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Meccanismi di risposta di simbionti lichenici afitress foto-ossidativo

Riassunto

| licheni, una simbiosi mutualistica tra un fungib rhicobionte), generalmente un
ascomicete, e una o piu popolazioni di alghe edaafatteri (il fotobionte) sono considerati
forme di vita estremofile in quanto da disidragatissono resistere a condizioni ambiental
molto difficili come elevati irraggiamenti solascarsa disponibilita d'acqua e di nutrienti e
dosi elevate di inquinanti aerodiffusi. Tali faitodi stress tuttavia inducono una
sovrapproduzione a livello cellulare di specie tieatdell'ossigeno (ROS), che se eccede le
difese antiossidanti genera stress ossidativo.clufaalo delle ROS & un fenomeno molto
pericoloso perché porta al danneggiamento di imptirmacromolecole come lipidi, proteine
e DNA ed in casi estremi puo condurre anche allatancellulare. Sebbene gli effetti dello
stress foto-ossidativo nei licheni siano gia ssatidiati, in questo dottorato di ricerca si e
voluto approfondire alcuni aspetti ancora poco rchigativi alla resistenza dei fotobionti a
guesto stress e alla resistenza dei licheni aésstossidativo indotto dalla presenza di elevate
concentrazioni di inquinanti fotochimici come I'oen(Qs). Sul primo filone di ricerca sono
stati condotti due studi. Nel primo ci si e focahn sugli effetti dello stress foto-ossidativo su
parametri fisiologici di vitalita (CRF) e di produzione di ROS in un fotobionte licheni
nella sua controparte lichenizzata. Cido € statenotib sottoponendo colture axeniche del
fotobionte Trebouxiasp. e lobi del lichen®armotrema perlatunda cui e stato isolato il
fotobionte, a diverse combinazioni di umidita refate intensita luminose per periodi di
tempo crescenti. L'obiettivo di questo studio éostpuello di approfondire le conoscenze sui
benefici indotti dalla lichenizzazione nella resista al disseccamento e al concomitante
stress foto-ossidativo.

Il secondo studio invece, strettamente connespdrab, € focalizzato sulla variazione di
espressione genica dell'intero trascrittoma debdbionte Trebouxia gelatinosaisolato dal
lichene licheneFlavoparmelia caperata(L.) Hale, indotta da eventi di disidratazione e
reidratazione. Con questo studio si & voluto irdiiare ed analizzare i meccanismi molecolari
alla base della tolleranza di questo organismassiedcamento e al concomitante stress foto-
ossidativo.

Sul secondo filone di ricerca invece e stato caldano studio sulle risposte fisiologiche,
citologiche e biochimiche del lichenElavoparmelia caperata(lL.) Hale sottoposto a
fumigazioni con @ e mantenuto a diversi regimi di idratazione e diidita relativa
ambientale. L'obiettivo di questo studio e statellgudi verificare se la tolleranza di questo
lichene allo stress ossidativo derivante dall'ezipmse all'Q dipende da una strategia-O

avoidant, imputabile alla sua inattivita metaboliarante le ore della giornata in cui si
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verifica il picco dell'Q, oppure da una$Xolerant, dovuta invece alla presenza di un cespic
ed efficace corredo di difese antiossidanti.

Il primo studio ha dimostrato che il fotobionte alkg al di fuori della simbiosi € in grado
di resistere a livelli elevati di stress foto-osdido anche per periodi molto lunghi. Tuttavia e
stato confermato che la simbiosi adduce benefipontanti come I'aumento della capacita di
estinzione dell'energia accumulata dalle clorofilfraverso meccanismi non fotochimici e un
ridotto effetto ossidativo indotto dal disseccamerQuesti risultati ci hanno permesso di
sfatare I'ormai consolidata idea che i fotobionlgad, in particolare quelli del genere
Trebouxia,siano particolarmente delicati e incapaci di talierautonomamente (al di fuori
della simbiosi) fattori di stress abiotici come Hjughe intervengono durante il disseccamento.

Dai risultati del secondo studio € emerso chetdbdmnteT. gelatinosger far fronte alle
importanti alterazioni dovute alla perdita d'acqsnaffida soprattutto a meccanismi che
intervengono durante la fase di reidratazione. u nportanti coinvolgono molecole di
riparazione “chaperone”, e. g. “Heath Shock Pratgia proteine della famiglia “Desiccation
Related Proteins”, la cui funzione & ancora scantscma visto l'elevato numero, la loro
diversita intraspecifica e la sensibilita ai camibtontenuto idrico, sembrano giocare un ruolo
molto importante. Paradossalmente invece non sote&te sosservate alterazioni
nell'espressione di geni collegati alle difese aadidanti, che € sempre rimasta a livelli
costitutivi. Cio € stato interpretato come unatstyea che permette all'organismo di avere
sempre a disposizione mMRNA per la neo-sintesi divhwenzimi coinvolti nelle difese
antiossidanti.

Infine nell'ultimo studio & stata riconfermatad\eta resistenza del licheRe caperata
allo stress ossidativo derivato dall'esposizioi®alin quanto alla concentrazione utilizzata,
ovvero il massimo registrato nelllambiente alletreo$atitudini, non e stato osservato alcun
effetto sulla vitalita nonostante sia stata osdaruaa notevole produzione di ROS. L'effetto
ossidativo dell'@ infatti & stato controbilanciato dalle difese assidanti le quali si sono
mostrate altamente sensibili all'esposizione edaaff anche a bassi contenuti idrici.

Lo stress ossidativo derivante da fattori abioticiorigine naturali e antropica dunque
sembra essere gestito efficacemente sia dai liattemidai loro fotobionti isolati, grazie ad

efficienti difese antiossidanti e all'interventondeccanismi di riparazione del danno.
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Introduzione

I licheni sono una simbiosi mutualistica tra undan(il micobionte), generalmente un
ascomicete, e una o piu popolazioni di alghe edoabatteri (il fotobionte). La caratteristica
che mi ha stimolato a studiare alcuni aspetti delia biologia € la loro estrema tolleranza al
disseccamento. | licheni infatti sono forme di vigeciloidre quindi privi di veri e propri
sistemi di regolazione del contenuto idrico; leoladratazione dunque dipende strettamente
dalle condizioni atmosferiche. Questa caratteasttomporta che essi sono continuamente
soggetti a fenomeni di disidratazione e di reidniatae intervallati da periodi in cui, a causa
della quasi totale assenza di acqua intracelluErano in uno stato di inattivitd metabolica
detto criptobiosi. In questo stato i licheni somogrado di tollerare condizioni e fattori di
stress estremi quali elevati irraggiamenti solahock termici (Tretiach et al. 2012a),
esposizioni a raggi UV (Gauslaa and Ustvedt 2083)e il vuoto spaziale (Sancho et al.
2007). Questo aspetto ha permesso loro di color@zgaasi tutti gli ambienti terrestri e di
essere gli organismi predominanti in alcuni ambiestremi come quelli polari e le cime
delle montagne (Beckett et al. 2008). Sebbene sianmmra lontani dal capire tutte le
strategie e i meccanismi adottati dai licheni pdetare tali stress, sappiamo che quest'ultimi,
tra 1 vari effetti, inducono una sovrapproduzionies@ecie reattive dell'ossigeno (ROS)
(Beckett et al. 2008; Mgller and Sweetlove 201091 Ncheni, come in tutti gli organismi
aerobi, le ROS vengono prodotte normalmente danetboliche che coinvolgono molecole
d'ossigeno come la respirazione, e possono svolggpertanti ruoli nei meccanismi di
comunicazione cellulare (Mgller and Sweetlove 20&0fella difesa contro l'attacco di
organismi patogeni (Beckett et al. 2005). In comuiiz normali la produzione di queste
molecole viene tenuta sotto controllo da meccanisinidetossificazione che vengono
comunemente chiamati difese antiossidanti che possssere enzimatiche, come ad esempio
le catalasi, le perossidasi e le superossido desnué non-, come il glutatione e I'acido
ascorbico; il rapporto tra produzione di ROS es#ifantiossidanti determina il grado di stress
ossidativo a cui e sottoposta la cellula. Fattorstcess come quelli menzionati poco sopra
inducono una sovrapproduzione di ROS e quindi pussasbilanciare il rapporto
ossidanti/antiossidanti a favore dei primi incretaedo cosi il livello di stress ossidativo.
L'accumulo di ROS come l'anione superossido;§;Al perossido di idrogeno @@.), il
radicale ossidrilico (-OH) e l'ossigeno singoletf®,;) & un fenomeno di stress molto
pericoloso perché puo provocare il danneggiamenitombrtanti macromolecole come lipidi,
proteine e DNA, e puo0 in casi estremi portare aitate cellulare (Wagner et al. 2004). Gli

organismi fotoautotrofi possiedono un'altra potelezisorgente di ROS ovvero l'apparato
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fotosintetico. Le clorofille eccitate - in condiniodi elevata illuminazione o di illuminazione
accoppiata a deficit idrico - possono estinguertepdell'energia accumulata non solo tramite
I'emissione di fluorescenza o di calore, ma andtrave@rso la cessione diretta di energia alle
molecole di ossigeno (ossigeno tripletto) che, sdbeun riarrangiamento degli elettroni, da
origine all!O, una ROS molto reattiva e precursore di molte altréali condizioni inoltre il
fotosistema secondo pud cedere un elettrone adjarss tripletto per formare -Qil quale
puo reagire con proteine o enzimi inattivandoli I{iMeell et al. 2006) oppure puo essere
dismutato a bO, dall’enzima superossido dismutasi. Questo stressdativo derivato
dall'esposizione alla luce viene piu correttamehiamato foto-ossidativo.

Oltre a fattori di stress ossidativo “naturali”icHeni possono essere soggetti anche a
quelli derivanti da attivita antropiche come adneg® I'accumulo di alcuni inquinanti
aerodiffusi a livello troposferico. | licheni intatsono strettamente legati alla composizione
atmosferica in quanto traggono passivamente uméalitétrienti tramite le deposizioni; cio
tuttavia li espone anche alla presenza degli iraptin Di questi I'ozono (§), forma
allotropica triatomica dell'ossigeno, possiede waligproprieta ossidanti. Esso fa parte della
famiglia degli inquinanti cosiddetti secondari, gnanto non esistono processi antropici in
grado di rilasciarne direttamente grandi quantéf’atmosfera, ma si forma naturalmente in
presenza di altri inquinanti di origine antropican-particolare NQ e composti organici
volatili - e di determinate condizioni climatich®me elevate temperature e irraggiamenti
solari (Lorenzini e Nali, 2005). La sua elevatasto$a deriva dal suo comportamento in
soluzione acquosa, dove si dissocia velocementacina possiede un'emivita di 20 minuti)
formando specie reattive dell'ossigeno.

Le ricerche incluse in questa tesi di dottorate@io concentrate dunque sugli effetti
dello stress foto-ossidativo e del'®ui licheni e sui fotobionti isolati a livello fiogico,
biochimico e genetico.

Il primo dei tre capitoli di cui si compone la tesititolato “Influence of lichenization on
the desiccation tolerance of the aeroterrestriatroalga Trebouxiasp. Chlorophytd”, verte
sugli effetti dello stress foto-ossidativo indottarante periodi di disseccamento prolungato
sul fotobionteTrebouxiasp. esulla sua controparte lichenizzata. | licheni sdreoi piu
classici esempi di forme di vita “desiccation talet” in quanto quasi tutte le specie sono in
grado di sopravvivere a lunghi periodi in cui ifdocontenuto idrico puo scendere al di sotto
del 10% (su peso secco) e recuperare in breve temamormale attivita metabolica non
appena l'acqua ritorna disponibile. La perditagliactuttavia induce importanti modificazioni

a livello anatomico, fisiologico e biochimico trauicil collasso della parete cellulare
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(Honegger et al. 1996), la perdita di idrataziorelled molecole e l'alterazione del pH
intracellulare (Alpert et al. 2006), e soprattutbosviluppo di ROS (Kranner et al. 2008). |
licheni possiedono diversi meccanismi per far feoatqueste alterazioni che conferiscono
loro un'elevata tolleranza al disseccamento. Tpaliimportanti ci sono a) I'accumulo di
zuccheri e di polialcoli non-riducenti che portdaalitrificazione del citoplasma al fine di
preservare l'ultrastruttura cellulare e la corrsttattura terziaria delle proteine (Alpert et al.
2006), b) la presenza di un efficiente corredoaditanze ed enzimi antiossidanti deputate al
controllo e a alla rimozione delle ROS e c) la prea di meccanismi di protezione
dell'apparato fotosintetico dei fotobionti che snescano non appena il lichene passa nello
stato di criptobiosi (Heber et al. 2008). Gli efifetel disseccamento e del risultante stress
ossidativo sono stati largamente studiati nei ch@er una review vedere Kranner et al.
2008), tuttavia questo tipo di indagini sui simliseparati sono un numero molto limitato.
Cio comporta che le conoscenze sui benefici detingatla lichenizzazione sulla “desiccation
tolerance” dei due partner sono ancora molto limjtssebbene esso sia un aspetto di
fondamentale importanza per comprendere la biolaga licheni. Per questo motivo
l'obiettivo principale di questo primo lavoro é tetaguello di elucidare il ruolo della
lichenizzazione nella tolleranza al disseccamentmdotobionte isolato confrontandolo con
la sua controparte lichenizzata.

Nel lavoro descritto nel secondo capitolo intitoldfTranscriptomic analysis of the
lichen-forming alga Trebouxia gelatinosasubjected to dehydration and rehydration
processes si e voluto approfondire le conoscenze su quakcoanismi molecolari
responsabili della tolleranza al disseccamento @eagcoinvolti durante le fasi di
disidratazione e reidratazione di un fotobionteaafmente al genefrebouxia Queste fasi
sono molto importanti per gli organismi “desiccatimlerant” perché sono i momenti in cui
essi mettono in atto le strategie necessarie ardo# le alterazioni derivanti dalla perdita
d’acqua. Ad esempio le piante vascolari “desicecataerant”’Craterostigma plantagineum e
Xerophyta humilis durante la disidratazione accumulano sostanzeositettive come
zuccheri e polialcoli non-riducenti (Hoekstra et aD01), Heath Shock Proteins (HSPS)
(Wang et al. 2004), Late Abundant Embryogenesiseprs (LEAs) (Goyal et al. 2005) e
sostanze antiossidanti (Kranner et al. 2002). Ischio Syntrichia ruralis una delle briofite
“desiccation tolerant” piu studiate, si affida eag¢gie che intervengono soprattutto durante la
fase di reidratazione, come la sintesi di particdl&As dette reidrine e di HSPs (Oliver et al.
2000). Le conoscenze sulle strategie messe irdattticheni e dai loro simbionti isolati sono
invece ancora piuttosto limitate. Dai recenti stodindotti su questo tema tuttavia € emerso
che a livello fisiologico il rateo di disidrataziengioca un ruolo molto importante nelle
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capacita di recupero dell’apparato fotosinteticoag@la et al. 2009), mentre a livello
proteomico e trascrittomico sono stati osservainlmamenti importanti sia durante la
disidratazione che durante la reidratazione (Gasillal. 2013; Juntila et al. 2013). In questo
studio si e voluto approfondire questo tema anahdp l'intero trascrittoma del fotobionte
Trebouxia gelatinos@n relazione ad eventi di disidratazione e reidniatae. Durante I'analisi

e stata prestata particolare attenzione all'espressgenica di meccanismi molecolari
coinvolti nella difesa da stress ossidativo. | ltesii di questo lavoro saranno la base di
partenza per futuri studi di trascrittomica nel pamdella lichenologia mirati alla
caratterizzazione delle variazioni di espressioasiga dovute non solo disseccamento ma
anche ad altri fattori di stress ambientali ed gpiti.

Nell'ultimo capitolo della tesi viene presentattaitoro “Why lichens are ozone tolerant?
A possible explanation from biochemical to phygjadal level che verte sugli effetti dell'®
sul licheneFlavoparmelia caperataLe conoscenze sulla tossicita dejl'@algono alla fine
del 1800, tuttavia l'interesse verso questo inquima diventato piu forte dalla comparsa dello
smog di Los Angeles (Haagen-Smit, 1952), anche déattog fotochimico, di cui proprio 140
e uno dei componenti principali e piu dannosi. ttaculo di Q troposferico dovuto a questo
tipo di inquinamento ha portato nei casi piu estrathun decremento della produttivita delle
colture agricole e di conseguenza ad un danno egoonmon trascurabile. Per questa ragione
gli studi sulla tossicita di questo inquinante sydlante vascolari sono molti. La sua tossicita
come detto in precedenza deriva dal fatto che luzgme acquosa esso induce la formazione
di ROS. Nelle piante I'© diffondendo attraverso gli stomi e dissolvendosil'acqua
apoplastica da origine a -OH e® i quali se prodotti in gradi quantita, possonotaia
anche alla morte cellulare.

La tossiscita dell'®sui licheni invece & un argomento ancora accesdaitdto in
quanto i dati disponibili sono ancora limitati, @enfrontati con quelli raccolti per le piante
vascolari, e parzialmente contradditori (p.es. &idgger and Schroeter 1995; Zambrano and
Nash 2000; Riddell et al. 2010; 2012; Bertuzzile@13). Cio & dovuto molto probabilmente
alle metodiche di trattamento adottate, che dgtemo nelle concentrazioni di inquinante
applicate, nei tempi di esposizione e soprattutto regimi di idratazione. In particolare
l'idratazione nei licheni € un fattore molto im@orte da considerare in quanto da essa
dipende l'attivazione o meno dell'attivitd metat@le puo dunque modificare le interazioni
organismo-inquinante (Tretiach et al. 2012b). Caletto in precedenza i licheni sono forme
di vita estremamente tolleranti quando disidratatg non appena si reidratano diventano

vulnerabili ad alcuni fattori di stress, come adrapio il calore (Tretiach et al. 2012a).
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In questo studio la tossicita delOe stata verificata sottoponendo il lichene
Flavoparmelia caperata fumigazioni in condizioni controllate abbinataligersi regimi di
idratazione e umidita ambientali, e misurando fadidrazione di parametri fisiologici legati
alla vitalita e di markers biochimici di stressidssivo.

Questo lavoro si inserisce in un progetto di rieePRIN 2008, iniziato nel 2010, il cui
obiettivo era quello di analizzare gli effetti deflono sui licheni a livello molecolare,
biochimico, fisiologico e morfo-strutturale. Le mgini presentate in questo studio sono state
effettuate anche su altre due specie lichenichd éwbionte algale di una delle tre specie
utilizzate. Molti dei risultati di questo proget®ono ancora inediti, ma sono gia stati

presentati a diversi congressi nazionali ed inteomali (vedi appendice).
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Abstract

Background and aim$¥he coccoid algae belonging to the gemusbouxiaare the most
common photobionts of chlorolichens but their ocence as free-living organisms is
sporadic. This fact combined with the benefits pded by the fungal partner supports the
common assumption that the specie3 @bouxiafind the best environmental conditions for
their survival within the lichen thallus itself. iBhstudy aimed at testing the influence of
lichenization on the desiccation tolerance ofTiebouxia species in connection to the
development of intracellular ROS production.

Methods Lobes of the licherParmotrema perlatun{Lichenized Trebouxia LT) and
axenically grown cultures (Culturet@rebouxia CT), derived from the same lichen, were
analyzed for ChF emission and histochemical ROS production befl@sccation, after 15
to 45 days of desiccation under different comboratiof light and air humidity, and after a
recovery of 1 to 3 days in fully hydrated condigon

Key Resultsight is the most important factor influencing thigality of both LT and CT
during desiccation. Cultured@rebouxiasp. can withstand desiccation under high light as
much as LT, since after 45 days of exposure thevery performance of CT was better than
that of LT. By contrast, the photosynthetic appasaif LT quenches better the excess of light
energy. Reactive oxygen species production in LS wmiluenced mostly by light exposure

whereas CT showed an oxidative burst independettieohght conditions.
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ConclusionsLichenization provides improvements that are essefor the photobiont
survival in high-light habitats, thoughrebouxiacan withstand even protracted periods of
photo-oxidative stress by itself. The influenceanf humidity on the activity of protection
mechanisms and the importance of lichenizationttier mineral nutrition offrebouxiaare

also discussed.

Introduction

Green microalgae are typical inhabitants of maand fresh water environments, but
they also colonize terrestrial habitats, from tieek (Littge and Budel, 2010), to rocks
(Matthes-Sears et al., 1999), to the soil of hat eold deserts (Gray et al., 2007). A further
opportunity to extend habitat occupancy is lichehan, i.e. the formation of a stable,
extracellular symbiosis between an eterotrophicgfign (generally an ascomycete, the
mycobiont), and one or more populations of gregraalor cyanobacteria (the photobionts).
Lichenization is commonly considered as a lifeestilat creates favourable conditions for
both symbiotic partners, and particularly for theofbiont, that would be put in the best
conditions as for light, gas and water exchangégast when living in the thalli of the most
evolved lichen-forming fungi (Nash, 2008). All pbbtonts and all their fungine partners are
desiccation tolerant, i.e. they can survive drytngabout 10% remaining water content,
resuming the normal metabolism in some minuteas 8s water becomes available again.
By contrast, only c. 20% of all aeroterrestrial raage share this feature (Davis, 1972).
Desiccation tolerance allows a better exploitatddrwater resources when these are erratic,
unpredictable or scanty (Nardini et al., 2013). sTlatrategy is known to occur in
phylogenetically unrelated taxa, such as tardiggafiengi, mosses, and a few vascular plants
(Alpert, 2006). All of them can survive to “extretneonditions, from liquid nitrogen
temperatures (Honegger, 2002), to x-rays exposarspatial vacuum (Sancho et al., 2007).
The loss of hydration and the following recoverymat occur, however, without dramatic
consequences at cellular level. Dehydration, fetance, causes the shrinkage of the cells and
the loss of the solvation water surrounding thegdaibio-molecules, with subsequent
aggregation and/or folding of the tertiary strueturand alteration of the whole cell
ultrastructure (Honegger et al., 1996; Gasulla let 2013; Alpert, 2006). Furthermore,
reactive oxygen species (ROS) are formed at higéldeand can thus damage DNA, lipids
and proteins (Weissmann et al., 2005; Catala et2&l10). This danger is particularly
important in photoautotrophic organisms when deatydn occurs under light, because the

photosystems, which cannot properly work, tranpéet of the excitation energy derived from
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light absorption to triplet oxygen, forming singletygen, a ROS with high oxidizing power

(Foyer et al., 1994). However, the magnitude ofs¢halterations depends largely on the
dehydration rate (Oliver et al., 2000; Gasulla let 2009), the time spent in the desiccated
state (Kranner et al., 2003; 2005), and the finatew content. The latter is particularly
important because it affects the molecular mobilggd thus the enzimatic activity

(Fernandez-Marin et al., 2013).

It could be questioned whether lichenization insesathe desiccation tolerance of the
two partners. To date, research dealing with sssbe is limited, and results available are not
fully congruent. Lange et al. (1990), for examplel not observe significant differences in
the photosynthetic performance of liberated vhdiized algae under water stress. Kranner
et al. (2005), alternatively, found that molecydaptoprotection is more efficient in the lichen
than in its isolated symbionts. The importanceididnization in increasing the desiccation
tolerance of the photobiont was recently hypothebsaiso by Kosugi et al. (2009; 2013).

In this work the influence of lichenization in thiesiccation tolerance of a lichen
photobiont was verified by combining different desition regimes and photo-oxidative
conditions to cultured vs. lichenized cells oFr@bouxiaspecies, a representative of the green
algal genus that occurs in c. 50% of the knownelieh(Ahmadijian, 1993). Furthermore for
the first time it was directly investigated theis¢ésnce of the lichen photobiont to prolonged
desiccation periods. The effects on the vitalityhe photobiont cells were verified by means
of chlorophyll a fluorescence (GR|) emission measurements, whereas a semi-quarditati
histochemical localization of ROS was carried autverify the influence of the exposure

conditions on the ROS production.

Materials and Methods

Lichen sampling and pre-treatment of samples

Thalli of the lichenParmotrema perlatum(Huds.) M.Choisy were collected from
northerly exposed oalQuercus petraegMatt.) Liebl.] bark in a dolina wood of the Class
Karst (Trieste, NE lItaly), far from known pollutiosources. A detailed description of the
collection site with characterization of the epipbylichen vegetation is given by Carvalho
(1996). The material was left to dry out in thedediory at room temperature for 24 hours
under dim light and then carefully cleaned from s&ss and bark fragments under a

stereomicroscope with the aid of stainless twee2desginal lobes (503 mg DW) free of
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necrotic spots, soralia or parasites were randoselgcted for the experiments. Before
exposure, the samples were subjected to a two-@ay ¢tonditioning process: they were
immersed in distilled water for 3 minutes everyhlfurs and, during the remaining time, they
were placed on Petri plates within plastic boxestaioing water at the bottom; the boxes
were covered, but not sealed, with transparenttiplagrap (>95% RH) and placed in a
thermostatic chamber at 4B °C with a light/dark regime of 14/10 h and a tightensity of
20 umol photons rAs?.

Isolation and culturing of the lichen photobiont

An axenic strain of the photobiont of one of thallihof P. perlatum cited above was
isolated according to Yamamoto et al. (2002). T8@aited photobiont was inoculated into
sterile plastic tubes filled with 5 mL of slanted solid 3NBBM (1.5% agar) (Ahmadjian
1973), which were kept in a thermostatic chambet8fi °C under a light regime of 12

mol photons it s with a light/dark regime of 14/10 h until abundd&i®mass has grown.
The photobiont was subcultured every 30 days aptl &ethe same conditions. The alga was
identified as a still undescribed species Totbouxia De Puymaly on the basis of ITS
sequence data (data available upon request).

The cultures used in the experiments were prefdaredoculating 100 L of a cellwater
suspension (density: 3.5¢¢klls mL?) on hand-cut sterile filter paper discs (WhatnG05
g m?, diam. 25 mm), laid on solid 3NBBM (1.5% agar)idtes Petri plates. Four discs were
placed in each plate. The cultures were grown etsdime controlled conditions mentioned
above for 30 days before exposure. The culturedl digmass was estimated by measuring
the chlorophyll content in crude extracts (Table The pigment extraction was carried out
using whole discs (n=6) immersed in DMSO for 24 refiach et al., 2007a). The supernatant
was analysed spectrophotometrically, and the egumbf Wellburn (1994) were applied. The
chlorophyll content was then expressed on an aase.bReference algal material was cryo-
conserved according to Dahmen et al. (1983) aasglagable upon request.

Table 1 Algal layer thickness, chlorophyll and caroteno@hient (Chla, Chlb and C(x+c)) of lichenized (LT)

and cultured (CTYrebouxiasp. Values are means * 1 standard deviation (n = 6

Thickness Chla Chly Cix+c)
(um) (ug/ent)  (uglent)  (uglent)
LT  22+3 48.2 + 2.0 16.4+0.1* 11.6+0.1*

CT 99 + 13 1121 +6.4 285+16 258+3.9

* Data from Piccotto and Tretiach (20
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Experimental design

Two separate exposure experiments, A and B, waferpeed, with Ch{F measurements
(A and B) and histochemical localization of ROS (égrried out before exposure, after

exposure and after recovery under optimal condition

Experiment A Lichen lobes and the axenic cultured photobwate kept for 15 days at
3% and 80% RH, and at 0, 40 and 120 umol photofshwith a light/dark regime of 14/10
h. After exposure, lobes and cultures underweneawvery period of three days at the
respective pre-exposure conditions. Here the grom#dium of the algal cultures was
changed from 3NBBM to BBM, which is organic nuttigrfiree. In this way it was possible to
limit the growth of fungi and/or bacteria after tegposure in non-axenic conditions (see

below).

Experiment B Lichen lobes and the axenic cultured photobiormevkept for 15, 30 and
45 days at 3% RH and at 0 and 120 pmol photoAshwith a light/dark regime of 14/10 h.
After exposure, lobes and cultures were subjededrecovery period of one day at the same

conditions described for experiment A.

Exposure conditions

The lobes and the algal cultures were introduced dryers with a transparent lid
(polypropilene-policarbonate, vol. 9,2 L, diam. &8, h 30 cm; Kartell, Milan, Italy) placed
inside a thermostatic chamber set at 201 °C. L#4)(and high (80%) RHs were obtained
by adding, respectively, silica gel and a saturatddtion of NaCl at the bottom of the dryers.
In order to permit the gas exchange with the exlestmosphere while maintaining a constant
RH, the dryers had been properly modified with gerofunnel inserted at the top of the lid
and filled with silica gel (3% RH) or wet paper 80RH) that were daily changed. This
expedient was adopted to obtain a constant coratamtrof oxygen into the dryers necessary
to balance the contribution of the respiration antiie photosynthetic activity of samples that
might occur at 80% RH.

lllumination was provided by a Gavita Superagro GAM50 (400 W) lamp. The
thermal infrared emission was reduced with an hamaée glass filter chamber (40x40x4 cm)

filled with running tap water, placed at ca. 7 crani the light source. The dryers were
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eventually covered by aluminium foils. During expos RH and T °C inside the desiccators
were constantly monitored with data loggers (EL-UBRB.ascar Electronics Inc, Whiteparish,
UK). The temperature of the samples was checkel avitontact thermocouple (Digi-Sefise
Dual J-T-E-K™ Thermocouple Thermometer, Eutech rimaent®, Netherlands) in a
preliminary test and it never exceeded 22 °C. PR&Des higher than 150 pmol photong m
s? causing significant increases in sample tempezatigre not applied.

ChlgF measurements

ChlaF measurements on the lobes were carried out fdr eaposure condition on the
same set of samples (exp. A: n = 10; exp. B: n bépre and after exposure and after the
recovery period. Measurements on the cultures wareged out on two separate sets of
samples, those for the pre-exposure measuremethtthase for the post-exposure plus post-
recovery measurements (exp. A: n = 10; exp. B:%).=This solution was adopted to limit
contaminations during the recovery period.

Before measurements the lobes and the cultures reésalrated, in the first case by
submerging the lobes in distilled water for 3 min.the second case by adding two drops of
distilled water to each culture disc and then lacpig it in a Petri plate filled with solid BBM
medium. Lobes and cultures were then dark adapte80f min.

ChlaF measurements were carried out with a pulse-amgigimodulated fluorimeter
Mini-PAM (Walz, Effeltrich, Germany), positionindhé measuring optic fiber (length: 100
cm; active diameter: 5.5 mm) at 60° on the uppefase of terminal parts of the lobes,
because these portions have considerably highesFCénission than the central ones
(Tretiach et al. 2007b), and on the centers ofdhléure discs, because of the higher cell
density. The modulated light was turned on to obEai (minimal ChkF level). A saturating
light pulse of ca. 8,000mol photons nt s! for 0.8 s was emitted to obtafn, (transient
maximum ChiF level), and thus to calculate fvariable ChF level, i.e.Fm Fo) andFJ/Fm
(maximum quantum efficiency of PSIlI photochemist(@enty et al. 1989). An external
actinic light provided by a light unit FL-460 (WalEffeltrich, Germany) with halogen lamp
was turned on to record the Kautsky effect at 108l photons nt s? (light intensity
consistent with the species-specific PRRRlue ofP. perlatumas described by Piccotto and
Tretiach, 2010). Once the pekk was achieved, saturating light pulses were apiegl s
intervals during actinic illumination to determinthe photochemical (gP) and non
photochemicalPQ) quenching (see, e.g. Baker, 2008; Rek&2002) NPQ was calculated
as Em F'm)/F'mwhereF'nis the maximum quantum yield of PS Il in illumindteamples.
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Histochemical localization of ROS production

After each treatment three lobes and three cultwese promptly soaked in liquid
nitrogen and stored at -80 °C until use. Lobesrigkem the freezer were let to warm up at
room temperature for 10 min. and then rectangukgnrhents of 4x3 mm were cut with a
stainless blade, rehydrated in distilled waterSfonin., and patted dry with absorbent paper to
remove the excess of water. The fragments were tadun a cryostat embedding medium
(Killik, Bio-Optica, Milan, Italy) and then cut wita cryotome LEICA CM 1510 S (Leica
microsystems®, Wetzlar, Germany) to obtain 30 thick transversal sections. These were
immersed in 15 mL of an aqueous solution 1@ of 2',7'-dichlorofluorescin diacetate
(DCFH-DA, HPLC grade, Sigma-Aldrich, St. Louis, Upiside a vacuum chamber in the
dark for 90 min. DCFH-DA is a non-polar moleculattlenters the cell and is deacetylated by
intracellular esterases to 2',7'-dichlorofluore&CFH), a polar molecule unable to get out
of the cell. DCFH is then oxydized by,@ or other ROS to 2',7'-dichlorofluorescein (DCF),
a fluorescent molecule, with an exciting/emissioavelength of 488/525 nm. After this
treatment, 7 transversal sections were put on glidss and observed; image acquisitions
were taken only for three randomly selected sestion

Frozen cultures were thaw at room temperature@anih., rehydrated with two drops of
water for 5 min. and re-suspended in 1 mL of theFBHEDA 10 M solution. The culture
suspension was incubated for 30 min. in the darka ahaking desk and then centrifuged at
1400 x g for 1 min. The DCFH-DA supernatant wasliksged, and the pellet re-suspended
in distilled water (400 L). One drop of the water suspension was put otassgslide and
observed with a confocal laser scanning microsq@iesM) Nikon C1-si (Nikon, Tokyo,
Japan). Image acquisitions were carried out fae¢hrandomly selected fields after an careful
observation of the whole sample surface.

Lobe sections and culture suspensions were exwaiiitdan argon laser at 488 nm with
an intensity of 10.5%. Signal from the excited D&#&s acquired with a 515/30 nm band pass
filter. Emission of the autofluorescence from cbjamyll was acquired with a 650 nm long
pass filter ( 650 nm). Each acquired field was made by a variabimber of focal planes,
depending on the thickness of the sections ancheralgal abundance, to permit the ROS
localization at intracellular level. Acquisitionseve elaborated with the Nikon EZ-C1
FreeViewer software (Nikon, Tokyo, Japan) and whith freeware suite ImageJ 1.46r (Wayne
Rasband, National Institutes of Health, Washinddé®y USA). A unification algorithm (Z-
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Projection) was applied to each confocal acquisitio obtain bi-dimensional images. The
entire set of images was analysed in order to dea semi-quantitative estimation of the
ROS production in the photobiont cells. A cell commas performed to calculate the
percentage of cells that developed ROS. Maturs ¢gidm > 6 m, according to Tschermak-
Woess 1989) were distinguished from aplano- or spdees, and dead cells or cells with a
collapsed chloroplast were excluded. ProductioiROfS was considered to occur when the
signal of intracellular excited DCF was higher thiha background noise due to DCFH-DA.
This tecnique was the only one applicable to veh&y occurrence of ROS production in both
lichenized and cultured@rebouxia.Other fluorimetric approaches, e.g. citofluoringetvere
excluded because culturddebouxiasp. forms very large, tightly packed clusters elfisc
which cannot be disgregated, and this causes phe oastruction of the capillary. Treatments
such as sonication and/or the addition of disgiegatgents to the algal water suspension,
such as citric acid plus Tween 20,,NeDTA and surfactants were tested, but none ofethes
produced significant results. Spectrofluorimetechniques were likewise excluded because
in lichenizedTrebouxiathey do not permit to separate the DCF signaheflichenized algae
from that of the fungal on@Veissman et al., 2005).

RH equilibration during exposure

The samples were introduced into the dryers fulgrhted (see Table 2) and this
resulted in a different dehydration rate beingdasit 3% than at 80% RH; in fact, the air
relative humidity monitored within the dryers edgjuibted faster in the first case than in the
second one supplementary information]. A preliminary experiment based on gl
measurements and the histochemical localizatiorROS, however, had shown that the
different times of equilibration to 3 and 80% RHl diot affect the ChF photobiont response

but caused a slight increase in ROS productioher8B0% RH equilibrated samples.

Table 2 Relative water content (%RWC) and water potential( MPa) of lichenizedl'rebouxiasp. samples
measured before exposure (Pre-), after 15-day expd®ost-) at 3% and 80% of air relative humi@igRH),
and after 3-day recovery (Rec-) at 2@ol photons i s* and 100% RH, with morning and evening watering.

Values are means + standard error (n 6)3

Pre- PosH- Rec-
%RH %RWC W %RH %RWC W %RH %RWC W
10C 247+14 O 3 3.0+0.E / 10C 317 +34 0

80 15.140.7 41x1
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Additional data

Measurements of cortex transmittance were carrigdon dry and wet lobe fragments
(4x3 mm; n = 8) to characterize the shielding dffetcthe mycobiont cortical layer that
protects the algae of the lichen thallus from ditgght Moistened fragments of lichen lobes
were flattened between two paper sheets, gentbspdk left to dry out for one day and then
stuck with double-sided transparent adhesive ogleimicroscope slides with the lower
surface turned up. The lower cortex, the medulfd most of the algal layer were then
carefully removed with a blade under a stereo-nsimope working at high magnification (x
115). The removal process was interrupted whemglesialgal layer was observable at the
microscope. The samples were placed under the fextoke of a Zeiss Axioplan microscope.
Light was set at the maximum intensity and the PRFSsing through the sample was
measured by placing the probe of a quantum radiemitid 2302.0 (Delta Ohm, Padua, Italy)
directly on the microscope ocular. In dry and wagments cortex transmittance through the
first algal layer was 14+2% and 22+3% of the PPFBpectively, when passing through an
empty glass covered with the adhesive. Furthernttwegealgal layer thickness in the lichen
thalli and in the culture discs was measured (Tahlén the first case the measurements were
performed directly on a subset of confocal acqoiss (see above; n = 6) using the measuring
tool of the program Nikon EZ-C1 FreeViewer, whereasthe second case they were
performed at the light microscope on sections (Dthick) of culture disc fragments (4x3
mm) embedded in Technovit 7100 resin (Heraeus-Ku@mbH).

The relative water content (% RWC) of lobes waswated as (FWt DW)/DW x 100,
where FWt is the sample weight after each treatr(tepre-, post- exposure, recovery) and
DW is the sample weight after drying for 48 h ilicsi and 24 h in an oven at 70°C. The water
potential of fully hydrated (pre-exposure and remgy n = 6) and desiccated lobes (3% and
80% RH, n = 3) was measured with a dew-point waigtential meter WP4 (Decagon
Devices Inc., Pullman, Washington, USA) as detaiteardini et al. (2013).

Statistics

All calculations were performed with Microsoft Gfé Excel 2003 SP3 (Microsoft
corporation, WA, U.S.A.) and STATISTICA 6.0 (StafSimc., Tulsa, OK, U.S.A.). A one-
way ANOVA was performed to verify the significancé differences before and after

exposure and after the recovery period, whereastarfal ANOVA was performed to test the

19



Meccanismi di risposta di simbionti lichenici afitress foto-ossidativo

influence of the environmental descriptors (ligimdaRH) and the "lichenization” on the
fluorimetric parameters measured in experiment Acdheffé's post-hoc test was then applied
to verify significant differences between datas@ther statistical analyses were conducted
applying the non-parametric Mann-Whitney U tesspafnown as Wilcoxon non-paired test,
as suggested by Baruffo and Tretiach (2007) andriazd Naus (1998).

Results

ChlaF

The pre-exposurefm values of cultured (CT) and lichenized (LTiebouxiasp. were

comprised between 0.633 and 0.708 (both experimee¢sFig. 1 and Fig. 2), confirming that
the samples were healthy before exposure.
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Figure 1 Maximum quantum yield of photosystem RuFm) (a,b) and Non Photochemical QuenchiNgQ) (c,d) at 3% RH
(a,c) and 80% RH (b,d) measured in lichenized (¢pag) and cultured (white bar§jebouxiasp. before exposure (Pre-),
after 15-day exposure (Post-) at 0, 40 and 126! photons n? s* and after 3-day recovery (Rec-) at 2@ol photons ni s
land 100% RH with morning and evening watering. Valae means + 1 standard deviation; significarfiérifces (One-
way ANOVA, Scheffé’s post-hoc test) against Pred &vost-values for P-val < 0.05 are marked a ance$pectively,
whereas for P-val <0.001 they are marked aa ar(d b0 in a,bnp =5 in c,d).
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After the 15-day long exposure of exp. A, &hlemission was impaired./Fn of LT
decreased proportionally to PPFD at both %RHs ga(kéy. 1), although the decrement was
significantly more pronounced at 3% RH (-60%) tlzr80% RH (-30%; see Fig. 1) at the
highest PPFD. J#n of CT also decreased proportionally at 3% RH, &pparently not at
80% RH, for the pronounced decrease observed ind#nk-exposed samples. Light was
actually the most important factor affectingfm, with an F value almost ten times higher
than the other factors (Table 3). NPQ changed fsogmnitly (p-val < 0.001) in CT but not in
LT. In the former, NPQ decreased proportionallyPeFD at 3% RH whereas at 80% RH an
intense decrease was observed only at the highédd Pp-val < 0.001, Fig. 1 d). In this case
the principal factor influencing NPQ was lichenirat immediately followed by RH and
light (Table 3).

The recovery period allowed a general re-establkstinof standard CkF emission.
Lichenized Trebouxia recovered WFn totally at both %RH values, confirming that no
permanent damage had occurred to the photosynthpparatus. Interestingly, the post-
recovery NPQ values were higher than the pre-exposines, but the increase was
proportional to PPFD only in the samples expose&P@RH (see Fig. 1). Culturéldebouxia
recovered the pre-exposure values @& and NPQ (see Fig. 1 c-d), and at 3% RH, in
particular, the increasing trend was the same gbdan LT.

Table 3 Multifactorial ANOVA (General Linear Model) for mémum quantum yield R/Fm) and non
photochemical quenchingNPQ) measured in lichenized (LT) and cultured (CIfebouxiasp. after 15-day
exposure at 0, 40 and 120 umol photonsghand at 3% and 80% RH. The factors (Soumef)iencing F/Frm
andNPQ are lichenization (LT = yes; CT = no), air relatitiumidity (RH) and light (PPFD). Source influence:

*, significant,P < 0.05; **, extremely significan® < 0.001.

FuFm NPQ
Source df. F P df. F P
Lichenization 1 17.079 <0.001** 1 46.101 <0.001**
RH 1 5.958 0.016* 1 21.753 <0.001**
PPFD 2 151.659 <0.001** 2 14.489 <0.001**
Lichenization x RH 1 18.202 <0.001** 1 6.931 0.011*
Lichenization x PPFD 2 1.512 0.225 2 4.345 0.018*
RH x PPFD 2 19.931 <0.001** 2 2.639 0.082
Lichenization x RH x .
PPED 2 4.383 0.015 2 2.639 0.082
Error 108 48
Total 119 59
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The extension of the exposure period at 3% RH (8pcaused an increasing photo-
inhibition over time in both light-exposed LT and CFig. 2). k/Fm decreased more in LT
than in CT, with total zeroing after 45 days/Hm of CT suffered a strong decrease, too (final
median: 0.192, see Fig. 2). The exposure in thke digrnot cause any statistically significant
decrement of #Fm in both LT and CT (Fig. 2b).

Also in this case, NPQ showed a different trend.Tnvs. CT: a significant decrement
was observed after 15 days in both light-exposecahd CT but it became more intense over
time only in CT (see Fig. 2). In the dark, after & 45 days, a significant decrement was
observed in CT but, notin LT.

In this experiment, the recovery period allowedyoalpartial re-establishment of GHl
emission. After 30 and 45 days, the dark-exposedpkss recovered pre-exposure/Hm
values whereas the light-exposed ones did nothdnldtter case, LT was less efficient than
CT (Fig. 2). On the contrary, LT could totally reep the NPQ activity, whereas CT
recovered only partially, at both dark- and ligagime (see Fig. 2).
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Figure 2 Maximum quantum yield of photosystem IluFm) (a,b) and Non Photochemical Quenching (NPQ) (atd)20
(a,c) and 0 (b,d) mol photons n¥ s! measured in lichenized (grey bars) and cultureditésbars)Trebouxiasp. before
exposure (Pre-), after exposure (Post-) of 15,8046 days at 3% RH and after 24h of recovery (R&c20 mol photons
m? sland 100% RH with morning and evening watering. Valaee means + 1 standard deviation; significarferihces

(Mann-Whitney U test) against Pre- and Post-vafoe®-val < 0.05 are marked a and b, respectively 4-6).
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Histochemical localization of ROS

Before exposure, ROS were detected only in a speatientage of cells in both LT and
CT (Table 4), being mostly restricted to the cy&soh; only when particularly intense, ROS
were observed also in the central portion of tHerdplast in correspondence to the pyrenoid
(Fig. 3). In the LT samples ROS was generally okesralso in the mycobiont cells,
particularly in the paraplectenchymatous upperesgrin the melanized lower cortex and in
the appressoria, i.e. the specialized hyphal ¢elighysical contact with single photobiont

cells (Fig. 3). No reaction was observed in theahemedullar layer (Fig. 3).

Figure 3 Micrographs ofParmotrema perlatunfa, e-g, k-m) cross sections ahetbouxiasp. cultures (c, h-j, n-

p) stained with DCFH-DA and observed at the coriftecser scanning microscope before exposure (afy
15-day exposure (e-j) at 0 (e,h), 40 (f,i) and 129 mol photons i s*at 3% RH and, respectively, after 3-
day recovery at 20mol photons n? s and 100% RH with morning and evening watering Ykreen signal
emitted by DCF, red signal by chlorophyll a aftarexcitation with lasers at= 488 and 637 nm, respectively.
In b, cross section of a lichen lobe with ROS difid in both photobionand mycobiontcells (arrows:
pyrenoids). In dTrebouxiasp. mature cells observed at the light microsddiféerential interference contrast).

Bar =15 umin a, e-g, k-m; bar = 30 pm in b-d, h-p.

23



Meccanismi di risposta di simbionti lichenici afitress foto-ossidativo

After exposure, ROS increased proportionally inftdm 0 to 120 pmol photons fis?
to a maximum of four times as much the value of phe-exposure samples (p-val<0.05,
Table 4), whereas in CT samples ROS production diifsrently influenced: it increased
statistically after the exposure, with the excaptd low-PPFD-exposed samples at 80% RH
(see Table 4): in this case light induced onlyighslincrease of ROS which was not, however,
statistically significant (see Table 4). Air humidwas never influential.

In the LT samples the recovery period allowed amlyartial reduction of ROS, whose
presence remained relatively frequent in PPFD-exgpasamples at both %RH values (see
Table 4). On the contrary, the CT samples had a B@8uction very similar to the post-
exposure one(s), with two exceptions: dark-expaae®’ RH, which recovered totally, and
low PPFD-exposed at 80% RH, in which the percentageells with ROS production

increased (see Table 4).

Table 4 Percentage of lichenized (LT) and cultured (OTgbouxiasp. cells producing ROS (%Rc) before
exposure (Pre-), after 15-day exposure (Post-Patafd 80% RH and at 0, 40 and 1280l photons n} s?
(PPFD), and after 3-day recovery (Rec-) at 2@l photons nis! and 100% RH with morning and evening
watering. Values are means + standard error; $ogmif differences (Mann-Whitney U test) against-Rned
Post-values for P-val < 0.05 are marked a and dpecively. Significant differences of 120 PPFDiaga40
PPFD and 0 PPFD are marked 1 and 2, respectivel\3{n

Pre- Post- Rec-
% Rc % RH PPFD % Rc % Rc
LT 74 3 0 9+5 15+7
" 40 18+ 8 28+ 2
" 120 32+412 26+ 3
80 0 5+2 12+ 6
" 40 16 £ 4 13+3
" 120 33+412 23+@
CT 12+5 3 0 37+ 8 10+5
" 40 57 + 14 45 + 1%
" 120 55+ 1@ 63+ 16
80 0 39+ 12 37+ 13

" 40 17+7 69 + 12P
" 120 50+ 12t 50+ 6@
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Discussion

In this study the influence of lichenization on tesiccation tolerance of Brebouxia
photobiont in lichenized and cultured conditionssvi@sted under increasing photo-oxidative
conditions at different environmental moisture negs. A lichen lobe is functionally different
from the Trebouxia culture adopted for this experimentation (Fig. [Supplementary
Information]. Nonetheless this comparison offersngoresults that are indisputable and
interesting, because they suggest new hypotheste onutual benefits of the two partners.

Experiment A showed that light was the environmlefdaator with the most negative
effects on sample vitality at both desiccation megg. Consistently with earlier studies
(Solhaug and Gauslaa, 1996; Gauslaa et al., 2048j, induced a photo-inhibitory effect
proportional to the illumination regime in both lahd CT. It is important to note that the
light intensity was not the same for LT and CT, daethe presence of the thalline upper
cortex in LT, with its shielding effect (Dietz etl.,a2000; Kosugi et al., 2010).
Notwithstanding the low PPFD to which LT was adyaxposed, LT showed an increased
"oxidative burst" upon rehydration. This phenometaa already been observed in lichens
(Weissman et al., 2005; Catala et al., 2010) anchaisses (Minibayeva and Beckett, 2001,
Cruz de Carvalho et al., 2012), but the influentéhe illumination in the time span prior to
rehydration had never been tested before. Prottgaeteods under photo-oxidative conditions
cause an inevitable impairment of the antioxidarachmery (Kranner et al., 2005,
Vrablikova et al., 2005) that, in the most extreoases, can leave the cells unprotected
against the subsequent oxidative burst derived ftben sudden metabolism reactivation
(Weissman et al., 2005). This scenario agrees aithexperimental evidence since after a
period under photo-oxidative conditions the numdifealgal cells affected by oxidative burst
significantly increased (Table 4). The same behawaas observed in the fungal cells of the
upper cortex but not in the cells of the medullgbably because the cortical layers are
hydrophilic, whereas the medulla is hydrophobic rieigger, 1991) for the deposition of
lichen substances on the hyphal cell walls (Schesteal., 2000) that prevent DCFH-DA
diffusion into the cells (data not shown). By cast; the ROS production in CT was caused
proportionally more by desiccation than by light&ese an oxidative burst was observed also
in dark exposed samples. In agreement with thdtsegtiKranner et al. (2005), that will be
further discussed below, this suggests the hypthieat CT is more vulnerable than LT to

the oxidative stress caused by desiccation.
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Interestingly, the LT samples in equilibrium at 8”& could mitigate the negative
effect of light on the photosynthetic apparatusisTiesult is consistent with the findings of
Gauslaa et al. (2012), who observed the same pharmmmin two other chloro-lichens,
Lobaria pulmonariaand Platismatia glauca A possible explanation can be found in the
guantity of water still present, that is small (Tal2) but evidently sufficient to permit a
minimal metabolic activity (Lange et al., 1990; Nast al., 1990). We hypothesize that some
protection mechanisms were partly functioning dgitime exposure period. This hypothesis is
reinforced by the recent experimental evidence efn&ndez-Marin et al. (2013), who
demonstrated that an enzymatic activity is actudditectable in a moss with a RWC similar
to the one measured in our LT samples. Howeves, nibteworthy that the mitigating effect
due to the equilibrium with high %RH was not suffid to avoid photo-inhibitory
phenomena in CT. Our study indeed showed, on aststat ground (Table 3), that
lichenization has a clear influence on the algatrat. In fact, theNPQ behavior of CT was
always different from that of LT, with CT showingone pronounced decrements in response
to light intensity and exposure length. Notorioy$WPQ is related to the xanthophyll cycle
activity (Gilmore et al., 1994; Mdller et al., 200The differences between CT and LT in this
parameter match those observed by Kranner et @052 who demonstrated that the
antioxidant machinery and the xanthophyll cyclewst of a lichenized alga provide a better
protection against photo-oxidative stress than dhahe isolated one. According to Kosugi et
al. (2013) the increasedPQ occurring in a desiccated photobiont (Heber et28l07; Heber
et al., 2008) benefits from an apparent movemenarabitol from the mycobiont to the
photobiont that might occur in the de-hydrationggha

Experiment B was specifically arranged to testakint of CT desiccation tolerance by
augmenting the exposure period. This experimentodstnated thaflrebouxiais not as
"delicate” as generally reckoned. It survived tdesiccation period of 45 days under photo-
oxidant conditions, although it suffered an incezhphoto-inhibition over time. Interestingly,
the performance showed by olirebouxiawas comparable to that of six desiccation-tolerant
green algae isolated from soil-crusts of deserireninents (Gray et al., 2007), and subjected
to experimental conditions very similar to thoselegd in this study. On the other hand, LT
showed a worse recovery performance than CT wais. Whs possibly due to the loss of
vitality of the mycobiont, that could have furthenpaired the recovery capacity of the
photobiont. After 30 days under light exposure, amen more after 45 days, the lichen lobes
showed bleaching of the upper cortex and becanigebBoth phenomena were not observed
in the dark exposed samples. Bleaching of the uppeex due to light exposure is commonly
related to a loss of photosynthetic pigments bypghetobiont layer (Gauslaa and Solhaug,
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2000). In this case, however, the rehydration ohias revealed the typical bright green
color of a healthy algal layer, and not the expécteownish color caused by the
transformation of chlorophylls into phaeophytins.

All together, our results suggest that the weakngarof this lichen symbiosis is the
mycobiont, not the photobiont. This is in good &gnent with the known ecology of the
lichen. Parmotrema perlatunms rather hygrophilous (Nimis and Martellos, 20@8)3 in this
case the samples were collected in a woody haWitat high moisture and frequent dew
events (Carvalho, 1996). For these reasons thigrids neither adapted to withstand long
periods of drought nor to face high PPFD for sdvhmurs a day. By contrast, the better
desiccation tolerance dfrebouxiasp. suggests that this might be the photobiotitibéns of
drier habitats, a hypothesis that certainly desefugher research.

In conclusion, this study confirmed that light igarticularly important environmental
factor for Trebouxia in both its isolated and lichenized state. Furtiee, it was
demonstrated that the symbiosis acts positivelyhenalgal partner by increasing its photo-
protective mechanisms. However, under our relativalld experimental conditions, this
influence was not determinant for the survivallad tlgal partner. As a matter of fact, a free-
living Trebouxiacan withstand even protracted periods of photoaikid stress by itself. We
cannot exclude, though, that the diffusion of treefliving alga in natural habitats might be
eventually limited by high-light regimes, if harshbkan those applied here. The results of this
study allow to consider the influence of the myaouwibion the algal partner also from another,
even more stimulating perspective. The lichenizegbouxiahad a performance very similar
to that of the isolatedounterpart thahad beergrown on a culture medium rich of all the
inorganic and organic nutrients required for itstbegevelopment (Ahmadjian, 1993). This
could mean that the mycobiont is capable to recever to provide to its partner all the
mineral and organic nutrients essential to a subwab growth, and this even though it occurs
in a relatively nutrient-poor environment (Carvalli®96). To date, the movement of solutes
from the mycobiont to the photobiont has not badly fcircumstantiated yet (Nash, 2008),
but there are several other cases of fungal syrebioswhich this exchange is well known,
e.g. in mycorrhiza (Govindarajulu et al., 2005)dah occurs to such a great extent to be

fundamental for the survival of entire biomes (Mah et al., 1980).
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S1. Air temperature (°C) and air relative humidity (R¥) inside the dryers at O (, ) and 120 mol photons
m2st( , ), during the experiment A exposure of lichenizadd) and cultured (b, djrebouxiasp. at 3%
RH (a, b) and at 80% RH (c, d).

S2.Mean temperature (T), relative air humidity (RHdamelative air humidity at the equilibrium (RHduring
15-day exposures of lichenized (LT) and cultured)(Trebouxiasp. samples at 3% and 80% RH and at 0 and

120 pmol photons ris* PPFD.

% RH PPFD T (°C) RH (%) RHe (%)

LT 3 0 220+ 1.1 32495 0.6 2.0
" " 120 22.7+1.2 3.4+94 1.0+2.7
" 80 0 21.8+0.9 80.3+ 3.8 80.4+0.8
" " 120 23.1+15 776+ 4.7 77.3+26

CT 3 0 19.9+ 0.2 10.5 + 24.4 0.6+0.9
" " 120 223+15 18.5 + 29.7 4.4+0.8
" 80 0 19.5+ 0.1 81.5+ 0.2 81.5+0.2
" " 120 21.5+1.4 81.7+6.5 78.3+ 3.4
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S3. Micrographs ofParmotrema perlatunfa,b, e-g, k-m) cross sections ahebouxiasp. cultures (c, h-j, n-p)
stained with DCFH-DA and observed at the confoaaét scanning microscope before exposure (a,e), Bt
day exposure (e-j) at 0 (e,h), 40 (f,i) and 12¢) (gnol photons & s* at 80% RH and, respectively, after 3-day
recovery at 20 mol photons ni s and 100% RH with morning and evening watering Yk@reen signal
emitted by DCF, red signal by chlorophyll a aftarexcitation with lasers at= 488 and 637 nm, respectively.
Cross sections d?armotrema perlatunfb) andTrebouxiasp. culture disc (d) observed at the light micopsc

Bar = 15 umin a, e-g, k-m; bar = 30 um in b-d, h-p.
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Summary

A transcriptomic approach has been applied to ohghe most common lichen
photobiont to deepen our knowledge on gene exmresduring the dehydration and
rehydration phases of this poikilohydric organism.

The photobiont was isolated from the lich8lavoparmelia caperatdlL.) Hale and was
molecularly and ultrastructurally identified @sebouxia gelatinos&rchibald. The RNA was
extracted from thirty-day old, fully hydrated axentolonies (the control sample), from
colonies which had been dehydrated for 10 houdsrmlight, and from colonies which, after
dehydration, were rehydrated for 12 hours in dghtli The extracted mRNA was subjected to
transcriptome shotgun sequencing (2 x 100 bp),ymiod a total of 250 millions fragments
which werede novoassembled. The resulting 19 601 putative transci@re used for the
subsequent analysis of gene expression.

The transcriptome profile of the dehydrafEdgelatinosais very similar to the control
one, whereas main changes occur during the mesabodactivation after rewetting.

A highly diversified family of 13 Desiccation-Redat Proteins has been detected and
phylogenetically analysed. General remarks on theewed differences between this
aeroterrestrial green alga and other poikilohyghotoautotrophs are given.

35



Meccanismi di risposta di simbionti lichenici afitress foto-ossidativo

Introduction

Poikilohydric plants are able to colonize very haenvironments like hot and cold
deserts, rock surfaces or tree barks thanks to @hdity to survive extreme desiccation states,
and recover full metabolic activity within minutés hours following rewetting (Lidéet al
2010). This ability is commonly known as desiccatitolerance. It is documented in
cyanobacteria (Budel, 2011), aeroterrestrial malgae (Trainor and Gladych, 1995;
Holzinger and Karsten, 2013), intertidal algae (&{i®011), bryophytes (Richardson and
Richardson, 1981; Proctor, 1990; Proabial, 2007) and a few vascular plants (Proctor and
Tuba, 2002), the so-called resurrection plantaldd occurs among eterotrophic organisms,
e.g. tardigrades (Wright, 2001), nematodes (Treamd Wall, 2005), and arthropodes
(Kikawadaet al, 2005). Among fungi (Mazur, 1968), those lichemrfiing are almost all
desiccation tolerant organisms (Kraneeal, 2008).

Desiccation tolerance involves several essentiaptdions to withstand the anatomical,
physiological and biochemical alterations causeavater loss. The most important aretfie
accumulation of compatible solutes (polyols andassigto preserve the cell ultrastructure and
to maintain the tertiary structure of biomolecul@pert, 2006), () the synthesis of
antioxidant substances (e.g. ascorbic acid, gloihia¢, etc.) and ROS scavenging enzymes
(Kranneret al, 2002), andiij) the synthesis of macro-molecules such as lateysmgbnesis
abundant proteins (LEA) and heat shock proteinsPHBuitink et al, 2002). All the most
recent advances in understanding desiccation tajera phototrophic organisms derive from
the research conducted on resurrection plants€ell al, 2003; Collettet al, 2004; Leet
al., 2007; Rodrigueert al, 2010; Gecheet al, 2013; Mitraet al, 2013), seeds (Farrant and
Moore, 2011), and mosses (Olivadral,, 2004; Oliveret al, 2009). Lichens and their separate
myco- and photobionts (green algae and/or cyanebatthave been less important from this
point of view, with only few works mostly focusingn the protection mechanisms of the
photosynthetic apparatus (Demmig-Adaetsal, 1990; Heber, 2008; Kosugt al, 2013) or
on the control of oxidative damage (Kraneégal, 2008).

Recently, the 'omics' technologies have broughtomamt advantages in the study of
biological processes, such as the identificationthef genes involved in the interactions
between lichen symbionts (Wargal, 2014), but in lichens they have not yet been eyeul
extensively in the field of desiccation tolerandebertet al. (2007) found that the metabolic
processes occurring during dehydration play a kég on the reviviscence of lichens upon
rehydration. Junttila and Rudd (2012) instead attarezed the transcriptome of the lichen
Cladonia rangiferinaand, more recently, Junttilest al (2013) studied the changes in gene

36



alito Candotto Carniel

expression during dehydration and after rehydrafidney discovered that these events affect
hundreds of genes, thus differently shaping theegexpression profiles of dehydrated and
rehydrated lichens. Consistent with these findimgshe first and sole proteomic study on
desiccation-tolerance of a lichen photobiont, Gasetl al. (2013) showed that in the green
alga Asterochloris ericithis ability is achieved by a constitutive meclsamithat employs
rehydration-induced changes in gene expression.

The development of the so-called second-generaguiencing instrumentation, which
permits to obtain millions of sequences for a ®nghalysis, has allowed to extend the
transcriptomic approach to non-model vascular glgMtanget al, 2010; Fuet al, 2011,
Garg et al, 2011). The transcriptional profiles already ecluéerized for poikilohydric
phototrophs are those of the dicotaterostigma plantagineurfRodriguezet al, 2010), the
monocots Xerophyta humilis(Collett et al, 2003; Collettet al, 2004) andHaberlea
rhodopensis(Gechevet al, 2013), the mossebortula ruralis and Physcomitrella patens
(Oliver et al, 2004; Oliveret al, 2009, Xiaoet al, 2011), and the liche@. rangiferina
(Junttila et al, 2013). Further studies deal with gene expressiornng the dehydration
process of the pteridophyt&elaginella lepidophyllglturriagaet al, 2006),S. tamariscina
(Liu et al, 2008), and the graSporobolus stapfianut.e et al, 2007).

Here we describe thée novoassembly of the first complete transcriptome fdichen
photobiont belonging to the genu&ebouxia Puymaly. The choice of this organism,
Trebouxia gelatinosas due to the fact that the genugbouxiais present in about half of the
estimated 15 000 chlorolichens known so far, whiekes it the most common and widely
distributed aeroterrestrial micro-algal genus ia world (Ahmadjian, 2004). The variation of
gene expression profiles was further analyzed iengally grown cultures kept fully
hydrated, and during dehydration and rehydratioents; in order to define the biological

mechanisms involved in the desiccation tolerandhisfalga.

Results

High throughput sequencing, de novo assembly and aotation of T. gelatinosa
transcriptome

The output of the Illumina paired-end sequencinghaf threeT. gelatinosamultiple
samples is summarized in Table 1. The ovetallnovotranscriptome assembly performed
with Trinity generated 19 601 non-redundant contifserty contigs were identified as

originated from mitochondrial, plastidial or ribasal RNAs and were therefore discarded.
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Table 1Sequencing and trimming statisticsTaEbouxiagelatinosatranscriptomic analysis.

Reads number Average length (bp) Sequenced da@ (G

Raw data

C 92 783 85 10C 9.5

D 90 569 258 100 9.1
R 60 409 470 100 6.0
Total 243 762 57 10C 24.4
After trimming

C 90 464 518 97.6 8.8
D 88 336 04 97.€ 8.€
R 58 604 069 97.6 5.7
Total 237 404 63 97.€ 23.C

C = control; D = dehydrated; R = rehydrated.

Our de novotranscriptome assembly led to the annotation 0648 putative transcript
models. Based on the ORF integrity analysis (Figt® which underestimates the extent of
correct reconstruction of full-length transcriptaedto inter-species sequence divergence,
about half of the predicted transcript models wahelength. Though, a relevant fraction still
corresponded to fragmented mRNAs encoding for irpleta proteins. This can be explained
by local regions of insufficient coverage, the idifft assembly of transcripts originated from
paralog genes, allelic variants and alternativedyiced transcripts but, above all, by the
challenges given by the high compactnessliibouxiagenomes, leading to the frequent
overlap of genes which, in turn, leads to the gati@m of a high number of chimeric contigs
in the assembly process (Figure S2). Thereforesidering the results of the integrity
analysis, and the almost null sequence redundahalld 2), we estimate that the 13 648

annotated ORFs df. gelatinosdikely correspond to c. 10 000 genes.

Table 2De novoassembly and annotation statistic§ tébouxiagelatinosatranscriptomic analysis.

Number of no- redundant assembled con 19 60:

Total number of ORFs identified 13 648
Average contig leng 1 605 b)
Contigs N50 3594

Contigs longer than 5 Kb 1261

Longest assembled cor 31 749 b
Number of residual chimeric contigs* 3509
Mapping rate (cntigs, 82.49¢
Average ORF length 1261 bp
Longest OR 26 346 by
Mapping rate (ORFS) 47.17 %
Sequence redundancy (non-specific matches) 0.57 %
ORFs with BLAST matches (UniProtKB/SwissP 7 311 (53.6 %
ORFs with PFAM annotation 7 976 (58.4 %)
ORF: with eggNOG annotatic 5941 (45.5%
ORFs with Gene Ontology Cellular Component annotati 5725 (41.9 %)
ORFs with Gene Ontology Biological Process annotati 5 497 (40.3 %)
ORFs with Gene Ontology Molecular Function annot: 5576 (40.9 %

* chimeric contigs are identified as those comprisingre than one ORF (Open Reading Frame). N50 = &t6lig set is calculated by
summarizing the lengths of the longest contigsl &@i% of the total assembly length is reached. Mi@mum contig length in this set is the
number that is usually used to report the N50 vafiede novoassembly.
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This number is not far from those observed in tlmnmglete genome of other
TrebouxiophyceaéTable 3), suggesting that the coverage applieduin RNA-sequencing
was adequate to obtain a nearly-complete colledfdn gelatinosaranscriptome.

Table 3 Number of three othefrebouxiophyceagredicted protein models showing significant samitly

(tBLASTn similarity e-value cutoff 1 x 18) to Trebouxiagelatinosaand percentage.

Predicted protein models

Total similar toT. gelatinosa Ratio (%)
Asterochloris sp. 7 159 6 233 87.1
Chlorella variabilis 9791 7 426 75.8
Coccomyxa subellipsoid 9 62¢ 7 17: 75.1

Global effect of the dehydration/rehydration cycleon transcriptional profiles

Overall 11 502 transcripts, corresponding to 8227f the total, displayed a stable
expression level throughout the whole dehydratedn/dration cycle (group 5 in Table S1).
The Figure S3 displays the 302 genes (2.21 % oftake) perturbed in both processes
(groups 1, 3, 7 and 9 in Table S1). While for sdraescripts there is a progressive increase
or decrease in gene expression during the dehgdratid the subsequent rehydration (groups
1 and 9), the vast majority shows a contrastingabien (groups 3 and 7). Both dehydration
and rehydration modified the gene expressioit.ofelatinosawith a perturbation of 4.8 %
and 13.1 % out of the total number of annotatedegenespectively, highlighting a more
prominent effect triggered by rehydration (Figulg.1

The Kal's Z-test on proportions revealed 655 getifferentially expressed following
dehydration (361 up-regulated and 294 down-regdjaiigure 2a) and 1 793 genes
differentially expressed in the comparison of refayeld vs. dehydrated samples (840 and 953
genes, whose expression increased or decreaspdgtigsly; Figure 2b). 1 383 genes were
also found differentially expressed in the compari®of rehydrated vs. control samples
(Figure S4), with an important overlap (65.8 %)hnvihe previous comparison, due to the
relatively high similarity of control and dehydrdteexpression profiles, as evidenced by
Figure 1. These modifications, in particular thaszcurring during rehydration, can be
extremely significant in terms of fold change (Tal) and also involve highly expressed
genes typical of fundamental biological proces3edle 5).
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Figure 1 Principal Component Analysis and Hierarch
Clustering of control, dehydrated and rehydratedpdasno
Trebouxiagelatinosa Principal Component Analysis is ba
on normalized gene read counts (apd Hierarchic:
Clustering is based on Euclidean distance and aediralgage

on log normalized gene reads counts (b).

Hypergeometric tests on annotations

The information gathered from the
Trinotate annotation of the predicted gene
models was exploited for the identification
of the main biologicapathways influenced
by dehydration and by the following
rehydration process, separating gene sets
displaying opposite trends of expression,
using a hypergeometric test on annotations.
The PFAM domains, Gene Ontology terms
and eggNOG assignments over-represented
in each gene set are shown in Table 6 and
Table S2.

Expression of genes and gene families
related to desiccation tolerance modified
by dehydration or rehydration

Response to DNA damagé&here was
significant up-regulation following
dehydration of nineT. gelatinosa genes
involved in DNA repair, including 4 DNA
helicases and 2 polymerases, which might
play a role in single-strand breaks repair.

Molecular chaperones No significant
variation in the expression of HSPs during
dehydration was observed. On the contrary
the expression of various classes of HSPs,
including HSP70, HSP20, clpB
chaperone/HSP100, HSP40/DNAJ, the co-

chaperones GrpE and peptidyl prolyl cis-trans is@ase significantly increased following
rehydration. The PFAM domain PF00012 (HSP70 prptewvas identified by the
hypergeometric test as over-represented in thegplated genes set (Table 6).
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Table 4List of the 10Trebouxiagelatinosagenes showing the highest proportion fold chakg® {alues in the
dehydrated vs control and rehydrated vs dehydieietparisons.

Description

Proportional FC

Dehydrated vs control

Over-expressed
DRP5

Glycosyltransferase-like protein (DUF604

domain containing)

18.73
16.68

Unknown 15.79
T-complex protein 1-like 12.9¢
Unknown 12.45
Unknown 10.77
Proton phosphate sympot 9
Unknown 8.26
Expansir-like proteir 7.47%
3-oxoacyl ACP synthase 6.92
Under-expressed
Phosphatidylcholine-sterol O-
-11.64

acyltransferase
Cold-regulated protein -8.46
Unknown -8.44
Histone H2/ -8.17
Beta-lactamase like -8.13
PRLI-interacting factor L (cobalamin

. . . -7.68
biosyntheis related protein)
Unknown -7.05
Unknown -6.88
Class | amidotranfera-like proten -5.97
Unknown -5.76

Rehydrated vs dehydrated

Over-expressed
:?krgteasome activator complex subunit 4- 33.89
Unknown 21.18
E’krgteasome activator complex subunit 4- 18.99
Unknown 17.82
Putative golgi 15.8¢
Unknown 13.81
Unknowr 13.4¢
Unknown 13.43
Putative exosome subunit 13.27
Unknowr 12.4¢
Under-expressed
DRP5 -97.85
Unknowr -22.3:
Iron permease FTR1 -17.92
Calmodulir-binding transcription activat -16.2:
Unknown -11.98
Dynein light chain -11.56
Unknowr -11.12
Unknown -9.98
MBOAT family proteir -9.2¢
K homology domain containing protein -8.89
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Photosynthesis Photosynthesis-related genes are the largest class-regulated
following the rehydration process: light harvestit@O0009765), chlorophyll binding
(GO0016168), photosystem | (GO0009522), and phseteay Il (GO0009523) were GO
terms among those with the best p-value scorebamypergeometric test (Table 6). This
remarkable alteration is, in particular, due to dosvn-regulation of chlorophyll a-b binding
proteins (PFAM00504, 18 out of 32). 87 % and 63 #4h® genes encoding structural
components of the photosystems | and Il, respdygtiveere strongly repressed, together with
four out of five components of the photosystemalct®n center. Also six key enzymes of the
Calvin cycle suffered a relevant down-regulationrimy rehydration, but were not
significantly affected by dehydration. Namely, tvepression of Rubisco, phosphoglycerate
kinase, glyceraldehyde 3-phosphate dehydrogen&smspporibulokinase, transketolase and
fructose 1,6-bisphosphatase was reduced by 2 tin2eg.

(@ 18 (b) 18
— 16 x -~ 16
g 14 5 14
3 3
L9 12 23 12
£ 8 £ 3
S o 10 54 9 10
35 T8
=g 8 £o 8
25 6 2= 6
S £ e g
AE 4 =
g N
g 2 e 2
= 24 =t
01, iy
R AR T IR TR T TRV R
log,(normalized gene read counts) log,(normalized gene read counts)
Control sample Dehydrated sample

Figure 2 Scatter-plot summarizing the comparison of dehgdras control (a) and rehydrated vs dehydrate@xXpyession

profiles of Trebouxiagelatinosa Log, normalized expression values (total gene read spané plotted on the x (control (a);

dehydrated (b)) and y (dehydrated (a); rehydrabgpaxes. Differentially expressed genes identifigathe Kal's Z-test on
proportions (Bonferroni corrected p-value < 0.0H amoportion fold change > +2) are marked by rets.dop-regulated
genes following dehydration (a) or rehydration évg located above the bisector line; down-regulateels are located

below.

Dehydration-responsive Transcription factors Among the 12 ethylene-responsive
factors (ERFs) identified inT. gelatinosa only one showed a positive response to
dehydration, thus being the most likely candidat@ daomolog tArabidopsisDREB2. This
ERF transcription factor was strongly up-regulatedesponse to dehydration (FC = 4.9X)
and down-regulated after rehydration (FC = -2.83ther 7 transcription factors identified by
the GO annotation 0003700 (sequence-specific DN#dibg transcription factor activity)
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were reported as up-regulated following dehydratloit none of them could be related to

stress response transcription factors due to Higtogenetic distance.

Table 5 List of the 30 most expressed genes in contro] (f€hydrated (D) and rehydrated (R) samples of

Trebouxiagelatinosa

Description C D R DvsC RvsD
Major light harvesting complex 1 1 18
Cold-regulated protein 2 6 11
Elongation factor 1 alpt 3 4 8
Glycine-rich protein 4 5 2
Rubisco 5 2 20
Plastocyanin, chloroplas 6 8 49
Laminin-like 7 14 22
Cold-regulated prote 8 11 3

Mn mitochondrial SOD 9 16 175
Cyclophylin- peptidyl prolyl ci-trans ¢ 1¢ 16
Elongation factor 3 11 3 15
Major light harvesting complex Il, chlorophyll 12 9 128
Photosystem I, reaction center subur 13 42 11¢
33KDa oxygen evolving protein of 14 21 9
Photosystem 2 reaction center W prc 15 31 9
Heat shock cognate 70 16 68 1
Tubulin alpha chain 17 7 83
Cold-regulated prote 18 35 53
Unknown 19 74 46
G3PDF 20 1C 63
Cold-shock DNA binding protein 22 12 21
Chlorophyll &b binding protei 24 12 9
Beta-carbonic anhydrase 66 15 99
Photosystem 2 oxygen evolving enhancer 2 25 17 121
Unknowr 43 18 6
Fructose bisphosphate aldolase 36 20 61
HSP9O0, cytosoli 29 5C 4
HSP20-like 193 249 5
DRP7 69 29 7
DRP1 42 65 10
DNAJ-like protein 86 209 12
HSP 17.1 167 14C 13
Ribosomal protein 40S s20-2 21 25 14
clpB chaperon 241 47¢ 17
Ribosomal protein S8 27 24 19

The rank of expression per sample, defined as thsétipn occupied by each gene when ordered by
decreasing values from the most to the least espdeds displayed. The last two columns indicatéhéf
expression values are significantly up-)(or down-regulated () in the comparisons dehydrated vs control
(D vs C) and rehydrated vs dehydrated (R vs D).

Expansins -Two T. gelatinosa -expansins show very high fold change values (7& an

4X respectively), both in terms of over-expressifmiowing dehydration and under-

expression following rehydration. Although theserevenot the only expansin-like genes

expressed iM. gelatinosathey were the only two which were significanthodulated by

dehydration.
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Late Embryogenesis Abundant (LEA) proteir@@nly a single dehydrin-like protein was
identified in T. gelatinosa and its expression was not significantly altechating the
dehydration/rehydration cycle. Two further protewish weak homology to group 3 LEAS,
which are generally correlated with dehydratioringggt and freezing tolerance, were found
in T. gelatinosa but their expression was not significantly aféect by the

dehydration/rehydration cycles.

Table 6 Summary of the hypergeometric tests on annotagi@rmormed on thdrebouxiagelatinosasets of

differentially expressed genes in the dehydratecbwdrol and rehydrated vs dehydrated comparisons.

Category ID Description P-value Proportion

Dehydrated vs control

Up-regulated

eggNOG CO0G2124 Cytochrome P450 1.15E-03 4/22
GO_MF 0003682 Chromatin binding 1.45E-03 6/53
GO_MF 004356! Sequenc-specific DNA bindin 1.63E-03 5/37
GO_MF 0003700 Sequence-specific DNA binding 1.98E- 8/97
GO_MF 002003 Heme bindin 3.26E-03 6/62
GO_BP 0006281 DNA repair 4 57E-03 9/141
GO_MF 001529: Symporter activit 5.22E-03 5/4¢
GO_BP 0007018  Microtubule-based movement 9.82E-6%8
Down-regulated

PFAM PF00107  Zinc-binding dehydrogenase 4.93E-0418 4
PFAM PF00248 Aldo/keto reductase family 6.23E-04/335
GO_CC 000578! Endoplasmic reticulum lum 8.01E-04 5/41

PFAM PF08240 Alcohol dehydrogenase GroES-like E-08 4/22
Rehydrated vs dehydrated

Up-regulated

PFAM PF00012 HSP70 protein 1.46E-04 6/14
PFAM PF0237. Anion-transporting ATPa:s 2.45E-04 4/€

GO _CC 0005886 Plasma membrane 3.23E-04 54/575
GO_BF 000940! Response to he 4.28E-04 11/5%
GO_MF 0004008 Copper-exporting ATPase activity 9ED4 4/8
GO_BP 0060003  Copper ion export 8.16E-04 4/8
PFAM PF0O0641  F-box domail 2.31E-03  10/5¢
GO_BP 0006508 Proteolysis 2.43E-03 24/211
GO_BF 000675- ATP biosynthetic proce 2.74E-03 6/24
eggNOG COG1409 Predicted phosphohydrolases 4.35E418
PFAM PF01425 Amidase 6.35E-03 5/19
GO_MF 000399: Acid phosphatase activ 7.58E-03 5/21
GO_MF 0008233 Peptidase activity 7.58E-03 5/21
GO_MF 000827( Zinc ion binding 8.54E-03  41/46(

GO MF 0016884 Carbon-nitrogen ligase activity, with g 33e.03 5/22
- glutamine as amido-N-donor

Down-regulated

GO_CC 0009523 Photosystem Il 0.00 17/27
GO_CC 000952: Photosystem 0.0cC 20/2:
GO_CC 0005874  Microtubule 0.00 36/120
GO_MF 0016168 Chlorophyll binding 0.00 18/23
PFAM PF0050. Chlorophyll &b binding protei 0.0c 18/3:
GO_BP 0009765 Photosynthesis, light harvesting 58-¥4 18/21
GO_BF 001829¢ Proteir-chromophore linkag 1.25E-12 17/2i
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GO_BP
GO_BP
GO_CcC
GO_BP
GO_BF
GO_BP
PFAM
PFAM
PFAM
GO_CcC
eggNOG
GO_BP
GO_MF
GO_MF
GO_MF
GO_BP
GO_CcC
PFAM
GO_CC
GO_Cc
GO_BP
GO_BF
GO_BP
GO_BP
GO_BF
GO_CC
GO_BF
PFAM
GO_BF
PFAM
GO_CC
PFAM
GO_CC
GO_CcC
GO_CC
PFAM
GO_MF
GO_CC
eggNOC
GO_CC
GO_BF
PFAM
GO_MF
PFAM
PFAM
GO_MF
GO_CC
PFAM
GO_CcC
GO_BP
GO_CcC
GO_MF

0051301  Cell division 4.17E-12 44/151
0007067  Mitosis 6.83E-12 32/103
000953! Chloroplast thylakoid membra 2.45E-1C 36/14¢
0007018  Microtubule-based movement 2.41E-Q8/58
000626( DNA replicatior 2.82E-07 21/7i
0006270  DNA replication initiation 5.39E-0B/12
PFO0091 Tubulin/FtsZ family, GTPase domain 15E-06 6/7
PF0395.  Tubulin C-terminal domai 2.35E-06 5/t
PF13668 Ferritin-like domain 2.80E-05 7/14
000581: Centriole 3.13E-05 9/2:
COG5059 Kinesin-like protein 3.57E-05 10/31
0051258  Protein polymerization 3.79E-05 6/10
000377: Motor activity 3.84E-05 7/1t
0003777  Microtubule motor activity 4.65E-05814/58
004316¢ Cation bindin 7.18E-05 12/4¢
0019253 Reductive pentose-phosphate cycle 78E705 6/11
000581¢  Spindle 1.36E-04 11/3¢
PF00225 Kinesin motor domain 1.74E-04 10/35
0005664  Nuclear origin of replication 1.7%E- 4/5
000953¢ Photosystem | reaction cer 1.75E-04 4/&
0030174 Regulation of DNA-dependent DNA E®8Y 4/5
000626¢ DNA unwinding involved ir 1.81E-04 4/t
0007049 Cell cycle 1.88E-04 18/90
0006281 DNA repair 2.42E-04 24/141
001925. Starch biosyrhetic proces 2.52E-04 6/1<
0035085  Cilium axoneme 3.21E-04 8/24
000598:  Starch catabolic proce 4.11E-04 6/14
PF00134 Cyclin, N-terminal domain 4.31E-04 1%/
001597¢ Photosynthes 8.56E-04 11/4i
PF00400 WD domain, G-beta repeat 8.85E-04 16M/
0005875  Microtubule associated complex 9Q2E 9/34
PF0340° Nucleotidediphosph-sugar 1.19E-03 5/1Z
0005932  Microtubule basal body 1.41E-03 7/23
000078!  Chromatit 1.45E-03 5/1Z
0005929  Cilium 1.63E-03 11/51
PF13401 AAA domain 1.82E-03 5/13
000367° DNA binding 1.96E-03 44/39:
0005858 Axonemal dynein complex 2.20E-03 35/1
COGO047: Cation transport ATPa 2.40E-03 9/4z
0009524  Phragmoplast 2.53E-03 6/19
000650t  GPI anchor biosynthetic proci 2.64E-03 6/1¢
PFO7714 Protein tyrosine kinase 2.81E-03 29/2
0015662 ATPase activity, coupled to 3.53E-0%/36
PF(0211 Adenylate and guanylate cycle 3.58E-03 6/21
PF00150 Cellulase (glycosyl hydrolase family3.74E-03  5/15
000552:  ATP binding 4.19E-03 117/130:«
0005813 Centrosome 4.75E-03 11/58
PF0O0350 Dynamin family 6.80E-03 5/17
000561! Extracellular spac 7.18E-03 6/2¢
0006812  Cation transport 7.19E-03 8/37
000581! Microtubule organizing cent 7.25E-03 7/3C
0003924 GTPase activity 8.05E-03 11/67

Up- and down-regulated genes were analyzed separatgiNOG: evolutionary genealogy of genes: Nopesuvised

Orthologous Groups; GO_BP: Gene Ontology BiologiPabcess; GO_CC: Gene Ontology Cellular Component;

GO_MF: Gene Ontology Molecular Function; PFAM: RintFamily. The proportion column indicates the bemof

differentially expressed genes with respect tottiial number of genes annotated with the same terthe entire

Trebouxia gelatinos&ranscriptome.
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Oxidative stress- No transcripts flagged with oxidative damage-relateO terms,
eggNOG categories or PFAM domains was found adfsigntly altered in our experiment
with the exception of the cytochrome P450 domaiR1@513), as four genes annotated as
such were up-regulated following dehydration.

Among the seveil. gelatinosasuperoxide dismutase (SOD) homologs, the onlytbae
was significantly altered after rehydration wasighly expressed Mn mitochondrial SOD,
whose expression decreased by -3.8X folds (seeTalbte 4). The expression of rehydrins,
described by Oliver (1991) as 1-Cys-peroxiredoxesponsive to rehydration ih. ruralis

and to dehydration ikl. rhodopensisdid not significantly vary ifT. gelatinosa

Desiccation-related proteins (DRPs)Nine out of 13 transcripts annotated with the
ferritin-like domain (PF13668) were significantlgsponsive to at least one of the two
treatments, by either being up- or down-regulaitithe 13 sequences identified clearly
pertain to the same multigenic family, usually ecéerized by a ¢.170 aa long ferritin-like
domain, followed by a C-terminal region of variadiength without known annotated
domains, and are to be classified within the desicn-related protein (DRP) family (see the
Discussion section). The proteins are mostly sedretlthough some are likely targeted to the
chloroplast, to the mitochondria or to the plasmenrane (Table 7). In particular, DRP5
showed a very characteristic trend of expressiemdthe gene with the highest fold change
value following both dehydration (18.73X) and refrgttbn (-97.85X). Nevertheless other
DRPs follow a completely opposite trend (DRP6, DBR hile the expression of DRP10
progressively increased during the experiment @etails about expression trends of DRPs
see Table 7).

Table 7 Trebouxia gelatinos®esiccation-Related Proteins with the respectiveression values shown as normalized read

counts, proportional fold change values in the desed (D) vs control (C) and rehydrated (R) vs dedtydl comparisons

and predicted cellular localization according togedP.

Normalized expression values Fold change

ID Cellular localization
C D R DvsC RvsD

Trebouxia DRP1 8 228 44 044 93 477 5.35* 2.12* Secreted

Trebouxia DRP2 1033 5754 20 966 5.57* 3.64* Secreted

Trebouxic. DRP: 2 29¢ 2 37( 187: 1.0z -1.27 Secrete

Trebouxia DRP4 3196 3623 920 1.13 -3.94* Secreted

Trebouxic DRPE 317 5 93¢ 61 18.73° -97.85* Plastidia

Trebouxia DRP6 2012 462 141 -4.35* -3.27* Secreted

Trebouxic. DRP’ 33 09¢ 17 527 7 807 -1.8¢ -2.24* Secrete

Trebouxia DRP8 1045 1206 685 1.15 -1.76 Secreted

Trebouxia DRP9 1943 3075 1303 1.58 -2.36* Secreted

Trebouxic. DRP1( 11 60 747¢ 392 -1.5¢ -1.91 Plastidia

Trebouxia DRP11 23419 11 859 4941 -1.97 -2.4% Transmengran

Trebouxic DRP1: 4 43¢ 4 68¢ 3 489 1.0¢ -1.34 Secrete

Trebouxia DRP13 257 43 41 -5.44* -1.15 Mitochondrial or Secreted

* significant difference in the statistical expriessanalysis.
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Others- Overall, about 50 % of thE. gelatinosaranscripts did not show any significant similantith
sequences deposited in public databases. Therefgrr,though their functions are unknown, they play
important roles in dehydration and rehydration. Mémntified several genes falling outside from the\ae-
mentioned categories, which are characterized leyaat fold change values and which are likely éarbrolved
in these processes. Two proteasome activator carsplaunit 4-like, for example, were strongly upulkeged
after rehydration (Table 5), suggesting that a dgmaight have affected the photobiont recovery. &Som
symporters were up-regulated following dehydratgurch as two aminoacid transporters, one Na/Urea
symporter, one sulphate transporter, and a pratosfpate symporter, suggesting a role in the maamies of
the cell homeostasis during the loss of water.

Discussion

Features of T. gelatinosa transcriptome

To date nine genome sequencing projects are registat NCBI within the class
Trebouxiophycead\evertheless, only the genomesfsubellipsoidedBlanc et al., 2012),
Asterochloris sp. (http://genome.jgi.doe.gov/AstphandC. variabilis (Blanc et al., 2010)
have been fully sequenced, assembled and annotateekal other projects are still ongoing
(Auxenochlorella protothecoide®Nannochloris sp., Dictyochloropsis reticulataChlorella
pyrenoidosaandBotryococcus braunji Concerninglrebouxia a single genome sequencing
project targeting'rebouxiaTR-9' has been deposited in 2012 (Bioproject PABRY8]), but
no assembled data are available yet. Most of t®63 nucleotide sequences deposited in
GenBank for Trebouxia (20 for T. gelatinosa) are redundant and mainlpresent
phylogenetic markers (rRNA ITS region, rbcL, eteyjdencing that the genomic knowledge
of these unicellular algae is extremely poor. Oarmbvo RNA-sequencing, assembly and
annotation of the transcriptome @f gelatinosa as well as the collection of transcripts
expressed under controlled physiological conditionand in  response to
dehydration/rehydration cycles, represent here reddmental step towards the genomic
characterization of this organism.

The 2C nuclear DNA content of representatives @f flamily Trebouxiophyceaare
estimated to be comprised between 0.02 pg andpb {Bapraun, 2007). The genome size of
Asterochlorissp., the photobiont of the liche@ladonia grayiwhich is phylogenetically
related toT. gelatinosa was calculated to be close to the lower end o éstimate by
guantitative PCR methods (Armaleo and May, 2009)s has been later confirmed by the
sequencing of its genome, which reached a totattenf 56.1 Mbp, indicating a nuclear

DNA content of approximately 0.057 pg (http://gereojgi.doe.gov/Astphol/). The complete
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genome sequencing confirmed similar sizes of 46p kbr Chlorella variabilis (Blanc et al.,
2010) and of 49.0 Mbp fa€occomyxa subellipsoid€8lanc et al., 2012), respectively. Other
Trebouxiophyceabave smaller genomes: thnnochlorissp. genome is only of 12.6 Mbp,
representing one of the smallest ones for fre@di\@ukariotes (Yamamoto et al., 2001).

The direct consequence of this is a rather highpamtmess: with 7 159 predicted gene
models with an average length of 4 549 nucleotidstgrochlorissp. shows 128 gene models
per Mbp, meaning that approximately 58 % of itsagea is covered by coding genes. The
shrinking of non-coding intergenic regions is orighe events most commonly observed in
the compaction of eukaryotic genomes (Williams let2005), with the result of occasional
transcriptional overlap. This phenomenon, which bagn also observed in vertebrates
(Makalowska et al., 2005; Sanna et al., 2008), &0 progressively more prominent in
eukaryotic parasites and endosymbionts. Microsporghd nucleomorphs, for example,
which produce a large proportion of mRNAs encodimgltiple genes or gene fragments
(Williams et al., 2005), seldom co-transcribed impaycystronic messengers, similarly to
prokaryotes (Gilson and McFadden, 1996).

For these reasons, the presence of a rather higtberuof chimeric contigs does not
come as a surprise ih. gelatinosawhose compact genome is expected to containharrat
high number of overlapping genes, especially carsd that the overall size of our de novo
assembly exceeds 30 Mbp, likely accounting for ntben 50 % of the total genome size.
The de novo assembly of transcriptomes meets séwgtations in the correct identification
of these cases and in the splitting of partiallyertspping transcripts, especially when a
reference genome sequence is missing or an unsttdNA-seq library preparation protocol
is used. These two factors represent drawbacks ialsaur study, making the issue of
transcriptional overlap . gelatinosaparticularly problematic. Non-directional sequengi
reads originated from overlapping exons of différeanscripts, either encoded by genes on
the same or on the opposite DNA strand, are assehasl belonging to a common transcript,
de facto generating chimeric contigs with multigi®Fs. However, thanks to the analysis of
the individual coverage of each single transcripg Jaccard-clip option of the Trinity
assembler permitted to overcome a relevant numbérese mis-assemblies. Nevertheless,
not all the transcriptional overlapped regions doog efficiently resolved. We estimate that
almost 2 000 of our contigs comprised multiple ORFAgure S2), likely pertaining to genes
spatially close to each other in tfie gelatinosagenome and whose transcripts are partially

overlapping.
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Comparison with other poikilohydric organisms

The dehydration transcriptome ©f gelatinosas very similar to that of normal growth
conditions, i.e. to the control, whereas the mdianges occur after the reactivation of the
metabolism due to rewetting (Figure 1). From thogpof view, T. gelatinosas more similar
to the mossrI. ruralis, which relies mainly on constitutive protection echanisms and on
damage repair during rehydration, than to resuoeatascular plants, which instead depend
largely on inducible protection mechanisms durirdpydiration (Oliver and Bewley, 1997).
However, in comparison to other poikilohydric orgams, T. gelatinosaseems to exhibit also
some peculiar traits.

Severe drought and desiccation generally imposabokt, mechanical and oxidative
stress, which are countered by complex protectivechanisms that lead poikilohydric
organisms to react consequently to the loss of matd hence to switch to the desiccated
state. Apparently, iT. gelatinosathis process of metabolic shutdown is accompabiethe
over-expression of a limited number of genes inegdlvn the protection of the cells, the
majority being constitutively expressed to makeadlgal cell ready to dry out in any moment.
DNA and protein repair processes and photosyntlaesisf particular interest in this context.

DNA is the only biomolecule in cells that is stdgdnaintained and repaired, while all
other biomolecules such as proteins are degradeddsa of damage, followed by de novo
biosynthesis. In dehydrated conditions, nuclear mitdchondrial plant DNAs can undergo
substantial damage and modifications due to nogreatic cleavage, methylation, oxidation
and dimerization of nucleotides (Osborne and Bakipri994). Drought-tolerant organisms
developed protective strategies, which permit thevigal of seed and pollen DNA for
decades or even centuries (Osborne, 2000%. lmumilis e.g., the DNA repair process is up-
regulated during rehydration. By contrast, Tin gelatinosathis process is over-expressed
during dehydration. Considering the few reportslidgawith DNA repair mechanisms in
connection to desiccation-derived damage, our rpreéry result certainly deserves further
investigation.

Cellular dehydration has a severe impact on thegiity of macromolecular structures,
including membranes and proteins. Heat Shock RP®téHSPs) are thought to play a
fundamental role in dehydration by preventing teaaturation of proteins and by avoiding
their aggregation (Bartels and Sunkar, 2005; Pipena et al., 2008); their over-
expression confers increased resistance to draghhigh salinity stress in transgenic plants

(Sun et al., 2001). HSPs @ plantagineumH. rhodopensigndT. ruralis are over-expressed
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in response to early dehydration.Tinruralis, a particular group called small HSPs (sHSPs),
that differs from HSP70 in nucleotide sequencelilee localization and functions (Wang et
al., 2004), is expressed. These sHSPs have, ingieguerties similar to hydrophilins, which
are ubiquitous proteins rapidly synthesized dudegydration in vegetative tissues and seeds
of both desiccation-sensitive and resurrection tglgeoyal et al., 2005; Battaglia et al.,
2008). Concerningrebouxiophycegethe expression of HSP90 A erici increases during
dehydration and remains higher than controls alstng rehydration, but the trend appears to
be strongly dependent upon the speed of the defyalrarocess (Gasulla et al., 2013). An
up-regulation of HSPs after rehydration has alsngeeported by Junttila et al. (2013) in the
whole thallus of the licherC. rangifering even though they ascribe this stress to an
excessively long hydration. Iit. gelatinosathe expression of chaperone genes occurred
exclusively during rewetting, as an indication of repair mechanism induced after
dehydration. Nevertheless, this accumulation indidhat these proteins were still required
also after 12 hours of rehydration, suggesting thay might play a significant role in this
state. In fact, HSPs are thought to be involveprotecting plant cells against several stresses
but also in re-establishing the cellular homeostd#/ang et al., 2004). In particular, the
presence of HSP70 chaperones, together with tlkethaperones (e.g. DNAJ) makes up a
cellular machine that assists the protein-foldingcpsses in almost all cellular compartments.
HSP70 has the essential function of preventing egggion and assisting refolding of non-
native proteins under both normal and stress ciomdit This specific HSP is also involved in
protein import and translocation processes, anigilitating the proteolytic degradation of
unstable proteins by targeting them to lysosomgwateasomes (Hartl, 1996). In agreement
to the latter function we observed two transcrigisotated as subunits of the proteasome
activator complex, which were ranked as the first third most up-regulated ones, based on
fold change values (Table 4).

The shutdown in the expression of photosyntheside® genes during dehydration is
widely documented in poikilohydrous phototrophsi @related to the need of protecting the
photosynthetic machinery from the excess of ligis reducing the production of ROS. The
process is reversible and dependent by the downlatgn of photosynthesis-related genes
during dehydration, which is generally followed tweir up-regulation in rehydration (Collett
et al., 2003; Liu et al., 2008). By contrast, dgrthe dehydration of. gelatinosave did not
observe this shutdown. So far, this behaviour hewknbeen reported in the literature and
therefore it will be interesting to verify whethdr is present also inl. ruralis, the

poikilohydric organism whose gene expression isarsimilar to the analyseliebouxia
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The under-expression of photosynthesis-related gg@ceurred abundantly during the
rehydration phase. Similar phenomena are also ibesicin vascular desiccation sensitive
plants (Oono et al., 2003; Perrone et al., 201#)pagh the different life strategies make the
comparison not fully appropriate. To the best af knmowledge, only Rodriguez et al. (2010)
observed a similar pattern @. plantagineumn the case of two chlorophyll a-b binding
proteins. These results need to be analysed wsihert to the duration time of rehydration
(12 hours in our design). As reported by many asti{plaubner et al., 2006; Gray et al.,
2007; Luttge and Budel, 2010; Karsten and Holzingéd?2; Holzinger and Karsten, 2013),
the photosynthetic recovery of aeroterrestrial patgae after a period of desiccation is very
fast, therefore it can be hypothesized that afehaurs of rehydratio. gelatinosahad
already rebuilt de novo the proteins requestedt$aneeds, returning to a 'basic' level of gene
translation.

An example of similar gene expression Tn gelatinosaand in other poikilohydric
organisms is given by dehydration-responsive trgptson factors. This family specifically
binds to DRE (drought-responsive elements) cigagcélement (Yang et al., 2009) and is
divided into two subclasses, based respectively ttom regulation of the responsive
downstream pathways by low-temperature (DREB1) @elalydration (DREB2) (Liu et al.,
1998). Our results are consistent with the obsemsatof Gechev et al. (2013), who found
genes coding for DREB2 transcription factors exgkly expressed in water-deficient H.
rhodopensis. Although some of the downstream gargets of DREB2 are well-known in
model plants [e.g. dehydrins, see Lee et al. (30138 phylogenetic distance between green
algae and vascular plants complicates a comparatialysis.

A further example of similarity and dissimilarityetoveen our aeroterriestrial microalga
and other poikilohydric organisms is the differg@ne expression pattern of expansins in
comparison to that of Late Embryogenesis AbundhBA] proteins and ROS scavenging
systems.

Expansins can significantly improve flexibility dfe cell wall by the disruption of non-
covalent bonds between wall polysaccharides (Mc@uason et al., 1992). This protein
family is very well studied in vascular plants (i al., 2002), being mainly involved in
important biological process such as growth, fmjening and reproduction (Cosgrove,
2000). Furthermore it was demonstrated that expareie responsive also to the cell water
potential. Jones and McQueen-Mason (2004) repdhedver-expression of expansin-like
genes during dehydration @. plantagineumand demonstrated their role in permitting the

cell wall shrinkage while maintaining cellular igtéy during dehydration and rehydration
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events. Cell shrinkage is a typical featureTo€bouxiacells also in the lichenized state
(Honegger, 1995) and therefore the over-expressibnexpansin-like genes during
dehydration supports the occurrence of a protegtieshanism involving expansins also for
aero-terrestrial algae, since these genes are npredso in other micro-algae such as
Asterochlorissp.,C. variabilisandC. subellipsoidea

LEAs are an interesting example of proteins th& eonstitutively present but not
differentially expressed if. gelatinosawhereas they are spread — if not even alwaysptes
— in many other desiccation-tolerant plants. LEAsnT a heterogeneous class that can be
subdivided into at least five major groups (Cumia§99), with several dozen of distinct
genes described in vascular plants (HundertmarkHindha, 2008; Du et al., 2013; Lan et
al., 2013). They are diffusely involved in dehydvatand desiccation processes (Goyal et al.,
2005; Tunnacliffe and Wise, 2007), and their traipss are regularly up-regulated f@.
plantagineumH. rhodopensisX. humilisandT. ruralis, although their precise mechanism of
action is still unclear. Group 2 LEA proteins, b&siown as dehydrins, in particular, are
highly hydrophilic molecules involved in the resgerto different abiotic stresses (Allagulova
et al., 2003; Hanin et al., 2011). Only few LEAsrev@entified inT. gelatinosanamely one
dehydrin (group 2 LEAs) and two group 3 LEAs. Giviereir very low gene number and
unresponsiveness to the hydration state, LEAs doseem to play a relevant role in
gelatinosaresponse to dehydration, suggesting that this ralgy have developed alternative
strategies to deal with dehydration stress. Theedamids true for scavenging systems against
ROS and oxidative stress. Reactive oxygen spe®€S) are a major cause of damage
during desiccation, especially in photosynthetigamisms. ROS are generated in plant cells
and tissues and are a source of direct cellularadanthrough nucleic acids and proteins
denaturation, lipid peroxidation and pigment loSsn{rnoff, 1993; Kranner et al., 2008). In
particular, an enhanced ROS production and accuionlan chloroplasts can inhibit the
repair of photosystem Il and the synthesis of Datgn (Allen, 1995). This potentially
damaging action is countered by the synthesis nfearzymatic antioxidant molecules and by
the activity of ROS scavenging enzymes (Kranner Bittl , 2005). These strategies are
largely employed by all plants which tolerate deatmon. In spite of what is commonly
reported in literature (Shirkey et al., 2000; Kranmand Birti, 2005) and confirmed iC.
plantagineumH. rhodopensisX. humilisandT. ruralis, in T. gelatinosave did not observe
an upregulation of genes related to the ROS scavgraystems (either enzimatic or not) in
both dehydration and rehydration. However, both #beve mentioned mechanisms are
constitutively present iff. gelatinosaand in some cases with very high expression galue
like the Mn-superoxide dismutase related gene wigcthe ninth more expressed gene in
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normal conditions (Table 5). This is a further ende thafl. gelatinosais always ready to
cope with unpredictable stress derived from suddater loss. This could explain the fact
that Trebouxiabearing lichens are particularly resistant to pbbemical pollutants such as
ozone (Bertuzzi et al., 2013) and to photo-oxidatsiress in general (Kranner et al., 2005;
Candotto Carniel et al., unpublished).

Our analyses detected T gelatinosaalso a highly diversified gene family encoding
DRPs. These were firstly describeddnplantagineun{Bartels et al., 1990; Piatkowski et al.,
1990) and later in other resurrection (lturriagalet 1992; Collett et al., 2004; Ingle et al.,
2007) and non-resurrection plants (Zha et al., 20IBey are involved in several processes,
including pathogen defence (Zuo et al., 2005; Gual.¢ 2008; Guo et al., 2011; Zha et al.,
2013), but they certainly play an important rolediought tolerance (Bartels et al., 1990;
Piatkowski et al., 1990; Battista et al., 2002).f&tunately, an explanation for their
mechanism of action in desiccation is still missiagso because they share no sequence
homology with other well-known desiccation-assasigproteins, such as dehydrins or LEAs.
However, the presence of the ferritin-like domaiggests that some DRPs might be related
to the protection against photo-oxidative stressdi@ws, 2010), as recently suggested also
by Liang et al. (2012) in the cyanobacteriudostoc flagelliforme This possibility is
particularly intriguing, considering that we didtnaobserve any alteration of the pathways
classically involved in oxidative stress. The 13 B3Rgenes found in th&. gelatinosa
transcriptome are highly diverse both in the phglogiic relationship and in the predicted
subcellular localization; furthermore, they arefetiéntially responsive to the water status of
the alga. Their diversity is remarkable if compatedhat of other lichen chlorobionts, such
as Asterochlorissp. andC. subellipsoidealt can be postulated that DRPs evolved in strict
connection to the capability direbouxiato survive desiccation. This feature might haverbe
the key factor in driving biotrophic fungi to chaBrebouxiaas one of the 'best partners' for
a ‘'joint life'. It is still unknown whether mycolrits have choosefrebouxiaas preferred
photobionts because dfrebouxids physiological behaviours or whether these hasenb
evolved in connection to the symbiotic life-style.

The desiccation tolerance of the lichen photobidntgelatinosadepends partly on
constitutive protection mechanisms, whose gene esspyn is steadily active, and on
mechanisms whose gene expression is largely altdueshg rehydration. Although this
behaviour is similar to that observed in the mbssuralis, T. gelatinosarelies on different

groups or protein families, of which DRPs are thestrelevant example.
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Given the high quality of the annotated genesniwe T. gelatinosaexpressed sequence
database will be used for forthcoming analysesragnait testing the effects of different rates
of dehydration and rehydration. The new databade additionally represent a standard
reference for RNA-seq based gene expression studiesh will investigate important topics
of lichen biology, such as the response to differeinds of stress and the regulation

mechanisms which are at the base of the lichen gisb

Experimental procedures

Isolation of Trebouxia photobiont in culture

Isolates ofT. gelatinosaArchibald were obtained according to Yamametal. (2002)
from thalli of Flavoparmelia caperatgL.) Hale, collected in a dolina of the Classicréta
plateau (Borgo Grotta Gigante, Sgonico, Italy; 2524.54"N; 13°45'21.70"E). The isolates
were inoculated in sterile plastic tubes filledwit. 5 ml of slanted solid 3NBBM (1.5 %
agar) (Ahmadijian, 1973). The tubes were kept iheamostatic chamber at 20 °C, under a
light regime of 1&2 mol photons nt sect with a photoperiod of 14 h : 10 h, light : dark
until an abundant axenic culture was obtained. Cedt were re-inoculated every 30 days and
were grown at the same conditions as the origimatula. The identity of the photobiont was
checked by sequencing the nuclear ITS fragmenta(@aiailable upon request) and by
analysing the pyrenoid ultrastructure by TEM. Refee algal material was cryo-conserved
according to Dahmeet al. (1983) and is available upon request.

Experimental design

Algal cultures were grown on hand-cut sterile filpaper discs (Whatman, 60+5 ¢g?m
diam. 25 mm), laid on solid 3NBBM (1.5 % agar) adesiPetri plates. Four discs for each Petri
plate were inoculated with 100 of a T. gelatinosawater suspension (density: 3.5%t@lls
ml1). The Petri plates were kept in a thermostaticmdber under the same controlled
condition described above. On thé"3fay of growth 3 discs representing the controlgam
(C) were randomly selected from the starting s&Retfi plates and promptly soaked in liquid
nitrogen and stored at -80 °C. Six discs were siaehydrated in a biological hood under air
flow; complete dehydration took 10 hours. After gefation, three of these discs,
representing dehydrated samples (D), were soakiegLid nitrogen and stored at -80 °C. The
remaining three discs were rewetted with a watep @nd laid on solid 3NBBM (1.5 % agar)

inside a Petri plate for 12 hours to allow the f@thydration of the algae under the same
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growth conditions as above. After rehydration alsese latter discs, representing rehydrated

samples (R), were frozen in liquid nitrogen andesdaat -80 °C.

RNA extraction

Total RNA was extracted from the frozen culturecdisising the PowerPlant® RNA
Isolation Kit (MO BIO Laboratories, Inc.) and itsi@ity was verified with an Agilent 2100

Bioanalyzer (Agilent Technologies).

Sequencing and de novo transcriptome assembly

The preparation of cDNA libraries and RNA-sequegaivere carried out at the Institute
of Applied Genomics (IGA) in Udine, Italy. Sequemgiwas performed on a single lane of an
lllumina HiSeq2000 instrument, with a 100 cycledrg@drend sequencing protocol. Raw
sequencing reads were trimmed according to theaie balling quality before proceeding with
further analyses. Trimmed reads shorter than 6@dyp discarded.

Trimmed reads were used foida novotranscriptome assembly by Trinity (Grabhetr
al., 2011), selecting the Jaccard-clip option to allbe $plitting of chimeric contigs resulting
from overlapping genes. Minimum allowed contig ldngvas set at 201 bp. The complete
assembly obtained, containing all the possiblesttapt variants produced from each of the
predicted gene models, was processed as follovis; for the annotation and sequencing
reads mapping steps. Only the longest transcripdeinper gene was selected in order to
reduce sequence redundancy and to obtain a seinsictipts suitable for a gene expression
analysis. A minimum threshold of average coverags et at value 12.13X; contigs with
lower coverage cumulatively contributed to the bapping of just the 2 % of the reads and
were considered of low quality (resulting from pgoexpressed and highly fragmented
transcripts) and discarded.

Contigs resulting from mitochondrial and plasticia¢ssenger RNAs or from ribosomal
RNA were detected by BLASTn search (Altschet al, 1990) based on the
Trebouxiophyceaesp. MX-AZ01 plastidial (Genbank: NC_018569) andtaoihondrial
(Genbank: NC_018568) genomes, and onTireouxia arboricolab.8S, 18S and 26S rRNA
genes (Genbank: Z68705.1) available at public datad Matching sequences (e-value cutoff
= 1x10%%) were discarded prior to further analyses.
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The entire RNA-seq experiment was deposited atNG&| Sequence Read Archive
database (SRA accessions: SRX330011 (control), SBXIH (dehydrated) and SRX330016
(rehydrated); Bioproject: PRINA213702).

Transcripts annotation

Given the high compactness Taiebouxiophyceagenomes and the overlap of a relevant
number of genes potentially leading to tte novoassembly of chimeric contigs (see the
Discussion section for details), we identified e hon-redundant reference transcriptome of
T. gelatinosaall the regions corresponding to Open Reading Esaf@RFs) whose predicted
encoded protein either showed a significant BLASIilarity (e-value cutoff 1x18) with
Coccomyxa subellipsoide@-169 (v2.0, http://genome.jgi.doe.gov/Coc_C169_Chlorella
variabilis (v1.0, http://genome.jgi.doe.gov/ChIN@64/) and Asterochloris sp. Cgr/Dhalpho
(v.1.0, http://genome.jgi.doe.gov/Astphol/), (ewalcutoff 1x10-5), a PFAM domain (e-
value cutoff 1x10-5) or a any other unannotated @Rger than 300 codons.

The resulting ORFs sequences were extracted fremagbembled contigs and separately
annotated with the Trinotate pipeline. Sequencellaiities were identified by BLASTX
(Altschul et al, 1990) performed against the UniProtKB/Swiss-Rtatabase; functional
domains were detected by a HMMER (Fienal, 2011) search against the PFAM domain
database (Puntat al, 2012). ORFs were also annotated based on eggNROGe(l et al,
2012) and Gene Ontology (Ashburredral, 2000) 'biological process', ‘'molecular function’

and 'cellular component’ functional categories.

Gene expression analysis

Trimmed reads obtained from the sequencing of hiheet samples (control, dehydrated
and rehydrated. gelatinosacultures) were mapped on the annotated non-redtneffierence
transcriptome with the RNA-seq tool included in t8&C Genomics Workbench v.6.03.
Parameters of length and similarity fractions weet to 0.75 and 0.95, respectively; the
maximum number of matching contigs was set to XHired reads distance was assumed,
based on fragment length data, to be compriseddesivi00 and 500 bp. Only intact paired-
end reads mappings were counted, whereas brokenvpaie disregarded for the calculation
of expression values.

Raw mapping counts per gene were normalized bytderanormalized read counts were
used for the differential expression analysis usnigal’s Z-test on proportions (K&t al,

1999) in the following comparisons: a) dehydratexd control samples; b) rehydrated vs
56



alito Candotto Carniel

dehydrated samples; c) rehydrated vs control sanpléferential expression was concluded
with a Bonferroni-corrected p-value lower than O&id a proportions fold change higher
than 2 characterizing up-regulated genes, or lotvan -2 characterizing down-regulated
genes. Normalized read counts were transformeadpyfbr the graphical representation in

the scatter plot only.

Hypergeometric test on annotations

Gene Ontology terms, PFAM domains and eggNOG fanati categories over-
represented in the subsets of differentially exgeds genes were detected with a
hypergeometric test on the annotations by Trinotgédécon and Gentleman, 2007). The sets
of up-regulated and down-regulated genes were agdlyeparately. Over-representation was

concluded at p-value < 0.01 and observed - expecfed
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Supporting Information

Table S1Summary of theTrebouxia gelatinosajenes expression trends during dehydration angdration;
genes were classified into 9 categories based@nup- or down-regulation in the dehydrated vstaan(D vs

C) and rehydrated vs dehydrated (R vs D) compasison

DvsC RvsD Numberof genes % of the total

1 33 0.2¢
2 = 15¢ 1.15
3 16¢ 1.2¢
4 = 711 5.21]
5 = = 11 50: 84.2
6 = 78C 5.72
7 96 0.7C
8 = 194 1.4z
9 4 0.0z

Table S2 Summary of the hypergeometric test on annotati@fopned on thélrebouxiagelatinosasets of

differentially expressed genes in the rehydratedorgrol comparison.

Category ID Description P-value Proportion
Rehydration vs control
Up-regulated

GO_CC 000588( Plasma membrane 2.58E-0% 52/57¢
GO_BP 0006950 Response to stress 1.12E-03 12/78
GO_MF  000409: Carboxylesterase activity 2.63E-03 7/3E
GO_CC 0016021 Integral to membrane 4.56E-03 87/1319
PEFAM PF1:51€ Leucine Rich repeat 7.13E-03 12/9¢
Down-regulated
GO_CC 000952 Photosystem | 4.64E-13 14/2:
GO_BP 0009765 Photosynthesis, light harvesting 6.00E-13 13/21
GO_MF 001616¢ Chlorophyll binding 3.26E-12 13/2:
GO_CC 0009523 Photosystem II 5.82E-11 13/27
PFAM PF00504 Chlorophyll a-b binding protein 6.04E-10 13/32
GO_BF 001829¢ Protein-chromophore linkage 1.17E-08 12/27
PEAM  PF13668 Ferritin-like domain 4.78E-08 8/14
GO_CC 000953! Chloroplast thylakoid membrane 3.20E-07 23/14¢
GO _CC 0005874 Microtubule 3.27E-06 19/120
GO_CC 000953( Photosystem | reaction center 2.47E-05 4/5
GO_BP 0015979 Photosynthesis 6.27E-05 10/47
GO _BP 0051301 Cell division 3.20E-04 18/151
GO _BF  001002( Chloroplast fission 3.22E-04 4/8
GO_BP 0007067 Mitosis 3.90E-04 14/103
GO_BF 000701¢ Microtubule-based movement 1.68E-03 9/5¢
GO _BP 0007049 Cell cycle 3.83E-03 11/90
GO _BP 0006950 Response to stress 4.06E-03 10/78
GO_MF 000377 Microtubule motor activity 4.40E-03 8/5¢
GO _BP 0006200 ATP catabolic process 5.01E-03 13/120
GO_MF 001688 ATPase activity 7.40E-03 10/9C

Up- and down-regulated genes were analyzed separeggNOG: evolutionary genealogy of genes: Nopesvised
Orthologous Groups; GO_BP: Gene Ontology BiologRalcess; GO_CC: Gene Ontology Cellular Compor@éx; MF:
Gene Ontology Molecular Function; PFAM: Protein HgnThe proportion column indicates the numbedferentially
expressed genes in respect with the total numbgermés annotated with the same term in the eftebouxia gelatinosa
transcriptome.
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Figure S1 Summary of the ORF integrity analysis in tfi@ebouxia gelatinosa
transcriptomic analysis; the integrity rate is lthem the ortholog sequence coverage
observed by BLASTX in the UniProtKB/Swiss-Prot segce database.
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Figure S4 Scatter-plot summarizing the comparison of rehytats
control expression profiles dfrebouxia gelatinosalLog normalized
expression values (total gene read counts) ardedlobn the x
(control) and y (rehydrated) axis. Differentiallxpeessed genes
identified by the Kal's Z-test on proportions (Bomfi corrected p-
value < 0.01 and proportion fold changet2) are marked by red
dots. Over-expressed genes following rehydrati@nlacated above

the bisector line; down-regulated ones are lochtdow.
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Abstract

Lichens are considered to be among the best bidoreniof airborne pollutants but
surprisingly few data are available on the respdogsopospheric ozone D It was recently
proposed that lichens might tolerate li2cause, as poikilohydric organisms, they havé hig
levels of natural defences against oxidative strébg objective of this work is to give a
thorough description of the biochemical and phygjalal mechanisms that are at the basis of
the Q-tolerance of lichens. Chlorophwlfluorescence (ChF) emission, histochemical ROS
localization in the lichen thallus and biochemicerkers [enzymes and antioxidants involved
in the ascorbate/gluthathione (AsSA/GSH) cycleQkland Oz, were used to characterize the
response of the epiphytic lich&tavoparmelia caperatdl.) Hale exposed to £at different
water regimes and air relative humidity in a funtig)a chamber. After a two-week exposure,
no significant effects were observed in {£hthat could be traced back to the action of the
pollutant whereas it was observed a negative etiethe watering regime. This influenced
also the activity of superoxide dismutase and threcomitant production of ROS.z@nhstead
strongly influenced the AsA/GSH biochemical pathwadgcreasing the AsA content and
increasing the enzimatic activity of ascorbate pelase, dehydroascorbate reductase and
glutathione reductase independently from the wadgeregime and the relative humidity
applied. This study confirms thkt caperatacan face the @induced oxidative stress thanks
to the high levels of constitutive enzymatic andh+emzymatic defences against ROS formed
naturally during the dehydration-rehydration cycles which lichens are almost daily
exposed.
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Abbreviations

AsA, ascorbate; CHF, chlorophyll a fluorescence; CLSM, confocal lasganning
microscopy; DCF, dichlorofluorescein; DCFH-DA, 2dichlorofluorescin diacetate; DHA,
dehydroascorbate; DHAR, dehydroascorbate redudi@BeB, 5’,5'-dithiobis-2-nitrobenzoic
acid; DTT, dithiothreitol; KHFm, maximum quantum efficiency of photosystem II; GR,
gluthathione reductase; GSH, reduced gluthathi@®1+GSSG, total gluthathione; GSSG,
oxidized gluthathione; ¥D», hydrogen peroxide; NBT, NitroBlueTetrazolium; NPQon-
photochemical quenchindg?.’, superoxide anion; £)ozone; PhAR, photosynthetically active
radiation; PPFR, photosynthetic photon flux density correspondit@y the effective
maximum value of quantum yield G@ssimilation; gP, photochemical quencheing; RH, ai
relative humidity; ROS, reactive oxygen speciespD$S®uperoxide dismutase; XTT, 3'-(1-
[phenylamino-carbonyl]-3,4-tetrazolium)bis(4-metlgesenitro) benzene-sulfonic  acid
hydrate.

Introduction

Lichens, a symbiotic association between a fungiuis (ycobiont) and one or more
photosynthetic partners (the photobionts), areidensd to be among the best biomonitors of
airborne pollutants (Bargagli and Nimis, 2002),teat a norm specifically aimed at ruling
their use has just been edited by the CEN (EN 12413). Lichens are particularly
responsive to sulfur dioxide (SQ0(Nash and Gries, 1991), hydrogen sulphide (Bertand
Tretiach, 2013) and nitrogen oxides (N{Tretiach et al., 2008), but few data are avédab
concerning their response to tropospheric ozong {[is is surprising if we consider thag O
has detrimental effects on many organisms at plogial, biochemical and molecular level
(Heat, 2008; Goumenaki, et al., 2010), and the eotnations are progressively increasing in
vast areas of the world (Gillespie et al., 2011).i€) in fact, an important component of
global change, being determined by a combinationhofman activities and climatic

conditions, such as the release of volatile orgaoimpounds and the combustion of fossil
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fuels (that leads to the accumulation of NOand the occurrence of high temperatures and
high UV levels (Logan, 1985; Wu et al., 2008; Gdaz&-ernandez et al., 2013).

Field studies show that high concentrations @ti® not cause the impoverishment of the
lichen flora (e.g. Ruoss and Vonaburg, 1995; Lot al., 2003), at least if other organic
pollutants, in particular peroxyacetylnitrates, atesent (Egger et al., 1994; Sigal and Nash,
1983; Zambrano and Nash, 2000). Further studiesrurwhtrolled conditions showed that O
has only limited (Tarhanen et al., 1997) or no iiggent consequences on the physiology of
lichens (Calatayud et al., 2000; Riddell et al.1@02012, Bertuzzi et al., 2013). This is not
unexpected since the maximum daily concentratio®@otommonly occurs in the central
hours of hot, sunny days, when lichens are dry t#retefore, metabolically inactive. In fact,
lichens, in contrast to vascular plants, are pollgidrous organisms, because their water
status varies according to the microclimatic candg of the habitat (Nash, 2008). In the dry
state they can tolerate very harsh environmentaldiions, such as high temperatures
(Tretiach et al. 2012), UV (Gauslaa and Ustved030and X rays, up to space vacuum
(Sancho et al., 2007), because their cytoplasnitifed, and their metabolism is suspended
(Kranneret al, 2008). It could be questioned whether lichens@yavoidant or @ tolerant
(Tretiach et al. 2012). Recently Bertuzzi et aD1}2) proposed that the lichers-@lerance,
implicitly suggested by the majority of the mengainstudies, might be explained by the high
levels of natural defences against different foohsxidative stress, but particularly against
those derived from the fluctuating water contehgttis an intrinsic feature (o: “intimately
connected”) of the poikilohydric life style. In vadar plants, the mechanisms involved in the
defence against the oxidative stress derived franexposure have been studied extensively
(Kangasjarvi et al., 1994; Dizengremel et al., 2(@&llegrini et al. 2013). These mechanisms
involve the ascorbate-glutathione cycle (Nali et aD04; D’'Haese et al. 2005) and many
other enzymatic (guaiacol peroxidase, glutathiorteaBsferases, gluthatione peroxidase) or
non-enzymatic molecules such as proline, flavonaius lipoic acid (Gill and Tuteja, 2010).
By contrast, in lichens, the working principlestbése cycles are largely unknown, above all
in relation to the @derived oxidative stress.

For this reason, ecophysiological [chlorophwl fluorescence (CHF) emission],
histochemical (ROS localization in the lichen tha)l and biochemical parameters (total and
reduced ascorbate, total and reduced glutathioneveds as the correlated antioxidant
enzymes) were used to characterize thalli of a comepiphytic lichen exposed toz@n
fumigation chambers at different water and air tditpiregimes. The objective is to give a
thorough description of the biochemical and phygjadal mechanisms that are at the basis of

the &-tolerance of lichens.
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Material and methods

Collection and pre-treatment of samples

The target species;lavoparmelia caperatdlL.) Hale is a widespread, epiphytic lichen
common throughout the mild temperate regions obgerand North America; its biology is
relatively well-known, and it is often used in ebgpiological studies (e.g. Tretiach et al.,
2007; Piccotto and Tretiach, 2010; Bertuzzi et 2013). The identity of the photobiont,
Trebouxia gelatinosarchibald was checked by analysing the pyrenoilastructure by
TEM and then by sequencing the nuclear ITS fragr(data available upon request).

Lichen thalli were collected from northerly exposeak of ashKraxinus ornud..) trees
in a wood far from known air pollution sources (&l Karst, NE Italy). The thalli were
detached using a sharp blade, put in open Petiesligand immediately transported to the
laboratory, where the material was left to dry autoom temperature in dim light (<h@nol
photons it s?), carefully cleaned from debris and bryophytes,ipwa desiccator with silica
gel for 2 days and then sealed in vacuum bags tanedsat -20 °C. Before use, the material
was thawed in a desiccator with silica gel for §ddhen the marginal parts of the thallus (c.
3 cm from the margin) were selected for the expenits, since they have considerably higher
ChlaF emission than the central ones (Tretiach e@07).

For each experiment (1 and 2, see below), aliputOO lobes of 6 5 mg each for
ChlaF measurements and histochemical localization o R@duction, andi) 8 g of mixed
lobes for biochemical assays were randomly seledteel material was closed in Petri dishes,
sealed in vacuum bags and transported to Pisdéofotlowing exposure experiments. Prior
to exposure, the samples were subjected to a comdi process lasting 2 days: they were
immersed in distilled water for 3 min twice a daydanaintained on rigid plastic nets within
plastic boxes containing water at the bottom, ceddbut not sealed) with transparent plastic
wrap, put in a growth chamber with charctléred air at 20 °C. The PhAR flux was set at
19 mol photons Y s, corresponding to one sixth of the photosynthptioton flux at
which the quantum yield of GQassimilation ofF. caperata is the highest PPRD (Piccotto
and Tretiach, 2010), with a light/dark regime of1I2h. Light was provided by four quartz
metal halide lamps with clear outer bulb (400 W, 8&R HPI-T Plus, Philips, Netherlands)
and by four high pressure sodium lamps with cledoular outer bulb (250 W, SON-T,
Philips, Netherlands) and was checked using a M@wantum 2060-M Sensor (Walz,
Effeltrich, Germany).
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After this conditioning process a first series dildf£ measurements (see below) were
taken to exclude those samples with low sg€hvalues (FFm < 0.670) and to divide the

samples in homogeneous groups (see below).

Sample exposure

The two sets of samples were divided in 4 (A-D)ug® (respectively 12 individual lobes
and 2 g of mixed lobes) that were exposed for 2kaes 20 °C, 37 mol photons ¢ s*
(PPFD/3), with a light/dark regime of 12/12 h, at founebinations of @and artificial daily
hydration, as follows: without Owith (group A) or without (group B) hydration; WitOz
(group C) or without (group D) hydration.

During the exposure, groups A, B were maintainedh@ growth chamber, whereas
groups C, D were maintained in a 0.90 x 0.90 x M®Ferspex chamber continuously
ventilated with charcoal filtered air (two complei changes mi#). Os was generated by
electrical discharge using a Fisher 500 air-co@pgaratus (Zurich, Switzerland) supplied
with pure oxygen, and mixed with the inlet air eimg the fumigation chamber. The
concentration of @was continuously monitored with a photometric gnat (Monitor Labs,
mod. 8810, San Diego, CA, USA) connected to a cderpuichens were exposed to 250 ppb
Oz (for Oz, 1 ppb = 1.96 pg M at 20 °C and 101.325 kPa) for 5 h in form of assg wave.
To hydrate the A,C samples, a spray of distilledewsgc. 0.01 ml crd) was applied
immediately before the input of3@o activate the metabolism when the concentratio®s
was the highest.

The exposure was carried out at 30% RH (experirhpand at 70% RH (experiment 2).
The RH values were checked automatically in a cofiett environment facility (F.lli

Bertagnin, Bologna, Italy).

ChlaF measurements

The samples were immersed for 3 min in distilledenagently shaken by hand, and
dark-adapted for 30 min in a dark box. &himeasurements were taken with a pulse-
amplitude-modulated fluorometers PAM-2000 (Walzfefich, Germany), positioning the
measuring fibre optic (length: 100 cm; active digane5.5 mm) at 60°, on the upper surface
of terminal parts of the lobes margin. The moduldight, the saturing light and the internal
led light were used to determing/f, NPQ, gP and gN (Baker, 2008; Roé&l, 2002), as
described by Bertuzzi et al. (2013).

Standard ChF measurements were taken on 6 individual lobesaoh exposure group

before exposure, after exposure and after 1 ara/2 of recovery with the samples subjected
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to the same conditioning process described aboke.Water content of each sample was
estimated by measuring the impedance with a Prtgimeini-3 (Parametrics, Shannon,
Ireland) (Bertuzzi et al., 2013).

Histochemical localization of ROS production

The histochemical observations were carried oub amdividual lobes of each exposure
group: 3 lobes were immersed in liquid nitrogendar 5 s immediately after the end of the
exposure, while the other 3 lobes were left to vecdor 2 days, and only then they were
immersed in liquid nitrogen. The samples were state-80 °C in a freezer for a maximum of
30 days, then were let to warm up at room temperdt 20 °C and 50% RH). Rectangular
fragments (4x3 mm) were cut radially from the margi the lobes with a stainless blade and
rehydrated in distilled water for 5 min. These fraapts were mounted in a cryostat
embedding medium (Killik, Bio-Optica, Milan, Italygnd then cut with a cryotome LEICA
CM 1510 S (Leica®, Wetzlar, Germany) to obtain 3@ thick transversal sections. The
sections were immersed in 15 ml of 1M DCFH-DA (HPLC grade, Sigma-Aldrich, St.
Louis, USA) aqueous solution inside a vacuum chanmbehe dark for 90 min. After this
treatment the transversal sections were put ors glades and observed in vivo with a CLSM
Nikon C1-si (Nikon, Tokyo, Japan). Samples weratexcwith an argon laser at 488 nm with
an intensity of 10.5%. Signal from the excited D&#&s acquired with a 515/30 nm band pass
filter. Emission of the auto-fluorescence from ebjghyll was acquired with a 650 nm long
pass filter (650 nm). Acquisitions were elaborated with the dMkEZ-C1 FreeViewer
software (Nikon, Tokyo, Japan) and with the freeavamite ImageJ 1.46r (Wayne Rasband,
National Institutes of Health, Washington DC, USA).

Biochemical assays

Reactive oxygen species determination

H>0. production was measured fluorimetrically using tAenplex Red Hydrogen
Peroxide/Peroxidase Assay Kit (Molecular Probesyitiogen, Carlsbad, CA, USA),
according to Shin et al. (2005). Samples were pidgd under liquid N in a mortar,
homogenized with 0.8 ml of 20 mM potassium-phospliatffer (pH 6.5), and centrifuged at
12,000 g for 5 min at 4 °C. The reaction mixturentained 20 mM potassium-phosphate
buffer (pH 6.5), 50 uM of 10-acetyl-3,7-dihydroplogazine, 0.1 U m} horseradish
peroxidase and 50 pl of the supernatant. Samples iweubated at 25 °C for 30 min in the
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dark and the resorufin fluorescencey/Hm = 530/590 nm) was quantified with a
fluorescence/absorbance microplate reader (Vicid&@) Multilabel Counter, Perkin Elmer,
USA), after subtracting the background fluorescedae to the buffer solution and to the
assay reagents. Each result was plotted againsDadtandard curve (from O to 5 uM). The
superoxide radical @2) determination was based on the reduction of ezelium dye
sodium, XTT by O> to a soluble XTT formazan, according to the metbdAble et al.
(1998). Samples were pulverized under liquiditNa mortar, homogenized with 1 mL of 50
mM Tris-HCI buffer (pH 7.5), and centrifuged at Q@0 g for 15 min at 4 °C. The reaction
mixture contained 50 mM Tris-HCI buffer (pH 7.5),50mM XTT and 100 pl of the
supernatant in a final volume of 1 ml. Samples weoelbated at room temperature for 15
min and the reduction of XTT formazan was quardifrath a spectrophotometer (6505 UV-
Vis, Jenway, UK) at 470 nm, after subtracting tlaekground absorbance due to the buffer
solution and to the assay reagents. The quantitPofproduced was determined using the

molar extinction coefficient 2.16 x 101 cm™.

Non enzymatic antioxidant compounds

Samples were pulverized under liquid 4 a mortar , homogenized with 6 ml of cold
5% (w/v) trichloroacetic acid, and centrifuged 4{aD0 g for 15 min at 4 °C. AsA and DHA
content were measured spectrophotometricadiyording to the method of Wang et al. (1991).
This assay is based on the reduction of ferricterrous ion with ascorbic acid in acid
solution followed by formation of the red chela&tween ferrous ion and 4,7-diphenyl-1,10-
phenanthroline (bathophenanthroline) that absotb$34 nm. AsA+DHA was determined
through a reduction of DHA to AsA by 3.89 mM DTTABHA levels were estimated on the
basis of the difference between AsA+DHA and AsAuesl A standard calibration curve
covering 0-1 mM of AsA or DHA range was used. Sap&ants were also used for total and
oxidized glutathione determinations by the DTNB-&SE&ductase recycling procedure as
reported in Sgherri and Navari-1zzo (1995). GSSG watermined after removal of GSH
from the sample extract by derivatization with éipyridine. Changes in absorbance of the
reaction mixtures were measured at 412 nm and 2%5K€amount of GSH was calculated by
subtracting the GSSG amount, as GSH equivalerds) the total glutathione amount. A
standard calibration curve where GSH-equivalert$Q(@nM) were plotted against the slope

of change in absorbance at 560 nm.

Enzymatic antioxidant compounds
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Total SOD (EC 1.15.1.1) activity was assayed imgerof its ability to inhibit the
photochemical reduction of NBT according to the metof Zhang and Kirkham (1994). The
reaction mixture contained 100 mM potassium-phosphaffer (pH 7.8), 0.1 mM EDTA, 13
mM methionine, 75 uM NBT, 2 uM riboflavin and 20-H0 of the enzyme extract. Samples

were incubated for 10 min under fluorescent lamp0(W, Osram R80, Milan, Italy) and

Control 0 absorbance at 560 was read against
DRY WET DRY WET

. o e ot e o .. < 3% unilluminated samples. One unit of
LLZ; i—f & e == SOD activity was defined as the
Lo amount of the enzyme required to

Zz cause 50% inhibition of the rate of

oo, e el o et e TR NBT reduction. The APX (EC
§ 1O o M ‘ 1.11.1.11) activity was assayed

Zj o . | according to the method of Francini

T T S S S et al. (2006) by measuring the

Figure 1 R/Fn measured before exposure (A), after 2-week exeod@jr and oxidation of AsA at 290 nm at 25 °C

after 1 (C) and 2 day (D) recovery in samplesFtdvoparmelia caperata for 1 min. The reaction mixture
exposed at 30% (a-d) and 70% (e-h) RH to filteredcantrol) (a,b,e,f) and to . )
Os (250 ppb, 5 h & (c.d,g,h,), under DRY (aceg) and WET (bdfmCONtained 50 mM  potassium

treatment. For each boxplot median, 25°-75° peilesnt{boxes), non-outlier phosphate (pH 6 6) 1 mM AsA. 0.4
minimum and maximum (whiskers) and outlier (dots) eeported; the same

letters near the boxes indicate no statisticaliyificant difference aP = 0.05 mM  NaEDTA and 50 “l of
by Wilcoxon paired test (comparison between twaesgsive times). n = 6. enzymatic extract in one ml final

volume. DHAR (EC 1.8.5.1) activity was assayed adicgy to the method of Kawakami et al.
(2000) by measuring the production of AsA by DHAuetion at 265 nm at 25 °C for 1 min.
The reaction mixture contained 50 mM potassium phate (pH 7.0), 20 mM GSH, 2.0 mM
DHA and 30 pl of enzymatic extract in 1 ml finallume. One unit of DHAR was defined as
the amount of enzyme required to oxidize 1 umoA®A mint. The GR (EC 1.6.4.2) activity
was assayed according to the method of Gillham Bodge (1986) by monitoring the
oxidation of NADPH by GSSG at 30 °C for 3 min thgbuthe decrease in absorbance at 340
nm. The assay mixture contained 400 mM potassivosgtate (pH 7.5), 6.4 mM Mg£I15.0
mM GSSG, 0.35 mM NADPH, 0.4 mM KBDTA and 50 pl of enzymatic extract in 1 ml
final volume.One unit of GR was defined as the amh@f enzyme required to oxidize 1 nmol
of NADPH minl. For all assays, proteins were determined acogrtbnBradford (1976),

using bovine serum albumin as standard.

Statistics
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All calculations were performed with Microsoft Qfé Excel 2010 (Microsoft
corporation, WA, U.S.A.) and R version 2.15.1 (RuRdation for Statistical Computing).
Statistical analyses were conducted applying patrétests or non-parametric tests (see the
text) in case of non-normal distributed data, BagFR/Fm values as suggested by Baruffo and
Tretiach (2007).

Results

ChlaF measurements

The dry regime, compared with the wet one, inducsynificantly greater reduction of/Fm
(Fig.1, Table 1), fully retrieved after the two-dayng recovery.

Table 1 P-values (Mann-Whitney U test) of the difference®ag the FHFn values of the a-g groups of samples
subjected to different treatments, after exposti@0& (a-d) and 70% (e-h) RH to filtered air (a,f,and to Q
(250 ppb, 5 h¥; c,d,g,h,), under DRY (a,c,e,g) and WET (b,d,freatmentP < 0.05 underlined. n=6.

30% RH 70% RH
Control (OF} Control O3

DRY WET DRY WET DRY WET DRY WET

a b c d e f g h
a 0.04113 0.8182 0.01515  0.5887 0.3939 0.8182 0.01515
b 0.1994 0.04113  0.06494 0.6991 0.04113  0.09307
c 0.02597 0.4848 0.4848 0.5211 0.03704
d 0.01515  0.04113 0.01515 0.1797
e 0.3095 1 0.02597
f 0.3095 0.06494
g 0.02597

By contrast, there was no significant differencénaen Q-exposed samples and controls,
except for those subjected to the wet regime at BMbo Surprisingly, in this case the:O
exposed samples showed the smalle$i-Freduction with respect to the pre-exposure values,

c. -10%uvs.-20, -30% of all the other

Control 0,

npv WET npv WET

groups.

The different regimes of % RH
Figure 2 NPQ measured before exposure (A), after 2-week fxgo

(B) and after 1 (C) and 2 day (D) recovery in samplfeBlavoparmelia did not influence the sample
caperata exposed at 30% (a-d) and 70% (e-h) RHtecefi air (control)
(a,b,e,f) and to O3 (250 ppb, 5 h d-1) (c,d,gimyer DRY (a,c,e,g) and

WET (b,d,f,h) treatment. Symbols as in Fig. 1. &.=
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response, also for the relatively large data spreadrded in all the groups subjected to 70%
RH. The exposure conditions were associated widkreral increase in NPQ after recovery
(from +80% to +300% in the samples exposed to 3BG¥%pdee Fig. 2 and Table 2).

Other parameters of Gl extinction (e.g. gP and gN) followed the samégpatof NPQ,

and therefore they are not shown here.

Table 2 P-values (Mann-Whitney U test) of the differencesoag the NPQ values of the groups of samples
subjected to different treatments, after the 24dag recovery following the exposure in fumigaticmamber at
30% (a-d) and 70 % RH (e-h) to filtered air (afy,and to Q (250 ppb, 5 h ¢; ¢,d,g,h,), under DRY (a,c,e,g)
and WET (b,d,f,h) treatmerf. < 0.05 underlined. n=6.

30% RH 70% RH
Control O3 Control O3

DRY WET DRY WET DRY WET DRY WET

a b c d e f g h
a 0.1797 0.01515  0.008658 0.5887 0.3095 0.9372 0.4848
b 0.8182 0.9372 0.09307 0.3939 0.1797 @41
c 0.8182 0.004329  0.2403 0.132 0.004329
d 0.008658  0.3939 0.09307 0.01515
e 0.2403 0.6991 0.9372
f 0.8182 0.3939
g 0.5887

ROS quantification and localization
At both RH values,O> was always higher in the dry samples than in tle¢ ones,
without distinction between Oexposed samples (6.0+0.v¥2. 2.9+0.43,P = 0.0003) and
controls (5.9+0.3%s.2.8+0.63,P = 0.0001). @did not induce any significant change of the
O2 content in both dry and wet samples (Fig.
3a).

O3 led to an accumulation of2B. only in the
dry samples maintained at 30% RH (+44%,
with respect to the control, see Fig. 3b). By
contrast, at 70% RH 4, did not
significantly change after £exposure at both
regimes (dry vs. wet;data not showp
although it was higher in the dry than in the
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wet samples exposed to filtered air (+53%, Figuore 3
This pattern is largely congruent with the resoltshein situ histochemical localization
of ROS. ROS production was always heterogeneouslyiliuited in the thallus sections,
being particularly intense in some spot areas,adrsent in others (Fig. 4). ROS production in
the mycobiont occurred in the paraplectenchymatmils of both upper and lower cortex,
and in the appressoria, i.e. the specialized hypsiéd that are in physical contact with single
photobiont cells. No reaction was observed instead

Figure 3 Quantification of anion superoxideQ;, a) and . )
the hyphae of the medulla. The localization wastiyos

hydrogen peroxide (#D2, b) in Flavoparmelia caperata
under DRY and WET treatment, exposed for two weeks trestricted to the cytoplasm of both photo- and
fitered-air (control) and to ozone (250 ppb, Shdwo o0 ohinnt cells; only when particularly intense, RO
weeks) at 30% RH. For each boxplot median, 25°-75° ]
percentiles and non-outlier minimum and maximum ardvere detected also around the pyren0|d of the Iarge
reported. Statistically significant differences anarked (*  multi-lobed Trebouxiachloroplast.
0.01 <P 0.05; Kolmogoro-Smirnov tes. n =: In the photobiont ROS production was not
modified either by the watering regime (groups age Fig. 4) or by €{groups c,d), whereas
in the mycobiont ROS production was slightly afésttby the watering regime, being
observed more frequently in both groups of dry dasfb,d) than in the other two (a,c).

After the two-day long recovery, ROS production waserally barely detectable in all

the samplesdata not shown
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Figure 4 Histochemical localization of ROS production Ftavoparmelia caperatawith DRY (a, b) and WET (c, d)
treatment exposed to filtered-air (a, c) and to(Z50 ppb, 5 h & b, d) for two weeks at 30% RH. Cross section§ of
caperatawere stained with DCFH-DA and observed at the cmaiféaser scanning microscope. Green signal emiited
DCF, red signal by chlorophyll a after an excitatwith lasers at = 488 and 637 nm, respectively. Bar = 30 um.

Biochemical assays

Non enzymatic antioxidant compounds

Oz induced an evident decline of the concentratiahthe redox state of ascorbate in dry
and wet samples independently of the exposure RE30% RH, ascorbate was lower ir-O
treated samples than in the controls, independeritiyhe watering regime (-60 and -54%,
respectively in dry and wet, Fig. 5a). Interestynghly at 70% RH AsA was higher in the wet
samples than in the dry ones if exposed to filteied8.3+0.3%s.6.1£0.72, P = 0.0015).
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At 30% RH, Q led to a slight decrease of total ascorbate (AsAAD only in wet
samples, in comparison to the filtered-air exposaurols (-14%, P = 0.0173, Figure 5b). By
contrast, at 70% RH total ascorbate did not
change independently of the treatment applied
(data not shown).

The redox state of ascorbate showed a
similar trend in dry and wet samples at both
RHs. In particular at 30% RH, :Jed to a
marked decline in the AsSA/DHA ratio in
comparison to the filtered-air exposed
controls (-66 and -57%, respectively, Figure
5¢c).

Os induced an evident decline of the
concentration and the redox state of
glutathione in dry and wet samples in relation
to the exposure RH. At 30% RH, reduced
glutathione did not show significant changes
in dry and wet samples exposed tg &dd to
filtered air (data not shown). Only at 70%
RH, GSH underwent a significant increase
when dry and wet samples were exposed to
Os (about 4- and 2-fold higher than in the
controls, Figure 6a).

At both RH, Q led to a marked increase of GSSG independentligeofvatering regime.
At 30% RH, GSSG was higher ins@eated samples than in the controls (+52 and £43%
respectively, Figure 6b), whereas at 70% RH, GSS$G mgher in dry than in wet samples
exposed to filtered air (0.37£0.019 vs 0.29+0.0R65

hydrogen peroxide (#D2, b) in Flavoparmelia caperata 0.0051).

under DRY and WET treatment, exposed for two weeks t A similar trend was observed for total glutathione
filtered-air (control) and to ozone (250 ppb, 5°h dtwo

Figure 5 Quantification of anion superoxide {Q a) and

that showed a slight rise at the end of thet®atment

weeks) at 30% RH. For each boxplot median, 25°-75°
independently of the watering regime. At 30% RH, it

percentiles and non-outlier minimum and maximum ar

reported. Statistically significant differences anarked (*  reached a 1.4-fold higher values than in the céntro
0.01 <P 0.05; Kolmogoro-Smirnov test). n = (Figure 6¢). In dry @treated samples, the total content

of this metabolite was higher than in the wet ceqpdrts (+10%).
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Figure 6 Content of reduced glutathione (GSH, a), oxidizadaghione (GSSG, b), total glutathione (GSH+GSSGnd
reduced/oxidized glutathione ratio (GSH/GSSG), m)Flavoparmelia caperataexposed for two weeks to filtered air
(control) and to ozone (250 ppb, 5H) dt 30% RH. For each boxplot median, 25°-75° peiles and non-outlier minimum

and maximum are reported; statistically significdifterences are marked (*** P 0.001; Kolmogorov-Smirnov test). n = 4.

At 30% RH, the GSH/GSSG ratio did not show sigaifit changes related to the water
regime or to the ®exposure data not shown On the contrary, at 70% RHz@nhduced a
marked increase of the redox state of glutathianeomparison to the control in both dry and

wet samples (9- and 1-fold higher, Figure 6d).

Enzymatic antioxidant compounds

At both relative humidities, SOD activity was alvgalyigher in wet than in dry samples
exposed to @or to filtered air data not showp although @ did not induce any significant
change in the activity of this enzyme at both watgregimes.

At the end of the ®treatment, an evident increase in APX activity waserved in dry
and wet samples in comparison to the control, ieddpntly of the RH conditions. In
particular, at 30% RH it reached a 2-fold highelueathan in the filtered-air controls with
both watering regimes (Figure 7a). In wett@ated samples, the activity of this enzyme was
higher than in the dry counterparts (50.4+6/3632.1+1.70P < 0.0001).

At 30% RH, DHAR activity was always higher in dihyah in wet samples exposed teo O
(138.4£13.80 vs 91.2+2.8%, = 0.0005) and to filtered air (66.4£1.70 vs 47.523P <
0.0001). Q@ induced a significant rise of the activity of tleiezyme at both watering regimes
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independently of the RH conditions. In particular3@% RH, DHAR activity reached 1.4-
and 2.9 fold higher values than the filtered-amtcols (Figure 7b).

Only at 30% RH, GR activity was higher in wet thandry samples maintained in

filtered air (11.9£1.59 vs 34.9+£1.6P, < 0.0001). @ induced a significant increase of the

activity of this enzyme at both watering

regimes independently of the RH conditions.

In particular at 30% RH, GR activity was

higher than in the filtered-air control (5- and

2-fold, respectively in dry and wet samples,

Figure 7c).

Discussion

In this study, the tolerance of the lichén
caperata to O3 has been tested at
physiological, cytochemical and biochemical
level by exposing portions of healthy thalli in
fumigation chamberunder different air
humidity and watering regimes. After a
fumigation of two weeks, no significant
effects were observed on Glthat could be
traced back to the action of the pollutant. This
suggests, in accordance with Calatayud et al.
(2000), Riddell et al. (2010, 2012) and
Bertuzzi et al. (2013), that the functionality of
Figure 7 Enzymatic activity of ascorbate peroxidase (APX,pIAIOtOSySternS is not impaired b}é,@l’ hot as
a), dehydroascorbate reductase (DHAR, b) and gioreh Much as the watering regime. Desiccation
reductase (GR, c) iflavoparmelia caperat@xposed for - caysed in fact a strong - but fully recoverable

two weeks to filtered air (control) and to ozon&Q%pb, 5 ) .
- decrement in H#Fm, in good accordance

h d') at 30% RH. For each boxplot median, 25°-75°
percentiles and non-outlier minimum and maximum ar&Vith the results of Hajek et al. (2001, 2006).
reported; statistically significant differences anarked (* |t influenced also some biochemical markers
0.01 <P 0.05; Kolmogoro-Smirnov test). n =. . . .

of oxidative stress: independently of the
relative humidity conditions applied tB, caperatawas not able to fully avoid the alterations
derived from water loss, particularly the increaseROS production. The development of

H-O., and O2 as a consequence of a prolonged period of deginchas been reported not
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only in lichens (Kranner, 2002; Weissman et al. 34)0and in their isolated symbionts
(Kranner et al., 2005), but also in yeasts (Fraagd Panek, 2007), and in resurrection
vascular plants (Kranner et al., 2002) Ancaperatathe antioxidant mechanisms affected by
desiccation differed in relation to the %RH valtesvhich the samples had been exposed. At
30% RH, desiccation induced a decrease of SOD igctand therefore an increase in
oxidative stress. The concomitant decrease in GRitgcstrengthens the hypothesis that
desiccation partly impaired the efficiency of th®® detoxifying enzymatic systems. Similar
findings have been reported for the lich@dtigera polydactilaKranner et al., 2002b; 2003)
and Ramalina lacera(Weissman et al., 2005b), although the decreasmpymatic activity
seem to be at least in part ecology- and specipsrdient (Kranner et al., 2003). At 70% RH,
on the contrary, the increase @2 and HO. content in the control samples seems to be
correlated with the impairing of the AsA/GSH cydee to the loss in efficiency of the GSH
system. Desiccation induced an increase in GSS® ¢bald be responsible for the
accumulation of ROS, notwithstanding the decre&gesA.

As a matter of fact, our experiments show that R@fsluction derived from desiccation
is predominant over the one derived fromelposure; only in one case, i. e. dry samples at
30% RH, it was possible to observe a statistichigher accumulation of ROS due ta.O
Interestingly, the histochemical localization of 8Qvas congruent with the quantitative
measurements 002" and, to a lesser extent, ob®b. Previous studies detected ROS in both
symbionts (Weissman et al., 2005a, Catala et al02@ur unpublished results on the
symbionts of the lichefParmotrema perlatuiy but the photobiont of. caperataseems to
scavenge ROS better than the mycobiont and theré@foan be argued that the accumulation
of ROS measured quantitatively derives totally fribva latter.

Although the effect of @on the ROS production was barely detectable becatithe
concomitant desiccation process, the metabolitéecds involved in the AsA/GSH cycle and
the activity of the related enzymes showed to bechmmore sensitive to Othan to
desiccation. At both watering regimes, and indepatig of the RH conditions, the evident
decrease of AsA could be explained by its consuwmpgily APX for detoxification of kD>, as
indicated by the low AsA/DHA ratio (Asada, 1999hieh is considered one of the first signs
of oxidative stress (Smirnoff and Wheeler, 2000he Tfact that no corresponding DHA
accumulation/reduction occurred (notwithstanding thicrease of DHAR activity), suggests
that this unstable compound broke down and wadrost the total ascorbate pool. Generally,
the AsA/DHA ratio significantly decreases when @G8H pool is involved in oxidative stress
avoidance but, at 30% of RH, GSH synthesis didmease, notwithstanding the higher GR
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activity. The unchanged GSH/GSSG ratio suggests Ehacaperata was not able to
counterbalance GSH oxidation and that oxidativeration occurred. At 70% RH, the
regeneration of GSH by GR was operating, and thisotoriously a critical step in the ROS
scavenging system. At different watering regimese@hanced the content of GSH and the
total glutathione content (despite the increas&8SG), suggesting that an induced GSH
biosynthesis might constitute a reserve which aldw caperatato tolerate oxidative
alteration derived from thefQreatment.

The differential alteration of the antioxidant manfsms observed at the two RHs is
noteworthy. A possible explanation can be foundha different lichen water contents at
equilibrium with the air vapor pressure and/or tih&erent rate of water loss after the
artificial watering (“wet” samples only). The quéntof water still present in the samples at
70% RH might be sufficient to permit a minimal nedhc activity (Lange et al., 1990; Nash
et al., 1990), i.e. some protection mechanisms vetite functioning. This hypothesis is
reinforced by the recent experimental evidence efn&ndez-Marin et al. (2013), who
demonstrated that an enzymatic activity is actuddliectable in the mo&yntrichia ruralisat
small relative water contents, down to 15% RWC.

In vascular plants, these enzymatic and non-enZgraatioxidants mechanisms play an
important role in the defense against ROS thatldpve presence of abiotic and biotic stress.
From this point of view, @could be considered a model abiotic ROS eliciborvascular
plants, Q enters the leaves mainly through the open stomathimmediately reacts with
apoplastic components generating various ROS (Batieml., 2005). The chain of events
following Oz exposition resembles the hypersensitive respanpgéant-pathogen interactions
(Kangasijarvi et al., 2005), which leads to the fation of the typical lesions on the leaf
surface. In lichens, on the contrary, the airbgoobutants enter through the whole cortical
surface and interact thus with both fungal and labgatners. In our experiment we neither
observed necrosis and bleaching of the surfacedrary to the findings of Scheidegger and
Schroeter (1995), nor algal vitality loss. This iigteresting because the appliecs O
concentration (250 ppb), is the maximum troposgheancentration ever measured in the
subtropical regions (Stockwell et al., 1997); ttasmcentration, when protracted 5 hours a day
for two weeks as in our experiment, induces sedarmeage in most vascular plants (Déring et
al., 2014), if it is not excluded by stomata clasuytee, 2000). Lichens however are
photoautotrophic life-forms alternative to vascypants, therefore the knowledge gained in
30 years of research on the latter cannot be estemaitomatically to lichens. For these
reason lichens could become a new “study modelhfmwhich we can obtain alternative
insights on @tolerance.
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All'in all, our data show thdt. caperatacan face oxidative stress caused by the exposure
to relatively high @ values without damage, indifferently whether itmgtabolically active
(being fully hydrated) or inactive (being dry). Asipposed by Bertuzzi et al. (2013), this
lichen is actually @tolerant simply because it possesses high levet®mstitutive natural,
enzymatic and non-enzymatic, defences against R@Sare formed during the frequent
dehydration-rehydration cycles to which all lichexre naturally subjected. Possible species-
specific differences, linked to ecological and hatbpreferences, will be further investigated

in a forthcoming paper.
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Conclusioni

In questo dottorato di ricerca licheni e i loro bionti isolati sono stati sottoposti ad
esposizioni a condizioni controllate per riprodufemomeni di stress ossidativo dovuti al
diseccamento abbinato all’esposizione luminosal® @desenza di un potente inquinante
fotochiminco, I'ozono. Lo scopo di queste sperimgitni € stato quello di verificare gl
effetti di questo stress a livello fisiologico, alitgico e biochimico per poter chiarire alcuni
aspetti poco approfonditi e dunque ancora dibastuita biologia e fisiologia dei licheni. Nel
primo lavoro e stata verificata I'influenza delliahlenizzazione sulla tolleranza allo stress
foto-ossidativo durante fenomeni di disseccamentotrgitto confrontando le risposte
fisiologiche e citologiche del fotobiontérebouxiasp. con la sua controparte lichenizzata.
Trebouxiasp. si € dimostrata in grado di tollerare perjdiungati in quasi totale assenza di
acqua intracellulare e di recuperare gran parteldeho derivato dall’effetto foto-ossidativo
della luce in 24 ore. stato inoltre confermato che la simbiosi adduceebei importanti
come l'aumento della capacita di estinzione deligia accumulata dalle clorofille attraverso
meccanismi non fotochimici e un ridotto effettoidasivo indotto dal disseccamento. Questi
risultati hanno permesso di sfatare l'ormai codstéi idea che i fotobionti algali, in
particolare quelli del generErebouxia,siano particolarmente delicati e incapaci di talter
autonomamente (al di fuori della simbiosi) fattahi stress abiotici come quelli che
intervengono durante il disseccamento. Inoltre dtavsservato dei benefici indotti dalla
lichenizzazione tiene in vigore I'ipotesi chieebouxiasp. trova all'interno del tallo lichenico
le condizioni di vita migliori, in termini di progone da fattori di stress abiotici, apporto di
nutrienti e difesa dall’attacco di altri organisn@on il secondo lavoro invece si € voluto
approfondire le conoscenze, ancora molto limitstemeccanismi molecolari che stanno alla
base della tolleranza al disseccament@rébouxia,con particolare attenzione a quelli legati
allo stress ossidativo. Cio € stato effettuatcaaérso I'analisi della variazione di espressione
genica dell'intero trascrittoma dovuta a eventdabidratazione e di reidratazione, ovvero le
due fasi in cui 'organismo puo rispettivamentarattere in atto i meccanismi di difesa per
affrontare il seguente periodo in totale assenzzcqlla e b) attivare i meccanismi di
riparazione del danno dovuto alla perdita d’acdugultati di questo lavoro hanno mostrato
come Trebouxiaabbia un comportamento diverso da tutto cid0 chéatd studiato sin’ora.
Sebbene essa si affidi ad una strategia basata rijpdirazione del danno durante la fase di
reidratazione similarmente a cido che e stato oaserpger il muschidSyntrichia ruralis i

meccanismi che vengono coinvolti sono diversi ediéd quasi del tutto sconosciuti. Il caso
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piu eclatante riguarda la famiglia genica relatalée DRPs, la cui funzione €& ancora
sconosciuta sebbene sebbene sia stato ipotizzatoauruolo nella difesa contr antiossidanti;
Trebouxia possiede il piu grande e diversificato gruppo dRA3 scoperto fin‘ora, ma
soprattuto molto piu grande di quelli scoperti genomi o trascrittomi disponibili per altri
fotobionti lichenici. Un altro caso interessantguello relativo all’'espressione degli enzimi
coinvolti nelle pricipali difese antiossidanti; e relativi allascorbato perossidasi, alla
deidroascorbato reduttasi e alla glutatione redytteon sono mai stati sovra- 0 sottoespressi
in relazione ai cambi di contenuto idrico, ma sh@sempre mantenuti ad un valore di
espressione costante. Questa espressione “costitatistata interpretata come una strategia
che permette all'o rganismo di avere sempre aslizipne MRNA per mantenere costanti le
capacita antiossidanti della cellula.

Il tema dell’efficacia delle difese antiossidantstato approfondito nell’'ultimo lavoro in
relazione alla loro tolleranza dei licheni ad etevaoncentrazioni atmosferiche di ozono.
L'obiettivo di questo studio e stato quello di fiedre se la tolleranza del lichene
Flavoparmelia caperatallo stress ossidativo derivante dall'esposiziarguesto inquinante
dipende da una strategia $#@voidant”, imputabile alla sua inattivita metaloalidurante le
ore del giorno in cui generalmete si verifica itg di questo inquinante, oppure da una"“O
tolerant”, dovuta invece alla presenza di un caspied efficace corredo di difese
antiossidanti. | risultati di questo lavoro hanmmfermato che questo lichene si comporta
effettivamente da “@tolerant” in quanto, a diverse combinazioni divaizione metabolica,
non sono stati osservati née i tipici segni di necomsbiancamenti della superficie dei talli, ne
alcuna compromissione dell'apparato fotosintetieofdtobionti. Questa elevata tolleranza e
dovuta appunto alle difese antiossidanti; I'esposig a questo inquinante ha quasi sempre
indotto una maggiore attivita enzimatica e un comtante maggior consumo di antiossidanti
(e.g. AsA) rispetto all’esposizione in aria filaatDi questo lavoro inoltre ci sono da
sottolineare due evidenze a mio avviso di fondaalenimportanza. La prima riguarda la
capacita delle difese antiossidanti analizzateodtrobilanciare la produzione di ROS anche a
contenuti idrici dei campioni molto bassi, come lquzhe si osservano al 30% e al 70% di
RH. Cio implica, ipoteticamente, che anche da daadi i licheni sono in grado di mantenere
una certa mobilitd molecolare all'interno delle gmie cellule che permette una minima
attivita enzimatica. A riprova di questa ipotesiclae nel primo lavoro presentato in questa
tesi sono state osservate differenze di rispositgsio significative, imputabili al diverso
contenuto idrico. In quel caso i meccanismi direstine non fotochimica (NPQ) si sono
dimostrati piu efficienti a contenuti idrici compgietra il 14% ed il 16%. Questo aspetto

dunque, ancora limitatamente studiato per i lichererita un un futuro approfondimento in
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quanto contribuirebbe a spiegare I'estrema resstelei licheni a numerosi fattori di stress
guando disidratati.

La seconda evidenza riguarda invece la rispostafadebionte Trebouxia gelatinosa
all'esposizione da 0zono; esso anche in questowasvembro del genefierebouxiaha dato
prova di essere molto resistente allo stress dssigain quanto ha sempre dimostrato
un’ottima capacita di rimozione delle ROS indotédi’dsposizione all’ozono.

Visti i risultati di questi studi comincia a premdeforma I'ipotesi che una delle ragioni
per cui i rappresentanti del gendreebouxiasono i piu diffusi nella simbiosi lichenica sia
legata alle loro doti di resistenza abbinata adiredccaratteristiche uniche. Questipotesi
tuttavia per essere verificata necessita di ulterlavoro non solo sulle risposte fisiologiche
dei rappresanti di questo genere a diversi fatlostress, ma anche approfondendo alcuni
aspetti della biologia della simbiosi, come ad ggemmeccanismi molecolari coinvolti nella
formazione di nuovi talli lichenici a partire dainmdbionti isolati e gli aspetti legati allo

scambio di nutrienti tra i simbionti.
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