 

general de la presente tesis es analizar la importancia del NO en la simbiosis liquénica y 

en la tolerancia al estrés oxidativo, así como la exploración de sus mecanismos de síntesis. 

Y se han planteado los siguientes objetivos: 

V Conocer el papel del NO frente al estrés oxidativo generado durante la rehidratación 

y en presencia del metal pesado Pb en R. farinacea y sus ficobiontes. 
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V Estudiar la posible existencia de muerte celular activa y la implicación del NO en 

este proceso biológico en R. farinacea y sus ficobiontes. 

V Identificar la contribución de la NR y la NOS a los mecanismos de síntesis de NO en 

R. farinacea y sus simbiontes. 

Metodología  

Para lograr los objetivos de la presente tesis se emplearon diversas metodologías y 

técnicas instrumentales, las cuales se resumen a continuación: 

Material biológico y cultivos 

Los talos de R. farinacea fueron recogidos directamente en San Lorenzo de El Escorial. 

Estos fueron deshidratados durante 24h y fueron guardados a -80ºC hasta su análisis. Los 

ficobiontes aislados de R. farinacea (Trebouxia jamesii TR1 y T. lynnae TR9) fueron 

cultivados en condiciones de esterilidad en medio Bold 3N (19ºC, 14h luz/ 10h 

oscuridad). Tras 21 días se utilizaron frescos el mismo día o se conservaron a -80ºC hasta 

su análisis. 

Tras conseguir el aislamiento del micobionte de manera estéril, este se sembró en medio 

semi-sólido con extracto de levadura, patata y dextrosa (conocido como ñYPDò) con 

ampilicina en las mismas condiciones que los ficobiontes y se resembró cada 2-4 

semanas. 

Espectrofluometría 

Para medir la producción de radicales libres se utilizó la sonda DCFH2-DA que, en 

contacto con estos, da lugar a DCF, mesurable a ᾊexc 485 nm y ᾊem 535 nm. La 

autofluorescencia de la clorofila se midió a ᾊexc 485 nm y ᾊem 635 nm. El análisis para 

detectar muerte celular se realizó con las tinciones de ácidos nucleicos, YO-PRO-1 y 

Hoechst 33342, utiliz§ndose los siguientes filtros: ɚexc 485, ɚem 528 nm y ɚexc 360, 
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ɚem 460 nm, respectivamente. Por último, la actividad caspasa se cuantificó con el kit 

CellEvent® Caspasa-3/7, la cual emite fluorescencia verde a ɚexc 485 y ɚem 528 nm. 

Espectrofotometría UV-visible 

Para la medida de la peroxidación lipídica se estimó el malondialdehido (MDA) con el 

test del ácido tiobarbitúrico (TBARS) y para la cuantificación de nitrito se empleó el 

método de Griess.  

Cuantificación de nitrito  

El método de Griess consiste en hacer reaccionar al nitrito con sulfanilamida produciendo 

una sal de diazonio que al unirse con naftiletilendiamina forma un compuesto azoico de 

color rosado medible a 540 nm. Se empleó el SKALAR para la cuantificación de 

productos finales de oxidación del NO, primero se analizó la reducción de nitrato a nitrito 

con el método de reducción del cadmio empleando una columna cobre-cadmio y en la 

segunda fase se hizo reaccionar el nitrito producido con naftiletilendiamina formándose 

el compuesto azoico mencionado. Para obtener la actividad específica de la NR se 

cuantificó el nitrito producido en condiciones controladas con el método de Griess y para 

medir la actividad específica de la NOS se utilizó un kit comercial basado en la reacción 

de productos finales de NO empleando también este método. 

Microscopía óptica y de fluorescencia 

Se realizaron análisis de la fluorescencia de las tinciones de ácidos nucleicos (YO-PRO-

1 y Hoechst 33342) y de actividad caspasa mediante microscopía de fluorescencia. El 

tratamiento de las imágenes se realizó con el software LAS EZ. También, se empleó el 

microscopio óptico para visualizar la distribución morfológica de la peroxidación lipídica 

(TBARS) y de actividad NADPH-diaforasa. 
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Resultados 

Capítulo 1 

El NO amortigua los radicales libres producidos durante la rehidratación y modula la 

autofluorescencia de la clorofila durante la rehidratación y la presencia de Pb en el 

holobionte R. farinacea y sus ficobiontes aislados. La rehidratación con Pb genera un 

potente mecanismo antioxidante (efecto hormético) que no parece depender del NO en R. 

farinacea y en el ficobionte T. jamesii (TR1). Sin embargo, la participación del NO en 

dicho efecto hormético es compleja y parece influir en la respuesta e interacción de los 

simbiontes liquénicos, teniendo un papel crucial en el ficobionte T. lynnae (TR9). 

Además, los ficobiontes de R. farinacea presentan diferentes respuestas en cuanto al papel 

del NO en la modulación de la autofluorescencia de la clorofila.  

Capítulo 2 

La tinción de ácidos nucleicos con YO-PRO-1 o Hoechst 33342 utilizada en otros 

modelos biológicos no parecen ser buenos métodos para estudiar la muerte celular activa 

en R. farinacea y sus ficobiontes aislados. Por otra parte, este liquen y sus ficobiontes 

presentan actividad tipo caspasa, inducible por inductores químicos clásicos de apoptosis, 

esto parece confirmar la existencia de muerte celular activa en condiciones estresantes 

como la rehidratación. Por último, la actividad tipo caspasa disminuye al secuestrar el 

NO, sugiriendo que esta molécula podría estar implicada en la regulación positiva de la 

muerte activa en dicho liquen y sus ficobiontes. 

Capítulo 3 

R. farinacea presenta actividad específica NR cuantificada con un método para plantas 

ligeramente modificado. El tungstato, inhibidor de la NR, provocó la disminución de los 

niveles de NO y el aumento del MDA (peroxidación lipídica). Por otro lado, el L-NAME, 

inhibidor de la NOS, no disminuyó los niveles de NO excepto en los primeros minutos 
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(hasta los 30 min) pero si incrementó los niveles de MDA. Sin embargo, la actividad 

NADPH-diaforasa detectada sugiere una posible presencia de una actividad tipo NOS.  

Capítulo 4 

El método de cuantificación de NR se optimizó para el líquen R. farinacea y se obtiene 

una actividad específica 40 veces superior respecto al método de cuantificación utilizado 

en el capítulo 3. La actividad específica NADH-NR de R. farinacea es superior a la 

actividad NADPH-NR y con la adición simultánea de ambos cofactores. En el 

micobionte, las actividades específicas de NADH-NR y NADPH-NR son mayores que si 

se añaden ambos cofactores simultáneamente, lo cual sugiere la presencia de otra 

isoforma suplementaria que emplea NADPH en el micobionte de R. farinacea. En 

cambio, las actividades específicas de la NR en los ficobiontes no presentan diferencias 

entre especies y los cofactores añadidos.  

El tungstato inhibe la actividad específica NADH-NR de R. farinacea y su micobionte, 

pero sólo parcialmente la del ficobionte T. jamesii. Además, la inmunodetección con el 

anticuerpo de la NADH-NR revela la presencia de una enzima similar a la de Arabidopsis 

thaliana (EC 1.7.1.1) en R. farinacea y su micobionte. Las actividades específicas de NR 

se encuentran en un rango similar en R. farinacea y sus simbiontes y son superiores a las 

actividades tipo NOS sugiriendo que la principal enzima de producción de NO es la NR. 

Por otra parte, la actividad específica tipo NOS es superior en los ficobiontes de R. 

farinacea y se encuentra en un rango similar a la actividad específica NR. La inhibición 

con L-NAME disminuye sólo parcialmente la actividad específica tipo NOS de T. jamesii. 

Por último, la inmunodetección con el anticuerpo de la iNOS no revela la presencia de 

esta proteína en R. farinacea ni sus simbiontes. 
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Conclusiones 

Capítulo 1 

El NO amortiguó la liberación de radicales libres y moduló la autofluorescencia de la 

clorofila tras la rehidratación del liquen R. farinacea y sus ficobiontes aislados. Por lo 

tanto, dicha molécula es clave en algunos aspectos del metabolismo energético y la 

homeostasis redox en este liquen. La presencia de Pb generó una inesperada reducción de 

producción de radicales libres en R. farinacea y sus ficobiontes. Aunque la participación 

del NO en este efecto hormético fue compleja, esta molécula es clave para la tolerancia 

al Pb en el ficobionte T. lynnae (TR9). Dicho ficobionte parece tener siempre mayor 

capacidad antioxidante y diferentes estrategias que T. jamesii (TR1) para afrontar 

condiciones adversas.  

Capítulo 2 

Las tinciones de ácidos nucleicos con YO-PRO-1 y Hoechst 33342 que se utilizan para 

detectar células apoptóticas no se consideran adecuadas para detectar muerte celular 

activa en R. farinacea y sus ficobiontes. La actividad tipo caspasa y su visualización por 

microscopía de fluorescencia sugieren la existencia de muerte celular activa, similar a la 

apoptosis, como proceso biológico para enfrentar situaciones estresantes como la 

rehidratación en este liquen y, especialmente, en sus ficobiontes. Además, el NO parece 

estar involucrado en la regulación positiva de dicho proceso. 

Capítulo 3 

Los inhibidores comúnmente utilizados de las actividades de NR y NOS causaron 

cambios en la peroxidación de lípidos y en los productos finales de NO durante la 

rehidratación de los talos en R. farinacea. Lo cual sugiere que el NO es una molécula 

clave frente a la tolerancia al estrés oxidativo en este liquen. La síntesis y la regulación 

del NO son complejas y pueden implicar tanto las vías del NR como de la NOS. La 



 Resumen 

 

- 8 - 

 

actividad NR parece ser la principal encargada de su producción en R. farinacea, aunque 

también parece evidenciarse indirectamente la presencia de actividad tipo NOS, ya que 

se visualizó actividad NADPH-diaforasa positiva.  

Capítulo 4 

La optimización de un método específico mostró que la actividad NADH-NR específica 

de los talos de R. farinacea es un orden de magnitud mayor que la de A. thaliana y está 

en el rango de la clorofita Ulva intestinalis. Los estudios de inhibición de actividad NR y 

su inmunodetección demostraron que R. farinacea y su micobionte presentan una Moco-

NR canónica similar a la de plantas. Además, los resultados apuntaron a la existencia de 

otra isoforma suplementaria en el micobionte de R. farinacea que usa NADPH. Por lo 

tanto, la actividad NR parece estar participada por varias isoformas diferentes, incluyendo 

las Moco-NR canónicas y las no canónicas en el holobionte R. farinacea.  

Por otra parte, la actividad específica de la NOS de los ficobiontes de este liquen se 

encontró en un rango similar al de la NR y fue mayor que en R. farinacea y su micobionte. 

Los análisis de inhibición de actividad NOS y su inmunodetección no revelan la presencia 

de una iNOS canónica similar a la de animales, ni en el talo, ni en los simbiontes aislados. 

La actividad tipo NOS es relativamente importante en los simbiontes aislados, pero 

resulta fuertemente deprimida en el holobionte por razones que deben ser investigadas 

más a fondo.
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Background  

Biodiversity is compromised by natural and anthropogenic disturbances such as climate 

change and pollution and it is important to understand the causes and find solutions to 

safeguard it. Species interact and their disappearance can have a major impact on other 

species and/or on the environment. Lichens, like other symbiotic organisms, may be more 

sensitive to these disturbances due to interactions between their symbionts and their 

nature.  

Lichens are composed of at least one heterotrophic fungus (mycobiont) and 

photosynthetic organisms (photobionts) either algae (phycobionts) and/or cyanobacteria 

(cyanobionts). The traditional concept needs to be expanded, as numerous bacterial 

aggregates and the presence of yeasts have been detected that are necessary for the 

functioning and survival of the lichen. These organisms can be found in most habitats and 

can tolerate extreme conditions and still perform their vital functions. Lichenisation 

allows the development of their symbionts in these difficult conditions, which would not 

be possible in isolation. 

These organisms are poikilohydric, lacking waxes and cuticles, and are therefore 

subjected to continuous cycles of desiccation/rehydration, leading to a release of reactive 

oxygen species (ROS) which, if beyond the capacity of antioxidant defences, can lead to 

oxidative stress. Lichens directly absorb nutrients from the atmosphere due to the absence 

of specific uptake organs. In general, these organisms show a high tolerance to abiotic 

stress because they possess mechanisms to buffer the release of ROS. Many species are 

tolerant to heavy metals, such as Pb, because in addition to having a strong antioxidant 

system, they have mechanisms to exclude or immobilise it in the extracellular space, as 

has already been studied in the lichen Ramalina farinacea.  
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On the other hand, nitrogen monoxide (NO) is a multifaceted cell signalling molecule that 

has been described as one of the first defence mechanisms against oxidative stress in 

eukaryotic cells and is key in symbiotic interactions. This molecule also plays an 

important role in the regulation of apoptosis, a biological process of eliminating damaged 

cells that appears to improve biological efficiency under stressful conditions but has not 

been studied in lichens. NO biosynthesis occurs in plants mainly by nitrate reductase (NR) 

and by NO synthase (NOS) in animals, although there is a NOS-like activity in plants as 

well, the origin of which has not yet been unravelled. However, NOS has been described 

in some microalgae and fungi, organisms involved in the lichen symbiosis.  

It is known that this molecule is released in lichens such as R. farinacea during stressful 

conditions such as rehydration and its ability to reduce the excess of ROS caused by these 

conditions has been observed. For all these reasons, we wanted to further investigate the 

roles of NO in tolerance to heavy metals such as Pb, its involvement in active cell death 

and its biosynthesis using the lichen R. farinacea as a model. 

Hypothesis and objectives 

Our hypothesis is that NO has important functions in lichens and their symbionts being 

key in the symbiosis and in the tolerance to abiotic stress. The general objective of the 

present thesis is to analyse the importance of NO in lichen symbiosis and in tolerance to 

oxidative stress, as well as to explore its mechanisms of synthesis. The following 

objectives have been set: 

V To understand NO role against oxidative stress generated during rehydration and in 

the presence of the heavy metal Pb in R. farinacea and its phycobionts. 

V To study the possible existence of active cell death and the involvement of NO in this 

biological process in R. farinacea and its phycobionts. 
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V To identify the contribution of NR and NOS to the mechanisms of NO synthesis in 

R. farinacea and its symbionts. 

Methodology 

In order to achieve the objectives of this thesis, several methodologies and instrumental 

techniques were employed, which are summarised below: 

Biological material and cultures 

R. farinacea thalli were collected directly from San Lorenzo de El Escorial. They were 

dehydrated for 24h and stored at -80ºC until analysis. Phycobionts isolated from R. 

farinacea (Trebouxia jamesii TR1 and T. lynnae TR9) were grown under sterile 

conditions in Bold 3N medium (19ºC, 14h light/10h dark). After 21 days they were used 

fresh on the same day or stored at -80°C until analysis. 

After mycobiont isolation was achieved in a sterile manner, the mycobiont was seeded 

on semi-solid medium containing yeast extract, potato and dextrose (known as "YPD") 

with ampicillin under the same conditions as the phycobionts and reseeded every 2-4 

weeks. 

Spectrofluometry 

The DCFH2-DA probe was used to measure the production of free radicals which, when 

in contact with these, gives rise to DCF, measurable at ᾊexc 485 nm and ᾊem 535 nm. 

Chlorophyll autofluorescence was measured at ᾊexc 485 nm and ᾊem 635 nm. The analysis 

for cell death was performed with nucleic acid stains, YO-PRO-1 and Hoechst 33342, 

using the following filters: ɚexc 485, ɚem 528 nm and ɚexc 360, ɚem 460 nm, 

respectively. Finally, caspase activity was quantified with the kit CellEvent® Caspase-

3/7, which emits green fluorescence at ɚexc 485 and ɚem 528 nm. 
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UV-visible spectrophotometry 

For the measurement of lipid peroxidation, malondialdehyde (MDA) was estimated 

with the thiobarbituric acid test (TBARS) and for the quantification of nitrite the Griess 

method was used.  

Nitrite quantification 

The Griess method consists of reacting nitrite with sulphanilamide to produce a 

diazonium salt which, when bound with naphthylethylenediamine, forms a measurable 

pink azo compound at 540 nm. SKALAR was used for the quantification of NO oxidation 

end products, first the reduction of nitrate to nitrite was analysed with the cadmium 

reduction method using a copper-cadmium column and in the second phase the nitrite 

produced was reacted with naphthylethylenediamine forming the azo compound 

mentioned. To obtain the specific activity of NR, the nitrite produced was quantified 

under controlled conditions with the Griess method and to measure the specific activity 

of NOS, a commercial kit based on the reaction of NO end products was used, also using 

this method. 

Optical and fluorescence microscopy 

Fluorescence analysis of nucleic acid stains was performed (YO-PRO-1 and Hoechst 

33342) and caspase activity by fluorescence microscopy. The images were processed with 

LAS EZ software. Optical microscopy was also used to visualise the morphological 

distribution of lipid peroxidation (TBARS) and NADPH-diaphorase activity. 
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Results 

Chapter 1 

NO scavenges free radicals produced during rehydration and modulates chlorophyll 

autofluorescence during rehydration and the presence of Pb in the holobiont R. farinacea 

and its isolated phycobionts. Rehydration with Pb generates a potent antioxidant 

mechanism (hormetic effect) that does not seem to depend on NO in R. farinacea and the 

phycobiont T. jamesii (TR1). However, the involvement of NO in this hormetic effect is 

complex and seems to influence the response and interaction of lichen symbionts, having 

a crucial role in the phycobiont T. lynnae (TR9). Furthermore, R. farinacea phycobionts 

show different responses in terms of NO role in modulating chlorophyll autofluorescence.  

Chapter 2 

Nucleic acid staining with YO-PRO-1 or Hoechst 33342 used in other biological models 

do not seem to be good methods to study active cell death in R. farinacea and its isolated 

phycobionts. On the other hand, this lichen and its phycobionts show caspase-like 

activity, inducible by classical chemical inducers of apoptosis, which seems to confirm 

the existence of active cell death under stressful conditions such as rehydration. Finally, 

caspase-like activity decreases upon NO scavenging, suggesting that this molecule may 

be involved in the positive regulation of active cell death in this lichen and its 

phycobionts. 

Chapter 3 

R. farinacea exhibits NR specific activity quantified with a slightly modified plant 

method. Tungstate, NR inhibitor, caused a decrease in NO levels and an increase in MDA 

(lipid peroxidation). On the other hand, L-NAME, NOS inhibitor, did not decrease NO 

levels except in the first minutes (until 30 min) but increased MDA levels. However, the 

NADPH-diaphorase activity detected suggests a possible presence of a NOS-like activity. 
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Chapter 4 

NR quantification method was optimised for the lichen R. farinacea and yields a 40-fold 

higher specific activity compared to the quantification method used in chapter 3. NADH-

NR specific activity of R. farinacea is higher than NADPH-NR and the simultaneous 

addition of both cofactors. In the mycobiont, the specific activities of NADH-NR and 

NADPH-NR are higher than if both cofactors are added simultaneously, suggesting the 

presence of another supplementary NADPH-employing isoform in the mycobiont of R. 

farinacea. In contrast, the specific activities of NR in phycobionts do not differ among 

species and added cofactors.  

Tungstate inhibits the specific NADH-NR activity of R. farinacea and its mycobiont and 

partially that of the phycobiont T. jamesii. In addition, immunodetection with the NADH-

NR antibody reveals the presence of an A. thaliana-like enzyme (EC 1.7.1.1) in R. 

farinacea and its mycobiont. The NR-specific activities are in a similar range in R. 

farinacea and its symbionts and are higher than the NOS-like activities suggesting that 

the main NO-producing enzyme is NR. On the other hand, NOS-like specific activity is 

higher in R. farinacea phycobionts and is in a similar range to NR-specific activity. 

Inhibition with L-NAME only partially decreases the specific NOS-like activity of T. 

jamesii. Finally, immunodetection with the iNOS antibody does not detect the presence 

of this protein in R. farinacea and its symbionts.  
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Conclusions 

Chapter 1 

NO cushioned free radicals release and modulated chlorophyll autofluorescence after 

rehydration of R. farinacea lichen and its isolated phycobionts. Therefore, this molecule 

is key in some aspects of energy metabolism and redox homeostasis in this lichen. Pb 

presence generated an unexpected reduction of free radical production in R. farinacea and 

its phycobionts. Although NO involvement in this hormetic effect was complex, this 

molecule is key to Pb tolerance in the phycobiont T. lynnae (TR9). This phycobiont seems 

to have always higher antioxidant capacity and different strategies than T. jamesii (TR1) 

to cope with adverse conditions. 

Chapter 2 

YO-PRO-1 and Hoechst 33342 nucleic acid staining used to locate apoptotic cells are not 

considered suitable for detecting active cell death in R. farinacea and its phycobionts. 

Caspase-like activity and its visualisation by fluorescence microscopy suggest the 

existence of apoptosis-like active cell death as a biological process to cope with stressful 

situations such as rehydration in this lichen and, especially, its phycobionts. Moreover, 

NO seems to be involved in the positive regulation of this process. 

Chapter 3 

Commonly used inhibitors of NR and NOS activities caused changes in lipid peroxidation 

and NO end products during rehydration of the thalli in R. farinacea. This suggests that 

NO is a key molecule in oxidative stress tolerance in this lichen. The synthesis and 

regulation of NO is complex and may involve both NR and NOS pathways. NR activity 

appears to be responsible for its production in R. farinacea, although the presence of 

NOS-like activity also appears to be indirectly evidenced, as positive NADPH-diaphorase 

activity was visualised. 
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Chapter 4 

Optimisation of a specific method showed that the specific NADH-NR activity of R. 

farinacea thalli is an order of magnitude higher than that of A. thaliana and is in the range 

of the chlorophyte Ulva intestinalis. NR activity inhibition studies and their 

immunodetection showed that R. farinacea and its mycobiont exhibit a canonical Moco-

NR similar to that of plants. Furthermore, the results pointed to the existence of another 

supplementary isoform in the mycobiont of R. farinacea that uses NADPH. Therefore, 

NR activity seems to be involved by several different isoforms, including canonical and 

non-canonical Moco-NR in the R. farinacea holobiont.  

On the other hand, NOS specific activity of the phycobionts of this lichen was found to 

be in a similar range to that of NR and was higher than in R. farinacea and its mycobiont. 

Inhibition analyses of NOS activity and its immunodetection did not reveal the presence 

of a canonical animal-like iNOS, neither in the thallus nor in the isolated symbionts. NOS-

like activity is relatively important in the isolated symbionts but is strongly depressed in 

the holobiont for reasons that need to be further investigated.
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General introduction  

Theoretical/Conceptual framework 

Species diversity is being compromised at an accelerating rate due to natural disturbances or 

human-induced climate change, as well as rapid technological development and pollution. It is 

important to understand the causes and the importance of safeguarding biodiversity. 

Biodiversity is defined as the variety of life in all its forms and their interaction within complex 

ecosystems. This concept is important because each organism has its function within the 

ecosystem in which it is found. Species interact and the disappearance of one species can have 

a major impact on others and in the environment. The main causes of biodiversity loss are 

climate change, pollution, overexploitation, changes in land use, the existence of invasive 

species, among others. Disturbances play a crucial role in the ecosystems, distribution, 

diversity, and functions of organisms [1]. They can also provide insights into spatial variation 

in diversity and interactions between species and ecosystems.  

Lichens, like other holobionts, may be more sensitive to natural or anthropogenic disturbances 

than other organisms as they are subject to biotic interactions [2]. They are symbiotic organisms 

composed of at least a heterotrophic fungus known as a mycobiont and photosynthetic 

organisms (photobionts) either one or more green algae called phycobionts and/or 

cyanobacteria (cyanobionts) [3,4]. The symbiosis gives rise to the lichen thallus which is known 

as the holobiont and is considered a unique entity and a microecosystem with complex 

physiology consisting of the functional and genetic interactions between the symbionts, which 

has allowed it to be found and spread across diverse biogeographical regions [4ï6]. It was 

formerly believed that the photosynthetic part was composed of a single photosynthetic 

organism as in the case of the mycobiont. However, it has been discovered that it can be made 

up of several species of algae or cyanobacteria [7]. The traditional concept needs to be 

broadened as numerous bacterial aggregates associated with the hyphae have been detected as 
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part of the lichenic complexity and appear to be necessary for the functioning of the lichen [8]. 

In addition, the presence of yeasts (Basidiomycota) has been reported whose function is thought 

to be to protect the lichen from microbes and predators [9,10]. In such symbiosis, the 

photobionts and bacteria provide organic nutrients and the mycobiont provides minerals and 

water as well as protection against adverse conditions [11ï13]. 

They are very diverse both from a functional point of view (different morphologies and 

"physiological" strategies, growth forms, among others) and from a biological perspective [14]. 

The most striking thing about lichens is their ubiquity, they are found all over the world and in 

most habitats [15]. Lichens are extremophiles, they can be the predominant form of life in harsh 

environments such as desert, alpine, Arctic and Antarctic regions [16]. Lichen-forming fungi 

occupy about 8 % of the earth's surface and are widely distributed [17]. As mentioned above, 

lichens can grow in most areas thanks to lichenization that allows the development of symbionts 

in extreme conditions, which would not be possible in isolation [15]. The diversity of 

microalgae that are part of lichens depends on the type of habitat, the territory and the growth 

stage of the thallus [18]. Biotic and abiotic factors compromise the different stages of lichen 

development. Moreover, these impressive symbiotic organisms can survive in extreme 

conditions and continue to photosynthesise and metabolise.  

In general, lichens show high tolerance to abiotic stresses such as desiccation, irradiation and 

exposure to pollutants and heavy metals. However, some species are more tolerant than others 

to environmental factors. For example, desiccation tolerance in lichens is mainly achieved by 

constitutive mechanisms as poikilohydric organisms, and for species growing in more 

favourable habitats, inducible mechanisms are more important [19]. Therefore, lichens must 

have powerful antioxidant mechanisms and/or adaptations to perform their vital functions even 

under these conditions. To understand and study these mechanisms of such organisms can be 

very interesting and effective for technological applications.  
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Metalliferous rocks contain toxic elements and allow to study the tolerance mechanisms of 

lichens to these elements, the study of established lichen communities in metal-rich areas is 

also important for understanding speciation [20]. Lichens tend to be tolerant to heavy metals 

because, apart from the great antioxidant system they possess, they are also able to immobilise 

metals in areas of the cell wall [21,22]. However, their ability to trap and accumulate heavy 

metals causes changes in vitality parameters, degradation of cell membranes and chlorophyll, 

damage to enzyme activities, increase of malondialdehyde (MDA), which is closely related to 

the occurrence of oxidative stress [23,24]. As a visual example, Figure 1 shows some 

mechanisms of Pb tolerance in these organisms [25]. 

 

Figure 1. Some different strategies for Pb tolerance in lichens. The Pb-tolerance mechanisms of the mycobiont 

are shown in orange boxes and those of the phycobionts in green. C cortex, Hyp hyphae and Pho photobiont. 

Lichens are also used as early warning indicators of impacts, especially in the case of relevant 

ambient nitrogen concentrations [26]. Such alterations corroborate the effectiveness of 

environmental quality assessments through these organisms [27]. 

They are excellent indicators of climate change as they paradoxically show a high sensitivity 

to environmental disturbances, especially air pollution [28]. In such symbiotic organisms, the 

photosynthetic partner is more sensitive to environmental contamination than the mycobiont as 
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the photosynthetic organelles generate free radicals in the electron transport chains of 

photosynthesis in addition to respiration [29]. As they lack waxes and cuticles and can 

bioaccumulate contaminants. Therefore, lichens are widely used organisms as biosensors and 

are applied in biomonitoring programmes all over the world because of their bioaccumulation 

capacity and their biodiversity [30ï33]. They are often chosen as bioindicators of air pollution 

and heavy metals, as some species are very sensitive and others tolerate a certain amount of 

pollution distributed according to habitat quality [34]. For example, they are very effective for 

locating heavy metals in the environment and to control the effects of pollution on certain 

organisms [35ï37]. Furthermore, they are useful as passive samplers. Table 1 summarises all 

these closely related concepts. 

Table 1. Related terms on lichens as environmental monitors 

Concept Definition  

Bioindicator organisms ability to respond to environmental pollution through 

alterations in their physiology and/or by accumulating contaminants. 

 

Biosensor is a concept close to bioindicator, species are used as an instrument to 

measure chemical or biological parameters (useful tools to know the 

scope of contamination). 

 

Biomonitor organisms that make it possible to quantify air quality through the 

disappearance, diversity and/or morphological alteration of these. 

 

Passive 

samplers 

those species naturally occurring in the ecosystems to be assessed and 

which are used as biomonitors. 

 

Biomarker measurable changes whether biochemical, physiological and/or 

morphological e.g., analysing the change in MDA levels is a good 

marker of lipid peroxidation (that can be caused by oxidative stress). 

 



 General introduction 

 

- 21 - 

 

As mentioned above, lichens lack cuticles and waxes and are poikilohydric organisms. 

Therefore, they are not able to regulate their water status and depend on the availability of water 

in the environment, being subject to continuous cycles of desiccation/rehydration that can 

trigger oxidative stress. However, they are very tolerant to rapid changes in water content and 

desiccation, some are even adapted to anhydrobiosis, due to the existence of antioxidant 

mechanisms that eliminate reactive oxygen species (ROS) [24,38ï40]. ROS can cause cell 

damage if they increase to the point of creating an imbalance in the antioxidant system [41,42]. 

Instead, they are important for organisms because they are involved in signalling for various 

cellular processes, such as defence against pathogens. Oxidative stress, produced by excess 

ROS, can cause damage to nucleic acids, lipids, proteins and even cell death [41]. Their 

production increases during stressful situations such as nutrient restriction, air pollution, water 

deficit, exposure to xenobiotics, among others [43,44]. These are chemical species derived from 

oxygen (O2) that are free radicals or can form free radicals [45]. ROS generation in aerobic cells 

occurs by incomplete reduction of O2 in its ground state producing hydroxyl and superoxide 

radicals, singlet oxygen and hydrogen peroxide (reviewed in [42]). Electron transport chains, 

such as those involved in photosynthesis and respiration, can physiologically generate ROS 

[46].  

As has been shown, ñdespite tolerantò, lichens are sensitive to the storage of xenobiotics and 

heavy metals (HM) [23,47]. Specifically, some HMs such as lead favour ROS generation 

[45,47ï50]. R. farinacea is a lichen species quite tolerant to HMs [51,52] that develops a potent 

antioxidant response in the presence of pollutants such as cumene hydroperoxide or lead by 

reducing free radicals production and modulating lipid peroxidation [23,53]. It also induces a 

hormetic response. Hormesis consists of a dual response to a xenobiotic agent, with a 

stimulatory or beneficial effect at low concentrations and an inhibitory or toxic effect at high 

doses [54]. 
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Nitrogen monoxide (NO), commonly known as nitric oxide, has been described as one of the 

first possible defence mechanisms against oxidative stress in eukaryotic cells [55]. For example, 

NO is able to reduce excess ROS, dampening lipid peroxidation resulting from oxidative stress 

caused by ROS overgeneration [56]. Nitrogen (N2) is an essential element for the composition 

of biomolecules in living organisms such as proteins and nucleic acids. The nitrogen cycle is 

the process through which this element changes its molecular species. In the atmosphere it is 

N2 gas, and in soils it exists as nitrate (NO3), nitrite (NO2) and NO [57]. 

NO is chemically an unstable, short half-life, free radical gaseous molecule. Reactive nitrogen 

species (RNS) are derived from NO and the best known is peroxynitrite formed by the reaction 

of NO and superoxide [58,59]. Therefore, high concentrations of NO can exert detrimental 

effects on proteins, lipids and DNA in the same way as ROS. However, endogenous NO acts 

as a cell signalling molecule essential for the maintenance of homeostasis in organisms and is 

involved in several physiological processes. This molecule is related to hormones (such as 

abscisic acid, auxins and cytokinins among others [60]) and ROS which are key regulators of 

plant growth and development [61].  

In plants, NO is involved through pathways very similar to those in animals in resistance to 

pathogens, abiotic stress, and biotic communications [62,63]. In plant growth-promoting 

rhizobacteria (PGPR), NO has a signalling and regulatory role [64]. In fungi, this molecule 

appears to be involved in several important processes such as morphogenesis, sporulation, cell 

development and apoptosis [65]. NO acts as a regulatory signal and is involved in energy 

metabolism in some symbiotic interaction for example in mycorrhizae, Legume-Rhizobium and 

corals [66ï70]. This molecule is very important in the establishment of these symbioses and it 

regulates nitrogen-fixing symbioses [61,71]. However, NO role in other symbiotic organisms 

such as lichens has not been extensively studied. 
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It has been shown that this molecule is released during rehydration under intracellular oxidative 

stress in the lichens Ramalina lacera and R. farinacea [40,72]. In the latter, NO is involved in 

antioxidant defence, regulation of lipid peroxidation and peroxidative damage generated by 

atmospheric pollution, appears to confer protection against cumene hydroperoxide and is 

essential for photosynthesis [53]. 

NO also plays an important role in apoptosis, a type of active programmed cell death (PCD). 

This is the most studied form of PCD in the different taxa [73ï79] due to its outstanding 

biochemical and morphological characteristics and the activation of key proteins in the 

execution of the apoptotic signal such as the cystein proteases know as caspases or 

metacaspases [80ï82]. Apoptosis is crucial to ensure proper functioning and survival of a living 

being by eliminating damaged or redundant cells [83]. NO regulates apoptosis positively or 

negatively in various organisms [84ï90]. As mentioned above, apoptosis and the involvement 

of NO in the process has been studied for its relevance in different kingdoms but has not been 

studied in lichens yet. It is not known whether, as in other organisms, the oxidative stress 

generated in lichens could trigger an apoptotic programme to correct the damage [91,92]. 

NO biosynthesis 

The first biosynthesis of NO was reported in 1956 in bacteria [93]. The enzymatic source of 

NO was identified when it was discovered to be a unique mediator of cell signalling and 

involved in several physiological processes, as it was previously considered simply a highly 

toxic gas [94]. NO can be synthesised enzymatically and non-enzymatically in both animals 

and plants [95ï97]. It can be produced by the enzymes nitrate reductase (NR), nitrite reductase 

and/or NO synthases (NOSs) (details in Figure 2) and non-enzymatically under hypoxia and 

low pH conditions, e.g. the reduction of nitrite (NO2) to NO by the reductant ascorbate [96,97].  
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Figure 1. Diagram of the main enzymatic routes of NO biosynthesis. 

In plants and algae, NO biosynthesis is carried out by the NR which converts nitrate into nitrite 

which will result in NO [98ï100]. This enzyme is the main source of NO production in response 

to stress and as a method of defence [101]. Three isoforms of NR are described according to 

the cofactor (NADH and/or NADPH) involved: NADH (EC 1.7.1.1), NADPH (EC 1.7.1.3) and 

NAD(P)H (EC 1.7.1.2) [102,103].  

In animals, NOS catalyses the general reaction of the transformation of L-arginine into NO and 

L-citrulline [62,104]. Three isoforms of animal NOS are known: endothelial (eNOS), inducible 

(iNOS) and neuronal (nNOS) [105]. These isoforms have been studied from model mammals 

(Rattus norvegicus, Mus musculus and Bos taurus) becoming canonical NOS alongside human 

NOS isoforms and splice variants [106ï109]. 

The presence of NOS-like protein in plants has been a matter of debate in recent years [97,110]. 

Especially when the first NOS was characterised in the alga Ostreococcus tauri [111]. Like in 

plants, there is indirect evidence of NO synthesis by NOS based on the use of NOS inhibitors 

in fungi [112]. It should be emphasised that recent genetic studies have confirmed the presence 

of the NOS enzyme in algae, fungi, basal metazoans and cyanobacteria [109,112,113]. 

However, this enzyme remains elusive in land plants [109,113,114]. Again, NO biosynthesis 

has not been studied in lichens yet. 

Ramalina farinacea as a lichen model to study NO roles and biosynthesis 

R. farinacea (L.) (Figure 3) is an epiphytic, fruticulous lichen that forms narrow and branched 

lacinias, from yellowish to greyish green with a wide environmental tolerance, mainly 
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distributed in the Mediterranean region. It can survive in different environments and changing 

conditions due to its high physioecological plasticity. There are at least two known microalgae 

that always appear as phycobionts in this species and respond differently to oxidative stress, 

probably in a complementary way, and so coexist in the same thallus: Trebouxia jamesii (TR1) 

y T. lynnae (TR9) [115,116]. They modulate energy metabolism during rehydration and have 

antioxidant mechanisms that reduce free radical. These phycobionts also have different 

strategies to achieve Pb tolerance either by differences in their antioxidant systems or by 

differences in Pb accumulation due to their different extracellular polymers and cell walls 

[23,52,117,118]. Recently, more species of microalgae have been observed to coexist in this 

lichen [7]. Different phycobionts within the same thallus could provide different mechanisms 

of tolerance to xenobiotics or other environmental stresses which generates an important 

adaptive benefit [23,52,53,119,120]. Moreover, this lichen is a suitable model to study the 

abiotic stress since it is tolerant to desiccation [23,40]. 

 

Figure 2. R. farinacea photo composition. a) R. farinacea on Quercus pyrenaica (Pyrenean oak) at San Lorenzo 

de El Escorial, b) image of a slice of R. farinacea seen under the microscope (ñbright fieldò) where ñphyò are the 

phycobionts and ñhypò are the hyphae of the mycobiont (ñmycò), c) R. farinacea mycobiont isolated in culture 

and d) R. farinacea phycobionts isolated in culture. 
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Objectives 

The general hypothesis of this thesis is that NO has important functions in R. farinacea and its 

symbionts and is key in symbiosis and abiotic stress tolerance. Therefore, the general aim of 

this thesis is to analyse the importance of NO in lichen symbiosis and to gather all the 

information necessary to understand how this molecule is biosynthesised in the lichen R. 

farinacea and its symbionts. The specific objectives within each chapter are broken down 

below. 

 

Chapter 1: NO role under abiotic stress 

The main objective of this chapter is to determine the importance of NO against oxidative stress 

in R. farinacea and its isolated phycobionts (Trebouxia jamesii TR1 and T. lynnae TR9) during 

rehydration and in the presence of lead. In this regard, isolated phycobionts are studied to gain 

a more comprehensive understanding of the functioning of the thallus (R. farinacea holobiont). 

To achieve this, the aim is to analyse: a) free radicals release with the DCFH2-DA probe to 

understand the oxidative burst; b) lipid peroxidation by quantification of MDA to study 

oxidative stress and c) chlorophyll autofluorescence which provides us with information on 

energy metabolism. 

 

Chapter 2: Apoptosis in lichens and the involvement of NO in the process 

This chapter aims to study the possible occurrence of apoptosis to protect the thalli from 

desiccation-rehydration stress in a changing environment. The specific objectives are to test 

whether fluorescent nuclear stains (YO-PRO-1 and Hoechst 33342) and caspase activity are 

effective in detecting active cell death in lichens. For this purpose, these active cell death 

markers are used and studied under the following conditions: recent rehydration, presence of 

apoptosis inducers and in the presence of a NO scavenger (c-PTIO).  
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Chapter 3: A first approach to NO biosynthesis in R. farinacea. 

The objectives of this chapter are to quantify NR specific activity in this lichen with a plant-

based method quantifying nitrite by griess method and to study the effects of NR and NOS 

enzyme inhibitors (Tungstate and L-NAME, respectively) on lipid peroxidation by MDA 

quantification after rehydration and on NO oxidation end products (nitrates and nitrites) using 

an autoanalyzer Skalar. In addition, diaphorase activity and lipid peroxidation byproducts 

(TBARS) will be observed by optical microscopy. 

 

Chapter 4: Identification of the mechanisms of NO biosynthesis in R. farinacea holobiont 

This last chapter aims to optimise the method for quantifying NR specific activity in the lichen 

R. farinacea and to determine the specific activities of the enzymes responsible for NO 

biosynthesis in this species and its symbionts. For this purpose, NR specific activity will be 

quantified with the Griess method optimised for lichens and NOS-like specific activity with an 

animal kit. The specific NADH-NR and iNOS proteins in R. farinacea and its symbionts will 

also be identified by immunodetection using specific antibodies and controls.  
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