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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: 

✓ 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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✓ Estudiar la posible existencia de muerte celular activa y la implicación del NO en 

este proceso biológico en R. farinacea y sus ficobiontes. 

✓ 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 “YPD”) 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 ʎexc 485 nm y ʎem 535 nm. La 

autofluorescencia de la clorofila se midió a ʎexc 485 nm y ʎem 635 nm. El análisis para 

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

Hoechst 33342, utilizándose los siguientes filtros: λexc 485, λem 528 nm y λexc 360, 
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λem 460 nm, respectivamente. Por último, la actividad caspasa se cuantificó con el kit 

CellEvent® Caspasa-3/7, la cual emite fluorescencia verde a λexc 485 y λem 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 
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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: 

✓ 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. 

✓ 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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✓ 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 ʎexc 485 nm and ʎem 535 nm. 

Chlorophyll autofluorescence was measured at ʎexc 485 nm and ʎem 635 nm. The analysis 

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

using the following filters: λexc 485, λem 528 nm and λexc 360, λem 460 nm, 

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

3/7, which emits green fluorescence at λexc 485 and λem 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 [4–6]. 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 [11–13]. 

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 [30–33]. 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 [35–37]. 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). 
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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) [24,38–40]. 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, “despite tolerant”, lichens are sensitive to the storage of xenobiotics and 

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

[45,47–50]. 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 [66–70]. 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. 



 General introduction 

 

- 23 - 

 

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 [73–79] 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 [80–82]. 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 [84–90]. 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 [95–97]. 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 [98–100]. 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 [106–109]. 

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 (“bright field”) where “phy” are the 

phycobionts and “hyp” are the hyphae of the mycobiont (“myc”), 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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Chapter 4  

Unravelling NO biosynthesis in the lichen symbiosis 
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s/n, 28933 Móstoles, Madrid, Spain. E-mail address: myriam.catala@urjc.es (M. Catalá). 

Abstract  

NO is a multifaceted molecule key in functions such as abiotic stress tolerance and symbioses 

establishment and permanence. Lichens are complex symbiotic associations of partners 

belonging to different kingdoms that release NO under stress conditions such as dessication-

rehydration cycles and the presence of xenobiotics. NO synthase (NOS) oxidises L-arginine to 

produce NO in animals and some aquatic microalgae, while nitrate reductase (NR) reduces 

nitrate to NO in plants and fungi. Inhibition studies suggest that both activities might be present 

in thalli. Due to its multipartner compotition, our hypothesis is that R. farinacea biosynthesise 

NO through both oxidative (NOS) and reductive (NR) enzymatic pathways. NR activity was 

quantified with a method optimised for lichens using NADH or/and NADPH, and NOS with a 

commercial kit in R. farinacea thalli and cultures of the isolated main symbionts: R. farinacea 

mycobiont, and Trebouxia jamesii and Trebouxia lynnae (formerly TR9) phycobionts. 

Inhibition studies were performed with L-NAME and tungstate. Immunodetection was carried 

out with specific polyclonal antibodies (anti-plant NADH-NR and anti-iNOS animal isoform). 

NADH-NR specific activity of R. farinacea is an order of magnitude higher than Arabidopsis 

thaliana and in the range of the chlorophyte Ulva intestinalis. R. farinacea mycobiont possesses 
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a canonical plant-like Moco-NR, although Trebouxia phycobionts’ NR activity does not and 

presents interesting peculiarities. NOS has not been immunodetected and NOS-like activity is 

inhibited by L-NAME only partially in T. jamesii. Despite NOS-like activity is very high in the 

isolated symbionts, it is strongly depressed in the holobiont. In summary, NR activity seems to 

be the main source of NO biosynthesis for the isolated symbionts and the holobiont in R. 

farinacea but it presents intriguing features that deserve further study. 

Keywords  

Enzyme activities, fungi, immunodetection, microalgae, mycobiont, nitrate reductase, NO 

synthase and phycobiont. 
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1 Introduction 

Species are disappearing at a dizzying rate due to human activity, pollution and climate change. 

However, lichens can survive in inhospitable areas or in unfavourable conditions, i.e. deserts 

and tundra, and still metabolize and photosynthesize. Consequently, these impressive 

organisms must possess adaptations such as powerful antioxidant mechanisms to 

photosynthesize and metabolise even under extreme conditions. Given that our agriculture 

strongly relies in rhizobial or mycorrhizal symbioses, and corals are determinant for oceanic 

equilibrium [1,2], beside intrinsic scientific interest, knowledge of lichen intimate mechanisms 

can also be useful regarding biotechnological applications, alimentary and sanitary resources. 

Lichens are composite symbiotic organisms consisting of fungi, a photosynthetic part, which 

can be either green algae or cyanobacteria, and bacterial communities [3–5]. They are 

poikilohydric and cannot regulate their water content so that are subject to continuous 

dehydration/rehydration cycles. Lichens even withstand total desiccation; they are adapted to 

anhydrobiosis and can resume their function quickly after rehydration [6]. This trait is key to 

survival in extreme environments since they can remain metabolically inactive for long periods 

and restore cellular processes in the presence of water [7]. During rehydration, lichens release 

massive amounts of ROS, that are further increased during exposure to pollutants or solar UV, 

especially in photosynthetic partners as they are produced in the electron chains of 

photosynthesis besides oxidative phosphorylation [8–10]. Thus, it is essential that they possess 

a powerful ROS scavenging or buffering machinery and diverse additional protection strategies 

against oxidative stress induced by such continuous desiccation/rehydration cycles [11]. 

Furthermore, desiccation tolerance is intrinsically linked to the lichen symbiosis itself as 

effective ROS control and common regulation of antioxidant mechanisms are crucial and eases 

the transition of free-living fungi, green algae and cyanobacteria to a lichenised state [9,11, 12].  
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Nitrogen monoxide (NO) is a multifaceted mediator difficult to detect due to its complex 

chemistry, but its production in lichens was demonstrated to be critical during rehydration [13]. 

NO has been postulated as one of the earliest antioxidant mechanisms to have evolved in 

aerobic cells and in symbiotic relationships involving neutralization of free radicals and ozone 

[14]. 

As several studies have reported, NO is involved in plant physiological processes such as 

metabolism, stress defence (biotic and abiotic), symbiosis and plant–pathogen interactions. NO 

has been shown to participate in symbiotic interactions, acting as a regulatory signal of 

mutualistic relationships establishment or as an intermediate involved in energy metabolism 

[15]. NO has also been shown to be produced during defence and stress responses such as 

drought resistance and oxidative stress in plants [16,17], algae [18–20] and fungi [21–24]. In 

fungi and yeasts, NO has been linked with regulation of cell development, spore germination, 

reproduction, apoptosis and control of oxidative stress but the metabolic pathways are not yet 

well characterized [25–28].  

R. farinacea is a lichen consisting of a mycobiont and at least two species of phycobionts known 

as Trebouxia jamesii and a recently named species, Trebouxia lynnae [29] (formerly known as 

T. sp. TR9), and other associated microorganisms such as bacterial communities [30,31]. 

Endogenous NO has been shown to decrease ROS production and lipid peroxidation in R. 

farinacea, playing an important role in the regulation of oxidative stress and photooxidative 

protection of phycobionts [32]. This molecule is also involved in the regulation of the oxidative 

stress triggered by air pollution [33] toxic metals such as Pb and Cd [34,35]. Recently, a 

possible function in the regulation of caspase activity has linked NO and active cell death in R. 

farinacea during rehydration [36]. 
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NO production has been confirmed in Ramalina genus and their phycobionts, but no 

experimental study has been undertaken to investigate NO biosynthesis in lichens. NO can be 

produced non-enzymatically, but the main sources are enzymatic. Oxidative NO metabolism is 

controlled by NO Synthase (NOS), using L-arginine and three isoforms are known in animals 

[37–40]. The source of NO generation in plants has been and continues to be a matter of 

discussion [41] as it has been shown that canonical (animal) NOS is not present in plants 

[42,43]. A NOS was recently identified for the first time in the plant kingdom, specifically in 

the green algae Ostreococcus tauri [44], and later in other microalgae such as Bathycoccus 

prasinos and Ostreococcus lucimarinus. Weisslocker-Schaetzel et al. [45] performed the first 

functional and structural analysis of NOS in algae, in which unusual features such as very high 

rates of NO generation [46–49].  

On the other hand, probably the most important source for bacteria, algae and plants is the 

reductive production of NO and is mediated by nitrite reductase (Nir) and nitrate reductase (NR) 

[25,50] NR requires cofactors such as NADH and/or NADPH to carry out the reduction of 

nitrate to result in NO. Three isoforms are known using either or both two cofactors: NADH 

(EC 1.7.1.1), NAD(P)H (EC 1.7.1.2) and NADPH (EC 1.7.1.3) [51]. In eukaryotic algae and 

vascular plants isoforms 1 and 2 have been described [51-53]. Isoform 3 is only found in fungi 

where isoform 2 has also been characterized [51,54,55]. In the 80s, NR activity was reported to 

be induced in darkness by nitrate in the lichen Evernia prunastri [56]. However, to our 

knowledge, NR has not been characterized in lichens or their symbionts yet. 

NR and NOS enzymes appear to be involved in NO synthesis in R. farinacea based on results 

obtained in a previous paper [57]. When tungstate (NR inhibitor) was added during rehydration, 

the level of NO decreased which caused an increase in malondialdehyde, suggesting that a 

plant-like NR activity is involved in the synthesis of NO in R. farinacea. This result is highly 

correlated with NO scavenging by c-PTIO, which leads to increased ROS and lipid peroxidation 
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in lichens [32]. A first approximation of NR specific activity using a slightly modified plant 

method was performed, giving a result of 91 µU/mg protein. L-NAME (NOS inhibitor) did not 

reduce the level of NO in lichens but the NADPH-diaphorase activity could suggest the 

possibility of NOS-like activity in microalgae. Furthermore, it induced increases in lipid 

peroxidation and cytochemical assays pointed to the chlorophyllic layer as the most affected 

part [57]. 

Therefore, we hypothesise that R. farinacea and its isolated phycobionts produce NO via NR 

and NOS-like activities. To confirm this, we will focus on the following objectives: a) to 

optimize the method of quantification of NR activities in R. farinacea; b) to quantify NR and 

NOS-like enzyme activities in R. farinacea thalli and its symbionts and c) to immunodetect NR 

and NOS enzymes in R. farinacea thalli and its symbionts. 

2 Materials and methods 

Chemicals 

Bovine serum albumin (BSA), L-cysteine, sulfanilamide (C6H8N2O2S), N-1-(naphthyl) 

ethylenediamine dihydrochloride (C12H16Cl2N2), protease inhibitor cocktail, nitro blue 

tetrazolium (NBT), 5-bromo- 4-chloro-3-indolyl phosphate (BCIP) and NADPH were provided 

by Sigma Aldrich Química S.A (Tres Cantos, Spain); NG-Nitro-L-arginine methyl ester (L-

NAME) and sodium tungstate dihydrate (Na2WO4) was purchased from Sigma Aldrich (China); 

ethylenediaminetetraacetic acid (EDTA) was from Merck (Germany); dithiothreitol (DTT) and 

NADH were from Roche Custom Biotech; inorganics such as NaCl and MgCl2, Tris, 

polysorbate 20 (Tween 20) and ethanol (etOH) were purchased from Panreac Quimica S.A.U 

(Spain). NO synthase activity assay kit (colorimetric), bicinchoninic acid (BCA) assay kit, goat 

anti-rabbit IgG H&L (alkaline phosphatase) secondary antibody (ab6722) and protein 

ladder/marker (ab116028) from Abcam. Rabbit polyclonal antibody, anti-NR (AS08310) of 

Agrisera provided by Abyntek. Rabbit polyclonal antibody, anti-iNOS (SAB5700636) and 
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immobilon-P polyvinylidene difluoride (PVDF) membrane of Merck. Dehydrated milk of 

Nestle. Sodium dodecyl sulfate (SDS), methanol, tetramethylethylenediamine (TEMED) and 

ammonium persulfate (APS) were purchased from Fisher.  

Biological Material 

R. farinacea (L.) Ach. lichen thalli were collected in the air-dry state from Quercus pyrenaica 

in San Lorenzo de El Escorial at 969 m altitude (Ermita Virgen de Gracia, Madrid, Spain). 

Thalli were dried at room temperature for 24-48 h and preserved frozen at - 80 °C.  

For studies with R. farinacea phycobionts, axenic cultures of Trebouxia jamesii TR1 and T. 

lynnae TR9 were used. For their cultivation a procedure based on [58] was followed: cultures 

were grown on petri dishes on semisolid bold 3 N medium with casein and glucose and 

incubated at 19 °C, under a 14 h/10 h light/dark cycle (25 μmol m-2 s-1). After 21 days the 

cultures of each isolated phycobiont were collected. 

Mycobiont isolation from R. farinacea was performed under sterile conditions, cultured on 

fungal-specific YPD (yeast, potato and dextrose) medium with ampicillin to avoid bacterial 

contamination and stored under the same conditions as the isolated phycobionts. Reseeding was 

carried out every 2-4 weeks to generate biomass and avoid degradation of the cultures. 

Enzymatic specific activities 

NO biosynthesis was studied by determining the stable end products such as nitrite with the 

Griess method (nitrate reductase reaction) and by quantifying the specific activity of NO 

synthase (conversion of L-arginine to L-citrulline producing NO) using a colorimetric kit [59]. 

For the homogenization of R. farinacea thalli a conical homogenizer was used and for the 

phycobionts a mortar with liquid nitrogen. 
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NR specific activity quantification 

The extraction buffer used for NR contained: dithiothreitol 1 mM, cysteine 1 mM, EDTA 5 

mM and phosphate buffer 0.2 M (pH 7.5). Immediately after homogenization protein 

concentration was assayed by the Bradford method. 

To quantify NR specific activity, the reaction mixture contained: 100 µl of lichen sample 

homogenized in NR extraction buffer, 20 µl of KNO3 (at various concentrations), 20 µl of 

MgSO4 9.5 mM and 50 µl of cofactors (NADH or/and NADPH at various concentrations). 

After 10 minutes of reaction, it was terminated with 20 µl of ZnSO4 26.6 mM and 20 µl of 

ethanol 96 %. Then, 190 µl of the supernatant were taken and mixed with 95 µl sulphanilamide 

1 % with HCl 1.5 M and 95 µl N-(1-naphthyl) ethylenediamine dihydrochloride 0.2 % (Griess 

reagents). After 5 minutes the Griess reagents produces a colored compound and the amount of 

nitrite produced was measured at 540 nm. Different concentrations of tungstate were used to 

study the inhibition of NR activity. 

NOS-like specific activity quantification 

A commercial kit (Abcam, ab211083) based on the reaction of NO end products with the Griess 

reagent to produce a colored product (540 nm) was used to quantify specific NOS activity. 

Homogenization of the sample was carried out using the NOS buffer provided with the kit. 

Proteins were analysed with the BCA method and used to refer to specific activity. L-NAME 

was used to inhibit NOS activity. 

Western blot 

Protein extractions were performed with lysis buffer (NR or NOS extraction buffer) to which 

protease inhibitor cocktail was added (10 µl of protease inhibitor cocktail per 1 ml of lysis 

buffer). The homogenized samples were sonicated for 5 min in ice and centrifuged at 17 000 g 

for 15 min at 4°C. Supernatants were collected and proteins were quantified with Bradford 
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assay. For electrophoresis, 10 % acrylamide gels were prepared, 20-40 µg of proteins were 

loaded per lane and were run under 100-120 V until the band of the weight of interest was 

centred (a coloured molecular weight marker was used for correct identification of the bands). 

For protein transfer a PVDF membrane was used which was left at 100 V for 1 h. 

Plant anti-NR (AS08310 of Agrisera provided by Abyntek) and animal anti-iNOS 

(SAB5700636 of Merck), both rabbit polyclonal antibodies, were used for identification of NR 

and NOS proteins. Rabbit secondary antibody (ab6722 of Abcam) with alkaline phosphatase 

substrate was employed for the development of the membrane with this substrate. 

For membrane blotting, 300 µl of NBT 10 mg/ml and 75 µl of BCIP 20 mg/ml were used in a 

final volume of 10 ml of alkaline phosphatase (ap) buffer (pH 7.5, 100 Mm Tris, 100 mM NaCl, 

5 Mm MgCl2 and 0.5 ml Tween/l ap buffer). The membrane was incubated with the mixture 

for 10-30 min in the dark and after that time the bands of each antibody were stained purple in 

the presence of ap. 

Statistics 

For the quantification assay of NR and NOS specific activities, 4-8 replicates were used. The 

results are expressed as means ± standard error. ANOVA, one-way or two-way as appropriate, 

was performed with the R stats package [60], a p<0.05 was considered for statical significance. 

Post hoc Tukey was performed to find out the significant differences between the groups. 

  



Chapter 4  

 

- 84 - 

 

3 Results and discussion  

As stated above, NO is key to several functions in the lichen R. farinacea and its production 

has been observed during stressful conditions [61,62]. This molecule can be biosynthesised by 

nitrate reductase and NO synthase activities being the first the main source in plants and the 

second in animals. In lichens and symbiotic microalgae, these activities have never been 

assessed except for our recently reported estimation in R. farinacea using a protocol for plants 

[63]. 

NR characterisation in R. farinacea and its symbionts 

Optimisation of NR quantification method for R. farinacea 

To optimise a method for lichens, the optimal concentrations of the thallus biomass, the 

substrate (KNO3) and the cofactors (NADH and NADPH) were studied. Figure 1.a shows the 

specific activity of NR in R. farinacea as a function of lichen extract concentration using the 

conditions of plant NR activity determination (pH 7.5, KNO3 0.5 M, NADH 380 µM) as defined 

in our previous study [57]. The maximal NR-NADH specific activity is obtained with 100 mg 

R. farinacea / ml, yielding 1.90 ± 0.21 nmol NO2 min-1 · mg protein-1 (mU · mg protein-1). 

Therefore, this concentration is chosen for the next optimization step.  

In order to find the optimal concentration of KNO3 an assay was carried out using different 

concentrations of KNO3 under the following conditions: pH 7.5, 100 mg R. farinacea/ml and 

380 µM NADH. As can be seen in Figure 1.b, nitrate 1 M renders the highest specific activity, 

1.27 ± 0.11 mU · mg protein-1. 
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Figure 1. NR specific activity in R. farinacea under different conditions. Lichen specific NR enzyme activity as a function of: 

a) sample concentration (KNO3 0.5 M and NADH 380 µM); b) nitrate concentration (100 mg R. farinacea / ml and NADH 380 

µM) and c) cofactor concentration (KNO3 1 M and 100 mg R. farinacea / ml). Results are expressed as the average of four 

independent replicates ± standard error. One-way ANOVA for figures a and b and two-way ANOVA for figure c, p<0.05. 

The optimal concentrations of the cofactors were determined using pH 7.5, KNO3 1 M and 100 

mg lichen / ml and were found to be 380 µM NADH and 760 µM NADPH (Figure 1.c). 

Indistinctively of nitrate concentration, NADH is the most effective cofactor, yielding specific 

activities around 3.5 mU · mg protein-1 at 1 M nitrate.  

When both cofactors are used simultaneously enzymatic activity remains at levels like those of 

NADPH alone or even lower (Figure 2). This could indicate that NADH-NR activity is inhibited 

in the presence of NADPH. There are significant differences among substrate concentrations, 

with nitrate 1 M providing the highest NR activity. 
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Figure 2. NR specific activity of R. farinacea as a function of nitrate concentration and co-factor concentration under the 

following conditions: pH 7.5, 100 mg R. farinacea/ml, 9.5 mM MgSO4, 0.5-1-2 M KNO3. Results are shown as the mean of four 

independent replicates ± standard error. Two-way ANOVA, p<0.05. 

A slightly modified plant NADH-NR specific activity method yielded 0.09 ± 0.01 mU · mg 

protein-1 for the lichen R. farinacea [57], after optimization, a value of 3.62 ± 0.43 mU · mg 

protein-1 is obtained, improving the yield over 40-fold. Therefore, NR specific activity of the 

lichen R. farinacea was underestimated using plant conditions. This value is one order of 

magnitude higher compared with NR specific activity of Arabidopsis thaliana, 0.25 mU · mg 

protein-1 [64]. 

Quantification of NR specific activity  

After optimisation of this method for lichens, NR specific activities of R. farinacea and its 

mycobiont and its isolated phycobionts, Trebouxia jamesii and Trebouxia lynnae (TR9 from 

here on). were quantified. Figure 3. summarizes the NR specific activities of R. farinacea and 

its cultured main symbionts: R. farinacea mycobiont, and T. jamesii and TR9 microalgae. The 

NADH-NR specific activity of R. farinacea holobiont is significantly higher than its NADPH-

NR or NADH+NADPH-NR specific activities. 
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Figure 3. NR specific activities of R. farinacea and its symbionts with different cofactors. Conditions: pH 7.5, 100 mg R. 

farinacea / ml, MgSO4 9.5 mM, KNO3 1 M, NADH 380 µM and NADPH 760 µM. Results are shown as the mean of 8 

independent replicates ± standard error. Two-way ANOVA, p<0.05 *. 

In the case of R. farinacea mycobiont, NADH-NR and NADPH-NR specific activities are 

similar to each other and to holobiont’s NADH-NR specific activity, whereas NADH+NADPH-

NR specific activity is lower. However, this difference does not achieve statistical significance 

due to data variability.  

An isoform using exclusively NADH (EC 1.7.1.1) has been reported in vascular plants but also 

in some microalgae (e.g. Chlorella spp.) and fungi (e.g. Fusarium spp, Aspergillus niger, 

Saccharomyces cerevisae) [51]. The EC 1.7.1.2 isoform is described to use both NADH and 

NADPH cofactors, being more active with the first. It has been found, amongst others, in yeasts 

such as Candida nitratophila and in the pyrenoid of green microalgae (e.g. Chlorella variegata, 

Chlamydomonas reinhardtii, Chlorolobion braunii and Ankistrodesmus braunii) [51]. Finally, 

the EC 1.7.1.3 isoform requires NADPH and is specific to fungi [51,54]. 

R. farinacea holobiont seem to preferentially use NADH as a substrate, and NADPH when 

NADH is not available, but the mycobiont shows the same activity regardless of the cofactor. 
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In both cases, the presence of NADPH seems to inhibit NADH specific activity, which could 

suggest the existence of an EC 1.7.1.2. Nonetheless, the isoform which employs the cofactor 

NADPH (EC 1.7.1.3) has been found in fungi, so the option that this isoform is also present 

should not be ruled out. 

As primary producers within the lichen holobiont, phycobionts could have a similar dependency 

on NO production as plants. NR activities in T. jamesii appear to be lower than in TR9 but no 

significant differences were found between both cofactors or across different species, including 

the holobiont and the mycobiont. Whereas research has shown that NR is responsible of NO 

biosynthesis in green microalgae such as Chlamydomonas reinhardtii and Chlorella vulgaris 

[65–67], there are no previous studies on NO biosynthesis in phycobionts (symbiotic green 

microalgae). NO production has been shown to be critical in coral bleaching. However, the 

mechanisms of NO biosynthesis by dinoflagellates (coral symbionts) are largely unknown 

[68,69]. 

Optimised NADH-NR specific activity obtained in R. farinacea (3.62 mU · mg protein-1) and 

its symbionts (same order) can be compared with that obtained in the chlorophyte Ulva 

intestinalis 2.70 mU · mg protein-1 [70]. We note that NR specific activity in this lichen and its 

symbionts is higher than in the model plant A. thaliana (0.25 mU · mg protein-1) and in the 

Bryophyta Physcomitrella patens (0.04 mU · mg protein-1) and lower than in Rhodophyta such 

as Kappaphycus alvarezii (0.16 · 103 mU · mg protein-1) and Gracilaria tenuistipitata (1.60 - 

3.00 · 103 mU · mg protein-1) [70-72]. In addition, NR specific activities for other species can 

be found in our previous work [67]. 

Inhibition of NR specific activity 

As can be observed in Figure 4, NADH-NR specific activity of R. farinacea decreases with the 

addition of tungstate in a dose dependent way up to 89 % with 100 µM. NADH-NR specific 
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activity is completely abolished with tungstate 100 µM in R. farinacea mycobiont. Due to the 

difficulty of generating mycobiont biomass because of a very low growth rate, inhibition was 

carried out only in this concentration. Therefore, NADH-NR specific activity seems to be 

inhibited/decreased by tungstate in R. farinacea and R. farinacea mycobiont (Figure 4).  

 

Figure 4. NR specific activity of R. farinacea and its symbionts under inhibition with tungstate. Results are shown as the 

mean of four independent replicates in percentage respect to control (100 %) ± standard error. Two-way ANOVA, p<0.05* 

and p>0.001***. 

In the case of phycobionts, NR activity of T. jamesii decreases with increasing tungstate 

concentration but is not completely inhibited since, with 100 µM, it only decreases by 56 %. 

However, in T. sp. TR9 no significant differences with the control were found, indicating an 

important divergence with the classical molybdenum co-factor containing NR described for 

plants (Moco-NR, EC 1.7.1.1). 

Tungstate is known to inhibit NR and other molybdate-dependent enzymes. This inhibitor and 

its range concentration are those commonly used in the literature [57,73,74]. Our results 

demonstrate that, while the mycobiont’s NR activity is sensitive to doses regularly used in the 

literature, the phycobionts present peculiarities. The main phycobiont of San Lorenzo de El 

Escorial population of R. farinacea has been reported to be T. jamesii, remaining TR9 as a 
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secondary species cohabiting within the thalli. Both phycobionts possess very different, but 

complementary, physiological performances [75–79]. The insensibility to tungstate of the 

microalgae may explain the incomplete inhibition of NR activity in the holobiont by the highest 

dose, 100 µM, which fully inhibits the mycobiont’s. The use of another NR inhibitor such as 

azide, well established in algae and plants [80,81] could provide interesting information about 

this peculiar NR phycobiont activity. 

NR immunoblot 

A Western blot using an antibody specific for plant NADH-NR was performed to immunodetect 

the enzyme both in the holobiont and the cultivated symbionts (Figure 5). A band of 

approximately 110 kDa is present in R. farinacea thallus and its mycobiont, identical to that of 

fresh A. thaliana, which was used as a positive control. This agrees with the presence of the 

isoform EC 1.7.1.1, characteristic of plants, that uses exclusively NADH and whose activity is 

completely abolished by tungstate. The NR gene seems to belong to a cluster of genes that were 

horizontally transferred from a basidiomycete to an ascomycete ancestor [82]. Our data support 

the existence of a functional NR enzyme also in ascomycetes as a plausible hypothesis given 

that the mycobiont of R. farinacea is known to belong to the ascomycete group. On the other 

hand, the NADPH-NR activity presented above, especially in the mycobiont, should be 

provided by an additional tungstate-sensitive NR, either isoform EC 1.7.1.2 or EC 1.7.1.3. 
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Figure 5. Immunodetection with anti-plant NR antibody in A. thaliana, R. farinacea, R. farinacea mycobiont, T. jamesii 

and T. sp. TR9. Approximately 40 µg of protein per lane was introduced.  

In the isolated phycobionts a very dim band at 110 kD is hardly visible, instead, a lighter band 

at 93 kD is detected for both phycobionts, which seems also present in the mycobiont. This 

indicates that, unlike the thallus and the mycobiont, phycobionts’ NR activity is not attributable 

to the same protein as in plants. Several other bands are intensely immunostained. T. jamesii 

presents a series of heavy bands above 130 kDa which are not so strong in T. sp. TR9. Also, an 

intense band below 93 kDa (around 70 kDa) is shared by both phycobionts and the holobiont. 

According to the literature these bands could be precursors or degradation products of NR or 

else, a different isoform of NR, containing the antibody’s epitope.  

NOS characterisation in R. farinacea and its isolated symbionts 

Previously, the presence of NADPH diaphorase activity and the induction of lipid peroxidation 

in the phycobiont layer of R. farinacea upon rehydration with L-NAME, a known reversible 

inhibitor of NOS activity, raised the question of the relevance of NOS-like activity in lichen 

abiotic tolerance. Thus, our aim is to test whether NOS activity is also responsible for NO 

production in R. farinacea and its symbionts.  
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Quantification of NOS-like specific activity  

A commercial kit was used to determine the specific NOS activity in R. farinacea and its 

symbionts (Figure 6): 49.93 ± 1.13 µU · mg protein-1 for R. farinacea holobiont, 447.81 ± 7.09 

µU · mg protein-1 in R. farinacea mycobiont, 1031.31 ± 168.05 µU · mg protein-1 in T. jamesii 

and 1423.26 ± 391.83 µU · mg protein-1 in T. sp. TR9. NOS-like specific activity of Chlorella 

vulgaris (data not shown) was included in the analysis and gave a value of 1922.31 ± 353.34 

µU · mg protein-1 with no significant difference compared to phycobionts. The results show that 

NOS-like activity of phycobionts is significantly higher than that of R. farinacea and its 

mycobiont but in the same order of magnitude of the aquatic green alga C. vulgaris. The 

presence of high NOS activity in photosynthetic organisms has been related to increased ROS 

generation in photosystems electron chains [8–10] given the importance of NO in the 

stabilization of chlorophyll and the protection from photobleaching [61]. 

 

Figure 6. NOS-like specific activities of R. farinacea and its symbionts. Results are shown as the mean of 8 independent 

replicates ± standard error. One-way ANOVA, p<0.05. 

Mycobiont NOS specific activity is one order of magnitude lower than phycobionts’, yet 

significantly higher than that of the holobiont. This is unexpected, since at least 80 % of the 

thallus biomass corresponds to mycobiont cells and points to a strong mutual inhibition of NOS-
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like activities of the symbionts when they associate to build the holobiont. The biological 

meaning of this feature for symbiosis deserves further investigation. 

In terms of nitrite production as NO endproduct, this result seems to indicate that the main NO 

biosynthetic activity in R. farinacea and its mycobiont is NR which rendered values in the mU 

range. The same cannot be said for R. farinacea phycobionts, as the specific activity of NOS 

obtained is lower, but in the same order of magnitude, as that obtained for NR. Concretely, 

NOS specific activity obtained in phycobionts is about half that obtained for NR.  

Inhibition of NOS-like specific activity  

Figure 7 shows NOS-like specific activity of R. farinacea and its symbionts when the inhibitor 

L-NAME is added in a range in line with that found in the literature [57,74]. Data from the R. 

farinacea mycobiont are presented only for L-NAME 300 µM because of biomass limitations. 

Though L-NAME causes slight reductions in the mean values of NOS-like activity in R. 

farinacea thalli and the mycobiont, this is not significant due to an increased dispersion of the 

data.  

An important inhibition of enzymatic activity (over 50 %) is achieved with the higher doses of 

L-NAME assayed in T. jamesii, whereas minor, inconsistent effects (under 25 %) are observed 

in T. lynnae TR9. In T. jamesii it appears that inhibition is somewhat dose-dependent but full 

inhibition is not observed even at the highest dose applied of this well-known inhibitor of plant 

NOS-like activity. 
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Figure 7. NOS-like specific activity of R. farinacea and its symbionts under inhibition by L-NAME. Results are shown as 

the mean of four independent replicates in percentage respect to control (100 %) ± standard error. Two-way ANOVA, p<0.05*. 

A concentration of 300 µM L-NAME was shown to increase lipid peroxidation in both the 

mycobiont and the phycobionts of R. farinacea thalli during rehydration, while NOx 

endproducts were also increased especially at longer times of treatment [57], a paradoxical 

effect of L-NAME has been reported frequently in vivo (reviewed by Kopincová et al. [83]). 

This could suggest that L-NAME inhibited especially critical activities since it triggered an 

upregulation of other NO sources which, in turn, seem not to be efficient in lipid peroxidation 

control in certain areas of the chlorophyllic layer [57]. L-NAME is a nonselective inhibitor of 

NO synthases [83] that is hydrolysed by intracellular esterases to NG-nitro-L-arginine which is 

the active species that competes for the active centre with L-arginine [84]. However, its 

specificity out of the animal kingdom has been put into question since it was also demonstrated 

to inhibit NR activities in Arabidopsis leaf discs [85]. The use of NG-nitro-L-arginine, or other 

more specific, inhibitors would help better understand NOS-like activity in lichens. 
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NOS immunoblot 

A Western blot analysis using antibodies against animal iNOS (135 kDa) did not allow to 

identify bands in the holobiont nor any of the cultured symbionts (data not shown). The 

mycobiont and the holobiont both showed some cross reactive bands above 130 and around 100 

kDa. While T. jamesii showed a cross-reactive band near 110 kDa, no bands at all were revealed 

for T. sp. TR9 nor A. thaliana as expected. 

NO synthesis in plants is carried out by both NR and NOS-like enzymatic activities [86–90]. 

NOS-like activities in plants are sensitive to animal NOS inhibitors but NOS gene homologues 

were not found in the sequences of thousands of plants checked [91]. NOS-like proteins have 

been found in prokaryotes like eubacteria and archaea and some non-metazoan eukaryotes [92]. 

Recently, the presence of this enzyme has been observed in some species of the green lineage 

and in fungi [86,92–94]. In particular, they have been found in Trebouxiophyceae, class to 

which the phycobionts of R. farinacea belong, specifically in the chlorophyta Leptosira obovata 

[86,92]. Interestingly, NOS sequences were found in aquatic algae, the first NOS characterised 

in algae was the OtNOS found in the aquatic alga Ostreococcus tauri, that shows a 30% 

homology to iNOS [95]. 

Astier and co-workers propose that NOS gene could have been present in a common ancestor 

before the formation of the eukaryotic supergroup but was lost in the evolution of land plants 

which created a different mechanism than animals to produce NO [91]. On the other hand, it 

was observed that the some of the algae that presented NOS homologue sequences also contain 

NR [91]. Finally, a fungal NOS has been described in Aspergillus niger (Ascomycota)[92]. 

Another biosynthetic pathway has been found in Aspergillus nidulans involving L-Arginine 

[94]. 
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4 Conclusions 

To our knowledge this is the first comprehensive study of the main biosynthetic sources of NO 

in such a complex organism as a lichen and its isolated symbionts. Lichens are symbiotic 

associations that improve the biological fitness and stress tolerance of the participating 

organisms, allowing them to colonize almost every habitat on the planet, with a remarkable 

presence in the most inhospitable. The unveiling of NO role in symbiotic associations is key 

both for the sustainable conservation of natural ecosystems such as corals or agroecosystems 

that rely on rhizobial or mycorrhizae. 

While many intriguing questions have been raised, our results show that: 

1. The optimization of a specific method shows that R. farinacea thalli specific NADH-

NR activity is one order of magnitude higher than A. thaliana’s, in the range of the 

chlorophyte Ulva intestinalis and lower than some Rhodophyta. The plant method 

underestimated lichen NR around 40-fold. 

2. R. farinacea mycobiont NR specific activity is in the same order as the whole thalli 

regardless of the cofactor added. The addition of both cofactors results in an inhibition 

of both NADH and NADPH-NR specific activities. Tungstate inhibition assays and 

Western blot show that R. farinacea mycobiont possess a canonical plant-like Moco-

NR. Since plant NR have been described to use NADH, the results point to the presence 

of a supplementary isoform using NADPH. 

3. NR specific activities of Trebouxia phycobionts are slightly lower than the mycobiont’s. 

There are no significant differences among species or cofactors, nor a clear inhibition 

when both are added simultaneously. Whereas T. jamesii NADH-NR activity is partially 

inhibited by tungstate, T. sp TR9’s is not. These results, taken together with Western 

blot analysis, demonstrate that phycobionts’ NR is not a canonical plant Moco-isoform. 

Further studies are needed to characterise this peculiar microalgal enzyme (or enzymes). 
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4. NADH-NR specific activity in the holobiont (R. farinacea thalli) seems dominated by 

the mycobiont. Unexpectedly, despite the contribution of all the symbionts, NADPH-

NR activity is significantly lower, almost half of the former. The addition of both 

cofactors results in an inhibition of NADH-NR activity. 

5. Surprisingly, NOS-like activity in the R. farinacea holobiont is significantly lower than 

in any of the isolated symbionts. This points to a mutual inhibition in the symbiotic 

interaction whose biological meaning is intriguing and deserves further investigation. 

6. In agreement with the findings in other photosynthetic organisms, phycobionts’ NOS-

like activity is very high and in the same range as the aquatic free microalga Chlorella 

vulgaris, probably related with the importance of NO in photosystem II protection from 

photobleaching. 

7. While NOS protein has not been immunodetected either in the thallus or in the isolated 

symbionts, L-NAME only partially inhibits NOS-like activity in T. jamesii. 

In summary, NR activity seems to be the main source of NO biosynthesis either for 

the isolated symbionts or the holobiont in the lichen R. farinacea. This activity seems 

participated by several different NR isoforms, including canonical Moco-NRs and non-

canonical. NOS-like activity is relatively important in the isolated symbionts but results 

strongly depressed in the holobiont, by reasons that need to be further investigated. 
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General discussion 

NO is key in symbiosis, being essential for the establishment of the association between the 

nitrogen-fixing bacteria Rhizobium and legumes and the functioning of nodules [1,2]. This 

molecule is also involved in coral bleaching (breaking of the coral-algae bond) [3,4]. 

Therefore, the study of NO in lichenic symbiosis is novel and of current scientific interest due 

to the diverse functions it has as celular signalling molecule and antioxidant in different species 

as well as to extend and complement the knowledge of its roles, biosynthesis and production in 

other symbiotic organisms. In addition to the above, lichens alone are very interesting as study 

organisms due to their physiological and ecological characteristics.  

The work carried out in this thesis shows a comprehensive study on the importance of nitrogen 

monoxide (NO) roles and its biosynthesis in lichens. Interest in the functions of this molecule 

has grown over the last 20 years but it had not been studied in depth in these organisms yet.  

Our interest in understanding the importance of NO in oxidative stress in R. farinacea began 

when it was discovered that lichens release ROS and produce NO during stressful conditions 

such as rehydration [5,6] and when NO was found to have an important photoprotective 

function in R. farinacea phycobionts [6]. The roles NO may play in heavy metal tolerance and 

the regulation of apoptosis, as well as how it is biosynthesised in lichens, had not yet been 

studied, and for this reason, we wanted to explore these issues.  

1 NO performs key functions under stressful conditions in R. farinacea lichen and its 

isolated phycobionts 

Lichens have always been considered typical examples of stress-tolerant organisms because 

they tend to establish in areas with adverse environmental conditions. These organisms, as 

poikilohydric, undergo desiccation/rehydration cycles and are permeable to heavy metals 

(HMs), situations which induce an augmented release of free radicals [7,8]. 
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The antioxidant capacity and bioactivity of algal and lichen extracts have been previously 

studied in different ways [9]. Secondary metabolites of lichens have therapeutic effects, e.g. 

antioxidant, anti-proliferative and pro-apoptotic effects [10–12]. On the other hand, microalgae 

can be used in wastewater bioremediation as they have various strategies to cope with HM 

toxicity and are much more effective than the physico-chemical processes used for HMs 

removal [13]. Furthermore, such organisms are being used for biotechnological applications 

such as biostimulants and biopesticides in agriculture, bioremediation, biodiversity and 

environment, bioactives (antibiotics, antifungals, antitumours, etc.), in the cosmetics industry 

as antioxidants and pigments, among others [14]. A concrete example of this is the study of the 

radical scavenging capacity of the thermotolerant chlorophyte Graesiella sp [15,16]. 

For a long time, lichens have been used as biomonitors of environmental quality and heavy 

metal deposition because these incredible organisms are capable of accumulating high levels of 

xenobiotics such as toxic HMs [17]. Therefore, they must possess strategies to buffer/cushion 

their effects. Extracellular immobilisation, intracellular complexation to phytochelatins and 

synthesis of antioxidant enzymes have been described among the mechanisms of Pb tolerance 

in lichens [18].  

HMs such as Pb can generate oxidative stress through the overproduction of reactive oxygen 

species (ROS), which can lead to lipid peroxidation and cell damage [19]. For this reason, it is 

essential to know the mechanisms involved in HM tolerance. In the presence of these metals, a 

potent antioxidant mechanism against excessive free radicals generation has been observed in 

Ramalina farinacea together with mechanisms for HMs trapping [20–22].  

NO regulates important cellular functions, but the research on this molecule is still very scarce 

in lichens. In previous studies, NO seemed to be involved in protection against peroxidative 

damage caused by air pollution, antioxidant response and regulation of lipid peroxidation and 

photosynthesis in R. farinacea thalli [6,23]. Therefore, our hypothesis was that NO also has a 
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critical role during the rehydration and in the responses to Pb of R. farinacea and its isolated 

phycobionts (Trebouxia lynnae and T. jamesii, formerly known respectively as TR9 and TR1).  

Our works confirm that NO plays a key antioxidant role under oxidative conditions in R. 

farinacea as seen in previous studies [6,23,24]. We found that this molecule cushioned free 

radical release, maintaining redox homeostasis [24]. NO also participated in energy metabolism 

since it modulates chlorophyll autofluorescence during rehydration [24]. Our studies agree with 

the fact previously studied by Prof. Brouquisse and colleagues that NO acts as an intermediate 

involved in energy metabolism in Rhizobium-legume simbiosis [2]. 

We observed that Pb presence provoked an unexpected decrease on free radical release 

(hormetic effect) [24]. This was unexpected because this HM is considered a prooxidant. Pb 

had previously been shown to regulate the oxidative response of R. farinacea and its 

phycobionts [20,22]. We further stated that NO was involved in the hormetic effect generated 

by the presence of this metal [24]. However, such role is complex in R. farinacea and T. jamesii 

(TR1) and more evident in T. lynnae (TR9) [24]. Therefore, R. farinacea and its phycobionts 

managed to offset oxidative stress caused by Pb. In support of this finding, NO is also known 

to alleviate HM toxicity in plants [25,26]. Furthermore, this molecule plays a key role in the 

mechanism of HM detoxification in plants [27]. Rhizobium-legume associations are able to 

detoxify heavy metals from contaminated soil but, to our knowledge, NO involvement in the 

process has not been studied yet [28]. Corals bioaccumulate pollutants and may develop 

tolerance mechanisms to heavy metals such as lipid remodelling and/or the reduction of 

photosynthesis to minimize the release of ROS but, again, this has not been analysed in depth 

yet [29,30]. Our results may help guide NO research in HM tolerance in other symbioses in the 

scenario of global change. 

As mentioned above, in plants, NO production protects against HMs [25]. It is known that 

lichens present different strategies to resistance HMs and so do aeroterrestrial microalgae [18]. 
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It has been studied that the aeroterrestrial microalgae T. lynnae (TR9) and Coccomyxa 

subellipsoidea show a high tolerance to Cd than other aeroterrestrial [31]. Such tolerance could 

be related to NO production and it was interesting to study it. The mechanisms of NO as a ROS-

buffering molecule in improving lichen tolerance to HM stress were poorly understood. A paper 

on NO and cadmium in R. farinacea, published by Kováčik and co-workers, confirms that NO 

is necessary to keep the ROS generated under control [32]. This group has published some 

papers studying NO role in presence of HMs in aeroterrestrial microalgae such as Coccomyxa 

subellipsoidea [33,34]. Certain HMs, as Pb, Ni and Cd, induce the increase of NO and c-PTIO 

reverses it [24,32,35,36]. Our results together with those of Prof. Kováčik's group suggest a link 

between NO and excessive ROS production under metal stress in lichens which provides further 

evidence of the relevance of NO as an HMs reliever in aeroterrestrial microalgae and lichens 

[36]. Therefore, NO seems to protect against oxidative stress generated by HMs in these 

organisms.  

As already mentioned, NO was key to Pb tolerance in T. lynnae (TR9) [24]. This phycobiont 

has always shown a higher antioxidant capacity and better physiological performance under 

stressful conditions than T. jamesii (TR1) [37]. The coexistence of both phycobionts is favoured 

by their different and complementary ecophysiological responses, providing a strong fitness to 

holobiont [37,38]. It is important to emphasize that the symbiotic organisms live in close 

relationship, so there is communication between the symbiont parts, in many cases one part 

regulates the antioxidant system of the other [39]. 

R. farinacea phycobionts have different physiological mechanisms for Pb trapping related to 

differences in their cell walls and extracellular polymers [22,37,40]. T. jamesii shows higher 

levels of antioxidant enzymes than T. lynnae under physiological conditions but, in the presence 

of Pb, both phycobionts show the same antioxidant capacity because antioxidant enzymes are 

induced in the latter [22]. Furthermore, it has been proven that in T. lynnae more extracellular 
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Pb deposits are formed [22]. The combination of Pb trapping, antioxidant enzymatic activities 

and NO roles gives the lichen R. farinacea a moderate tolerance to this metal.  

In conclusion, our results demostrate that NO regulates some aspects of energy metabolism and 

redox homeostasis during stressful situations such as rehydration and exposure to HMs such as 

Pb for R. farinacea and its phycobionts which seems to offset for the oxidative stress generated 

by the presence of Pb. Furthermore, NO function is most evident in the phycobiont T. lynnae 

(TR9) and is key for tolerance to that metal. However, the role of this molecule is complex and 

seems to influence the response and interaction of lichen symbionts. 

2 Active cell death is an adaptive mechanism in response to stressful conditions 

regulated by NO in R. farinacea lichen 

Apoptosis is a class of active cell death, specifically, a type of programmed cell death (PCD) 

that has been studied in several taxa. This process has been studied extensively as an adaptive 

mechanism in unicellular organisms [41], plants and algae [42–45], yeasts and fungi [46–52], 

but with less, or no attention, in symbiotic organisms [53,54].  

Lichens can be used as anti-tumour agents as they act as activators of apoptosis in cancer cells 

by affecting the gene expression of caspases [55]. However, this process has not been directly 

studied in lichens and no specific experimental protocols exist. This is surprising and interesting 

since apoptosis is an important mechanism for eliminating damaged cells and in stress tolerance 

in fungi and in host-pathogen fungi [50,51,56]. In addition, oxidative stress is known to induce 

the activation of caspases which mediate apoptosis and that ROS (redox regulation) and NO 

(cellular signalling) are involved in the process [57]. Knowing that NO has key functions in the 

oxidative stress of lichens, we wanted to investigate whether this molecule could be involved 

in the regulation of lichen apoptosis. Therefore, the following hypothesis was put forward: the 

lichen R. farinacea exhibits some type of active cell death as an adaptive mechanism to protect 

thallus cells against stressful conditions.  
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Nucleic acid probes such as YO-PRO-1 and Hoechst 33342 are often used in combination as 

early markers of cell death. YO-PRO-1 can penetrate and stain cells with compromised plasma 

membranes and Hoechst binds to condensed DNA serving as a counterstain as it marks all cell 

nuclei [58,59]. We showed that Hoechst 33342 and YO-PRO-1 were not suitable methods to 

detect active cell death in lichens [60]. Caspases control apoptosis among other developmental 

processes in animals [61]. Caspase-3, -6 and -7 are responsible for the execution of apoptosis 

and in particular, activation of caspase-3 is a key part of this which fragments and activates 

other caspases involved in proteolysis [62–64].  

Quantification of caspase-like activity and its visualisation by fluorescence were appropriate 

methods to study PCD in R. farinacea [60]. Caspase-like activity was quantified in R. farinacea 

thalli during rehydration and could be induced by classical apoptosis inducers suggesting that 

PCD mechanisms could be present in lichens [60]. In the other hand, NO scavenging reduced 

caspase-like activity indicating that this multifaceted molecule could be involved in the 

regulation of PCD in R. farinacea lichen [60]. This is a real novelty, as caspase-like activities 

had not been studied before in lichens. As known, proteolytic caspases are activated upon 

different types of active cell death and can, therefore, be a good method to detect PCD.  

Microscopy studies with caspase green reagent revealed that, during rehydration of the thalli, 

the nuclei of the phycobionts, but not of the mycobionts, were stained. When apoptosis inducers 

were applied, both phycobionts and mycobionts were extensively stained. However, NO 

scavenging appeared to prevent the activation of caspase-like activities as a slight fluorescence 

was observed only in the phycobionts [60]. 

Active cell death has been confirmed in animals, in plants and even in unicellular organisms 

[65–67] and is frequently triggered by oxidative damage with NO participation. NO can inhibit 

or promote PCD and decrease the detrimental effects of stress [68–72]. Our results confirm an 

involvement of NO in triggering caspase-like activity in R. farinacea [60]. 



General discussion  

- 111 - 

 

NO seems to be involved in the induction of cell death during plant defence against pathogen 

attack [73]. Also, it seems to regulate nodule development and senescence in Rhizobium-

legume [74]. Given that the formation of root nodules in Rhizobium-legume may be supressed 

by PCD [75], a possible role of NO should be investigated. 

NO production under stressful conditions causes the separation of algae from corals (coral 

bleaching) [3]. Whether NO is directly related with active cell death in these symbioses has not 

been studied but with the help of earlier research and our results it could be argued that NO 

could also be implicated.  

In 2000, metacaspases (caspases-like activities) were discovered [76]. They are a group of well-

conserved proteases related to caspases that are found in different kingdoms like plants and 

algae, protozoa and fungi [77]. Metacaspases are therefore cysteine proteases with caspase 

activity and exist throughout the eukaryotic lineage but they have not been studied in lichens 

or lichen microalgae [78]. The PCD machinery has been studied in yeasts and is very similar to 

that of animals, however, in the rest of the groups of the fungi kingdom it has been found to be 

very different [79,80]. In yeasts, apoptosis is known to be triggered by caspase-like activities 

under stress conditions [77].  

Studies suggest that caution should be exercised in asserting that apoptosis occurs when 

caspase-like activity is present [46]. It is worth paying attention because it appears that 

metacaspases may have functions other than apoptosis. One example is that metacaspases from 

the fungus Aspergillus fumigatus are required for growth under endoplasmic reticulum stress 

suggesting prosurvival rather than participation in apoptosis [81]. Therefore, special focus must 

be taken when stating that apoptosis occurs. 

To shed more light, apoptosis should be tested for by studying cell effective death or DNA 

fragmentation with complementary methods such as the "comet assay" or the "TUNEL assay" 

[82]. 



General discussion  

- 112 - 

 

As discussed thus far, NO plays an important role as an antioxidant and modulates part of redox 

homeostasis and energy metabolism under stressful conditions such as rehydration and 

exposure to Pb in R. farinacea lichen [24]. Rehydration oxidative stress can cause damage to 

cells and, as a solution, this species also appeares to have active cell death mechanisms 

(apoptosis-like) to repair or eliminate possible damaged cells by stress [60]. Furthermore, we 

observed that NO positively regulates caspase-like activity in R. farinacea holobiont [60]. It is 

therefore clear that there is cross-communication between the cell signalling system and the 

cellular redox state in lichens.  

3 NO biosynthesis in R. farinacea and its symbionts 

In this thesis, NO functions have been studied in R. farinacea under some stressful conditions. 

This molecule is so relevant because it was released, had antioxidant and protective functions 

in such circumstances and was involved in vital processes such as apoptosis in this lichen. For 

these reasons, we wanted to find out about how it is biosynthesised. 

No data on NO biosynthesis in lichens has been published to our knowledge [5,6]. We carried 

out a first approach using specific inhibitors of the main NO-producing enzymes (NR and 

NOS). NO levels decreased in the presence of tungstate (NR inhibitor) but these surprisingly 

increased after 30 minutes of rehydration with L-NAME (NOS inhibitor) and MDA (lipid 

peroxidation) levels increased in both [83]. This suggests that NO synthesis and regulation are 

complex and appear to involve both NO biosynthesising activities. NR was responsible for most 

of the NO production in the lichen R. farinacea. This activity appeared to prevent lipid 

peroxidation in the R. farinacea holobiont, while NOS activity was especially critical for the 

protection of phycobiont membranes. Previous works have used such specific inhibitors to 

detect NR or NOS as biosynthesisers of NO in plants [84–88]. We determined NR specific 

activity of R. farinacea with a plant method which compared with NR specific activities of the 

bryophyte Physcomitrella patens and the vascular plant Arabidopsis thaliana [83]. We also 
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obtained indirect evidence of NOS-like activity by the presence of NADPH-diaphorase activity 

[83]. Therefore, our data provided initial evidence that NO biosynthesis in R. farinacea could 

involve NR and probably also NOS activities.  

The work in chapter 4 is the first comprehensive study of the main sources of NO bionsynthesis 

in complex organisms such as lichens and their isolated symbionts. The findings obtained might 

help understand and complement what has been investigated in other symbiotic organisms such 

as corals and Rhizobium-legume symbiosis [2,3,89–91].  

NR specific activity method of quantification was optimised for the lichen R. farinacea and 

yielded a higher NR specific activity than A. thaliana’s [92] and in the same range as the 

chlorophyte Ulva intestinalis [93]. The plant method used in chapter 3 was underestimating the 

NR activity of R. farinacea by 40-fold [83]. NADH-NR inhibition with tungstate and 

immunodetection with anti-NADH-NR antibodies (isoform 1.7.1.1) showed that R. farinacea 

and its mycobiont present a canonical plant-like Moco-NR. In addition, in R. farinacea 

mycobiont, the NR activity results pointed to the presence of another, complementary, isoform 

using NADPH.  

Similarly, NR specific activities of the R. farinacea phycobionts were also measured and were 

found to be in the same range as the lichen and its mycobiont and there were no differences 

between cofactors and species which would point to the presence of another isoform using 

NADH such as EC 1.7.1.2. Tungstate and immunoblot analyses showed that the phycobionts 

do not possess a plant-like Moco-NR (EC 1.7.1.1) since NR specific activity is not inhibited by 

tungstate and is not immunodetected at the expected molecular weight in phycobionts (Chapter 

4). Therefore, further studies are needed to characterise the microalgae isoform. NADH-NR 

isoform (EC 1.7.1.1) is known to be specific to plants and microalgae, but there is another 

NAD(P)H isoform (EC 1.7.1.2) that also occurs in microalgae [94]. In addition, in many plant 

species there may be two or even more NR isoforms [95]. 
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NOS-like activity was directly quantified using a commercial kit and was found to be higher in 

R. farinacea phycobionts (T. jamesii and T. lynnae TR9) than in R. farinacea and its mycobiont. 

Furthermore, this activity was in a similar range as NR in phycobionts and only partially 

inhibited by L-NAME in T. jamesii. Although we obtained NOS-like activity in R. farinacea 

and its symbionts, we could not confirm the presence of the iNOS enzyme (Chapter 4). Typical 

NOS sequences have been found in various algal species analysed, confirming the pioneering 

work on this topic published by Prof. Lamattina's group, and also in fungi [87,96–102]. Genetic 

approaches have been used to identify the main enzymatic sources of NO biosynthesis in plants 

but the NOS enzyme has not been found in land plants [87]. However, care must be taken with 

these indirect approaches as they have been misleading in the past such as positive 

identifications of NOS in A. thaliana (AtNOS) and iNOS by pathogens in tobacco [103–106]. 

Regarding NO biosynthesis in other symbioses, this molecule is synthesised by NR and is 

involved in nodule formation and development in the Rhizobium-legume symbiosis [2,89,107]. 

In corals, NOS activity and NO production to cope with oxidative stress have been 

demonstrated, but the protein has not been identified yet [3,4,108]. NOS activity is triggered by 

high temperatures [3]; such NO production causes a cytotoxic response in the dinoflagellate 

phycobiont that triggers coral bleaching [3,4]. NOS sequences have been found in cnidarians 

such as Stylophora pistillata and Acropora digitifera [100]. These sequences were also found 

in algae and bacteria [87,98,100] but seem to be absent in the Bikontes', group to which 

dinoflagellates belong [100,101,109]. Interestingly, NOS activity was not found in the 

symbionts separately (freshly isolated cnidarians and cultured algae) which seems to indicate 

that NO is involved in signalling between algae and cnidarians and derives from the symbiotic 

association [4]. 

NR specific activity of the lichen R. farinacea was assessed using a plant-based method [83], 

but it was found after optimisation of the quantification method for lichens that the activity was 
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underestimated (chapter 4). Indirect evidence for the presence of NOS was presented as the 

observation of NADPH diaphorase activity [83] and NOS specific activity was also directly 

quantified in R. farinacea and its symbionts (chapter 4). NO correlated with NOS-like activity 

seems to be more important for microalgae [83] and was higher in the phycobionts than in R. 

farinacea and its mycobiont (chapter 4).  

So far it can be said that, in the lichen R. farinacea, NO seems to be biosynthesised mainly by 

NR when there is an increase in ROS during stressful conditions and thus acts as a buffer for 

these. This species also seems to show active cell death such as PCD as an adaptive mechanism 

to stress and NO seems to be involved in its positive regulation (Figure 1). 

 

Figure 1. Diagram summarising the findings on NO functions and biosynthesis in lichens. 



General discussion  

- 116 - 

 

General discussion references 

[1] A. Puppo, N. Pauly, A. Boscari, K. Mandon, R. Brouquisse, Hydrogen peroxide and 

nitric oxide: key regulators of the Legume-Rhizobium and mycorrhizal symbioses., 

Antioxid Redox Signal. 18 (2013) 2202–19. https://doi.org/10.1089/ars.2012.5136. 

[2] E. Meilhoc, A. Boscari, C. Bruand, A. Puppo, R. Brouquisse, Nitric oxide in legume-

Rhizobium symbiosis, Plant Science. 181 (2011) 573–581. 

https://doi.org/10.1016/j.plantsci.2011.04.007. 

[3] C.P. Jury, B.M. Boeing, H. Trapido-Rosenthal, R.D. Gates, R.J. Toonen, Nitric oxide 

production rather than oxidative stress and cell death is associated with the onset of coral 

bleaching in Pocillopora acuta, PeerJ. 10 (2022) e13321. 

https://doi.org/10.7717/peerj.13321. 

[4] S. Perez, V. Weis, Nitric oxide and cnidarian bleaching: An eviction notice mediates 

breakdown of a symbiosis, Journal of Experimental Biology. 209 (2006) 2804–2810. 

https://doi.org/10.1242/jeb.02309. 

[5] L. Weissman, J. Garty, A. Hochman, Rehydration of the lichen Ramalina lacera results 

in production of reactive oxygen species and nitric oxide and a decrease in antioxidants, 

Appl Environ Microbiol. 71 (2005) 2121–2129. 

[6] M. Catalá, F. Gasulla, A.E. Pradas del Real, F. García-Breijo, J. Reig-Armiñana, E. 

Barreno, Fungal-associated NO is involved in the regulation of oxidative stress during 

rehydration in lichen symbiosis., BMC Microbiol. 10 (2010) 297. 

http://www.biomedcentral.com/1471-2180/10/297. 

[7] R.P. Beckett, I. Kranner, F. v. Minibayeva, Stress physiology and the symbiosis., in: 

Lichen Biology, 2nd ed., Cambridge University Press, New York, 2008: pp. 134–151. 

https://doi.org/https://doi.org/10.1017/CBO9780511790478.009. 

[8] R.P. Beckett, F. v. Minibayeva, Desiccation Tolerance in Lichens, Plant Desiccation 

Tolerance. (2008) 91–114. https://doi.org/10.1002/9780470376881.ch4. 

[9] F. Álvarez-Gómez, N. Korbee, F.L. Figueroa, Análisis de la capacidad antioxidante y 

compuestos bioactivos en extractos macroalgales y liquénicos mediante la aplicación de 

diferentes solventes y métodos de evaluación, Cienc Mar. 42 (2016) 271–288. 

https://doi.org/10.7773/cm.v42i4.2677. 



General discussion  

- 117 - 

 

[10] V. Cardile, A.C.E. Graziano, R. Avola, M. Piovano, A. Russo, Potential anticancer 

activity of lichen secondary metabolite physodic acid, Chem Biol Interact. 263 (2017) 

36–45. 

[11] B. Goncu, E. Sevgi, C. Kizilarslan Hancer, G. Gokay, N. Ozten, Differential anti-

proliferative and apoptotic effects of lichen species on human prostate carcinoma cells, 

PLoS One. 15 (2020) e0238303. 

[12] M. Goga, M. Kello, M. Vilkova, K. Petrova, M. Backor, W. Adlassnig, I. Lang, 

Oxidative stress mediated by gyrophoric acid from the lichen Umbilicaria hirsuta 

affected apoptosis and stress/survival pathways in HeLa cells, BMC Complement Altern 

Med. 19 (2019) 1–13. https://doi.org/10.1186/s12906-019-2631-4. 

[13] K. Suresh Kumar, H.U. Dahms, E.J. Won, J.S. Lee, K.H. Shin, Microalgae - A promising 

tool for heavy metal remediation, Ecotoxicol Environ Saf. 113 (2015) 329–352. 

https://doi.org/10.1016/j.ecoenv.2014.12.019. 

[14] J.L. Gómez Pinchetti, Conference SEF, in: 23-03, 2022. 

[15] W. Gongi, J.L.G. Pinchetti, N. Cordeiro, S. Sadok, H. ben Ouada, Characterization of 

biodegradable films based on extracellular polymeric substances extracted from the 

thermophilic microalga Graesiella sp., Algal Res. 61 (2022) 102565. 

[16] W. Gongi, N. Cordeiro, J.L.G. Pinchetti, S. Sadok, H. ben Ouada, Extracellular 

polymeric substances with high radical scavenging ability produced in outdoor 

cultivation of the thermotolerant chlorophyte Graesiella sp., J Appl Phycol. 33 (2021) 

357–369. https://doi.org/10.1007/s10811-020-02303-0. 

[17] O.W. Purvis, B. Pawlik-Skowrońska, Lichens and metals, British Mycological Society 

Symposia …. 27 (2008) 175–200. https://doi.org/10.1016/S0275-0287(08)80054-9. 

[18] J.R. Expósito, E. Barreno, M. Catalá, Biological Strategies of Lichen Symbionts to the 

Toxicity of Lead (Pb), in: 2020: pp. 149–170. https://doi.org/10.1007/978-3-030-21638-

2_9. 

[19] A. Kumar, M.N.V. Prasad, V. Mohan Murali Achary, B.B. Panda, Elucidation of lead-

induced oxidative stress in Talinum triangulare roots by analysis of antioxidant 

responses and DNA damage at cellular level, Environmental Science and Pollution 

Research. 20 (2013) 4551–4561. https://doi.org/10.1007/s11356-012-1354-6. 



General discussion  

- 118 - 

 

[20] R. Álvarez, A. del Hoyo, C. Díaz-Rodríguez, a. J. Coello, E.M. del Campo, E. Barreno, 

M. Catalá, L.M. Casano, Lichen Rehydration in Heavy Metal-Polluted Environments: 

Pb Modulates the Oxidative Response of Both Ramalina farinacea Thalli and Its Isolated 

Microalgae, Microb Ecol. 69 (2015) 698–709. https://doi.org/10.1007/s00248-014-

0524-0. 

[21] L.M. Casano, M.R. Braga, R. Álvarez, E.M. del Campo, E. Barreno, Differences in the 

cell walls and extracellular polymers of the two Trebouxia microalgae coexisting in the 

lichen Ramalina farinacea are consistent with their distinct capacity to immobilize 

extracellular Pb, Plant Science. 236 (2015) 195–204. 

https://doi.org/10.1016/j.plantsci.2015.04.003. 

[22] R. Álvarez, A. del Hoyo, F. García-Breijo, J. Reig-Armiñana, E.M. del Campo, A. Guéra, 

E. Barreno, L.M. Casano, Different strategies to achieve Pb-tolerance by the two 

Trebouxia algae coexisting in the lichen Ramalina farinacea., J Plant Physiol. 169 (2012) 

1797–806. https://doi.org/10.1016/j.jplph.2012.07.005. 

[23] M. Catalá, F. Gasulla, A.E. Pradas Del Real, F. García-Breijo, J. Reig-Armiñana, E. 

Barreno, The organic air pollutant cumene hydroperoxide interferes with NO antioxidant 

role in rehydrating lichen, Environmental Pollution. 179 (2013) 277–284. 

https://doi.org/10.1016/j.envpol.2013.04.015. 

[24] J.R. Expósito, A.J. Coello, L. Casano, E. Barreno, M. Catalá, Endogenous NO Is 

Involved in Dissimilar Responses to Rehydration and Pb(NO3)2 in Ramalina farinacea 

Thalli and Its Isolated Phycobionts, Microb Ecol. (2019). 

https://doi.org/https://doi.org/10.1007/s00248-019-01427-2. 

[25] L.C. Terrón-Camero, M.Á. Peláez-Vico, C. Del-Val, L.M. Sandalio, M.C. Romero-

Puertas, Role of nitric oxide in plant responses to heavy metal stress: Exogenous 

application versus endogenous production, J Exp Bot. 70 (2019) 4477–4488. 

https://doi.org/10.1093/jxb/erz184. 

[26] J. Xiong, G. Fu, L. Tao, C. Zhu, Roles of nitric oxide in alleviating heavy metal toxicity 

in plants, Arch Biochem Biophys. 497 (2010) 13–20. 

https://doi.org/10.1016/j.abb.2010.02.014. 

[27] K. Khator, I. Saxena, G.S. Shekhawat, Nitric oxide induced Cd tolerance and 

phytoremediation potential of B. juncea by the modulation of antioxidant defense system 



General discussion  

- 119 - 

 

and ROS detoxification, BioMetals. 34 (2021) 15–32. https://doi.org/10.1007/s10534-

020-00259-9. 

[28] S. Lebrazi, K. Fikri-Benbrahim, Rhizobium-Legume Symbioses: Heavy Metal Effects 

and Principal Approaches for Bioremediation of Contaminated Soil, in: Legumes for Soil 

Health and Sustainable Management, Springer Singapore, 2018: pp. 205–233. 

https://doi.org/10.1007/978-981-13-0253-4_7. 

[29] J. da S. Fonseca, L.F. de B. Marangoni, J.A. Marques, A. Bianchini, Effects of increasing 

temperature alone and combined with copper exposure on biochemical and physiological 

parameters in the zooxanthellate scleractinian coral Mussismilia harttii, Aquatic 

Toxicology. 190 (2017) 121–132. https://doi.org/10.1016/j.aquatox.2017.07.002. 

[30] T. Biscéré, R. Rodolfo-Metalpa, A. Lorrain, L. Chauvaud, J. Thébault, J. Clavier, F. 

Houlbrèque, Responses of two scleractinian corals to cobalt pollution and ocean 

acidification, PLoS One. 10 (2015). https://doi.org/10.1371/journal.pone.0122898. 

[31] G.M. Vingiani, F. Gasulla, Á. Barón-Sola, J. Sobrino-Plata, L.E. Henández, L.M. 

Casano, Physiological and Molecular Alterations of Phycobionts of Genus Trebouxia 

and Coccomyxa Exposed to Cadmium, Environmental Microbiology . 82 (2021) 334–

343. https://doi.org/10.1007/s00248-021-01685-z/Published. 

[32] J. Kováčik, S. Dresler, G. Micalizzi, P. Babula, J. Hladký, L. Mondello, Nitric oxide 

affects cadmium-induced changes in the lichen Ramalina farinacea, Nitric Oxide. 83 

(2019) 11–18. https://doi.org/10.1016/j.niox.2018.12.001. 

[33] J. Kováčik, B. Klejdus, P. Babula, J. Hedbavny, Nitric oxide donor modulates cadmium-

induced physiological and metabolic changes in the green alga Coccomyxa 

subellipsoidea, Algal Res. 8 (2015) 45–52. https://doi.org/10.1016/j.algal.2015.01.004. 

[34] J. Kováčik, G. Rotková, M. Bujdoš, P. Babula, V. Peterková, P. Matúš, Ascorbic acid 

protects Coccomyxa subellipsoidea against metal toxicity through modulation of 

ROS/NO balance and metal uptake, J Hazard Mater. 339 (2017) 200–207. 

https://doi.org/10.1016/j.jhazmat.2017.06.035. 

[35] J. Kováčik, S. Dresler, P. Babula, Metabolic responses of terrestrial macrolichens to 

nickel, Plant Physiology and Biochemistry. 127 (2018) 32–38. 

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



General discussion  

- 120 - 

 

[36] J. Kováčik, S. Dresler, V. Peterková, P. Babula, Metal-induced oxidative stress in 

terrestrial macrolichens, Chemosphere. 203 (2018) 402–409. 

https://doi.org/10.1016/j.chemosphere.2018.03.112. 

[37] A. del Hoyo, R. Álvarez, E.M. del Campo, F. Gasulla, E. Barreno, L.M. Casano, 

Oxidative stress induces distinct physiological responses in the two Trebouxia 

phycobionts of the lichen Ramalina farinacea, Ann Bot. 107 (2011) 109–118. 

https://doi.org/10.1093/aob/mcq206. 

[38] L.M. Casano, E.M. del Campo, F.J. García-Breijo, J. Reig-Armiñana, F. Gasulla, A. del 

Hoyo, A. Guéra, E. Barreno, Two Trebouxia algae with different physiological 

performances are ever-present in lichen thalli of Ramalina farinacea. Coexistence versus 

Competition?, Environ Microbiol. 13 (2011) 806–818. 

[39] J. Kováčik, G. Rotková, M. Bujdoš, P. Babula, V. Peterková, P. Matúš, Ascorbic acid 

protects Coccomyxa subellipsoidea against metal toxicity through modulation of 

ROS/NO balance and metal uptake, J Hazard Mater. 339 (2017) 200–207. 

https://doi.org/10.1016/j.jhazmat.2017.06.035. 

[40] L.M. Casano, M.R. Braga, R. Álvarez, E.M. del Campo, E. Barreno, Differences in the 

cell walls and extracellular polymers of the two Trebouxia microalgae coexisting in the 

lichen Ramalina farinacea are consistent with their distinct capacity to immobilize 

extracellular Pb, Plant Science. 236 (2015) 195–204. 

https://doi.org/10.1016/j.plantsci.2015.04.003. 

[41] A. v. Gordeeva, Y.A. Labas, R.A. Zvyagilskaya, Apoptosis in unicellular organisms: 

Mechanisms and evolution, Biochemistry (Moscow). 69 (2004) 1055–1066. 

https://doi.org/10.1023/B:BIRY.0000046879.54211.ab. 

[42] C. Collazo, O. Chacón, O. Borrás, Programmed cell death in plants resembles apoptosis 

of animals, Biotecnologia Aplicada. 23 (2006) 1–10. 

[43] M. Segovia, L. Haramaty, J.A. Berges, P.G. Falkowski, Cell Death in the Unicellular 

Chlorophyte Dunaliella tertiolecta. A Hypothesis on the Evolution of Apoptosis in 

Higher Plants and Metazoans, Plant Physiol. 132 (2003) 99–105. 

https://doi.org/10.1104/pp.102.017129.in. 

[44] C. Liu, K. Yu, X. Shi, J. Wang, P.K.S. Lam, R.S.S. Wu, B. Zhou, Induction of oxidative 

stress and apoptosis by PFOS and PFOA in primary cultured hepatocytes of freshwater 



General discussion  

- 121 - 

 

tilapia (Oreochromis niloticus), Aquatic Toxicology. 82 (2007) 135–143. 

https://doi.org/10.1016/j.aquatox.2007.02.006. 

[45] M. Dickman, B. Williams, Y. Li, P. Figueiredo, T. Wolpert, Reassessing apoptosis in 

plants, Nat Plants. 3 (2017) 773–779. https://doi.org/10.1038/s41477-017-0020-x. 

[46] J.M. Hardwick, Do fungi undergo apoptosis-like programmed cell death?, MBio. 9 

(2018) 1–9. https://doi.org/10.1128/mBio.00948-18. 

[47] A. Sharon, A. Finkelstein, N. Shlezinger, I. Hatam, Fungal apoptosis: Function, genes 

and gene function, FEMS Microbiol Rev. 33 (2009) 833–854. 

https://doi.org/10.1111/j.1574-6976.2009.00180.x. 

[48] F. Madeo, E. Herker, S. Wissing, H. Jungwirth, T. Eisenberg, K.U. Fröhlich, Apoptosis 

in yeast, Curr Opin Microbiol. 7 (2004) 655–660. 

https://doi.org/10.1016/j.mib.2004.10.012. 

[49] F. Madeo, E. Fröhlich, M. Ligr, M. Grey, S.J. Sigrist, D.H. Wolf, K.U. Fröhlich, Oxygen 

stress: A regulator of apoptosis in yeast, Journal of Cell Biology. 145 (1999) 757–767. 

https://doi.org/10.1083/jcb.145.4.757. 

[50] A. Hamann, D. Brust, H.D. Osiewacz, Apoptosis pathways in fungal growth, 

development and ageing, Trends Microbiol. 16 (2008) 276–283. 

https://doi.org/10.1016/j.tim.2008.03.003. 

[51] A.J. Phillips, I. Sudbery, M. Ramsdale, Apoptosis induced by environmental stresses and 

amphotericin B in Candida albicans, Proc Natl Acad Sci U S A. 100 (2003) 14327–

14332. https://doi.org/10.1073/pnas.2332326100. 

[52] A.P. Gonçalves, J. Heller, A. Daskalov, A. Videira, N.L. Glass, Regulated forms of cell 

death in fungi, Front Microbiol. 8 (2017). https://doi.org/10.3389/fmicb.2017.01837. 

[53] S.R. Dunn, J.C. Thomason, M.D.A. le Tissier, J.C. Bythell, Heat stress induces different 

forms of cell death in sea anemones and their endosymbiotic algae depending on 

temperature and duration, Cell Death Differ. 11 (2004) 1213–1222. 

https://doi.org/10.1038/sj.cdd.4401484. 

[54] D. Ünal, Y. Uyanikgil, UV-B induces cell death in the lichen Physcia semipinnata 

(J.F.Gmel), Turkish Journal of Biology. 35 (2011) 137–144. https://doi.org/10.3906/biy-

0901-5. 



General discussion  

- 122 - 

 

[55] A.B. Dincsoy, D.C. Duman, Changes in apoptosis-related gene expression profiles in 

cancer cell lines exposed to usnic acid lichen secondary metabolite, Turkish Journal of 

Biology. 41 (2017) 484–493. 

[56] R.A. Lockshin, Z. Zakeri, Apoptosis, autophagy, and more, International Journal of 

Biochemistry and Cell Biology. 36 (2004) 2405–2419. 

https://doi.org/10.1016/j.biocel.2004.04.011. 

[57] H. Kamata, H. Hirata, Redox Regulation of Cellular Signalling, Cell Signal. 11 (1999) 

1–14. https://doi.org/10.1016/S0898-6568(98)00037-0. 

[58] S. Fujisawa, Y. Romin, A. Barlas, L.M. Petrovic, M. Turkekul, N. Fan, K. Xu, A.R. 

Garcia, S. Monette, D.S. Klimstra, J.P. Erinjeri, S.B. Solomon, K. Manova-Todorova, 

C.T. Sofocleous, Evaluation of YO-PRO-1 as an early marker of apoptosis following 

radiofrequency ablation of colon cancer liver metastases, Cytotechnology. 66 (2014) 

259–273. https://doi.org/10.1007/s10616-013-9565-3. 

[59] P. Rat, E. Olivier, C. Tanter, A. Wakx, M. Dutot, A fast and reproducible cell- and 96-

well plate-based method for the evaluation of P2X7 receptor activation using YO-PRO-

1 fluorescent dye, J Biol Methods. 4 (2017). https://doi.org/10.14440/JBM.2017.136. 

[60] J.R. Expósito, I. Mejuto, M. Catalá, Detection of active cell death markers in rehydrated 

lichen thalli and the involvement of nitrogen monoxide (NO)., Symbiosis. 82 (2020) 59–

67. https://doi.org/10.1007/s13199-020-00727-3. 

[61] E.A. Minina, N.S. Coll, H. Tuominen, P. v. Bozhkov, Metacaspases versus caspases in 

development and cell fate regulation, Cell Death Differ. 24 (2017) 1314–1325. 

https://doi.org/10.1038/cdd.2017.18. 

[62] G.M. Cohen, Caspases: the executioners of apoptosis, Biochem. J. 326 (1997) 1–16. 

[63] J.B. Denault, G.S. Salvesen, Caspases: Keys in the ignition of cell death, Chem Rev. 102 

(2002) 4489–4499. https://doi.org/10.1021/cr010183n. 

[64] I. Chowdhury, B. Tharakan, G.K. Bhat, Caspases - An update, Comp Biochem Physiol 

B Biochem Mol Biol. 151 (2008) 10–27. https://doi.org/10.1016/j.cbpb.2008.05.010. 

[65] H.-Y. He, M.-H. Gu, L.-F. He, The Role of Nitric Oxide in Programmed Cell Death in 

Higher Plants, in: M.N. Khan, M. Mobin, F. Mohammad, F.J. Corpas (Eds.), Nitric 

Oxide in Plants: Metabolism and Role in Stress Physiology, Springer, 2014: pp. 281–

296. https://doi.org/10.1007/978-3-319-06710-0. 



General discussion  

- 123 - 

 

[66] B. Brüne, Nitric oxide: NO apoptosis or turning it ON?, Cell Death Differ. 10 (2003) 

864–869. https://doi.org/10.1038/sj.cdd.4401261. 

[67] B. Brüne, A. von Knethen, K.B. Sandau, Nitric oxide and its role in apoptosis, Eur J 

Pharmacol. 351 (1998) 261–272. https://doi.org/10.1016/S0014-2999(98)00274-X. 

[68] C.M. Snyder, E.H. Shroff, J. Liu, N.S. Chandel, Nitric oxide induces cell death by 

regulating anti-apoptotic BCL-2 family members, PLoS One. 4 (2009). 

https://doi.org/10.1371/journal.pone.0007059. 

[69] H. He, W. Huang, T.L. Oo, M. Gu, J. Zhan, A. Wang, L.F. He, Nitric oxide suppresses 

aluminum-induced programmed cell death in peanut (Arachis hypoganea L.) root tips by 

improving mitochondrial physiological properties, Nitric Oxide. 74 (2018) 47–55. 

https://doi.org/10.1016/j.niox.2018.01.003. 

[70] H. He, T.L. Oo, W. Huang, L.F. He, M. Gu, Nitric oxide acts as an antioxidant and 

inhibits programmed cell death induced by aluminum in the root tips of peanut (Arachis 

hypogaea L.), Sci Rep. 9 (2019) 1–12. https://doi.org/10.1038/s41598-019-46036-8. 

[71] I. Serrano, M.C. Romero-Puertas, L.M. Sandalio, A. Olmedilla, The role of reactive 

oxygen species and nitric oxide in programmed cell death associated with self-

incompatibility, J Exp Bot. 66 (2015) 2869–2876. https://doi.org/10.1093/jxb/erv083. 

[72] J. Xie, L. Chen, D. Huang, W. Yue, J. Chen, C. Liu, A nitric oxide-releasing prodrug 

promotes apoptosis in human renal carcinoma cells: Involvement of reactive oxygen 

species, Open Chem. 19 (2021) 635–645. https://doi.org/10.1515/chem-2020-0075. 

[73] D. Wendehenne, A. Pugin, D.F. Klessig, J. Durner, Nitric oxide: comparative synthesis 

and signaling in animal and plant cells, Trends Plant Sci. 6 (2001) 177–183. 

[74] A. Boscari, E. Meilhoc, C. Castella, C. Bruand, A. Puppo, R. Brouquisse, Which role for 

nitric oxide in symbiotic N2-fixing nodules: toxic by-product or useful 

signaling/metabolic intermediate?, Front Plant Sci. 4 (2013) 384. 

https://doi.org/10.3389/fpls.2013.00384. 

[75] M. Li, M. Yasuda, H. Yamaya-Ito, M. Maeda, N. Sasaki, M. Nagata, A. Suzuki, S. 

Okazaki, H. Sekimoto, T. Yamada, N. Ohkama-Ohtsu, T. Yokoyama, Involvement of 

programmed cell death in suppression of the number of root nodules formed in soybean 

induced by Bradyrhizobium infection, Soil Sci Plant Nutr. 63 (2017) 561–577. 

https://doi.org/10.1080/00380768.2017.1403842. 



General discussion  

- 124 - 

 

[76] A.G. Uren, K. O´Rourke, M.T. Pisabarro, S. Seshagiri, E. v. Koonin, V.M. Dixit, 

Identification of Paracaspases and Metacaspases: Two Ancient Families of Caspase-like 

Proteins,One of which Plays a Key Role in MALT Lymphoma, Mol Cell. 6 (2000) 961–

967. 

[77] N. Watanabe, E. Lam, Two Arabidopsis metacaspases AtMCP1b and AtMCP2b are 

arginine/lysine- specific cysteine proteases and activate apoptosis-like cell death in yeast, 

Journal of Biological Chemistry. 280 (2005) 14691–14699. 

https://doi.org/10.1074/jbc.M413527200. 

[78] L. Tsiatsiani, F. van Breusegem, P. Gallois, A. Zavialov, E. Lam, P. v. Bozhkov, 

Metacaspases, Cell Death Differ. 18 (2011) 1279–1288. 

https://doi.org/10.1038/cdd.2011.66. 

[79] J.J. Kang, M.D. Schaber, S.M. Srinivasula, E.S. Alnemri, G. Litwack, D.J. Hall, M.A. 

Bjornsti, Cascades of mammalian caspase activation in the yeast Saccharomyces 

cerevisiae, Journal of Biological Chemistry. 274 (1999) 3189–3198. 

https://doi.org/10.1074/jbc.274.5.3189. 

[80] N. Shlezinger, N. Goldfinger, A. Sharon, Apoptotic-like programed cell death in fungi: 

The benefits in filamentous species, Front Oncol. 2 AUG (2012) 1–8. 

https://doi.org/10.3389/fonc.2012.00097. 

[81] D.L. Richie, M.D. Miley, R. Bhabhra, G.D. Robson, J.C. Rhodes, D.S. Askew, The 

Aspergillus fumigatus metacaspases CasA and CasB facilitate growth under conditions 

of endoplasmic reticulum stress, Mol Microbiol. 63 (2007) 591–604. 

https://doi.org/10.1111/j.1365-2958.2006.05534.x. 

[82] R. Mirzayans, D. Murray, Do TUNEL and other apoptosis assays detect cell death in 

preclinical studies?, Int J Mol Sci. 21 (2020) 1–12. 

https://doi.org/10.3390/ijms21239090. 

[83] J.R. Expósito, S. Martín San Román, E. Barreno, J. Reig-Armiñana, F.J. García-Breijo, 

M. Catalá, J.R. Expósito, S. Martín San Román, E. Barreno, J. Reig-Armiñana, F.J. 

García-Breijo, M. Catalá, Inhibition of NO Biosynthetic Activities during Rehydration 

of Ramalina farinacea Lichen Thalli Provokes Increases in Lipid Peroxidation, Plants. 

8 (2019) 189. https://doi.org/10.3390/plants8070189. 



General discussion  

- 125 - 

 

[84] Q.N. Pan, C.C. Geng, D.D. Li, S.W. Xu, D.D. Mao, S. Umbreen, G.J. Loake, B.M. Cui, 

Nitrate reductase-mediated nitric oxide regulates the leaf shape in arabidopsis by 

mediating the homeostasis of reactive oxygen species, Int J Mol Sci. 20 (2019). 

https://doi.org/10.3390/ijms20092235. 

[85] F.J. Corpas, J.B. Barroso, Nitric oxide synthase-like activity in higher plants, Nitric 

Oxide. 68 (2017) 5–6. https://doi.org/10.1016/j.niox.2016.10.009. 

[86] L.A. del Río, F.J. Corpas, J.B. Barroso, Nitric oxide and nitric oxide synthase activity in 

plants, Phytochemistry. 65 (2004) 783–792. 

https://doi.org/10.1016/j.phytochem.2004.02.001. 

[87] J. Astier, I. Gross, J. Durner, Nitric oxide production in plants: an update, J Exp Bot. 69 

(2018) 3401–3411. https://doi.org/10.1093/jxb/erx420. 

[88] J. Xiong, G. Fu, Y. Yang, C. Zhu, L. Tao, Tungstate: Is it really a specific nitrate 

reductase inhibitor in plant nitric oxide research?, J Exp Bot. 63 (2012) 33–41. 

https://doi.org/10.1093/jxb/err268. 

[89] F. Horchani, M. Prévot, A. Boscari, E. Evangelisti, E. Meilhoc, C. Bruand, P. Raymond, 

E. Boncompagni, S. Aschi-Smiti, A. Puppo, R. Brouquisse, Both plant and bacterial 

nitrate reductases contribute to nitric oxide production in Medicago truncatula nitrogen-

fixing nodules., Plant Physiol. 155 (2011) 1023–36. 

https://doi.org/10.1104/pp.110.166140. 

[90] I. Hichri, E. Meilhoc, A. Boscari, C. Bruand, P. Frendo, R. Brouquisse, Nitric Oxide. 

Jack-of-All-Trades of the Nitrogen-Fixing Symbiosis?, in: Adv Bot Res, 2016. 

https://doi.org/10.1016/bs.abr.2015.10.014. 

[91] I. Hichri, A. Boscari, E. Meilhoc, M. Catalá, E. Barreno, C. Bruand, L. Lanfranco, R. 

Brouquisse, Nitric Oxide: A multitask player in plant–microorganism symbioses, in: L. 

Lamattina, C. García-Mata (Eds.), Gasotransmitters in Plants. The Rise of a New 

Paradigm in Cell Signaling, Springer International Publishing, 2016: pp. 239–268. 

https://doi.org/10.1007/978-3-319-40713-5_12. 

[92] M.-G. Zhao, L. Chen, L.-L. Zhang, W.-H. Zhang, Nitric Reductase-Dependent Nitric 

Oxide Production Is Involved in Cold Acclimation and Freezing Tolerance in 

Arabidopsis, Plant Physiol. 151 (2009) 755–767. 

https://doi.org/10.1104/pp.109.140996. 



General discussion  

- 126 - 

 

[93] T.E. Thomas, P.J. Harrison, a Comparison of Invitro and Invivo Nitrate Reductase 

Assays in 3 Intertidal Seaweeds, Botanica Marina. 31 (1988) 101–107. 

[94] BRENDA_Enzyme_Database, The Comprehensive Enzyme Information System, (n.d.). 

https://www.brenda-enzymes.info/index.php. 

[95] M.A. Mohn, B. Thaqi, K. Fischer-Schrader, Isoform-specific NO synthesis by 

Arabidopsis thaliana nitrate reductase, Plants. 8 (2019) 1–15. 

https://doi.org/10.3390/plants8030067. 

[96] N. Foresi, N. Correa-Aragunde, L. Lamattina, Synthesis, Actions, and Perspectives of 

Nitric Oxide in Photosynthetic Organisms, Third Edit, Elsevier Inc., 2017. 

https://doi.org/10.1016/B978-0-12-804273-1.00010-7. 

[97] N. Foresi, N. Correa-Aragunde, G. Parisi, G. Caló, G. Salerno, L. Lamattina, 

Characterization of a nitric oxide synthase from the plant kingdom: NO generation from 

the green alga Ostreococcus tauri is light irradiance and growth phase dependent., Plant 

Cell. 22 (2010) 3816–3830. https://doi.org/10.1105/tpc.109.073510. 

[98] J. Santolini, F. André, S. Jeandroz, D. Wendehenne, Nitric oxide synthase in plants: 

Where do we stand?, Nitric Oxide. 63 (2017) 30–38. 

https://doi.org/10.1016/j.niox.2016.09.005. 

[99] M. Weisslocker-Schaetzel, F. André, N. Touazi, N. Foresi, M. Lembrouk, P. Dorlet, A. 

Frelet-Barrand, L. Lamattina, J. Santolini, The NOS-like protein from the microalgae 

Ostreococcus tauri is a genuine and ultrafast NO-producing enzyme, Plant Science. 

(2017). https://doi.org/10.1016/j.plantsci.2017.09.019. 

[100] J. Santolini, What does “NO-Synthase” stand for?, Frontiers in Bioscience - Landmark. 

24 (2019) 133–171. https://doi.org/10.2741/4711. 

[101] S. Jeandroz, D. Wipf, D.J. Stuehr, L. Lamattina, M. Melkonian, Z. Tian, Y. Zhu, E.J. 

Carpenter, G.K.-S. Wong, D. Wendehenne, Occurrence, structure, and evolution of nitric 

oxide synthase-like proteins in the plant kingdom, Sci Signal. 9 (2016). 

[102] N. Foresi, M.L. Mayta, A.F. Lodeyro, D. Scuffi, N. Correa-Aragunde, C. García-Mata, 

C. Casalongué, N. Carrillo, L. Lamattina, Expression of the tetrahydrofolate-dependent 

nitric oxide synthase from the green alga Ostreococcus tauri increases tolerance to 

abiotic stresses and influences stomatal development in Arabidopsis, Plant Journal. 82 

(2015) 806–821. https://doi.org/10.1111/tpj.12852. 



General discussion  

- 127 - 

 

[103] F.J. Corpas, J.B. Barroso, Nitric oxide from a “green” perspective, Nitric Oxide : Biology 

and Chemistry / Official Journal of the Nitric Oxide Society. 45 (2015) 15–19. 

https://doi.org/10.1016/j.niox.2015.01.007. 

[104] T. Zemojtel, A. Fröhlich, M.C. Palmieri, M. Kolanczyk, I. Mikula, L.S. Wyrwicz, E.E. 

Wanker, S. Mundlos, M. Vingron, P. Martasek, J. Durner, Plant nitric oxide synthase: a 

never-ending story?, Trends Plant Sci. 11 (2006) 524–525. 

https://doi.org/10.1016/j.tplants.2006.09.009. 

[105] F.-Q. Guo, M. Okamoto, N.M. Crawford, Identification of a plant nitric oxide synthase 

gene involved in hormonal signaling., Science. 302 (2003) 100–103. 

https://doi.org/10.1126/science.1086770. 

[106] F.Q. Guo, N.M. Crawford, Arabidopsis nitric oxide synthase1 is targeted to mitochondria 

and protects against oxidative damage and dark-induced senescence, Plant Cell. 17 

(2005) 3436–3450. https://doi.org/10.1105/tpc.105.037770. 

[107] R. Luciñski, W. Polcyn, L. Ratajczak, Nitrate reduction and nitrogen fixation in 

symbiotic association Rhizobium-legumes, Acta Biochim Pol. 49 (2002) 537–546. 

[108] H. Safavi-Hemami, N.D. Young, J. Doyle, L. Llewellyn, A. Klueter, Characterisation of 

nitric oxide synthase in three cnidarian-dinoflagellate symbioses, PLoS One. 5 (2010). 

https://doi.org/10.1371/journal.pone.0010379. 

[109] J. Santolini, F. André, S. Jeandroz, D. Wendehenne, Nitric oxide synthase in plants: 

Where do we stand?, Nitric Oxide. (2016). https://doi.org/10.1016/j.niox.2016.09.005. 

  

 

 

 

 

  



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



General conclusions 

- 128 - 

 

General conclusions 

✓  NO is involved in the modulation of free radical release and chlorophyll autoflourescence 

upon lichen rehydration, key features of redox and energy metabolism respectively. Pb 

presence causes an unexpected reduction on free radical release since this heavy metal is 

considered as a prooxidant. This hormetic effect does not depend on NO in R. farinacea 

and T. jamesii. However, NO has a complex participation depending on the symbiont, 

having a clear role in the phycobiont T. lynnae TR9. These results seem to confirm that this 

phycobiont has a higher antioxidant capacity than T. jamesii when conditions are adverse. 

✓ Fluorescent probes (YO-PRO-1 and Hoechst 33342) are not good markers of active cell 

death in lichens. In contrast, caspase-like activity and its visualisation by fluorescence 

microscopy give interesting results. The presence of such activity, that may be induced by 

classical inducers of apoptosis especially in the phycobiont layer, suggests the existence of 

apoptosis-like active cell death processes under stressful conditions in R. farinacea lichen. 

This would be the first evidence of the involvement of active cell death processes in stress 

tolerance mechanisms of lichens. Caspase-like activity decreases in the presence of the NO 

scavenger suggesting that NO is involved in its positive regulation.  

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

and NO endproducts during thalli rehydration in R. farinacea. This indicates that NO 

synthesis and regulation is complex and may involve both NR and NOS pathways. The 

former seems to prevent lipid peroxidation in the whole thallus, while the latter is especially 

critical for phycobiont membranes protection.  

✓ NADH-NR specific 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. The results point to 

the presence of a supplementary NR isoform using NADPH in R. farinacea mycobiont. 

Tungstate inhibition assays and Western blotting show that the R. farinacea mycobiont 
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possesses a canonical Moco-NR similar to that of plants (NADH-NR, 1.7.1.1). Further 

studies are needed to characterise NR enzymatic activity in phycobionts since it is not 

inhibited by tungstate and is not immunodetected at the expected molecular weight. NR 

specific activity in T. Jamesii and T. lynnae phycobionts is in a same range of the lichen’s 

and does not present cofactor preference, which would point to the presence of an EC 

1.7.1.2 isoform. 

✓ In phycobionts, NOS-like specific activity is in a similar range as NR and is higher than in 

R. farinacea and its mycobiont. However, iNOS protein was not immunodetected in either 

the thallus or the isolated symbionts. Furthermore, L-NAME only partially inhibited NOS-

like activity in T. jamesii.  
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