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RIASSUNTO

La mia ricerca si & concentrata su due principali aspetti della simbiosi lichenica: la caratterizzazione
deller i sposte allo stress in fotobiont:i l' i chenic
Per lo studio dei meccanismi molecolari che sottendono alla tolleranza allo stress e stata
analizzata una specie del genere piu comune di alghe verdiitizhenTrebouxia gelatinosal
licheni possono far fronte a condizioni ambientali estreme e questa capacita e legata alla loro
tolleranza al disseccamento, in particolare a quella dei fotobionti. In natura il tallo lichenico é
continuamente sottoposto aclc di disidratazione e reidratazione e nello stato disseccato e
estremamente resistente. Il trascrittomd .djelatinosae stato sequenziato e studiato in condizioni
di controllo, nello stato disidratato e dopo la reidratazione. La disidratazioneidr&tazione hanno
influenzato principalmente I'espressione genica di componenti dell'apparato fotosintetico, il sistema
di scavenging del |l e s pe cheashockgaeing (HSPs) e ldesidcdti@no s s i
relatedproteins (DRPs). | datttenuti sono stati utilizzati per indagare nel dettaglio la relazione tra
I'espressione di geni di interesse e parametri fisiologici, importante per comprendere la risposta
globale diT. gelatinosaagli stress ambientali. Sono stati analizzati sia lesstiossidativo che |l

di sseccament o. Léattivit?® antiossidante del
del | 6espressione genica di enzi mi ROS scaven:
perossido di idrogenoHROo). | dat i prodott.i sono stati val

fluorescenza della clorofilla a (GH). | trattamenti con kD> hanno prodotto effetti ossidativi
dipendenti sia dalla dose che dal tempo di esposizione. E stata anche studiata |'esyeskia in
relazione al contenuto di acqua cellulare durante la disidratazione. Il contenuto idrico relativo (RWC)
e il potenziale idrico@) sono stati monitorati nella transizione tra stato idratato e disseccato. Il
momento chiave che innesca il cammbénto nella trascrizione genica i gelatinosaé stato
individuato nella perdita di turgore cellulare.

I licheni, poiché ospitano nei loro talli comunita fungine complesse formate da specie con
strategie trofiche ed ecologiche divergenti, possono eseasiderati micrenicchie ecologiche. La
complessita e la diversita dei micobiomi lichenici sono ancora in gran parte sconosciute, nonostante
| 6applicazi one diisolangrpie sequenziament adbaltarresd (HTSH In questa
ricerca € statealutata la composizione tassonomica, tramite HTS della reQameceddTS2, di una
comunita di licheni epilitici alpini che comprendeva sia talli sintomaticamente infetti da funghi
lichenicoli che talliprivi di sintomi di infezionelLa componente pringale dei micobiomi osservati

rappresentat a damdntded bagidiomeeti Somaastati redistragi iniquahti s
ridotta. Sono state predette sequenze rappresentative di funghi lichenicoli morfologicamente

caratterizzati e utilizzate petevarne la presenza asintomatica in altri talli.






ABSTRACT

This research has focused on two main aspects of lichen symbioses: the characterization of stress
responses in lichen photobionts and the fungal diversity present inside the lichen thallus.

The study of the molecular mechanisms that underlie the stress tolerance considered a member
of the most common genus of lichenized green alfadouxia gelatinosalichens can cope with
extreme environmental conditions and this capacity is linked wetfiecation tolerance, in particular
of their associated photobionts. In nafdighen thalli continuously undergo cycles of dehydration
and rehydration and in desiccated states they are extremely resistant. A transcriptome anglysis on
gelatinosawas performed under control conditions, in desiccated state and after rehydration.
Desiccatiorand rehydration affected mainly the gene expression of components of the photosynthetic
apparatus, the RG&avenging systenheatshock proteins (HSPs) andesiccaibn relatedproteins
(DRPs). The obtained data were used to investigate in more detail the relationship between the
expression of genes of interest and physiological parameters, important to understand the global
response off. gelatinosaunder environmeat stresses. Oxidative stress and desiccation were
considered.

The antioxidant activity of the photobiont was studied by quantifying the gene expression of
ROS scavenging and strasdated enzymes on samples treated tttirogen peroxideH>0z). The
data produced have been evaluated in relation to the chlorophyll a fluorescenég éCtivity. HO-
treatments produced dose and time dependent oxidative effects. The gene expression in dependence
to the cell water content during desiccation was alsauated. From the hydrated to the desiccated
state, bothrelativewatercont ent ( RWC) and water potenti al (
point was found as a key moment that triggered cheinggene transcription.

Lichens are regarded as ecological nmmches as their thalli harbor complex fungal
communities (mycobiota) consisting of species with divergent trophic and ecological strategies.
Complexity and diversity of lichen mycobiomes are still largely unknown, despite surveys combining
culturebasedand high throughput sequencing (HTS) have been applied. This research assessed the
taxonomic composition (species diversity) of a vaflaracterized, alpine rock lichen community
which included both thalli symptomatically infected by lichenicolous fundieesymptomati¢halli.
Taxonomic composition was assessed by HTS of the bE®@de Chaetothyriales was the major
component of the observed lichen mycobionigssidiomycotavere recorded in the least amount.
Sequences representative of morphologicallgratterized lichenicolous fungi were predicted and

were used to assess whether there was an asymptomatic presence of these taxa in other thalli.
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INTRODUCTION

The lichen symbioses

Lichens are symbiotic organisms, traditionally recognized as composadusfgal partner, the
mycobiont, and one or more populataf photosynthetic partners, the photobionts (Nash, 2008;
Hawksworth and Honegget994). Though, more recent investigations have highlighted the presence
of bacteria and other fungi likely plang metabolic, key roles in the symbioses (Grube.e2@09,

2015; Spribille et a).2016). More than 90% of the 14,000 lichenized fungal species is represented
by ascomycete (Eriksson et al., 2006); the mycobiont usually constitutes the majority ot 9

the biomass in the lichen body, the thallus (Dimijian et al., 2000). The photosyntheticy(atioet

150 species described so far) are populations of green algae (85% of the lichens), cyamobacteri
(10%), or even both (4%) can be part in the spsds (tripartite lichens, Ahmadijian, 1993; Honegger,
2009).

The interdependent relationship between the two major symbionts is the basis of lichenization,
which is required for both mycobiont and photobiontpteserveeach other and receive mutual
advantages (Ahmadjian, 1993; Wang et al., 2014), even if a predominant role of the fungal part has
been proposed (Ahmadijian, 1993 the thallus,the fungus receivephotosynthetic products
(carbohydrates) produced by the photobiont: green algal plotskprovide acyclic sugar alcohols
(polyols) like ribitol and sorbitol, that are absorbed and used by the fungus as energy source
(Richardson et al., 1967; Honegger, 1997). On the other hand, the fungal partner offers to the
photosynthetic partner protémt from the external environment, and proweeter, moisture and
nutrients (Nash, 2008). Green algal photobionts, whose cells are usually closely enveloped by the
fungal hyphae, are protected frahfferent biotic and abiotic stress such agirought,intense light
radiations and mechanical damaf@/ang et al., 2014

Lichens are also ecologically important organisms; they present a remarkable biodiversity in
terms of colors, forms, sizes, and biochemistry. They have a global distribution: over 10% of
terrestrial ecosystems is dominated by lichens (Honegger, 2008) are pioneers on bare rock, lava
flows, cleared soil, and dead wofimijian et al., 200Q)they are also typically found in high alpine,
polar, and desert habitats, where vascular plants cannot grow due to physiological limitations
(Honegger, 2009).

Most of lichens are desiccation tolerant (IKFanner et al., 2008 Desiccation tolerance is
the capacity of an organism to survive and recover metabolic activities even if its relative water
content (RWC) decreases below 10%, corresponding to 0.0 gjHof dry mass Farrant et al.,

2012. Desiccation tolerance is a rare feature that appeaiféaredt animal and plant unrelated taxa
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(Alpert, 2006, and usually occurs in organisms which colonize substrates or environments with little
and unpredictable water availabilitB€rjak et al., 2006; Nardini et al., 201®espite humerous
studies have den conductedsée Jenks and Wood, 2007 anittge et al., 201)1 the molecular
mechanisms of this peculiar feature are still mostly unknown, especially in understudied organisms
such as lichens.

The lichen thallus is devoid of any structure, such as stomiacuticles, that allosva
regulation of the water content (WC). As in poikilohydffomtheGr e e k A poi ki | 00, me
organisms, the WC dichensdepends completely from the atmosphéralli can use different liquid
water sourcesicludingrain, air humidity, fogand dew (Bludel and Lange, 1991; Alpert et al., 2000;
Lakatos, 2011).

During the day, the lichen thalindergo cycles of dehydration and rehydration that can last
even for few minutes (Alpert et al., 2000). In desiccated stdtenuhey arenetabolically inactive,
most of lichens are highly resistant to environmental stresses (Dimijian et al., 2000) and can cope
with severe conditions. Numerous field and laboratory studies have been conducted to test lichen
responses to extremewronments Gomez et al.2012). Among them, desiccation (e. g. Lange et
al., 2001; Candotto Carniel et al., 2015; Bertuzzi et al., 2017), oxidative Hi@sg ¢t al., 1999;

Catala et al., 20%1@el Hoyo et al., 2001 extreme temperatures, UV radiatieamd vacuum exposure
(Bartak et al., 2007 Lichens showed a remarkable resistance also in outer sjgtzeTorre et al.,
2010 and Marslike conditions Brandt et al., 20156

Despite the numerous studies, however, the ultrastructural, molecular aimlqidigal bases
that underlie the extraordinary capacity of lichen to tolerate environmental stezesgdl not
clarified.

Molecular characterization of stress responses in the lichen photobiehbuxia gelatinosa
The first part of my Ph.D. has focused on the characterization of stress responses in a representative
lichen photobiont, the green algaebouxia gelatinosaHigh-throughputomic technologies, gene
expression analysis and physiological parameters wereigechin order to understand the global
response of this species. Since photobionts, due to their photosynthetic activities, are more sensitive
to environmental stresses andyenerakcanbeeasily grow in cultures, studies on these organisms
are the firs step to understand tloeeralllichen response.

The genusTrebouxiabelongs to the order Trebouxiales (Chlorophyta), which has been
referred to as the @l i cheTrebaxiasahe maptrcammprogenisd e | i

of lichenized algaepccurring in more than 50% of all lichen species (Ahmadjian, 1993). All
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Trebouxia (c. 30 species; Friedl, 1989) dpd, and the mechanisms of thelesiccation tolerance
have not been entirely understood yet.

Beside lichens, green microalgae suchTesbouxiacan be found on different substrates
forming microfilms on soil, rocks, leaves, tree bark, and-made substrata (Haubner et al., 2006;
Lattge and Budel, 2010).

Trebouxiagenus has long been investigated (Ahmadjian, 1960), and most of the $taslie
focused on taxonomy and ecophysiology (see Muggia et algaZ0i a review). Researches on
environmental stress responses dediccation toleranceave al so been conducH
2006; Gasulla et al., 2009; del Hoyo et al., 2011; Sanehelz, 2014; Candotto Carniel et al., 2015;
Petruzzellis et al., 2017), but its molecular characterization is far form be completed.

The first work presented in this thesis is
lichen photobionTrebauxia gelatinosar e reveal ed by a transcriptorl
et al., 2016)Here, he first complete transcriptome df gelatinosahas been studied and changes in
the gene expression have been analyzed in relation to dehydration anatiehydranscriptomics
belongs to the higthroughputomic technologies, of which the main purpose is the characterization
and the quantification of the set of biological molecules which shape structures, functions and
dynamics of cells and organisms (Sirbal., 2014). The transcriptome is the complete set of
messenger RNA (mMRNA) molecules generated by an organism in a given developmental stage or
physiological condition (Wang et al., 2009). The main purpose in transcriptomics is to obtain a profile
of global gene expression in relation to some conditions of interest (van der Spoel et al., 2015). In
lichenology, transcriptomics has been mainly applied to sjuglsne expression changes during the
frequent drying and rewetting cycles experienced by lichemmikilohydric organisms (Junttila and
Rudd, 2012; Junttila et al., 2013ndii) the air pollution tolerance (Nurhani et al., 2013).

From this first analysis it emerged thatT. gelatinosamostly relies on constitutive
mechanisms, but also inducible mechanisms play a roledesiscation toleranc®ehydration and
rehydration affected mainly the gene expression of components of the photosynthetic apparatus, the
ROSscavenging systenhea shock proteins (HSPs) andesiccatiorrelatedproteins (DRPs)With
the purpose to understand the global respon$e gdlatinosaunder environmental stresses, the data
acquired were further used to investigate in more detail the relationship betwesxpthssion of
genes and physiological parameters in this species.

In this perspectivejn the second work presented Rel ati on bet ween we

desiccatiormaffected genes in the lichen photobidrebouxia gelatinosa ( B a n c linder e t a
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review), | assessed the gene expression in dependence to the cell water status during desiccation. Both
therelativewatercont ent ( RWC) and water potenti al (q)
the hydrated into the desiccated state.

In the study onithers and their symbionts, the water status is usually evaluated by RWC
(Lange et al., 2007; Hartard et al., 2009), which prestbetdiscrimination of extraand intracellular
water | oss. For this reason, (he wadies statud irstermscob n s i
potential energy per unit volume. (@ -coesansingr e me
and require dedicated laboratory equipment, but are essential for a precise description of the
desiccation process (Nardinietal. 201 3) . yMotrheeo v3e ra,t Gvhi ch cel | s
also assessed by the construction of pressoitene (PV) curves (Tyree and Jarvis, 1982). Cell
turgor loss, in fact, is considered the best indicator of water stress (McDowell, 20akaiDat al.,

2016). To date, few studies have been carried out on the turgor loss response imR$codar

pl ants such as green algae (Hol zinger and Kar
status is important to understand if and hbis feature is involved idesiccation tolerancef these
organisms.

RegardingTrebouxia a si ngl e work was performed con:
that, at metabolomic level, water status mainly affects cell wall, extracellular polysacchaf&s (E
polyols, and antioxidant protection (Centeno et al., 2016).

Once that the water stato$ T. gelatinosaat different time points during desiccation was
finely assessed by physiological parametessstudy aimed at identifying how water status triggered
changes in the expression of stressd desiccatiomelated genes. This was used to determine which
were the key moments that activate the response of these important groups during water loss.

Thehhi rd work present ed, -BasedMaterals ahth@ &fotereestrials o0 -
microalgaTrebouxia gelatnosa f ocus on i nternalization and ¢
under review) aimed at detecting the effébtt an exposure of GraeneBased Materials (GBMS)
and of the oxidant molecule hydrogen peroxideQ#l have onr. gelatinosa

GBMs belong to the wide group of carbbased nanomaterials and are widely researched
(Novoselov et al., 20)Decause of their potentials in the madiserse fields, such as electronics and
biomedicine Lalwani et al., 2016 Despite huge investments and wide applications at industrial
level, the impact of GBMs on health and environment is not still clearly defBeacblainen et al.,

2013.

We tried to understand antioxidant activitylofgelatinosdy quantifying the gene expression

of ROS scavenging and strestated enzymes on samples treated with two different GMBs and
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different concentrations of4@>. The data were evaluated in relatto the chlorophyll a fluorescence
(ChlaF), which was taken as a measure of photosynthetic activity. This is considered a proxy of cell
vitality and is commonly applied in lichen and lichen symbionts studies, inclutliegouxia
(Tretiach et al., 2007; tldHoyo et al., 2011; Piccotto et al., 2011; Hajek et al.,, 2012). GBMs
interaction withT. gelatinosacell wall and their possible internalization were also investigated by the
application of Confocal Laser Scanning Microscopy (CLSM) and Raman spectroscopy.

Fungal diversity within lichen thalli
The second part of my Ph.D. focused on the application ofthiglughputomic technologies for the
characterization of licheassociated fungi.

Under an ecological perspective, lichens can be regarded as neinetasystems or
microniches (Nast2008), as their thalli harbor and are associated with complex bacterial and fungal
communities, consisting of species with divergent trophic and ecological strat&giesd (et al.,

2009; Grube et al., 2009, 2018uggiaa nd Gr u b e, etZalg 2002, MudgiarRetal016;

Spribille et al., 2016; Fernandéfendoza et al., 2017; Moya et al., 201%) particular, lichen
inhabiting fungi are a successful and diversified ecological group of organisms. They have been
distinguished into lichenicolous (Lawrey and Diederich, 2003) and endolichenic fungi (Arnold et al.
2009). Lichenicolous fungi, of which about 1800 species have been phenotypically described
(Lawrey and Diederich, 2003; www.lichenicolous.net), colonizelithen thalli symptomatically,
showing characteristic phenotypes or reproductive structures and expressing different degrees of
specificity and virulence towards their hosts. Endolichenic fungi occur asymptomatically inside the
host thalli (Arnold eta). 200 9 ; UORen et al ., 2010, 2012) ,
through culturebased and molecular techniques.

Despite the application of surveysingdifferent approaches including microscopy, cultures,
and molecular analyses, the complexsity the diversity of lichen microbiomes and mycobiomes are

still largely unknown.

For this reason, in the fourth part osf thi
data of | ichen mycobi omeso ( Ba n cpresentinside chens, un
of a well characterized alpine redkvelling community (Fleischhacker et al., 2015; Muggia et al.,
2016, 2017; Fernandelrlendoza et al., 2017) was studied. Lichen samples included both thalli
symptomatically infected by lichenicale fungi and uninfected thalli; fungal diversity and taxonomic

composition was assessed by DNA metabarcoding, a particular application of metagenomics.
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Metagenomics is the sequencing of the total DNA extracted from an environmental sample,
which may conten many different organisms (Bohmann et al., 2014). Nowadassethassive
sequencing efforts are feasible by the implementation of a high throughput sequencing (HTS)
supported by next generation sequencing (NGS) technologiesy allow the automated
idertification of the species presentan environmental samp(@aberlet et al., 2012) artey are
an important tool for understanding evolutionary history, functional and ecological biodiversity
(Shokralla et al., 2012). The sequencing targither a speiesspecific region in the genome, the so
called O6DNA barcodedé6 (Hebert et al ., 200 3; T
whole genome. DNA metabarcoding, in particular, combines NGS/HTS and the classical DNA
barcoding.

In lichenology these approaches allowed the exploration of lichen thalli as ecological niches,
revealing the organization of complex symbiotic communities and, potentially, the presence of
coherent patterns. The majority of the metagenomic studies on lichens refees tasociated
bacteria (Sigurbjornsdottir et al., 2015; Grube et al., 2015; Cernava et al., 2017), but researches have
extended al so to t hetal,Bl2Park eébha. PO14; Femantibtendgzaét ( UO
al., 2017) and algal diversity (Ma et al, 2017).

Here, the taxonomic diversity of lichessociated fungi was assessed targeting the ITS2
region as barcode, and special attention was drivehetaentification of new fungal sequences
potentially corresponding to lichenicolous fungine results were compared, in terms of amount and
variation of shared, nevand missing taxa with data previously obtained by the analysis of the ITS1

region (Fernandekiendoza et al., 2017).

Appendix I: DNA metabarcoding uncovers fungal diversity of adradoorne samples

In my Ph.D.,| appliedDNA metabarcoding also to the study of fungi outside the lichen symbiosis.
The work included in th&ppendixlpr esent s the results of a stu
uncovers fungal diversity of mixed airboreea mp | e s 0 ( B a n c bw). The taim aflthe , un
survey was to assgsy DNA metabarcodinghe fungal diversityresenin airbornesamplesused

for environmental and human hdwathonitoring which are routinely analyzemhly by microscopical
inspection. For this analysis, the ITS2 fungal barcode was sequenced, and the results compared with
those obtained by microscopy analyses, with special focus to the identification of plant and human

pathogenic taxa and alien invasive species.
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Abstract

Trebouxiais the most common licheiorming genus of aerterrestrial green algae and all its species

are desiccation tolerant (DT). The molecular bases of this remarkable adaptation are, however, still
largely unknown. We applied a transcriptomic approach to aymmmember of the genus,
gelatinosato investigate the alteration of gene expression occurring after dehydration and subsequent
rehydration in comparison to cells kept constantly hydrated. We sequeecedyoassembled and
annotated the transcriptontd axenically culturedT. gelatinosaby using lllumina sequencing
technology. We tracked the expression profiles of over 13,000 piaaiding transcripts. During the
dehydration/rehydration cycle c. 92% of the total pretmding transcripts displayed stable
expression, suggesting that the desiccation toleran@e gélatinosamostly relies on constitutive
mechanisms. Dehydration and rehydration affected mainly the gene expression for components of
the photosynthetic apparatus, the R&&venging systn, Heat Shock Proteins, aquaporins,
expansins, and Desiccation Related Proteins (DRPs), which are highly diversifieddtatinosa
whereas Late Embryogenesis Abundant Proteins were not affected. Only some of these phenomena
were previously observed wther DT green algae, bryophytes and resurrection plants, other traits
being distinctive ofT. gelatinosa and perhaps related to its symbiotic lifestyle. Finally, the
phylogenetic inference extended to DRPs of other chlorophytes, embryophytes and bbezdyi

pointed out that DRPs of chlorophytes are not orthologous to those of embryophytes: some of them
were likely acquired through horizontal gene transfer from extremophile bacteria which live in

symbiosis within the lichen thallus.

Key Message:we investigated the gene expression patternsrgbouxia gelatinosaubjected to
dehydration and rehydration. This species relies on both constitutive and inducible mechanisms to
cope with desiccation.

Key words: aercterrestrial microalgae; Desiccation BR&d Proteins; gene expression; lllumina;
lichenization; Trebouxiophyceae

Introduction

Poikilohydric organisms are able to colonize very harsh environments, such as hot and cold deserts,

rock surfaces or tree barks, thanks to their ability to survitreme desiccation states and to recover

full metabolic activity within minutes to hours upon rewetting (Lidén et al. 2010). This ability is
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commonly known as desiccation tolerance. It is documented in cyanobacteria (Budel 2011),
aeroterrestrial micralgae(Trainor and Gladych 1995; Holzinger and Karsten 2013), intertidal algae
(Budel 2011), bryophytes (Richardson and Richardson 1981; Proctor 1990; Proctor et al. 2007),
lichens (Mazur 1968; Kranner et al. 2008), and a few vascular plants;th#esbrestrection plants
(Proctor and Tuba 2002). It also occurs among heterotrophs, such as tardigrades (Wright 2001),
nematodes (Treonis and Wall 2005), and arthropods (Kikawada et al. 2005). This capability may be
extended to the whole life cycle of the organismit may involve just some stages, as it happens in
flowering plants, whose pollen grains and seeds are frequently desiccation tolerant (DT) (Hoekstra et
al. 2001).

The desiccation tolerance in phatatotrophic organisms involves several essentigbtatians to
withstand the anatomical, physiological and biochemical alterations caused by water loss. The recent
comparative studies on DT vs. desiccation sensitive species allowed to identify the most important of
these adaptations, which ar@: the acamulation of norreducing sugars (sucrose, trehalose, etc.)

and Late Embryogenesis Abundant proteins (LEAs) which help to preserve the correct protein
conformation and to avoid membrane fusion by replacing hydrogen bonds between water and other
molecules ldoekstra et al. 2001; Yobi et al. 2013)) the production of molecular chaperones, such

as Heat Shock Proteins (HSPs), to aid the correct refolding of proteins upon rehydration (Gechev et
al. 2013; Oliver et al. 2009)jii() the production of antioxidarsubstances (e.g. ascorbic acid,
glutathione, etc.) and ROS scavenging enzymes, to maintain the intracellular redox homeostasis
(Kranner et al. 2002; 2008)iv] the involvement of mechanisms, such as the activity of expansins,

to allow a safe cell shrirdge upon turgeloss (Jones and McQuedason 2004).

The analysis of transcriptome, proteome and metabolome have brought important advantages in the
study of desiccation tolerance in phototrophic organisms, especially resurrection plants (Collett et al.
2003; Collett et al. 2004; Le et al. 2007; Rodriguez et al. 2010; Gechev et al. 2013; Mitra et al. 2013;
Lyall et al 2014; Ma et al. 2015), seeds (Farrant and Moore 2011; Maia 201a1), and mosses
(Oliver et al. 2004; Oliver et al. 2009; Stark and BarzD15). The development of the-called
secondgeneratiorsequencing technologies, which allow to collect a very large amount of data in a
single analysis, has extended the transcriptomic approachtmodel vascular plants (Wang et al.

2010; Fu et al2011; Garg et al. 2011), nemascular plants (Xiao et al. 2011; Gao et28l15) and
terrestrial algae. In particular, for the latter group, Holzinger et al. (2014) analysed the gene
expression profile induced by dehydration Khebsormidium crenulatuma representative of
Streptophytes, i.e. the ancestors of the land plants that were among the first organisms to colonize
lands from aquatic environments (Becker 2013; Hori et al. 2014). Also Chlorophytes, the sister group

of Streptophytes, experienced thanisition to land. In some cases, as in some Trebouxiophyceae,
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this passage led to the adoption of a symbiotic lifestyle. The most successful, in terms of both habitat
extension and irradiative speciation, is lichenization, i.e. the capability of formistade
extracellular symbiosis between one or more autotrophs (in this case green algae) and one heterotroph
(fungi, mostly ascomycetes) (Lipnicki 2015). Intimately connected to this success was the acquisition
of desiccation tolerance mechanisms, bechcisens arale factothe prevailing organisms (in terms

of biomass and species diversity) in several terrestrial macm micrehabitats where water is
available in scarce and unpredictable quantities and/or soil is virtually absent (Nardini et jal. 2013
Unfortunately, our knowledge on the desiccation tolerance mechanisms offlicheng algae is
relatively poor, and they have never been investigated through a transcriptomic approach,
notwithstanding some attempts made in the most recent yeardaJamdtRudd (2012), for instance,
characterized the transcriptome of a licheéladonia rangiferinaand bioinformatically assigned the
expressed mMRNAs either to the myoo to the photobiont based on the comparison with sequence
datasets obtained fromrate axenic cultures. Later Junttila et al. (2013) also studied the effects of
dehydration and rehydration on gene expression in the same lichen species. They discovered that
these processes affect the expression of hundreds of genes, especiallyatemstorghorthain and

alcohol dehydrogenases, molecular chaperones and transporters. On the other hand, in the first and
sole proteomic study on the desiccation tolerance of a lichen photobiont, the gre®staigehloris

erici, Gasulla et al. (2013howed that this ability is mostly related to constitutive mechanisms, since
only 11 and 13 proteins involved in glycolysis, cellular protection cytoskeletoncyadd and
targeting and degradation were-tggulated after dehydration and rehydrationpeesively.

In this study we describe tlte novoassembly of the first complete transcriptome of the axenically
cultured lichen photobionfTrebouxia gelatinosaArchibald (Trebouxiophyceae, Chlorophyta),
chosen as a member of the most widespread genus of lichenized eddpaerxiaPuymaly is present

in about half of the estimated 15,000 chlorolichens known so far, and therefore it is the most common
aeroterrestal micro-algal genus worldwide (Ahmadjian 2004). As in the lichen symbiosis; free
living Trebouxiaspp. can withstand dehydrations to water contents below 10% of their dry weight,
long periods in the desiccated conditions and recover metabolic actiuiyn wninutes upon
rehydration (Kosugi et al. 2009; Candotto Carniel et al. 2015). The variation of gene expression
profiles was studied in cultures kept fully hydrated, slowly dehydrated and subsequently rehydrated,
with the aim of unravelling the key malglar processes involved in desiccation tolerance of lichen

photobionts.
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Materials and methods

Culture isolation of Trebouxiaphotobiont

Isolates of T. gelatinosawere obtained according to Yamamoto et @002) from thalli of
Flavoparmelia caperatél.) Hale, collected in the Classic Karst plateau (NW Italy; 45°42'24.54"N,;
13°45'21.70"E). The isolates were inoculated in sterile plastic tubes filled with c. 5 ml of slanted solid
Trebouxiamedium (TM) (1.5 % agar) (Ahmadjian 1973). The tubes were ikeptthermostatic
chamber at 20 °C, under a light regime of 28 ¢ mo |  p?bec!with a ghotoperiod of 14 h:10

h, light:dark until the colony reached a sufficient biomass. Cultures waregelated every 30 days

and were grown at the same corahis as the original inocula. The identity of the photobiont was
checked by sequencing the nuclear ITS fragment (data available upon request) and by analysing the
pyrenoid ultrastructure by TEM. Reference algal material was@pserved according to Dahme

et al. (1983) and is available upon request.

Dehydration and rehydration treatments

Algal cultures were grown on hadit sterile filter paper discs (Whatman, 60+5¢ aiam. 25 mm),

laid on solid TM (1.5 % agar) inside Petri dishes. In each Pelrifdig discs were inoculated with

100 el of a wa txalf cells ms. leerPstii dishes were k8pt iB a thermostatic
chamber at the same controlled condition described above. On%rdag®f growth three discs
representing the control sahap (C) were randomly selected from the starting set of Petri dishes and
promptly soaked in liquid nitrogen and stored& °C. Six discs were slowly dehydrated on a thin
layer of solid TM in a biological hood under air flow; complete dehydration todtoifs. The time
necessary to obtain a water content (WC, see below) of 0.0ygd DW was assessed in a
preliminary experiment by following the weight loss of the discs with a precision balance.

After dehydration, three discs representing dehydrated samples (D), were soaked in liquid nitrogen
and stored ai80 °C. The remaining three discs were wetted with a water drop and laid on solid TM
inside a Petri dish for 12 hours to allow the full rehyidraof the algae at the same, original growth
conditions. After rehydration, the three discs representing rehydrated samples (R) were frozen in
liquid nitrogen and stored &80 °C.

The water content (WC) was measured on a different set of samples gvewacetateellulose

discs at the same conditions. The cultures were harvested from the discs, weighedrifrdemed

then weighed again. The WC of cultures was calculated ag (B(W) / DW 1T 1 0@sthewh e r .
sample weight after each treatment (tDCR) and DW is the sample weight after a freeé@eng of

72 h. The WC of the samples was 4.92 (C), 0.10 (D), 4.35 (RDggH DW, respectively.
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RNA sequencing andde novatranscriptome assembly

Total RNA was extracted from the frozen culture digzch one comprising c. 40 mg DW algal
colonies, accounting for several milliofls gelatinosaindividuals, using the PowerPlant® RNA
Isolation Kit (MO BIO Laboratories, Inc.). RNA quality was assessed with Agilent 2100 Bioanalyzer
(Agilent Technologies). Asamples achieved a RNA Integrity Number > 8 and the absence of RNA
degradation in dehydrated samples was further
56 sequencing coverage drop on a s wsdursel).Thef tr
RNA extracted from the three replicates prepared for each sample (C, D and R) were pooled together
in equimolar quantities. The preparation of cDNA libraries and BE@uencing were carried out at

the Institute of Applied Genomics (IGA) indihe, Italy. Sequencing was performed on a single lane

of an lllumina HiSeq2000 instrument, with a 100 cycles pagmed sequencing protocol. Raw
sequencing reads were trimmed according to their base calling quality before proceeding with further
analysesTrimmed reads shorter than 60 bp were discarded.

Trimmed reads were used foida novotranscriptome assembly by Trinity (Grabherr et28i11),
selecting the Jaccadip option to allow the splitting of chimeric contigs resulting from overlapping
genes.Minimum allowed contig length was set at 201 bp. The complete assembly obtained,
containing the transcript variants produced from each of the predicted gene models, was processed as
follows, prior to the annotation and gene expression analysis stepgh®fdngest transcript of each

gene was selected in order to reduce sequence redundancy and to obtain a set of transcripts suitable
for a gene expression analysis. A minimum threshold of the mean coverage was set to discard all low
quality transcripts wiwsh cumulatively contributed to the back mapping of just the 2 % of the reads
(including poorly expressed and highly fragmented transcripts).

Contigs resulting from mitochondrial and plastidial mMRNAs or from ribosomal RNA were detected
by BLASTn search (Aichul et al1990) based on the Trebouxiophyceae sp-NE201 plastidial
(GenBank: NC_018569) and mitochondrial (GenBank: NC_018568) genomes, and cebibexia
arboricola 5.8S, 18S and 26S rRNA genes (GenBank: Z68705.1) available at public databases.
Matching sequences-alue cut off = 1x18°% were discarded prior to further analyses.

The entire RNAseq experiment was deposited at the NCBI Sequence Read Archive database (SRA
accessions: SRX330016 (C), SRX330011 (D) and SRX330015 (R); Bioproject: PRIRZ2.

Transcripts annotation and ORFeome definition

To overcome the technical issues linked with the high compactné&ssgelatinosagenome (see
infra), in the noAredundant reference transcriptome we identified all the regions corresponding to
Open Reading Frames (ORFs). ORFs were predicted based on their grotieng potential, assessed
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either by a significant BLASTx similarity {ealue cutoff 1x103) with the available complete
proteomes of other Trebouxiophyceae, namé&pccomyxa subellipsoideaC-169 (v2.0,
http://genome.jgi.doe.gov/Coc_C169 1/), Chlorella variabilis (v1.0,
http://genome.jgi.doe.gov/ChINC64A_1/)  or Asterochloris sp. Cgr/Dhalpho  (v.1.0,
http://genome.jgi.doe.gov/Astphol/), by the presence of PFAM domairaiue cutoff 1x16) or

by a length of at least 300 codons (if none of the previous criteria were met).

The resulting ORFs sequences were extracted from the assembled contigs and annotated with the
Trinotate pipeline. Sequence similarities were identified by BLASTx (Altschall #90) performed
against the UniProtKB/SwisBrot database; functional domains were detected by a HMMER (Finn
et al 2011) search against the PFAM domain database (Punta2&1dl). ORFeome were also
annotated based on eggNOG (Powell et28l12) andGene Ontology (Ashburner et. &000)
'biological process', 'molecular function' and ‘cellular component' functional categories. These
annotations were automatically extracted from BLASTx matches and linked to the corresponding
assembled transcripts by iatate.

The presence of orthologous sequences in the genomes of other representative Viridiplantae was
assessed by reciprocal best BLASTp matches, comparing the proteins predicted frdm the
gelatinosatranscriptome to the proteins encoded by those gesiohe evalue and identity cubff

used to consider two sequences as orthologous were set toand 35%, respectively.

The selected species comprised the three Trebouxiophyceae mentionedCatsoNelipsoideaC.
variabilis and Asterochloris sp.), Chlamydomonas reinhardtii  (v.4.0,
http://genome.jgi.doe.gov/chlan)y/ Volvox carteri (v.1.0, http://genome.jgi.doe.gov/Volcgl/
Klebsormidium flaccidum (ASM70883v1l), Selaginella moellendorffii  (v.1.0,
http://genome.jgi.doe.gov/Selmg1/ Micromonas pusilla (v.2.0,
http://genome.jgi.doe.gov/MicpuQ20streocacus tauri(v.2.0,http://genome.jgi.doe.gov/Osttasd/

Zea may$B73 RefGen_v3) andrabidopsis thaliangTAIR10).

Gene expression analysis

Trimmed reads obtained from the sequencing of the three sar@pl@safd RT. gelatinosacultures)

were mapped on the annotated ORFeome with the-B&tAtool included in the CLC Genomics
Workbench v.8.0. Length and similarity fractions parameters were set to 0.75 and 0.95, respectively;
the maximum number of matching contigs was set to liledPeeads distance was assumed, based

on fragment length data, to be comprised between 100 and 500 bp.

We calculated gene expression levels as Transcript Per Million (TPM), a measure of RNA abundance

which takes into account both transcript length armgpieecing depth for normalization, thus being
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proportional to the relative molar RNA concentration (Wagner et al. 2012). TPM values were used
for the differential e xtgstrom praportoms (Kalreaal 9993 in the u s i n
following conparisons: a) D vs C samples; b) R vs D samples; c) R vs C samples. Differentially
expressed genes (DEGs) were identified with a False Discoveryc®ageted pvalue lower than

0.01, applied according to the Benjamini and Hochberg procedure (1995),modaostions fold

change (FC) value higher than 2 forrggulated genes, or lower thehfor downregulated genes.

TPM gene expression values were transformed hyftsghe graphical representation in the scatter

plot.

Gene Ontology terms, PFAM domaiaad eggNOG functional categories ovepresented in the
subsets of differentially expressed genes were detected with a hypergeometric test on annotations.
The sets of upegulated and dowregulated genes were analysed separately. Significant over
represatation was detected atvalue < 0.01 and observedxpected > 3. The oweepresentation

of annotations displaying-palues lower than 1x10was considered highly significant.

gRT-PCR analysis

To further validate the expression profiles obtained RINA-seq and to take into account biological
variation across replicates, a (fRCR analysis was carried out on the threepooled samples for

each experimental condition (C, D and R), targeting six representative differentially expressed
transcripts. Pmers were designed with Primer3Plus (Untergasser 20@¥) (Online Resource 2).

For this analysis, cDNA was synthesized using the iScript cDNA synthesis kiR@gih

Each reaction was performed in three technical replicates in a mix containingDINAl @:10
template dilution), 8 Ol SSOAedRad) and 200 &M cB8EhRE C
primer. The PCR amplificat i onrlsne RGRrSgsterp @BiRadd r me d
using the following cycle: 986A6df 60 2ACo66fand?2
curve analysis (65 AC to 95 AC, increment O0.°F
nonspecific amplification products. Transcript levels were calculated withRBid CFX Manager
software, based on the comparatCt method (2®: method) (Livak and Schmittgen 2001) and
normalizing gene expression data using as housekeeping genes two transcripts showing steady
expression levels in our RNgeq experiment and frequently used for this purpose in literature: the

ribosomal protein L6 (RPL6) and the translation elongation factor 1 beta (EF1b).
Phylogenetic analysis of Desiccation Related Proteins (DRPS)

Proteins pertaining to the Desiccation Related Proteins family (DRPs) predicted.fgetatinosa

and other 45 repsentative species of green algae, embryophytes and bacteria (Online Resource 3)
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were aligned with MUSCLE (Edgar 2004) and the resulting alignment was trimmed to remove highly
divergent and poorly informative regions with Gblocks v.0.91b (Castresana. 20@0Bayesian
inference phylogenetic analysis was performed with MrBayes 3.2 (Ronquist et al. 2012) under a
GTR+G+l model, identified by ProtTest 3.1 (Abascal et al. 2005) as thdittiegt our data, with

two parallel runs with four chains each, for 1llion generations. Trees were sampled each 1,000
generations; a 25% burnin was adopted and the convergence of the analysis was reassured by a
standard deviation of split frequencies lower than 0.01. Nodes with low statistical support (posterior

probability < 0.5) were collapsed in the graphical tree representation.

Results

High throughput sequencing,de novoassembly and annotation off . gelatinosatranscriptome

The output of the lllumina paireend sequencing of the gelatinosasamples is summarized in Table

1. The overalde novdranscriptome assembly generated 19,601 contigs, with almost null sequence
redundancy (Table 2).
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Table 1Sequencing and trimming statisticsTaEbouxia gelatinos&ranscriptomic analysis.

Average Sequenced

Reads numbe length (bp)  data (Gbp)

Raw data
Control 60,409,470 100 6.0
Dehydrated 92,783,850 100 9.3
Rehydrated 90,569,258 100 9.1
Total 243,762,578 100 24.4
After trimming
Control 58,604,069 97.6 5.7
Dehydrated 90,464,518 97.6 8.8
Rehydrated 88,336,044 97.6 8.6
Total 237,404,631 97.6 23.0

Table 2De novoassembly and annotation statisticSTaébouxiagelatinosatranscriptomic analysis.

Number of norredundant assembled contigs 19,601

Total number oDRFs identified 13,648
Average contig length 1,605 nt
Contigs N50 3,594

Contigs longer than 5 Kb 1,261
Longest assembled contig 31,749 nt
Number of residual chimeric contigs* 3,509
Mapping rate** (contigs) 82.49%
Average ORF length 1,261 nt
LongestORF 26,346 nt
Mapping rate** (ORFs) 47.17%
Sequence redundancy (nrepecific matches) 0.57%

ORFs with BLAST matches (UniProtKB/SwissProt) 7,311 (53.6%)
ORFs with PFAM annotation 7,976 (58.4%)
ORFs with eggNOG annotation 5,941 (45.5%)
ORFs with Gen®ntology Cellular Component annotation 5,725 (41.9%)
ORFs with Gene Ontology Biological Process annotation 5,497 (40.3%)

ORFs with Gene Ontology Molecular Function annotation 5,576 (40.9%)

*chimeric contigs are identified as those comprising mben one ORF (Open Reading Frame).

** Mapping rate is defined as the percentage of reads that match contigs or ORFs with the CLC
Genomic Workbench RN&eq tool, based on 0.75 and 0.95 length and similarity fraction parameters.
N50: this valueis calculated by summing the lengths of the longest contigs until 50% of the total
assembly length is reached. The minimum contig length in this set of contigs is the number that is
usually used to report the N50 value afeanovaassembly.

The genomes of Trebouxiophyceae are highly compact with a relevant number of overlapping genes
potentially leading to thde novoassembly of chimeric contigs (see Discussion section for details).
This genomic peculiarity contributed to the generation bigh number of chimeric contigs in the
assembly process df. gelatinosaranscriptome (Online Resource 4). Nadinectional sequencing

reads originating from overlapping exons of different transcripts, either encoded by genes on the same
or on the opposit DNA strand, were assembléé factoas belonging to a common transcript,

generating chimeric contigs with multiple Open Reading Frames (ORFs). Despite the use of the
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Jaccareclip option of the Trinity assembler, we estimate that almost 2,000 assemlniggsco
included multiple transcripts originated from genes spatially close to each other (Online Resource 4).
We therefore relied on predicted ORFs (see Materials and Methods) for the downstream gene
expression analysis. Overall, we identified and annothBe®48 ORFs, which likely correspond to

c. 10,000 protektoding genes. This set of protainding sequences is available as a multiFASTA

file in Online Resource 5. This number is not far from those observed in the complete genome of
other Trebouxiophycea(Table 3), suggesting that the coverage applied in our-8@encing was

adequate to obtain a neadgmplete collection of . gelatinosdranscripts.

Table 3 Number of threeTrebouxiophyceag@redicted protein models showing significant similartBLASTn vs
genome, cutoff =18) with Trebouxiagelatinosaand percentage.

Total similar to Ratio
T. gelatinosa (%)

Asterochloris sp. 7,159 6,233 87.1
Chlorella variabilis 9,791 7,426 75.8
Coccomyxa subellipsoide 9,629 7,173 75.1

Overall, thede novoassembled transcriptome potentially provides a good reference forskaige
comparative analyses within Viridiplantae, as we could detect over B@@® fideorthologous
sequences even in largely divergent model vascular plants (Online Resource 6).

The annotation process permitted to assign a putative function to about 60% of the ORFs, due to the
presence of conserved functional domains or significant BLABIlIagity to proteins with known

function deposited in the UniProtKB sequence database (Table 2).

Global effect of the dehydration/rehydration cycle on the transcriptional profiles

During the dehydration/rehydration cycle 12,533 pretaiding transcript$91.83 % of the total)
displayed a stable expression level (Fig. 1, group 5 in Online Resource 7), whereas 112 genes (0.82
% of the total) were perturbed in both processes (groups 1, 3, 7 and 9 in Online Resources 7, 8). Both
dehydration and rehydration whified the gene expression ®f gelatinosawith a perturbation of

7.01 % and 2.22 % of all genes respectively, with a more prominent effect triggered by dehydration
(Fig. 1).
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Fig. 1 Diagrams displaying the number of stable (grey}regulated (redand dowrregulated (green) transcripts in the
dehydrated vs control and rehydrated vs dehydrated comparisons. The numbers displayed on the arrows indicate the
number of transcripts. See Online Resources 7 and 8 for details.

T he Kdektdesealed 95DEGs following dehydration: 530 DEGs were-tggulated and 427
downregulated (Fig. 1 and Online Resources8)susthe C sample. In R samples, 270 DEGs were
identified, 150 genes being wpgulated and 120 dowmnegulated (Fig. 1 and Online Resource 9)
versusthe D sample. A significant overlap of gene expression profiles between D and R samples was
observed (Fig. 2).

32



Fig. 2 Principal Component Analysis and Hierarchical Clustering of control, dehydrated and rehydrated samples of
Trebouxiagelatinosa Principal Component Analysis based on TPM expression values (a), Hierarchical Clustering based
on Euclidean distance and average linkage on TPM, with the gradient colour scheme where blue and red stand for high
or low expression levels respedly (b).
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Compared to the control, 1,208 proteioding genes were differentially expressed upon rehydration
(Online Resource 9). Some genes, in particular during dehydration, experienced a highly significant
induction by up to 100 folds (Online Resoai0).
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gRT-PCR data validation

We confirmed the gene expression changes observed in thesBiNéxperiment by gRPCR, which

was performed on the three napaoled samples for each experimental condition (C, D and R). The

trends of expression of all tigienes analysed were consistent, with a Pearson correlation index of
0.77 (Ftest of linear regressionyalue = 0.01) (Fig. 3), although the FC values varied to some extent

between qRIPCR and RNASeq and among replicates. This slight discrepancy is cdrteatth

the technical limitations and the differences of the two methodological approaches (SEQG/MAQC

[l Consortium 2014).

Fig. 3 Comparison between the fold change of six differently expressed transcripts: Desiccation Related Protein 5 (DRP
5), Expansin 1 (EXP1), Expansin 2 (EXP2), Photosystem Il (PSll), Heat Shock Protein 20 (HSP20) and Heat Shock
Protein 90 (HSP90) obtained witiNRR-seq (on three pooled biological replicates) and with-fCR (on the three nen

pooled biological replicates) in dehydrated (D) and rehydrated (R) samlesbafuxia gelatinosaResults of RTIPCR

are given as the mean +SD of three technical replicates.
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Gene set enrichment analysis

The information gathered from the annotation of the predicted gene models was used for the
identification of the main gene categories influenced by dehydration and by the following
rehydration. The eggNOG assignments, G@reology (GO) terms and PFAM domains over
represented in each gene set are shown in Table 4 (D vs C and R vs D comparisons) and Online
Resource 11 (R vs C comparison).

The GO terms related to the photosynthetic apparatus stand out as the largest gpengguifited

genes in response to dehydration. The GO terms with the lvedtigp score in the hypergeometric
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test were lightharvesting complex (GO:0009765), chlorophyll binding (G0O:0016168), PSI
(G0O:0009522), and PSII (GO:0009523). The 70% and 52% ofi¢hes encoding for structural
components of PSI and PSII, respectively, were stronglyex@ressed, together with five out of the

five detected genes encoding for components of the PSI reaction centre, chlorophyll a/b binding
proteins and their transptional regulator Thc2. The massive-tggulation of the photosynthetic
machinery IS graphically summari zed I n Fig.

Aphot os-yamtt rensnias proteinso KEGG reference pathw

Fig. 4 Summary of the gene expression alterations which concern the photosynthetic machinery observed during
dehydrati on. The KEGG reference pathway-amapsnadrpmofiphi
displayed. The genes involved are groupeboxes below the figures and are coloured based -corgownregulation.

Due to their very small size (< 100 aa) and high sequence divergence between the reference @gehidopsis

thaliana) andT. gelatinosaseveral orthologous components, iradéx by a gray colour, could not be identified.
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The Major Intrinsic Protein family (PF00230 and COGO0580) was also significantggupated upon
dehydration; the five over expressed members of this protein family were all TIP (Tonoplast Intrinsic
Protens) or PIP (Plasma membrane Intrinsic Proteins) aquaporins. A remarkable protein family
whose expression was induced by dehydration was MAPEG (Memasapeiated,
eicosanoid/glutathione metabolism, PF01124), with three out of its four members beitigayiata
S-transferases. Another large class of enzymes induced by dehydration was represented by a series
of short chain dehydrogenases with various functions (PF00106 and COG1029) with their associated
domains (PF01370, PF08659) which include, among thersttwo dihydroflavoned-reductases
(DFRs).The ferritinlike domain (PF13668) was the mostnggulated Protein Family term and a
highly significant pvalue in the hypergeometric test, with seven out of thirteen gere=gujated

by the dehydration prcess (Table 4).

Table 4 Summary of the hypergeometric tests on annotations performed dretimuxiagelatinosasets of differentially
expressed genes in the dehydrated vs control and rehydrated vs dehydrated comparisons. *: significant; **: highly
significant.

Category ID Description P-value  Proportion
Dehydrated vs Control
Up-regulated

eggNOG COG0580 Glycerol uptake facilitator and related permeases 3.91E4* 4/9
eggNOG CO0G1028 Dehydrogenases with different specificities 1.38E3* 8/50
GO_BP GO0:000976E photosynthesis, light harvesting 2.72E14** 14/21
GO_BP  GO0:001829¢ proteinchromophore linkage 3.67E12** 14/27
GO_BP  GO0:001597¢ photosynthesis 1.13E5* 11/47
GO_BP  G0:000973€ cytokinin mediated signaling pathway 9.32E4* 4/10
GO_BP  GO:000597t carbohydrate metabolic process 1.09E3* 10/65
GO_BP GO:000695C response to stress 4.39E3* 10/78
GO_CC GO0:000952z photosystem | 2.22E16** 16/23
GO_CC GO0:000952< photosystem I 3.87E12** 14/27
GO_CC GO0:000953t chloroplasthylakoid membrane 2.66E10** 28/146
GO_CC GO0:000953¢€ photosystem | reaction center 2.75E7** 5/5
GO_CC GO0:0016021 integral to membrane 8.95E6** 96/1319
GO_CC GO0:000954: chloroplast thylakoid lumen 5.31E5* 8/29
GO_CC GO0:000950¢t planttype cellwall 9.95E5* 5/11
GO_CC GO0:000561t extracellular space 4.46E3* 5/23
GO_MF GO0:001616€ chlorophyll binding 1.55E15* 15/23
GO_MF G0:000824z omega peptidase activity 2.51E4* 4/8
GO_MF  GO:004316¢ cation binding 4.27E3* 7146
PFAM PF00504 Chlorophyll A-B binding protein 7.48E11* 14/32
PFAM PF13668 Ferritin-like domain 1.61E6** 7114
PFAM PF01124 MAPEG family 5.63E6** 4/4
PFAM PF00134 Cyclin, N-terminal domain 5.60E5* 5/10
PFAM PF00230 Major intrinsic protein 1.62E4* 5/12
PFAM PF01370 NAD dependent epimerase/dehydratase family 3.20E4* 9/46
PFAM PF00106 short chain dehydrogenase 3.55E4* 13/89
PFAM PF00168 C2 domain 3.81E4* 6/21
PFAM PF13561 Enoyt(Acyl carrier protein) reductase 4.41E4* 10/58
PFAM PF08659 KR domain 2.47E3* 10/72
Downtregulated

GO_BP GO0O:0006950 response to stress 1.14E5* 12/78
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GO_BP G0:0009408 response to heat 1.38E5* 10/55

GO _BP GO0:0016485 protein processing 2.42E4* 4/10
GO_CC G0:0005886 plasma membrane 6.14E4* 33/575
GO_CC GO0:0000502 proteasome complex 2.41E3* 5/30
GO_CC GO0:0009706 chloroplast inner membrane 7.70E3* 5/39
GO_MF GO0:0017111 nucleosideriphosphatase activity 3.35E3* 7/61
GO_MF G0:0043565 sequencespecific DNA binding 6.40E3* 5137
PFAM PF00012 Hsp70 protein 4.56E6** 6/14
PFAM PF00320 GATA zinc finger 6.21E4* 4/12
PFAM PF00004 ATPase associated with various cellular activities (AA 3.88E3* 8/72

Rehydrated vs Dehydrated
Up-regulated

GO_CC GO0:000588€ plasma membrane 7.99E3* 11/575
Down-regulated
GO_CC GO0:000578¢ Endoplasmic reticulum lumen 3.80E4* 4/41

Up- and dowrregulated genes were analyzed separately. eggNOG: evolutionary genealogy of geregdroagsed Orthologous Groups;
GO_BP: Gene Ontology Biological Process; GO_CC: Gene Ontology Cellular Component; GO_MF: Gene Ontology Molecular Function;
PFAM: Protein Family. The proportion column indicates the number of differentially expressed genes with respect to thettetaifrgenes
annotated with the same term in the enfirebouxia gelatinos&ranscriptome.

These transcripts clearly belong ke tsame multigenic family, which displays remarkable sequence
similarity with the Desiccation Related Proteins (DRPs) family previously described in some DT seed
plants (Piatkowski et al. 1990; Zha et al. 2013). In total, 9 out of these 13 sequencegniferaly
responsive to at least one of the two treatments, either beiny dpwnregulated. Most of them
displayed a trend of expression that involved an increase during dehydration and a repression after
rehydration. DRP1 and DRP2, however, folldwa completely opposite trend, whereas the
expression of DRP5 progressively increased during the experiment (Table 5).

Table 5 Trebouxia gelatinosdesiccation Related Proteins (DRPs) with the respective expression values shown as
normalized read counts, proportion fold change values in the dehydrated vs control and rehydrated vs dehydrated
comparisons and predicted cellular localization accordifitatgetP.

ID Normalized expression values Fold Change Cellular Localization
Control Dehydratec Rehydrated Dehydrated Rehydrated
VS VS
Control Dehydrated
Trebouxia DRP1 4805.87 346.73 1647.46 -13.86* 4.75*% S
Trebouxia DRP2 1893.78 79.53 420.01 -23.81* 5.28* S
Trebouxia DRP3  23.64 34.88 34.67 1.48 -1.01 S
Trebouxia DRP4  69.03 257.4 333.66 3.73* 1.3 S
Trebouxia DRP5  2.19 15.22 280.94 6.96* 18.45* P
Trebouxia DRP6  7.97 160.74 38.88 20.17* -4.13* S
Trebouxia DRP7 483.62 1889.74 9715 3.91* -1.95 S
Trebouxia DRP8  20.86 39.42 45.78 1.89 1.16 S
Trebouxia DRP9  55.3 100.32 152.08 1.81 1.52 S
Trebouxia DRP10 179.13 568.66 351.74 3.17* -1.62 P
Trebouxia DRP11 286.36 1325.71 667.34 4.63* -1.99 T
Trebouxia DRP12 145.44  208.69 210.09 1.43 1.01 S
Trebouxia DRP13 2.02 17.73 477 8.78* -3.71 MorS

* significant difference in the statistical expression analysis; S: secreted, P: plastidial, T: transmenbrane, M: mébchondri
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Other categories significantly tnegulatedby dehydration were cytokinimediated signaling
pathway (GO:0009736), carbohydrate metabolic process (GO:0005975), cyclins (PF00134), omega
peptidase activity (GO:0008242) and C2 dor@ontaining proteins (PFO0168).

Due to the high similarity of the traariptional profiles between rehydrated and dehydrated samples,
just a few gene categories affected by the rehydration process were identified. However, their
involvement remains questionable due to the low number ofeymessed genes compared to the

total and to the poorly significantyalues (Table 4).

Desiccation Related Proteins (DRPSs): structure and phylogeny

The ferritinlike domain denotes a taxonomically widespread structural fold, which characterizes
different protein families including, amorlge others, ferritins, bacterioferritins and bacterial BDNA
binding proteins from starved cells (DPS). However, DRPs show low sequence homadbmyato

fide ferritins and other ferritilike protein families available in GenBank. Furthermore, they all
preent a ~100 aa long conservedtéZminal region, here named DUF1 (Domain of Unknown
Function 1), which is absent in other ferritike proteins. The structural architecture of green algae
DRPs is not uniform: they all present a ferriike domain followel by DUF1, but additional long
N-terminal or Gterminal regions with unknown function are present in several cases (Fig. 5a).

A comparative genomic analysis revealed that DRPs are absent in most Chlorophyta genomes: no
DRPs could be found in Ulvophyceaealahey are present in a few Chlorophycdderforaphidium

spp. andChlamydomonaspp.) as singleopy genes. However, the DRP gene family appears to have
undergone expansion in some Trebouxiophyceae including, beBidgslatinosa other lichen
photobionts, such assterochlorisspp. andCoccomyxapp. On the other hand, DRPs are absent in
other genera of the same cla€$lprella, HelicosporidiumandPicochlorun). The spread of DRPs
within Charophyt a, C thin which thehBmbrgophyta esmierged, asrdifficuit o u p
to address due to the limited sequence resources available; only a single DRP gene was actually found
in Klebsormidium flaccidumAmong Embryophyta, DRPs are present in the genomes of all the
species analyskso far, from those belonging to basal groups such as bryophytdahgsgomitrella

paten3 and lycophytes (e.@elaginella moellendorf)ij to seed plants. Differently to what observed

for Chlorophyta, Embryophyta DRPs share a similar length (~30&rehp more uniform protein
architecture, with a Nerminal leader peptide, followed by the central feritte domain and always

ending with the @erminal DUF1 domain (Fig. 5a). The taxonomic distribution of DRPs, however,

is not limited to Viridiplanae, since this protein family is also present in several phylogenetically
distant groups of Bacteria, but not in heterotrophic Eukaryota. All bacterial DRPs display a similar
length and a protein architecture identical to that of most DRPs of green atghiglaer plants.
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Fig. 5 Structure characteristics of the 13 Desiccation Related Proteins (D&Fdund in the transcriptome dfebouxia
gelatinosain comparison to those found in bacteria, other green microalgae and embryophytes. DUF1 and 2, Domains of
Unknown Function 1 and 2. Proteins length not in scale (a). Bayesian phylogenetic tree of DedRmlatih Proteins
(DRPs).Trebouxia gelatinos®RPs are indicated by empty circles, whereas the full circle indicates the DRP belonging
to the streptophegtKlebsormidiuncrenulatum(b). The full list of the DRP sequences used for the phylogenetic analysis
and their accession IDs is reported in Online Resource 3.
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The Bayesian phylogenetic analysis divided higher plants and bacterial DRPs in two uelt dist
clades, but it surprisingly revealed that the DRPs of Chlorophyta are more closely related to bacterial
proteins than they are to those of vascular plants. Although the remarkable sequence diversity did not
permit to fully resolve the exact phylogeicetelationship among green algae DRPs, two major
distinct subgroups could be identified. The first one is more closely related to bacterial DRPs and
includes T. gelatinosaDRP1DRP8 and DRP11, proteins with heterogeneous architecture and
subcellular locatation (Fig. 5b; Table 5). The second subgroup, which includes DRP9, DRP10,
DRP12 and DRP13, is more distantly related to bacteria and comprises proteins characterized by a
conserved @erminal ~100 aa extension with unknown function (DUF2) located BftHfl (Fig.

5a,b). While basal land plants (bryophytes and lycophytes) DRPs are clearly clustered within the
same clade of vascular plants, the placement ¢ .tHaccidumDRP is enigmatic, as it shows marked
similarity with bacterial and green algae DRPs
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Expression of genes and gene families related to stress response

We analysed in detail the expression profiles of specific genes or genes families which could be
potentially involved in the responses to dehydration stress and rehydration, based on the recent
literature concerning desiccation tolerance in StreptophytaEambryophyta. This permitted us to
comparatively investigate the regulation of molecular adaptive strategies to water stress. The
comparison revealed that h gelatinosathere is a different regulation of genes included in the

categories, AkAguUuapwalilnsmpdi fi cati onso, AHSPs
Embryogenesi s Abundant proteinso, AOxi dati ve
(Table 6).

Table 6 Expression profiles during dehydration and rehydration of gene categories chynassociated to desiccation
tolerance in the green alaebouxia gelatinosérg), the Streptophyt&lebsormidium crenulaturgKc) (Holzinger et al.
2014), the mossyntrichya ruralis(Sr) (Oliver et al. 2004; Oliver et al. 2009), the club m8sdaginellalepidophylla
(Sh (lturriaga et al. 2006), the dicdBsaterostigma plantagineuCp) (Rodriguez et al. 2010; Mariaux at al. 1998; Jones
and McQueesMason 2004)Myrothamnus flabellifoligMf) (Ma et al. 2015) antlaberlea rhodopensigHr) (Gechev

et al. 2013), and in the monocoterophyta humiligXh) (Collet et al. 2004)y upr e g u | aowerkgulatet;yZ
contrasting results; not affected. *the expression of most R&&venging enzymes was not affected.
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Discussion

Features ofT. gelatinosatranscriptome
The genomes of Trebouxiophyceae are generally small inwitte,a 2C nuclear DNA content

estimated between 0.01 and 1.06 pg (Kapraun 2007). For instance, the gerdmtezaahlorissp.
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has 56.1 Mbp (~06 pg, http://genome.jgi.doe.gov/Astphol/), thaLoEcomyxa subellipsoid€®.0

Mbp (~0.05 pg) (Blanc et a22012), and that dfielicosporidiunsp. only 10.5 Mbp (~0.01 pg), being

one of the smallest genomes among-fr@ag eukariotes (Pombert et &014). The small genome

size, however, is not due to a functional reduction (e.g. through massive loss of gene families) and
therefore results in high genomic compactness (Pombert et al. 2&tdjochlorissp. shows 128

gene models per Mbp, i.e. approataly 58% of its genome consists of coding genes, for the
shrinkage of introns and namoding intergenic regions. This is frequently associated to a
transcriptional overlap (Williams et.&005), that potentially represents a problem indéenovo
transciptome assembly process. Unfortunately, the recently sequenced genorifie gélatinosa

strain ASM81890v1, sed@ioproject PRINA263654), with its 60.1 Mbp size, is not yet annotated.
Furthermore, that strain differs genetically, on average, by 6.56%nv@tRFs from the isolate of

this study, although the two strains have been given the same species name. This fact reflects the
unsatisfactory taxonomy of the geniuigbouxiaand the actual underestimation of genetic divergence
within infrageneric taxa (Fedl 1989). The analysis of the nuclear ITS region have indeed already
detected a high heterogeneity within otlieebouxiaspecies (PierceMormore 2006; Leavitt et al.

2013; Muggia et al. 2014), and in the near future new infrageneric taxa will likegcbgnized for
lineages now gathered under the same name (O'Brien 2013; Muggia et al. unpublished data). Also
gelatinosais evidently heterogeneous and certainly deserves further study from this point of view.

Dehydration- and rehydration-induced gene expression changes inT. gelatinosa and
comparison with other desiccationtolerant (DT) photosynthetically active organisms

RNA-seq analyses can only provide information concerning the relative abundance of different
MRNASs in a sample, so one should taki iaccount that the TPM values we used do not represent

an absolute measure of the actual abundance of mMRNAs in a sample, but they are rather proportional
to the ratio of their molar concentration over the sum of those of all transcripts in the podlAsmR
(Musser and Wagner 2015).

The gene expression analysis showed that the D and R transcriptomes were unexpectedly very similar.
This is an important feature which cannot be interpreted as a failure of the algae to recover from
desiccation, which typically occurs within minutes oreav fhours (Gasulla et al. 2009). The same
conditions applied in this experiment should not be considered as particularly stressful for
gelatinosa,for two reasons. Firsffrebouxiaspecies can withstand harsher conditions than those
applied in this studysuch as very long periods in the desiccated state (up to 45 days) under photo
oxidative conditions (Candotto Carniel et al. 2015; Candotto Carniel et al. 2016). Second, we could

not detect any significant degradation of mMRNAs caused by dehydration (@esqim comparison
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to the hydrated situations (C and R samples). Maintenance of RNA stability has been previously
demonstrated to be a key protective strategy in DT plants (Dinakar and Bartels 2012). Interestingly,
the transcripts obtained fromD displdye a | ower drop in the 306 to 5¢
suggests the presence of an unknown mRNA protection mechanism activated in response to
dehydration (Online Resource 1). On the other side, the choice of keeping cultures at full hydration
for along period of time was essential to single out those genes which are expressed under the best
conditions, although these rarely occur in nature (Lange and Green 2008), and usually only in a
limited period of the year (Tretiach et al. 2013).

In T. gelatin@a one of the major differences between C, D and R is the highly significant up
regulation of most genes related to the photosynthetic apparatus. Its maintenance is a priority in
homoiochlorophyllous DT organisms because photosynthesis must fully resoseon as possible

upon rehydration to gain a positive €kalance even when rehydration events are short and erratic.
Several aeroterrestrial algae, all lichens and DT mosses can actually restore photosynthesis in a few
minutes after rehydration (Veerman et al. 2007; Kosugi. @0819; Luttge and Budel 2010; @& de
Carvalho et al2014; Holzinger and Karsten 2013; Candotto Carniel et al. 2015). The presence of
abundant mRNA coding for components of the photosynthetic apparatus upon rehydration, such as
photosystems (see Results session), may contribute tagheséstablishment of photosynthesis.

This pattern was also observed in the streptopKigbsormidium crenulaturby Holzinger et al.

(2014), who argued that the -uggulation of genes related to the photosynthetic apparatus is aimed

at preparing the oemism for the next rehydration event. This hypothesis is supported by the findings

of Aubert et al. (2007), who observed the increase of ribulosdigh®spate to control levels after a

few minutes upon rehydration &fanthoria eleganga lichen which hasa species ofrebouxiaas
photobiont), meaning that the whole photosynthetic machinery is steadily maintained functional.
Contrasting results have been collected in homoiochlorophyllous resurrection plants, displaying
either a reduced (Rodriguez et al12por enhanced (Ma et al. 2015) production of photosynthesis
related mMRNAs (Table 6). The immediate synthesis of structural components of the photosynthetic
apparatus upon rehydration could also be interpreted as a strategy to reduce the damage caused b
prolonged periods in the desiccated status under high light. At these conditions PSI and PSII are, in
fact, potential sources of ROS (Veerman et al. 2007) which may damage the photosystems themselves
and also membranes and nucleic acids (Smirnoff 1993irteraet al. 2008). This damaging action is
usually countered by neenzymatic antioxidant molecules coupled with the activity of ROS
scavenging enzymes (Kranner and Birtil 2005
mechanisms is usually tnegulatedm DT plants (Mowla et aR002; Iturriaga et al. 2006; Rodriguez

et al. 2010; Gechev et al. 2013) (Table 6). In our case, the expression of most of the primary ROS

42



scavenging enzymes remained steady but two DFR homologs werexpressed (with a FC ~2
times) in dehydrated samples. DFR is a crucial enzyme for the production of the flaiamnoid
anthocyanins and proanthocyanidins, which igegulated in response to dehydration in drought
tolerant cowpea as well as in loblolly pine seedlings (luchi e1396; Watkinson et al. 2003).
Interestingly, flavonoids are thought to act as a secondarysgR@&nging system in plants subject

to high light stress, especially when the chloroplast antioxidants are depleted and the ROS are free to
diffuse in the cytodo(Fini et al. 2011). Considering that the synthesis of flavonoids and the up
regulation of related enzymes have been reported in resurrection plants (Ma et al 2015; Moore et al.
2005) subjected to water stress we cannot exclude that this secondasgc®&€1jing system might

play a role in the intracellular redox homeostasi$rigbouxia especially when dehydration occurs
under light regimes/levels that can induce ROS production.

Another important ROS source, especially upon metabolism reactivatibwe, msitochondrion. We
detected the ovezxpression of one mitochondrial manganese superoxide dismutase (MnSOD), an
enzyme catalyzing the dismutation of superoxide anion to hydrogen peroxide.-fégulgdion of

this enzyme upon dehydration may be a waybtdd-up MnSOD mRNAs in preparation for
rehydration, to replace the enzymes inactivated by ROS (Weissman et al. 2005). In addition, the up
regulation of three microsomal glutathionér&nsferases pertaining to the MAPEG family could also

be part of a me@nism to keep the intracellular redox state under control. Although the role of these
transmembrane enzymes has not been elucidated yet in plants, their role in cellular protection against
ROS damage in animals has been clearly documented (Shi et al.2012)

In Trebouxiaspp., loss and gain of water cause gross morphological modifications (Honegger 1995),
with important effects on cell ultrastructure. Whenever cells experience dehydration, certain
mechanisms need to be adopted to follow the shrinkage ottheall, avoiding the detachment of

the plasma membrane. The regulation of expansins may possibly explain how this is achleved in
gelatinosa Expansins disrupt necovalent polysaccharides bonds and are involved in cell wall
flexibility (Cosgrove 200 Their overexpression upon rehydration can thus be read as a preparation
for the next dehydration event. Although their role in desiccation tolerance of the resurrection plant
C. plantagineunhas been recognized for a long time (Jones and Mc@U4asnn2004), this is the

first evidence of their possible involvement in desiccation tolerance in ateserstrial Chlorophyte.

Gain of water can also be harmful since tearing of the membranes due to the sudden inrush of water
is thought to be a cause ofdparable damage in many desiccation sensitive plants (Pammenter and
Berjak 1999). The increase of membrane permeability to water can be seen as an adaptation to avoid
damage to the membranes upon rehydration, especially if rehydration events are flaquent.

gelatinosa five TIP and PIP aquaporins were significantlyregulated in dehydrated samples, but
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their expression remained steady with rehydration. Plant aquaporins have been implicated in drought
stress tolerance in several vascular plants, alholoeir expression patterns largely vary depending
on the isoform and tissue (Gurbanovski et al
aguaporins has been observed in the desiccated resurrectionQlgigmtagineumReaumuria
soongoricaandSpaobolus stapfianyssuggesting that they may have a regulatory role in maintaining
cell turgor (Liu et al. 2014; Mariaux et al. 1998; Neale et al. 2000). More recent studies identified a
Tonoplast Intrinsic Protein (TIP) in the small vacuoles of the busttdath cells of the resurrection
grassEragrostis nindensjsndicating that it may also cover an important role in the mobilization of
solutes from the small vacuoles upon rehydration (Vander Willigen et al. 2004). On the other hand,
aguaporins were stngly downregulated in the dehydrated monocot resurrection planbphyta
humilis(Collett et al. 2004) (Table 6).

Beside morphological and ultrastructural modifications, loss and sudden gain of water cause the
alteration of the structure and interacBoof molecules. Interestingly HSPs, which prevent the
denaturation of proteins and avoid their aggregation (Bartels and Sunkar 2005DRpett et al.

2008; Sun et al. 2001), seem not to be involved in the desiccation tolerdnagetdtinosalndeed,

the high expression level of several HSPs in the control samples (Online resource 12) was followed
by a highly significant reduction during dehydration, which in many cases further decreased upon
rehydration. On the contrary tiAe ericiHSP90 expressioimcreased during dehydration, remaining
higher than controls also during rehydration (Gasulla et al. 2013). The same trend, but for other HSPs,
was observed in mosses (eé-gntinalis antipyreticaWang et al. 2004Syntrichya ruralisCruz de
Carvalho etl. 2014), lycophytes (e.§elaginella lepidophyllaturriaga et al. 2006) and resurrection
plants as well (e.gC. plantagineumAlamillo 1995) (Table 6). We are still unable to explain this
peculiar behaviour, and certainly further analyses are need¢arify this pattern and to understand

the role of chaperones in the desiccation tolerande gélatinosa

Another unexpected result regards Late Embryogenesis Abundant proteins (LEAs). We found only
few genes encoding for LEAsensu strictan T. gdatinosa one dehydrin (group 2 LEAS) and two
group 3 LEAs. More interestingly, the expression of these genes was constitutive and did not vary in
relation to hydration. This expression pattern differs from those observed in other DT organisms
(Table 6), vinere LEA proteins are commonly-uegulated during dehydration and/or rehydration. A
constitutive expression of these proteins (i.e. in fully hydrated samples) was observed in the
resurrection planil. rhodopensigGechev et al. 2013), but in this casesthgenes were further-up
regulated during dehydration. In vascular plants LE&sn a heterogeneous class that can be
subdivided into at least five major groups (Cuming 1999), with several dozen genes (Hundertmark

and Hincha 2008; Du et al. 2013; Lan et28113), whose precise mechanism of action is still unclear
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(Goyal et al. 2005; Tunnacliffe and Wise 2007). The low number of LEAsgelatinosaconsistent

with the situation observed in the genomes of other Trebouxiophyceae, suggests that theilgene fam
expansion observed in vascular plants did not occur in this lineage. However, we found seven genes
coding for proteins similar to the cold regulated L-H#e proteins of the Antarctic strain NJ of
Chlorella vulgaris(Liu et al. 2011). While it is cé&ainly noteworthy that four out of these seven genes
were constitutively expressed at very high levels and that the remaining three weegpressed

upon dehydration, the involvement of this poorly known gene family in desicdat@nance in
Trebouxiaremains to be investigated. Overall, LEAs activation does not seem to play a relevant role
in response to dehydration Th gelatinosafurther corroborating the idea that this organism mostly
relies on alternative strategies to deal with the effecteloydration.

The overexpression of cyclins (specifically of G2/mitespecific cyclins A) is a puzzling feature of

the dehydration trascriptome df. gelatinosa Since the persistence of cyclin A prevents the
stabilization of the kinetochore/microtubulesmplex (Kabeche and Compton 2013), this suggests
that cell cycle progression has been blocked in dehydfatgelatinosaells, similarly to what occurs

in K. crenulatumHolzinger et al. 2014).

The gene expression patterns described herel fgelatinosasubjected to dehydration and a
subsequent rehydration supports the idea that desiccation tolerdngeliatinosas mostly achieved
through: () constitutive mechanisms, which confer a background protection (Oliver et al. 2005), as
already hpothesized by Junttila and Rudd (2012) for the licBenangiferinaand by Gasulla et al.
(2013) for the algaA. erici; (ii) inducible mechanisms similar to those observed in mosses and
resurrection plants, e.g. cell wall modifications and aquaporinsn@ucible mechanisms typical of

T. gelatinosai.e. those mediated by DRPs, that will be further discussed in the next section.

DRPs: a peculiarity of Trebouxia gelatinosaranscriptome

The most intriguing feature of th€. gelatinosatrascriptome prioably regards the gene family
encoding for Desiccation Related Proteins (DRPs), whose diversification finds no parallelism in other
DT organisms investigated so far. DRPs were firstly describécl jplantagineun{Bartels et al.

1990; Piatkowski et al. 199 and later in other resurrection (lturriaga et al. 1992; Collett et al. 2004;
Ingle et al. 2007) and nemesurrection plants (Zha et al. 2013). However, although DRPs have been
frequently implicated in desiccation tolerance (Bartels et al. 1990; Pidiketal. 1990; Battista et

al. 2001), their mechanism of action is still unknown and several authors have pointed out that they
may cover additional functions in higher plants (Zuo et al. 2005; Guo et al. 2008; Guo et al. 2011;
Zha et al. 2013). As we haveported in the results section, DRPs are present also in several unrelated

bacterial groups, including thBeinococcus/Thermuphylum, some sporigenous Actinobacteria,

45



Acidobacteria, some Betaproteobacteria (Burkholderiales) and some Alphaproteol{ataaris
pertaining to Sphingomonadales and Rizhobiales). The function of DRPs has been unequivocally
linked to DT inDeinococcus radioduransince the deletion of the locus DRBOMEermines a 75%

loss in viability of desiccated cultures (Battista et28l01), and its expression is regulated by the
crucial stress response regulator drRRA (Wang et al. 2008). Overall, it is certainly noteworthy that
bacterial DRPs are mostly associated with taxa adapted to extreme environments or even tolerant to
extremedesiccation (Mattimore and Battista 1996; Hiraishi et al. 2000; Farias et al. 2011; Quintana
et al. 2013; Tatar et al. 2013).

Despite the lack of functional evidence, the presence of the fdikitimlomain suggests that DRPs
might be involved in the prettion mechanisms against oxidative stress, since other protein families
containing the ferritidike domain have been implicated in this function. For exaniplRS prevent
oxidative damage in bacteria, by either oxidizing iron to avoid the formationddtose radicals or

by physically protecting DNA chains. This behaviour has also been specifically linked to desiccation
tolerance inRhodococcusp. (Haikarainen and Papageorgiu 2010) and to phwattative stress
related to rehydration in the cyanobaiter Nostocflagelliforme(Liang et al. 2012). There is clear
evidence that classical ferritins themselves have a fundamental role in oxidative stress protection in
various vascular plants, due to their potential to detoxify excess iron and dioxygendhamdoa

(Ravet et al. 2009; Briat et al. 2010)Joreover, the upegulation of ferritins has previously been
described in response to dehydration in mosses and red algae (Wang et al. 200 yrisbgiganini

et al. 2015). The possibility th@itebouxiaDRPs are similarly involved in protection from oxidative
stress is particularly intriguing, considering that several REenging enzymes were expressed at

a steady level during the dehydration/rehydration experiment.

However, the sequence peculiariti€é®®Rs, including the presence of the DUF1 domain, leave their
functional role still open to speculation. The 13 DRPs genes found Th gedatinosdranscriptome

display a very different behavior in response to the water status of the alga (Tablis,Spgéther

with their structural diversification (Fig. 5a) and different predicted subcellular localization, makes
the understanding of the possible functions even more puzzling.

It is evident that the DRPs gene family has undergone relevant expansiagelatinosaTwo other

lichen chlorobionts belonging to Trebouxiophyceasterochlorissp. andC. subellipsoideahave

only 5 and 7 DRPs, respectively. Alternatively, in most other green algae DRPs are usually absent or,
as in few cases, they are present in just single copy. Bayesian phylogenetic inference clearly pointed
out that DRPs of green algae are unlikelypgéoorthologous to those found in Embryophytes, as they
share a surprising sequence similarity to those found in Bacteria (Fig. 5b). In particular, bacterial

DRPs and those belonging to green algae group | are virtually indistinguishable, whereas those
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belonging to group Il are well recognizable due to the presence ottderthal DUF2 domain. This
unexpected result suggests a bacterial originTi@bouxiaDRP genes, which may have been
ancestrally acquired by horizontal gene transfer (HGT) from balcépeaies associated with lichens.

|l ndeed, the recognition of bacterial communi:t
the traditional concept of lichens needs to be expanded (Grube et al. 2009; Erlacher et al. 2015), as
originally proposed by Farrar (1976). Several metagenomic studies have identified
Alphaproteobacteria (Rizhobiales, Rhodospirillales and Sphingomonadales in particular) as the
dominant group in licheassociated bacterial communities, usually followed by extremophile
Acidobecteria Bates et al. 2011; Printzen et al. 2012; Erlacher et al.)20h® overlap between
lichenassociated bacteria and those which have DRPs genes is striking and suggests that the
possession of DRPs represents an evolutionary advantage for basteriatad with lichens. On the

other hand, beneficial genes could be theoretically passed by HGT between any of the three
components of the lichen symbiosis (the bacterial community, the photobiont and the mycobiont),
enabling longterm adaptation to specifc envi r onment al conditions ¢
2013), possibly including water stress tolerance. HGT events between photobionts (including
Trebouxiaspp.) and fungi are well documented (Beck et al. 2014), as well as HGT from bacteria to
fungi (Schmitt and Lumbsch 2009; McDonald et al. 2012). To the best of our knowledge, the
acquisition of DRPs from symbiotic extremophile bacteria would be one of the first documented
instances of HGT from bacteria to lichen photobionts.

Regardless of the evolutiary origin of DRPs, the investigation of their function and diversification

in other species of the gentibouxiawill be the next challenge.

Conclusions

Our transcriptomic analysis of the green atemwestrial alga/lichen photobiofit gelatinosashed

some light on the molecular mechanisms which are activated or repressed by changes in the water
status. Some of them are similar to those observed in other DT organisms, including the regulation
of aquaporins and genes involved in the photosyntheticajysaor the steady expression of most
genes related to the primary antioxidant defenses. In particular, the latter behaviour highlights how
constitutive mechanisms are usedThygelatinosato cope with unpredictable, sudden water loss.
This could be andtitional explanation on hoWwrebouxiabearing lichens can face phetzidative
conditions (Kranner et al. 2005; Candotto Carniel et al. 2015) and specific photochemical pollutants,
such as ozone (Bertuzzi et al. 2013). On the other hand, the differdossgseanl with DT vascular

plants (Table 6) might be attributed to the remarkable differences existing between these organisms.

Trebouxia gelatinosand vascular plants are indeed phylogenetically very distant (they diverged
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approximately 700 mya). This rd&iin pronounced morphological differences, which in particular
determine the different speed of dehydration these organisms are subjected to: in the pluricellular,
histologically complex DT vascular plants dehydration is completed in days, whereas in the
unicellular lichen photobiont dehydration can occur even in less than one hour. Constitutively
expressed physiological mechanisms could thus help the organism to better cope with frequent and
fast dehydration/rehydration cycles.

Our study also revealed v, potentially important features @t gelatinosaadaptation to water
stress: the most relevant oisethe expansion and diversification of the DRPs gene family, which
finds no parallelism in other DT organisms investigated so far. Although the funttloese proteins

is currently unknown, their responsiveness to changes in the water status, and their similarity to
proteins mostly found in extremophile bacteria offer important cues for future studies.

The high completeness of the assemfledelatirosatranscriptome here presented, represents now

a valuable standard reference for RNéq based gene expression studies and a new tool to investigate
in more detail the mechanisms at the base of desiccation tolerance-tdraestrial microalgae and

lichens.
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Online Resource 1We assessed the possibility that dehydration may have increased RNA degradation, introducing
possible biases in the analysis, by evaluating the sequencing coverage of long mRNA (> 10 Kbgakethasmuch

hi gher drop in sequencing coverage from the 36 to the !
to control and rehydrated samples. On the contrary, we can report that not only the mRNAs of desiccated samples did not
appeat o be more subject to 56 to 36 degradation, but t ha:

Online Resource ZPrimers used for qRPCR analysis.

Gene Primer ID Forward sequence Reverse sequence
Desiccation related protein5 DRP5 GGAGGCTTCTTCCCTAATGG TCTGCAGTCACCTGAGATGG
Expansin 1 EXP1 GACAGGACTCCAGCTTTTGC CTGAGGGGAGATGACGTTGT
Expansin 2 EXP2 CTGCAACATGGTGATGGAAC GAGGCCATTACTCCACGGTA
Photosystem Il PSiII CTGATGACCCAGATGCCTTT GGTCCTTTGCCTGTCACAAT
Heat shock protein 20 HSP20 GCTGAGCATCAGTGGTGAAA GAATGTGCCAAACCGTCTTT
Heat shock protein 90 HSP90 AGCACAATGATGACGAGCAG GGAGATGGGGTAGCTGATGA
Ribosomal protein L6 RPL6 AGGAGCTAGCTAGGGGCATC TCTCGTGCTTTGGGAACTCT
Elongation factordbeta EFlb CAAGAAAAGGCCAAGCTGAC TTGGATTGACCCCAGAGAAG
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Online Resource JFull list of the DRP sequences used for the phylogenetic analysis and their accession IDs.

GREEN ALGAE

Asterochlorissp. (pg00051, pg00071, pg00133)

Auxenochlorella protothecoidéXP_011399816.1, XP_011395871.1)
Chlamydomonas_acidophi{@BAH01011280.1)

Chlamydomonas reinhard{{iXP_001689614.1)

Coccomyxa subellipsoid¢XP_005651445.1, XP_005645257.1, XP_005645325.1, XP_005651481.1,
XP_005651480.1, XP_005645326.1)

Monoraphidium neglecturfKlZ05609.1)

CHAROPHYTAE
Klebsormidium flacciduri0255866.1)

LAND PLANTS

Arabidopsis thaliandNP_564518.1, NP_191832.1)

Craterostigma plantagineuii?22242.1)

Glycine maxXP_003533131.1, NP_001241405.1, XP_003546306.2, XP_006597690.1, XP_003528608.1,
XP_003528610.1, XP_0065839.1)

Macuna semperviren®\FD10411.1)

Medicago truncatulgXP_003594696.1, XP_003594692.1, XP_003594693.1, KEH32354.1)
Oryza sativg EAY93988.1, NP_001050089.1, NP_001054671.2, AAU44142.1)
Physcomitrella paten§XP_001771514.1, XP_001760386.1)
Selaginellamoellendorffii(XP_002977644.1, XP_002972030.1, XP_002965677.1)
Sorghum bicolofXP_002447761.1, XP_002465286.1, XP_002440607.1)

Zea maygNP_001150304.1, NP_001149373.1, XP_008663177.1, NP_001142402.1)

BACTERIA

Acidisphaera rubrifacien§WP_048861735.1)
Actinoplanesp.N902109WP_041833689.1)
Amycolatopsis azure@VP_005154953.1)
Amycolatopsis orientali@VP_044854273.1)
Comamonasp.B9 (WP_021026695.1)
Deinococcus deserfiVP_012692797.1)
Deinococcus ficuWP_027462050.1)
Deinococcus frigen8VP_029479228.1)
Deinococcus geothermalf§VP_011530456.1)
Deinococcus misasengd/P_034344700.1)
Deinocossus pimensfgVP_045233845.1)
Delftia tsuruhatensi$§WP_047327845.1)
Granulicella mallensigWP_044178539.1)
Granulicella tundricola(ADW70652.1)
Kirrobacter mercurialigWP_039097173.1)
Kribbella catacumbaéWP_026162498.1)
Massiliasp.9096 (WP_036177468.1)
Meiothermus rubefwWwP_013013224.1)
Nocardiopsis synnemataformafWP_017567992.1)
Rhodococcusp.AW25M09 (WP_008712540.1)
SalinisphaeréhydrothermalidKEZ79181.1)
Sinorhizobium melilot{WP_028054988.1)
Skermanella aerolat@VP_044435321.1)
Sphingobiunsp.C100 (WP_024019515.1)
Sphingomonas echinoidé&/P_010406016.1)
Sphingomonas phyllosphaer@&'P_022685724.1)
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Sphingomonas taxiWP_038664756.1)
Terriglobus roseu$AFL87044.1)
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Online Resource 4AChimeric contigs report relative Toebouxia gelatinostranscriptomic analysis; the number of ORFs
annotated on each contig is shown on the x axis and the number of contigs observed for each category is indicated on the
y axis.

Online Resource 5Summary of thélrebouxia gelatinosgenes expression trendsrithg dehydration and rehydration;
genes were classified into 9 groups based on themmugownregulation in the dehydrated vs control and rehydrated vs
dehydrated comparisons.

Group Dehydrated Rehydrated Number of gene: % of the total

S S
Control Dehydrated

1 3 a 12 0.09
2 a = 479 3.50
3 a ¢ 39 0.28
4 = 3 84 0.62
5 = = 12533 91.83
6 = ¢ 74 0.54
7 ¢ 3 54 0.40
8 ¢ = 366 2.68
9 ¢ ¢ 7 0.05

a : upregulatedC : downregulated; = : stable
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Online Resource 6Spaghetti plot showing the transcriptional signaturerebouxia gelatinosaelected genes pertaining
to gene expression trends 1, 3, 7, 9 (see Online Resource 3). Fold change values relative to the control sample are shown
on the yaxis.
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Online Resource 7Scatterplot summarizing the comparison of control vs dehydrated (a), dehydrated vs rehydrated (b)
and control vs rehydrated (c) expression profileSrebouxia gelatinosa_og TPM expression values are plotted on the

x and y axis. Di fferenti al | y-test@gnprogosiong (BDRg@rected/pglue d @01t i f i e
and proportion fold change®2) are marked by red dots. Owexpressed genes following relmgtion are located above

the bisector line; downegulated ones are located below.
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Online Resource &.ist of the 10Trebouxia gelatinosgenes showing the highest proportion fold change (FC) values in
the dehydrated vs control and rehydrated vs dehydrated comparison.

Description Proportion FC
Dehydrated vs Control

Overexpressed
Unknown (DUF1254 domain containing) 106.89
PRLI-interacting factor L (cobalamin biosyntheis related prote 58.10
DRP6 20.17
PurA ssDNA and RNAinding protein 13.50
Abscisic acid mediated signaling pathway 13.04
GDSL-like Lipase/Acylhydrolase 12.79
Unknown 11.52
Unknown 10.53
Histone H2A 9.24
Unknown 8.79

Underexpressed
Unknown -87.90
Glycosyltransferaséike protein (DUF604 domain containing) -53.54
Unknown -41.83
T-complex protein 11 -30.44
Unknown -29.66
T-complex protein 11 -26.72
Unknown -23.81
Unknown -22.34
Unknown -19.94
Unknown -19.54

Rehydrated vs Dehydrated

Overexpressed
DRP5 18.45
Glycosyltransferaséike protein (DUF604 domain containing) 18.09
Unknown 17.00
Unknown 13.66
T-complex protein 14ike 12.31
Unknown 11.50
Expansinlike protein 8.59
Unknown 8.45
Proton phosphate symporter 8.38
3-oxoacyl ACP synthase 7.16

Underexpressed
GDSL-like Lipase/Acylhydrolase -9.66
Cold-regulated protein -8.03
Unknown -7.41
Betalactamase like -7.39
PRLI-interacting factor L (cobalamin biosyntheis related prote -7.25
Unknown -6.71
Unknown -6.51
Glycosyl hydrolase catalytic core -4.44
Subtilase family -4.39
Unknown -4.39
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Online Resource 9Summary of the hypergeometric test on annotations performed dmeheuxia gelatinosaets of
differentially expressed genes in the rehydrated vs control comparison.

Category ID Description P-value Proportion

Rehydration vs Control

Up-regulated

eggNOG COG1523 Type |l secretory pathway, pullulanase PulA and 1.47E5 4/4
GO_CC GO0:000952 photosystem | 1.11E16 19/23
GO_CC GO0:000952 photosystem Il 8.87E13 16/27
GO_CC G0:000953 chloroplast thylakoidnembrane 1.49E11 35/146
GO_CC GO0:000587 microtubule 1.01E6 24/120
GO_CC GO0:000581 microtubule organizing center 3.14E3 7130
GO_CC G0:003028 dynein complex 4.27E3 5/17
GO_CC GO0:000592 cilium 6.34E3 9/51
GO_MF GO0:001616 chlorophyllbinding 3.33E16 17/23
GO_MF G0:004316 cation binding 4.97E7 14/46
GO_MF GO0:000377 motor activity 1.62E5 7/15
GO_MF GO0O:000389 DNA primase activity 4.80E4 a/7
GO_MF G0:000028 magnesium ion binding 4.56E3 13/91
GO_MF GO0:001711 nucleosideriphosphatase activity 4.60E3 10/61
GO _BP GO0:000976 photosynthesis, light harvesting 0.00 17/21
GO_BP G0:001829 proteinchromophore linkage 2.18E12 16/27
GO_BP G0:005130 cell division 5.14E8 31/151
GO BP GO:000706 mitosis 6.05E7 23/103
GO_BP GO0:000627 DNA replication initiation 5.24E6 7112
GO_BP GO0:005125 protein polymerization 2.11E5 6/10
GO _BP GO0:003017 regulation of DNAdependent DNA replication initiation 1.21E4 4/5
GO _BP GO0:000626 DNA unwinding involved irreplication 1.21E4 4/5
GO_BP G0:001925 starch biosynthetic process 1.43E4 6/13
GO_BP GO0:000598 starch catabolic process 2.36E4 6/14
GO_BP GO0:001597 photosynthesis 3.60E4 11/47
GO_BP GO0:000688 exocytosis 4.11E3 5/16
GO_BP GO0:000597 carbohydrate metabolic process 5.78E3 11/65
GO_BP GO0:000631 DNA recombination 7.05E3 9/49
GO_BP GO0:000626 DNA replication 7.91E3 12/77
GO_BP G0:003024 cellulose catabolic process 9.16E3 5/19
PFAM G0:001616 chlorophyll binding 3.33E16 17/23
PFAM G0:004316 cation binding 4.97E7 14/46
PFAM G0:000377 motor activity 1.62E5 7115
PFAM GO0:000389 DNA primase activity 4.80E4 a7
PFAM G0:000028 magnesium ion binding 4.56E3 13/91
PFAM G0:001711 nucleosideriphosphatase activity 4.60E3 10/61
Downtregulated

eggNOG CO0G2217 Cation transport ATPase 4.27E4 4/11
eggNOG COG5021 Ubiquitin-protein ligase 6.23E4 4/12
GO _BP GO:000695 response to stress 1.28E6 14/78
GO_BP GO:000940 response to heat 3.91E5 10/55
GO_BP GO:006000 copper ion export 1.36E4 4/8
GO_BP GO0O:000675 ATP biosynthetic process 2.36E4 6/24
GO_BP G0:001648 protein processing 3.83E4 4/10
GO_BP G0:000645 protein folding 1.79E3 13/133
GO_BP GO0:000650 proteolysis 3.14E3 17/211
GO_CC G0:000588 plasma membrane 2.90E3 34/575
GO_CC GO:000050 proteasome complex 4.18E3 5/30
GO_CC GO0:000953 chloroplast thylakoid membrane 6.79E3 12/146
GO_MF GO0:000400 copperexporting ATPase activity 1.15E4 4/8
GO_MF GO0:000425 serinetype endopeptidase activity 8.53E4 8/55
GO_MF G0:001688 carbonnitrogen ligase activity 1.06E3 5/22
GO_MF GO0:001711 nucleosideriphosphatase activity 1.70E3 8/61
PFAM PF00012 Hsp70 protein 3.96E7 7/14
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PFAM PF02374  Anion-transportingATPase 3.45E5 4/6

PFAM PF01425 Amidase 7.05E4 5/19

PFAM PFO0004  ATPase family associated with various cellular activities 2.07E3 9/72
Up- and downrregulated genes were analyzed separately. eggNOG: evolutionary genealogy of gersgedrdsed Orthologous Groups;
GO_BP: Gene Ontology Biological Process; GO_CC: Gene Ontology Cellular Component; GO_MF: Gene Ontology Molecular Function;
PFAM: Protein Family. The proportion column indicates the number of differentially expressed genes in respect with timeltetaifrgenes
annotated with the same term in the enfirebouxia gelatinos&ranscriptome.

Online Resource 1QList of the 30 most expressed genes in the control, dehydrated and rehydrated safnplesuafa
gelatinosa The rank of expression per sample, ordered by decreasing values from the most to the least expressed, is
displayed.

Description Normalized meas

Control

1 HSC70 12461.15
2 Unknown Glycinerich protein 7159.14
3 C2-domain containing protein_1 6364.77
4 HSP90 5778.33
5 HSP20 1 5156.20
6 Unknown protein_1 4942.85
7 Unknown protein_2 4938.49
8 Elongation factor 4alpha 4878.50
9 Oxygenevolving enhancer protein 1 4872.42
10 DRP1 4805.87
11 Cold regulated protein_1 4610.81
12 DNAJ protein homolog 4340.36
13 HSP20_2 4294.05
14 Ribosomal protein S20 4178.63
15 Elongation factor 3 3912.00
16 Cyclophilin 3820.11
17 ChaperorproteinClpB 355.009
18 Chlorophyll a/b binding protein_1 3413.93
19 Ribosomal protein S8 3411.92
20 RUBISCO small subunit 3305.77
21 Cold shock protein_1 3267.37
22 Unknown protein_3 3265.03
23 Ribosomal protein S6 3223.03
24 Polyubiquitin 3053.03
25 Ribosomal protein L26 3017.48
26 Ribosomal protein L15 3005.49
27 Ribosomal protein S3A 2917.57
28 Ribosomal protein S7 2868.57
29 Ribosomal protein S19 2724.38
30 Ribosomal protein L4 2699.97
Dehydratec

1 Chlorophyll a/b binding protein_1 6832.96
2 Cold regulated protein_1 5277.19
3 Elongation factor 4alpha 4847.59
4 Unknown Glycinerich protein 4186.83
5 RUBISCO small subunit 4184.43
6 Plastocyanin 4049.36
7 Unknown protein_3 3958.44
8 C2-domain containing protein_1 3920.50
9 MnSOD 3641.60
10 Cyclophilin 3576.73
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11 Elongation factor 3 3275.34
12 Chlorophyll a/b binding protein_2 3189.53
13 Photosystem | reaction center subunit 2 3091.57
14 Oxygen evolving enhancer protein 1 3031.50
15 Photosystem Il reaction center pibtein 2951.80
16 HSC70 2861.11
17 Tubulin alpha chain 2741.22
18 Cold regulated protein_2 2712.48
19 Unknown protein_4 2674.84
20 GAPDH 2613.38
21 Ribosomal protein S20 2608.67
22 Cold shock protein_2 2595.60
23 C2-domain containing protein_2 2527.03
24 Chlorophyll a/b binding protein_3 2430.70
25 Oxygen evolving enhancer protein 2 2425.39
26 Photosystem | reaction center subunit XI 2417.85
27 Ribosomal protein S8 2351.25
28 Glutharedoxin 2291.79
29 HSP90 2270.06
30 Ribosomal protein L19 2261.68
Rehydratec

1 Chlorophyll a/b binding protein_1 10853.68
2 RUBISCO small subunit 6605.84
3 Elongation factor 3 5302.69
4 Elongation factor dalpha 5257.89
) Unknown Glycinerich protein 5254.13
6 Cold regulated protein_1 4986.01
7 Tubulin alpha chain 4104.74
8 Plastocyanin 3840.00
9 Chlorophyll a/b binding protein_2 3589.22
10 GAPDH 3499.78
11 C2-domain containing protein_1 3415.71
12 Cold shock protein_1 3139.78
13 C2-domain containing protein_2 3100.00
14 Unknown protein 3 3065.82
15 Carbonic anhydrase_1 2950.85
16 MnSOD 2860.31
17 Chlorophyll a/b binding protein_3 2857.11
18 Unknown protein_1 2815.44
19 Cyclophilin 2786.76
20 Fructosebisphosphate aldolase 2754.13
21 Oxygen evolving enhancer protein 1 2680.95
22 Chlorophyll a/b binding protein_4 2617.73
23 Cold shock protein_2 2552.25
24 Ribosomal protein S8 2520.30
25 Ribosomal protein S20 2500.20
26 Carbonic anhydrase_2 2457.34
27 Chlorophyll a/b binding protein_5 2406.58
28 Ferredoxin 2378.67
29 Unknownprotein_2 2347.22
30 Ribosomal protein S3A 2286.08
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Main abbreviations

APX: ascorbate peroxidase

CAT: catalase

DRP: desiccation related protein

DT: desiccation tolerant

DW: dry weight

EXP: expansin

FW: fresh weight

HSP:heat shock protein

LHCII: chlorophyll ab binding protein of the light harvesting complex Ii
MnSOD: manganese superoxide dismutase
P turgor pressure

gRT-PCR: quantitative redlme PCR

ROS: reactive oxygen species

RWC: relative water content

TLP:turgor loss point

WC: water content

dg: water potenti al

Qup: water potential aturgor loss point
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Highlights

T InT. gelatinosagene expression is modulated by cell water potential

1 The downregulation of the HSP70 transcript is not reflected on theejpréevel
91 Desiccation related proteins are involvedirgelatinosaesponse to desiccation
1

Turgor loss is a key time point for gelatinosagene expression

Abstract

Therelation between water status and expression profiles of-strebslesiccatiomelated genes has

been studied in the desiccation tolerant (DT) aeroterrestrial green micfoalyauxiagelatinosa a

common lichen photobiont. Algal colonies were desiataite controlled condition. During
desiccation, the water status was assessed by measuring water content, relative water content (RWC)
and water potenti al (q) ., @Qup.On a sbset of samplas,rsgectédh e
on the basis of h e i g an@/pr RGC, quantitative reime PCR was performed to measure the
expression of ten different transcripts related to photosynthesis, antioxidant defense, expansins, heat
shock proteins (HSPs), and desiccation related proteins (DRPs). RHi#Hkh&otein expression was

also evaluated bynmunodetectionOur analysis showed that the moments just before andZafter

were key time points foff. gelatinosagene expression. Each cell water potential stimulated a
different response in terms of sificant genes upor downregulation, and this implies a finely
regulated perception of water stress. The strong degulation of HSP70 gene expression observed
during desiccation was not reflected at the protein level. The study provides the firginexpsr
evidence of the central involvement of DRPd irgelatinosalesiccation tolerance.

Key words

Water potential, relative water content, HSP70, DRPs, turgor loss.

1. Introduction

Desiccation tolerance [1] is the ability to survive and recover roksat after drying to 0.1
g H.0 g of dry mass [2]. This corresponds to the loss of more than 90 % of the relative water content
(RWC) and to a walleMPaprevee lawer[3. Desiccgtion taerance implies
the capacity of an organistm survive in this state for ecologically relevant periods of time, resuming

a normal metabolism in a relatively short time (from minutes to days) as soon as water becomes
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available again. Desiccation tolerance can be found in phylogenetically distarfitadexhchens and
bryophytes to nematodes, rotifers, and tardigrades [4] and is typical of organisms which colonize
substrates or environments with little and unpredictable water availability [5]. Desiccation tolerant
(DT) photoautotrophs include aeterestrial micrealgae, lichens, bryophytes, several clubmosses

and ferns and a few hundred adult angiosperms plus most of the angiosperms at the embryo stage (as
seeds) [4]. Aerderrestrial microalgae, in particular, have a global distribution and typieediur in

biofilms on soil, rocks, leaves, tree bark, and nratde substrata [6]. Some taxa form ldiving,

stable symbiosis with fungi, i.e. diehen photobionts, includingrebouxia(Chlorophyta), which is

the most common and widespread genus behcphotobionts [7]All Trebouxiagc. 30 species; [$]

are DT, and the mechanisms of their desiccation tolerance are not yet understood.

To cope with the effects derived by water loss, DT photoautotrophs apply multiple strategies.
In most DT vascular pias, in which desiccation usually occurs in terms of days, the protection/repair
mechanisms are activated by desiccation itself [9, 10]. On the other hand, D&gsoofar plants are
subjected to frequent cycles of desiccation/rehydration that can lash ée& minutes and thus they
mostly rely on constitutive protection mechanisms [3, 4, 11]. In DFvaacular plants, the influence
of the water status and desiccation on molecular, physiological and morphological responses is far
from being completely uwterstood [12].

When desiccation is moderate, DT photoautotrophs accumulate compatible osmolytes (i.e.
amincacids, sugars, polyols) that allow osmotic adjustments [3]. Furthermore, an increased
expression and accumulation of dehydrins, late embryogerasislant proteins (LEA), and heat
shock proteins (HSPs) is commonly observed [13].

As desiccation is known to cause impairment of redox equilibrium, both vascular and non
vascular DT photoautotrophs must avoid oxidative damage derived from the accunuifiledamtive
oxygen species (ROS) [14]. RO&e harmful to cellular components like nucleic acids,
polysaccharides, proteins and lipifig]. Anti-oxidant defenses include protective enzymes like
superoxide dismutase, catalase, peroxidases,nan@gnzymatic molecules like glutathione and
ascorbic acid [15]. An effective antioxidant system seems to be one of the most important
prerequisites for desiccation tolerance [16].

During desiccation, one of the major threats for photoautotrophs is sheflosll turgor. With
turgor loss, the cell membrane progressively detaches from the cell wall [17], and the cell is thus
subjected to mechanical and biochemical injuries that impair its functionality [3, 18]. This causes
strong morphological modificatiento the cell ultrastructure that can lead to irreversible damage to
organelles and possibly to cell death [3, 18]. For these reasons, cell turgor loss is considered the best

indicator of water stress in plant science [18].
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Turgor loss can be monitoredbye asur i ng t he water potenti al
the water status in terms of potenti al energ
applied (e. g. in lichenological studies; [19, 20]) as they are more time consuming than weight
measurements to quantify the water content. Howe@measurements are definitely more
informative, because they allow a description of the water status derived on irreversible
thermodynamics, and the discrimination between eatnd intracellular wateoks [5].

q of distilled water is 0O MPa, and the pot
to the solutes [21]. When the cells lose water during desiccation, the decrease of turgor pressure (P
MPa) and/or the increase of solutes conegiain cause a drop in the water potential [21]. When P
reaches 0, cell turgor is lost and the water potential is mostly determined by the osmotic potential (i.e.
cell solutes concentration). This point, known as water potential at turgor lossChg)ntéflects the
ability of an organism to maintain cell turgor in the face of fluctuating water supply [22]. Turgor
maintenance during desiccation might extend time available to perform metabolic activities,
including photosynthesis [23], and thQg hasbeen widely measured in vascular plants and recently
also in poikilohydric organisms, such as lichens and algae [5, 23]. Water potential isotherms
(pressure/volume curves, RdMrves), that take into accousit / qQ and wat er | oss
commonly useda measure different cell parameters, includihg[ 2 4, 2 5 Jwpvalueschave r (
been linked to higher water deficit tolerance in organisms adapted to arid environments, as seen in
vascular plants [26] and lichens [5].

Generally,Qup of vascular plantss betweenl MPa and3 MPa [ 22, 27, 28] ,
which nonDT species can be dried without triggering irreversible damage, also known as the critical
water potential, occurs betweeénand-10 MPa, corresponding to ~-30 % RWC [29]. The critical

water potential of DT species is far lower than that ofBdnspecies. In DT vascular plants, it can
reach values as low as-200 MPa [30] whereas in lichens and their symbionts [31, 32] and in DT
bryophytes [ 3dah]reach hakiesbealow#00 MBd. To@ate; few studies have been
conducted on the turgor loss response in DT-vastularplants [12], and an estimation Gf in
relation to water status would be important to understand if and how this feature is involved i
desiccation tolerance of these organisms

Up to dat e, a single work was performed
photobiont, Trebouxiasp. TR9 [34], showing that, at metabolomic level, water status affects mainly
cell wall, extracellular polysaharides (EPS), polyols and antioxidant protection. Candotto Carniel
et al. [11] showed that desiccation tolerance of a fuifihelbouxiaspecies]. gelatinosarchibald,
mostly relies on constitutive mechanisms, but desiccation and rehydration asiedhal gene

expression of components of the photosynthetic apparatus, thesé@&nging system, HSPs,
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expansins, and desiccation related proteins (DRPs) [11]. DRPs were first described in the resurrection
plant Craterostigma plantagineurand have purportély been linked to desiccation tolerance [35].
One of these DRPs, predicted to exist as small gene family (p8Z136]), presents similarities
with T. gelatinosaDRPs. InT. gelatinosathe DRP family is highly expanded, exhibits high
diversification interms of cellular localization and structure, and the response to the water status is
heterogeneous [11], a fact that asks for further investigations.

In this study, we monitored the responselofjelatinosaduring desiccation describing the
water status n t er ms of water content ( WC) , rel atiwv
identify how the water status 4f. gelatinosatriggers changes in the expression of stressl
desiccatiorrelated genes, i.e. which are the key moments that activateatiezription of these

important genes during water loss.

1. Materials and methods

1.1 Cultures ofTrebouxiaphotobiont

Trebouxia gelatinosawas isolated following Yamamoto et al. [37] from thalli of
Flavoparmelia caperatglL.) Hale collected in the Classical Karst plateau (NW lItaly). The algal
cultures were subcultured on solid Trebouxia Medium (TM; 1.5 % agar) [38] evetly 88ys and
kept in a thermostatic chamberl®&°® 1°Cand2® 2 ¢ mo | p? 8 avitha figst/dark regime
of 14/10 hours and a relative humidity of 53 %.

Axenic cultures ofT. gelatinosawer e i nocul ated with 100 ¢l
approximately 3.5 x Tcells mL* on cellulose acetate membranes (25 mm diameter, pore size 0.45
pm, Sarteius Lab Holding Gmbh which werdaid on 25 mL of solid TM (1.5 % agar) [38] at the
bottom of MicroboxJunior 40 vessels (Duchefa Biochemie), equipped with a Ailezostrip on the
cover which allows gas exchange while keeping the internal volunterile €onditions. The vessels,
each containing six membranes, were kept in the thermostatic chamber at the same conditions
reported above. On the 30th day of growth, a number of colonies (4 and 63 respectively) were used
f o mp agdessment and desiccatioeatment.

1.2Trebouxia gelatinos@up assessment
Four 3Gdaysold colonies (weight 0.22 + 0.01 g) were taken from the vessels and used for the
PV-curve measurements. Fresh colonies were progressively desiccated on a laboratory bench while
maintained inthe dark, at 21 + 1 °C and with relative humidity ranging between 40 % and 55 %.

Wat er potenti al ( Q) measurements were perforn
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Decagon Devices, Inc.) as the average of three subsequent values in the @mglebetror of the
instrument (0.1 MPa), and coupled with measurements of sample fresh weight (FW). The experiment
continued wuntil the relationship between 1/ Q
became linear {r> 0.98). P\icurves were fially processed according to Tyree and Hammel [24] to

obtagn (

1.3Desiccation treatment

Sixty-three 30daysold T. gelatinosacolonies (weight 0.22 £ 0.01 g) were randomly (Lehmer
Pseudo random number generator) selected from the vessels and placed in groups of seven along the
border of single filter paper discs (Whatman, 60+5¢ &5 mm diameter) wetted with 100 pl of
distilled water inside plate lids and left to desiccate at the air of the thermostatic chamber, at the same
conditions described above.

During desiccation, 9 sampling points were selected as defined in a preliminary experiment
performed at the same conditions,which the decreasing weight of fullyydratedT. gelatinosa
colonies was followed over time with a precision balance. In the final experiment, at each sampling
point (TO-T8), one plate lid with seven colonies was randomly selected and one of its calasies
placed in a dew point water potential meter (WP4, Decagon Devices, Inc.) to measure the water
potenti al (q), calcul ated as the average of t
instrument (0.1 MPa). Then the colony was gently feansd from the membrane to a preighed
labeled 1.5 mL tube, soaked in liquid nitrogen and freliza for 48 h. After freezdrying, the tube
was weighed on a precision balance to obtain the dry weight (DW) of the colony.

Just bef or e fsuramestlthe atlger six bokonie§ wearedransferred on the plate lid from
the membrane to piweighed labeled 1.5 mL tubes, weighed on a precision balance for water content
(WC) estimation, soaked in liquid nitrogen and store@@tC. For the last timegint (T8), colonies

were kept in silicagel for 24 h. The six colonies of each plate lid represent six replicates of the same
sampling point (sample), which were referred
The water content (WC) was expsed as g ¥ gt dry weight and calculated as WC = [(RVDW)

/ DW], where the fresh weight (FW) was the weight at the sampling point, and the dry weight (DW)
was the average weight of the freelzeed colonies. The relative water content was calculased

RWC = [(FWi DW) / (IFW - DW)] x 100 following Nardini et al. [5], where the water lost until the
decline of Q@ was interpreted as extracellul ar
fresh weight (IFW), which was considered the viatigt full turgor Nardini et al. [5].

Subsequent analyses, i.e. quantitative-tiea¢ PCR (QRTPCR) of ten genes and immunodetection

of HSP70, were performed on a subsgéandoRWG ampl
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This subset consisted samples in the fulihydrated state (TO), after loss of most extracellular water
(T1), before (T4) and after (T5) turgor loss, and immediately before (T7) and after (T8) reaching the
desiccated state (RWC <10 %).

1.4RNA isolation and cDNA synthesis
RNA was extracted with PowerPlant® RNA Isolation Kit (MO BIO Laboratories Inc.) from
three out of six random chosen replicates of all the selected samples. RNA quality was verified with
NanoDrop® 2000 (Thermo Fisher Scientific), followed by a denaturing 1&¥osg gel. cDNA was
synthesized using IScript cDNA synthesis kit (Btad).

1.5Quantitative reaitime PCR (QRIPCR)

gRT-PCR was performed to measure the expression of ten different transcripts, five encoding
stressrelated proteins and five desiccatimlaed proteins. The former were ascorbate peroxidase
(APX), expansin | (EXPI), manganese superoxide dismutase (MnSOD), heat shock protein 70
(HSP70) and the chlorophyHlabinding protein of the light harvesting complex Il (LHCII); the latter
were the desiation related proteins 1 (DRP1), 2 (DRP2), 6 (DRP6), 11 (DRP11) and 13 (DRP13).

Primers (Table A.1) were chosen following Candotto Carniel et al. [11], Montagner et al. [39],
or customdesigned with Primer3Plus [40]. Each reaction was performed in duleeital replicates
in a mix containing 1 OL c¢cDNA (1:10 templ ate
Supermix (BieRad) and 200 nM of each primer. The PCR amplifications were performed with CFX
9 6 E -tineed®CR System (BiRad) using the following @fe: 98 °C for 30 minutes and 40 cycles
at 95 °C for 10 minutes and 60 °C for 20 minutes. A melting curve analysis (65 °C to 95 °C increment
0.5 °C for 5 minutes) was performed to verify the absence okpeaific amplification products.
Transcript levelsvere calculated with Bidlkad CFX Manager software (BRad), based on the
comparative Ct method 2*Ct method) [41] and gene expression data were normalized using as

housekeeping gene the ribosomal protein L6 (RPL6) [11, 39].

1.6 Proteins isolation
Three ait of six random chosen replicates of all the selected samples were grinded in liquid
nitrogen, transferred to 1.5 mL tubes and resuspended in 100 pyL of 1x Laemmli buffer [62.5 mM
Trisi HCI pH 6.8, 10 % (v/v) glycerol, 2 % (w/v) SDS, 0.2M dithiothreitol (DTand 0.1 % (w/v)
bromophenol blue [42]. Samples were then vortexed and incubated at 95 °C for 5 minutes. After a 3
minutes centrifugation at 14000 r.p.m., protein extracts were recovered from the upper phase of the

tube and transferred to a new tube. ks were stored a0 °C and incubated 5 minutes at 95 °C
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before loading on the gel, when not immediately used for the analysis. To check the quality and
quantity of the total proteins extracted, 12 % sodium dodecyl sulphptdyacrylamide gel
electrofhoresis (SDSPAGE) was performed according to Laemmli [42] and the gel was stained with
Coomassie brilliant blue R250 [43].

1.7HSP70 immunodetection

To perform 12 % SD®AGE, 15 ug of proteins were used. Proteins were then transferred on
a HybondEl oser membtane (Amersham) usinegad he C
USA) [44]. The transfer of the proteins was obtained after 1 hour at 70 V withitlerl buffer.
Before immunodetection, the membrane was stained for 30 minutes with Ponceato $hreck
equal protein transfer. The membrane was incubated at 4°C overnight in blocking solution [3 % (w/v)
skimmed milk in Trisbuffered saline] to prevent unspecific binding of antibodies. The membranes
were incubated for 1 hour with HSP70/HSC70 primamgibody ([45], 1:1000 dilution), and for 45
minutes with secondary antibody (ardbbit IgGperoxidase, 1:5000 dilution, Sigr#ddrich).
Antigen-antibody complexes were detected with the ECL kit (Amersham) and arhager (LAS
1000, Fuijifilm). Densitmetry of protein bands was done with Image J software 1.37 V (National
Institute of Health).

1.8 Statistics
Statistics were performed with R version 3.2.0 [46]. A-org Anova followed by a Fisher's
LSD posthoc test was applied to verify significant diffeces between the relative abundancy of
transcripts and HSP70 protein content among samples. Figures were produced with Sigmaplot 10.0
(Systat Software).

2. Results

2.1Water relations
Complete desiccation of the gelatinosacolonies (RWC ~ 1 %) occurred in approximately
10 hours (Fig. 1, Table A.2). Water loss was faster at the beginning of the desiccation: after the first
four hours (T1), WC was halved (Fig. 1, Table A.2) and reached 0.0 gfHDW in T8.
Water potentiatlecreased slowly from TO to T4, and strongly decreased between T4 and T5
(Fig. 1, Table A.2).Quy assessed trough PdUrves measurement was -3.62 = 0.62 MPa,

corresponding to a point between T4 and T5 of the desiccation process (Fig. 1).
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2.2.Effects of desiccatioan genes expression at transcript level

Significant changes in the expression of all tested genes were observed during desiccation.
Regarding antbxidant enzymes, both APX and MnSOD increased their expression at T1 (~ 40 %
and 100 %respectively), then decreased (from ~ 110 % to ~ 180 %) from T4 to T6 and increased
again at T8 around initial levels (Fig. 2). EXP1 had an opposite expression pattern; it increased four
times from TO to T4, remaining high at T5 and then it decreadedsdhan one tenth of the TO level
at T7 and T8 (Fig. 2). HSP70 and LHCII had a different expression pattern as well: they remained
stable until T2, to significantly decrease between T4 and T7 (~ 90 %) and increase again to the TO
levels between T7 and T8ig. 2).

The expression of DRP1 significantly increased to 40 % between TO and T4, then it decreased
back to TO levels between T4 and T5 and increased agaiveen T7 and T8 (Fig. 2). DRP2 and
DRP6 shared a similar pattern, with the major increas® @6)of their expression at T4 and then a
decrease of ~ 20 % from T5 to T8 (Fig. 2). DRP11 had the major increase at T4 (~ 40 %), then the
expression decreased to the initial level from T5 to T8 (Fig. 2). DRP13 had also a major increase at
T4 (~ 60 %), tha it returned to initial levels at T5, decreased ~ 30 % at T7 and then it returned to
initial levels at T8 (Fig. 2).
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Fig. 2. Fold change in the expression of the 10 selected transcripts. Gene expression was determined-B<fyfqQRT

RNA of colonies 6 Trebouxia gelatinosauring desiccation. Different letters on the top of the bars indicate significant
differences among samples (p < 0.05, n = 3). APX: ascorbate peroxidase; EXP1: expansin 1; MnSOD: manganese
superoxide dismutase; HSP70: heat shockepnofQ; LHCII: chlorophyll & binding protein of the light harvesting
complex II; DRP: desiccation related protein.

2.3.Effects of desiccation on the HSP70 protein level
Desiccation did not affect the HSP70 protein level: no significant differences weré fou

among the sampling points (Fig. 3).
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Fig. 3. Fold change in the level of HSP70 protein. The level was assessed using immunodetection on 15 ug of proteins
extracted from colonies drebouxia gelatinosduring desiccation. No significant differences were found among samples
(p <0.05,n=3).

3. Discussion

Transcriptional activation or repression in plant cells involves a séerssor at the cell wall
or plasma membrane, the generation and releaseaidenessengers (including calcium ions>La
and the activation/inhibition of protein kinases (PKs) and phosphatase (PPs) [47]. A possible signal
for the activation of the cascade of messengers is the modification of the environment surrounding
the cellsand/or a mechanical modification of the cell wall. Such stimuli might be the trigger for a
gene expression change connected to the inducible mechanisms at the hadiswfia gelatinosa
response to desiccation. The aim of this study was to deepemadidekige onT. gelatinosa
desiccation tolerance.

In studying plant responses to desiccation, the assessment of the water status is essential as
most of the anatomical, physiological and biochemical alterations occur when the water content
decreases below @ertain level. Hence, in this workyCCRWC and @@ were used t
water status of th€. gelatinosacells. WC provides a measurement of the quantity of water available
per unit of dry mass [48], RWC expresses WC in % at a given time as reldtedw/C at full turgor
[ 49], while Q@ is important for the assessment

Part of the WC of fully hydrated. gelatinosas extracellular/apoplastic [50]; a similar water
storage is commonly found in lichend]&nd inTrebouxiasp.[32]. In these organisms, considerable
water can be lost before the water potential falls sufficiently to affect metabolism [52]. Based on the
PV c u rpwkTsgelatiGpsavas ~-4 MPa, a value also recorded by Petruzzellis. ¢238], when
studying the licherFlavoparmelia caperatand its isolated photobiont, i.e. the same alga studied
here. The authors suggested that the turgor state influences the functionality of photosynthetic process

in lichens and algae, and thus it ntiglave a role also in the desiccation toleranck. gfelatinosa
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In this work, ten and eight out of ten genes showed significant expression changes right before
and after the turgor loss, respectively. Seven and five out of ten genes showed sigrbicasi@n
changes right before and after reaching the desiccated state (RWC ~ 1 %), respectively.

Regarding the turgor loss, the major change in terms-oéguyation in the proximity of this
moment was recorded in the expression of the gene codingefaelihwall protein expansin. When
a plant cell loses water, the most evident result is a reduction of cell volume [53]: this can lead to a
mechanical stress [53], due to the tension between the cell wall and the plasma membrane, occurring
when turgor presure is lost [54]. Tackling this stress efficiently seems to be decisive for DT plants
[55]. Cell wall features, like composition, thickness, and presence of extracellular polysaccharides
(EPS), are found to play a significant role in the desiccationatoter of green algadrebouxia
included [34, 56], as they avoid or retard desiccation [52]. When a cell shrinks, cell wall plasticity
has a crucial role for the maintenance of its integrity. Cell wall extensibility depends on the underlying
structure and o the activity of waHmodifying proteins, like expansins [57]. These proteins disrupt
the bonds between naovalent wall polysaccharides and have a role in the loosening of the cell wall
[54, 58]. Expansin genes in general have been found to-begufsed by abiotic stress conditions
such as desiccation, osmotic stress and salinity [59]; aregipation of expansin expression was
found in the DT planC. plantagineunduring both desiccation and rehydration [58]. Candotto
Carniel et al. [11] proposed ah expansins have a key role also in desiccation tolerande of
gelatinosasince they found a significantupgulation in rehydrated. gelatinosacolonies, while in
the desiccated state the expression was stable. The flexibility of the cell walidslgdy important
to prevent the mechanical stress at turgor loss [60]. The connection between water loss and cell wall
has been investigated both in higher plants (see [54] and reference within) and in green algae [61]. In
green algae desiccation leasa shrinkage process, which is particularly spectacular in the sub
spherical cells oTrebouxiawith important effects on cell ultrastructure [12].

In the alga investigated here, the major deegulation before turgor loss occurred for the
HSP70 geneThe expression of HSP70 significantly increased when RWC diminished under the
threshold of 10 %. In higher eukaryotes, including plants, HSP70s areistiestble proteins [62].

They have a crucial role in protecting living organisms from environmetredses and support
correct protein folding under stress conditions [63]. A doagulation of HSP70 gene expression in
desiccatedl. gelatinosawas already documented [11]. Decreased expression of members of the
HSP70 gene family was also recorded dudasgiccation in the DT mo$¥hyscomitrellgpateng64],

and for oxidative stress and heavy metal exposuréréiouxia sp[39, 65, 66].Although the
mechanisms of HSP70 function under stress conditions are not fully understood [62]; the up

regulation of H®70 genes generally determines higher tolerance to abiotic stress in plants [62, 67]:
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for this reason, HSP70 dowrgulation as observed h gelatinosastill needs to be clarified. A
change in plant HSP70 expression has been link#eetmduction of C&/calmodulin (CaM) genes
[68]. Another pathway could include mitogen activated protein kinases (MAPK) that are involved in
signal transduction and in signaling of plant abiotic stress [Eqpite significant changes in mRNA
level, the HSP70 protein lelgeremained stable during desiccation (Fig. 3): it is known that mRNA
abundance and protein level may have a low correlation [70]. The accumulation/reduction of mMRNA
during water deficit may indicate gene induction or repression, but further regulatangniseas,
such as translational and paéstnslational modifications, could be necessary [71]. Moreover, while
it has been shown that in DT dry seeds low WC does not inhibit transcription, for translation
contrasting results have been obtained [72]. Fuithestigations are required to clarify the role of
molecular chaperones in gelatinosahowever, the constitutive protein expression of HSP70 seems
to be required during water stress.

Generally, in plants and green algae photosynthesis is suppressaesibgation as a
protective mechanism [12]. A decrease in photosynthesis was recoffiehguxia spat low (153
%) RWC [32]. Furthermore, Petruzzellis et al. [23] found thatTingelatinosadesiccation,
phot osynt hesi s decr eypAtaahscripiomicleveh dowkverdah ycrease bfe r
photosynthesiselated transcripts (including LCHII) in the desiccated state was detect&d in
gelatinosa[11]. In our study, LCHII was downregulated before turgor loss, and in the desiccated
state it eturned to the TO level (Fig. 2). This different behavior could be due to the different
desiccation rate, which is important for the recovery of photosynthesis in ahcilear photobiont
speciesAsterochloris eric{73], taxonomically near to the gentizzbouxia

In both vascular and nevascular plants including green algae, one of the most important
effects of desiccation is the oxidative burst related to reactive oxygen species (ROS) production,
which damage cellular structures [1, 12].Trebouxia g., an increased ROS production during
desiccation was demonstrated by histochemical localization [44, 74]. In lichens and their photobionts,
the antioxidant protection seems to be constitutive [1, 11]. In our work, the transcript level, both
MnSOD and AKX were upregulated at the beginning of desiccation, when extracellular water was
still present, but then they were dowsgulated immediately before and after turgor loss.
Interestingly, the expression increased when the RWC had reached ~ 1 % (FigleZyeAse of
antioxidant enzyme activities including SOD, catalase (CAT), and APX was recorded during
desiccation in both lichens [75] and their photobionts [73].

Among the numerous and highly diversified DRPs found .imgelatinosa[11], here we
analyzedhe most desiccatieresponsive ones in terms of fold change. The response of these genes
showed all the same trend, as all the five analyzed transcripts (DRP1, DRP2, DRP6, DRP11, DRP13)
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remained stable at the beginning of desiccation and had a peakeds&p before turgor loss (Fig.

2). DRP1 and DRP2 expression profiles differ from the one found in Candotto Carniel et al. [11], as
their expression was not dowbut upregulated in the desiccated state. It could be possible that in
Candotto Carniel etla[11] these genes were early and transientiragulated; DRPs and other
stressinduced genes can show highest expression in partial desiccation stages. Furthermore, as the
predicted cellular | ocali zat i onorypathwhys mwwleed pr ot
could have a role in the different regulation of these DRPs. DRPs in plants are involved in numerous
processes, including drought tolerance [35, 36], and their transcripts are frequerghulaped

during desiccation [76]. Even if dear explanation for the role of DRPs during desiccation is still
missing, the presence of the ferritike domain suggests a relation with oxidative stress protection
[77]. Expression of DRPs if. gelatinosavas not responsive to oxidative stress edusy hydrogen
peroxide (HO2;[51]); the hypothesis of a stress specific response is intriguing, and deserves more
investigations. If the role of the gelatinosdDRPs is at the cell wall or apoplast level, early activation

of gene expression should petrthe protein to accumulate in the apoplastic space to carry out
biochemical functions, such as the protection of cell wall from mechanical stress generated late during

desiccation.

Conclusions

Plants respond to stress with specific changes in genesskpn, metabolism, and physiology, and

this indicates the ability to sense environmental stress conditions [78]. From our analysis it is clear
that the time points just before and after the turgor loss and the desiccated state (RWC ~ 1 %) are key
points n terms of gene expression in the responge gelatinosaEach of them induced a response

in terms of up or downregulation of specific genes, which implies a finely regulated perception of
water stress. The study provides important evidence for trivement of DRPs in desiccation

tolerance of the green microalga, which is one of the most common lichen photobionts.
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Supplementary material

Table A.1.Primers forquantitative reatime PCR analysis.

Gene Primers  Forward sequence Reverse sequence Reference
Ascorbate peroxidase APX CAGGGTTCACAAGGACAGGT TCAGCAAACAGGCACTCATC [39]
Desiccation related protein 1 DPR1 CAAAATGGCGATGTTGTCAC CAACGTTGAAGATGCCAATG  This study
Desiccation related protein 2 DPR2 AAATTGCCCACGTCAACTTC  GAGGAGCAGCACCCTTGTAG This study
Desiccation related protein 6 DPR6 CCAGATCGACCTCTCTGCTC GCCAACAGGGTCTTGTCAGT  This study
Desiccation related protein 11 DPR11 CATATGGCGAGGGTATTGCT TGTGCGATTTCATTCTCAGC  [39]
Desiccation related protein 13 DPR13 AGGACATCAGACAGGGATGG AATTGCCAACAAAGCCAAAC  This study
Expansin 1 EXP1 GACAGGACTCCAGCTTTTGC CTGAGGGGAGATGACGTTGT [11]
Heat shock protein 70 HSP70 CAGTCACCACTGCCTTCTCA CAAGTCAGCCAATGCAAAGA [39]
Light harvesting complex Il LHCII CTGATGACCCAGATGCCTTT GGTCCTTTGCCTGTCACAAT [11]
Mn-superoxide dismutase MnSOD CACCCAGCTTGCTGACTACA GGTCAAACTGTGCCTGGAAT  [39]
Ribosomal protein L6 RPL6 AGGAGCTAGCTAGGGGCATC TCTCGTGCTTTGGGAACTCT  [11]
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Main abbreviations

APX: ascorbate peroxidase

CAT: catalase

ChlaF: chlorophyll a fluorescence

CLSM: confocal laser scanning microscopy
DRP: desiccation related protein

FLG: few-layers graphene

F/Fm: maximum quantum yield of PSIl photochemistry
GBM: graphenebased material

GO: graphene oxide

GR: gluthatione reductase

H20O2: hydrogen peroxide

HSC: heat shock cognate

HSP: heat shock protein

86



LHCII: chlorophyll &b binding protein of the light harvesting complex Il
Mn-SOD: manganese superoxide dismutase

PS: photosystem

gRT-PCR: quantitative redlme PCR

ROS: reactive oxygen species

RPLG6: ribosomal protein L6

Key words: graphene, green algae, internalization, oxidative stress, ecotoxicity, HSP70, cell wall.

Originality i Significance Statement

This work contributes new knowledge on the interaction bet@eapheneBased MaterialsSgBMs)

and aeroterrestrial green microalgae. It is the first to assess the effects on GBMs on a lichen
photobiont, Trebouxiagelatinosa integrating different disciples and approaches. The work is
significant, as it demonstrates nbarmful interaction betweem. gelatinosaand both fewlayers
graphene (FLG) and graphene oxide (G@)r results are important in the view of the environmental

safety assessment and mamaget of GBMs in terrestrial ecosystems.

Summary

The exposure effects of two GrapheBased Materials (GBMs), fevayers graphene (FLG) and
graphene oxide (GO), have been studied in the aeroterrestrial green mitrebigaxiagelatinosa

Algal suspension wi t hout GBMs and with FLG or'we® at
shaken for 10 and 30 minutes. After exposure, GBMs internalization was investigated with confocal
microscopy and Raman spectroscopy. Potential oxidative effects of GBMs in compauriay,

used as positive controls, were studied analyzjhpé quantum yield of primary photochemistry in

the darkadapted state (F~m), (i) changes of gene expression of eight genes of interestjind (
guantification of heat shock protein 70 (HSP70). GO was not clearly detected inside the cells, despite
it was observed in close contact with them, whereas FLG was detected within the cells when different
laser power densities were used. Whii©kreatmets produced dosand timedependent oxidative
effects, GO was ineffective, and FLG caused the dmgulation of a single gene (HSP70).
However, this did not correspond to a decrease in the quantity of HSP70 protein. The results suggest
that harmless ietractions occurred between GBMs and plasma membrane inside the algal cell wall,

which were more intense for FLG than for GO.
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Introduction

In the recent years, the rapid advancement in the field of nanomaterials has increased their
development and consequently their production and commercialization. Among nanomaterials, the
carbonbased ones are the most widely researched because of thetiglain the most diverse fields
(Lalwani et al, 2016), with a predominant role occupied by GrapHéased Materials (GBMS)
(Novoselovet al, 2012). Graphene is a twbmensional crystal composed of monolayers of carbon
atoms arranged in a honeycombedwork with sixmembered rings (Geim and Novoselov, 2007).
Since its discovery, the attention of researchers was focused on its unique and exceptional properties,
such as mechanical stiffness, strength, elasticity, very high electrical and thermal ettydiitiis

led to the development of multiple applications in electronics, photonics, composite materials, energy
generation and storage, sensors and metrology and biomedicine (Nowisallp2012). The huge
investments brought to an incredible advaneetin the industrial field, unfortunately accompanied

by a slower progress in the understanding of the impact on human health and the environment, hence
making nanosafety a priority (Savolainetnal, 2013).

So far, the effects of GBMs have been evaldatestly on animal and bacterial model
organisms (Montagnest al, 2017), highlighting that GBMs toxicity seems to depend on various
physiochemical properties such as shape, size, oxidative state and presence of functional groups
(Sanchezt al, 2011;Jastrzibskaet al, 2012; Seabrat al, 2014).In particular, these properties
affect also the graphene ability to cross cell membranes.

In animal cells, GBMs were frequently observed being internalized through many different
endocytosis pathways. For exple, graphene oxide (GO) sheets were found either surrounded by
membranes into endosortike structures or free in the cytoplasm (Russtal, 2013). Furthermore,
internalization of graphene quantum dots (GQD) by caveuokdiated endocytosis have been
observed in breast cancer MCFells (Wuet al, 2013). Despite GBMs uptake in both the previously
mentioned studies led to toxicity, a carboxyl functionalization allowed graphene to enter the cells
without causing any toxic effect (Sasidhamnal, 2011). For this reason, GBMs could also be
successfully used as nanarriers for selective drug delivery (Bitoumsal,, 2013).

Differently from animals, bacteria, fungi and plants have &ltsounded by a cell wadif
different nature whicks thefirst site of interaction with GBMs but also the primary barrier preventing
GBMs uptakgNavarroet al, 2008)

The most widely used species for studying GBMs and bacteria interactions is certainly
Escherichia col(Akhavan and Ghaderi, 2010; Akhavan artte@eri, 2012), although more recently
alsoPseudomonas putid€ombarros edl., 2016) andStaphylococcus aureBalmieriet al.,2017)

have been investigate@uring the interaction with GO, different inhibition levels are provoked
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(Szunerits and Boukheyub, 2016). Physical interactions between bacteria and GBMs include
surface adhesion and membrane piercing (Rofargas Castrilléret al.,2015). Cell internalization

has been shown to be the key mechanism that leads to cell intox{@dtimvan and Gaderi, 2010;
Kostarelos and Novoselov, 2014). GO characteristics, including concentration, incubation time, type
of bacteria (Gram 1 or Gram +), I et &l.)]2016)nln e t h
general, bacterial inhibition caused by thisiEB/ere mainly due to oxidative stress and/or damage

of the cell membrane (Combarresal.,2016).

Regarding plants, it has been shown that nanoparticles smaller than the pore size of the cell
wall are able to enter into the plant ¢@&lavarroet al, 20() and thatGO with a lateral dimension
of 500 nm is internalized iArabidopsisthalianaT87 cells by a nomnergy dependent endocytosis,
whil e | arger sheets of about 1 em by phagocy
internalization caused desased mitochondrial function and eventually cell death (Begum and
Fugetsu, 2013). By contrast, in another research, GO internalization did not infAuetihadiana
germination, seed development, shoot and root development of seedlings and flower{@ip&éione
et al, 2015)Obviously, GBMs internalization plays a key role in cell toxicity (Zhod Gao, 2014),
although in plant cells this phenomenon has not been investigated in detail.

Aeroterrestrial microalgae are a cosmopolitan cluster natuoaltyrring on a variety of
substrates (wet soils, rocks, marane substrata, tree bark)ittge and Bidel, 20)0colonizing the
most diverse environments (Belnaipal, 2001; Freystein and Reisser, 2010). Some of tleegrtiie
genusTrebouxia- Chlorophya) are able to form a stable symbiotic association with f(usgially
ascomycetes) through lichenizatigtawksworthet al, 1995; Candotto Carniet al, 2015)

Microalgae in general have been broadly employed to study nanoparticles toxicity, turning
out to be important organisms to study internalization and its effects. The cell walls of these organisms
are very different in thickness and composition, often with peculiar spgoéesfic characteristics
(Domozychet al, 2012). Some of them may haveryehick cell walls, like that ofApatococcus
lobatus whi ch can be mdmrd ntelr am n2). Gelhwglidiasiad inpofast 8 9
role in the control of algal water status, and contributes in their desiccation tolerance @abper
2011) So far, GBMs internalization has been reported in the green@ldarella pyrenoidosé§Zhao
et al, 2017)andC. vulgaris(Hu et al, 2014; Huet al, 2015; Ouyangpt al, 2015) In the former
study, the authors claimed that only midiyer grapheneMG) and reduced graphene oxide (rGO)
entered the cells, while GO did n&ome researchers demonstrated that internalization of GBMs in
general is linked to the production of ROS or to the increase of oxidative stress (@ughrizP15).
Oxidative stres is one of the main toxic effects induced by GBMs on microorganisms (£bahg
2012; Yanet al, 2013), together with mechanical damage (Akhavan and Ghaderi, 2010) and cell
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wrapping by the GBMs flakes (Akhavaet al, 2011; Huet al, 2015). Normal d&lar redox
homeostasis is a balance between ROS generation and their elimination or reduction by the
antioxidative defences. Most stress factors have in common that they increase the ROS
production/development in organisms, hence unbalancing the aell setus. Thus, an uncontrolled
ROS accumulation can cause membrane peroxidation, protein cleavage, and DNA strand breakage
(Yanet al, 2013), which in the worst case can lead to cell death. The studies conducted so far had
showed that poikilohydric aeterrestrial microalgae,e. those algae which are able to survive deep
desiccation, resuming the normal metabolism in some minutes as soon as water becomes available
agai n, possess a constitutive antioxidant mac
in minutes afteits insurgence (Weissmaat al, 2005; Candotto Carniadt al, 2016); however,
oxidative stress response on these ecological important organisms has been still poorly investigated.
The aim of the study was to analyze GBMs internalization and the effepisysiology and
gene transcription of a shadgrm exposure to two GBMs, felayers graphene (FLG) and graphene
oxide (GO), selected as reference materials by the Working Package 4, Hedtivandment, in
the framework of th&uropean Project Grapheféagship.Among photoautotrophic organisms, we
selected the aeroterrestrial microalgabouxiagelatinosaArchibald, which is a member of the most
widespread genus of lichenized algae (Ahmadjian, 2004), which can be found also living in the free
state incomplex algal biofilms on tree barkiittge and Budel, 20)Q0demonstrating its relevant
ecological importanceT. gelatinosaproved to be a resistant organism towards several stresses
including desiccation (Candotto Carnel al, 2016). Moreover]T. gdatinosa transcriptome was
recently published (Candotto Carngtlal, 2016), allowing to design specific primers for the analysis
of gene expressiodfter a shordterm exposure, we evaluated whethgGBMs are internalized by
T. gelatinosacells, i) GBMs exposure induces oxidative stress responsei@apth¢reases algal
mortality, through confocal laser scanning microscoffyLSM) observations, physiological

measurements, gene expression analyses at transcript and protein level.

Results

Characteriation of GBMs

Elementalanalysis was performed to determine carbon, hydrogen, nitrogen and oxygen content in
the two GBMs (Fig. 1c). Thealue of %N in FLG corresponds to a melamine content of 0.84 wt %.
The results of the elemental analysis agree witkdla the thermogravimetric analysis (TGA) for

both materials: a weight loss of 6.4 % was observed in the case of FLG, corroborating the low quantity
of oxygen groups generated by the exfoliation process, while a weight loss of 46 % was obtained

from TGA analysis of GO Fig. 1a). The differences between the Raman spectra of FLG and GO
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evidence the contrast between these derivativigs 1b). The Raman spectrum of FLG shows the

two most intense peaks of graphene, the G band and the 2D peak, which agprarcal 580 crh

and 2700 cm, respectively. The average [(2D)/I(G) ratio is 0.49, proving the samples to {ieykew
graphene, usually assigned for 1(2D)/I(G) < 1 (Feredral, 2006; Mogeraet al, 2015). When
graphene is affected by defects, a paaears at around 1345 ¢ifD band). In this case, the average
spectrum of FLG shows an I(D)/I(G) ratio about 0.36, confirming a low level of defects which are
attributed to the edges of the micrometer flakes (Toetisil, 2012). The average Raman Spem

of GO, in contrast, shows broad D and G bands. In addition, a bump can be observed in this spectrum
instead of the usual 2D band common to graphene structures. TEM analysis showed higher lateral
dimensions for FLG sheets compared to GO sheets. Laiesdlistributions of both GBMs are
shown in Fig. 1d (n = 100), with representative TEM images of FLG and GO in Fig. 1e and Fig. 1f,

respectively.
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Figure 1. Thermogravimetric analysis of felayer graphene (FLG), produced by ball milling, and graph&itedGO),
produced by oxidation of carbon fibres (a); average Raman spectra of FLG and GO (b); elemental analysis of FLG and
GO, (c); lateral size distribution (n = 100) of FLG and GO (d); representative TEM images of: FLG (e, scale bar = 200
nm) and GOf( scale bar = 500 nm).
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GBMs internalization assessment
The cell wall ofTrebouxia gelatinosabserved at CLSM reflected a faint light when illuminated by
the laser (Fig. 2a), especially with the setup used for the visualization of GO (Fig. 2b). In the
autospores (diam. < 7 em) |ight was reflirected
both controls and treated samples (Figs. 2b, 2d), not present in adult cells. For this reason, it was
impossible to distinguish very small GBMs flakes (c. 500 nm) from the-tgftecting spots of the
cell walls. On the other hand, the GBMs flakeswita | at er al di mensi on bi g
distinguishable by the more intense light reflection (Figs. 2c, 2d) and they were observed adhering to
the cell wall whenever they got in contact with the algae (Figs. 2c, 2d). FLG flakes were alsedbserv
within the cell wall (Fig. 3), but never in the cytoplasm of the cells.

GBMs internalization ifT. gelatinosavas verified also by Raman spectroscopy. In the Raman
spectrum of algae two peaks were observed, one at around 120éhdna second at around 1525
cmi( Fi g. 4a), b o t -barotergBamekst @lo 2000) am gccassory fihotosynthetic
pigment typical of oxygenic photosynthetic organisms. In the samples exposed to GMBSs, the typical
Raman bands of FLG (Fig. 4bew € o bser ved t o g edrdieaq, indigatinglthedoh e p
occurrence of both algae and graphene in the same measurement spot &fig.ecRaman bands
of FLG became more prominent when the power density was increased up to 3 or 6 frikitipen
same cell point (Fig. 44, g), which could mean that FLG was present at deeper levels within the
cytoplasm. No typical Raman bands of GO (Fig. 4d) were observed at any power density in any part
of the samples that had been treated with this nanaalat@hen properly rinsed in distilled water
(Fig. 4e).
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Figure 2. Cells of the green microalgerebouxia gelatinosabserved with confocal laser scan microscopy in reflection
mode. Cells before exposure observed with FLG setting (a) and GO setting (b); after exposure to FLG (c) or GO (d). Red
signal emitted by chlorophyl; weak green signal reflected by algal cellle/éb, d); strong green signal reflected by

FLG (c) or GO (d).
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Figure 3. 3D reconstruction otells of the green microalgbrebouxia gelatinosabserved with confocal laser scan
microscopy in reflection mode after the exposure to FLG. Red signal elyttddorophylla; weak green signal reflected
by algal cell walls; strong green signal reflected by FLG.
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Figure 4. Raman spectra and respective Raman images (scale bars = 10 um) of the green mretoalgéa gelatinosa
Representative Raman spectromGBMs-free algae (a); fevayers graphene (FLG) (b); watetashed FLG exposed
algae (c); graphene oxide (GO) (d); wateashed GO exposed algae (e). Power density (mW3ma = 0.6;b = 3;g=
6.
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Effects of GBMs and 4. on the quantum yield of primary photochemiskiyHKm)

FJ/Fm values were consistent in pireatment and control samples, suggesting that the shaking
treatment applied in the GBMs exposure treatment did not affect cell viabilf, &F pretreatment
sanples was 0.514+0.068, which slightly increased to 0.522+0.075 and 0.518+0.079 in control
samples after 10 and 30 minutes (Fig. 5), respectively. The samples expog@gabddncentrations
higher than 0.05 M had significantly lowey/lFm. At 0.5 M and B M, after 10 minutes it decreased

to 80 % p = 0.00132) and to 50 % & 4.5e06) of the control values, respectively, while after 30
minutes k/Fn further decreased to 50 % £ 6.3e06) in the former and to 30 % € 6.6e09) in the

latter. No signifiant differences were observed in samples exposed to FLG or GO with respect to

control values
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Figure 5. Maximum quantum yield of PSII photochemistry/fr) measured iMrebouxia gelatinosaesuspended for
10 (a) and 30 (b) minutes in @@ (Ctrl), different HO- solutions (0.05 M, 0.5 M and 0.8 M) and GBMs suspensions
(FLG or GOY *p® C.gp%nlo0* 0-parametric KruskaWallis test and nopaired Wilcoxon post
hoc test (n = 18).

Effects of GBMs and 4@ on stresgelated genesx@ression at transcript level

Samples exposed to GBMs for 10 minutes did not modify the expression level of any of the genes
considered (Fig. 6), whereas after 30 minutes the exposure to FLG significantly affected the
transcription level of a single genggat shock protein 70 (HSP70), which was reduced to 35 % of

the control value (Fig. 6).
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Samples exposed to-8> had their ascorbate peroxidase (APX) and HSP70 transcripts levels
significantly reduced after 10 minutes; the former transcript was reduc8&8 b of its control value

by the highest kD- concentration whereas the latter was significantly reduced to 50 % at 0.5 M and
to 15% at 0.8 M BD». Transcripts levels of #D> treated samples further decreased after 30 minutes

of exposure. Among antioxidant enzymes, APX transcription decreased to ~30 % and 15 % at 0.5
and 0.8 M HOo, respectively (Fig. 6). At the same concentrations, the transcription level of catalase
(CAT) was significantly reduced to 70 % and 65 % whereas that of gluthatione reductase (GR)
remained steady independently of thgbiconcentrations (Fig. 6). Differently,-B> had an inverse

effect on the manganese superoxide dismutaseS®D) transcription leus, with the strongest
decrease (down to ~25 %) observed at the lowe€k ldoncentration. Among the stress related
proteins, the transcription levels of the desiccation related protein 11 (DRP11) and heat shock cognate
(HSC70) remained steady throughche £xperiment. Those of HSP70, instead, had the most severe
decrease among all the transcripts, the highest KO, concentration completely inhibited the
transcription of HSP70, reducing it to 1 %. Furthermore, the chloropiiybiading protein of the

light harvesting complex Il (LHCII) transcript showed a significant ebsgendent reduction (to ~50

% up to ~20 %) in the expression.
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Figure 6. Fold change in the expression of 8 transcripts obtained withREH in cultures of the green microalga
Trebouxia gelatinos&reated with various concentrations of®4 and GBMs compared to the respective controls (dotted
line) after 10 (a) and 30 (b) minutes of exposuped* 0. PGB, 0 *01 (n = 3).

Effects of GBMs and @2 on the HSP70 protein level
The HSP70 protein level was not affected by any GBMs treatment, while a significant decrease was
detected at the highest® concentration after both exposure times (Fig. 7).
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Figure 7. Levels of HSP70 protein in colonies of the green microdigebouxa gelatinosaexposed to various
concentrations of D, and GBMs compared to the respective controls after 10 (a) and 30 minutes (b) exposure. HSP70
bands of representative experiments after 10 (c) and 30 minutes (d) exppsdre.0-. P&, 0 *01 (n = 3) .

Discussion

Internalization of GBMs is a controversial issue, depending both on the different characteristics of
the material itselfDallavalleet al, 2015)and on the investigated organism. In our study, there are
evidences suggesting a possible irdmation of GBMs by the thickvalled cells ofT. gelatinosa

small FLG flakes, but not GO, were observed by CLSM at the boundaries between cyfoplasm
plasma membrane and plasma membrareell wall interfaces. The lateral size of these flakes
observedb L SM ranges around 1 em, which is cl ose
flakes (0.5 e€m) with that technique (Fig. 3).
especially with the settings needed for the observationOofF8ys. 2b, 2d), might have prevented

the detection of the light reflected by the smaller flakes. Moreover, the small brilliant spots observed
in the autospores, which reflect light more intensely than the surrounding cell wall, might be
misleadingly recgnized as GBMs flakes (Fig. 3). They are provisionally identified here, on the basis
of observations in transmitted light microscopy, as the nucleolus. However, considering that both the
GBMs batches tested in this study are made of graphene flakestesitth thmensions that can be as
small as 100 nm for FLG and 50 nm for GO (Fig. 1), it is possible that only the fractions of the
graphene with the smallest sizes reached and/or crossed the plasma membrane.

These hypotheses are supported by the Raman cpaapy observations (Fig. 4) since they
allowed the detection of FLG flakes inside the algal cells. Raman spectroscopy is commonly used to
determine the nature and the location of GBMs,if the flakes are inside a tissue or even a cell
(Huanget al, 2012).
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The observation of the dowmegulation of the HSP70 transcript (Fig. 6), which is interestingly
the unique significant change in the gene expression induced by a 30 minutes FLG exposure, suggests
that a functional interaction with the algae at theessma membrane or even at the cytoplasm level
might have been occurret/e hypothesize that the presence of FLG at the interface between the
plasma membrane and the cell wall or in the cytoplasm could have activated/deactivated the signal
pathways leadintp changes in the HSP70 expression. HSP70 proteins can be activated by receptors
at the plasma membrane level, starting a signal cascade invoitiagellular changes in calcium
ions (C&"): the induction oifC&*/calmodulin (CaM) genes followed by transcriptional changes of
different HSPs, including HSP70, were already recorded in plante{laly 2003; Wuet al, 2012).
CaM genes can be regulated during abiotic stress by the activation of plasma membraoes recep
like the cyclic nucleotide gated channels (CNGCs) (\&tdil, 2015), or by others, still unidentified
(Liu et al, 2003), that could respond to the interaction with GBMs at plasma membrane level
Furthermore, changes in HSP70 expression triggeyatidopresence of FLG inside the cell could
involve the interaction of the nanomaterial with the filamentous proteins of the cytoskelketon,
microtubules and actin filaments, causing deformation of cytoskeletal networks and the displacement
in the cytopasm fluid (Wu et al, 2012) Molecular chaperones, as HSP70, have been proposed not
only to facilitate the formation of the cytoskeleton and to regulate its function, but also to protect it
during stresgLiang and MacRae, 1997 owever, the reason why3#P70 was dowinegulated is
still unknown since HSP70 are considered sthedacible proteingdHartl and Hayeiartl, 2002;
Wanget al, 2004) As chaperones, they are important in protein stabilization, folding, assembly,
translocation and degradation esplly under stress conditiofg/anget al, 2004)such as heat,
drought, salinity, acidity, and coltfu et al, 2015) Generally, the oveexpression of HSP70 genes
results in enhanced tolerance to abiotic stress in pMdfdaget al, 2004; Bartels athSunkar, 2015)
Interestingly, a dowanregulation of HSP70 at protein level was recorded after cumene hydroperoxide
(CuHP) exposure in another member of the géimebouxia the lichen photobiont TR1, while in
TR9 (an alternative photobiont of the samehdic speciesRamalina farinacep the oxidative
treatment caused a strong increase in the amounts of this foekekoyoet al, 2011) In our case,
instead, the downegulation of the HSP70 gene expression did not correspond to a decrease in the
guantty of the protein itself (Fig. 7); low correlations between mRNA abundance and protein level
are commor{(Maier et al, 2009) and are usually attributed to pasdanscriptional regulation®ay
and Tuite,1998)

Some authors demonstrated that internalinaticGBMs in general is linked to the production
of ROS (Sasidharaet al, 2011) or to the increase of oxidative stress (Ouysrad, 2015),which

eventually led to cell death. In our experimental design, we investigated the expression changes of
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some @ne of interest, among which antioxidant enzymes and proteins related to stress. Gene
expression changes in general are a major component of stress responses, which in some cases ar
activate by intracellular signaling pathways. Interestingly, the coofrgene expression has fast
response kinetics, even within minutes in the presence of stress, and is able to return to basal state
after the removal of the stre@e Nadakt al, 2011)

The potential changes in gene expression after GBMs exposuréderereompared to the
ones induced by ¥D. treatments, a substance which is known to induce reactive oxygen species
production(Russietet al, 2013) From the gene expression analysis of antioxidant enzymes (Fig. 6),
it can be concluded that these are moblved in the response to GBMs exposure. Interestingly,
Trebouxiaspecies are known to be oxidative stress tolerant because they own a strong constitutive
antioxidant machinery which is able to scaven
insurgenceg(Candotto Carniekt al, 2016) However, HO. treatments produced desand time
dependent oxidative effects, evidenced by significant changes in the transcripts level of APX, CAT,
and MrSOD. This response is in agreement with.Elnheasurenmgs (Fig. 5), which showed a dese
and time dependent decrease iwfm and therefore a corresponding algal vitality decrease after
H20- treatments, while i, after GBMs exposures was not impaired.

Studies focused on microalgae reported GBMs interrtadizain particular inChlorella
pyrenoidosaandC. vulgaris(Hu et al, 2014; Huet al, 2015; Ouyangt al, 2015) Comparing these
species withT. gelatinosathe main differences are thickness and composition of the cell walls. In
gelatinosathe cel wall is ¢c. 1 um thick(Archibald, 1975) while that of bothChlorella species is
only c. 20 nm thickNorthcoteet al, 1958; Yamamotet al, 2004) In comparison, the latter is
therefore considerably thinner, and represents a weaker barrier against GBMs, which may easily be
internalized, also because thecellulose microfibrils are present as an irregular network over the
cell wall, lying approximeely in two directions at right angles to one ano{h&arthcoteet al, 1958)
although a wide variability has been documentethe cell wall composition of other members of
the genusChlorella (Loos and Meindl, 1982)The cell wall ofT. gelatinosa on the contrary, is
relatively stable in composition, and highly differentia¢génig and Pevelingl984) It consists of
five different layers, mostly composed by highly packed cellulosic fibrils;asdialosic species
specific polysaccharides and a thBmensional web of sporopollenin, which is highly resistant and
chemically stable. Moreover, gelatinosalevelops a gelatinous sheath1?® e m t hi ck out
cell wall (Archibald, 1975)which is sticky, with speciespecific sugagacids, such asranic acids,
and proteingCasancet al, 2015) and may support a close contact with GBMs.

Hence, all these evidences reported herewith allow us to hypothesize that the interaction
between FLG and'. gelatinosacells which eventually occurs after 30 miesitof exposure is
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harmless, as confirmed by further unpublished results concerningtshorK™ release and long

term colonial growth. At this moment, we do not know, however, which pathway is involved in the
reaction which led to the downegulation of he HSP70 gene expression, caused interestingly only

by FLG. GO, in respect to FLG, is considered to be more toxic, but no generalizations can be made
because of the contradictory results available in the literéilioatagneret al, 2017) In general,
however, GO is more stable in suspension thanks to the carboxyl groups on the periphery, which
make the sheets more hydrophilic, and probably also more prone to be immobilized by the outer

gelatinous sheath @f. gelatinosa

Experimental procedures

GBMspreparation and characterization

Two types of GBMs were used in this study, flayers graphene (FLG) and graphene oxide (GO).
FLG was prepared by bathilling treatment, according to previous published proceduredn(et

al., 2016). In general, a mixtucé graphite and melamine (1,3]%iazine2,4,6triamine) (7.5 mg of

SPR1 graphite powder, purchased from Bay Carbon, Inc. (USA), and 22.5 mg of melamine-(Sigma
Aldrich, D) was balmilled at 100 rpm for 30 minutes using a Retsch PM 100 (Retsch Technology
GmbH, D) planetary mill under air atmosphere. The resulting solid mixture was dispersed in 20 mL
of water and sonicated for 1 minute to produce a dark suspension. Melamine was afterwards
eliminated by dialysis. The precipitate, consisting in poorly exfadigraphene, was removed from

the liquid fraction after stabilization for 5 days. The FLG water dispersions were lyophilized and the
final graphene powder was thoroughly characterized.

GO was purchased from Grupo Antolin Ingenieria (Burgos, S), whiclupeddt by oxidation
of carbon fibers (GANF HelicaRibbon Carbon Nanofibres, GANF®) and sodium nitrate in sulfuric
acid at 0 °C.

TGA of FLG and GO were performed with a TGA Q50 (TA Instruments, USA) at 10 °C per
minute under nitrogen atmosphere, from 20@o 800 °C. In addition, the dispersions of both GBMs
were dropcast onto a Si wafer and dried on a hot plate in order to study the Raman spectra. At least
30 Raman measurements on both materials were collected in different locations using a inVia Raman
Microscope (Renishaw plc, UK) at 532 nm with a 3 @bjective and an incident power of 1 % (1
mW uni?). Quantitative elemental analyses on FLG and GO were then performed with a LECO
CHNS-932 (LECO Corporation, USA) elemental analyzer. Lateral dimensidrbdion of GBMs
was calculated by using Fiji software. GBMs were studied by transmission electron microscopy

(TEM). Stable dispersions of both materials were dragt on nickel grids (3.00 mm, 200 mesh) and

101



dried under vacuum. The samples were studicd JEM 2100 (JEOL Ltd, JP) higlesolution
transmission electron microscope (HRTEM) at an accelerating voltage of 200 kV.

Cultures ofT. gelatinosapophotobiont

Trebouxia gelatinos@rchibald was isolated following Yamamotet al (2002) from thalli of
Flavoparmelia caperatglL.) Hale collected in the Classical Karst plateau (NW lItaly). The algal
cultures were subcultured on solid Trebouxia Medium (TM; 1.5 % agar) (Ahmadjian, 1973) every
30-45 days and kept in thermostatic chamber at A8 °C and 202 mol photons it st with a
light/dark regime of 14/10 hourfeference algal material has been ergoserved according to

Dahmernret al (1983) and is available upon request.

GBMs exposure and oxidative stress treatments

Algal cells ofT. gelatinosdrom 4 weeksold colonies were resuspended in distilled water and gently
pressed with a syringe through a filter net
disaggregate the clusters of cells in order to obtain a homogeneously dispersed atgaicusp
Thirteenl.5 mL Eppendorf tubes (with pierced lids) were filled with algal suspension (samples); one
was left untreated representing the-preatment whereas the other twelve were -sgintrifuged to
separate the cells from the supernatant, otkvhii.3 mL were discarded. Thereafter, the treatments
were conducted in the dark to induce the complete oxidation of the reaction centers, that allows to
measure the maximum quantum efficiency of PSIl immediately after the treatments. To the samples
were tken added, two by two, 1.3 mL of: distilled water (controls), distilled water plus aqueous
suspensions of GBMs (FLG or GO) to reach the final concentration of 50 p@nuldistilled water

plus HO- to reach the final concentrations of 0.05 M, 0.5 M, 0.8TMe samples were then placed

on a shaker and one sample of each couple per treatment was taken for the analyses after 10 and 3(
minutes, respectively. The procedure was repeated six times and for each repetition three biological
replicates were processethe exposure times were defined based on a preliminary experiment in
which the effect of KO, on T. gelatinosawas evaluated in order to have an increasing oxidative
effect. The experiment was implemented in the dark to prevent possible phototox&: effect

In-vivo GBMs internalization assessment by CLSM

Asubal i quot (10 eL) of the algal s us'hMimoscopen f o
Adhesion SlidegThermo Fisher Scientific, USA) immediately after the GBMs treatments, covered
with coverdéips and then observed-vivowith a CLSM Nikon C1si (Nikon, JP). To visualize GBMs

flakes, the microscope was used in reflection mode: samples were illuminated with a 514 nm laser
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set at an intensity of 0.2 % and 0.5 % for the observation of FLG andeSg@gctively, since they

have different light reflection capacity, higher in the former than in the latter. Light reflected by
GBMs was detected by a 525/50 band pass filter. Algal cells were visualized by illuminating samples
with a 488 nm laser (12 %tensity) and acquiring the autofluorescence of chlorophylls with a 650

| ong pass filter (& > 650 nm). One to three f
number of focal planes (stacks), depending on the algal abundance and theotiroktie GBMs

flakes were acquired for each field. In total, more than 1300 cells were analysed. Acquisitions were
elaborated with the Nikon EZ1 FreeViewer software (Nikon, JP) and with the freeware suite
ImageJ 1.46r (NIH, USA). A unification algorith(Z-projection) was applied to merge stacks into
bi-dimensional images, and 3D reconstruction were obtained by using the ImageJ 3D viewer plugin.

GBMs internalization assessment by Raman spectroscopy

Algal samples without GBMs and with FLG or GO were pirepl as explained above. After 30
minutes of shaking each suspension was vacuum filtered on a membrane (10 um pore size), and the
algae were gently washed with 50 mL of distilled water in order to remove the GBMs floating or
attached outside the cells. Algcells were then immediately resuspended with 500 uL of distilled
water; three distinct drops of 40 pL each were put on Pol{$indicroscope Adhesion Slides
(Thermo Fisher Scientific, USA) which were then put into a 50 mL Falcon tube and immediately
frozen in liquid nitrogen. Thereafter, the samples were fredeed for 24 hours. Raman spectra were
recorded with an inViRaman Microscope (Renishaw plc, UgQuipped with a 532 nm pokitased

laser. At first, confocal mode was used to collect Raman spectra between defined X Y coordinates
and at different depths within the samples. However, during the acquisittogsenies of spectian

the same coordinates,lisewere progressively destroyed by the laser. To overcome this issue, the
operation mode was changed; samples were measured with a fixed exposure time of 1 second using
the objective 59, 10 accumulations and three different laser power densities (8l 8 mW pm

%) in order to penetrate at different levels into the cell.

Chlorophyllafluorescence (ChF) measurements

After the treatments, each sample was collected by vacuum filtration on a cellulose acetate membrane
(25 mm diameter, pore size 0.4%nu Sartorius Lab Holding GmbH, D) and measurements of
chlorophyll a fluorescence (ChF) emission were taken with a photosynthetic efficiency analyzer
fluorimeter HandyPEA (Hansatech, UK). A modified clip was positioned right over the sample on
themembrae. A saturating red | i?%ghfdrlgeeondsvas emittedtb5 0 0
obtain the Kautsky induction and thigs (transient maximum CkiF level).Fo (minimal ChbF level),
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which is needed to calculafe (variable ChF level,i.e. Fmi  B) and thus #Fn» (maximum quantum
efficiency of PSII photochemistry), was calculageposterioriby an algorithm that determines a line

of best fit through the data points recorded immediately after the start of illumination. Afterwards,
each sample was pinside an Eppendorf tube, soaked in liquid nitrogen and stor&@0D &C for

downstream applications.

RNA isolation and cDNA synthesis

Three replicates per treatment from three distinct experiments were randomly selected and pooled
together for threertes to obtain three samples for RNA extraction. PowerPlant® RNA Isolation Kit
(MO BIO Laboratories Inc., USA) was used to extract total RNA. RNA quality was verified with
NanoDrop® 2000 (Thermo Fisher Scientific, USA), followed by a denaturing 1 % aggiosBNA

was synthesized using IScript cDNA synthesis kit {Bed, USA).

qRT-PCR

The expression of eight different transcripts, four coding for antioxidant enzymes and four fer stress
related proteins was measureddi®T-PCR. The former were APX, CAT, GR, and M®D, the

latter were DRP11, HSC70 and HSP70, and LHCII. Primers were designed with Primer3Plus
(Untergasseet al, 2007)(Table S1) or following Candotto Carnietl al. (2016). Each reaction was
performed intiree technical replicates in a mix containing 1 uL cDNA (1:10 template dilution), 8 uL
SSOAdvancedE SYBRE GRad dBA) &d P08 nMmif each (prBriero The PCR
amplifications wer e p elime ®CRSystem \(BiRad) USAFu¥ing®e6 E R e
following cycle: 98 °C for 30 minutes, 40 cycles at 95 °C for 10 minutes and 60 °C for 20 minutes.
A melting curve analysis (65 °C to 95 °C increment 0.5 °C for 5 minutes) was performed to verify
the absence of nespecific amplification products. Traaript levels were calculated with Bivad

CFX Manager software (Bi®ad, USA), based on the comparative Ct methdd®@t method)

(Livak and Schmittgen, 2008nd gene expression data were normalized using as housekeeping gene
the ribosomal protein L6 (RL6) (Candotto Carniedt al, 2016)

Proteins isolation

Three pooled samples @f gelatinosd r ozen cul tures pr eRNArsa@aionas m
and cDNA synthesis secti on, were pulverized in |liquid
tubes and resuspended in 100 pl of 1x Laemmli buffer (62.5 mM H@$ pH 6.8, 10 % (v/v)
glycerol, 2 % (w/v) SDS, 0.2M dithiothreitol (DTT) and 0.1 % (w/v) bromophenol Kluegmmili,

1970) Samples were then vortexed and incubated at 95 °C for 5 minutes. aAf3 minutes
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centrifugation at 14000 r.p.m., protein extracts were recovered from the upper phase of the tube and
transferred in a new Eppendorf. When not immediately used for analysis, the samples were stored at
-20 °C and incubated 5 minutes at 955&ore loading on the gel. To check quality and quantity of

the total proteins extracted, 12 % sodium dodecyl sulphatdyacrylamide gel electrophoresis
(SDSPAGE) was performed according to Laemmli (1970). The gel was stained with Coomassie
brilliant blue R250(Zehret al, 1989)

HSP70 immunodetection

To perform 12 % SD®AGE, 15 ug of proteins were used. Proteins were then transferred on a
HybondE nitrocellulose membrane (Amer sha-m, UK
Rad, USA) as explained in Dinakar and Bartels (2012). Transfer was abtdtee 1 hour at 70 V

with pre-chilled buffer. Before immunodetection, the membrane was stained for 30 minutes with
Ponceau S red to visualize the samples and check their equal amount. 4 °C overnight incubation with
blocking solution [3 % (w/v) skimmed tRi in Tris-buffered saline] was performed to prevent
unspecific binding of antibodies. The membranes were incubated for 1 hour with HSP70/HSC70
primary antibody (1:1000 dilutionjUlbricht et al, 2013) and for 45 minutes with secondary
antibody (antrabbit IgG-peroxidase, 1:5000 dilution, Sigrfddrich, USA). Antigenrantibody
complexes were detected with the ECL kit (Amersham, UK) and aifoager (LAS 1000, Fujifilm,

JP). Densitometry of protein bands was with Image J software 1.37 V (National énsfitdealth,

USA).

Statistics

Descriptive statistics were performed with R version 0.99@4% R Foundation for Statistical
Computing, 2012)The nonparametric KruskaWallis test and Wilcoxon nepaired test were
applied to verify the significance dfifferences for ChF measurementd.az& and Nag 1998;

Baruffo and Tretiach, 2007A oneway ANOVA followed by a Fisher's LSD pekbc test was
applied to verify significant differences between the relative abundancy of transcripts and HSP70
proteincontent in treated versus control samples. Figures were produced with Sigmaplot 10.0 (Systat
Software, USA).
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Supplementary Information

Table S1.Primers custom designed for quantitative REale PCR analysis.

Gene Primer Forward sequence Reverse sequence

Ascorbate peroxidase APX CAGGGTTCACAAGGACAGGT TCAGCAAACAGGCACTCATC
Glutathione reductase GR TTCGAACAGCAGACATCGAC CCTCCAGTCTTTTCGTCAGC
Mn-superoxide dismutase MnSOD CACCCAGCTTGCTGACTACA GGTCAAACTGTGCCTGGAAT
Catalase CAT ACTACTTCCCATCCCGCTTT CCTGGTGATGAACCTGTCCT
Light Harvesting Complex LHCII CTGATGACCCAGATGCCTTT GGTCCTTTGCCTGTCACAAT
Desiccation Related Protein DPR11 CATATGGCGAGGGTATTGCT TGTGCGATTTCATTCTCAGC
Heat Shock Protein 70 HSP70 CAGTCACCACTGCCTTCTCA CAAGTCAGCCAATGCAAAGA
Heat Shock Cognate 70 HSC70 AGGAGCAGACCTTCTCCACA GACCACAATTTGGGGAACAC
Ribosomal protein L6* RPL6 AGGAGCTAGCTAGGGGCATC TCTCGTGCTTTGGGAACTCT

*from Candotto Carnieét al.(2016)
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Abstract

Lichen thalli harbor complex fungal communities (mycobiomes) of species with divergent trophic
and ecological strategies. The complexity and diversity of lichen mycobiomes are still largely
unknown, despite surveys combining cultbesed methods and higfroughput sequencing (HTS).

The results of such surveys are strongly influenced by the barcode locus chosen, its sensitivity in
discriminating taxa, and the depth to which public sequeepesitories cover the phylogenetic
spectrum of fungi. Here, we use HTS of the ITS2 spacer to assess the taxonomic composition and
diversity of a wellcharacterized, alpine rock lichen community that includes thalli symptomatically
infected by lichenicolos fungi as well as asymptomatic thalli. Taxa belonging to the order
Chaetothyriales are the major components of the observed lichen mycobiomes. We predict sequences
representative of lichenicolous fungi characterized morphologically, and assess thehoastnp
presence in lichen thalli. We show how the estimation of species diversity widely differs when ITS1
or ITS2 are used as barcode, and particularly biases the detection of Basidiomycota. The
complementary analysis of both ITS1 and ITS2 loci is tloeeefequired to reliably estimate the
diversity of lichen mycobiomes.
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Introduction

The traditional view of lichens as mutualistic, symbiotic associations between one fungus, the
mycobiont, and a population of algae, the photobionts (Hawksworth and Honegger 1994), has been
reviewed in a more comprehensive and integrative context in which lichens act as microhabitats
where multiple fungi (representing diverse classes of Dikariggeand bacteria coexist and likely
contribute to the functions of the symbiotic system as a wiete(d et al. 2009; Grube et al. 2009;
Muggi a and Gr ueba 202 Grabe et @lo RIEnSpribille et al. 2016; Moya et al.
2017). The high diusity of lichenrassociated fungi, and the fact that many species are found in
different hosts and habitats uggest ed that l i chens act as
di ver si Harutyunyan et ad. 200&rnold et al. 2009tJ 6 R et al. 2010, 204). Recently, the
diversity of licherassociated fungi, hereafter referred to as lichen mycobiomes, has been emphasized
by both culturébased methods and highhr oughput amplicon segabenci
2010, 2012Muggia et al. 2016; Fernand&fendoza et al. 2017).

Multiple ecological guilds of fungi can be found growing associated with lichen thalli (Arnold et al.
2009; Bates et al. 2012; Fernanddendoza et al. 2017). One group of lickessociated taxa are
readily recognizable by their phetypic characters and the conspicuous symptoms of infection
shown by their hosts. Such taxa have long been referred to as lichenicolous fungi (Hawksworth 1979,
1981; Lawrey and Diederich 2003, 2016; Hafellner 2015). While the symptomatic occurrence of
lichenicolous fungi is restricted to a few lichen hosts, we have recently observed that some
lichenicolous fungi are present in other lichens without producing visible symptoms (Fernandez
Mendoza et al. 2017). A second component of the lichen mycobiomenisddry species that cannot

be detected morphologically, but are widely present within lichen thalli and are abundantly isolated
using culture methods (Petriei al. 1990; Girlandaet al. 1997; Harutyunyan et al. 2008; Muggia et

al. 2016). These fungi haeeen collectively termed endolichenic fungi due to their relatedness to
plant endophytes (Arnold et al. 2009); many others are also related to plant pathogens-and rock
inhabiting fungi (RIF; Selbmann et al. 2015; Muggia et al. 2016). Finally, a third awenp is
represented by extraneous fungi or fungal propagules found upon or incorporated within lichen thalli
without playing any definite ecological role in the lichen community (Fernahtiemloza et al.

2017). This third component can be derived froneptithen mycobionts present in the community
under focus, or from fungi known from different niches. Lichens may act in this way as complex
banks of spores and mycelia and would function as suboptimal habitats or reservoirs where the
regeneration of localungal communities can be potentially boosted (Fernaimadoza et al.
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2017). In this regard, lichen thalli may serve as refuges where such fungi can remain in an immature
state until an opportunity arises to occupy more favorable habitats (Muggi2@1@j.Fernandez
Mendoza et al. 2017).

The ITS region has been selected as formal DNA barcode for fungi due to its high interspecific
variability, conserved primer sites and presence in multiple copies (Blaalid et al. 2013; Schoch et al.
2012). Its lengthup to 800 base pairs (bp), is suitable for traditional (Sanger) DNA barcoding, but
exceeds the read length required by most segenération sequencing platforms for DNA
metabarcoding, which averages 200 bp. For this reason, only one of the two spasther ITS1

or ITS2, has been sequenced so far. Even though diversity studies using these new technologies have
become more and more common in the last years (Bellemain et al. 2013; Abdelfattah et al. 2015;
Miller et al. 2016), it is still debated whwdr ITS1 or ITS2 has the best taxonomic resolution.

Few studies have dealt with the taxonomic resolution obtained using both the ITS1 and the ITS2
barcodes on the same dataset (Mello et al. 2011; Blaalid et al. 2013; Bazzicalupo et al. 2013; Monard
et al.2013; Orgiazzi et al. 2013). They have been carried out on both Ascomycota (Nilsson et al.
2009; Bellemain et al. 2013) and Basidiomycota (Badotti et al. 2017). Taxonomic bias can be
introduced by the choice of primers, as these cause a higher numbentahies in different taxa
(Bellemain et al. 2013; Tedersoo et al. 2015; Tedersoo and Lindahl 2016). Some studies also reported
that the two spacers are prone to preferential amplification at different level (Nilsson et al. 2009;
Mello et al. 2011; Bellema et al. 2013; Bazzicalupo et al. 2013; Monard et al. 2013). Basidiomycetes
have on average longer amplicon sequences for the ITS2, and since the shorter sequences are
preferentially sequenced with HTS, the use of ITS2 would favor the detection of astesnyc
(Bellemain et al. 2013). On the other hand, ITS1 often contains an intron that extends its sequence at
the 5'end (Martin and Rygiewicz 2005), thereby promoting an -ogpresentation of those
sequences that lack the intron (Bazzicalupo et al. 2B8E8pause ITS2 is more frequently represented

in public databases, has a higher number of available sequences, and offers a better taxonomic
resolution, it has been proposed as the better choice for parallel sequencing (Nilsson et al. 2009). In
some cases,owever, no substantial differences between ITS1 and ITS2 were recovered (Blaalid et
al. 2013; Badotti et al. 2017). Finally, there are numerous studies that consider a single spacer, either
the ITS1 or ITS2 (Bellemain et al. 2013; Langaitagentes etak 0 1 4 ; UbRen et al

al. 2016; Fernandelrlendoza et al. 2017).

As fungal metabarcoding studies have used different HTS platforms (see COaeltasa et al. 2013

for a review), different bioinformatic pipelines have been proposed (Whitke 2013; Balint et al.

2014; Gweon et al. 2015). These have been developed based on experience gained from data analyse

of prokaryote datasets (Hibbett 2016). However, no standard procedure has been established so far
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for fungal sequence data. The analyseem strongly dependent on the working hypotheses of each
study and on the type of sequence at hand. As the majority of studies target fungal communities to
uncover unknown diversity, an important and ongoing problem is the definition of those sequences
lacking an assigned taxonomy (Nilsson et al. 2016). For this reason, many sequences still remain
identified as Auncultured funguso. I n additio
offer reference sequences for ongoing studies (Hibbett 28b8) cases emerge as main issues in
investigations of lichen mycobiome(s) where unidentified fungi represent the largest proportion.
Previous studies processed hithhoughput amplicon sequencing data from lichens, considering
thalli of different growthforms and others infected by symptomatic lichenicolous fungi (Bates et al.
2012; UORen et al -Meifza & al. 2Q10) 1 These skudies mdnorsteated that
lichens and their mycobiomes are suitable subjects for implementing bioinformaymesnat fungal
metabarcoding. Nonetheless, individual environmental specimens have rarely been used for the
characterization of fungal assemblages (Yahr et al. 2016); this approach was initiated only recently
by FernandeMendoza et al. (2017). The authdrighlighted the suitability of single lichen thalli for
reliable estimation of the mycobiome diversity within. Fernardendoza et al. (2017) studied the
mycobiome diversity by applying 45#yrosequencing to a well characterized set of lichens
(Fleischlacker et al. 2015; Muggia et al. 2016), comparing thalli visibly infected by lichenicolous
fungi to others devoid of detectable infections. The authors expected fungal diversity within the lichen
community and sought to determine whether lichenicolousi fege asymptomatically present in
typical and atypical lichen hosts, and whether the presence of symptomatic lichenicolous fungi
correlated with the diversity of the other intrathalline, asymptomatically occurring fungi. They also
attempted to gauge theotential specificity of thallus mycobiomes among different lichen hosts
(FernandeaMendoza et al. 2017).

As studies of lichen mycobiomes may fail to recover the complete taxonomic profile when using
either the ITS1 or ITS2 regions individually, both regshould be examined to obtain more accurate
estimates of species diversity. Here, weevaluate the fungal communities (Fig. 1) studied by
FernandeaMendoza et al. (2017) by sequencing the ITS2 fragment using the lon Torrent (Thermo
Fisher Scientific) @atform. We assess the taxon diversity detected with the ITS2 barcode, focusing
on new fungal sequences potentially corresponding to lichenicolous fungi, and compare the new ITS2
dataset with the previously analyzed ITS1 results. Because FerrAdedenpzaet al. (2017) used the
454pyrosequencing method, we also evaluate the performance ofthnaylghput amplicon

sequencing approaches in the analyses of lichen mycobiomes.
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Material and methods

Sampling

Lichen samples and their DNA extractions corresptinthose recently analyzed by Fernandez
Mendozaet al.(2017) as part of a comprehensive study on fungi associated with lichens in alpine
rock communities (Fleischhacker et 2015; Muggia et al. 2016, 2017$amples (Table 1) were
collected in ten plot¢each about 300 fhat an altitude of 1860900 m on the Koralpe mountain
range in Eastern Austria as reported in Fleischhacker et al. (2015). DNA was extracted from 26
samples, including 25 crustose and one foliose lichens, using the DNeasy Plant Mini Kit (Qiagen,
Austria) Crustose lichens were predominant in the selected community; thalli consisted of contiguous
areoles tightly adhering to the substrate. The single foliose thallus was represedtedilgaria
cylindrica, which is attached to the substrate by a centslifaist (umbilicus). Half of the samples

(13) were symptomatically infected by lichenicolous fungi, including, teleomorphic and anamorphic
ascomycetes (Fig. 1 and Table 1). This means that lichenicolous fungi could be observed on the
thallus and identifiedising light microscopy. The other 13 thalli were devoid of symptomatic fungal
infections; we refer to them as 'asymptomatic samples,’ without ruling out the cryptic presence of
lichenicolous fungi within the thalli. The dataset includes a total of 10iesp@f symptomatic
lichenicolous fungi and 13 species of lichen hosts (Table 1).
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Figure 1. A) Alpine community of rock inhabiting lichens on siliceous bouldersE)BSymptomatically infecting
lichenicolous fungi on lichen host thalli: Bjuellerellaatricola on Tephromela atraC) Sphaerellothecium atrinaen
Lecanora swartzji D) Sagediopsis fissurisedens Aspilidea myrinii Arrows indicate the recognizable, phenotypic
characters of the lichenicolous fungi: B, D) perithecia immerse at the maffgihallas areoles, C) dark, melanized

discoloration in which perithecia are present, E) conidiomata (pycnidia) containing conidiospores immerse in the thallus
areolesScale bars: A=15cm,B=1mm,C=2 mm, D, E=0.5 mm.

Table 1.Summary of dataset description and sequencing results. The table includes: sample numbers, name of the lichen
host and of the symptomatic lichenicolous fungus, the total numberdsf {€at), the number of reads that passed quality

filter (Qf), the number of reads (I TS2 extracted and c|
no mycoo0). The number of observed OIeUkereasvallmaof Ghaod anchp | e
Shannon diversity indexes are calculated on datasets r
1060 reads for the fino mycoodo. The diversityiciantf/dexes ar
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Reads OTUs Chaol estimate Shannon diversity index
"No "No "No "No "No "No "No "No
Sample| Lichen host Infecting fungus Tot Qf Complete| host" myco" Complete| host" myco" Complete| host" myco" Complete | host" myco"
2.19 +
A032 Umbilicaria cylindrica | - 16,964 | 13,049 | 11,898 217 166 111 35 19 111 +24 |/ / 0.05 / /
185 = 406 +
Al138 | Candelariella vitellina | - 16,544 | 12,822 | 12,285 | 1,348 1,213 372 172 131 374 +57 |32 140+24 (3.6 £0.09 | 0.67 3.57+0.6
Rhizocarpon 177 + 2.67 +/485 +
Al72 geographicum - 20,395 | 14,775 | 14,329 1,901 1,898 221 175 172 215+44 | 41 172 + 36 | 0.07 0.72 4.85+0.7
Rhizocarpon Endococcus 120 + 1.71 +(3.97
Al194 | geographicum macrosporus 18,682 | 15,256 | 14,643 | 1,073 1,060 229 117 109 224 +44 | 23 116 + 20| 0.07 0.56 3.9+0.55
A227 | Lecanora swartzii - 16,328 | 13,409 | 12,360 |86 54 549 22 9 568+ 75 |/ / 33201/ /
299 2.99 +1 421 =
A229 | Psorinia conglomeratg - 21,095 | 15,997 | 14,283 | 3,453 160 417 332 64 414 +107| 99 / 0.07 0.57 /
0.58 +
A243 | Lecanora polytropa | - 16,726 | 13,489 | 13,176 |224 40 135 64 18 137+29 |/ / 0.04 / /
A280 | Tephromela atra Skyttea tephromelarur 11,074 | 7,805 | 7,140 863 854 201 90 87 242 +54 |/ / 2.6+0.05|/ /
189 +£|129 /083 =
A360 Lecanora intricata - 18,643 | 13,619 | 12,329 5,671 5,326 179 127 7 183+41|90+38 |57 +37 |0.06 0.27 0.17
1.14 +
A361 | Tephromela atra - 13,883 | 11,180 | 11,040 |44 43 141 26 25 161+49 |/ / 0.03 / /
1.52 +
A368 | Lecanora bicincta - 14,797 | 12,120 | 11,836 |36 4 220 17 2 223+54 |/ / 0.07 / /
Rhizocarpon Muellerella pygmaea 235 + 1.96 +/6.16 +|6.14 +
A405 | geographicum Rg 18,630 | 11,455 | 10,963 | 1,377 1,363 265 232 228 267 +£40 | 31 238+ 26| 0.08 1.02 1.02
Lichenoconium 2.75 *
A418 | Lecanora polytropa | lecanorae 17,149 | 13,200 | 12,196 |588 305 208 147 80 215+53 |/ / 0.05 / /
3.43 +
A420 | Aspilideamyrinii - 13,490 | 8,955 | 8,147 593 435 295 61 51 313+45 |/ / 0.06 / /
Lichenoconium 426  £| 400 +| 5.06 +| 453 (446 =
A434 | Lecanora polytropa | lecanorae 16,335 | 12,172 | 11,296 | 7,370 7,223 557 526 491 579 +£73 | 148 158 0.11 0.59 0.62
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139 + 2.06 /414 %395 &
A440 | Tephromela atra Muellerella atricola 14,501 | 11,034 | 9,276 1,371 1,321 215 129 114 244 +60 | 35 128 + 31 | 0.07 0.52 0.49
325 + 2.98 +| 464 =
AA76 | Psorinia conglomeratd - 16,627 | 13,164 | 12,803 |2,939 655 417 352 132 456 +117| 98 / 0.09 0.7 /
Cercidospora 1.28 +
A482 | Lecanora polytropa | epipolytropa 11,479 (9,472 |9,171 471 446 166 79 67 168 +28 |/ / 0.06 / /
Sagediopsis 105 + 2,52 +/0.76
Aspilidea myrinii fissurisedens 16,780 | 13,002 | 12,326 7,964 7,858 362 158 146 370+ 71 |51 105+ 60 | 0.07 0.19 0.65%0.2
149 = 3.84 +| 257 £(/2.06 =+
A622 | Varicellaria lactea Stigmidium eucline | 25,805 | 12,400 | 12,068 | 5,296 4,822 326 204 143 323+61 |64 107 + 45| 0.06 0.37 0.33
A623 | Acarospora fuscata | - 19,532 | 16,069 | 15,939 |38 32 96 19 13 97+34 |/ / 1.1+£0.03|/ /
Muellerella pygmaes
A636 | Lecidea lapicida s.s. 3,499 | 496 454 230 230 52 37 37 / / / / / /
Muellerella pygmaea| 247 + 233 +
A670 Lecanora polytropa Lp 12,531 | 9,404 |8,923 6,447 6,192 360 308 277 361 +49 |92 228+81(341+£0.1|047 21+04
1.38 +
A792 | Lecidealapicida - 17,241 | 13,683 | 12,326 | 863 79 184 128 27 183+38 |/ / 0.06 / /
Taeniolella 181 1.99 +/0.94 /091 =
A809 | Tephromela atra atricerebrina 24,994 | 20,106 | 19,353 | 7,980 7,964 304 198 190 290+81 | 114 143 + 68| 0.06 0.22 0.25
1.11 +
A832 | Lecanorabicincta Arthonia varians 9,016 |7,403 |7,133 85 68 164 23 9 216 £54 |/ / 0.05 / /
238 | 215 +| 2.56 +/ 346 £(329 =
Symptomatically infected samples 200,475| 143,205| 134,942 | 41,115 | 39,706 | 3,409 2,248 | 1,978 244 +95 | 125 118 1.10 1.88 1.93
259 =+ 2.25 +|4.14 £(334 £
Uninfected samples 222,265| 172,331| 162,751 | 17,413 | 10,105 | 3,337 1,530 | 740 216 + 115 120 133 +430.99 1.40 1.84
246  £[193 | 240 /372 %331 =
Total 422,740| 315,536 297,693 | 58,528 | 49,811 6,746 3,778 2,718 229 +107| 123 110 1.06 1.74 1.91
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Molecular analysis and sequencing

The fungal nuclear ribosomal ITS2 region was amplified with the forward primer ITS3 and the
reverse primer ITS4 (White et al. 1990). The amplicons for HTS were obtained by performing two
PCR amplifications. The first PCR amplification used the forwardtl@deverse primers ITS3 and

| TS4 modi fied with GC -andh( Qari evve r esta-éral iailbwad @1 D)r
identical t o t h eendtofathe Ibarcadegusdd endhe senondt PICR. THe dirst PCR

reaction mix c otenplate l@d 3 g} | BNA I Hot Mast er Mi
Scientific), 0.-Bl dit i BIBA, 10 X755 SélgmBEvaGreenE 20¢
pri mer | TS3 (10 OM), 0.5 ¢l reverse primer I

amplificatonswer e per for med with GRax)wBhaHe folo@imRy cy8ling t e m
profile: 94 °C for 2 min and 30 cycles at 94 °C for 20 sec, 55 °C for 20 sec, 65 °C for 40 sec followed
by a final extension at 65 °C for 2 min. A negative control was used tiy tieei absence of nen
specific amplification products along the whole amplification and sequencing process.

The second PCR amplification (switch PCR) was required for the multiplex sequencing and the
attachment of the barcodes. It used primers modifi¢id avi 'A' adaptor and a samygeecific 10 bp

barcodeend btohethé& forward pr iemlefithe reeersaprimer. Phe ad

reaction was performed in a mix containing 5
(5PRIME), 25¢ | EvaGreenE 20X (Biotium), 1.5 el for
primer (10 OM) in a final vol ume of 50 ¢l . F

amplification but were repeated for 8 cycles. All the amplicons were checked foquiladity and

size by agarose gel electrophoresis and normalized usingBMd® Normalizer Kit (Omega
Biotek). Product concentrations were checked with NanoDrop® 2000 (Thermo Fisher Scientific).
The amplicons of the different samples were pooled togetheguimolar amounts and the resulting
barcoded | ibrary was measured with QubitE Flu
with an |l on Torrent Personal Genome MachinekE

chip (Thermo Fisher Scientifiédr a maximum read length of 400 bp.
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Data analysis
QIIME v.1.8.1 (Caporaso et al. 2010) was used to process the sequence data (Fig. 2).

Ion Torrent reads ~ Complete dataset K Rarefaction curves
'

Quality filtering
] Filtering out of
host reads

Diversity analysis

Demultiplexing

4
Reverse primer removal “No host” dataset — Diversity analysis
4

ITS2 extraction arsx

1 Filtering out of
mycobionts reads

Chimera checking wcuime)
'
OTUs clustering 97% nite) “No myco” dataset — Diversity analysis
'
Taxonomic assignment

(open reference, blast)

Figure 2. Flowchart of the analytical pipeline implemented in QIIME and performed for the analyses of the fungal ITS2
dataset. The programs used are reported in parentheses.

High quality sequences were demultiplexed (minimum length 150 bp, maximum length of
homomlymer 8, maximum number of primer mismatches 3). Minimum average quality score was
set to 20 (Kemler et al. 2013; Tang et al. 2015). Reverse primers and barcodes were removed, and
reads that did not pass through the filtenwgye discarded. In order tetain only fungal reads, the

ITS2 region was extracted with ITSx v.1.0.11 (Bengtd8alme et al. 2013) selecting the fungal (F)
profile option. Chimeric reads were identified and filtered out with UCHIME v.4.0 algorithm using

the reference dataset upeldton 01.01.2016 (Edgar et al. 2011; Nilsson et al. 2015) to obtain the
final, high quality dataset, here referred as complete dataset. Operational Taxonomic Units (OTUS)
were picked at 97% similarity with open reference strategy and UNITE database,dupdate
November 2016 (Kdljalg et al. 2013). OTUs taxonomy was assigned using NCBI public nucleotide
database implemented with the blastn algorithm (maelBe 1€°). Singletons, intended as reads
present once in the entire sequence dataset (Zhang et%l F&¥dnandeiendoza et al. 2017; Moya

et al. 2017) were removed. Our workflow (Fig. 2) was organized into three steps in which we analyze
progressively more reduced datasets of reads. All the reads representing the mycobiont hosts of each
samples at gersulevel (e.g.Lecanora Rhizocarpoh were subtracted from the initial complete
dataset. This reduced second dataset was named 'no host'. From the 'no host' dataset, all read:
corresponding to lichen mycobionts (iGaloplacg Parmelig), independently frontheir presence in
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the lichen community under study, were further filtered out and the obtained third dataset was named
'no myco'.

Due to the lack or the limited number of reference sequences in the NCBI database for certain lichen
host species, such Aspilidea myrinii, Psorinia conglomeratandVaricellaria lacteg the automatic

blast search resulted in an incorrect taxonomic assignment of these taxa. They matched with
sequences of the gene@adonia, Lecaniaand Mycosphaerella respectively. Furthermer the
automatic blast search resulted in fAino bl ast
the lichen hosRhizocarponthese biases were manually corrected. Our dataset included 13 samples
that were symptomatically infected by ten spg@élichenicolous fungi (Fig. 1, Table 1 and Table

2). However, ITS reference sequences were available in NCBI database for only four genera,
Arthonia, EndococcusSkytteaand Taeniolella and corresponded to the following hitsthonia
sardoa(AF138813) Endococcus fusigerfFJ645262) Skyttea gregarigKJ559537),S. radiatilis
(KJ559536, KJ559538)S. lecanorae(KJ559539), S. cismonicae(KP984783), Taeniolella
stilbospora (AY843127), T. phialosperma(GU966521, KF703925, LC053497) and rudis
(JQ429152) Read identity of the three lichenicolous furgihdococcus macrosporuSkyttea
tephromelarumand Taeniolella atricerebrinain the respective symptomatically infected samples
(Table 2) could be confirmed according to the reference sequences.

Statisticsand ecological indices were performed with QIIME (Caporaso et al. 2010). The alpha and
beta diversity analyses were conducted on the three datasets (i.e. complete dataset, 'no host', 'nc
myco') each rarefied to the lowest reads count, considering samitiest \east 1000 reads. Alpha
diversity was calculated using Chaol (Chao et al. 2009) and Shannon indices (Spellerberg and Fedor
2003). The nosparametric KruskalWallis test was applied to verify the significance of differences

in alpha diversity betweesymptomatically infected and asymptomatic samples with R v.3.2.0 (R
Core Team 2015). The distribution of beta diversity was explored using Principal Coordinate
Analysis (PCoA) on BraxCurtis distance matrices; the uncertainty in PCoA plots was estinsted u
jackknife replicates. Rarefaction was applied by taking a random subset of reads for each sample,
corresponding to the 80% of the total read number of those samples with the lowest number of reads
in each dataset. The PCoA axes were visualized witRé&br (VazqueBaeza et al. 2013) in two

di mensional pl ot s. Spearmands correlation on
Statistica v.10 (StatSoft Inc.) to verify the linear relationship between the taxonomic composition
detected by ITS{FernandeaMendoza et al. 2017) and by ITS2 (this study) barcodes.

Shared OTUs were visualized using the software Circos v®.@gdzywinski et al. 2009). We
comparedi) the amount of shared OTUs among samples, considering the complete, the 'no host' and

the 'no myco' dataset®; the mycobiomes in the 'no myco' dataset among samples of the same lichen
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host genus or specidsecanoraspp.,Rhizocarpon geographicuandTephromela atrawhich were
either symptomatically infected by different lichenicoldwsgi or asymptomatidii) the presence of

the main orders of licheassociated fungi in symptomatically infected and asymptomatic samples.

DNA extraction, amplification and sequencing of fungal isolates

To determine whether any fungus isolateduttiure from lichen samples within the same community

was also detected in the amplicon dataset, we selected ten fungal isolates available from the previous
analyses of Muggia et al. (2016). The ten isolates (A572, A899, A923, A930, A931, A951, A985,
A993, A1022, A1033) represent those strains of Dothideomycetes and Eurotiomycetes which were
most frequently isolated from the studied lichen community. The DNA was extracted with the Plant
DNeasy Kit (Qiagen) following manufactures instructions. The fungdéaudbosomal ITS2 region

was amplified with the forward primer ITS3 and the reverse primer ITS4 (White et al. 1990). The
PCR reaction mix <contai2medngd ,el5 DRBNA TtaggmpB uaftfe
Bi osystems), 0.2 ¢l TEgp ®NBiIi Poyymemarpe 1 5¢lU/ ¢
forward primer 1TS3 (10 OM), 2 el reverse pri
amplifications were performed with the following cycling profile: 95 °C for 3 min and 38 cycles at

95 °C for 30 se, 55 °C for 30 sec, 72 °C for 1 min followed by a final extension at 72 °C for 1 min.

A negative control was used to verify the absence ofspatific amplification products along the

whole amplification and sequencing process. Sanger sequencing of ile@iRtp (one for each

culture) was performed at the Applied Genomic Institute (IGA) in Udine (ltaly).

Results

DNA sequencing and data analysis

A total of 422,740 raw reads with an average length of 342 bp were generated after quality filtering
(Table J; raw data can be accessed at the NCBI short reads repository under the accession number
SRR5750451. After the extraction of ITS2 and checking for chimera sequences, 297,693 reads were
retained to constitute the complete dataset. The sequencing deptioma&sen among samples,
ranging between 7,133 to 19,353 reads, with only one sample with less than 1000 reads (Table 1).
After excluding reads belonging to the mycobiont host in each sample, 58,528 reads were retained to
constitute the 'no host' datasetelsubsequent exclusion of reads belonging to any lichen mycobionts

from all the samples, retained 49,811 reads to form the 'no myco' dataset (Fig. 2, Table 1).
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Rarefaction curves of the three datasets showed large variation in the total number of OTUs
among samples; not all of them leveled off and approached saturation, indicating that detection of
additional OTUs may be possible (Supplementary Fig.1).

Comparison between symptomatically infected and asymptomatic samples

The complete dataset was rarmfi® 7133, the 'no host' to 1073 and the 'no myco' to 1060 reads. This
led to the progressive exclusion of one (A636), thirteen (A032, A227, A243, A280, A361, A368,
A418, A420, A482, A623, A636, A792 and A832) and fourteen samples (A032, A227, A243, A280,
A361, A368, A418, A420, A476, A482, A623, A636, A792 and A832) from the three datasets,
respectively. Sample A434.écanora polytropanfected withLichenoconium lecanoragresented

the highest fungal diversity in all three datasets (579173, 426+148)8ad 38 in the complete, 'no

host' and 'no myco' dataset, respectively) according to the Chaol index, and the highest diversity only
in the complete dataset, according to the Shannon diversity index (5.06 = 0.11). No significant
differences between infect@shd asymptomatic samples were found in the three datasets (Ghaol p
values: 0.302, 0.685, 0.540; Shannervg@ues: 0.625, 0.306, 0.882 for the complete, 'no host' and
'no myco' datasets respectively; Table 1) when the indexes were compared with thé-Wialkka

test.

The beta diversity analysis showed that, in the complete dataset, samples were grouped mostly
according to the lichen host species. Here, samplBsadfnia conglomeratand Tephromela atra
distinctly separate from the other samples (Supplementary Fig. 2). In the PCoA analyses of the 'no
host' (Fig. 3A) and 'no myco' (Fig. 3B) datasets the maximum percentage of variation explained by
PC1 axis was 15.4% and 13.7%, respectively (Fig. 3 anpl&uapntary Fig. 3). The two dimensional
plots in both datasets do not separate the samples according to the lichen host, the lichen associatec

fungi, or the symptomatic fungal infection.
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Figure 3. Principal Coordinate Analysis (PCoA) plotsofBif@yri s di st ances based on the re
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stays for A un ctuhe proporeéod daf read8feom the ITS2 Hlatasetfor each sample.

126



Detection of fungal diversity: lichen mycobionts and licherassociated fungi

Almost all the reads assigned at kingdom level were ascomycetes (99.9%, Fig. 4); basidiomycetes
(mostly Tremellonycetes) were detected in a very low proportion and in 12 samples only. In 12
samples, over 90% of the reads corresponded to the lichen mycobiont (Fig. 4A, Table 1 and Table 2).
The three samples that were symptomatically infected by lichenicolous futitd (A608 and A670)

also had the lowest proportion of mycobionts reads (<35%). In each sample, multiple OTUs were
found to correspond to the same mycobiont host (as similarly recovered by FerhamdiEza et

al. 2017), whereas for the lichenicolous futlgs was the case only fdaeniolella atricerebrinafor

which three OTUs were recovered (Table 2).
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Table 2. Number of OTUs and corresponding number of reads identified as the lichen host and the symptomatic lichenicolpnshéidpi (°) Samples in which reads
corresponding to more than one lichenicolous fungus were recovered. (#) Samples without reads corresponding to arpubchmgicdl) Lichenicolous fungi for which the

identity was confirmed with GenBank BLASTaseh.

. OTUs Infecting . . M. ) . . . .
Sample | Lichen host A.varians* . E. macrosporus*| L. lecanorae | M. atricola S. eucline S. fissuriseden| S. tephromelarum®*| T. atricerebrina*
(reads) | fungus epipolytropa pygmaea
Umbilicaria | 76
A032 o -
cylindrica (11,681)
Candelariella | 200
A138 o - OTU52(3)
vitellina (10,937)
Rhizocarpon | 46
AL72 ) -
geographicum (12,428)
Rhizocarpon | 112 Endococcus
Al94 . OTU6656 (48)
geographicumn] (13,570) | macrosporus
Lecanora 527
A227 . - OTU52(1)
swartzii (12,274)
Psorinia 85
A229 - OTU43 (2)
conglomerata| (10,830)
Lecanora 71
A243 -
polytropa (12,952)
Tephromela | 111 Skyttea
A280° OTU43 (1) OTU3878 (2)
atra (6,277) | tephromelarum
Lecanora 52
A360 o - - OTU52(4)
intricata (6,658)
Tephromela | 115
A361* -
atra (10,996)
Lecanora 203
A368 o - OTU45 (1)
bicincta (11,800)
Rhizocarpon | 33 Muellerella
A405 ) - OTU45 (1)
geographicun (9,586) | pygmaeaRg
Lecanora 52 Lichenoconium
A418° OTU15 (36) 0OTU43 (2)
polytropa (11,608)| lecanorae

128




Aspilidea 234
A420 L - OTU43 (238)
myrinii (7,554)
Lecanora 22 Lichenoconium OTU15
A434° OTU43 (1) OTU52(1)
polytropa (3,926) | lecanorae (1,208)
Tephromela | 86 Muellerella 0oTU4764
A440° . OTU52(7)
atra (7,905) | atricola (111)
Psorinia 65
A4T6 - OTU45 (1)
conglomerata| (9,864)
A4B2 Lecanora 87 Cercidospora oTuU8283
polytropa (8,700) | epipolytropa (123)
Aspilidea 204 Sagediopsis
AB08 L . . OTU43 (7312)
myrinii (4,362) | fissurisedens
Varicellaria | 122 Stigmidium OTU45
AB22° . OTU52(3)
lactea (6,772) | eucline (3,288)
Acarospora | 77
AB23 - OTU52(1)
fuscata (15,901)
Lecidea Muellerella OTU38
AB36 . 15 (224)
lapicida pygmaes.s. (40)
Lecanora 52 Muellerella OTU38
AB70° OTU52(1)
polytropa (2,476) | pygmaea.p (4,633)
Lecidea 56
A792 o - OTU43 (1)
lapicida (11,463)
. OTU52 (7,093),
Tephromela | 106 Taeniolella
A809 _ _ OTU3 (214),
atra (11,373)| atricerebrina
OTU1403 (49)
Lecanora 141 Arthonia
A832 o )
bicincta (7,048) | varians
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Taeniolella atricerebrinavas detected asymptomatically in samples of the same lichen host
(Tephromela atraA440) symptomatically infected by the lichenicolous funijugellerella atricola
and in other four lichen hostA¢arospora, Candelariella, Lecanora, Varicellaridable 2).
Taeniolella atricerebrinawas identified by three OTUs, the most abundant reptedeby 7,093
reads (OTU52), the second and the third most abundant ones by 214 and 49 reads (OTU3 and
0OTU1403), respectively. All three OTUs were present in the symptomatically infected sample
Tephromela atraA809, while only the most abundant OTU52 wasavered in the other samples,
though with a number of reads ranging from 1 to 7 (Table 2).
Based on the abundance and taxonomic assignment, we predicted the identity of the reads
corresponding to the symptomatically infecting lichenicolous fudgrcidospra epipolytropa
(A482), Stigmidium eucline(A622), Lichenoconium lecanoragA418, A434), Sagediopsis
fissurisedengA608) andMuellerella atricola (A440). For each of these fungi, a blast search
recovered a single OTU matching with Auncul't
corresponding tdsagediopsis fissurisedef®@TU43) andStigmidium euclindOTU45) were also
found in lichen samplesiogr than their known hosts (Table 2). The lichenicolous fuhnedlerella
pygmeavas symptomatically present in three lichen samples (A405, A636, A670); however, OTU38,
which we tentatively assigned ¥. pygmaeabecause it matched with Chaetothyrialesaiblast
search, was found only in two of them (in A636 with 40 reads, 9%; in A670 with 4633 reads, 52%).
This result suggests that the identificatioiviofellerellacould be correct, as previous studies reported
the fungus in this order (Muggia et al. B)Triebel and Kainz 2004 the single case of the sample
Lecanora bicinctaA832 infected byArthonia varianswe could not detect any OTU assignable to
the lichenicolous fungus. Finally, we did not recover any OTU assignable to lichenicolous fungi in
four specimens (A032, A172, A243, A361) whereas we recovered OTUs of different lichenicolous
fungi cooccurring in seven specimens, of which six were symptomatically infected (A280, A418,
A434, A440, A622, A670) and one was without visible infection (A3Gle 2).
In the 'no host' dataset, 23% of the reads belonged to the orders Chaetothyriales (Eurotiomycetes,
Ascomycota) and Lecanorales (Lecanoromycetes, Ascomycota) (Fig. 4B). The most represented
families were Herpotrichiellaceae (Chaetothyriales), Rdareae and Ramalinaceae (Lecanorales);
30% of the reads could be assigned up to the
fungi 06 and fAunclassifiedo represented 13% and

In the 'no myco' dataset (Fig. 4@) to 37% of the reads could be assigned to the order level
within Ascomycota and they belonged again to Chaetothyriales (Eurotiomycetes), Capnodiales

(Dothideomycetes) and Lecanorales (Lecanoromycetes). The most represented families were
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Herpotrichiellaeae (Chaetothyriales) and Catillariaceae (Lecanorales). About 0.12% belonged to

Tremell ales (Basidiomycota), 22% to Auncul tur
The relative abundances of Ascomycota and Basidiomycota among the dedwnted

fungi was compared (Fig. 5) between the ITS1 (Fernambrmozaet al 2017) and ITS2 datasets

(this study). Spearmanédés correlation was cal

Chaetothyriales and Tremellales. The relative abundanees @24, 0.07 and.036 respectively,

and indicated no significant (P<0.05) linear relationship between ITS1 and ITS2 datasets. The relative

abundance of these orders differs between the two barcodes, being 25.6% and 0.3% for Capnodiales,

10.1% and 9.6%or Chaetothyriales and 44.5% and 0.2% for Tremellales in the ITS1 and ITS2

datasets, respectively.
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Figure 5. Comparison between the taxonomic composition of ITS1 (Ferndvdedozaet al.2017) and ITS2 based on

the most recovered fungal orders in Ascomycota (Capnodiales and Chaetothyriales) and Basidiomycota (Tremellales).
Bars reflect the proportion of reads assigned tumalt he r
divisions, uncultured and unidentified fungi.

Shared OTUs among samples

Though each sample is characterized overall by a high proportion of sspegiic OTUs,
lichen mycobiomes are quite interconnected due to many shared OTUs (Fig. 6; Sumleiades
1-9). The main orders of lichemssociated fungi in which shared OTUs are recovered are
Capnodiales, Chaethotyriales and Tremellales (Fig. 7; Supplementary T&bles 7

In the complete dataset (Fig. 6A; Supplementary Table 1) and in the 'hdataset (Fig. 6B;
Supplementary Table 2), the two samples A229 and A47€sofinia conglomeratashare a
maximum of 307 and 250 OTUs, respectively. The 250 shared OTBsdonglomeratabelong
mainly to mycobiont genera of Ramalinaceae and Parmeliaaedegre responsible for the strong
similarity of the two samples (as in Fig. 3A). No OTUs were shared by 26 pairs of samples in the

complete dataset, nor by 102 pairs of samples in the 'no host' dataset.
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p28 o 09 M3 ' )

Figure 6. Circos plots showing shared OTUs among lichen mycobiomes. Symptomatically infected samples (as in Table
1) are in bold. The length of the sampillebons is directly proportional to the number of OTUs identified in each sample.
The width of each connectbetween two samples is directly proportional to the number of shared OTUs. Shared OTUs
among all sampl es i n the( Bc)o nepn de t (Eh ddtasdityacs grésentedA $harediOfds h
cal cul at ed o datasehamong samplesgéthante mycobiont genus or same species are shown for the
lichensLecanoraspp. (D),Rhizocarpon geographicu(i) andTephromela atrgF).

133



608Y

_09ev

A032 A792
=

1
s,

A622 €LV

4452

Figure 7. Circos plots showing shared OTUs among lichen mycobiomes. Symptomatically infected samples (as in Table
1) are in bold. The length of the sampillebons is directly proportional to the number of OTUs identified in each sample.
The width of each connectoretween two samples is directly proportional to the number of shared OTUs: (A)
Capnodiales, (B) Chaetothyriales and (C) Tremellales.
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In the 'no myco' dataset (Fig. 6C; Supplementary Table 3), a maximum of 60 shared OTUs between
the two samples A418 and B4 of Lecanora polytropavas recorded. This redundancy was seen
also in the analysis comparing the OTUs diversity am@ugnoraspp. samples only (Fig. 6D). The

60 OTUs belong mostly to unclassified and uncultured fungi, and include reads that wetpiaslict

the lichenicolous fungu&ichenoconium lecanora€Table 2; Supplementary Table 4). This is
supported by the symptomatic presence.ichenoconium lecanoraen both A418 and A434.
polytropasamples. In the 'no myco' dataset, no OTUs were share@Plyyalrs of samples.

In the three samples Bhizocarpon geographicu(frig. 6E), the asymptomatic sample A172
shared two OTUs with sample A405 symptomatically infecteMbpygmaeaand five OTUs with
sample A194 symptomatically infected I macrospaus The two symptomatically infected
samples A194 and A405 shared only one OTU (Supplementary Table 5).

Tephromela atraA361 without symptomatic infection shared OTUs with all the other
symptomatically infected thalli of. atra (Fig. 6F): seven OTUs witeample A280 infected b$.
tephromelarum 12 OTUs with sample A440 infected . atricola, and 11 OTUs with A809
infected byT. atricebrina The three symptomatically infectéedl atra were connected with a
minimum of 7 and a maximum of 30 shared OTUsnBlas A280 and A809 shared the same OTU
of T. atricebring which is therefore detected as asymptomatic in A280 (Table 2). Samples A280 and
A440 share 30 OTUs mostly belonging to Auncul

Capnodiales (Fig. 7A) weragsent in five samples, of which five infected symptomatically
and two asymptomatically. No more than two shared OTUs were detected between the two
symptomatically infected samples A28D. @trainfected byS. tephromelarujinand A440 T. atra
infected byM. atricola).

Chaethotyriales (Fig. 7B) were present in 17 samples (eight symptomatically infected and
nine asymptomatic) and a maximum of 26 OTUs were recorded between samplesPA476 (
conglomerataand A670 L. polytropainfected byM. pygmaea

Tremelalles (Fig. 7C) were present in 12 samples (seven symptomatically infected and five
asymptomatic) and a maximum of 3 OTUS were shared between the symptomatically infected sample
A482 (L. polytropainfected byC. epipolytropa and the asymptomatic sate A792 (ecidea
lapicida).
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Amplicon sequencing vs fungal isolates results

The ten selected fungal strains were all amplified for the ITS fragment; however, ITS2 sequences
could be successfully obtained only for four of them (NCBI accessions MF2-iBR76910), and

were queried against the complete dataset. ITS2 sequences efralms A930 and A1022
successfully matched (O 97%) with a total of
strain A923 is a Dothideomycete (Lichenostigmatales; Muggia et al. 2016) isolated from a thallus of
T. atra symptomatically infected by. atricola; it matched with two OTUs of "uncultured
Ascomycota” in 14 samples. These included both multiple lichen hosts and the sample A440, which
represents the same combination of mycoblichenicolous fungusl{. atrainfected byM. atricola)

of the thdlus used for the isolation of this fungus. The strain A1022 is an Eurotiomycete
(Chaetothyriomycetidae; Muggia et al. 2016), and was isolated from a thalRusgebgraphicum
symptomatically infected bl. macrosporusThe three matching OTUs were asgidro the group

of Anfungal endophyted and were present i n tw
however, there is no correspondence with the lichen used for the isolation, as the detected OTUs came

from two Lecanoraspp. specimens (A360 andB32).

Discussion

Lichen mycobiome diversity

Though the comparison between ITS1 and ITS2 barcoding markers is not novel for fungal
communities, it has not been tested for lichens yet, and it gives here pioneering insights for
methodological approacheas studying lichen mycobiomes.

Because the two datasets of the ITS1 and the ITS2 were gained independently, using two
different sequencing approaches and clustering algorithms, we have refrained from comparing them
more closely. Alternatively, we opted tompare the taxonomic diversity as far as possible and to
comment on the differential detection of taxa. Our approach, which considers the lichen thallus as
distinctive and still largely unexplored niche for unknown fungal assemblages, further strengthens
the perception that diversity estimates based on metabarcoding are limited by the barcode locus
selected (Tedersoo et al. 2015; Tedersoo and Lindahl 2016).

Our workflow (Fig. 2) was organized into three steps that analyzed a progressively more
reduced dtaset of reads. With this method, we succeeded in reliably assessing the fungal diversity of

each sample at different taxonomic levels, and in predicting which reads potentially correspond to
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the symptomatically infecting lichenicolous fungi. This enaltedhparison of symptomatically
infected and asymptomatic samples using alpha and beta diversity indexes.

Alpha diversity in symptomatically infected samples is not higher than that in lichens devoid of fungal
infections. Beta diversity was characterizgdhe low percentage of variation explained by the three
major axes (around 35% in total for both 'no host' and 'no myco' datasets). Moreover, due to the
rarefaction of the datasets, the results are impaired by the number of retained samples. Indeed,
sympbmatically infected and asymptomatic samples are unequally represented, being the
asymptomatic samples only three out of 11 samples in the 'no myco' dataset. Overall, the beta
diversity analyses showed no tendency among samples to group according toegabsence of
symptomatic infection nor according to lichen host species. This observation is in congruence with
the results presented by Fernant#endoza et al. (2017).

The presence of different haplotypes derived from different fungal individuals egpldin why

multiple OTUs for the same mycobiont species were recovered. On rocks, lichen thalli develop side
by side, and hyphae from one mycelium could penetrate into neighboring thalli. The multicopy nature
of the ITS region (Schoch et al. 2012) mayoalssult in overestimation of diversity if divergent
paralogs or nowrthologous gene copies are sequenced (Simon and Weil3 2008). However, this
intragenomic variation does not compromise the taxonomic identification value of the ITS region
(Hollingsworth 211). Another, more parsimonious explanation that cannot be ruled out in any
sequencing approach is that errors may be introduced by sequencing.

The main orders of licheassociated fungi detected by the ITS2 barcode were Capnodiales,
Chaethotyriales andiremellales (Basidiomycetes), which closely agrees with the results obtained
previously by analyzing the ITS1 fragment. The order Capnodiales includes endophytes, pathogens
and, like Tremellales, parasites of fungi (Crous et al. 2009; Lindgren et al. ZbiHsthotyriales are
saprobic, rocknhabiting, lichenicolous and epiphytic fungi (Réblova et al. 2013; Lawrey and
Diederich 2016). In our dataset, these orders are distributed differently among the samples and do not
show any correlation with the lichdrost species or the presence of symptomatic infections. The
same pattern is observed for the relevant fraction of unidentified taxa (i.e. uncultured Ascomycota,
uncultured fungus, unidentified), which could belong to parasymbiontic or commensal fungi

occuring incidentally on lichen thalli, as hypothesized by Fernaieadozaet al. 017).

ITS barcodes capture unequal taxon diversity in lichen mycobiomes

Lichen mycobiomes are still uncharted terrains for investigating patterns of fungal specificity and
ecological adaptations, and have recently become the subjects of metabarcoding analyses (Bates et
al . 2012; UORen et al . .201&)4nouradyencipgoéthe ITS2 locus?2 0 1
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the proportion of reads belonging to the lichen hosts is higher (min 27.7%, max 99.8%) than when
those obtained previously from ITS1 (min 3.5%, max 97.7%; Ferndvdedozaet al. 2017).
Although we could notssign any reads to two lichenicolous fungal spedespygmaeaandA.

varians using either ITS{FernandeaMendozeet al.2017) or ITS2, with ITS2 we were able to detect
reads assignable to other lichenicolous taxa in asymptomatic thalli. Chaetotrgm@d@apnodiales

are the most highly represented orders detected in lichen mycobiomes using both ITS1 and ITS2
barcodes.

Basidiomycetes are known to be common partners in lichen symbioses (Spribille et al. 2016;
Oberwinkler 2017). The previous study, merhed with 454 pyrosequencing and based on the ITS1
barcode, demonstrated a high proportion of Tremellomycetes in the samples, with basidiomycetes
present in 23 and representing the main component of 11 saptaandedviendozaet al.2017).

On the othehand, basidiomycetes were the least detected in our dataset: they were represented by
less than 1% of all the reads and were found in only 12 samples. Other studies reported a variable
fraction of basidiomycetes in lichen mycobiomes: about 15% of theletargataset in arctic lichens
(Zhang et al. 2015; analyzing the whole ITS region), less than 1% ofroakiting foliose lichens

(Bates et al. 2012; 18S rRNA) and less than 3% among endolichenic fungi in a comprehensive study
(UbBRen et a hg the Zdmplete ITSaregmn).yitasiimportant to note that these studies
considered lichens with growth forms (foliose and fruticose) different from those in the community
we studied (epilithic and crustose thalli). Implicitly, lichen growth forms likelyénce the presence

of certain fungal taxa within the thalli.

ITS1 vs. ITS2 as barcode for lichenicolous fungi

Given that the selected samples harbored symptomatic lichenicolous fungi and a high proportion of
other asymptomatic fungi (Fleischhacker e2815; Fernandeklendoza et al. 2017; Muggia et al.
2016), particular attention was paid in predicting which sequences, based on their read abundance
and taxonomic assignment, could represent the symptomatic lichenicolous fungi. Fernandez
Mendoza et ali2017) succeeded in identifying three taxa also found in our analyses.

We identified sequences of potentially five additional lichenicolous fungi (Table 2). We also could
detect the same OTUs of three lichenicolous fungal spetiest(icebring S. eucline and S.
fissurisedensin other samples which did not correspond with the known lichen host and occurred
asymptomatically. The corresponding reads were found in the samples devoid of symptoms in a much
smaller fraction (<10 reads) than in the symmadically infected thalli (Table 2); the exception is the

high number of reads &. fissurisedensn the asymptomatic ho&t myrinii. Furthermore, it seems

that many lichenicolous fungi can be present in a thallus where only one of them is symptgmaticall
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detectable. In this case, the lichenicolous fungus, recognized within the first group of lichen
associated taxaénsurernandeMendoza et al. 2017) in the symptomatic sample, could be part of
the third fungal fractiongensuFernandeMendoza et al. 2017) when its corresponding reads are
recovered in the mycobiome of any asymptomatic samples.
Interestingly, the number of reads for each OTUs recovered for lichenicolous fungi using ITS2 as
barcode is much higher than those kered using ITS1. As reported by FernAntendoza et al.
(2017), also in our analyses the presence of symptomatic lichenicolous fungi does not affect the
composition of the individual lichen mycobiomes in general, but it still remains unexplained if the
presence of a lichenicolous fungus may inhibit the symptomatic development of a second one.

The differences in taxonomic composition that emerge when data for either ITS region are
analyzed separately suggests that both ITS1 and ITS2 barcodes shouildiiered together for a
more reliable estimation of lichen mycobiome diversity. Monard et al. (2013) reached a similar
conclusion for other fungal communities. The application of sequencing platforms that allow analysis
of larger fragments, such as PacB{Pacific Bioscience) or MinlON (Oxford Nanopore
Technologies), are likely to make the metabarcode sequencing of the whole ITS region feasible in the

near future.

HTS platforms for the analyses of lichen mycobiomes

In the most common environmental sampgsh as those from soil or water, the DNA detected and
amplified usually contributes evenly to the overall taxonomic composition, regardless of whether
animal, plant, fungal or bacterial barcodes are used (Taberlet et al. 2012; Balint et al. 2014y&unaga

et al. 2015; Belet al.2016; Vencesgt al.2016). Lichen thalli, however, consist mainly of one fungus;
when fungal barcodes are analyzed, a high fraction of the reads belong to the lichen mycobiont (Bates
et al. 2012; Zhang et al. 2015; Fernantendoza et al. 2017), affecting the sampling depth of the
other fungi. This shallow and uneven sampling depth of lidsswociated fungi causes a substantial

loss of information, and biases the interpretation of species diversity patterns. This is clearly
exanplified by the alpha and beta diversity analyses in our study. About half of the samples in the
'no host' and 'no myco' datasets had to be excluded due to the low number of reads (<1000), and the
remaining samples did not always approach saturation.cohidition is independent from the HTS
platform used, and could be partially prevented by increasing the complete sampling depth of the
analysis, for example with use of larger PGM chips such a8'3t®wever, the fraction of lichen
mycobiont reads is new@redictable. One potential solution would be the use of spspasfic

blocking primers, which prevent the amplification of rtanget DNA. This strategy would

substantially increase the cost of the analyses, especially when multiple lichen hostsualede
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from the amplifications. Using multiple blocking primers might further bias the library preparation,
as specific blocking oligonucleotides can block closely relatedtlarget sequences at the same time
(Leray et al. 2013a; Pifiol et al. 2015). TaAproach has already been used in DNA metabarcoding
dietary studies (Deagle et al. 2010; Leray et al. 2013b), where samples are often enriched with the
DNA of the host organism (Pifiol et al. 2015). If the sequencing depth of the-askeniated fungi

could be selectively increase in metabarcoding studies, it will allow us to significantly deepen the

taxonomic and functional analysis of lichen mycobiomes.
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Supplementary Fig. 2Principal Coordinate Analysis (PCoA) plots of Br@yrtis distances calculated angathe lichen
mycobiomes considering the complete dataset.
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Supplementary Table 1Matrix of the shared OTUs among samples in the complete dataset used for Fig. 6A.
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Supplementary Table 4Matrix of the shared OTUs among samples@efanoras p p .

Fig. 6D.
A227| A243 | A360 | A368 | A418 | A434 | A482 | A670 | A832
A227 |9 0 1 0 0 1 1 1 1
A243|0 18 0 0 0 0 0 1 0
A360 |1 0 77 0 4 4 6 8 4
A368 |0 0 0 2 0 0 0 0 1
A418|0 0 4 0 80 60 3 4 1
A434 |1 0 4 0 60 491 |2 3 0
A482 |1 0 6 0 3 2 67 4 1
A670 |1 1 8 0 4 3 4 277 |1
A832 |1 0 4 1 1 0 1 1 9

n

t

he

Supplementary Table 5Matrix of the shared OTUs among sampledRbizocarpon geographicum n

dataset used for Fig. 6E.

Supplementary Table 6Matrix of the shared OTUs among sample§ephromela atra n

for Fig. 6F.

A172| A194 | A405

Al172|172 |5 2
Al194 |5 109 |1
A405 |2 1 228

A280 | A361 | A440 | ABO9
A280 | 87 7 30 7
A361 |7 25 12 11
A440 | 30 12 114 |12
A809 | 7 11 12 190
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Supplementary Table 7Matrix of the shared OTUs belonging to Capnodiales in the complete dataset used for Fig. 7A.

A280

A360 | A440

A622

A809

A280

7

1
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0
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Supplementary Table 8Matrix of the shared OTUs belonging @haetothyrialesn the complete dataset used for Fig.
7B.

A032 | A138 | A172 | A243 | A280 | A360 | A368 | A405 | A418 | A434 | A440 | A476 | A482 | A622 | A623 | A670 | A792

A032 |1 1 1 0 1 1 0 0 0 0 1 1 0 0 0 1 0

A138 |1 14 2 1 6 1 0 0 0 0 3 5 0 2 0 5 1

Al172 |1 2 5 0 4 1 0 0 0 0 2 1 0 0 0 1 0

A243 |0 1 0 2 1 0 0 0 0 0 0 1 0 1 0 1 1

A280 |1 6 4 1 25 2 0 0 0 0 4 2 1 1 2 3 1

A360 | 1 1 1 0 2 3 0 0 0 0 1 1 0 0 0 1 0

A368 | 0 0 0 0 0 0 1 1 0 0 0 1 0 1 0 0 0

A405 | 0 0 0 0 0 0 1 1 0 0 0 1 0 1 0 0 0

A418 |0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0

A434 |0 0 0 0 0 0 0 0 1 11 0 0 0 0 0 0 0

A440 |1 3 2 0 4 1 0 0 0 0 9 1 0 0 0 1 0

A476 |1 5 1 1 2 1 1 1 0 0 1 28 0 4 0 26 1

A482 | 0 0 0 0 1 0 0 0 0 0 0 0 5 0 1 0 0

A622 | 0 2 0 1 1 0 1 1 0 0 0 4 0 4 0 3 1

A623 | 0 0 0 0 2 0 0 0 0 0 0 0 1 0 2 0 0

AG670 |1 5 1 1 3 1 0 0 0 0 1 26 0 3 0 36 1

A792 |0 1 0 1 1 0 0 0 0 0 0 1 0 1 0 1 1

Supplementary Table 9Matrix of the shared OTUs belonging Toemellalesn the complete dataset used for Fig. 7C.

A138 | A280 | A360 | A418 | A434 | A440 | A476 | A482 | AGO8 | A622 | A623 | A670 | A792

Al138 |1 1 0 0 0 1 0 0 0 0 0 0 0

A280 |1 3 1 0 0 2 0 0 0 0 1 1 0

A360 | 0 1 4 2 1 1 1 1 0 2 1 2 1

A418 |0 0 2 4 1 0 2 2 0 1 0 1 2

A434 |0 0 1 1 1 0 1 1 0 1 0 1 1

A440 |1 2 1 0 0 2 0 0 0 0 1 1 0

A476 |0 0 1 2 1 0 2 2 0 1 0 1 2

A482 | 0 0 1 2 1 0 2 3 0 1 0 1 3

A608 | 0 0 0 0 0 0 0 0 0 0 0 0 0

A622 | 0 0 2 1 1 0 1 1 0 3 0 1 1

A623 | 0 1 1 0 0 1 0 0 0 0 1 1 0

A670 | 0 1 2 1 1 1 1 1 0 1 1 2 1

A792 |0 0 1 2 1 0 2 3 0 1 0 1 4
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Supplementary Table 10Number of OTUs and corresponding reads of two cultured fungi (A930 and 1022, Mtiggia
al. 2016), found in the complete dataset. The reads found in samples with the samdiclhamécolous fungus
combination from which culture was isolated are highlighted in bold.

Cultured fungus
A930 Al1022

Sample

A032 OTUA47 (116) -
A138 OTU47(11) -
Al172 OTUA47 (57) -
Al94 OTU47 (426) -
A227 - -
A229 - -
A243 - -
A280 OTUA47 (37) -
A360 OTUA47 (246) 0OTU9873 (37), OTU3048 (1), OTU10383 (1)
A361 - -
A368 - -
A405 OTU47 (3) -
A418 OTUA47 (2) -
A420 - -
A434 - -
A440 OTUA47 (131) -
AA4T6 - -
A482 OTU47 (12) -
A608 - -
A622 OTUA47 (572)0TU8759 (2) |-
AB23 oTu47 (1) -
A636 - -
A670 OTU47 (1) -
A792 - -
A809 - -
A832 OTU47 (1) 0TU9873 (57), OTU3048 (1), OTU10383 (1)
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CONCLUSIONS

The presented research provides new insightiécinien photobionts stress responses and in the
intrathalline fungal diversityThis was achieved through the application of Higtoughputomic
technologies transcriptomics and DNA metabarcoding; information acquired from analyses of gene
expression, prein quantification and physiologitparameters were also integrated.

The outstanding stress tolerance of lichen photobigassone othe objecs of my Ph.D: the
analysis of the photobiorifrebouxia gelatinosallowed the understanding of the streskted
mechanisms in this green alga.

While some mechanisms were found to be stspesific (i.e. DRPs response to desiccation),
common traits in thd. gelatinosaresponsg could be identified, such as the involvementthe
photosynthetic apparatus ameblecular chaperones.

A fundamental feature daf. gelatinosaat molecular level is a conspicuous, powerful and constitutive
machinery that gives to the alga the capacity to promptly cope with sudden changes in the external
environment, including high odative stress and extremely low water content. These results represent
further explanations of the reasons why the gefmebouxiaoccurs as the most common lichen
photobiont, adapted to the Alife at the extre

In this perspecti, further studies could be performed to elucidate some, still unclear aspects
of stress tolerance if gelatinosa
For instance, the importance of DRPsTin gelatinosaand other lichen photobionts could be
investigated, in particular in terms of structural diversification and phylogenetic analysis. The
relationshipbetween DRPs and lichenization is intriguing, especially in the view of the hypothesized
horizontal gene transfer (HGT) invahg the licherassociated bacteria.

Regarding water stressffdrent desiccation ragxould be tested to understand how gergession

of photosynthesiselated transcripts change, and how it is reflected in terms of decrease and recover
of photosyntheti@ctivity after rehydration.

Moreover, gven the peculiar behavior af. gelatinosanolecular chaperosdi.e. HSP70), it willbe
interesting to monitor their response (both at transcript and protein level)tivatga isubjected

to a range bother environmental stresses beside the ones already tested (desiccation and oxidative
stress), such as heat shock, high light ramiator combinatios of them

AsT. gelatinosanRNA extraction was successfully applied also from lichen thalli (i.e. the epiphytic
Flavoparmelia caperatafrom which it was isolated), the experimentaild be performed alsm

vivo, to verify how licheniation influence the molecular and physiological response of the
photobiont.
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The great intrathalline diversitiiat wasletectedn lichens during this Ph.3howed how the
knowledge of these smaihd complex ecosystems is still at the beginning, avdghthroughput
omics technologies are and will be inestimable tools to assess previously unknown biodiversity.
Chaethothyriales are here confirmed as principal component of the lichen mycobiomes. The
possibility to investigate and compare symptomatith \easymptomatic thalli proved successful to
understand the ecological importance of lichen mycobiomes. The asymptomatic presence of
lichenicolous fungi further supports the role of lichen as reservoir of biodiversity.

The lack of representative sequendasdatabases only allows a shallow taxonomic
assignment of most of the lichassociated fungal taxa, and more effare needed to recover this
information. The integration with classical techniques, such as cultures and DNA barcoding, is still
pivotal 1o increase the genetic information and make it available. It has been shown that the fungal
studies are affected from the choice of the DNA barcode. Also, bioinformatic pipelines dealoped
hoc for fungi will be helpful to standardize the analyses anabifahe integration of data from
different studies.

More researcheshould be conducted for the study of lichen mycobiome, and different
research questiartould be addressed, including their role in lichen synasidsor instance, lichens
with a wide gegraphi@l distribution could own locally differentiated fungal communities. These
could present individual responses to local drivers, such as pollutants, humidity, temperature, and
likely have a role in the distribution pattern of the lichen specid$ itse

The interaction between lichenyco- and microbiomswould be also of extreme interest in
the view of lichens as microniches, that integrate genetics, physiology and metabolism of different
organisms. The composition of licheryco- and microbiomscould be studied in thalli subjected to

different environmental stresses, to evaluate if and how the composition changes.

We know a lot about lichens, but it is even more what we still do not know. Lichens give
researchers the possibility to integratewnand classical approaches, different disciplines and
expertise. The opportunity to study the lichen thallus in terms of bofmipcobiont and photobiont)
and multipartite systems (lichen mycand microbiomes) is unique and represents a stimulatohg an

exciting challenge in science.
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APPENDIX |I: DNA METABARCODING UNCOVERS FUNGAL DIVERSITYOF
MIXED AIRBORNE SAMPLES

Elisa Banchi, Claudio G. Ametranp Dav i d % Pierluidi Werard, Olga Morettf,
Francesca Gabrielli Stefania Lazzarfip Maria Francesca BorngyFrancesca TassanMauro
TretiacH, Alberto Pallavicint, Lucia Muggia”

! University of Trieste, Department of Life Sciences, Trieste, Italy

2 National Institute of Biology, Marine Biology Station, Piran, Slovenia
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* Corresponding authot:ucia Muggia

Main abbreviations

HTS: highthroughput sequencing
ITS: internal trascribed spacer

OTU: operational taxonomic unit
PCoA: principal coordinate analysis
RIF: rock inhabiting fungi

IAS: invasive alien species

Abstract

Fungal spores and mycelium fragments are particles which become and remain airborne and
have been subjects of aerobiological studies. The presence and the abundance of certain taxa in
aerobiological samples can be very variable and impaired by changiabl&caconditions. Because
many fungi produce mycotoxins and both their mycelium fragments and spores are regarded as
potential allergens, monitoring the presence of these taxa is of key importance. So far data on

exposure and sensitization to fungal mens are mainly based on the assessment of few, easily
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identifiable taxa and focused only on certain environments. This is due in part to the traditional
methodologies used to analyze aerobiological samples and the inconspicuous fungal characters which
allow only a shallow taxonomical identification. Here we present a first assessment of fungal diversity
from airborne samples using a DNA metabarcoding analysis. The region ITS2 was selected as fungal
barcode to catch fungal diversity in mixed airborne sasphthered for two weeks in four sites of
North-Eastern and Central Italy. We assessed the taxonomic composition and diversity within and
among the sampled sites and compared the molecular data with those obtained by traditional
microscopy. The moleculanalyses provide a tenfold more accurate determination of the taxa than
the traditional morphological inspections. Our results prove that the metabarcoding analysis is a
promising approach to increases quality and sensitivity of the aerobiological mupitdhe
laboratory and bioinformatic workflow implemented here is now suitable for routine; high

throughput, regional analyses of airborne fungi.

Introduction

Fungi are ubiquitous and are among the most important and widespread groups of organisms
which play key roles in multiple environments. Fungal spores and mycelium fragments are usually
so small, that they belong to the group of particles that becomes and remains airborne (average size
of 10 um) and have been investigated by aerobiologists sinceatitye years of this field [1].
Aerobiology has been acknowledged in the 1930s as the study of biological particles in the air,
including the diversity and the processes involved in the movement of microorganisms in the
atmosphere between different geogiaphocations [2]. The longlistance dispersal of fungal spores
is especially relevant for many crop plants pathogens, such as the obligatory, biotrophic fungi
producing huge numbers of spores and causing rust, blight, powdery and downy mildew diseases.
Wind dispersal over hundreds or thousands of kilometers has caused the spread of these severe croyf
diseases on continental and even global scales [3, 4].

Besides being parasites of plants, fungi with their multiple life styles are also of general
interest as they are some of the most common, important and also severe human and clinical
pathogens (e.g. {21]). Allergenic properties of spores, tissue fragte@md metabolites released by
fungi have been studied plentifully [5,-17].

Researches on aerobiological samples have been performed in indoor and outdoor
environments and have focused both on airborne pollen grains and fungal sp&@8}s St8dien
pollen grains have developed into established monitoring networks over several countries worldwide

[i.e. ltaly (http://www.pollnet.i), United Kingdom fittp://www.worc.ac.uk/discover/nationpbllen
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andaerobiologyresearckunit.html), USA (http://www.aaaai.org/global/natollen-countg]. Also,

thanks to the established application of DNArdodaes in the identification of organisms,
aerobiological analyses of plant diversity based on pollen grains have proceed much fu2iér [24

In the past few years studies on pollen diversity have seen a large application of high throughput
sequencing (MS) technologies in palinology, melissopalinology and nutritional biology researches
[28-34]. Recently Kraaijeveld et al. [34] accurately identified pollen from mixed airborne samples,
including species that could not be recognized microscopically, byeseiqg them with the lon
Torrent HTS platform.

On the contrary, the knowledge about fungal diversity in airborne samples is still very poor in
comparison to plant data. Limitations to determine airborne fungal diversity are in part due to the
very varialbe daily and seasonal loads of fungal (dia)spores, and to the limitations of the traditional
methodologies used in aerobiological analysis [35, 36]. Still, aerobiology mostly employs
morphological analyses of volumetric samples (usually spofesbttectal with spore trapping and
differentiated in nosviable and viable air sampling [18, 36, 37]. The collection of volumetric samples
keeps costs low and allows the quantifications of the results. However, it usually provides only a
shallow taxonomical identifation of the few most abundant and recognizable taxa, as morphological
analyses suffer from being highly dependent on human expertise (it needs highly trained personnel).
Indeed, routine assessments of fungal spores in pollen bulletin usually repashanfew genera,
such asAlternaria and Cladosporium (e.g. www.pollenwarndienst.at/en/curredata/current

charts.htmlwww.isac.cnr.it/aerobio/ai/6bulletirigm; www.arpa.umbria.it/pagine/spgre

In the last decade, molecular approaches (DNA barcoding, RFLP) have also been
implemented to assess fungal diversity in airborne samples and have streng{iencepgon that
the majority of the genera were mostly overlooked by morphological inspections of either viable or
nonviable samples [35]. Among the few existing studies, Pashley et al. [35] used PCR amplifications
of the ITS and LSU regions coupled witloning and sequencing of RFitipes to show that more
than three third of all genera sequenced were not detected by morphology, and that the rates were
highly variable on daily basis. It was also highlighted that meteorological data, time of year, and
length of the sampling period should be taken into account when comparing studies of seasonal fungi
[34, 38].

Despite the wide popularity of HTS approaches in monitoring and uncovering microbial
fungal diversity from diverse environments {89] so far veryew researches applied HTS for fungal
aerobiological studies. Recently, a DNA sequencing analysis was successfully implemented to
identify airborne microorganisms in a hospital to control and supervise hospital infections [22]. Few
other studies have assed the composition of outdoor, aerial microbial communities (including
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fungi) with lllumina MiSeq [4547] or with Roche 454 [14], showing potential for the monitoring of
air pollution and human health.

In this study, we assessed the fungal diversitmfarborne samples by implementing a DNA
metabarcoding analysis using the lon Torrent technology. We targeted the nuclear internal transcribe
spacer region ITS2 and used it as fungal barcod&M& mixed airborne samples gathered from
four sites of Nath-Eastern (NE) and Central Italy (Fig 1).

FVG

Pordenone

Veneto

Vicenza aog,

NN Marche
a‘\"‘ﬁ"‘; -V:{L'.,_?: “\\:‘\‘\ Umbria Awul.léicmﬂ

Terni

Fig 1. Geographical location of the sampling sites in the N&dbtern and Central Italy: region and city hames are
reported (FVG: Friuli Venezia Giulia). The map has been retrieved and modifiedhfowww.d maps.com

With this approach we aimed atimplementing a laboratory and bioinformatic workflow suitable

for routine, highthroughput, regional analyses of airborne funggassessing taxonomic casition

and diversity within and among the sampled siiescomparing the molecular data with the ones
obtained by microscopy determination. We found correspondence between morphological and
molecular analyses and provide a much more accurate deteomiofthe taxa in comparison with

the traditional morphological inspections.
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Materials and Methods

Sampling

The sampling was carried out in four sites of the Italian peninsula (Fig 1) in the following
regions (city): Friuli Venezia Giulia (FV@ordenone), Marche (Ascoli Piceno), Umbria (Terni) and
Veneto (Vicenza). In each site, the sampling was performed on the roof of a buildirg0atnifsom
the ground using a volumetric sampler (VPPS 2010, Lanzoni) mounted with a sticky tape (Melinex®).
The sampling was performed during two whole weeks (starting on Mondays), during the time periods
5th.12 and 1¢9-26" September 2016.

Microscopy analysis and comparison with molecular data

Eight fragments, corresponding to two incomplete sampled Moridagach site, were used
to screen the presence of fungal spores and perform a taxonomical comparison with the
metabarcoding results. The sampling tapes were placed on a glass slide, mounted in water and
observed at a light microscope Olympus -BHFungalspore determination was based on the

illustration manual [51].

DNA extraction

The tape was detached from the sampling drum under a sterile hood and cut in eight segments.
Two segments were the margins of the tape which belonged to two incomplete Mofittieyseeks
(the day at which the tape was weekly changed); these pieces were excluded from molecular analyses
but were used for microscopy analyses only. The remaining six segments corresponded each to one
day of the week (24 h) starting from Tuesdaystinday. Each segment was further split into two
half-day parts, and each of them was fit into a 1.5 ml tube, taking care that the sticky surface with the
air samples glued on it was facing the internal part of the tube. The total DNA was extracted using
the ZR Fungal/ Bacterial DNA MicroPr epE-bdaiet ( Zy
processing. The hatfay sections were processed individually and pooled at the last step of the

protocol to obtain a single DNA extraction for each day. This teduh 48 samples, 12 for each site.

Molecular analysis and sequencing

The fungal nuclear ribosomal ITS2 region was amplified with the forward primer ITS3 and
the reverse primer ITS4 [52]. The amplicons were obtained in two PCR amplifications. TRERrst
uses the I TS2 forward and reverse prirenmdgi3ls mod
whi ch was i denti cal -erdofthe haeodesaded in taesgrdnd RCIR. Thefirstt h
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PCR reaction mix cont aiOnendg )3 €3l DN AHotteMapslitaetreM
BSA10X (SigmaAl dri ch), 0.75 €l EvaGreenE 20X (Bioti
0.5 ¢l reverse primer 1 TS4 (10 OM) in a final
wi t h CFX 9def (BoRaR) wihythe following cycling profile: 94 °C for 2 min and 35
cycles at 94 °C for 20 sec, 55 °C for 20 sec, 65 °C for 40 sec followed by a final extension at 65 °C
for 2 min. A negative control was used to verify the absence ebpeaific ampfication products

and was carried out for the whole sequencing process. The second PCR (switch PCR) was required
for multiplex sequencing through attachment of the barcodes. This amplification used primers
modified with an 'A" adaptor and asampfgecif ¢ 1 0 b p b aendoobthe éorward pritner,e 5 6

and a P1 a deadoftleemrevdrse pritndr.erheFedaction was performed in a mix containing

5 ¢l of the first PCR product, 20 ¢l Hot Mast e
20K(Bi ot i um) , 1.5 ¢l forward primer (10 OM), an
of 50 ¢l . PCR conditions were the same as fo

amplicons were checked for their quality and length by agarosdegtiophoresis and pooled in
equimolar amount. The resulting barcoded library was run on-GelEPrecast Agarose
Electrophoresis System (Thermo Fisher Scientific). The 400 bp product was recovered, measured
with QubitE Fluori met ¢and eduaneed with arFlonsTorent Pe&aonale n t
Genome Machine (PGM, Thermo Fisher Scientific

(Thermo Fisher Scientific).

Sequence data analysis

Data analysis was performed in QIIME 1.9.1 [54]. High quality useges were
demultiplexed, reverse primers and barcodes were removed, and reads that did not pass through the
filtering (minimum length 150 bp, minimum average quality score 20, maximum length of
homopolymer 8, maximum number of primer mismatches 3) discarded. The ITS2 region was
extracted with ITSx v1.0.11 [55] by selecting the fungal (F) profile option. Chimeric reads were
identified and filtered out with UCHIME v4.0 algorithm using the reference dataset updated on
01.12.2016 [50, 56] to obtain tfi@al, high quality dataset. Operational Taxonomic Units (OTUS)
were picked at 97% similarity with open reference strategy and UNITE database, updated on
November 2016 [57]. The method used for the taxonomic assignment was blastyalag Fe*°).
Singletons were removed from the dataset. Statistics and ecological indexes were performed with
QIIME [54].

The alpha and beta diversity analyses were conducted on the rarefied dataset. Rarefaction

threshold was set at 1284 reads, which corresponds to the mafmeads in the first sample over
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1000 reads. Alpha diversity in terms of OTUSs richness and diversity was calculated using Chaol [58]
and Shannon indexes [5#.oneway anal ysis of wvariance (ANOVA
multiple range testvas appkd to verify the significance of differences in alpha diversity among the
sites with R version 3.2.0 [60]. The beta diversity was calculated with-Gualys principal
coordinate analysis (PCoA); the robustness of the sequencing depth was evaluatgatidtifang
analysis as suggested in giimel tutorial for de novo OTU picking. The PCoA was visualized with
EMPeror [61].

The sequence data are available at the NCBI short read repository under the accession number
SRR6080480.

Results

Traditional microscopy analysis

The morphological analyses of fungal spores resulted in the identification of 22 genera (S1
Table); for the four generalternaria, Cladosporium Stemphyliunand Torula, morphological and
molecular results fully correspond. Also spavséthe lichen genu€aloplacaand of the lichen family
Physciaceae (including the genétgperphysciaPhysciaandRinodinaas detected by sequencing,

S2 Table) were observed on the tapes. The g€alsplaca, however, was not recovered by

sequencing.

Sequencing and data analysis

A total of 328,929 raw reads were generated, 176,054 passed the quality filter and had an
average length of 385 bp. After ITS2 extraction and chimera checking a total of 152,418 reads,
ranging from 496 to 6,356 reads per samplkrewetained and represented the final dataset used for
the taxonomic assignment and the statistical analyses (Table 1).

Table 1. Summary of sequencing data and diversity estimation. Sample ID, sampling provenience and number of reads
(after ITS2 extraiion and chimera removal) are reported. The number of detected OTUs is assessed for the entire sample,
values of Chaol and Shannon diversity indexes are calculated on the dataset rarefied to 1284 reads. (/) Alpha diversity is
not calculated due to a numhrreads lower than 1284. SD: standard deviation.

ID |Site Reads| OTUs | Chaol (SD) | Shannon (SD)
F2 |FVG 3,330 (379 |416(174) |4.35(0.22)
F3 |FVG |2,074 (212 |330(151) |3.57(0.17)
F4 |FVG |2,374 (242 |353(166) |3.66 (0.17)
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F5 |FVG |3,076 289 |337(170) |3.7(0.19)
F6 |FVG |[2,959 308 |370(168) |3.81(0.2)
F7 |FVG |3,015(343 |428(184) |3.92(0.2)
F9 |FVG 4,211 323 |[352(217) |3.33(0.17)
F10 |FVG |3,066 |254 |314(153) |3.42(0.16)
F11 |FVG [4,982 |454 |408(188) |3.86(0.19)
F12 |FVG |5,008 [403 |353(169) |3.74(0.18)
F13 |FVG |5,749 (429 |332(177) |3.57(0.17)
F14 |FVG 6,151 |509 |[379(173) |3.84(0.17)
M2 |Marche| 1,369 [312 |492(151) |5.58(0.3)
M3 |Marche| 1,284 | 306 |556 (227) |5.67 (0.31)
M4 | Marche|2,142 {381 |472(172) |5.33(0.3)
M5 | Marche| 2,025 [ 266 |351(135) |4 (0.22)
M6 |Marche| 1,935 |307 |511(194) |4.37(0.23)
M7 |Marche|2,303 |389 |507 (174) |4.64(0.29)
M9 | Marche| 1,915 | 307 |502(187) |4.31(0.2)
M10| Marche| 2,849 | 401 |455(193) |4.62(0.27)
M11|Marche| 1,847 | 314 |523(232) |4.42(0.24)
M12| Marche| 2,446 | 338 |432(172) |4.11(0.23)
M13| Marche| 2,434 | 331 |463(197) |4.09(0.22)
M14 | Marche| 2,664 | 346 |434(183) |3.95(0.21)
U2 |Umbria|4,549 569 |467 (195) |4.68(0.27)
U3 |Umbria|2,998 342 |406 (178) |3.77(0.18)
U4 |Umbria| 1,886 |248 |347 (127) |3.93(0.23)
U5 |Umbria|2,919 |311 |406 (185) |3.64(0.2)
U6 |Umbria|3,671 (417 [408 (171) [4.01(0.22)
U7 |Umbria| 1,627 [301 [465 (174) [4.84(0.3)
U9 |Umbria|4,270 |480 |483(210) |3.85(0.22)
U10 |Umbria| 2,519 [ 367 |476 (200) |4.2 (0.27)
U11 |Umbria| 2,047 [ 328 [487 (184) [4.31(0.25)
U12 |Umbria| 3,218 | 376 |452(201) |3.68(0.23)
U13 |Umbria| 3,585 [ 402 |443(195) |3.99(0.22)
Ul14 |Umbria| 3,871 | 420 |429 (201) |3.88(0.22)
V2 |Veneto|4,278 |358 |343(150) |3.57(0.17)
V3 |Veneto|6,356 | 447 |328 (147) |3.34(0.19)
V4 |Veneto|3,435 (302 |352 (164) |3.48(0.15)
V5 |Veneto|496 |120 |/ /

V6 |Veneto|1,783 (183 |306 (124) |3.43(0.17)
V7 |Veneto|558 |80 / /

V9 |Veneto|5,681 392 |386 (204) |2.82(0.19)
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V10 | Veneto| 3,935 | 304 |324 (158) |2.96 (0.15)
V11 |Veneto|4,086 |327 |320(152) |3.27 (0.16)
V12 |Veneto|5,029 [406 |378 (174) |3.32 (0.16)
V13 |Veneto|4,192 308 |305(150) |3.21(0.15)
V14 |Veneto|4,221 301 |275(129) |3.34 (0.16)

Rarefaction curves showed a large variation in the total number of OTUs among samples. The curves
did not reach saturatiorS{ Fig, suggesting that an increased sequencing depth would detect
additional OTUs.

Comparison within and among sites

Alpha and beta diversity of samples were estimated from the rarified dataset with a minimum
value of 1,284 reads. Two samples from Venet,a¥id V7, resulted in only 496 and 558 reads,
respectively, and were therefore excluded (Table 1).

The alpha diversity was estimated using Chaol and Shannon diversity intazles]. A
significant difference (fwalue <0.05) was recorded in comparing tivo indexes between sites
(Table 1, Fig 2).

Chaol Shannon

500 550

300 350 400 450
3.0 35 40 45 50 55

FVG Marche Umbria Veneto FVG Marche Umbria Veneto

Fig 2. Box plots of Chaol and Shannon diversity indexes estimated for each site. Significant differences among sites
were calculated with Anova and Dun c aiffedest letteesffrvaloneu<t t i pl e r
0.05).

BothChaol and Shannon indices were significantly higpeth cands new mul t i
p < 0.05) for the two sites from the Central Italy, Marche and Umbria, in comparison with the two
sites from the NE Italy, FVGral Veneto. Further, Veneto showed the lowest diversity véltsese
1, Fig 2)

The beta diversity was assessed from BtZaytis distance matrices and presented with PCoA

plot. The maximum percentage of variation explained by a single PC axis was 3bi§8) (
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Fig 3. Jackknifed Principal Coordinate Analysis (PCoA) plot of B&uyrtis distances between the samples of the four
sites. Ellipsoids show the statistical confidence of the analysis.

The samples are grouped mostly according to their gelograamples from NE ltaly (FVG and
Veneto) are well separated between each other and also from the samples from the Central Italy, while
these (Marche and Umbria) were clustered together. Within the Central Italian samples, only three
samples from MarcheM2, M3 and M4) are distinctly segregated from the others (Fig 3), likely due

to a higher presence of Phaeosphaerales and Pleosporales and a lower presence of Capnodiales (S
Fig).

Taxonomic composition

The ITS2 analysis of airborne fungi allowed a taxonomic assignment for more than the 99%
of the reads by clustering them to OTU at 97% simild&¥ Fig) At division level, in all sampling

sites the vast majority of reads belonged to Ascomycetes (Fig 4A)
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= Ascomycota sp. = (A) Dothideomycetes = (A) Leotiomycetes

(A) Sordariomycetes ® (A) Eurotiomycetes = (B) Tremellomycetes

= Ascomycota = Basidiomycota  ® Fungi sp.  * Unidentified u(B) Agaricomycetes ® Fiingi sp. ® Unidentified

= Other

Fig 4. Doughnut charts showing taxonomic composition at division (A) and class (B) level in the four sampling sites.
Abundances of taxa are reported with the percentage values of reads. Taxa accounting for <0.1% of reads are grouped as
Ot her o.

However, between the different sites the distribution at division level is not homogenous. The
two sites in NE Italy (FVG and Veneto) present a lower proportion of Ascomycetes (71.1 and 80.1%,
respectively) but a higher proportion of reads that could beressmnly at kingdom level (Fungi sp.
28.2% and 19.1%, respectively) than the two sites of Central Italy. These latter, Marche and Umbria,
are more similar to each other in the amount of Ascomycetes, of which they have 90.2% and 89.8%
reads, respectively,nd in the amount of Fungi sp., 7.3% and 7.9%, respectively (Fig 4A).
Basidiomycetes are present in very low proportions, representing less than 1% in FVG and Veneto
and between 1.5% to 2% in Marche and Umbria. The most dominant class is Dothideomycetes,
followed by Leotiomycetes, Sordariomycetes and Eurotiomycetes (Fig 4B). Basidiomycetes are
represented by Tremellomycetes and Agaricomycetes (Fig 4B).

The order Capnodiales was the most represented order in all the sites, followed by
Pleosporales. The most represented genera in all the siteMwaysphaerellaAlternaria, Botrytis
andPericonia(Fig 5A).
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Fig 5. A) Bar charts showing the taxonomigroposition up to genus level in the four sampling sites. Abundances of taxa
are reported with the percentage values of reads. Taxa
diagram shows the number of unique and shared taxa identifieel genus level among sites (as in S2 Table).

At species level, in all four sites the most represented specielslycasphaerella tassiana
(the teleomorph synonym @fladosporium herbarum)n FVG, M. tassiana5.59%) was followed
by Botrytis cinerea(1.25%), Alternaria eichhorniae(0.64%), Exserohilum oryzicola(0.6%),
Periconia pseudobyssoid€.46%), Hannaella luteola(0.24%), Alternaria alternata (0.13%),
Bipolaris sorokinianaand Aspergillus intermediug0.12% each). In Marché/. tassiana(14.35%)
was followed byB. cinerea(1.55%), Stemphylium herbarur0.81%), Phaeosphaeria juncophila
(0.39%),A. eichhorniag0.39%),Angustimassarina acering.37%),Lanzia echinophilg0.32%),
Lophiostoma macrostomu(@.27%). In UmbriaM. tassiana18.71%) was followed bf3. cinerea
(1.03%), Parastagonospora aveng®.43%), P. juncophila(0.41%), L. echinophila(0.33%), A.
eichhorniae(0.31%),S. herbarun(0.31%),L. macrostomunf0.22% each). In Venetd). tassiana
(9.46%) was followed by. eichhoniae (0.84%),B. cinerea0.39%),H. luteola(0.27%),Periconia
pseudobyssoid€d.22%),Aspergillus intermediu@.18%),A. alternata(0.14%).

Eighty taxa identified up to the genus level, comprising about 99% of the total reads, are
shared by the fourites (Fig 5B; being Capnodiales, Fungi ddycosphaerellaAscomycota sp.,
PleosporalesAlternaria, Botrytis and Periconiathe most abundant). FVG, Marche and Umbria
shared 29 taxa (beingaevalaandVuilleminiathe most abundant genera, both represgntih1%
of the reads). Low represented taxa (<0.1% of the reads) are shared among two or three out of four
sites (S2 Table). In each site, we also recover unique taxa (<0.1% of the reads) which were otherwise
not detected in the other three sites: thre¢%G and Veneto, 23 for Marche and 26 for Umbria (S2
Table).
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Discussion

Fungal diversity in airborne samples

In this study, we characterized the taxonomic composition of airborne fungi across four Italian
sites using the ITS2 region as barcode anddhéerbrrent sequencing platform. The two sites from
Central Italy, Marche and Umbria, showed higher species richness and diversity than the two sites in
NE ltaly, FVG and Veneto. Beta diversity analyses evidenced the tendency of the samples to group
on thebase of their geography, as a subtle different taxonomic composition was recovered between
the sites. This is partially explained by a higher (twice to three times) presence of reads assigned only
to kingdom level (Fungi sp.) in the NE Italian sites. Altdively, the fungal composition during the
two sampling weeks remain rather constant within each site (S2 Fig).

The presence and distribution of fungal communities and therefore their spores, are influenced
by spatial contexts [62], climatic [63, 64 and reference therein] and meteorological conditions [65
68]. Spatial contexts (such as pedology, land use and vieggtdetermine the availability of
substrates and plant hosts on which certain fungi can develop [62]. Mean air temperature, relative
humidity and wind speed are additional factor shaping the distribution of fungal spores, such as those
of Alternaria, Cladosporium Drechsleratype,EpicoccunmandTorula[69]. Here, we do not correlate
the overall diversity observed with the meteorological parameters, as our data were collected over a
short period and cannot be generalized in a broader context. However,ooasitber that sites in
NE and Central Italy are under the influence of different climatic conditions as they are located about
500 km apart from each other on a latitudinal distance. Therefore, the variability of climatic and
environmental conditions (e.gemperatures, precipitations, humidity and elevation) between the
sampled sites could partially explain the detected fungal diversity. This expectation is corroborated
by a high proportion dflycosphaerella/CladosporiuandStemphyliungpores in both s from the
Central Italy as, according to literature [5, 69], these spores require high mean air temperature, low
relative humidity and low amount of rain, which are known for these areas.

The main classes of fungi detected by the ITS2 barcode belongsddmycetes, whereas
basidiomycetes were present in very low proportions. The low proportion of basidiomycetes might
be impaired by multiple factors. About 15% of the reads could not be identified (Fungi sp.); these
reads might indeed hide further asopbasidiomycetes taxa as well. In outdoor airborne samples the
amounts of the two fungal divisions was often reported to vary during the year, but it can also highly
differ within shorter periods of time (i.e. daily; [35, 47]), making the comparisonfefelift surveys
difficult. Notwithstanding this bias, the low proportion of recovered basidiomycetes could be
attributed to spore dimensions, dispersal ability, weather conditions (as humidity, precipitations),
seasonality, availability of substrate or gexghical factors. Previous studies report that ascomycetes
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are more common than the basidiomycetes during dry days [35, 70]. One other study based on ITS
sequencing of airborne fungi captured throughout a year [20] reported that ascomycetes were
prevailing(>90%) among larger particles (>9 um), while the opposite trend was recorded for smaller
particles (>3 pum). Among spores, ascomycetes are more often reported in higher abundances than
basidiomycete$ e.g. Fierer et al. [71] reported as much as 97% afmagcetes using cloning and
sequencing of the universal marker SSU, while Yang et al. [14] reported abundances reaching over
90% when sequencing fungal ITS1 in a study where haze ardazerdays in Beijing were analyzed
based of the particulate matteradtion (PMs). The selection of the barcode primers can also affect
the detection of certain taxa [72, 73]; it has been observed that ITS1 barcode captures a higher
proportion of basidiomycetes than of ascomycetes/]4

Our results also report the presenof eight lichen generaCéloplacg Cladonig
Flavoparmelia Lecidellg Physcia Hyperphyscia Rinoding Umbilicaria) of which the spores of
only two taxa, the genugfaloplaca and the family Physciaceaevtfich includesPhyscia
Hyperphyscieand Rinoding, were identified during the morphological inspections of the samples.
The majority of the detected taxa are epiphytic lichens commonly distributed in Italy, and can occur
also in urban environment if not highly polluted. The only exception is the gémbigicaria which
comprise only epilithic specied montane to alpine environment&his is, however, to the best of
our knowledge, the first report of the detection of lichen spores and lichen sequence data in airborne
samples.

The genusSchizoxyloris one of the 70 genera shared by Marche and Umbria. Interestingly
this fungus, known to be both saprotrophic and optionally lichenize@3}, has been reported only
for Scandinavian countries so far [78]. Its presence in our dataset lets us speciiateossible
distribution in the Mediterranean region but further researches are necessary to support this
hypothesis.

Surprisingly, also rock inhabiting fungi (RIF) were identified, though in low amounts. Some
of them belong to widespread genera, swhKnufia, while sequences corresponding to
extremophilic genera, such as thgedmanniomycef80], were also retrieved. It is likely that either
their presence in the airborne samples is due to long distance dispersal, or that their identities
correspoded to closely related taxa which colonize rock surfaces in or close to the urban
environments. The distribution of epilithic and endolithic RIF assemblages is still poorly known, and
whether they would be repeatedly recovered in airborne samples shaoestegated further.

The sequencing results are characterized by a relatively high percentage of reads here referred
as Fungal sp. (about 7% for Central and 25% for Northern sites). These correspond to about 100
OTUs which bl astedggian N@BI0O mai mlUpcard tfuFerd f un
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surveys (i.e. FJ820545, KP724985, KF800623), confirming the importance of further studies on this
pool of still unknown ecological components.

The gener&ladosporiumAlternaria, Epicoccumand Stemphyliunof which the sequencing
reads represented the highest percentage, were also abundantly found in the samples inspected at th
microscope. These genera have their peak of spore dispersal at late summer and early autumn [5, 81,
82] and indeed theispores were spread all over the collecting tapes. Five taxa out of the 22
morphologically identified genera, were detected only by microscopy analyses (S1 Table):
Pithomycegsoil fungus) Oidium, Peronospora, Leptosphaerulifé was present only in FVizand
Polythrincium(single spores found in Marche and Veneto, respectively). The remaining taxa were

detected both by sequencing and morphological analyses.

Fungal pathogens and invasive alien species (IAS)

A number of fungi are known to be the sour€altergenic particles in form of spores and/or
thallus fragments. Allergenic taxa belong to Ascomycota, Basidiomycota and anamorphic fungi can
act as agents for a multiplicity of diseases, such as infections, toxicosis, allergic asthma, allergic
rhinitis, allergic sinusitis, bronchpulmonary mycoses, and hypersensitivity pneumonitis [5, 16, 35,
83]. Because fungal aerosol in indoor environments depends in most cases from outdoor
concentrations [18], the presence and distribution of allergenic fungi eepsesn important issue
for public health [16, 84].

In the most frequently detected fungal order Capnodiales (Ascomycota, Dothideomycetes) the
main allergenic genus identified in our study WdadosporiumAlternaria, Aspergillus, Epicoccum,
Exserohilumwere found in lower amount. Human and animal pathog@osenonium Candida,
Cryptococcus, Torula as well as plant pathogeBdtrytis, Bipolaris, Periconia, Phaeosphaeria,
Parastagonospora, Ramularia, Stemphyljurave been sequenced from all four sites.

Invasive alien species (IAS) are recognized as a major threat of diverse ecosystems [85]. Due
to their inconspicuous nature and the fact that they are still poorly studied also in termsaofibio
phylogeography, fungal reports in IAS databases is sty scarce, with the exception of few
important plants and animal pathogen [86]. The DAISIE European Invasive Alien Species Gateway

(www.europealiens.or lists about 40 alien fungal species for Italy. Amomgse, Discula

destructivawas sequenced from the sampling site in Umbria. This fungus is a pathogenic, causal
agent of the dogwood anthracnose, which is one of the major diseases affectingtree species

[87]. First observed in North America [88], tsease has been reported also in Germany since 2002
[89] and in Italy since 2003 [90].
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HTS technology for the study of airborne fungi

In our survey, species accumulation curves did not reach saturation, indicating an even more
remarkable richness and diversity of taRamore exhaustive sampling could be obtained if the
sequencing depth would be increased, for example by using a l&@§ércRips (such as 318)

Another possibility would be to use other HTS approaches that allow the sequencing of the whole
ITS fragment.

The application of HTS technologies is nowadays among the new, standard approaches for
environmental studies. Despitbet great advantages offered by HTS, e.g. the high taxonomic
resolution, reproducibility and short processing time [91], DNA metabarcoding is still affected by
some pitfalls. Among them, the possibility to quantify the abundance of the taxa with highracgccu
(stochasticity of the PCR amplifications and also sequencing the HTS results agriaatitative at
best) and primer bias impair sequencing results at the moeS8B|9Further, the underestimation of
species diversity is unpredictable in severabfi taxa, although primers have been desigudaoc
for certain groups [995]. The low proportion of basidiomycetes (ggevious section) detected in
this survey might be attributed to the selected primers (ITS3/ITS4), as they were shown to
preferentily amplify ascomycetes [#46]. One of the reasons for this could be that the ITS2
amplicon is longer in basidiomycetes than in ascomy¢8®@50 bp longer, [76]) antherefore the
selected primer pair may preferentially amplify the shorter ITS2 in stenaycetes [75, 76],
explaining thehigher proportion of ascomycetes reads in our dataset. As the application of HTS to
fungal communities studies is increasing, there is a general need to develop primers that minimize
the taxonomic biases so far persigtfii3, 96].

The identities of the generated sequences are still hardly comparabtefeiémce databases
and this represent a drawback in such surveys. We expect that the establishmergpefcsite
reference databases would implement in the futwedentification of airborne fungal particles and

further improve the air monitoring.

Conclusions

Intraspecific morphological variation, low quantity and lack of distinctive morphological
characters have been the major constraints for the microscepifichtion of fungal spores in
airborne samples. In the present study we have showed that the great number of taxa identified with
DNA metabarcoding is tefold higher than the one identified by microscopy analy288 (s. 22
genera) This strengthendhé perception that HTS analyses are tools of key importance to increase
the sensitivity of air biomonitoring and our knowledge on airborne fungal diversity. The
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standardization of HTS techniques in aerobiology will make the monitoring of pathogenic fungal
agents and their distribution affordable in shorter time and with higher reliability. The prompt
identification of new or potential allergenic substances from plant and fungal tissues, as well as
invasive species, is essential for an effective preventidmenagement of diverse environments. A
long-scale monitoring extended on a wider geographic area in lItaly is taking into account seasonal
variation and meteorological conditions (Muggia et al. in prep.). Further, the development of regional
database foairborne fungi and the ongoing implementation of existing worldwide fungal database

[ 97, 98] represents a 6mustd to reliably asse
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Supporting information

S1Fig. Rarefaction curves of the complete dataset.

S2 Fig.Bar charts showing the taxonomic composition up to class level in the 48 samplabundances of taxa are
reported with the percentage values of reads. Taxa acc
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