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Resumen

Antecedentes

La biodiversidad se ve comprometida por perturbaciones natyraesropogeénicas

como el cambio climatico y la contaminacion y es importante conocer las causas y
encontrar soluciones para salvaguardarla. Las especies interactian y su desaparicion
puede casar un gran impacto en otras y/o sobre el medio ambiente. Los liquenes, al igual
gue otros organismos simbidticos, pueden ser mas sensibles a estas perturbaciones debido
a las interacciones entre sus simbiontes y su naturaleza.

Los liquenes estan comptes al menos por un hongo heterétrofo (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 bacterianosyrésencia de levaduras que son necesarios para el
funcionamiento ysupervivencialel liquen. Estos organismos pueden encontrarse en la
mayoria de los habitats y puedterarcondiciones extremas y seguir realizando sus
funciones vitalesLa liquenizacié permite el desarrollo de sus simbiontes en esas
dificiles condiciones, lo que no seria posible de forma aislada.

Estos organismos son poiquilohidros, carecen de ceras y cutigotaky queestan
sometidos a continuos ciclos de desecacion/rehidratioadral genera una liberacion de
especies reactivas de oxigeno (ROS), qgiesupera la capacidad de las defensas
antioxidantespuede producir estrés oxidativo. Los liquenes absorben directamente los
nutrientes de la atmosfera debido a la ausencia dedsgapecificos de captacidn
generalesbs organismomuestran una gran toleranciaeatés abidtico porque poseen
mecanismos para amortiguar la liberacion de RQ®nerosagspeciesontolerantes a
metales pesadpsomo el Pb, porque ademas de tener un gran sistema antioxidante,
presentan mecanismos pavecluirlo o inmovilizarlo en el espacio extracelulaamo se

ha estudiado ya en el ligu&amalina farinacea
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Por otro lado, el monoxido de nitrdgeno (NO) es mmdécula de sefializacion celular
multifacética que se ha descrito como uno de los primeros mecanismos de defensa frente
al estrés oxidativo en células eucariotas glageen las interacciones simbioticas. Esta
molécula también desempefia un importante rol en la regulacion de la apaptosis,
proceso biolégicade eliminacion de células dahadgse parece mejorar leficacia
biologica en condiciones estresantgsero que no seha estudiado en liquenes. La
biosintesis de NO se produce en plami@scipalmentepor la nitrato reductasa (NR) y

por laNO sintasa (NOS) en animales bienexisteuna actividad similar a la NOS
también en plantasuyo origen aun no ha sido desentrafi&ilo embargpse ha descrito

la presencia d&NOS enalgunasmicroalgas y hongos, organismos participantes en la
simbiosis liquénica.

Se sabe que esta molécula se lilmrdiguenes comRB. farinaceadurante condicines
estresantes como la rehidratacion y se ha observado su capacidad de reducir el exceso de
ROS provocado por estas condiciones. Por todo lo anterior, se ha querido profundizar
mas sobre los roles del NO en la tolerancia a metales pesados como @nphcacion

en lamuerte celular activa su biosintesis utilizando como modelo al lig&erarinacea.
Hipotesis y objetivos

Nuestra hipotesis es qué O tiene funciones importantes en los liquenes y en sus
simbiontes siendo clave endanbiosis y en la tolerancia al estrés abidtico. El objetivo
general de la presente tesis es analizar la importancia del NO en la simbiosis liquénica y
en la tolerancia al estrés oxidatiasi comda exploracién de sus mecanismos de sintesis

Y se han @nteado los siguientes objetivos:

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

y en presencia tlenetal pesad®b enR. farinaceay sus ficobiontes.
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V Estudiar laposibleexistencia denuerte celular activg la implicacion del NO en
este proceso biolégico éh farinaceay sus ficobiontes.

V Identificarla contribucidon de la NR k\a NOS dos mecanismos de sintesis de NO en
R. farinaceay sus simbiontes.

Metodologia

Para lograr los objetivos de [resente tesis semplearondiversas metodologias y

técnicas instrumentales, las cuales se resumen a continuacion:

Material biol6gico y cultivos

Los talos deR. farinaceaueron recogidos directamente en San Lorenzo de El Escorial.

Estos fueron deshidratasl durante 24h y fueron guardade8@°C hasta su analisis. Los

ficobiontes aislados dR. farinacea(Trebouxia jamesilTR1y T. lynnaeTR9) fueron

cultivados en condiciones de esterilidad en medio Bold (B®¢C, 14h luz/ 10h

oscuridad). Tra21 dias se utilizaron frescos el mismo dia o se conservaBf@hasta

su analisis.

Tras conseguir el aislamiento del micobionte de manera esté&gisesembréen medio

semisolido conextracto dd evadur a, patata y dexdomosa (cC
ampilicina en la misma condiciones qudos ficobiontes y se resbro cada 24

semanas.

Espectofluometria

Para medir la produccion dadicales libres se utilizd la sonda DCGHBIA que en
contacto con estpgla lugar a DCF, mesurable Bx. 485 nm yAm 535 nm. La
autofluorescencia de la clorofila se midiGa: 485 nm yAm 635 nm. El analisipara
detectar muerte celulae realizé co las tincionesde &cidos nucleicos, YORO1 y

Hoechst 33342, utiliz8ndose | os siguientes
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a2em 460 nm, r Rorsufiiracs H dctividach easpasse cuantificocon el kit
CellEvent® Caspasa@/7, la cuakmite fluorescenciaverdgese x ¢ 485 y aem 528

EspectréotometrialV-visible

Para la medida de la peroxidacion lipidica se estimo el malondialdehido (MDA) con el
test del acido tiobarbitiricbTBARS) y para la cuantificacion de nitrito se empleo el
método de Griess.

Cuantificacion danitrito

El método de Griessonsiste en hacer reaccioanitrito con sulfanilamida produciendo

una sal de diazonio que al unirse con naftiletilendiamina forma un compuesto azoico de
color rosado medible a 540 nr8e empled el SKALAR g@ra la cuantificacion de
productos finales de oxidacion del NO, primero se abkdirzduccion de nitrato a nitrito

con el método de reduccion deldmio empleando una columoabrecadmio y en la
segunda fase sezlo reaccionar el nitrito producido con natftiletilendiamina formandose

el compuesto azoicanencionado Para obtener la actividaespecifica de I&NR se
cuantifico el nitritoproducidoen condiciones controladasnel método de Griegspara

medir la actividad especifica deNBDS se utilizd un kit comercial basado en la reaccién

de productos finales de NéInpleando tambiéestemétalo.

Microscopiadptica y de fluorescencia

Se realizaronralisis de la fluorescencia thes tincionesle acidos nucleicos (YBRO

1 y Hoechst 33342) y dactividadcaspasa mediante microscopia de fluorescencia. El
tratamiento de las imagenes se realizd con el software LA d&@bién se empleo el
microscopio 6ptico para visualizar la distribucidon morfoldgica de la peroxidacioitéipid

(TBARS)y deactividad NADPHdiaforasa.
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Resultados

Capitulo 1

El NO amortigua los radicales libres producidos durante la rehidratacion y modula la
autofluorescencia de la clorofila durante la rehidratacion y la presencia de Pb en el
holobionteR. farinaceay sus ficobiontes aislados. La rehidrataciéon con Pb genera un
potente mecanismo antioxidante (efecto hormético) que no parece depender d&.NO en
farinaceay en el ficobiontel. jamesii(TR1). Sin embargola participacion del N@n

dicho efecto hormétices compleja y parece influir en la respuesiiat@raccion de los
simbiontes liquénicgsteniendo un papetrucial en el ficobionteT. lynnae(TR9).
Ademas, ds ficobiontes dR. farinacegresentan diferentes respuestas en cuanto al papel
del NO en la modulacion de la autofluorescencia de la clarofila

Capitulo 2

La tincion de &cidos nucleicoson YO-PRO1 o Hoechst 3334aitilizada en otros
modelos bioldgicoso pareca serbuenos métodos para estudiamlaerte celular activa
enR. farinaceay sus ficobiontes aislados. Por otra parte, este liquen y sus ficobiontes
presentan actividatipo caspasanducible porinductoregjuimicosclasicode apoptosis,

esto parece confirmar la existenciardeerte celular activan condiciones estresantes
como la rehidrataciorPor ultimq la actividadtipo caspasa disminuya secuestrar el

NO, sugiriendo que esta molécwadria estamplicada en la regulacién positiva de la
muerte activaen dicho liquen y sus ficobiontes.

Capitulo 3

R. farinaceapresenta actividad especifiblR cuantificada con un método para plantas
ligeramente modificaddEl tungstatpinhibidor de la NRprovod ladisminucion de los
niveles de NO elaument del MDA (peroxidacion lipidica). Por otro ladel,L-NAME,

inhibidor de la NOSno disminuy los niveles de N@xcepto efos primerogninutos
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(hasta los 30 minpero siincremend los niveles de MDASIn embargo, la actividad
NADPH-diaforasa detectadaugiereuna posible presencia deaactividadtipo NOS.
Capitulo 4

El método de cuantificacion de N$R optimizo para el liquerR. farinaceay seobtiene
unaactividad especificd0 vecessuperiomrespecto al método aeiantificacionutilizado
en el capitulo 3La actividadespecificaNADH-NR de R. farinaceaes superiora la
actividad NADPH-NR y con la adicion simultanea de ambos cofactorésn el
micobionte lasactividadesespecifica de NADHNR y NADPHNR sonmayoregjue si
se afiaden ambos cofactores simultaneaménteual sugiere la presencia de otra
isoforma suplementariaque emplea NADPHen el micobionte deéR. farinacea En
cambio,las actividades especificas de la BiiRlos ficobiontes npresenta diferencias

entre especies y los cofactores afiadidos.

El tungstad inhibe la actividadespecificaNADH-NR deR. farinaceay su micobionte

pero séloparcialmente la ddicobionteT. jamesii Ademas, & inmunodeteccion con el
anticuerpo de INADH-NR revehla presencia denaenzima similar a la d&rabidopsis
thaliana(EC 1.7.1.1enR. farinaceay su micobionteLas actividadesspecificasle NR

se enoentranen unrangosimilar enR. farinaceay sus simbiontes gonsuperiores a las
actividades tipdNOS sugiriendo que la principal enzima de produccién de NO es la NR.
Por otra partela actividadespecificatipo NOS es superior en los ficobiontes dr.
farinaceay se ewuentraen un rango similar a la actividagdpecificaNR. La inhibicion

con L-NAME disminuye séloparcialmentéa actividadespecificdipo NOSdeT. jamesii

Por ultimo, & inmunodeteccién con el anticuerpo déN®S no revelala presencia de

esta proteina eR. farinaceani sus simbiontes.
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Conclusiones

Capitulo 1

El NO amortigudla liberacién deadicales libres ynoduléla autofluorescencia de la
clorofila tras la rehidratacion tdéquen R. farinaceay sus ficobiontes aisladoBor lo
tanto, dicha moléculaes clave eralgunos aspectos del metabolismo energético y la
homeostasis red@en este liquerLa presencia de Rjgneb una inesperada reduccion de
produccion de radicales libresaR. farinaceay sus ficobiontesAunque & participacion

del NOenesteefecto horméticdue compleja esta moléculas clave para la tolerancia
al Pben el ficobionteT. lynnae(TR9). Dicho ficobionte parece tener siempre mayor
capacidad antioxidante giferentesestrategias qud. jamesii (TR1) para afrontar
condiciones adversas.

Capitulo 2

Las tincionesde acidos nucleicoson YO-PRG-1 y Hoechst 33342 que se utilizan para
detectar células apoptéticas no se considadecuads para detectamuerte celular
activaenR. farinaceay sus ficobionted.a actividadtipo caspasa y su visualizacion por
microscopia de fluorescencia sugrel@ existencia denuerte celular actiyaimilar a la
apoptosis como proceso biolégico para enfrentar situaciones estresantes como la
rehidratacién en este liguengspecialmentesnsus ficobiontes. Ademas, el Nfarece
estarinvolucrado en la regulacion positiva dieho proceso

Capitulo 3

Los inhibidores comunmente utilizados de las actividades de NR y NOSrarausa
cambios en la peroxidacion de lipidos y en los productos finales de NO durante la
rehidratacion d los talos erR. farinacealLo cual sugiere quel €O es una molécula
clave frente a la tolerancia al estrés oxida#woeste liquerLa sintesis y la regulaciéon

del NO son complejas y pueden implicar tanto las vias del NR como de lalldOS.
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actividadNR parece ser lprincipalencargada de su produccionRerfarinaceaaunque
también parece evidenciarse indirectamente la presencia de actip@&DS ya que

se visualizéactividad NADPHdiaforasgpositiva

Capitulo 4

La optimizacion de un método especificogtmoque la actividad NADFNR especifica

de los talos d&. farinaceaes un orden de magnitud mayor que laAdéhalianay esta

en el rango de la clorofitdlva intestinalis Los estudios de inhibicion de activids® y

su inmunodetecciodenostraromqueR. farinaceay su micobiontg@resentan una Moeo

NR canodnica similar a la de plantéslemas, los resultados apuntaron a la existencia de
otra isoforma suplementaria en el micobionteRddarinaceaque usa NADPHPor lo
tanto, hactividadNR pareceestar participada por varias isoformas diferentes, incluyendo
las MoceNR canodnicas y las no canonie@sel holobiontdR. farinacea

Por otra partela actividad especifica de la NGfe losficobiontesde este liquerse
enmntréen un rango similar al de la NHyemayor que eR. farinaceay su micobionte.
Losanalisis de inhibicion de actividad NOS y su inmunodeteauimevelan la presencia
deuna iNOS canodnica similar a la de animate®n el talpni en los simbiontes aislados

La actividad tipo NOS es relativamente importante en los simbi@isésdos, pero
resulta fuertemente deprimida en el holobionte por razones que deben ser investigadas

mas a fondo.
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Background

Biodiversity is compromised by natural and anthropogenic disturbances such as climate
change and pollution and it is importantuoderstand 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 daenteractions 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 comteneeds to bexpandd, 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 asiill 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 poikilohydr lacking waxes and cuticles, and are therefore
subjected to continuous cyclesd#siccatiofrehydration, leading to a release of reactive
oxygen species (ROS) which, if beyond the capacity of antioxidant defences, can lead to
oxidative stress. Lichengrdctly 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 heavynetals, 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 liclkamalina farinacea
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On the other hand, nitrogen monox{®&D) 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 regulatiasf 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 synthse (NOS) in animals, although there is a NB8 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 involveth&lichen symbiosis.

It is known that thisnolecule is released in lichens suchRagarinaceaduring 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
rolesof NO in tolerance to heavy metals such as Pb, its involvement in active cell death
and its biosynthesis using the lichenfarinaceaas a model.

Hypothesisand 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 atetamde to
oxidative stress, as well as to explore ntechanismsof synthesis.The following

objectives have been set:

V To understand N@ole against oxidative stress generated during rehydration and in
the presence of the heavy metal PRirfarinaceaand its phycobionts.
V To study the possible existence of active cell death and the involvement of NO in this

biological process iRR.farinaceaand its phycobionts.

-10-
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V To identify the contribution of NR and NOS to the mechanisms of NO synthesis in
R. farinaceaand its symbionts.

Methodology

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

techniquesvere employed, which are summarised below:

Biological materialandcultures

R. farinaceathalli were collected directly from San Lorenzo de El Escorial. They were
dehydrated for 24h and stored -80°C until analysis. Phycobionts isolated frétn
farinacea (Trebouxia jamesiiTR1 and T. lynnae TR9) were grown under sterile
conditions in Bold Bl medium (19°C, 14h light/10h darldfter 21 days they were used
fresh on the same day or stored&@t°C until analysis.

After mycobiont isolation was achieved in a sterile manner, the mycobiont was seeded
on semisolid medium containing yeast extracttato and dextrose (known as "YPD")
with ampicillin under the same conditions as the phycobionts and reseeded @very 2
weeks.

Spectrofluometry

The DCFH:-DA probewas used to measure the production of free radvdaish, when
in contact with theseggives rise to DCF, measurable &k: 485 nmand Am 535 nm.
Chlorophyll autofluorescence was measuaE#x. 485 nmandAm635 nm.The analysis
for cell death was performed with nucleic acid sta®-PRO1 andHoechst 33342,
using thefollowing filters: aexc 485,em 528 nmand sexc 360,2em 460 nm,
respectiely. Finally, caspase activity was quantifiedth the kit CellEvent® Caspas

3/7,which emits green fluorescenateexc 485andsem 528 nm.

-11-
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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 consistd reacting nitrite with sulphanilamide to produce a
diazonium salt which, when bound with naphthylethylenediamine, forms a measurable
pink azo compounet 540 nm.SKALAR was used for the quantification of NO oxidation
end products, first the reduction of nitrate to nitrite was analysed witlatth@ium
reduction method using @ppercadmium column and in the second phase the nitrite
produced was reacted with napyidthylenediamine 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 tleaction of NO end products was used, also using
this method.

Optical and fluorescenceionoscoy

Fluorescence analysis of nucleic acid stains was perfo(if®@ePRO-1 and Hoechst
33342)andcaspase activity by fluorescence microscdie images wengrocessed with
LAS EZ software Optical microscopy was also used to visualise the morphological

distribution of lipid peroxidation (TBARS) and NADP#laphorase activity.

-12-
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Results

Chapterl

NO scavenges free radicals produced during rehydration and nexiwlalorophyll
autofluorescence during rehydration and the presence of Pb in the hoRbianhacea

and its isolated phycobionts. Rehydration with Pb generates a potent antioxidant
mechanism (hormetic effect) that does not seem to depend onRl@aimaceaand the
phycobiontT. 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 phycobiofit lynnag(TR9). FurthermoreR. farinaceaphycobionts

show different responses in termd\®D rolein modulating chlorophyll autofluorescence.
Chapter2

Nucleic acid staining with Y&@PRO1 or Hoechst 33342 used in other biological models
do not seem to be good methods to study active cell deRtHf@minaceaand its isolated
phycobionts. On the other hand, this lichen and its phycobionts show céikpase
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,
caspasdike activity decreases upon NO scavenging, suggesting that thésue may

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

Chapter3

R. farinaceaexhibits NR specific activity quantified with a slightly modified plant
method. Tungstate, NR inhibitor, caused a decredd®ilevels and an increase in MDA
(lipid peroxidation). On the other handsNAME, NOS inhibitor, did not decrease NO
levels except in the first minutesntil 30 min) but increased MDA levels. However, the

NADPH-diaphorase activity detected suggests a possible presence oflikBl@Sivity.

-13-
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Chapterd4

NR quantification method was optimised for the lickerfarinaceaand yields a 4@old
higher specific actity compared to the quantification method used in chapter 3. NADH
NR specific activity ofR. farinaceais higher than NADPHNR and the simultaneous
addition of both cofactors. In the mycobiont, the specific activities of NAR{and
NADPH-NR are higher thaif both cofactors are added simultaneously, suggesting the
presence of another supplementary NAB&Hploying isoform in the mycobiont &.
farinacea In contrast, the specific activities of NR in phycobionts do not diffeong
species and added cofastor

Tungstate inhibits the specific NADNR activity ofR. farinaceaand its mycobiont and
partially that of the phycobiorit. jamesii In addition, immunodetection with the NABDH
NR antibody reveals the presence of Anthalianalike enzyme (EC 1.7.1.1) iR.
farinaceaand its mycobiont. The NRpecific activities are in a similar range in R.
farinacea and its symbionts and are higher than the-N®3ictivities suggesting that
the main NGproducing enzyme is NR. On the othenaNOSlike specific activity is
higher inR. farinaceaphycobionts and is in a similar range to Npecific activity.
Inhibition with L-NAME only partially decreases the specific NO& activity of T.
jamesii Finally, immunodetection with the INOS @&udy does not detect the presence

of this protein irnR. farinaceaand its symbionts.

-14-
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Conclusions

Chapterl

NO cushioned free radicals release and modulated chlorophyll autofluorescence after
rehydration oR. farinacedichen 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 produBidarinaceaand

its phycobionts. Ahough NO involvement in this hormetic effect was complex, this
molecule is key to Pb tolerance in the phycobilaiynnag TR9). This phycobiont seems

to have always higher antioxidant capacity and different strategied th@amesii(TR1)

to cope withadverse conditions.

Chapter2

YO-PRO1 and Hoechst 33342 nucleic acid staining usdalctteapoptotic cells are not
considered suitable for detecting active cell deatR.ifarinaceaand its phycobionts
Caspasdike activity and its visualisation by fluorescence microscopy suggest the
existence ofipoptosidike active cell death as a biological process to cope with stressful
situations such as rehydration in this lichen and, especially, its phycoloreover,

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

Chapter3

Commonly used inhibitors of NR and NOS activities caused changes in lipid peroxidation
and NO end products during rehydration of the thalRirfarinaceaThis 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 productioRinfarinacea although the presence of
NOSlike activity also appears to be indirectly evidenced, as positive NA@IBphorase

activity was visualised.

-15-
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Chapterd4

Optimisation of a specific method showed that the specific NAIRHactivity of R.
farinaceathalli is an orer of magnitude higher than thatafthalianaand is in the range

of the chlorophyteUlva intestinalis NR activity inhibition studies and their
immunodetection showed thRat farinaceaand its mycobiont exhibit a canonical Meco

NR similar to that of plats. Furthermore, the results pointed to the existence of another
supplementary isoform in the mycobiontRf farinaceathat uses NADPH. Therefore,

NR activity seems to be involved by several different isoforms, including canonical and
non-canonical MoceNR in theR. farinaceaholobiont.

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 th&h farinaceaand its mycobiont.
Inhibition analyses of NOS activity and its immunodetection did not reveairéfssence

of a canonical animdike iINOS, 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 investigate
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Generaliintroduction

General introduction

Theoretical/Conceptual framework

Species diversity is being compromised at an accelerating rate due to natural disturbances or
humaninduced climate change, as well as rapid technological development and pollution. It is
important to understand the causes and the importance of safegudniduiiversity.
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 tie 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. Distarizes 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, mag Inore sensitive to natural or anthropogenic disturbances
than other organisms as they are subject to bidgcactions [2]. They are symbiotic organisms
composed of at least a heterotrophic fungus known as a mycobiont and photosynthetic
organisms (photmonts) 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
physiolog consisting of the functional and genetic interactions between the symbionts, which
has allowed it to be found and spread across diverse biogeographical regjnst [4as
formerly believed that the photosynthetic part was composed of a single phi&bisyn
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 traditbtmmalept needs to be

broadened as numerous bacterial aggregates associated withtihe hgpe 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 mabes 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 conditiond g1

They are very diverse both from a functional panfitview (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]. Lichres are extremophiles, they can be the predominant form of life in harsh
environments such as desert, alpine, Arctic and Antarctic regions [16]. Haimemg 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 habittritey 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 andlobse.

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 toteran 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 anatbaptations 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 all@study the tolerance mechanisms of
lichens to these elements, the study of established lichen communities irrichetakas is

also important for understanding speciation [20]. Lichens tend to be tolerant to heavy metals
because, apart from the greatioxidant 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]. &wvisual example, Figure 1 shows some

mechanisms of Pb tolerance in these organisms [25].
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Figure 1 Some different sategies for Pb tolerance in lichens. The-®®kerance 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, &gpacihe 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 contaomrihan 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 adelywused organisms as biosensors and
are applied in biomonitoring programmes all over the world because of their bioaccumulation
capacity and their biodiversity [BB3]. They are often chosen as bioindicators of air pollution
and heavy metals, as somesgigs 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 [3b37]. Furthermore, they are useful as passive samplers. Tablarbarises all

these closely related concepts.

Table 1.Related terms on lichens as environmental monitors

Concept Definition

Bioindicator | organisms ability to respond tenvironmental pollution throug
alterations in their physiology and/or by accumulating contamina

Biosensor | is a concept close to bioindicator, species are used as an instrur
measure chemical or biological parameters (useful tools to kno
scope of contamination).

Biomonitor | organisms that make it possible to quantify air quality through
disappearance, diversity and/or morphological alteration of these

Passive | those species naturally occurring in the ecosystems to be exbsest
samplers | which are used as biomonitors.

Biomarker | measurable changes whether biochemical, physiological a
morphological e.g., analysing the change in MDA levels is a ¢
marker of lipid peroxidation (that can be caused by oxidative stre
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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 desiccatigdfation 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 spe@&&3S| [24,3840]. 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 involsgghailingfor various

cellular processes, such asfehce 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 [43,4d¢sE are chemical species derived from
oxygen (Q) that are free radicals or can fofree radicals [45]. ROS generatimnaerobic cells

occurs by incomplete reduction ob @ its ground state producing hydroxyl and superoxide
radicals, singlet oxygen anydrogen peroxide (reviewed in [42]). Electrvansport chains,

such as those involved in photosynthesis and respiration, can physiologically generate ROS
[46].

Ashasben shown, Adespite toleranto, l i chens ar
heavy metals (HM) [23,47]. Specifically, some HMs such as lead favour ROS generation
[45,47 50].R. farinaceas a lichen species quite toleranHMs [51,52] that develps 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 respanse 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 mechams against oxidative stress in eukaryotic cells [55]ekample,

NO is able to reduce excess ROS, dampening lipid peroxidation resulting from oxidative stress
caused by RO8vergeneration [56]. Nitigen (N) 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 @®itrite (NOG) andNO [57].

NO is chemically an unstable, short ki, 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 concentratmnNO can exert detrimental
effects on proteins, lipids and DNA in the same way as ROS. However, endogenous NO acts
as a celkignallingmolecule essential for the maintenance of homeostasis in organisms and is
involved in several physiological process&fis 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 animaésistance to
pathogens, abiotic stress, and biotic communications [62,63]. In plant gpoovtioting
rhizobacteria (PGPR), NO hassgnallingand regulatory role [64]. In fungi, this molecule
appears to be involved in several important processes sudbrplsagenesis, 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, Legimzebium and

corals [66 70]. This molecule is very importain the establishment of these symbioses and it
regulates nitrogefixing symbioses [61,71]. However, NO role in other symbiotic organisms

such as lichens has not been extensively studied.
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It has been shown that this molecule is released during refoyduattier intracellular oxidative
stress in the licherRamalina laceraandR. farinacegd40,72].1n the latter, NO is involved in
antioxidant defence, regulation of lipid peroxidation and peroxidative damage generated by
atmospheric pollution, appears tonder protection against cumene hydroperoxide and is
essential fophotosynthesis [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 783 due to i 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 [B82]. Apoptosis is crucial to ensure proper functigramd survival of a living

being by eliminating damaged or redundant cells [83]. NO regulates apoptosis positively or
negatively in various organisms [@D]. As mentioned above, apoptosis and the involvement

of NO in the process has been studied fordlsvance 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 o$igahlling and
involved in several physiological processes, as it was prdyicossidered simply a highly

toxic gas [94]. NO can be synthesised enzymatically anéenagmatically in both animals

and plants [9697]. It can be produced by the enzymes nitrate reductase (NR), nitrite reductase
and/or NO synthases (NOSs) (details igufe 2)and norenzymatically under hypoxia and

low pH conditions, e.g. the reduction of nitrite (@ NO by the reductaiscorbate [96,97]
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Figure 1. Diagram of the main enzymatic routes of NO biosynthesis.

In plants andlgae, NO biosynthesis is carried out by the NR which converts nitrate into nitrite
which will result in NO [98100]. 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 deaccdeting 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 transformatiearginine into NO and
L-citrulline [62,104]. Threesoforms of animal NOS are known: endothelial (eNOS), inducible
(INOS) and neuronal (nNOS) [109]hese isoforms have been studied from model mammals
(Rattus norvegicysMus musculuandBos tauru¥ becoming canonical NOS alongside human
NOS isoforms and spliceariants [106109].

The presence of NOlke protein in plants has been a matter of debate in recent years [97,110].
Especially when the first NOS was characterised in the@égieeococcusaturi [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 matasoand 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 farinaceas a lichen model to study NO roles and biosynthesis

R.farinacea(L.) (Figure 3) isan 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 enveatsyand 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 coerithe same thallugrebouxia jamesi{TR1)

y T. lynnae(TR9) [115,116]. They modulate energy metabolism during rehydrasindhave
antioxidant mechanisms that reduce free radihlese phycobiontalso 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 microagghave 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(1]2 Moreover, this lichen is a suitable model to study the

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

Figure 2. R. farinaceghoto composition.)aR. farinacean Quercus pyrenaica (Pyrenean oak) at San Lorenzo

de El Escorial, b) image of a sliceBf farinacea een under the microscope (fibrigh
phycobionts and fAhypd are t h & fdriyapeangopbiontfsolatet i@ cutugec o b i o n |
and d)R. farinacegphycobiontssgolated in culture

-25.-



Generaliintroduction

Objectives

The general hypothesis of this thesis is thatid&@mportant functions ifR. farinaceaandits
symbionts ands key in symbioss 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 theRichen
farinaceaand 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.farinaceaand its isolated phycadnts (Trebouxia jamesiTR1andT. lynnaeTR9) 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 thaller{(haceaholobiont).

To achievethis, the aim is to analyse: a) free radicals release with the D&BKA probe to
understand the oxidative burst; b) lipid peroxidation by quantification of MDA to study
oxidative stress and c) chlorophyll autofluorescence whichiggews 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 thé&aimalli
desiccatiorrehydration stress in a changiegvironment The specific objectives are to test
whether fluorescent nuclear stains ((FRO1 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 antuidied under the following conditions: recent rehydration, presence of

apoptaisinducers and in the presenceadiO scavengr (c-PTIO).
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Chapter 3A first approach to NO biosynthesiskh farinacea

The objectivef this chapteareto quantify NRspecific activityin this lichen with a plant
based methoduantifying nitrite by griess methaahd to study the effects of NR and NOS
enzyme inhibitors (Tungstate andNAME, respectively) on lipid peroxidatioby MDA
quantificationafter rehydration and on N@xidationend productgnitrates and nitrites)sing
an autoanalyzer Skalaln addition, diaphorase activityand lipid peroxidation byproducts

(TBARS) will be observed by optical microscopy.

Chapter 4: Identitation ofthe mechanisms of NO bhiosynthesiRinfarinaceaholobiont

This last chapter aims to optimise the method for quantifying NR specific activity in the lichen
R. farinaceaand to determine the specific activities of the enzymes responsible for NO
biosynthesis in this species and its symbionts. For this purpose, &Ricsactivity will be
quantified with the Griess method optimised for lichens and-NK&specific activity with an
animal kit. The specifiadNADH-NR andiNOS proteins inR. farinaceaand its symbionts will

also be identified by immunodetection usingafe antibodies and controls.
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Abstract

Lichens undergo desiccation/rehydration cycles and are permeable to heavy metals, which induce free radicals. Nitrogen mon-
oxide (NO) regulates important cellular functions, but the research on lichen NO is still very scarce. In Ramalina farinacea thalli,
NO seems to be involved in the peroxidative damage caused by air pollution, antioxidant defence and regulation of lipid
peroxidation and photosynthesis. Our hypothesis is that NO also has a critical role during the rehydration and in the responses
to lead of its isolated phycobionts (7rebouxia sp. TR9 and Trebouxia jamesii). Therefore, we studied the intracellular reactive
oxygen species (ROS) production, lipid peroxidation and chlorophyll autofluorescence during rehydration of thalli and isolated
microalgae in the presence of a NO scavenger and Pb(NOs),. During rehydration, NO scavenging modulates free radical release
and chlorophyll autofluorescence but not lipid peroxidation in both thalli and phycobionts. Pb(NOs), reduced free radical release
(hormetic effect) both in the whole thallus and in microalgae. However, only in TR9, the ROS production, chlorophyll autoflu-
orescence and lipid peroxidation were dependent on NO. In conclusion, Pb hormetic effect seems to depend on NO solely in
TRY, while is doubtful for 7. jamesii and the whole thalli.
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Introduction

Lichens are originated by mutualistic and cyclical symbiotic
associations/interactions. They are formed by a heterotrophic
fungi (mycobiont), photosynthetic partners (photobionts) which
can be either cyanobacteria (cyanobionts) or green microalgae
(phycobionts) [1] and bacterial consortia [2-4]. The lichen thal-
lus (holobiont) is a complex morphological and physiological
trade-off among symbionts in which the mycobiont provides
water, mineral substances and protection against adverse fac-
tors, while the photobionts and the bacteria provide organic
nutrients [5-7]. Thalli are unique symbiotic phenotypes with
specific organization (holotypes) and complex physiology
(based on the functional and genetic interactions between sym-
bionts) and are considered as microecosystems [5, 8].

The lichenization allows the mutualists to develop in hab-
itats with extreme environmental conditions. Such growth
would not be possible for each symbiont on their own. Due
to this, lichens thrive all around the globe and in the majority
of habitats [9]. They are useful as environmental toxicity and
air quality bioindicators [10-12]. Lichens may act as passive
samplers, since they accumulate xenobiotics and provide their
approximate concentration in the environment [13-15]. They
are highly permeable to water and air microparticles, such as
those containing heavy metals, since they lack waxy cuticles.
Lichens are poikilohydric organisms, whose water content
directly depends on the environment, usually subjected to
desiccation/rehydration cycles [16, 17].

One of the most outstanding features of lichens is their
tolerance to rapid changes in their water content.
Desiccation/rehydration tolerance in lichens has been attribut-
ed to their important mechanisms against oxidative stress
[18-20]. Reactive oxygen species (ROS) are a major cause
of cellular harm whenever they increase above the antioxidant
system capacity [20, 21]. ROS are chemical species derived
from oxygen (O,) which are either free radicals or can easily
lead to free radical formation [22]. ROS production is due to
oxygen’s incomplete reduction in its fundamental state,
forming superoxide radical (O, "), hydroxyl radical (-OH),
singlet oxygen ('0,) and hydrogen peroxide (H,0,)
(reviewed in [20]). ROS are physiologically originated in the
electron transport chains such as those involved in photosyn-
thesis and respiration [23]. ROS are important for organisms
because they participate in signalling of several cellular pro-
cesses such as defence against pathogens. However, ROS in-
crease above antioxidant defence capacity generates oxidative
stress, which can cause damage in lipids, nucleic acids, pro-
teins and could even induce apoptosis [21]. In fact, during
stressful situations such as water deficit, nutrient restriction,
air pollution, exposure to xenobiotics and other types of stress,
the production of ROS increases [24, 25].

Lichens are also sensitive to accumulation of heavy
metals (HMs) and other xenobiotics [17, 26]. In

particular, HMs, like lead, increase the production of
ROS [22, 26-29]. However, many lichens (e.g.
Ramalina farinacea) are HM-tolerant [30, 31]. In the
presence of xenobiotics like cumene hydroperoxide or
lead, R. farinacea has been shown to develop a powerful
antioxidant response that reduces the release of free radi-
cals and modulates lipid peroxidation. It has also been
shown to induce a compensatory hormetic response in this
lichen [17, 32]. The hormesis is a biphasic response to a
toxic agent, which, at low doses, generates a beneficial or
stimulating effect, and at high concentrations a toxic or
inhibitory effect on the organism (reviewed in [33]).
Furthermore, the two phycobionts of R. farinacea display
different strategies to achieve Pb tolerance and antioxidant
mechanisms which reduce free radical production, such as
oxidative stress and energy metabolism modulation during
rehydration [17, 31]. As indicated above, different
phycobionts within the same thallus could contribute dif-
ferent mechanisms of Pb tolerance. This effective connec-
tion between symbiotic partners endows the symbiotic
organism with an important adaptive benefit [17, 31, 32,
34, 35].

It has been postulated that nitric oxide (NO) may be one of
the first defence mechanisms against oxidative stress in the
eukaryotic cells [36]. For example, NO is able to eliminate
ROS excess, slowing down lipid peroxidation during ROS
overproduction generated by stress [37]. NO is a lipophilic
and volatile molecule that can be cytotoxic [38]. It is also a
free radical reactive gaseous molecule and gives rise to the so-
called reactive nitrogen reactive species (RNS) [39, 40]. Itisa
signalling molecule implicated in the regulation of various
cellular functions, as cellular development and cellular com-
munication, among others. In plants, NO is involved in dis-
ease resistance, abiotic stress and biotic interactions, acting
through pathways very similar to those found in mammals
[38, 40, 41]. NO has been recently shown to participate in
some symbiotic interactions, acting as a regulatory signal of
development or an intermediate involved in energy metabo-
lism [42]. It interacts with other major regulators of plant
growth and development such as hormones and ROS [43].
A signalling and regulatory role in the plant growth-
promoting rhizobacteria (PGPR) symbiosis has been proposed
for NO although it is a toxic and inhibitory compound for
nitrogen fixation in mature rhizoids (root nodules) [44]. In
fungi, NO seems to regulate cellular development, spore ger-
mination, reproduction, morphogenesis, sporulation, apopto-
sis and the synthesis of cGMP [45]. Nevetheless, the research
of NO in lichens is still very scarce. Ramalina lacera releases
NO during its rehydration under intracellular oxidative stress
[18], as well as Ramalina farinacea [19]. NO has been report-
ed to be involved in peroxidative damage caused by air pol-
lution, antioxidant defence and regulation of lipid peroxida-
tion of this species [19], it seems to provide protection from
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the prooxidant air contaminant cumene hydroperoxide and is
important for photosynthesis [32].

R. farinacea is a fruticose lichen that forms narrow and
branched lacinias, from yellowish to greyish green and lives
epiphyte on a wide diversity of substrates and habitats, show-
ing a wide phenotypic plasticity [46, 47]. This lichen is a suit-
able model to study the abiotic stress since it is tolerant to
desiccation [17, 19, 48]. Trebouxia jamesii (formerly identified
as Trebouxia sp. TR1) and Trebouxia sp. TR9 (known as TR9)
always coexist within R. farinacea as its phycobionts, although
in different proportion depending on the analysed population
[47, 49, 50]. These two species of microalgae, 7. jamesii and
TR9, respond differently to environmental stress which sug-
gests why they coexist [S1]. 7 jamesii and TR9 are morpho-
logically different and their ecophysiological responses are not
the same. Different responses in 7. jamesii and TR9 seem com-
plementary, which may favour the growth of R. farinacea in
various habitats and geographic areas [35, 49, 51, 52].

Our hypothesis is that NO has a critical role in oxidative
stress and energy metabolism in thalli as well as in isolated
phycobionts of R. farinacea both during rehydration in phys-
iological conditions and in the presence of a pro-oxidant
heavy metal such as Pb. In this respect, it is necessary to
analyse the symbionts separately in order to gain a more ex-
haustive knowledge of how the thallus (holobiont) works.
Therefore, the objetive of the present study is to investigate
NO role in energy metabolism and in oxidative stress during
rehydration and in response to Pb(NOs),, for that reason, we
will analyse (a) free radical production (respiratory/oxidative
burst), (b) chlorophyll autofluorescence (energy metabolism)
and (c¢) lipid peroxidation (oxidative stress/damage) in thallus
and in isolated phycobionts of R. farinacea during their rehy-
dration in physiological conditions and under NO scavenging
with ¢-PTIO.

Material and Methods
Chemicals

The NO scavenger carboxy-PTIO (c-PTIO) was purchased to
Life Technologies S.A (Alcobendas, Spain), the free radical
intracellular probe 2, 7-dichlorodihydrofluorescein diacetate
(DCFH,-DA) and the antioxidant 2,6-di-tert-butyl-4-
methylphenol (BHT) to Sigma-Aldrich Quimica S.A
(Alcobendas, Spain), lead nitrate (Pb (NOs),) and ethanol
were of Panreac Quimica S.A.U (Barcelona, Spain).

Biological Material
R. farinacea was collected on 4th March 2010 in San Lorenzo

de El Escorial. Samples were dehydrated in a silica gel atmo-
sphere for 24 h and frozen at — 20 °C. Only central parts of
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thalli (2030 mg) were used in the experiments, apex and
basal zones were discarded just before treatments. Axenic
cultures of the phycobionts of R. farinacea (microalgae
Trebouxia sp., TR9 and T. jamesii) were also used.

The same procedure used by Alvarez et al. 2015 [17] was
used to grow the phycobionts of R. farinacea. Microalgae
were grown on small nylon discs (5 mm diameter) on semi-
solid bold 3 N medium with casein and glucose. Conditions of
the culture chamber: 15 °C, under a 14 h/10 h light/dark cycle
(25 umol m2 s71). After 21 days of growth, isolated
phycobionts were weighed (20-30 mg by sample).

Dehydration Method

Samples were slowly dehydrated in a closed container with a
saturated solution of K>SO, (80% relative humidity) for 24 h
at 20 °C under a cycle of 14 h/10 h, light/dark and with a light
intensity of 25 umol m s ' [17].

Rehydration Treatments

Firstly, samples were dehydrated as described above. Then,
T. jamesii / TRO discs and R. farinacea samples (3-4 mm
length fragments) were placed in black flat bottom 96-
multiwell plates and rehydrated during 5 min with 100—
150 pl of either demineralized water or 200 uM c-PTIO,
50 uM Pb, 100 uM Pb, a mixture of 200 uM c¢-PTIO +
50 uM Pb, 200 uM c-PTIO + 100 uM Pb, depending on the
treatment desired. Then, excess solution was eliminated.
Samples for fluorescence analysis were immediately analysed
with a fluorescence plate reader as described below. Samples
for MDA analysis were incubated during 0, 30, 60, 120 or
240 min at room temperature in the dark.

Measurement of Free RadicalsProduction
and Chlorophyll Autofluorescence

The rehydration treatments described above were supplement-
ed with DCFH,-DA (10 uM) that was used as epifluorescence
probe to detect intracellular free radical generation as de-
scribed in Alvarez et al. 2015 [17]. The fluorescence emission
of the DCF produced was measured in a Fluoroskan plate
reader (Tecan Group Ltd., Ménnedorf, Switzerland) using fil-
ters of Aexe =485 nm and A, = 535 nm. In these assays, chlo-
rophyll autofluorescence was also measured using A. .=
485 nm and A, =635 nm.

Measurement of Lipid Peroxidation
After incubation, samples were immersed in 500 pl of 80%
ethanol 2% BHT solution and stored at — 20 °C until analysis.

Lipid peroxidation was evaluated as malondialdehyde (MDA)
formation, according to the method of Reilly and Aust,
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modified as described in Catala et al. 2010 [19]. Samples were
homogenized with glass beads for 5 min and then centrifuged
at 16,060xg. We also prepared a standard of TEP from 0 to
10 uM with 80% ethanol supplemented with 2% of BHT. We
added 540 pl of TBA (2.57 x 102 M), TCA (9.18 x 10™! M)
and HCL (3.20 M) to 300 pl of either sample supernatants or
standards , vortexed for 5 min and placed in a 70 °C water bath
during 30 min. Afterwards, samples and standards were
vortexed and cooled on ice. Samples and standards were cen-
trifuged at 16,060xg for 10 min and the supernatant was used
to estimate MDA with the thiobarbituric acid test (TBA). The
reaction of two molecules of TBA with one MDA molecule
forms pink complexes, which have a maximum of absorbance
at 532 nm allowing the photometric quantification of MDA.
The value of absorbance at 600 nm was subtracted from ab-
sorbance at 532 to climinate the interferences of sugars [53].

Statistics

For assays with R. farinacea, the analysis of variances
ANOVA of two factors was used to determine the significant
differences between the different treatments and post hoc anal-
ysis was used (Duncan’s test) to look for differences among
groups at each time. For the fluorescence assays, a repeated
measures ANOVA analysis was chosen, since from the same
lichen, the values of fluorescence were measured at different
times of exposure.

For studies with phycobionts of R. farinacea, Shapiro-Wilk
test was performed to guarantee that data followed a normal
distribution. Differences between variances were detected via
Levene test. Student’s 7 test or Welch test were used for
signification.

Results and Discussion

To study the role of NO in thalli and isolated phycobionts of
R. farinacea, desiccated specimens were rehydrated for 5 min
with the corresponding treatment (c-PTIO, Pb(NOs), or c-
PTIO + Pb(NOs),) or with demineralized water in the case
of controls. Then, the kinetics of several physiological param-
eters were analysed. The behaviour of the controls was already
published in Alvarez et al. 2015 [17].

Studies on Whole Thalli of Ramalina farinacea

The scavenging of NO by ¢-PTIO during R. farinacea rehy-
dration seems to induce the production of more free radicals
compared with physiological conditions in the first 15 min but
it diminishes progressively to reach lower levels than the con-
trol after 120 min (Fig. 1a). Fluorescence microphotographs
taken at 240 min show that this reduction is especially impor-
tant in the cortex of the thallus (Fig. 2). In Fig. 1b, a slight

increase in lipid peroxidation of R. farinacea is observed un-
der NO scavenging, but no statistically significant differences
are found. With ¢-PTIO, chlorophyll autofluorescence of
R. farinacea attains levels above physiological conditions
but decreases gradually along time (from 90 min on) to remain
close to control values (Fig. I¢). Fluorescence microphoto-
graphs show that this decrease is stronger at 240 min.

The scavenging of NO in the presence of Pb(NOs), de-
creases the production of free radicals in R. farinacea acquir-
ing significance after 60 min of rehydration. At 120 min, only
26% of free radicals compared to controls were produced (Fig.
la). However, this decrease is only observed in microphoto-
graphs for the higher dose (Fig. 2h and k). Figure 2k shows
that free radicals decrease especially in algae chloroplasts,
because green fluorescence in the cortex is still visible. In
consistence with these results, NO scavenging together with
the presence of Pb(NOs), diminishes lipid peroxidation below
control levels, even though differences are not statistically
significant (Fig. 1b). Chlorophyll autofluorescence decreases
below physiological levels 75 min after rehydration with c-
PTIO and Pb(NOs), (Figs. 1c and 2i and 1).

We recently reported that free radicals increase exponentially
during lichen rehydration with deionized water (physiological
conditions) but the pattern changes to linear (and with a lower
slope) if rehydrated with Pb(NOs),, in what seems a strong
hormetic effect [17]. Our present results confirm that NO is
involved in the modulation of free radical production during
lichen rehydration [19, 32, 54] and indicate that the physiolog-
ical presence of NO cushions this release in the first minutes but
maintains the levels elevated after 90 min. Whether NO is
inhibited or not, hormesis is always observed when thalli are
rehydrated in the presence of Pb(NOs),. This seems to indicate
that NO is no longer an important mechanism for free radical
release modulation when this pollutant comes into scene.

Regarding lipid peroxidation, we reported that it decreased
significantly in the presence of Pb(NO;), [17]. In this study,
the scavenging of NO does not significantly affect the MDA
levels although a slight increase is observed if NO activity is
inhibited. In this case, the hormetic decrease observed previ-
ously by presence of Pb(NO;), is abolished when NO is
inhibited since the slight decrease in lipid peroxidation levels
has no statistical relevance. Further studies should be per-
formed to elucidate the participation of NO in membrane ox-
idative status.

The chlorophyll autofluorescence increased during rehy-
dration with deionized water and it decreased during rehydra-
tion in presence de Pb(NO;), respect to controls [17]. We
observe in our study that NO strongly modulates chlorophyll
autofluorescence during rehydration and in the presence of
Pb(NOs),, since NO scavenging causes a dramatic increase
during the first minutes able, even, to neutralize the effect of
the heavy metal. It is known that NO directly binds to chloro-
phyll and modulates reaction-centre-associated to non-
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Fig. 1 Kinetics of Ramalina a
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photochemical quenching in pea leaves (Pisum sativum) lead-
ing to a stabilization of the molecule [55].

Then, in summary, these results confirm that NO modulates
free radical and chlorophyll autofluorescence release during
rehydration, while its function regarding lipid peroxidation is
still unclear. When thallus rehydration occurs in the presence
of Pb(NOs),, the potent antioxidant mechanism induced by
the heavy metal (hormesis) seems not to depend on NO.

@ Springer

Studies on Trebouxia Axenic Cultures of Lichen
Phycobionts

When NO is scavenged in axenic cultures of TR, free radical
burst is much steeper than that of 7. jamesii in comparison to
controls rehydrated with water (Fig. 3a and b). This oxidative
burst seems not to correlate with membrane damage in any of
the isolated phycobionts since no significant difference in
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Fig. 2 Fluorescence microscopy
of Ramalina farinacea rehydrated
thalli. Thalli were rehydrated with
different treatments and observed
after 4 h post-rehydration:
rehydration with deionized water
(a, b and ¢), rehydration with c-
PTIO 200 uM (d, e and f), rehy-
dration with ¢c-PTIO 200 uM +
Pb(NO;), 50 uM (g, h and i) and
rehydration with ¢-PTIO

200 uM + Pb(NO5), 100 uM (j, k
and 1). Bright field (a, d, g and j).
Free radical generation is revealed
by the green fluorescence of DCF
(b, e, h and k). Chlorophyll auto-
fluorescence is observed inred (e,
f, i and 1). Magnification 200x

MDA levels is observed (Fig. 3¢ and d). This behaviour dif-
fers from the reported increase in lipid peroxidation exerted by
Cd in the green alga Cocomyxa subellipsoidea [56]. Under

scavenging of NO, chlorophyll autofluorescence of

T’ jamesii decreases significantly but progressively recovers,
reaching control values from 105 min on (Fig. 3¢). However,
chlorophyll autofluorescence of TR9 (under NO scavenging)
is around values of physiological conditions up to 60 min
post-rehydration and then it starts to increase (Fig. 3f).
Therefore, each phycobiont exhibits a very different behav-
iour regarding NO role in chlorophyll autofluorescence
modulation.

In a previous study, a greater release of free radicals in
T. jamesii than in TR9 during rehydration under physiological
conditions was observed [17]. We now show that NO buffers
the release of free radicals in both phycobionts, but this mod-
ulator molecule seems to be more relevant for TR9 in our
conditions.

Both 7. jamesii and TR9 showed similar levels of MDA
during rehydration [17]. According to our results, it seems that
NO is not involved in the physiological regulation of this
parameter in the entire thallus. It was shown that 7. jamesii
has significantly higher levels of constitutive antioxidant de-
fences, such as glutathione reductase, superoxide oxidase and
ascorbate peroxidase making this species able to cope with the
greater amount of ROS produced during rehydration [31].

T. jamesii chlorophyll autofluorescence was greater than
TR9’s during rehydration [17] showing a similar pattem to that
of free radicals. This points to a close relationship between
both parameters. Our data show that NO is involved in the
maintenance of phycobiont chlorophyll autofluorescence and
also that 7" jamesii and TR have a very different dependency
on this molecule during rehydration. In 70 jamesii, NO scav-
enging has an immediate effect on the chlorophyll autofluores-
cence, which could mean that this molecule is directly in-
volved in its modulation. However, in TR9, NO scavenging
is only sensed by chlorophyll after 60 min. TR9 was reported
to have a better physiological performance under relatively
high irradiances and temperatures (a priori more stressful con-
ditions). The low metabolic investment in defence of TR9
allowed to maintain high rates of photosynthesis (as shown
by the higher values of Fv/Fm of PSII) under relatively high
irradiances and temperatures. TR9 had higher levels of Fv/Fm
and NPQ than 7. jamesii and could maintain elevated rates of
photosynthesis due to low metabolic defence investment [49].
On the other hand, it was shown that NO was involved in
photooxidative protection, perhaps through chlorophyll/PSII
stabilization, in these phycobionts [19]. Maybe because of this,
T jamesii dependency on NO is more noticeable than TR9s.

Ifthe phycobionts’ free radicals burst during NO scavenging
is compared with that of the whole thallus, we can verify that
in 7. jamesii the pattern is very different (Fig. 1a). While NO
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Fig. 3 Effect of inhibition of NO activity on oxidative parameters and
chlorophyll of isolated phycobionts of Ramalina farinacea during
rehydration. Kinetics of intracellular free-radical production and chloro-
phyll autofluorescence in 7. jamesii (a and ) and TR9 (b and f). MDA
level referred to control in phycobionts, 7. jamesii (¢) and TR9 (d). The
grey squares represent the treatment with c-PTIO 200 uM as percentage

scavenging induces an exacerbation of the free radical burst in
the microalgae upon rehydration, it has a biphasic effect on the
lichen, with a strong initial increase, neutralized to reach levels
under controls after 60 min. This probably implies that the
fungus, which is much less sensitive to the damage produced
during rehydration than its photosynthetic partners [48], could
strongly modify phycobionts’ response, providing some mech-
anism to reduce free radicals from algal chloroplasts, organelle
where most of ROS are generated [57-59]. These results agree
well with the confocal observations reported previously [48].
The release of free radicals may cause lipid peroxidation in
biomembranes and the breakage of fatty acid chains end in
membrane damage [60-62]. However, despite the huge in-
crease in free radicals caused by NO scavenging, there are
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referred to the controls. Horizontal line represents the 100% that corre-
sponds to control values. Asterisks indicate significant differences from
control (p < 0.05) according to the Student’s 7 test or the Welch test. These
data are expressed as the mean + standard error (7 =8 in the case of free
radicals and chlorophyll autofluorescence and n =4 in MDA analysis)

no significant increases in lipid peroxidation in any of the
phycobionts (Fig. 3c and d) or the whole thallus (Fig. 1b).
NO has been reported to associate with free radicals to pro-
mote lipid peroxidation in some conditions, as well as acting
as a potent inhibitor of the lipid peroxidation chain reaction
protecting membrane integrity [63, 64]. Although non-signif-
icant, a sustained increase in lipid peroxidation is observed in
the whole thallus at all times studied. NO seems not to be the
main actor in lipid peroxidation modulation.

We observe that NO scavenging modulates the autofluo-
rescence of chlorophyll both in the phycobionts and in the
complete thallus (Figs. 1c and 3e and f). In this case, the
pattern observed in R. farinacea does not coincide with any
of the phycobionts’. This result may be due to the mycobiont,
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given that it was involved in the stabilization of the photobiont
chlorophyll [19]. NO maintains the activity of PSII and pre-
vents the loss of chlorophyll, moderating the decrease in pho-
tosynthesis [65]. NO is also known to mitigate the degradation
of chlorophyll [66]. Then, the mycobiont seems to be respon-
sible for the different behaviour of the chlorophyll autofluo-
rescence in the entire thallus and in the isolated phycobionts.

NO production under stress suggests that this molecule has
important roles in these situations [65, 67]. Specifically, it has
been proposed as a keystone molecule in anhydrobiosis adap-
tation, water stress and symbiosis [43, 68-71] but no specific
mechanisms have been identified. Our results suggest that the
mycobiont can regulate NO in a different way than
phycobionts, reducing rehydration-induced free radical burst
and modulating chlorophyll autofluorescence in the
symbiosis.

Rehydration in the Presence of Pb(NO;),

The possible influence of NO activity on the response of iso-
lated R. farinacea microalgae to the presence of Pb(NO;),
during rehydration is also studied. Dehydrated cultures of
T. jamesii and TR9 were rehydrated with c-PTIO together
with 50 or 100 uM Pb(NOs), and the kinetics of the different
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Fig. 4 Kinetics of free radical production during rehydration with
different concentrations of Pb(NO;), in absence/presence of NO activity
in axenic cultures of phycobionts Trebouxia sp.TR9 and 7. jamesii. Free
radical production referred to controls rehydrated with demineralized wa-
ter (solid line) of 7. jamesii (a, ¢) and TRY (b, d). Horizontal linc

parameters referred to physiological conditions were
recorded.

The scavenging of NO causes clearly distinct effects on the
physiology of each microalga. In 7. jamesii, the presence of
Pb(NO;), during rehydration (in either dose 50 uM or
100 uM) induces a reduction in free radical production in
respect of controls independently of the activity of NO
(Fig. 4a and c). Contrastingly, in TR9, even though there is
also a reduction in free radical production in the presence of
50 uM Pb(NOs),, this hormetic effect is prevented by the NO
scavenger, which provokes a free radical increase from 30 min
on (Fig. 4b). Elevating Pb(NO;), to 100 uM causes free rad-
ical production to surpass controls at all time points. In this
case, NO scavenging keeps free radicals under controls for the
first 30 min (Fig. 4d). These results indicate that TR9 shows a
critical window between 0 and 30 min regarding NO modu-
lation of free radical release. Other authors have also shown
the involvement of NO in the modulation of physiological
changes under heavy metal exposure in green algae [72].

Overall, lipid peroxidation keeps or decreases when
Pb(NOs), is present during rehydration (Fig. 5). NO scaveng-
ing seems to further reduce lipid peroxidation observed with
50 uM Pb(NOs),, especially in 7. jamesii, but has no effect
when rehydration occurs in the presence of 100 pM
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represents the 100% that correspond to control values. Asterisks indicate
significant differences from control (p < 0.05) according to the Student’s ¢
test or the Welch test. These data are expressed as the mean + standard
error (n=8)
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Fig. 5 MDA of axenic cultures of phycobionts Trebouxia sp. TR9 and
T jamesii during rchydration with Pb(NO;), (50 or 100 uM) in absence/
presence NO activity. MDA values of 7. jamesii (a, ¢) and TR (b, d) are
referred to controls rehydrated with demineralized water. Horizontal line

Pb(NOs),. In 7. jamesii, chlorophyll autofluorescence is de-
creased with respect to controls by the presence of Pb(NOs),,
regardless of NO activity (Fig. 6a and c). TR9 shows a similar
behaviour with the lower concentration of Pb(NOs), (Fig. 6b).
However, 100 uM Pb(NOs), induces increases of chlorophyll
autofluorescence in TR9, with statistical significance at cer-
tain time points (Fig. 6d), that is abolished when NO is scav-
enged, which suggests that it mediates this hormetic effect.

In a past article, we showed that 7. jamesii intracellular free
radical release was reduced rehydrating with both concentra-
tions of Pb(NOs), (50 or 100 uM). However, these concen-
trations induced a different effect in TR9, with the lower con-
centration reducing them while the higher causing an increase
[17]. In the present study, we observe that TR9 clearly de-
pends on NO to control free radicals in the presence of
Pb(NO;), while the capacity of 7. jamesii does not, at least
to such an extent.

In our previous study, levels of lipid peroxidation were
below the controls in both phycobionts and both concentra-
tions of Pb(NOs), [17]. Overall, we confirm these results de-
spite that a high dispersion of data due to the heterogenic
nature of lichen thalli is observed (Fig. 5). NO scavenging
seems to further accentuate this reduction, achieving statistical
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significance. The effects of Pb(NOs), during rehydration on
the chlorophyll autofluorescence of 7. jamesii and TR follow
patterns similar to those found for free radical production, as it
was reported previously [17]. Our results show that NO is
necessary to stabilize chlorophyll autofluorescence of TR9 at
high concentrations of Pb(NO3), (Fig. 6).

When we compare Figs. la and 4, we observe that the
patterns of free radical release by the complete thallus and
by T jamesii are very similar. NO scavenging with 200 uM
¢-PTIO during rehydration in the presence of Pb(NO;), seems
not to alter the response of cither R. farinacea or T. jamesii.
This parallelism between the whole thallus and 7. jamesii has
been reported previously [47] and is most likely due to the fact
that this phycobiont is the predominant in the R. farinacea
population used for this study. As stated above, despite more
than 90% of the lichen biomass corresponds to the mycobiont,
microalgae chloroplasts seem to be the main source of free
radicals in thalli [32]. Even so when extracellular polymeric
substances made by the symbionts, including microalgae, are
involved in Pb** tolerance probably through ionic biosorption
[73, 74]. This demonstrates that in our experimental design
treatment, doses manage to reach mycobiont as well as
phycobionts. Nonetheless, we cannot rule out indirect effects
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Fig. 6 Kinetics of autofluorescence of chlorophyll during rehydration
with Pb(NO3), (50 or 100 uM) in absence/presence NO activity of in
axenic cultures of phycobionts 7rebouxia sp.TR9 and 7. jamesii.
Chlorophyll autofluorescence is referred to controls rehydrated with
demineralized water (solid line) of 7! jamesii (a, ¢) and TR9 (b, d).

on chloroplast chlorophyll, e.g. mediated by intracellular, or
even intercellular, signal transduction. Namely, NO can tra-
verse membranes and act on a relatively distant location from
where it is produced [38, 40, 41].

In contrast, in TR9, NO scavenging abolishes the hormetic
suppression of free radicals during rehydration in the presence
of Pb(NO;),. NO has been shown to regulate ROS plant re-
lease in the presence of cadmium [75]. It is well known that
NO can act as an antioxidant and eliminates some other reac-
tive intermediates in plants [67] as well as the accumulation of
HMs [75-77]. Exogenous NO reduced ROS and lipid perox-
idation, and activated antioxidant enzymes such as superoxide
dismutase (SOD), ascorbate peroxidase (APX) and catalase
(CAT) in Poaceae under cadmium or arsenic stress [78, 79].
The duration of Cd exposure and concentrations varied the
reduction of toxicity by NO [80]. This could explain why in
TR, NO is able to control the release of free radicals at low
concentrations of Pb(NO;), but not at high. Although there
are fewer studies in chlorophycean algae, the pro-oxidant tox-
ic effect of Cu was reduced in Chlorella in the presence of the
NO donor sodium nitroprusside [81].
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Horizontal line represents the 100% that corresponds to control values.
Asterisks indicate significant differences from control (p <0.05) accord-
ing to the Student’s 7 test or the Welch test. These data are expressed as the
mean + standard error (n = 8)

T. jamesii and TR9 have been demonstrated to have differ-
ent strategies to cope with stress [17, 31, 35, 51]. TR, better
protects its cytoplasm from the external environment due to its
thick wall, immobilizes more Pb extracellularly and accumu-
lates three times less intracellular Pb than 7. jamesii. It pos-
sesses lower basal level of antioxidant enzymes than
T. jamesii, but they may be remarkably induced under abiotic
stress, such as the presence of Pb [31, 35]. The non-
photochemical dissipation of excess energy (qN), which pre-
vents ROS formation, is also more active in the former
phycobiont [31, 51]. Therefore, the differences regarding
NO dependency observed in our results contribute to increase
the body of evidence supporting that the coexistence of
Trebouxia species with diverse ecophysiological strategies in
thalli is a favourable evolutionary trait [49].

Inferences About the Meaning of Symbiosis: the Role
of the Mycobiont

Despite that our previous results confirm that chloroplasts are
the main source of free radicals in the thallus of R. farinacea
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