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General introduction

The central requirements for autotrophic plant &fe the availabilities of light, water, and £€0
(Heber et al. 2006). However, plants are continlyoesposed to changes in temperature, light
intensity, humidity, water availability and othengronmental factors, which are known to affect
their capability to use the energy absorbed frommdhin (Pérez-Torres et al. 2006). Water is a

major limiting factor in growth and reproductionptants (Vicré et al. 2004).

1.1. Desiccation tolerance

Drought tolerance can be considered as the toleraficmoderate dehydration, down to a
moisture content below which there is no bulk cldesmic water present (~23%,8 FW, or
~0,3 (g HO) (g DW)!) (Hoekstra et al. 2001). Desiccation tolerandéésability of an organism
to survive the loss of most95%) of its cellular water for extended periods émaecover full
metabolic competence upon rehydration (Farrani.e297). The phenomenon of desiccation
tolerance is found throughtout the microbial, fupgaimal, and plant kingdoms (Alpert 2006;
Tuba 2008). Desiccation tolerance occurs widelheplant kingdom (Tuba 2008). It is common
among bryophytes and lichens, and occurs spordgieahong vascular plants of diverse
taxonomic affinities (Tuba 2008). Many mosses, ditky, and ferns can survive dehydration of
their vegetative organs, whereas this is uncommuortracheophytes (Oliver et al. 2000).
Desiccation-tolerant plants can survive the los8®B5% of their cell water, so that the plants
appear completely dry and no liquid phase remairtbeir cells; after a shorter or longer period
in the desiccated state, they revive and resummalometabolism when they are remoistened
(Tuba et al. 1998). Most higher plants are able@rmduce structures such as seeds or pollen,

which are tolerant to desiccation, but only a smalhber of species, termed resurrection plants,
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possess desiccation-tolerant vegetative tissues€\ét al. 2004). These plants are widespread
and found in most taxonomic groups ranging fromrigtghytes to angiosperms with the
exception of gymnosperms (Gaff 1971). Although somechanisms are common to all
desiccation-tolerant cells, there are also majfferdinces in the strategies developed by these
plants to cope with desiccation (Vicré et al. 2004)general, the more tolerant bryophytes are
termed “fully desiccation tolerant” (Oliver & Bewlel997), as tolerance is constitutive and is not
affected by the rate of drying (Vicré et al. 2008pme of the less tolerant bryophytes and many
desiccation-tolerant vascular plants are termeddifienl desiccation-tolerant plants” as tolerance
is induced in the course of slow drying (Oliver &wley 1997). The majority of vegetative
desiccation-tolerant plants are found in the lesaplex clades that constitute the algae, lichens
and bryophytes, however, within the larger and nm@eplex groups of vascular land plants
there are some 60 to 70 species of ferns, and appately 60 species of angiosperms that
exhibit some degree of vegetative desiccation aoleg (Oliver et al. 2000). Upon dehydration,
resurrection plants shrivel up and fold their lesawmtil water is available, whereupon these
plants revive in a remarkable manner (Moore e2@08).

Vascular desiccation tolerant plants fall into tgroups depending on the degree to which
they retain their chlorophyll when dry (Proctor &fda 2002). Homoichlorophyllous species
retain their photosynthetic apparatus and chlortbphy a readily recoverable form, while
poikilochlorophyllous species dismantle their plsytathetic apparatus and lose all of their
chlorophyll during drying, and these must be relsgaised following rehydration (Tuba et al.
1998). The homoichlorophyllous strategy is basedthen preservation of the integrity of the
photosynthetic apparatus by protective mechanisrRsocfor & Tuba 2002). The
poikilochlorophyllous strategy evolved in plantsigfhare anatomically complex and it is based

on the dismantling of internal chloroplast struetlmy an ordered reconstruction process during
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drying, and its resynthesis upon rehydration byoedered reconstruction process (Sherwin &

Farrant 1996).

1.2. Photosynthesis and the structure of the photosynthetic apparatus

The absorption of light and the conversion of et@in energy to chemical energy takes place in
Photosystem | and Il (PSI, PSIl) in the thylakoi®embrane of chloroplasts (Melis 1999).
Photosynthesis is powered by light absorbed byroployll and carotenoid molecules bound to
thylacoid membrane proteins (Alboresi et al. 2088abo et al. 2005). Whereas light absorption
by photosynthetic pigments is proportional to theident light intensity, photosynthesis is not
(Heber et al. 2006). The excitation energy is tiemed from the site of absorption, primarily the
light-harvesting complexes (LCHS), to the reacti@mtres (RC) (Nield et al. 2000), where the
excitation is converted into charge separationctvidrives the electron flow between PSII and
PSI through the Cyt b complex (Szabd et al. 2005). The net result @$ throcess is the
oxidation of water molecules, the production of exnilar oxygen, the reduction of NADBnd
the generation of a proton gradiefp), which is exploited for ATP synthesis (Szabdakt
2005).

These pigment-binding proteins are organized im $wpramolecular complexes, the PSI
and PSII (Alboresi et al. 2009). Each PS is comgasetwo different moieties: (i) the core
complex, responsible for charge separation anditsiesteps of electron transport and (ii) the
peripheral antenna system, which plays a rolegint Inarvesting and transfer of excitation energy
to the reaction centre (Alboresi et al. 2009). @hé&enna polypeptides in green algae and plants
are all members of a multigenic family of proteicalled Lhc (Light harvesting complexes)
(Jansson 1999). The PSI antenna system (LHCI) deegpfour major proteins, Lhcal-4, while

PSIl antenna comprises six, Lhcb1l-6 (Jansson 198&glitional Lhc sequences have been
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identified, namely Lhca5-6 and Lhcb7-8, howeverythee less expressed and their physiological
significance remains unclear (Klimmek et al. 2008)e PSII antenna is a highly dynamic system
that is able to adjust the amount of excitationrgpnelelivered to the PSII reaction centre to
match the physiological need (Horton et al. 1998 PSIl antenna comprises the main trimeric
light-harvesting complex, LHCII, which is composaftthe Lhcb1-3 polypeptides, and the minor
light-harvesting complexes, CP29, CP26, and CP@hposed of Lhcb4, -5, and -6, respectively
(Johnson et al. 2008). Wrabidopsis thalianafour LHCII trimers associate with two copies each
of CP24, CP26, and CP29 and a core dimer of PSMMBID1/D2/CP47) to form the,5M;
LHCII-PSII supercomplex (Dekker & Boekema 2005).pBeding upon the growth conditions,
two or three extra LHCII trimers per PSII may begent in LHCII-only regions of the the grana,
providing additional light-harvesting capacity (&sbn et al. 2008).

The photosynthetic apparatus is highly dynamic aide to respond to several
environmental stimuli, including changes in the lgyaand quantity of incident light and the
availability of carbon dioxide (Szabé et al. 2005here are four main features of the radiation
that have ecological and evolutionary significandbe intensity, quality or spectrum,
directionality, and distribution in time and spg€anham et al. 1990). A short-term response to
light is ensured by non-photochemical quenching@NPa process in which absorbed light
energy is dissipated as heat and does not takdrpatotochemistry (Szabo et al. 2005). The
phenomenon involves quenching of &Hluorescence, which is induced under steady-state
illumination and which can be analysed in termsttoEe components: state transitions (qT),
ApH-dependent quenching (qE) and photoinhibitior). (Ghe majority of NPQ is believed to
occur through qE in the PSII antenna pigments bdonithe light-harvesting proteins (LHCII)

(Demmig-Adams & Adams 1992).
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1.3. Photoprotection mechanisms

Plants and algae adjust the structure and funcidhe photosynthetic apparatus in response to
change in their growth environment (Jin et al. 20(®lant have evolved photoadaptive and
photoprotective mechanisms at level ranging from whole plant to leaves and thylakoid
membrane of chloroplasts, to avoid excessive radinargy interception (Choudhury & Behera
2001). Adjustments in pigment content and compmsitiand the organization of PS are
important, because they confer acclimation to pheeairradiance conditions (Melis 1991).
Pigments such as chlorophylls (Chl) and carotendidar) are major components of the
photosynthetic apparatus (Jin et al. 2001). Unideitihg irradiance conditions, the PS acquire a
large Chl antenna size and the thylakoid membrattes a low CH/Chlb ratio (Jin et al. 2001).
Carotenoids participating in the so-called “xantig|s cycle” (Yamamoto et al. 2008) are found
in their epoxidized form with violaxanthin as thendinant species (Jin et al. 2001). Under high
irradiance, especially under conditions when theodted light is greater than can be utilized by
the photosynthetic apparatus, a number of chlosp@eclimation changes are elicited (Jin et al.
2001). These include a smaller Chl antenna sizelferPS, a higher C&lChlb ratio in the
thylakoid membrane (les @#)l and conversion of violaxanthin (Vx) via anthexathin (Ax) to
zeaxanthin (Zx) (Jin et al. 2001).

The most stressful environmental conditions lithig ability of plants to use absorbed
light energy, resulting in the over-excitation ¢fetPS, even at a moderate light intensities
(Demmig-Adams & Adams 1992). When the rate of tran®f excitation energy from the
antennae to RC exceeds the rate of transfer franRE to the electron transport chain,
photoinhibition is resulted (Choudhury & Behera 200 A typical manifestation of
photoinhibition in leaves includes sustained desgda quantum yield and often a reduction in

maximum photosynthetic capacity (Choudhury & Beh&@01). Photoinhibition is often
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associated with damage to the photosynthetic apmarander prolonged high irradiance
(Choudhury & Behera 2001). One of the componentstiintequently suggested to be damaged is
the D1 protein of PSII RC (Anderson & Aro 1997).oRjoxidative damage, especially to PSII,
one of the most sensitive structures to abiotiesst{Choudhury & Behera 2001), seems to be a
consequence of photosynthetic activity, and als®,nbain factor causing sustained reductions in
the efficiency of this process (Aro et al. 1993).

The mechanisms that protect the plant againseMoess of light are divided into: (a)
those that prevent the absorption of excess l{ghtthose that dissipate the excess of absorbed
light energy, and (c) the mechanisms that eliminatéc species formed by the excess of light
energy (Demmig-Adams & Adams 1992).

Photosynthetic organisms have developed numerootegbve mechanisms tended to
avoid the effects of excessive light absorptiorchsas the decrease of light interception through
the leaf movement (parahelitropism) and chloropla@®floshelion & Moran 2000) and the
development of epidermis reflective structures gagence, waxes, salts, cuticles) (Lambers et
al. 1998); dissipating the excess of absorbed legldgrgy as heat (Demmig-Adams & Adams
1992) and/or eliminating the reactive species tiaaise damage, such as chlorophylls in excited
triplet state, excited singlet oxygen, superoxgte, (Cogdell & Frank 1987). Among all these, it
is believed that the dissipation of excess exoitaéinergy as heat of the absorbed light energy is
the most important in the prevention of photooxidaidamage in the photosynthetic apparatus
(Demmig-Adams & Adams 1992).

Over all, the evidence suggests that desiccabtarant plants, generally deal with the
potential hazards of oxidative damage during thgndr - rewetting cycle by anticipating the
problem at source rather than by invoking extramlgaiigh activity of antioxidant enzymes or

antioxidants after the event (Proctor & Tuba 20@2htective mechanisms include leaf and stem
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curling, heavy anthocyanin pigmentation (Farran@®0 progressive reduction of molecular
mobility and controlled down-regulation of metalsali on drying (Hoekstra et al. 2001), and
high level of Zx mediated photo-protection (Demmidams & Adams 1992). Cellular damage
and metabolic changes during desiccation and rekligdr exacerbate the release of reactive
oxygen species, and the high antioxidant actiwatyadldress it, is essential in the adaptation of
desiccation tolerant plants (Navari-1zzo et al. 2)99

Plants depend on non-photochemical and photoclamiotections to endure an energy
imbalance (Horton & Ruban 2005). The non-photoclcaimprotection is a rapid response
mechanism, which involves the dissipation of lighergy, mainly at the level of the LHC as heat
before photochemical conversion of energy has sc¢Niyogi et al. 2005). Photochemical
protection may also occurs after absorbed lightggnkas been converted into a flux of electrons
at the reaction centre. It involves reactions ezlato the allocation of electrons from the
photosynthetic electron transport chain and indugehotorespiration, the water-water cycle,

cyclic electron transport around PSI and,@8similation (Johnson 2005).

1.4. Therole of the xanthophyll cycle pigments

The main function of the xanthophylls cycle pignseef¢x, Ax, Zx) in chloroplasts, is to increase
non-radiative dissipation of excess excitation gnars heat in the pigment bed of antennae of
PSII and protect chloroplasts from high irradiastress (Demmig-Adams 1990). Induction of an
acid lumen pH is the basic requirement for the afpem of xanthophylls cycle, which involves
the interconversion of Vx to Zx through the formoatiof an intermediate, Ax (Choudhury &
Behera 2001). The enzymes involved for the interemion are violaxanthin deepoxidase
(VDE) and zeaxanthin epoxidase (ZE) (Choudhury &&a 2001). The VDE enzyme facing the

lumen side is responsible for converting Vx to Zdawv lumen pH (pH 5,2) induced by high
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irradiance (Choudhury & Behera 2001). The actieoitE (pH 7,5), facing the stroma, enhances
the formation of Vx from Zx (Choudhury & Behera 2Q0By the conversion of Vx to Zx, the
excess absorbed energy in the PSII antennae nsabdtly dissipated as heat, generally referred to
as energy dependent quenching (gE) ApH-dependent non-photochemical chlorophyll
quenching (NPQ) (Demmig-Adams 1990). Structurall@gias between Ax to Zx and Lx to L
interconversions by VDE and ZE, suggest the thecyole could serve as an additional, more
slowly relaxing mechanism for sustained energy ipidson in understorey leaves after the
occurrence of the first sun-fleck or the formatiohgaps within the forest canopy (Garcia-

Plazaola et al. 2003).

1.5. Conformational changesin the PSI|

An observed alteration, is the separation of thé Rf&ction centres (RC) from its peripheral
antenna complexes (LHCII), migrating the first hé tstroma exposed thylakoids regions and
positioned in the PSI vicinities (Timmerhaus & W@i890). The PSII, which is in its normal
position and condition is called P&|lwhile that one which is separated from its anteand
placed at the stroma exposed thylakoids regiongaited PSIB (Melis 1989). Another
mechanism developed by plants to optimize thezatilon of light energy capture is called “state
transitions” (Gonzélez et al. 2001). When the R®Borbs more energy than the PSI, it creates an
imbalance between the electrons flow (Tikkanenl.e2@08). The reduction of the plastiquinone
pool and the Cyt ¢b complex activates a kinase which phosphorylates tHCII proteins,
separating the antenna from the PSIl RC, whichwallohe diffusion of the phosphorylated
LHCII near the PSI (Allen 2003). This causes theéuaion of the functional antenna size of
PSII, increasing the distribution of the excitatioetween the PS, and decreasing the likelihood

of photoinhibition (Melis 1996).
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1.6. Differences and similarities in photoprotection strategies between PSI and PSl |

PSIl is known to experience radiation damages everry low illumination intensities, which is
due to the fact thdD, is generated by charge recombination from P&8to6 and that effective
protection from carotenoids is lacking (Alboresiaét2009). Carotenoid molecules in PSII core
structure are located too far from P680 to be &blefficiently quench the Chl triplets generated
by charge recombination (Telfer 2002). When lightim excess, the D1 protein is rapidly
degraded and resynthesized to reestablish a fatiyeaPSlI reaction centre (Baena-Gonzalez &
Aro 2002). A similar mechanism is not known for PBécause after radiation damages its
recovery requires several days (Zhang & Schelle0420 Furthermore, the repair from
photoinhibition does not require the turn-over adimgle polypeptide, as in the case of D1, but
involves degradation and resynthesis of the wh&@e d®dmplex (Alboresi et al. 2009). Despite
the similarity between the polypeptides of the Rfsitenna complex, it has not been tested a role
of the PSI antenna complex polypeptides in photegtmn (Slavov et al. 2008). Evidence
suggests that PSI antenna can play a more releglmtsince Lhca deficient plants showed a
large reduction in its adaptability in a naturavieonment (Ganeteg et al. 2004). Furthermore,
carotenoids linked to Lhca polypeptides are verfcieht in the Chl triplets quenching,
suggesting that the pigments bound to these comaplase well protected from radiation damages

(Carbonera et al. 2005; Croce et al. 2007).

1.7. Modé to study

Epiphytic plants are one of the major componenthefplant diversity of the rainforest and the
first community to decrease when the fragile ectesys are threatened (Barthlott et al. 2001).
Ferns are the second group of vascular plantsrinstef epiphyte diverstity, with 29% of the

species occupying this habitat (Kress 1986). Thehstic habitat is quite constraining because
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the lack of relation to the soil implies a highkrisf desiccation and the obligatory capacity to
quickly and directly use rainwater or moisture (Digson et al. 2009). Hymenophyllaceae
consists of a group of herbaceous ferns, genesafigll with a thin and delicate consistency
(Gunckel 1984). Fronds are characterized by a aiogll thick lamina and lack of cuticle and
differentiated epidermis and stomata; thereforey tdepend upon environmental moisture,
because no barrier exists to prevent unregulatesidbwater (Dubuisson et al. 2009). They are
very abundant and characteristics of the Valdiveanperate rain forest, from the VIl Bio-Bio
Region to the south of Chile. Generally Hymenomgke inhabit tropical, subtropical and
temperate areas, but always in an atmosphere bfthiqidity and low light, developing either
on the ground and in the epiphyte form (Gunckel 498In Chile, the ferns of
Hymenophyllaceae are represented by 24 speciell YSttahn 2004) distributed in 4 genera
(Stoll y Hahn 2004; Gunckel 1984}ymenoglossumHymenophyllum Serpyllopsisand
Trichomanes(Gunckel 1984). Ecophysiological studies with Hymehyllaceae species are
valuable empirical evidence of an evolutionary tsbffadaptive strategy from typical vascular

plant adaptation to the poikilohydry most typicboyophytes (Proctor 2012).
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Formulation of the research problem

Saldafa et al. (2014) studied the vertical distidsuof Hymenophyllaceae, both in young and
old trees from different stands in a temperatediood southern Chile, and observed that there
exist habitat preferences among the species. Biftespecies can be distributed either mainly at
the trunk base, between 4 and 4.5 m height fronb#ise, or up to 9 m high along the tree trunk.
Therefore, it is possible to establish that theeelght and humidity gradients from the basal to
the top zone of the hosts. Those species thatlacegthroughout the trunk will undergo light
and humidity changes. These changes will be morepalin the species which inhabit higher
zones than the basal ones. For example, speciestfre top zone are exposed to higher light
intensities, compared to those that are located ionthe basal zonddymenophyllum dentatum
andHymenoglossum cruentumhabiting up to 9 m high along the trunk, and rhaat the trunk
base, respectively, were the selected speciesdiizarthe influence of the vertical distribution.
This generates the first question: £k there any differences in relation to desicaatiolerance
between species with contrasting vertical distrdo® When we studied the light energy
partitioning for PSII in desiccated fronds (Floiavestrello et al. 2016), the quantum yield of
the regulated energy dissipation of PSIl (Y (NP@Qy not increase, nor the effective quantum
yield of PSII (Y(ll)). However, the quantum yield non-regulated energy dissipation of PSII
(Y(NO)) reached values close to 1, which may indicthat the dissipation mechanism is not due
to the activation of the xanthophyll cycle, butttee use of structural changes at the level of
chloroplast and photosynthetic apparatus. This ptechus to formulate the following questions:
(2) What are the changes that occur in the chloroptasing the desiccation process that allow
these individuals to recover so fast and continuté wheir photosynthetic activity when water

becomes available?3) Which are the photoprotection mechanisms and hay thork to let
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individuals of Hymenophyllaceae undergo a desiocafind rehydration processand finally,
(4) Are there any differences between the photopratectinechanisms used by

Hymenophyllaceae species with contrasting verticstribution?
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Working hypotheses

Hypothesis 1.
Hymenophyllaceae species subjected to a desiccatmmh rehydration process, mainly use
constitutive photoprotection mechanisms, such agphudogical characteristics of the fronds,

and structural properties at the level of chlorepind photosynthetic apparatus.

Hypothesis 2.
The damage caused by desiccation in fronds from éiyphyllaceae is greater in the species

distributed mainly in the trunk base, than in thees distributed along the trunk.

Objectives

General objective:

To study the morpho-anatomical variations at tbedrlevel and the structural and physiological
changes at the chloroplasts level associated totoptaiection in two species of
Hymenophyllaceae with contrasting vertical disttibn during a desiccation and rehydration

process.

Specific objectives:
» To study the desiccation tolerance and its recowdity in two Hymenophyllaceae
species contrasting in their vertical distribution.
» To study the morpho-anatomical changes at the filemdl in two Hymenophyllaceae

speciesduring a desiccation and rehydration process
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» To study the structural and physiological variasiom the chloroplast in two

Hymenophyllaceae species during a desiccation emgtiration process.
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Study per spective

The relevance of the present study mainly provalesntribution in the following four aspects:
(a) the physiology of poikilohydric ferns, (b) béahnology, (c) the ecology of vascular plants,
and (d) the conservation of endangered plants speci

The main contribution of this thesis is the knadge of the biologyf the poikilohydric
ferns specifically the interaction of the effects ofsteation and light stress through the
characterization of photoprotective mechanismsesiatation tolerant filmy ferns. The potential
contribution ofbiotechnologyis that this study could be the basis for genecsi@in involved in
the protection and maintenance of cell stabilityimy desiccation. These genes could be
incorporated in an economically important speciesréate a genetically modified organism that,
resists, without significant yield decrease, aqubiof severe water stress. In relatioretmlogy
Hymenophyllaceae belongs to the Pteridophyte Qimisia primitive group of vascular plants
with extinct representatives, whereby the obtainefbrmation will be an input for the
characterization of this group. There are manyisgebat inhabit contrasting light and humidity
environments of the forest. This distribution maydetermined by a differential tolerance to this
combination of factors. Therefore, this study coptdvide physiological basis to explain the
distribution and abundance of these species inteh®erate rainforest. Finally, an important
number of Chilean ferns are placed in tbedangered conservation statuspecially the
Hymenophyllaceae, because as they are epiphytg.atle one of the main components of the
plant diversity of the rainforest and the first commity to decrease when the fragile ecosystems
are threatened. These has been clearly establislied recent eruptions of the Puyehue-Cordén

del Caulle volcanic complex in 2011, where ashemfthe eruption destroyed a significant part
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of the Hymenophyllaceae community in Puyehue NafidPark. Another important threat for
these filmy ferns is the yet unpredictable impdctlonate change in precipitations in southern
Chile. This ferns study will cause a wake-up catiading to their importance in plant diversity,

creating a greater concern in the interventiorisohatural environment.
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Abstract

Hymenophyllum dentatunCav. and Hymenoglossum cruentun€. Presl (Pteridophyta:
Hymenophyllaceae) are desiccation tolerant ferheyTare poikilohydric epiphytes, with fronds
composed by a single layer of cells and without imesophyll cells and stomata. In Chile, these
species belong to the temperate rain forest, amy thsually inhabit shady and humid
environments. However, as epiphytes, their verticstribution varies along the trunk of the host
plant. Some species inhabit drier sides with higtvadiance, a$i. dentatumCav., while others
inhabit wetter and shadier sides. The aim of thiskawvas to characterize the morphological
variations inH. dentatumCav. andH. cruentumC.Presl fronds during hydrated, desiccated, and
rehydrated states. Both species were subjectedsiocation and rehydration kinetics to analyze
the frond morphological variations in different Ingtlon states by ascanning electron
microscope It was observed in both species, a change inshiage of desiccated cells from
convex to concave. Fully hydrated fronds showedsceith an irregular polygon shape; a
disorganized disposition of cells, and differemesi of them. Glandular multicellular hairs with a
distal secretory cell were observed onlyHndentatumCav. throughout the vascular system of
the lamina. We conclude that, although cells desaédheir sizes, there was not cells collapse in
the desiccated state of both species, which helpheir fast recovery and functioning. The
presence of wax glands id. dentatumCav., appears to be a different strategy to cofile w

desiccation tolerance in the higher zones of thst trank.

Keywords: Hymenophyllum dentatu@av.;Hymenoglossum cruentutPresl; frond

morphological changes; Hymenophyllaceae, desiatatierance.
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Introduction

Fern leaves are typically envisioned as compouriss€dted or divided) with pinnae or pinnules
arranged along a central axis (the rachis or cqstajco et al. 2013). These leaves are called
fronds (Rodriguez et al. 2009). The stalk of ttad Is called the stipe or petiole. Distal to this
laterally expanded portion of the leaf is termeade! or lamina, whose central midrib is referred
to as rachis (Vasco et al. 2013). Since leavessarerucial to a plant, features such as their
arrangement, shape, size, and other aspects diky Isignificant for their survival (Raven &
Johnson 1989).

Plants are composed mainly of water. The actuaemeontent will vary according to
tissue and cell type. It is dependent to some éxten environmental and physiological
conditions, but water typically accounts for mdnart 70% by weight of non-woody plant parts
(Hopkins & Huner 2009). Protoplasm displays sigh$fe only when provided with water. If it
dries out, it does not necessarily die, but it matsteast enter an inactive (anabiotic) state, in
which vital processes are suspended (Larcher 200@®).highly dissected leaves of a fern loose
water much more rapidly than other species. Thesefieaves features differ greatly in plants
that grow in different environments (Raven & Johm&889).

Filmy ferns (Pteridophyta: Hymenophyllaceae) aresiccation tolerant epiphytes
characterized by fronds with a single-cell thickiaa; they lack cuticle, differentiated epidermis,
and stomata (Dubuisson et al. 2009). They are lpbiilric, because no barrier exists to prevent
water loss (Kappen & Valladares 1999; Dubuissomalef009). Although they are associated
with humid and shade environments (Kromer & Kes2@06), their vertical distribution varies
throughout the trunks (Parra et al. 2009; GehrigvBie et al. 2012). Filmy ferns undergo light

and humidity variability in the vertical gradientjth more abrupt changes in the higher zones
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(Saldafna et al. 2014). Species from the top zoaesgposed in a greater proportion to higher
light intensities and lower humidity than thosedtad in the basal zone.

One of the first and foremost problems that dedion tolerant plants must face in order
to survive desiccation is the noteworthy reductidrcell volume that occurs in drying tissues
(Larcher 2003). In desiccation tolerant plants, dedéydration process highlights the dramatic
morphological changes that accompany desiccatiacré\et al. 2004). In our previous studies,
we have observed in the desiccated statdymhenophyllum dentatu@av. andHymenoglossum
cruentumC.Presl (Pteridophyta: Hymenophyllaceaejeduction of the total projected area of
78% and 68%, respectively (Flores-Bavestrello et 2016). According to their vertical
distribution, the first one is associated with thgper 9 m of the host trunk, while the latter is
associated mainly at the trunk base (Saldafia 0&4). Due to these differences, we wanted to
observe the morphological variations between these species in hydrated, desiccated, and
rehydrated states. We hypothesized that cells Hgimenophyllum dentatunCav. and
Hymenoglossum cruentu@ Presl in the desiccated state will show an eedaction, which will
be-restored after a rehydration period. In addjtioa cells collapse will be observed in the
desiccated state, helping them to a quick recoektlyeir functioning. To test this hypothesis, we
characterized the morphological variations iHymenophyllum dentatumCav. and

Hymenoglossum cruentu@Presl| fronds during the hydrated, desiccatedraengdrated states.
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Materials and methods

Study site and plant material

Hymenophyllum dentatunCav. and Hymenoglossum cruentur@.Presl or Hymenophyllum
cruentum Cav. (Larsen et al. 2013) (Pteridophyta: Hymendphgae) consisting in frond,
rhizome, and roots growing on dead trunks wereect#d in a second-growth forest located in
Katalapi Park (41°38" S, 72°4%" W, elevation ca. 80 m a.s.l.) in Pichiquillaip®, Im south-
east from Puerto Montt, Region de Los Lagos, CHilee weather in this zone is considered
highly humid and temperate rainy (Di Castri & HajeX76). Samples were transferred to shaded
experimental nursery gardens at Universidad de €mrién with controlled humidity. The pieces
of tree trunks which supported the growthhHof dentatumCav. andH. cruentumC.Pres| were
wrapped and maintained in burlap and remained nhgigteriodically sprinkling them tap water
during until use. Since Hymenophyllaceae presembdular development from a rhizome, it is
difficult to isolate a complete individual. For $hieason, the experimental unit was an isolated

module composed by a frond, rhizome, and roots.

Samples preparation and treatments

Isolated, fully hydrated control modules Bf dentatumCav. and H. cruentumC.Preslwere
exposed to a desiccation and rehydration reginaedontrolled environment in the dark at 15 = 2
°C and 80% relative humidity. Nine isolated moduigsn each species were placed in a glass
container filled with distilled water for a 12 hrpe in dark. After that time, the isolated modules
were dried with absorbent paper. Subsequently, aienmwas supplied to the isolated modules

which initiated the desiccation process. After 24fldesiccation, the rehydration process was
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initiated by placing the same fronds in a glasda&ioer filled with distilled water for 24 h period

in dark. Three fronds of each species were colieicteach hydration state.

Superficial view of epidermis and its variations

Fronds sections from isolated modulegdofdentatuntCav. andH. cruentunC.Presl in hydrated,
desiccated, and rehydrated states were collectbd. Samples were immediately fixed in
glutaraldehyde (2.5%) in 0.1 M Phosphate Buffer (pR2) for 24 h at 4 °C. Leaves were
sectioned in 2-3 mm fragments and fixed again utaghldehyde (2.5%) in 0.1 M Phosphate
Buffer (pH 7.2) for 24 h at 4 °C. After 2 rinsesXd min each with 0.1 M Phosphate Buffer (pH
7.2), the plant material was fixed in OsO4 (1%Pih M Sodium Cacodylate Buffer (pH 7.2) for
2 h at 4 °C. The fixed tissue was rinsed 2 timesl@emin each in 0.1 M Phosphate Buffer (pH
7.2); dehydrated in a graded acetone series (30%, $0%, 60%, 70%, 80%, 90%, 100%);

dried at critical point with liquid carbon dioxid€0,), and coated with gold.

Visualization
The samples were observed with a JEOL JSM6380 riLdkyo, Japan scanning electron
microscope. Three fragments of three differentasml modules of each species in each

hydration state were used in this study.
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Results

Characterization of cells of the frond

By achieving the morphological characterizationfmind cells inH. dentatumCav. andH.
cruentumC.Presl| (Fig. 1), the first thing we noticed was wariation in the shape of the cell
from a convex shape in the hydrated (Fig. 1A-B) esfdydrated (Fig. 1E-F) states to a concave
shape in the desiccated (Fig. 1C-D) state in bpé#ties. BotiH. dentatuntCav. andH. cruentum
C.Presl control (fully hydrated) fronds showed sellith an irregular polygon shape (Fig. 2).
Lamina cells are of different sizes and show aagutar disposition in both species (Fig. 2). As
shown by the numbers inside the cells, it was jptes$o observe different number of faces of the
cells (Fig. 2A-B). Folded concave cells were morgent inH. dentatumCav. in the desiccated
state than irH. cruentumC.Presl (Fig. 3), although both species reachédy04,0 g DW* after

a desiccated period (results not shown). Sizel$ were around 1397.9 + 94.7 and 2043.9 £

361.0 umfor H. dentatunCav. andH. cruentumC.Presl, respectively (results not shown).

Presence of wax glands in the fronds

Wax glands were observed in the abaxial facd.adentatumCav. fronds (Fig. 4) throughout the
vascular system of the lamina. Rachis, costa, astule, the terms for the midrib of the frond,
pinna, and pinnules (Vasco et al. 2013), respdgtiygesented cells with pores or holes from
which there was secretion of waxes of a membranplaslets type (according to Barthlott et al.
1998). In a transverse section of a pinnule andlyze¢he microscope, it was possible to observe
xylem cells (tracheids) surrounded by phloem céliswever, besides these phloem cells, there
were two big compact cells in opposite sites witlifierent composition, which gives the

impression to contain a denser compound. This tsireiccould be defined as a “glandular
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multicellular hair with a distal secretory cell” dier 1963). This hair has a cylindrical
segmented shape, and is composed by 8.6 + 0.5 segraach segment has an area of 2221.2 +
135.6 pm, and in the last segment, which has an area 03.228163.3 prf there is a pore or
hole of 350.19 + 112.9 pinwhich is facing up. The discharging distal cet be together, but
in general these are spaced by 491.2 + 31.8 pnmh@®nontrary, wax glands were not observed

in H. cruentumC.Presl (Fig. 5).
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Figure 1Hymenophyllum dentatui@av. andHymenoglossum cruentu@.Presl| frond cells in
different hydration states. A, Fully hydrated calfH. dentatumCav. B, Fully hydrated cells of
H. cruentumC.Presl. C, Desiccated cellstdf dentatuntCav. D, Desiccated cells bf. cruentum
C.Presl. E, Rehydrated cellskdf dentatuntCav. F, Rehydrated cells Bt cruentumC.Presl. The

bar indicates 50 pm.
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Figure 2 General view dilymenophyllum dentatu@av. andHymenoglossum cruentu@Presl
hydrated cells. A, Fully hydrated cells &f. dentatumCav. B, Fully hydrated cells dfl.
cruentumC.Presl. Numbers inside the cells indicate differammbers of faces in each cdlhe

bar indicates 50 pm.

44



H: dent'rjtum ) - A ] H. crdentym

Figure 3 General view dilymenophyllum dentatu@av. andHymenoglossum cruentu@Presl
desiccated cells. A, Folded cells in the desiccatate oH. dentatuntCav. B, Folded cells in the

desiccated state &f. cruentumC.Presl.The bar indicates 20 pm.
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Figure 4 Wax glands in fully hydrated fronds ldfymenophyllum dentatur@av. A, View of
pinna. The bar indicates 1 mm. B, View of pinndige bar indicates 100 um. C, View of costule

(midrib of the pinnule). The bar indicates 50 pum.
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Figure 5 Fully hydrated fronds éfymenoglossum cruentu@Presl. A, View of lamina and
rachis. The bar indicates 1 mm. B, View of lamind sachis. The bar indicates 100 pm. C, View

of lamina and rachis. The bar indicates 50 pm.
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Discussion and conclusions

The primary goal of this study was to charactetiee morphological variations iH. dentatum
Cav. andH. cruentumC.Presl fronds during the desiccated state, arambmagpare them with the
hydrated and rehydrated states.

The reduction of cell volume in the desiccatedestd both species shown by the concave
shape of the cells reveals the extreme tissueddatign, and it allows to perceive the significant
changes that each cell must face to struggle withsiccation process. The basic cell curvatures
are tabular (flat), convex (arced to the outsid®&) aoncave (arced to the inside), whereby the
most common cell shape is the convex form (KochBadhlott 2009). The cell changes include
cell wall folding, roundish chloroplasts, and valeufsagmentation (results not shown). This maskige
of water from cells led to a drawing inward of ttedl contents, causing tension between the plasnmée
and the cell wall, which generally exhibits limitethsticity (Levitt 1980). However, despite all ske
strong changes during the desiccated state, the sails recover in the rehydrated state.dentatum
Cav. andH. cruentumC.Presl reachethaximum photochemical efficiency of PSHv/Fm) values
around 0.6 and over 0.7 after 30 and 60 min ofngdeation process, respectively (results not shown)
This shows a recovery, compared to the hydratee,sté 91% and 88%, respectivelgdldana et al.
20149.

An unexpected result was the discovery of wax gdandhe midrib of the frond in one of
the speciesH. dentatumCav. Waxes are an essential structural elemetheurface and of
fundamental functional and ecological importance tfee interaction between plants and their
environment (Barthlott et al. 1998). A waxy surfandicates that the surfaces are covered by
wax crystalloids which can be recognized as cleatrgsions under SEM. Non-waxy surfaces

are also covered by wax, but it is deposited admathat it is often hardly distinguishable by
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SEM (Neinhuis and Barthlott 1997). Waxes are esitlsng-chain acids and long-chain primary
alcohols. However, plant surface lipids, usualljszhepicuticular waxes are composed of a large
mixture of different chemical compounds, and theynprise cyclic and long-chain aliphatic
components that can be further classified accortbnipeir structure, functional groups, and by
the distribution of their homologues (Barthlottadt 1998). It has been suggested that, during
development, minute cuticular pores (often calledrochannels) facilitate the transfer of wax to
the surface of the cuticle (Beck 2010). HoweverinNeis et al. (2001) provided evidence that
molecules of wax and water simply move togetheough the cuticle under the influence of
cuticular transpiration. Raven & Johnson (1989nped out that trichomes play an important role
in regulating the heat and water balance of thie &@me trichomes are glandular, often secreting
sticky or toxic substances that may deter potehgabivores. As Hymenophyllaceae typically do
not present cuticule, perhaps there is transfevad through the movement of water from the
cells of the vascular system through glandulathtimes. On the other hand, in our previous
studies of chlorophylla imaging fluorescence of PSII in fronds of the sgegcpreviously
mentioned, it was observed that the rachis maiethia higher quantum efficiency of PSII
photochemistry (Fv/Fm) compared to the lamina dymesiccation, and recovers faster than
lamina during rehydration (results not publishéth)erefore, these waxes may be covering and
protecting more the vascular system than the lantimeen slowing the loss of Fv/Fm. However, if
we emphasize that our models of study are poikdolyspecies, it is likely that waxes would be
only covering the vascular system, making its sigffaydrophobic; meanwhile the lamina, as it is
not covered by waxes, or it has a very thin filmaatx, it would be hydrophilic. Therefore, this
would allow the movement of water from the insidethe outside and vice versa as in a
poikilohydric species. As a consequendedentatumCav. and perhaps the other pinnate species

of this family would need the presence of wax gkantherefore, the presence of wax glands in

49



one speciesH. dentatumCav.) and not in the otheH( cruentumC.Presl) may be due to the
highly dissected fronds df. dentatumCav., which loose water more rapidly thidncruentum
C.Presl.

Another interesting aspect is the vertical disttibn of Hymenophyllaceae species. It was
recently reported that they exhibit habitat prefeess in young and old trees from different stands
in a temperate forest of southern Chile. Hymendphghe species can be distributed either
mainly at the trunk base or between 4 and 4.5 rghter even up to 9 m high along the tree
trunk (Saldafia et al. 2014). Therefore, those iddiads that are found at different heights along
the trunk of the host will be exposed to differdight and humidity conditions. Thus,
Hymenophyllaceae species found near the top ofktminthe host should exhibit different
strategies to cope with the desiccation tolerameklight than those species located near the base
of the host. In this way, one of these strategoesdcbe the presence of wax glands in the species
which inhabits the top of the trunk to increasartdesiccation tolerance, askh dentatumCav.
Another aspect to analyze is that dentatumCav., and maybe the other species with similar
vertical distribution, are more exposed to rairthie temperate rain forest. For this reason they
need a higher production of wax glands to face withmechanical abrasion due to rain, because
waxes have a low mechanical stability and are ydsitroyed by erosion through rain (Neinhuis
and Barthlott 1997).

As a future step, it would be interesting to sttiky presence or absence of wax glands in
other species from Hymenophyllaceae with contrgstiertical distribution to see if this pattern
repeats itself.

Finally, as it was predicted, folded cells weres@tved in the desiccated state of both
lamina and rachis. After rehydration, the foldingcells disappeared, without observable cell

collapse. The presence of a glandular multicellbkir with a distal secretory cell was observed
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in the vascular system d¢i. dentatumCav., but not inH. cruentumC.Presl. This probably
indicates a protection of the midrib from desicgatin pinnate leaves, and perhaps an ecological

key feature which allows the colonization of highenes of the trunk of the host tree.
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Abstract

Hymenophyllum dentatunCav. and Hymenoglossum cruentun€. Presl (Pteridophyta:
Hymenophyllaceae) are desiccation tolerant andilpbydric epiphytic ferns that inhabit the
Southern temperate rainforest of Chile. These feem& unilaminar fronds which lack stomata.
Although these species are associated with damgaridenvironments, their distribution along
trunks varies. There are some species that inhadyié illuminated and drier sitel. dentatum
andH. cruentumwere the chosen species because of their conigastrtical distribution. Due to
the different shrinkage degree that these specesept during the desiccated state, and to the
fast recovery that they reach after rehydratiomatild be interesting to characterize the changes
inside the cells during these states. The aim of wWork was tostudy the qualitative and
guantitative variations in cell ultrastructure Bf dentatumand H. cruentumfronds during
desiccation and rehydration. Both species wereestdyl to desiccation and rehydration kinetics
to observe the variations inside the cells withrandmission electron microscope. In the
desiccated state of both species, we observeddaek walls, a disbanding of the vacuole, and
chloroplasts with a roundish shape, which was s®eafter rehydratiodd. cruentumpresented

a higher number of chloroplasts per cell, a highenber of starch granules per chloroplasts, and
a higher starch area compareddtodentatumChloroplasts area decreasedindentatumbut in

H. cruentumremains the same. Chloroplasts width was the cteaistic that most changed in
both species. We conclude that both species, @esptheir vertical distribution, present similar

gualitative and quantitative changes, conditioas thverse upon rewatering.

Keywords: Hymenophyllaceae, morpho-anatomy, ultrastructiesjccation tolerance.
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Introduction

Hymenophyllaceae Family consists of desiccatioartoit and poikilohydric epiphytic ferns that
inhabit the temperate rainforest of Chile. Thisugref herbaceous ferns, small and of delicate
and fine consistency, have fronds composed by &éathat is characterized by having one or
few cell thick, absence of stomates, and lack ofg¢Tryon & Tryon 1982). They depend on the
ambient humidity, as there is no barrier to prewsater loss (Dubuisson et al. 2009). Despite
being vascular plants, they have similar charasties to bryophytes presenting quick drying and
rehydration properties (Shreve 1911). Although eiséed with humid and dark environments,
their distributions in the trunk vary. Thus, sonpedes are able to live in more illuminated and
drier sites than others (Zotz & Bliche 2000; Patral.e2009; Kromer & Kessler 2006; Gehrig-
Downie et al. 2012; Saldafia et al. 2014).

Desiccation tolerance is the ability of plants é@xaver from low cellular water content
(5%-15%) (Wang et al. 2009). Fully mature leaves ltse up to 95% of their water content;
upon rewatering, the leaves rehydrate and are fplHgtosynthetically active within 24 h
(Bernacchia et al. 1996). Desiccation tolerant {gl@amne also called resurrection plants, and one of
the first problems that these must face in ordesuive desiccation is the reduction of cell
volume that occurs in drying tissues. Resurrecptamts shrivel up and fold their leaves until
water is available, whereupon these plants reviva iemarkable manner (Moore et al. 2009). A
decrease in cellular volume causes crowding of ptggmic components and the cell contents
become increasingly viscous, increasing the chémcmolecular interactions that cause protein
denaturation and membrane fusion (Hoeskstra éX08l1). Sugars can stabilize membranes and
proteins in the dry state by maintaining hydrogendng within and between macromolecules

(Allisson et al. 1999); sugars could also vitrifiget cell content and stabilize internal cell
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structures (Crowe et al. 1996). During desiccatiohloroplasts appeared more spherical
compared with their usual ellipsolidal shape, cstesit with morphologies reported previously to
occur in vascular plants subjected to drought atidsgresses (Abdelkader et al. 2007; Barhoumi
et al. 2007). Controlled fragmentation of the vdeuato multiple smaller vacuoles may act to
facilitate mechanical stabilization (Quartacci €t2997; Vander Willigen et al. 2004). Starch
grains, which filled this organelle prior to desition, are lost. Grana gradually became less
prominent, and plastoglobuli-like structures appdaBesides the vacuole and chloroplast, other
organelles were not obviously disrupted (Wang €2@09).

The ability to fold as the protoplast volume lessapparently relies on an uncommon
flexibility of cell walls. This is a vital featuref resurrection plants, and can be attributed éo th
specific composition of leaf cell walls and to Hiemical events that take place inside them
during dehydration (Rascio & La Rocca 2005). Araerich polymers have been implicated in
maintenance of cell wall flexibility in several tgsection plants (Moore et al. 2013). Various
resurrection plants may also employ drought-indecdell wall modifications including calcium
ion deposition, xyloglucan remodeling, and elevatetl wall expansions which can act to
increase cell wall flexibility and allow cells t@wctract and fold without collapsing (Quartacci et
al. 1997; Wu et al. 2001; Jones & MacQueen-Masdm2¥icré et al. 2004). Maintenance of
cellular volume during dehydration, via water reglaent in vacuoles with substances such as
sugars, proline, polyphenols, and glycerol can atsmur (Vander Willigen et al. 2004; Moore et
al. 2007; Farrant et al. 2009).

In the later stages of dehydration, after photdssis ceases and the starch reserves are
exhausted, carbon flux is directed to sucrose amdaacid biosynthesis. However, this increase
in amino acid may also be attributable to insolytetein breakdown (Whittaker et al. 2007).

Amino acid accumulation has been associated wahsthbilization of cytoplasmic constituents,
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ion sequestration, and water retention (Chen & Nur2002). The increase in sucrose is
associated with a process known as vitrificatiohgwe the formation of biological glasses in the
drying cell protects organelles from damage. Theracttion between accumulating sugars and
dehydration induced late embryogenesis abundanf)Eoteins (Ingram and Bartels 1996),
which are commonly associated with embryo developnaéthe later stages of seed maturation
(Dure 1993), is thought to be important for thetpetion of cellular components. Therefore, we
hypothesized that during the dramatic shrinkagtheffrond upon desiccatiohl. dentatumand

H. cruentumgenerate changes in chloroplast shape, vacua@eéatation, and cell wall folding,
which will be rapidly restored during the rehydoatiprocess. To test this hypothesis, we study
the qualitative and quantitative variations in aétlastructure oH. dentatumandH. cruentum

fronds during desiccation and rehydration.
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Materials and methods

Study site and plant material

Hymenophyllum dentatur@av. and Hymenoglossum cruentu@. Presl orHymenophyllum
cruentum Cav. (Larsen et al. 2013Pteridophyta: Hymenophyllaceae) consisting in don
rhizome, and roots growing on dead trunks wereect#d in a second-growth forest located in
Katalapi Park (41°38" S, 72°4%" W, elevation ca. 80 m a.s.l.) in Pichiquillaip®, Im south-
east from Puerto Montt, Regién de Los Lagos, Chilee climate in this zone is considered
highly humid and temperate rainy (Di Castri & HajeX76). Samples were transferred to shaded
experimental nursery gardens at Universidad de €mién with controlled humidity. The pieces
of tree trunks which supported the growthHafdentatumandH. cruentumwere wrapped and
maintained in burlap and remained moist by per@ticsprinkling them tap water during until
use. Since Hymenophyllaceae present a modular @@weint from a rhizome, it is difficult to
isolate a complete individual. For this reason, &x@erimental unit was an isolated module

composed by a frond, rhizome, and roots.

Samples preparation and treatments

Isolated, fully hydrated, control modules f dentatumand H. cruentumwere exposed to a
desiccation and rehydration regime in a controiedironment in the dark at 15 + 2 °C and 80%
relative humidity. Nine isolated modules from eaplecies were placed in a glass container filled
with distilled water for a 12 h period in dark. Aftthat time, the isolated modules were dried
with absorbent paper. Subsequently, no water wagplisd to the isolated modules which

initiated the desiccation process. After 24 h ddideation, the rehydration process was initiated
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by placing the same fronds in a glass containkedfivith distilled water for 24 h period in dark.

Three fronds of each species were collected in bgdhation state.

Variationsin cell ultrastructure

Fronds sections from isolated moduledHofdentatumand H. cruentumin hydrated, desiccated,
and rehydrated states were collected. The sampdes unmediately fixed in glutaraldehyde:
paraformaldehyde (2.5%: 2%) in 0.1 M Phosphate é8u{fpH 7.2) for 24 h. Leaves were
sectioned in 2-3 mm fragments and fixed again inaghldehyde: paraformaldehyde (2.5%: 2%)
in 0.1 M Phosphate Buffer (pH 7.2) for 24 h at 4 After 3 rinses with 0.1 M Phosphate Buffer,
the plant material was fixed in OsO4 (1%) in 0. Phbsphate Buffer (pH 7.2) in a vacuum pump
for 2 h. The fixed tissue was rinsed in 0.1 M PHnage Buffer (pH 7.2); dehydrated in a graded
acetone series (30%, 50%, 70%, 80%, 90%, 100%isfeEeared to mixtures with increasing ratios
of Acetone: Araldite Resin (3: 1; 2: 2; 1: 3); g=dtto pure Araldite Resin for 24 h in a vacuum
pump, and finally embedded in pure Araldite Resin48 h at 60 °C. Both semi-thin (150-200
nm) and ultra-thin <50 nm) sections were prepared on a Sorvall MT2-Bamlicrotome
(DupontSorvall Newtown, C7. Semi-thin sections were stained with toluidinkieb and
observed with a microscope to analyze morphologitiailbutes of the frond. Ultra-thin sections
were cut with a diamond knife; placed on grids;ingd with a saturated solution of
(UO,(CH3COO0).2H,0); rinsed with ultrapure water; dried, and stairveith Reynolds' stain

((PNGy)2: (NasCsHs07.2H,0)).
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Visualization
The samples were observed with a JEOL JEM-12004EXdkyo, Japan transmission electron
microscope. Three fragments of three differentasal modules of each species in each
hydration state were used to study the ultrastrea@H. dentatumandH. cruentum

For the qualitative and quantitative cells charazation, each micrograph was analyzed
with ImageJ 1.48v image processing program (Wayne Rasiatibnal Institute of Mental

Health, Bethesda, Maryland, USA, http://rsb.infb.gov/ij/).

Statistical analysis

The data were processed throughout parametric thststo the normality and homoscedasticity
of the collected data. One-way analysis of varigifd¢OVA) was applied, being the hydration
state (hydrated, desiccated and rehydrated) thé/zadafactor. When the F value showed
significance difference (g 0.05), the mean values were compared accorditigetdukey Test

(«=0.05) using Statistica softwarBtatSoft Inc).
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Results

Qualitative variations of cells frond

In hydrated fronds (Fig. 1A and 1B), a large cdnteeuole; chloroplasts with a lenticular shape,
and a stretch cell wall were observed. Also, a#ming (similar to the union of two semi circles)
in both extremes of the lateral walls with thin Wial the center was observed (Fig. 1D and 1F
and supplementary material). In contrast, in froedbjected to a desiccation process for 24 h
(Fig. 1C and 1D), a folded cell wall (principallye thin portion of the cell wall in the center of
the lateral walls) and many small vacuoles androplasts with a roundish form were observed.
A better appreciation of folded cells walls in thesiccated state can be seen in Fig. 4A-C in
supplementary material. After a rehydration proce6®24 h (Fig. 1E and 1F), chloroplasts
resumed the lenticular form and the thylakoid orgation; the large vacuole was reformed from
the numerous small ones; however, the cell wallsstowed some folding.

The change in chloroplasts morphology (Fig. 2 @&nith the desiccated state (Fig. 2C, 2D,
3C and 3D) was dramatic with respect to the hydréieg. 2A, 2B, 3A and 3B) and rehydrated
states (Fig. 2E, 2F, 3E and 3F). It appears thathiglakoid system in the desiccated state was
preserved (Fig. 2D and 3D); however it appears tthate is a lesser quantity of grana, which

appeared again after rehydration.

Quantitative variations of cellsfrond

In the hydrated control staté]. dentatumhad cells with lower widths and lengths thidn
cruentum(areas of 1397.9 pimand 2043.9 ufy respectively) (Table 1)H. dentatumhad a
higher cell wall width thamd. cruentum(Table 1). The number of chloroplasts per cell ®&sin

H. dentatumand 10.9 irH. cruentum Inside the chloroplasts &f. cruentum there were more
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starch granules with a bigger area thahlirdentatumAlso the area of plastoglobuli was higher
in H. cruentum Chloroplasts size had a great change because d#ceease in the width.
However, the height remained the samélirdentatumbut inH. cruentumincreased during the
desiccated state (Table 2). The area continuedyitbim same irH. cruentumat all hydration
states, but itd. dentatunthe area decreased 35% in the desiccated stateee@overed to 85% in

the rehydrated state with respect to the initiarhyed state (Table 2).
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Figure 1 Transmission electron microscope micrographs ffoonds cells ofHymenophyllum
dentatum Cav. and Hymenoglossum cruentur@. Presl in different hydration states. A,
Micrograph ofH. dentatumCav. hydrated cell. B, Micrograph bf. cruentumC. Presl hydrated
cell. C, Micrograph oH. dentatunCav. desiccated cell. D, Micrographtéf cruentumC. Presl
desiccated cell. E, Micrograph &¢i. dentatumCav. rehydrated cell. F, Micrograph &f.

cruentumC. Presl rehydrated cell. The bar indicates 5 pm.
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| H. dentatum

Figure 2 Transmission electron microscope micrographs fobioroplasts from frond cells of
Hymenophyllum dentatu@av. in different hydration states. A, MicrographH. dentatumCav.
hydrated chloroplasts with lenticular shape. Theibdicates 2 um. B, Micrograph of internal
structures of hydrated chloroplaststbfdentatumCav. The bar indicates 0.2 um. C, Micrograph
of H. dentatumCav. desiccated chloroplasts with roundish shape. bar indicates 2 um. D,
Micrograph of internal structures of desiccatedoobplasts ofH. dentatumCav. The bar
indicates 0.2 um. E, Micrograph &f. dentatumCav. rehydrated chloroplasts resuming the
lenticular shape. The bar indicates 2 um. B, Mimapg of internal structures of rehydrated

chloroplasts oH. dentatuntCav. The bar indicates 0.2 pum.
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Figure 3 Transmission electron microscope micrographs fobioroplasts from frond cells of
Hymenoglossum cruentu@ Preslin different hydration states. A, Micrograph ldf cruentum

C. Preslhydrated chloroplasts with lenticular shape andchtgranules inside. The bar indicates
2 um. B, Micrograph of internal structures of hydrh chloroplasts oH. cruentumC.Presl.
Granum (g), starch granule (g) and plastoglobyliafe indicatedThe bar indicates 0.2 um. C,
Micrograph of H. cruentumC. Presldesiccated chloroplasts with roundish shape. The ba
indicates 2 um. D, Micrograph of internal structuoé desiccated chloroplaststéf cruentumC.
Presl. The bar indicates 0.2 um. E, MicrograptiotruentumC. Preslrehydrated chloroplasts
resuming the lenticular shape and starch granakde. The bar indicates 2 um. B, Micrograph
of internal structures of rehydrated chloroplastsHo cruentumC. Presl. Granum (g), starch

granule (s) and plastoglobuli (A)he bar indicates 0.2 um.
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Table 1

Cell characterization irlymenophyllum dentatu@av. andHymenoglossum cruentué Presl
hydrated fronds. The values are means + standeyd Bifferent letters following values
indicate statistical difference between species (F05, Tukey test). n indicates the number of

replicas of each factor by species.

Species

Characteristics H. dentatum Cav. H. cruentum C. Presl|
Cell width (um) (n=5/n=3) 36.7+4.0a 419+ 48
Cell length (um) (n=4/n=3) 439+21a 54.7&d.
Cell area (urf) (n=4/n=3) 1397.9+94.7 a 2043.9 £ 361.0 a
Cell wall width (um) (n=8/n=3) 1.21+0.12a 98.+£0.1a
Number of chloroplasts per cell (n=5/n=7) 8.a.4hb 109+0.8a
Starch area (U (N=29/n=55) 03+0.1b 05+0.0a
Number of starch granules per chloroplasts 3.2+05b 6.4+0.6a
(n=14/n=9=)
Plastoglobuli area (uH(n=26/n=18) 0.013+0.001 a 0.017 £0.002 a
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Table 2

Changes in chloroplasts dimension ldymenophyllum dentatur®av. andHymenoglossum
cruentumC. Presl fronds in hydrated, desiccated and reftgdrstates. The values are means +
standard error. Different letters following valuadicate statistical difference by hydration state

in each species (P0.05, Tukey test). n is the number of analyzedrdplasts in each hydration

state.
Species Hydration state Chloroplasts dimensions
Width (um) Heigth (um) Area (um°)

H. dentatum Cav. Hydrated (n=16) 9.7+0.8a 43+0.2a 35382a
Desiccated (n=14) 56+03Db 49+03a 23204 b
Rehydrated (n=15) 9.6+0.6a 43+0.2a 0301.9 ab

H. cruentum C. Presl  Hydrated (n=14) 10.61£0.6 a 44+£02b 35.45+4dl.
Desiccated (n=11) 70+£040Db 6.2+£0.3a 36311 a
Rehydrated (n=11) 9.6+0.7a 51+05ab .54159a
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Discussion and conclusions

The purpose of this research study was to deterthmegualitative and quantitative variations in
cell ultrastructure oH. dentaturrandH. cruentunfronds during desiccation and rehydration.
Based on our data of cell characterizatidncruentumhas bigger cells thad. dentatum
with a higher number of chloroplasts per cell, andchigher number of starch granules per
chloroplasts. These three features could be relaittdthe shade habitat &f. cruentum(Larcher
2003). On the other hand, the qualitative variatishowed that the desiccation process generates
morphological changes as frond shrinkage; cell Watling; roundish chloroplasts, and vacuole
fragmentation. In a previous study, dentatumandH. cruentumdesiccated fronds presented a
reduction of the total projected area of 78% ané@o68spectively (Flores-Bavestrello et al.
2016), which allows us to observe the changes mead aboveCraterostigma plantagineum
leaves, a resurrection plant, drop to around 15%hef original area (Hartung et al. 1998). In
Chamaegigas intrepidugnother resurrection plant, leaves shrink to 28%heir original size
(Schiller et al. 1999). The change in chloroplattape from a lenticular to a roundish shape in
the desiccated states has been reported beforpéC&d~arrant 2002; Rascio & La Rocca 2005;
Fernandez-Marin 2016), but to our knowledge ihesfirst time that a study shows a quantitative
analysis of the modification in chloroplasts simerésurrection plants from Hymenophyllaceae.
In this study, we observed thet dentatumchloroplasts decreased their area in the desitcate
state; howeverH. cruentumchloroplasts conserved its ardzhyscomitrella patensa moss,
belongs to the homoiochlorophyllous group (Wangle2009), a#d. dentatumandH. cruentum
(Flores-Bavestrello et al. 2016). In this mossoobphyll levels remained high and chloroplast
structure was preserved, although it was changed $pherical form with less well-stacked

thylakoids (Wang et al. 2009H. dentatumandH. cruentumpresented similar characteristics,

72



which according to Tuba et al. (1993), is typicehdiomoiochlorophyllous strategy. In contrast,
the chloroplasts in poikilochlorophyllous speciegde chlorophylls and thylakoid membranes
yielding desiccoplasts, devoided of any internalctires (Rascio & La Rocca 2005), which, as
it was mentioned above, is not the case of thesmdAgphyllaceae. Other changes that these
species presented in the desiccated state areapmdntation of the vacuole and the folding of
the cell walls.Craterostigma wilmsji a resurrection plant, maintained small vacuoled a
prevented plasmolysis through invagination and ifgdof the cell wall (Farrant 2000).
Myrothamnus flabellifoliusa resurrection shrub, revealed folded cell wadlshe majority of
desiccated leaf cells, implicating wall folding #ee major mechanisms by which minimizes
mechanical damage (Moore et al. 2006). A studyhefleaf cell wall composition of the same
species suggested that constitutive protection afésrded through the presence of highly
flexible pectin-associated arabinans and arabiotgh proteins (Moore et al. 2013). The ability
of resurrection plants to endure very rapid dryiimdjcates that the protective mechanism relies
on constitutive systems rather than inductive meisnas, consisting of the presence of large
amounts of free sugars and proteins (sucrose ahglddes) in hydrated tissues known to
maintain the cellular order upon desiccation (Qlivet al. 1998). In drying leaves of
Craterostigma wilmsjia significant increase in unesterified pectind ayloglucans occurs that
is accompanied by changes in the hemicellulose rsufdicré et al. 1999, 2004). These
alterations in polysaccharides have been suggéstethdulate the mechanical properties of cell
walls, leading to a more tensile strength, whichnpis folding of the cell wall, but avoids its
total inward collapse in the dry state (Vicré et24l04). Expansins have been recently implicated
in increasing the flexibility of the cell wall (Jea & McQueen-Mason 2004). They have a role in
loosening of the cell wall, and are involved in el important plant growth and development

processes (Chen & Bradford 2000). At present foMpaasin groups ofd) have been
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characterized (Li et al. 2003). I@raterostigma plantagineundesiccated leaves, the marked
increase in cell wall flexibility is paralleled kyrise in the expression and activity of several
expansins (Jones & McQueen-Mason 2004). In additi@peculiar thickening in both extremes
of the lateral walls with thin wall in the centerepented byH. dentatumandH. cruentumwas
reported by Shreve (1911) irrichomanes rigidunsw., but with the thickening in the center of
the lateral wall with areas of thin wall above dpelow this structure. According to Shreve
(1911), this structure could provide the leaf wvathigid meshwork, and could serve to hinder the
transfer of water from cell to cell, and could lE@untable for the inability of this species to
secure root-absorbed water quickly enough to mest the demands of transpiration in a nearly
saturated atmosphere. We disagree with the indictéhe end, because we have seen that these
species are not rehydrated by providing water ¢orfiizome and roots. They rehydrate just when
water is sprinkled to fronds or relative humidisyhigh (results not shown). On the other hand,
Hartung et al. (1998) reported preformed foldingssiof cell wall in poikilohydric plants. Thus
the ability of cell walls to fold by changing thethemistry and texture is an adaptive strategy
against desiccation that is essential for the sahwf resurrection plants. Not all resurrection
plants adopt this mechanism to mitigate the paténtechanical stress during dehydration. Some
species, especially among monocotyledons, utilizgrategy of water substitution, where the
original cell volume is maintained and vacuole skaige is hindered by replacing water with
nonaqueous substances such as amino acids, swi@lingr and sugars (Farrant 2000). lons are
also removed from the cytoplasm and sequesterex thg vacuole, an activity that might
correlate with the upregulation of a V-ATPase foumdlrying leaves oSporobolus stapfianus
(Blomstedt et al. 1998) arXerophyta viscoséMarais et al. 2004). Concomitantly to filling Wit
water substitutes, the large central vacuole isdisided into a number of smaller units

(Quartacci et al. 1997; Dalla Vecchia et al. 1998nder Willigen et al. 2004). This event
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requires theex novosynthesis of tonoplast, since the total lengththef vacuolar membrane
increases (Vander Willigen et al. 2004). This fragmation of the vacuole also comes into
desiccation adaptive mechanisms, since in driesuds several small vacuoles having an
increased surface/volume ratio show a mechaniahllgy higher than that of one large vacuole
(Hljin 1957).

In hydrated and rehydratédl dentatumandH. cruentummicrographs, starch grains filled
chloroplasts, however these were lost during dasime as Hoesktra et al. (2001) and Wang et al.
(2009) reported. Starch accumulates in the chlast@troma during illumination, forming large
granules, but during darkness it is remobilized eodsumed in respiration (Lawlor 1993). The
catabolism of polysaccharides, such as starcmhareed at the early stage of desiccation. This
is shown by theo-glucan water dikinase, which catalyzes starch phowsylation, which is
required for starch degradation (Mikkelsen et &04). The accumulation of this protein is
consistent with the degradation of starch graindeurdesiccation. Starch degradation provides
energy for the cell; it provides carbon skeletamrsadsmotic adjustment, stabilizing the membrane
system and preventing the crystallization of caligolutes (Hoekstra et al. 2001).

We conclude that both species, despite of theitioardistribution, exhibit similar
morpho-anatomical reversible changes during theicdason-rehydration cycle. As our
hypothesis state, both species present in theaddsit state similar qualitative and quantitative
changes, as cell wall folding; roundish chlorogasand vacuole fragmentation. After
rehydration, cell walls recover their normal shape chloroplasts resume a lenticular shape with
a correct organization and composition of thylakoi@his capacity indicates that there is a

protective mechanism based on constitutive systeish minimized mechanical damage.
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Supplementary material

Transmission electron microscope micrographs ds aéldesiccated fronds ¢fymenoglossum
cruentumC. Presl. A, Desiccated cell b cruentumC.Presl with folded cell walls and roundish
chloroplasts. The bar indicates 5 um. B, Cell wailh it foldings in desiccated cells d¢A.
cruentumC.Presl. The bar indicates 5 um. C, Close-up adliwall folding of a desiccated cell

of H. cruentumC.Presl. The bar indicates 5 pum.

83



Chapter 111

Manuscript published in Journal of Plant Physiology 191 (2016) 82-94.

Two Hymenophyllaceae species from contrasting natat environments exhibit a
homoiochlorophyllous strategy in response to desiation stress.

Alejandra Flores-Bavestreflg Marianna Krdl, Alexander G. Ivandy Norman P.A. Hin&r
José Ignacio Garcia-Plaza9lauis J. Corcuefaleén A. Bravd®

®Departamento de Botanica, Facultad de Cienciasralally Oceanogréficas, Universidad de
Concepcion, Chile

[alejandrafloresbavestrello@gmail.com; Icorcuer@uclg

®Department of Biology and The Biotron Centre fopEsmental Climate Change Research,
Western University, London, Ontario, N6A 5B7, Caaad

[mkrol@uwo.ca; aivanov@uwo.ca; nhuner@uwo.ca

‘Departamento de Biologia Vegetal y Ecologia, Ursiexd del Pais Vasco (UPV/EHU), Aptdo.
644, E-48080 Bilbao, Spain

[joseignacio.garcia@ehu.es]

YDepartamento de Ciencias Agrondmicas y Recursasrilas, Facultad de Ciencias
Agronomicas y Forestales, Universidad de La Frant€hile

[leon.bravo@ufrontera.cl]

Center of Plant, Soil Interaction and Natural Reses Biotechnology, Scientific and
Technological Bioresource Nucleus. Universidad dd-tontera, Chile

*Corresponding author. Tel.: +56-41-2204115; fa%6-+41-2246005.

84



E-mail addressalejandrafloresbavestrello@gmail.com (A. Flores8strello).
Postal addresst.aboratorio de Fisiologia Vegetal, Departament@dtnica, Facultad de
Ciencias Naturales y Oceanogréficas, Universida@atecepcion, Victor Lamas 1290,

Concepcion, Chile.

85



Abstract

Hymenophyllaceae is a desiccation tolerant familyPteridophytes which are poikilohydric
epiphytes. Their fronds are composed by a singfer laf cells and lack true mesophyll cells and
stomata. Although they are associated with humid ahady environments, their vertical
distribution varies along the trunk of the hostrplavith some species inhabiting the drier sides
with a higher irradiance. The aim of this work wascompare the structure and function of the
photosynthetic apparatus during desiccation angdralion in two speciesiiymenophyllum
dentatumand Hymenoglossum cruentynsolated from a contrasting vertical distributialong
the trunk of their hosts. Both species were subgetd desiccation and rehydration kinetics to
analyze frond phenotypic plasticity, as well as steicture, composition and function of the
photosynthetic apparatus. Minimal differences imtpBynthetic pigments were observed upon
dehydration. Measurements @PSl| (effective quantum yield of PSIBNPQ (quantum yield of
the regulated energy dissipation of PSIPINO (quantum vyield of non-regulated energy
dissipation of PSIl), and TL (thermoluminescencwli¢ate that both species convert a functional
photochemical apparatus into a structure which @himaximum quenching capacity in the
dehydrated state with minimal changes in photostithpigments and polypeptide compositions.
This dehydration-induced conversion in the phottsstic apparatus is completely reversible
upon rehydration. We conclude thidt dentatumand H. cruentumare homoiochlorophyllous
with respect to desiccation stress and exhibitedcowelation between inherent desiccation
tolerance and the vertical distribution along tobsttree trunk.

Keywords: Desiccation tolerance; Filmy ferns; Homoiochlorolidiys; Hymenophyllaceae;

Poikilohydric.
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Abbreviations:

#PSI1, effective quantum yield of PSBWNPQ, quantum yield of the regulated energy dissipation
of PSII;¢NO, quantum yield of non-regulated energy dissipatibRSII; AAg20-360 €xtent of the
absorbance decrease at 820-860 kih;, multiple turnover saturating flasB;T, single turnover
saturating flashAur/Ast, functional pool size of intersystem electrons pEaction centrety,
cyclic electron flow around PSRI, photoinactivationPA, photoactivationChla, chlorophylla;
Chlb, chlorophyll b; a-car, a-carotene;p-car, B-carotene;N, neoxanthin;L, lutein; TL,
thermoluminescencd;y, the temperature maxima of the TL pedk®V/, fresh weigthDW, dry

weight.

87



Introduction

Species that can survive exposure to severe ddigmrare called desiccation tolerant.
During desiccation, the hydration shell of molesule gradually lost (<0.3 (g #) (g dry
weight)%). Desiccation tolerant species maintain the ahititrehydrate successfully (Hoekstra et
al., 2001). “Poikilohydry” is the ability of an oagism to equilibrate its internal water potential
with that of the environment (Rascio and La Ro@&)5). The majority of desiccation tolerant
terrestrial plants are found in the clades thastirte the algae, lichens, and bryophytes (Oliver
et al., 2000). However, within the larger groupsasgcular land plants there are ca. 70 species of
ferns, and approximately 60 species of angiospeimas exhibit some degree of vegetative
desiccation tolerance (Oliver et al., 2000).

Desiccation tolerant vascular plants fall into tgmwups depending on the degree to
which they retain their chlorophyll when desiccatg@Proctor and Tuba, 2002).
Homoiochlorophyllous species retain their photolgtit apparatus and chlorophylls in a readily
recoverable form, while poikilochlorophyllous speidismantle their photosynthetic apparatus
and lose all of their chlorophylls during desicoati Consequently, these pigments must be
resynthesized following rehydration (Tuba et aB98). In addition, the poikilochlorophyllous
leaves cannot resurrect when they are detached ftbe plant in contrast to
homoiochlorophyllous resurrection plants (Dinakiaale 2012).

The photosynthetic apparatus comprises two phdtasgs Photosystem I (PSII)
catalyses the solar-energy driven conversion oémtat Q through the photochemical generation
of a strong oxidant, P680while Photosystem | (PSI) catalyses the finap i€ photosynthetic
electron transport, the oxidation of plastocyamirtbe thylakoid lumen, and the photochemical

generation of a strong reductant, reduced ferregoxn the chloroplast stroma. Both
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photosystems are interconnected by the cytochraime&dmplex via two diffusible redox
carriers: plastoquinone and plastocyanin (Schogeal., 2011). PsbA (D1) and PsbD (D2) are
the polypeptides that constitute the photochemieattion centre of PSII which bind P680 and a
series of redox components which catalyze chargaragon and primary electron transfer
reactions (Dekker and Van Grondelle, 2000). The R&ttion centre consists of the protein
subunits PsaA and PsaB, which bind 80 chloroplanid the redox-active cofactors required for
PSI photochemistry and charge separation (Schéttlat., 2011). The physical properties of the
photosynthetic apparatus are crucial for the saha¥ desiccation-tolerant plants since it is very
sensitive to photoinhibition and photodamage. Cqusetly, the photosynthetic apparatus must
either be maintained during desiccation or quialdgaired upon rehydration (Georgieva et al.,
2009). There are several studies that explain soirtee mechanisms involved in desiccation
tolerance (Proctor, 2003; 2012; Heber et al., 20B6632007; Heber, 2008; Georgieva et al., 2009;
Charuvi et al., 2015). The present study showssthestural and functional mechanisms of the
photosynthetic apparatus involved in the desicoatiterance and subsequent rehydration of two
Hymenophyllaceae species contrasting in their e@rtistribution along tree trunks.

The Hymenophyllaceae is a family of ferns that pitesbelonging to the vascular plants,
possesses characteristics of the less complexsctadide plant kingdom (Proctor, 2003; 2012).
The Hymenophyllaceae Family is a desiccation tokegroup of Pteridophytes, called also
“filmy ferns” because of their transparent and ckai fronds. These species are poikilohydric
epiphytes composed of lamina that are only onetlik. Their fronds typically lack a cuticle
and true mesophyll cells as well as differentiagpaiermal cells and stomata. Hymenophyllaceae
have distinctive marginal sori and varying pigméota and textures of the rachis. Their
rhizomes are long and filiform making a net thavers the ritidome of the phorophytes. The

main characteristics of this family are the deritaon of the margins of segments, and the sori
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are often positioned at the tips of acroscopic ssgsn (Hennequin et al., 2010).
Hymenophyllaceae comprises more than 600 speciebu{Bson et al., 2009) of very small to
middle-sized ferns. This family extends into tengperatitudes in high-rainfall oceanic regions,
such as the Macaronesian islands and the Atlantstal regions of western Europe, southern
Chile, New Zealand, south-east Australia, Trinidg@nezuela (Proctor, 2012), Panama (Zotz
and Buche, 2000), Bolivia (Kromer and Kessler, 20@88gentina (Fernandez et al., 2012), South
Africa (Dinakar et al., 2012), and Jamaica (Shré&@4,1).

In the temperate rainforest of southern Chile, theminant host tree species for
Hymenophyllaceae arémomyrtus lumaRhaphythamnus spinosulsaurelia philippiana and
Drimys winteri(Saldafa et al., 2014). Phorophyte specificity @anpronounced in dry forest
habitats, where the epiphytes grow in direct cdntaih the bark of the host tree (Ibish, 1996). In
humid forests, mats of bryophytes, lichens, anditdstlead to similar growth conditions on
different trees (Kromer and Kessler, 2006), eveern@ltanopy openness ranges from 0.1 to 31 %
full sunlight (Parra et al., 2009). The verticastdibution of several Hymenophyllaceae species,
both in young and old trees from different stamus itemperate forest of southern Chile, was
reported to exhibit habitat preferences. Hymendphghe species can be distributed either
mainly at the trunk base, between 4 and 4.5 m hé&ighn the base or up to 9 m high along the
tree trunk (Saldafia et al., 2014). Therefore, thod&viduals that are found at different heights
along the trunk of the host will be exposed toati#ht light and humidity conditions. Thus, we
predicted that Hymenophyllaceae species found tieatop of trunk of the host should exhibit
different strategies to cope with the desiccat@arance and light than those species located near
the base of the host. We hypothesized first, thamé&hophyllaceae species which inhabit the top
zone will be more tolerant to a desiccation procasd exhibit a faster recovery during the

rehydration process than those that inhabit thalbzasne. Second, we hypothesized that the
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Hymenophyllaceae are homoiochlorophyllous in thesponse to desiccation stress. To test these
hypotheses, we compared the structure and funafothe photosynthetic apparatus during
desiccation-rehydration itd. dentatumand H. cruentum isolated from contrasting vertical

distribution along the trunk of their hosts.
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Materials and methods

Study site and plant material

Hymenophyllaceae (Pteridophyte) species were dele;h a second-growth forest located in
Katalapi Park (41°38" S, 72°4%" W, elevation ca. 90 m a.s.l.) in Pichiquillaip®, Im south-
east from Puerto Montt, Regién de Los Lagos, Chilee climate in this zone is considered
highly humid and temperate rainy (Di Castri and dkaj1976). Two species were sampled,
Hymenophyllum dentatuandHymenoglossum cruentyronsisting of frond, rhizome, and roots
growing on dead trunks. Samples were transferreshtmled experimental nursery gardens at
Universidad de La Frontera and Universidad de Gueiée with controlled humidity. The pieces
of tree trunks which supported the growthHafdentatumandH. cruentumwere wrapped and
maintained in burlap and remained moist by per@dticsprinkling them tap water during until
use. A second set of plant material was cleanatkbfis and sediments with distilled water and
subsequently wrapped in moist paper towels andsp@ted in plastic boxes to Western
University, London, Ontario, Canada. The plant matevas kept under low light (7 pmol
photons rif s%), at 4 °C and sprayed with distilled water sevéimles a day until use. Each

experimental plant or intact module consisted fsbad, rhizome, and roots.

Sample preparation and treatments

Isolated, fully hydrated, control modules f dentatumand H. cruentumwere exposed to a
desiccation and rehydration regime in a controledironment in the dark at 15 £ 2 °C and 80 %
relative humidity. Treatments were performed intamlly in the dark to simplify the task of
giving interpretations to the physiological respemselated to desiccation and rehydration. Eight

isolated modules from each species were placedjiass container filled with distilled water for
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a 12 h period in dark. After that time, the isothteodules were dried with absorbent paper and
weighed to obtain the total turgor weight. Maximphmotochemical efficiency of PSIF¢/Fm)
was measured in these control samples. Subsequentlyater was supplied to the isolated
modules which initiated the desiccation procesgskrweight and th&v/Fm were measured
every 30 min until a constant desiccated weight vemched. After 24 h of desiccation, the
rehydration process was initiated by sprinkling #aeme fronds with distilled water inside a
plastic box. Every 30 min these modules were sartated,Fv/Fm measured and weighed until
a constant rehydrated weight was reached. The firedsurements were made after 24 h of
rehydration. AH. dentatumandH. cruentumhave one cell thick layer fronds, 24 h in eaclesta

Is enough to reach equilibrium with air.

Frond shrinkage

Fronds from isolated modules Bif dentatumandH. cruentumwere scanned in the hydrated,
desiccated, and rehydrated states (24 h in eat#).sthe area was quantified with ImageJ 1.48v
image processing program (Wayne Rasband, Natiorstltute of Mental Health, Bethesda,
Maryland, USA, http://rsb.info.nih.gov/ij/) from wi¢h the projected frond area was obtained.
Frond shrinkage in the desiccated state was caédclias the difference between the projected

area of the hydrated and rehydrated states.

Photosynthetic pigment content
Frond samples were collected and immediately frozéiguid nitrogen and kept in the dark. All
samples were extracted in acetone (100 %). Theegngextracts were filtered throughout a 0.45

um membrane filter and separated and quantifieliByC according to the protocol of Garcia-
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Plazaola and Becerril (1999) with the modificatiadescribed in Garcia-Plazaola and Becerril

(2001).

Water content (WC) and relative water content (RWC)

WC andRWCwas determined gravimetrically by weighing thdased modules in the hydrated,
desiccated, and rehydrated process, and after dmgng at 72 °C for 48 h for dry weight
determinationsWC (dry weight basis) anRWC was calculated as WQEW-DW)/DW] and
RWC=[(FW-DW)/(TTW-DW)]x100respectively, wher&W is the fresh weightDW is the dry
weight, andTTW is the total turgor weight of the sample. The \kéiggas measured every 30

min.

Photoinactivation (PI) and photoactivation (PA) kinetics

The maximum photochemical efficiency of PStv(Fm) in the hydrated sta{&v/Fm), and after
some degree of dehydratighv/Fm);, was measured in dark-adapted fronds with a mestlila
fluorometer (FMS 2, Hansatech Instruments, UK) g\ min at 15 °C. Minimal fluorescence
(Fo) was determined by applying a weak modulated laft50 nm (0.4 pmol photons 1Y),
and maximal fluorescencérf) was induced by a 0.8 s saturating pulse of winget (9000
umol photons M s?) (van Kooten and Snel, 1990). PhotoinactivatiBt) @during desiccation
was calculated aRI=1-[(Fv/Fm)4/(Fv/IFm)] and photoactivationPA) during rehydration was
calculated a®A=[(Fv/Fm)y/(Fv/Fm),] (adapted from Ogren and Rosenqvist, 1992)and PA

were used to assess the functional integrity ofqdystem I.
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Modulated chlorophyll fluorescence

Chlorophyll a fluorescence oH. dentatumandH. cruentumfronds in hydrated, desiccated, and
rehydrated states was measured at 15 °C under mini® conditions using a pulse amplitude
modulated imaging fluorometer (IMAGING-PAM, Heinzal¥ GmbH, Effeltrich, Germany) as
described in Ivanov et al., (2006a). Before measerds, fronds were dark adapted for 30 min
and the fluorescence images were captured by a C&bDera (IMAG-K, Allied Vision
Technologies) featuring 640x480 pixel CCD chip samel CCTV camera lens (Cosmicar/Pentax
F1.2, f=12 mm). Light emitting diode ring array (A-L) consisting of 96 blue LEDs (470 nm)
provided standard modulated excitation intensity 00 pmol quanta i s® (modulation
frequency 4 Hz) for measuring the badab)(chlorophyll fluorescence and a saturation pulse o
2400 pmol quanta fs® PAR for measuring the maximal chlorophyll fluoresce Fm), both
from a dark adapted leaf. The maximal photocheneéfatiency of PSII, which represents the
maximum efficiency at which light absorbed by PiSlused for reduction of Qwas estimated as
Fv/IFm=(Fm-Fo)/Fm Partitioning of absorbed light energy was estadathen the steady stdts
level was reached according to the model propogeramer et al., (2004). The allocation of
photons absorbed by the PSII antennae to photasymtrelectron transport and PSII
photochemistry was estimated #8Sll=(Fm'-Fs)/Fm, whereFm' is the maximal fluorescence
from a light adapted leaf. The quantum efficienciésregulatedApH- and/or xanthophylls-
dependent non-photochemical dissipation process#snwthe PSII antennaegIPQ) were
calculated asyNPQ=1¢PSII4NO. Constitutive non-photochemical energy dissipatemd
fluorescence were calculated adlO=1/[NPQ+1+gL(Fm/Fo-1)]. gL, which estimates the
fraction of open PSII centres based on a lake m@ell reaction centres in a common pigment
bed), was calculated ag =(Fm'-Fs)/(Fm'-Fo")xFo'/Fs whereFo' is the minimal fluorescence

from light adapted leafpPSII, pNPQ and ¢NO are defined as effective photochemical yield of
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PSII; qguantum vyield of light-induced non-photocheatifluorescence quenching, and quantum
yield of non-light-induced non-photochemical fluscence quenching, respectively (Pfindel et
al., 2008). Electron transport ratdsTR) were calculated aETR=PARX0.54PSIIXA (Genty et
al., 1989), wherd is the actual measured leaf absorbance beforerparfg the fluorescence

measurement.

Thermoluminescence measurements

Thermoluminescence (TL) measurementHofdentatumandH. cruentumfronds in hydrated,
desiccated and rehydrated states were performeda guersonal-computer-based TL data
acquisition and analysis system as described eaflanov et al., 2001; 2006b). A
photomultiplier tube (Hamamatsu R943-02, Hamama®Bhotonics, Shizuoka-ken, Japan)
equipped with a photomultiplier power supply (Mo@3350, Hamamatsu Photonics, Shizuoka-
ken, Japan), was used as a radiation measuringTket.heating rate was 0.6 °C'.sFor
identifying the $,3Qg~ charge recombination peaks, dark-adapted fronde ws@bjected to two
consecutive saturating microsecond flashes of whiet (1.5 us peak width at 50 % of
maximum) applied by a xenon-discharge flash lamgTX03, Heinz Walz GmbH, Effeltrich,
Germany). Dark-adapted fronds léf dentatumandH. cruentum(30 min at 20 °C) were cooled
to 2 °C prior to exposing to the flashes. The noctegnre of Sane et al. (201@)as used for

characterization of the TL glow peaks.

PSl photochemistry
The reduction-oxidation (redox) state of P700 weteninedn vivo in hydrated, desiccated and

rehydrated fronds dfl. dentatumandH. cruentumunder ambient ©@and CQ conditions using a
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PAM-101 modulated fluorometer (Heinz Walz GmbH, dffich, Germany) equipped with a
dual wavelength emitter-detector ED-P700DW unit d&8M-102 units (Klughammer and
Schreiber 1991) as described in detail by (lvartoal.e 1998). Far red light (FR; max =715 nm,
10 W m?) equipped with a Schott filter (RG 715) was preddy a FL-101 light source. The
redox state of P700 was evaluated as the absorl@raee around 820 nmAszos60 IN @

custom designed, thermoregulated cuvette at 19Vidtiple turnover (MT, 50 ms) and single
turnover (ST, half peak 14 ps) saturating flashesewapplied with XMT-103 and XST-103
(Heinz Walz GmbH, Effeltrich, Germany) power/comtmanits, respectively. The transient
reduction of the P700signal after application of single (ST) and mu&igMT) turnover flashes

of white saturating light was used for the estimatof the intersystem electron’)(@ool size

(Asada et al., 1992; Ivanov et al., 1998). Eachdravas measured twice.

SDS-PAGE and immunoblotting

Thylakoid membranes from hydrated, desiccated,rahgidrated fronds dfl. dentatumandH.
cruentum were isolated according to the method of Krol et €1999). SDS-PAGE was
performed according to Laemmli (1970) using 15 %vjvwpolyacrylamide in the resolving gel
and 8 % (w/v) in the stacking gel. Thylakoids meam@s were solubilized with SDS
(SDS:protein ratio of 4:1). Protein concentratioaswdetermined using the Pierce BCA Protein
Assay Kit-Reducing Agent Compatible (Thermo Sci@)tiand protein was loaded on an equal
dry weight basis of 0.08 mg laheSpecific antibodies against PsaA, Lhcal-4, Psiml, Lhcbl-

6 were obtained from Agrisera (Sweden) and usednfionunoblotting as described in detail
previously (Krol et al., 1999). Thylakoid proteingre detected with specific antibodies at the
following dilutions: PsaA, 1:1000; Lhcal-4, 1:2008%bA (D1), 1:4000; Lhcbl, 1:2000; Lhcb2,

1:5000; Lhcb3, 1:2000; Lhcb4, 1:7000; Lhcb5, 1:1,000cb6, 1:2000. Densitometric scanning
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and analysis of X-ray films from each replicate iomablot was performed with a Hewlett
Packard Scanjet 4200c desktop scanner and Imag8y fmage processing program (Wayne
Rasband, National Institute of Mental Health, Bette Maryland, USA,

http://rsb.info.nih.gov/ij/).

Statistical analysis

The data were processed throughout parametric thststo the normality and homoscedasticity
of the collected data. One-way analysis of varia#fddOVA) was applied, being the hydration
state (hydrated, desiccated and rehydrated) thé/zahfactor. When the F value showed
significance difference (g 0.05), the mean values were compared accorditigetdukey Test

(«=0.05) using Statistica softwarBtatSoft Inc).
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Results

Frond morphology

There was a pronounced change in the projectedl favea between hydrated, desiccated and
rehydrated states, showing statistical differermwseen the desiccated state versus the hydrated
and rehydrated states in bdth dentatumandH. cruentumspecies (Fig. 1). The greatest frond
shrinkage was observedlh dentatumshowing a decrease of 78 % in its projected arezxedas

H. cruentumshowed a decrease of 68 %. After 24 h of rehydratimthH. dentatumand H.
cruentumreached 92 to 95 % of the original projected franel in the hydrated state. Thus, the

desiccation-induced shrinkage was reversible ih bpecies.

Structure and composition of the photosynthetic apparatus
Pigment concentration and composition of frondsbimhH. dentatumandH. cruentumon a dry
weight basis showed, in general, little changesvéen the hydrated, desiccated, and rehydrated
states (Table 1). The total @hdnd Chb as well as the Chlb ratios remained constant in both
species irrespective of treatment. However, a éserén the Clal/b ratio in the rehydrated state
of H. dentatumwvas observedH. cruentumpresented higher values of @lnd Chb, as well as
-carotene, neoxanthin and lutetacarotene was not detectedHn dentatumrrespective of the
treatments, but it was ii. cruentum The Np-carotene ratio was higher iH. cruentum
irrespective of the treatment, howeveHndentatunwas higher in the desiccated state.
Photosynthetic pigments are associated with theompjgment-protein complexes
associated with PSII and PSI. In general, the i@acentre polypeptides of PSIl (PsbA) and PSI
(PsaA) as well as the polypeptides associated@tght harvesting complexes of PSII (Lhcb1-

6) and PSI (Lhcal-4) did not exhibit significanffeliences in the relative abundance when the
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different hydration states were compared in bdetldentatumandH. cruentumspecies (Fig. 2).
Thus, based on pigment and polypeptide analyses,ceveclude that the structure and
composition of the photosynthetic apparatus of bbtdentatumandH. cruentumappeared to be

stable to desiccation stress and rehydration.

PSI1 function

The maximum photochemical efficiency of PSIl, meaduasFv/Fm of H. dentatum(Fig. 3A,
closed symbols) associated with the upper 9 mehthst trunk, appeared to be more sensitive to
a decrease in relative water contdRYWQ than that oH. cruentum(Fig. 3A, open symbols). At
30 % RWC (0.6 gHO gDW?), Fv/Fm was about 3-fold lower iH. dentatumthan in H.
cruentum However, upon rehydration, both species exhibitdg recovery ofFv/Fm at 60 %
RWC (1.13 and 1.22 g0 gDW*, respectively) (Fig. 3B). Althougti. dentatumis more
sensitive to desiccation and exhibits a greatet@hactivation response thah cruentumat 30
% RWC (0.6 gHO gDW?' (Fig. 3C), both species exhibited comparable, imam
photoactivation levels at 60 RWC (1.13 and 1.22 gD gDW’, respectively) (Fig. 3D). Chl
fluorescence was also used to estimate energytipaitig within PSIl as a function of
desiccation and rehydration. Fig. 4 illustratefifigesponse curves f@iPSll, pNPQ, and gNO
under control (hydrated) as well as desiccated r@hgdrated states fdd. dentatumand H.
cruentum In the hydrated state (100 RWG 1.9 and 2.0 gD gDW?, respectively) (Fig. 4A
and D), both species showed a decrease in thetieffeguantum yield of PSIIgPSIl) as a
function of increased irradiance. However, the quienrequirement to inhibigPSIl was much
lower inH. cruentumthan inH. dentatumas estimated by the inverse of maximum initiapsk
of the light response curves i@lPSIl. Concomitantly, the inhibition afPSIl was associated with

an increase igNPQas a function of irradiance in both species (Bfyand D). Furthermore, the
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guantum requirement to generate a unit of NPQ washntower inH. cruentumthan inH.
dentatumas indicated by the differences in the initialpgs of the light response curves for
#NPQ (Fig. 4A and D). Thus, light intensity at whichetdNPQ equals¢PSIl is distinctive
between these two species. Whilecruentumshowed the light interception point between yield
of PSII and yield of NPQ at about 120 pmol photorfss®, H. dentatunreached this condition
at about 300 pmol photons “ms® (Fig. 4A and D). Although energy-dependent, non-
photochemical quenchingNIPQ) increased dramatically as a function of irradegraonstitutive
quenching §NO) decreased by about 30 % as a function of inctkasadiance in both species
(Fig. 4A and D).

In the desiccated state (25 % (0.4,6HgDW?') and 17 % (0.3 gD gDW?) RWG
respectively) (Fig. 4B and E)NO reached values closed to 1, whjPQ and ¢PSII were
essentially undetectable indicating that in theicbeged state all energy quenching was
proceeding through constitutive pathways rathem thiarough regulated, energy-dependent
quenching pathways. However, rehydratiorHofdentatum(Fig. 3C) andH. cruentum(Fig. 3F)
(>86 %RWG 1.6 and 1.8 ghD gDW", respectively) re-established the original patt€or the
light response curves f@PSll, gNPQ andgNO observed in the control, hydrated states (Fig. 3A
and D).

Thermoluminescence (TL) measurements were usednasltarnative approach for
assessing the effects of desiccation on the photiosiic PSll-associated electron transfer
reactions (Vass and Govindjee, 1996; Sane et @L2)2 Since most of the photosynthetic TL
components have been assigned to arise from tresadvof light-driven charge separation in
PSII, TL properties of photosynthetic apparatusvig® information on the activation energies
associated with the back reactions of electron@oce (QA and QB) with the electron donors

(S2 and S3) of PSII (Vass and Govindjee, 1996; S20@4; Sane et al., 2012). The temperature
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maxima {[u) of the TL peaks related to the recombination lefse charge pairs reflect the
activation energies and hence a measure of the qgatentials of the participating oxidized and
reduced donors (DeVault and Govindjee, 1990). Talpid. emission glow curves representing
S3Qs” charge recombinations of hydrated, desiccatedq5 FW) and rehydrated fronds &f.
dentatumandH. cruentumobtained following excitation with two consecutisaturating flashes
are presented in Fig. 5. The TL glow curves of hyebl fronds of both. dentatun(Fig. 5A) and

H. cruentum(Fig. 5D) exhibited typical for $:Qg~ charge recombination TL peaks (Sane, 2004;
Sane et al., 2012) with characteristic temperat(fgsof 31.1 °C and 27.8C, respectively (Fig.

5, Table 2). Desiccation of both samples yieldgds™ peaks with slightly higher temperatures.
In addition, the amplitudes and the integrated sa@fathe TL peaks representing thgsQs™
charge recombination used for assessing the P8tbphemistry were significantly reduced in
desiccated samples (Table 2). It should be notadvthile the decrease in the overall TL area in
desiccatedH. cruentumwas only 12 % (Fig. 5E, Table 2), desiccatéddentatumexhibited
much stronger (45 %) reduction of TL area (Fig. 5Bble 2). Interestingly, whilev/Fm values
recovered in rehydrated samples (Fig. 3) the ov&Laarea in rehydrateHi. cruentundecreased
even further to about 40 % and remained steadyrlowd. dentatum(Table 2). More strikingly,
rehydrated samples exhibited massive low temperatifts of $:Qs peak Ty to 20.2 °C and

21.7 °C inH. dentatumandH. cruentumyespectively.

PSI function

The extent of far-red (FR) light-induced absorbanaesients at 820 nrQg20-s69, Which reflects
the oxidation of P700 to P70@Klughammer and Schreiber, 1991; Ivanov et al9812006a),
were used to estimate the functional performancBSifin hydrated, desiccated and rehydrated

fronds of H. dentatumand H. cruentumin vivo. The typical traces oin vivo measurements
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illustrating the FR light-induced oxidation of P7@® P700 presented in Fig. 6 and the data
summarized in Fig. 7 indicate a much lower (40 ®p)acity for P700 photo-oxidation (P700
measured adAgyo.s60 in H. dentatumcompared with the P700/alues inH. cruentumunder
control hydrated conditions (Fig. 7). Desiccati@used a strong decrease (80-90 Y\A§20-s60
values in both species (Fig. 7A and D). Interesyingehydration of both samples did not induce
complete recovery of the capacity for P700 oxidatio addition the apparent electron donor pool
size to PSI was assessed by measuring single (@Taltiple (MT)-turnover flash inducetiAgyo-

geo transients under steady state oxidation of PSFRylight (Asada et al., 1992; 1993; Ivanov et
al., 1998). The intersystem electron pool sizapeged as the ratio between the area of MT and
ST induced P700transients and (4/Ast) was undetectable upon desiccation of both species
and this effect was reversible upon rehydratioy.(6B and E; Fig. 7B and E). Concomitantly,
kinetic measurements of dark re-reduction of P7&fler turning off the FR light, which is
thought to reflect the capacity for cyclic electritow (CEF) around PSI (Maxwell and Biggins
1976; Ravenel et al., 1994; Ivanov et al., 198&)/or the interaction of stromal components with
the intersystem electron transport chain (Asadd. £1992) revealed much slower re-reduction of
P700 in desiccated state and reversed to control lay@® rehydration in botH. dentatumand

H. cruentum(Fig. 7C and F). These results clearly indicatg the capacity for PSI-dependent

CEF is strongly restricted in desiccated plants.

Electron transport rate

The maximumETR (Fig. 8) in the hydrated state was 58 pmol elestrsi® s* in H. dentatum
(Fig. 8A) and 28 pmol electronss® in H. cruentum(Fig. 8B). ETR light saturation points
were around 400 pmol ™s* and 250 pmol f s* for H. dentatumand H. cruentum

respectively. Th&TRinitial slope was higher if. dentatumby about 56 % thaRl. cruentum
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Although in the desiccated stat€TRwas almost completely inhibited (Fig. 8A and B)IRin
bothH. dentatumandH. cruentumin the rehydrated state recovered close to thggnai control

values (Fig. 8A and B).
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H. dentatum
129-06aA 29+01bA 118+06aA

i

H. cruentum
143+08aA 47+11bA 136+09aA

l 1 cm

Fig. 1. Fronds shrinkage degree iHymenophyllum dentatun€av. and Hymenoglossum

cruentumC. Presl subjected to a process of desiccation satdequent rehydration. Values
represent the area (mt standard errors. Different lowercase letteffofaing values indicate
statistical difference by hydration state for eagecies, and different capital letters indicate

statistical difference between species in eachdtgir state (K 0.05, Tukey test; n=4).
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A H. dentatum H. cruentum B H. dentatum H. cruentum
MWH D R H D R MWH D R H DR

70

35

25
Lhcal 25 Lhebl 35
15 25

35
15 25
Lhca3 Lhcb3 35
Lhca4 25 Lhcb4 35
15 25
Lhcb5 35
25
Lhcb6 35
25

Fig. 2. Representative western blots of SDS-PAGE separa@gpeptides of thylakoid
membranes isolated froktlymenophyllum dentatu@av. andHymenoglossum cruentué Presl|
hydrated (100 YRWG 1.9 and 2.0 gbO gDW?, respectively) (H), desiccated (25 % (0.4,6H
gDW?) and 17 % (0.3 g0 gDW?) RWG respectively) (D) and rehydrated (>86R4VG 1.6
and 1.8 gHO gDW?, respectively) (R) fronds probed with antibodiased against PSI (A) and
PSIlI (B) associated proteins. PSI proteins: Psad ldical-Lhcad polypeptides. PSIl proteins:

PsbA (D1) and Lhcb1-Lhcb6.
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Fig. 3. The maximum photochemical efficiency of PShRv(Fm) of Hymenophyllum dentatum
Cav. andHymenoglossum cruentud@. Presl during a desiccation (A) and rehydrati@) (
process. PhotoinactivatioPl) (C) and photoactivationP@) (D) of PSIl of Hymenophyllum
dentatumandHymenoglossum cruentuthiring a desiccation and rehydration proc€ssandPA

were calculated aBI=1-[(Fv/Fm)y/(Fv/Fm)] andPA=[(Fv/Fm)4/(Fv/Fm)], respectively. Each

value is the average of 8 fronds.
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Fig. 4. Light energy partitioning for PSII. Effective quam yield of PSII §PSlI), quantum yield

of non-regulated energy dissipation of PFINQ), and quantum yield of the regulated energy
dissipation of PSIINPQ) during the course of a light curve llymenophyllum dentatu@av.

(A, B and C) andHymenoglossum cruentug Presl (D, E and F) fronds in the hydrated (%90
RWG 1.9 and 2.0 gD gDW?, respectively) (A and D), desiccated (25 % (0.4@HDW?)
and 17 % (0.3 gD gDW™') RWG respectively) (B and E), and rehydrated (>8&W%C 1.6 and

1.8 g0 gDW?, respectively) (C and F) states (n=3).
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Fig. 5. Thermoluminescence (TL) glow curves 06f:Qg" charge recombinations in hydrated (100
% RWG 1.9 and 2.0 gD gDW?, respectively) (A, D), desiccated (50% f¥\) (B, E) and
rehydrated (>86 %RWG 1.6 and 1.8 gbD gDW?!, respectively) (C, F) fronds of
Hymenophyllum dentatu@av. (A, B, C) andHymenoglossum cruentué Presl| (D, E, Fafter
illumination with two single turnover flashes. Tlow curves were recorded immediately after

illumination. The presented glow curves are avesdgem 3 independent measurements.
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Fig. 6. Typical traces ofin vivo measurements of P700 oxidation by far-red light of
Hymenophyllum dentatu@av. (A, B and C) an#lymenoglossum cruentu@ Presl(D, E and
F) in hydrated (100 9RWG 1.9 and 2.0 gbO gDW?, respectively) (A and D), desiccated (25 %
(0.4 gbO gDW?h and 17 % (0.3 ghD gDW?) RWG respectively) (B and E) and rehydrated
(>86 %RWG 1.6 and 1.8 ghD gDW?, respectively) (C and F) states. The measurenvesits

performed at 15 °C.
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Fig. 7. P700 parameters ddymenophyllum dentatui@av. (A, B and C) andHymenoglossum
cruentumC. Presl| (D, E and F) hydrated (100R%/G 1.9 and 2.0 gkD gDW", respectively),
desiccated (25 % (0.4 gB gDW?') and 17 % (0.3 gD gDW?Y) RWG respectively) and
rehydrated (>86 YRWG 1.6 and 1.8 ghD gDW?*, respectively) fronds (n=8\Agzo-s60iS the
absorbance decrease at 820-860 nm. The electrdrsizeas obtained from @y/Ast, which is
the ratio between the area of the multiple turnolVa@sh (AMT) and the area of the single

turnover flash (AST), and represents the functiguadl size of intersystem electron per reaction
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Fig. 8. Electron transport rateETR during the course of a light curve bfymenophyllum

dentatumCav. (A) andHymenoglossum cruentu@ Presl| (B) hydrated (100 ®WC 1.9 and

2.0 g0 gDW?, respectively), desiccated (25 % (0.4,GHDW?) and 17 % (0.3 gD gDW?)

RWG respectively ) and rehydrated (>86FR%VG 1.6 and 1.8 gbD gDW?*, respectively) fronds

(n=3).
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Table 1

Photosynthetic pigments (nmol gDWisolated from whole-cell extracts ¢fymenophyllum dentatur@av. andHymenoglossum
cruentumC. Presl in hydrated (H) (100 ®WG 1.9 and 2.0 gD gDW?, respectively), desiccated (D) (25 % (0.4,6+HyDW?) and

17 % (0.3 gHO gDW?h RWG respectively) and rehydrated (R) (>86R%/G 1.6 and 1.8 gD gDW?, respectively) states. Ghl
chlorophylla; Chlib, chlorophyllb; a-car, a-carotenef-car, B-caroteneN, neoxanthinL, lutein. The values are means + standard error.

Different letters following values indicate staitstl difference by hydration state between botrcgse(P< 0.05, Tukey test; n=4).

Species State Pigment concentration (nmol gDW
Chla Chlb a/b a-car p-car N L N/ p-car

H. dentatum H 40444461 a 1516+180a 2.7+0.0a 00 b 268+28 a &74+ 990+117a 1.4+0.04 a
D 42374243 a  1584+114a 2.7+0.0a 00 b 233t56 a 3¥&+ 1040+87a 2.1+0.75a
R 3990+330a 1774+130a 2.240.1b 0+0 b 276x20a 392+ 1092+85a 1.4+0.05a

H. cruentum H 6007+769 a 2245+289a 2.7t0.0a 167.7+£38.4ab  28&+2928+67 a 1439+176a 1.8+0.08 a
D 6045+710 a 22861297 a 2.7+0.1a 147.6+37.7ab  308+1B36+74a 1492+185a 1.740.14 a
R 6185+1864 a 2329+700a 2.6+0.0a 289.5+50.7a 304+8510+161 a 1485+428 a 1.7+0.08 a
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Table 2. Characteristic thermoluminescence (TL) peak emmmssemperaturesT(y) and the
overall TL emission area (A) ohS:Qs- glow peaks of fronds dlymenophyllum dentatu@av.
andHymenoglossum cruentu@ Presl in hydrated (H) (100 ®WG 1.9 and 2.0 gbO gDW?,
respectively), desiccated (D) (50 % V) and rehydrated (R) (>86 ®RWGC 1.6 and 1.8 gkD
gDW?, respectively) states. The samples were dark addpt 30 min, then cooled to 2 °C and
subsequently illuminated with two single turnovéashes of white light. The peak areas are
presented as a percentage of the total TL lighsgion in hydrated fronds. Mean valueSSE

were calculated from 3 independent measurements.

Hydration state H. dentatum H. cruentum
Tv (°C) A (%) T (°C) A (%)
H 31.1+15a 100 a 275+ 09a 100 a
D 33.6x29a 54#7.3Db 30.6: 0.7 a 88.2 13.7 ab
R 20.2+1.7b 62. % 11.2 ab 21.#10Db 39.558Db

114



Discussion

A primary goal of this study was to assess whethkyrmenophyllum dentaturmand
Hymenoglossum  cruentum, members of the Hymenophyllaceae, exhibited a
homoiochlorophyllous or a poikilochlorophyllous &gy in response to dehydration stress.
Based on our data for the stability of the completha# photosynthetic pigments (Table 1), the
rapid recovery ofv/Fm and of photoactivation of PSII (Fig. 3) during ydhation coupled with
the maintenance of the composition and the relatmindance of the photosynthetic
polypeptides (Fig. 2), we conclude thit dentatumand H. cruentum have evolved a
homoiochlorophyllous strategy to respond to desionastress and rehydration. This is consistent
with the capacity of these species to exhibit nesmion as detached fronds (Dinakar et al.,
2012). On the other hand, the poikilochlorophyll@tisategy evolved in anatomically complex
plants, which include the biggest in size of alsideation tolerant species. These species lose
their chlorophylls and dismantle the internal stuoes of the chloroplast during desiccation.
Chlorophyll synthesis starts 8-10 h after rehyaratiand the regeneration of the photosynthetic
apparatus is complete within 72 h (Tuba 2008).

Despite the fact that botd. dentatumandH. cruentumare homoiochlorophyllous, the
two species did exhibit significant differencesheir sensitivities to dehydration stress. Fikt,
dentatumexhibited much greater sensitivity to PSII inaation thanH. cruentumas a function
of RWC (Fig. 3C) during desiccation. On the other haddcruentumexhibited much greater
sensitivity thanH. dentatumduring rehydration as a function BWC (Fig. 3D), as well as an
increased light sensitivity afPSIl thanH. dentatum(Fig. 4). The latter is reflected in a lower
guantum requirement f@iPSll as well aspNPQ in H. cruentumcompared tdd. dentatum(Fig.

4A and D) which is re-established upon rehydrat{ig. 4C and F).H. dentatumand H.
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cruentumpresent high values d¢fv/Fm in the desiccated state (Fig. 3A) compared witieot
desiccation tolerant species Rslvetia canaliculatg Phaeophyceae, brown algaB)idingia sp.
(Chlorophyceae, green algaejrullania dilatata (Marchantiopsida, liverworts)Syntrichia
ruralis (Bryopsida, mosses)Ceterach officinarum(Filicopsida, ferns);Ramonda nathaliae
(Magnoliopsida, flowering plants) (Fernandez-Maréh al., 2011); Haberlea rhodopensis
(Magnoliopsida, flowering plants) (Georgieva et, &007); Rhytidium rugosum (Bryopsida,
mosses) (Heber et al., 2006KB)ladonia rangiformis(Cladoniaceae, fruticose licherarmelia
sulcata (Parmeliaceae, foliose chlorolicherPeltigera neckeri(Peltigeraceae, cyanolichen)
(Heber 2008), which show values between 0 and ar@ud. However, the values obtained of
Fv/Fmin H. dentatumandH. cruentumare consistent within the Hymenophyllaceae (Saldzti
al., 2014). This difference can be attributed te thigher value of the water content kh
dentatumand H. cruentumdesiccated fronds (25 % (0.4 g gDW?) and 17 % (0.3 gD
gDW?Y) RWG respectively) compared for example witlaberlea rhodopensig% RWG 0.16
gH,O gDW?). Light saturated rates dTR in H. dentatumwere double than those of.
cruentum(Fig. 8). TL results strongly support the strondesiccation induced reduction of PSII
photochemistry measured Bg/Fmin H. dentatumcompared tdd. cruentumfronds (Fig. 3). In
contrast,H. cruentumexhibited a 1.7-fold greater P700 signal (Fig. @Ad D) which was
consistent with a higher PsaA polypeptide conteatH. dentatun(Fig. 2A).

Desiccation completely inhibitegPSIl, gNPQ (Fig. 4B and E) as well a&TR (Fig. 8),
but maximizedgNO in both species (Fig. 4B and E). This indicatest tthe photosynthetic
apparatus is completely reorganized upon dehydratiod is converted from an energy
transformer to an energy quencher with absorberhgreeing dissipated through the constitutive
pathway for nonphotochemical quenching. The redrgdion process induced by desiccation is

completely reversible with the relaxation of thghly quenched state and its conversion into a
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functional state as an energy transformer upondmipn (Fig. 4C and F). In hydrated and
rehydrated fronds, light intensity induced a reauctin ¢PSII representing the saturation of
electron transport processes with light (Hendricksd al., 2004). The quantum yield of the
regulated energy dissipation of PSJNPQ) was present in hydrated and rehydrated fronds as
light intensity increased, but it was absent in desiccated state. NPQ can be subdivided into
three components. The major and most rapid comporserthe pH-or energy dependent
component, gE. A second component, qT, relaxesmitiinutes, and is due to the phenomenon
of state transition, the uncoupling of light hatweg complexes from PSII. The third component
shows the slowest relaxation, it is related to pimbtibition of photosynthesis, and is called gl
(Mdller et al., 2001). gE is regulated by the magge of the transmembrane pH gradiexiH)
across the thylakoid membrane, therefore makinggtenching rapidly reversible. When the
magnitude ofApH surpasses the value present when the amoumghifdoes not exceed the
photosynthetic capacity, the violaxanthin de-epag&l enzyme is activated and triggers the
interconversion of violaxanthin to zeaxanthin, tha xanthophyll cycle. gE requires the presence
of the PsbS protein (Holt et al., 2004; Niyogi 1299n the contrary, the quantum yield of non-
regulated energy dissipation of PSNQO) was present in hydrated, desiccated, and reladirat
fronds, but in a different order of magnitude. Igpdtated and rehydrated frondgNO, the
constitutive quenching, remained constant or deecalightly with light intensity, whepNPQ

is more important due to the fast function of thenthophyll cycle, perhaps because of its
photoprotective effectiveness. This result is simgwthatgNO, as a constitutive quenching, is
always present, even when there is no presencéeofstressor, in this case lightiNO is
constitutive in the sense that short-term changebght intensity do not alter its efficiency
(Hendrickson et al., 2004); however, Klughammer 8&ctireiber (2008) do not agree with this

definition, becaus@NO can display large changes, complementary to sametius changes in
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#PSII and 4NPQ. In desiccated statgNPQ is not present, becauddPQ has been known to
operate only under wet conditions (Horton et al94)9 therefore,#NO is extremely high,
showing blocked PSII reaction centres, inhibitingransthylakoidal proton gradient, which is a
prerequisite for regulated energy dissipatighlRQ). Absorption of sunlight that exceeds the
capacity of a plant for C{fixation results in a buildup of the thylakolgH that is generated by
photosynthetic electron transfer. As a consequeackscrease in lumen pH induces gE through
protonation of PSII proteins and activation of ttenthophyll cycle (Muller et al., 2001). The
ApH is required to cause the change in light hamgstomplexes organization needed to bring
chlorophyll and zeaxanthin close enough for endrggsfer. However, a very low pH would
inhibit the electron flow at the level of the cytwome-Rf complex, inhibiting gE (Horton et al.,
1994). Slavov et al., (2013) suggest a drying-irduceorganization of the thylakoid membrane,
which changes the relative association and distahé&Il and PSI particles, and this was also
demonstrated in the studies by Veerman et al.,/@0@d Komura et al., (2010) irarmelia
sulcata and Physciella melanchlalichens, respectively. Chlorophyll and carotenoidse
lipophilic and occur as pigment-protein complexethiw the thylakoid membrane (Huner et al.,
2005). Loss of water during desiccation is thoughdlter the position of pigments to one another
by altering the conformation of a specific pigmenttein complex. This is thought to lead to the
formation of quenching centres (Heber et al., 200vyesiccation-sensitive plants, chlorophyll-
protein complexes are destroyed after severe dit@igdss (Georgieva et al., 2009). On the other
hand, in desiccation tolerant plants, the integafythylakoids and the amount and ratio of
pigment-protein complexes are maintained, as irydiettedBoea hygrometricaand Haberlea
rhodopensis both homoiochlorophyllous desiccation tolerananpé (Deng et al.,, 2003;

Georgieva et al., 2007; Mitra et al., 2013). Thwg suggest that the highly quenched state
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induced by dehydration ikl. dentatumandH. cruentumreflects a mechanism to protect the
photosynthetic apparatus from potential photodanvagjee desiccated state.

Light energy partitioning in PSIl among the hyeédtdesiccated, and rehydrated states,
showed that in the desiccated state, the quantalt gf non-regulated energy dissipation of PSII
(¢NO) reached values of 1 (Fig. 4B and E)¢HSII value is zero at high light intensity, a high
value of gNPQ represents a high photoprotective capacity. Intrasty a high value ofNO
reflects the inability of a plant to protect itsedigainst damage by excess illumination
(Klughammer and Schreiber, 2008), and this woutticete the use of structural changes at the
level of chloroplast and photosynthetic apparadusviercome the desiccated state. Photosystem |
is only marginally functional and exhibits lowerpeaity for cyclic electron flow (CEF) around
PSI in the desiccated state, compared to the ledli@td rehydrated states. Ivanov et al., (1998)
support the thesis that one role of the down remulaof PSIl may be to protect PSI from
photoinhibition, which is shown by our results ¢fopoinactivationETRwas undetectable in the
desiccated state, indicating no flow of electrdmetigh the intersystem in both species, as it was
also shown by the functional pool size of intersgstelectrons per reaction centreutAAsr) in
the study of PSI. On the other hand, light energytifoning within PSII, PSI evaluated
parameters, an&ETR in hydrated and rehydrated fronds show the diffees betweerH.
dentatumandH. cruentunto cope with light, and this is strongly linkedtheir natural habitat on
the host tree trunk. It is consistent th&it cruentum the species which inhabits mainly at the
trunk base, has lower light requirements to aatithe quantum yield of the regulated energy
dissipation of PSII{NPQ). Pigment concentration showed small changes lestwreatments for
both H. dentatumandH. cruentum However,H. cruentumshowed a big difference, presenting
accumulation ofa-carotene, which is accumulated in larger amountshe shade (Demmig-

Adams and Adams, 1992), in contrastHo dentatum where there was not detection of
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carotene. AlsoH. cruentumpresented higher values of @rnd Chb, as well ag3-carotene,
neoxanthin, and lutein. The higher content of pigteeould create an efficient system for
capturing light in a low light environment, such tae understoryThe Nf-carotene ratio was
higher in H. cruentumin the three hydration states, but th dentatumwas higher in the
desiccated state. Xanthophylls are restricted ¢oditer antenna and light harvesting proteins,
while B-carotene is a component of the photosystem reactntres and core antenna (Trebst
2003); therefore, this ratio is showing thitcruentumhas bigger light harvesting complexes to
capture photons. The decrease in thp-&drotene ratio in the desiccated statéHofdentatum
may be reflecting some injury in the photosysteactien centres. Additionally, the extent of PSI
photochemistryAAs2o-s69 Shows a higher number of P700 reaction centrés gruentunfor an
efficient use of light compared té. dentatumbeing the first the most shade tolerant. In aoadlit
the functional pool size of intersystem electroas qgaction centre (#/Ast) was also lower in
H. cruentumas it is shown by thETRvalues.

As expected, the desiccation process stronglycestiuhe projected frond area Ht
dentatumandH. cruentumin a reversible manner. This process generatephutirgical changes
as cell wall folding, roundish chloroplasts, andwale fragmentation (results not shown). In the
temperate rainforest of Chile, the Hymenophyllacgaecies occupy shaded areas. Perhaps, this
shrinkage is an adaptive feature to avoid lightuocetd damage due to sunflecks. Another
explanation could be that shrinkage during theadased state helps with spore release in mature
leptosporangia (results not shown) due to watep@naion from the cells of the annulus, causing
their dehiscence (Simpson, 2010).

In summary,H. dentatumand H. cruentumare homoiochlorophyllous with respect to
dehydration stress, which reflects the ability &varsibly convert a photochemically active

photosynthetic apparatus into a stable, highly gbed structure. This, coupled with a
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significant reduction in light exposed photosynitheturface area, provides protection against

potential photodamage during dehydration.
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Supplementary Data

Densitometric analysis (%) of PSI and PSII assedigbroteins from thylakoid membranes
isolated fromHymenophyllum dentatui@av. andHymenoglossum cruentu@. Presl hydrated
(100 %RWG 1.9 and 2.0 gD gDW?, respectively), desiccated (25 % (0.4,6HgDW?) and

17 % (0.3 gHO gDW?) RWG respectively) and rehydrated (>86 RWG 1.6 and 1.8 gk
gDW?, respectively) fronds. The numerical data for tedative protein abundance were
normalized to the maximal values of the hydratextesbf each species. Values are means *
standard error. Different letters following valuasdicate statistical differences among hydration

states (< 0.05, Tukey test; n=3).

Protein Hymenophyllum dentatum Hymenoglossum cruentum

Hydrated Desiccated Rehydrated Hydrated Desiccated Rehydrated
PsaA 1.00+0.00b 1.37+0.09ab 1.43+0.12a 1.00+0.00a 0.80+0.06a 0.90+0.12a
PsaA* 1.00£0.00a 1.17+0.03a 1.13+0.07a 1.00+0.00a 0.83+0.07a 1.00+0.06a
Lhcal 1.00+0.00 a 1.13+0.13 a 1.00+£0.06a 1.0008@ 0.67+0.09b 0.83+0.07ab
Lhca2 1.00+0.00a 1.33+029a 150+0.35a 1.00+0.00a 0.80+0.10a 0.73%x0.12a
Lhca2* 1.00+0.00a 1.07+0.15a 1.13+0.17a 1.00+0.00a 0.73+0.12a 0.73+0.07a
Lhca3 1.00 £0.00 a 1.17+0.12 a 1.13+0.07a 1.0008@ 0.80+0.00b 0.93+0.03a
Lhca4d 1.00+£0.00 a 1.23+0.07 a 1.23+0.07a 100086 056+0.03a 0.93+0.23a
PsbA 1.00£0.00 a 1.00 £ 0.06 a 1.03+0.07a 1.0008@ 0.77+0.03a 0.93+0.09a
Lhcbl 1.00+£0.00 a 0.93+0.09 a 1.03+0.09a 100086 097+0.24a 1.00+0.06a
Lhcb2 1.00 £0.00 a 1.33+0.13a 1.10+0.06 a 1.0066. 1.27+0.07a 1.53x0.23a
Lhcb3 1.00 £0.00 a 1.07+0.03a 1.57+0.32a 1.0066. 1.03+0.26a 1.30zx0.21a
Lhcb4 1.00£0.00 ¢ 1.10+£0.00 b 1.23+0.03a 1.008@0 0.33+£0.07c 0.63+0.03b
Lchb5 1.00+£0.00 b 1.37+0.07 a 1.40+0.10a 1.0006® 1.20+0.00a 1.03+0.03b
Lhch6 1.00+£0.00 b 1.33+0.07 a 1.23+0.07ab 1.0000a 0.53+0.13b 0.70+0.10ab

*|t indicates the second band.
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General discussion

Phenotypically, the rehydration processHof dentatumand H. cruentumfronds resulted in a
complete recovery. The energy partitioning of P8itl the measurements of the redox state of
PSI functionally corroborated this result. AlthoudhSIl and PSI are not functional in the
desiccated state, fronds rehydrated for 24 h etdulhialues that were close to hydrated fronds in
both species. A surprising effect of the desiccditedds is the high value @NO compared to
the ®NPQ. This is showing that all the quenching of PSlbegurring through non-light induced
processes. Non-photochemical quenching (NPQ) okssxexcitation energy in the antenna
pigment bed of PSII is considered to be the mafeil Photoprotective mechanism (Demmig-
Adams and Adams, 1992). The models based on cliglofluorescence parameters for
quantifying the partitioning of total absorbed liginergy by PSII ("puddle” (Demig-Adams et al.
1996) or "lake" (Kramer et al. 2014; Hendricksonaet2004) antenna models) recognize two
thermal dissipation processes. The major one aigig from the light harvesting antenna
complexes (LHCII) and defined as regulated NRRIHRQ), and an additional one defined as
constitutive thermal dissipatioryN|O) or "excess excitation energy" (Demmig-Adams et al
1996), defined as the fraction of absorbed lighthee going to photochemistry nor regulated
NPQ. It is suggested that energy in excess thadtisuenched by either gP, the down regulation
of PSII through NPQ, or state transitions is quedcky an additional constitutive process
(Ivanov et al. 2008). This additional quenchinggass is consistent with the fact that significant
levels of NPQ can occur independent of zeaxantHurrfy et al. 1997; Demmig-Adams et al.
1999; Finazzi et al. 2004), and cannot accountethyaantenna quenching (Kramer et al. 2004).
State transition, in which energy absorbed by BS#distributed to PSI after phosphorylation of

the LHCII is obtained by the ratio of emission 88889 nm compared with that of 733-734 nn
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at 77 K, and is used to examine variations in #gu#stribution of excitation energy between both
photosystem (Horton and Black 1981). Our resulsw&d (see supplementary material) that
there were minimal changes in the energy distrilsubetween PSIlI and PSI when the hydrated,
desiccated and rehydrated statedHofdentatumand H. cruentumwere compared. Therefore,
regulated thermal dissipatiopNPQ) that was observed in the photochemical energttipar of
PSIl it is not related with a change in the enatgyribution between PSIl and PSI.

It has been demonstrated that fluorescence quapchight result from a conversion of
PSlla-centres (dimers) to PBHcentres (monomers) in a low fluorescence statdriéide1998),
and this process can be triggered by high lighugéret al. 1997). This mechanism have been
observed in beans exposed to high temperaturese(féasand Horton 1996). The increased
population of @ due to the altered redox potentials of @nd @ during the shift and
acclimation to low temperature may enhance thegdiien of excess light within the reaction
centre of PSII via non-radiative P6&J)" recombination, protecting the,@ite from excessive
excitation pressure (Hiiner et al. 1998; Oquist ldiidder 2003). Since either low temperature or
high light induced a comparable reduction stateQ@f(Huner et al. 1996), this implies that
reaction centre quenching is correlated with theitation pressure. Thus, photoprotection of
PSIl through reaction centre quenching can comphenphotoprotection through antenna
quenching (Krause and Weis 1991). Irrespectivehefghotoautotrophic species, the condition
used to induce reaction centre quenching, the adglation of closed PSII reaction centres
(accumulation of reduced Q) predisposes the induction of reaction centrenghimg (lvanov et
al. 2008). Reaction centre quenching may represemtchanism that accounts for the dissipation
of excess energy through constitutive energy quaggland since evolution of reaction centres
preceded that of ligh harvesting systems, reaatiemire quenching may represent the oldest

photoprotective mechanism (lvanov et al. 2008). i€quand Huner (2003) studied the
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photosynthesis of overwintering evergreen plantsindufrost desiccation. Their evidence
indicates that the PSII reaction centres that rermdact during the winter may also function to
dissipate absorbed energy as heat through chapgeasien and recomination. On the other hand,
PSI is largely preserved during winter probablyawse and enhanced capacity of the oxygen
scavenging system on the reducing side of PSI &edcapacity for cyclic electron flow.
Therefore, PSI has the potencial to quench absorligdt photochemically and
nonphotochemically throughout the winter. In adufifithe intersystem electron transport chain is
kept largely reduced during winter by electronsradtabolic rather than photochemical origin.
This reduced level also protects against oxidades@age during winter. They suggest that cyclic
electron transport aroun PSI and a proposed cldspatory pathway may both contribute to the
maintenance of the functional integrity of the emgreen foliage upon occasional thawing
during winter and throughout recovery of photosgsth during spring. Although in the
desiccated state ¢f. dentatumandH. cruentum reaction centre quenching of PSII is induced,
PSI also is not functional, contrary of what hapgpanoverwintering evergreen plants. This was
shown with the results of P700 parametef#\¢o.ss0, absorbance decrease at 820-860 nm;
electron pool size, which represents the functiquall size of intersystem electron per reaction
centre; and.f (s), which represents the cyclic electrons flowuadd P700). In the desiccated
state, the cyclic electron flow is extremely lowheFefore, contrary to what happens in
overwintering evergreen plants, the major contiduto cope with the desiccated state is the
quenching of the reaction centre of PSII. PSI waisfanctional during the desiccated state in
these ferns, as oppose to overwintering evergrders probable that both reaction centre and
antenna quenching functiom vivo to different extents, depending on the environ@ent
conditions, to protect PSII from photodamage (Iwaabal. 2008b). It has been proposed that the

conversion of photochemically active, fluorescemipsed PSIlI reaction centres into
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photochemically inactive, nonfluorescent PSII reactcentres may serve as an effective
mechanisms for energy dissipation (Krause 1988ug&eaand Weis 1991), and prevent further
damage, not only to the photoinactivated reactiemtres themselves, but also to neighbouring
active PSII reaction centres (Lee et al. 2001; Madsa and Chow 2004).

On the other hand, the structure of the photogtittapparatus and chlorophyll content
were maintained under the different states of Mj@itawhich means that this species present the
Homoiochlorophyllous strategy. In addition, duritng desiccated state, the changes observed as
cell wall folding; roundish chloroplasts, and vaudragmentation were recovered after
rehydration. Thefore, our study also showed tHatdentatum andH. cruentumwere totally
reactivated post-rehydration, regardless of thesegree of a glandular multicellular hair with a
distal secretory cell of wax iH. dentatumwhich could be one feature that allows this spetd
colonize higher zones of the trunk of the host.ti®@arface properties in plants include the
provision of mechanical stability; provision of afficient water transpiration barrier and
minimizing the leaching of molecules from the iresidf the living cells; formation of low-
adhesive surfaces (e.g. sliding of insects); deseasistance; increase in the reflection of visible
light or absorption of harmful UV radiation; suréauvettability, and self-cleaning properties of
plant surfaces (Koch and Barthlott 2009). Finalhgre was no relation between the desiccation
tolerance and the vertical distribution of the gtddspecies, althougH. dentatumhas a higher
velocity of reaction to quench the photosynthepparatus in function of a decresease in the
RWC

Then, we proceed to answer the questions propioséte formulation of the research
problem: (1)Are there any differences in relation to desicaatiolerance between species with
contrasting vertical distributionMo, there are not. Both species reached 0.4Q dHDW"* after

a desiccated period, and recovered perfectly wedl achydrationH. dentatumappeared to be
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more sensitive to a decrease in the relative watatent RWQ thanH. cruentum.However,
upon rehydration, both species exhibited full remgwf the maximum photochemical efficiency
of PSII (Fv/Fm). (2) What are the changes that occur in the chloropthsing the desiccation
process that allow these individuals to recoverfast and continue with their photosynthetic
activity when water becomes available?he desiccated state, cell shapes changed foowes

to concave. Although cells decreased their sizexetwas not cells collapse of both species,
which helps to their fast recovery and functioniiithe qualitative study of cell ultrastructure
showed in the desiccated state of both speciesdotell walls, a fragmentation of the vacuole,
and chloroplasts with a roundish shape. All théssnges were reversed after rehydration. On the
other hand, the quantitative study of cell ultrasture showed that. cruentumpresented a
higher number of chloroplasts per cell, a highenber of starch granules per chloroplasts, and a
higher starch area comparedHo dentatumwhich could be related to its condition of a shade
species. (3Which are the photoprotection mechanisms and hay work to let individuals of
Hymenophyllaceae undergo a desiccation and rehjaivaprocess?The energy partitioning
within PSII showed that in the hydrated st&tedentatunandH. cruentunshowed a decrease in
the effective quantum yield of PSKWRSII) as a function of increased irradiance. The iriubi

of pPSIl was associated with an increasg@MNPQ as a function of irradiance in both specids.
cruentumwas the species with highgNPQ across the entire experimental light curve during
hydration and rehydration, which coincides with tlesults of Parra et al. (2015). Constitutive
quenching §NO) decreased as a function of increased irradiambeth species in fully hydrated
state. In the desiccated stag®O reached values closed to 1, whiiBIPQ and ¢PSII were
essentially undetectable indicating that in theicbesed state all energy quenching was
proceeding through constitutive pathways. This ssgdhat desiccation may cause structural

reversible changes at the photosynthetic apparathigh consists in the conversion of PSII
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reaction centres from a photochemical energy tuarcexd that convert light into ATP and
NADPH to an efficient, non-photochemical energy meleers that protect the photosynthetic
apparatus from photodamage (Ilvanov et al. 2008veéver, rehydration of. dentatumandH.
cruentumre-established the original patterns for the ligt#ponse curves f@PSll, 4NPQ and
#NO observed in the control, hydrated states. M¢ there any differences between the
photoprotection mechanisms used by Hymenophyllacgmeies with contrasting vertical
distribution?No, there are not. Both species use the same ptodéation mechanisms. There is
just a difference related to the velocity of reactin H. dentatuncompared tdd. cruentumas a
function of the decrease RWC However, the presence of wax glandsHndentatummay
maintain the vascular system protected in envirdmevith high light intensities and lower
humidities. Nonetheless, wax presence is not #ie responsable for the colonization of higher
zones of the tree trunk. Thus, wax may not beiadetermining the distribution pattern. It would
be interesting to study if this trait is an adaptatin other species with the same contrasting

vertical distribution.
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Model description: Hymenophyllum dentatur@av. and Hymenoglossum cruentu@. Presl,
present contrasting vertical distribution on tnesks.H. dentatums associated with the upper 9
m of the host trunk, whilél. cruentumis associated mainly at the trunk base (See Saldaél.
2014). This generates light and humidity gradiehis.dentatumis exposed to higher light
intensities and lower humidity than. cruentum PhenotipicallyH. dentatumpresents a higher
shrinkage of its fronds in the desiccated statethedpresence of a glandular multicellular hair
with a distal secretory cell (according to the digion of Bower 1963). The ultrastructure study
showed the same changes is both species, as delbldiang, roundish chloroplasts and vacuole
fragmentation, characteristics that are restoreer & rehydration process. If there are not big

differences in the desiccation tolerance of botkces, regardless of their vertical distribution,

138



how do these species face a desiccation petbdfentatumandH. cruentunreversibly convert

a photochemically active photosynthetic apparatits a stable, highly quenched structure.
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General conclusions

H. dentatum and H. cruentum presented the same constitutive photoprotection
mechanisms. Both species shrink their leaves tadalight interception during the
desiccated state. Structural pigments and protgfinke photosynthetic apparatus remain
stable during desiccationH. dentatum and H. cruentum reversibly convert a

photochemically active photosynthetic apparatus anstable, highly quenched structure.

There is not damage caused by desiccatidd. identatunneither inH. cruentum Both

species recovered with the same dependence ohtitegrotection mechanisms from the

desiccated state.
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Appendices

Appendix 1. Hymenophyllum dentatum Cav. and Hymenoglossum cruentum C. Presl fronds

subjected to different light intensities.

Light energy partitioning for PSIl was studied kh dentatumCav. andH. cruentumC. Presl
after the application of 45 min of 3 different lightensities (50, 100 and 500 umol photori$ m
s) in hydrated, desiccated and rehydrated frondsh Bpecies showed a decrease in the
effective quantum yield of PSIYPSII) as a function of increased irradiance in hydratmd
rehydration in the 3 different light intensitieshd regulated energy dissipation of PSINPQ)
increased as a function of irradiance in both sgsedn the 3 different light intensities.
Constitutive quenchinggNO) decreased as a function of increased irradiamdmih species in
the 3 different light intensities. In the desicchttate ¢dNO reached values closed to 1, while
#NPQ and ¢PSIl were essentially undetectable indicating thathien desiccated state all energy
quenching was proceeding through constitutive paylswather than through regulated, energy-
dependent quenching pathways in the 3 differert ligtensities. Rehydration ¢i. dentatum
Cav. re-established the original patterns for tgbtlresponse curves f@gPSll, pNPQ andgNO
observed in the control, hydrated states in theifferdnt light intensities. However it.
cruentumC. Presl fronds subjected to 45 min of 500 pmadtphs n¥ s* of light intensity,
#NPQ and¢gNO are complementary in the protection of PSIl, bemgre importanNO. In the

hydration state of the same light intensgiPQ and¢NO had the same importance.
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Appl.1 Light energy partitioning for PSII at 50, 100 aB@0 umol photons is®. Effective
quantum vyield of PSIIgPSII), quantum yield of non-regulated energy dissipatb PSII ¢NO),
and quantum yield of the regulated energy dissypati PSIl §NPQ) during the course of a light
curve inHymenophyllum dentatu®av. fronds in the hydrated (100 BG 1.9 gHO gDW?),
desiccated (25 %, 0.4 g8 gDW?), and rehydrated (>86 BRWG 1.6 gHO gDW?) states.
Samples were subjected to that light intensity4min in each hydration state before the light

curve (n=3).
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Appendix 2. Study of the reaction centre PsaA protein in ferns.

PsaA is a core protein of photosystem I. The exgoeotolecular weight is 82/ 55-60 kDa. When
we studied the thylakoid membranes from hydratesiotated, and rehydrated fronds Hof
dentatumCav. ancH. cruentumC. Presl through SDS-PAGE, two bands were detetteel first
one, situated between 70 and 55 kDa, and the sespedsituated between 35 and 25 kDa
(App2.1). To evaluate if this characteristic isitgh from ferns, we included 9 species from
Pteridophyta, 1 species from Lycopodiophyta, arsppdcies from Magnoliophyta (App2.2). This
result suggested that the double band from Psad tigat typical from ferns (Pteridophyta),

suggesting that ferns apparently could presenuatstally different PSI.

- 5 min
100% 63% 67% 100% 94% 71%

70 kDa

S - -

35kDa 100% 1% 100% 99% 86%

25 kDa .

15kDa m—

- H D RH
f
H. dentatum H.cruentum

H D RH,

App2.1. Representative western blots of SDS-PAGE separatdgpeptides of thylakoid
membranes isolated froktlymenophyllum dentatu@av. andHymenoglossum cruentué Presl|
hydrated (100 %RWG 1.9 and 2.0 ghD gDW’, respectively), desiccated (25 % (0.4 ,6H
gDW?) and 17 % (0.3 gk© gDW') RWG respectively) and rehydrated (>86R%VG 1.6 and

1.8 g0 gDW?, respectively) fronds probed with antibodies rdiagainst PsaA.
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App2.2. Representative western blots of SDS-PAGE separatdgpeptides of thylakoid
membranes isolated from (Bdiantum tenerun{Pteridophyta: Pteridaceae), (Pellaea sp.,
(Pteridophyta: Pteridaceae) (Bavallia fejeensig(Pteridophyta: Davalliaceae), (Hryopteris
sp., (Pteridophyta: Dryopteridaceae) &jplenium serratunfPteridophyta: Aspleniaceae), (6)
Cibotiumsp., (Pteridophyta: Cibotiaceae) E9lipodium aereunfPteridophyta: Polypodiaceae),
(8) Cyrtomium falcatunf{Pteridophyta: Dryopteridaceae), (9¢phrolepis exaltatéPteridophyta:
Lomariopsidaceae), (10Sellaginella kraussiana(Selaginellaceae: Lycopodiophyta), (11)
Hymenophyllum dentatunCav. (Pteridophyta: Hymenophyllaceae), (1Bymenoglossum
cruentum C. Presl (Pteridophyta: Hymenophyllaceae) and (¥abidopsis thaliana

(Magnoliophyta: Brassicaceae) fronds and leavelqutovith antibodies raised against PsaA.
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General supplementary material

o 10- Hymenophyllum dentatum o 104 Hymenoglossum cruentum

% % 0.9 |

o o -~

2 2 ] 684 I Hydrated

5 s %% N I Desiccated

= = o7 \ Il Rehydrated

2z = |

) 87 ]

S5 2 5 o5+

[3) g 3] g 9

o2 o2 044

<8 s ]

g = & o34

o o 1

= 2 0.2

s s 1

2 EREE

= £ 1

: 2 L]

- -0.1 T T T T T T T T T T T T T T T T = -0.1 T T T T T T T T T T T T T T T T
650 660 670 680 690 700 710 720 730 740 750 760 770 780 790 800 650 660 670 680 690 700 710 720 730 740 750 760 770 780 790 800

Wavelength (nm) Wavelength (nm)

GSML1. Chlorophyll a fluorescence emission spectr@a7aK (-196°C) of thylakoids of (AH.
dentatumCav. and (BH. cruentumC. Presl in hydrated, desiccated and rehydrate.sThe
Chl concentration of all samples was 10 ug'rahd the excitation wavelenght was 436 nm.

Spectra represent an average of 3 corrected staaslohydration state.
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GSM2. Ratios of Chlorophyll-protein complexesthfdentatumCav. andH. cruentumC. Presl|

in hydrated, desiccated and rehydrated states (n=3)

Species Hydration state PSI/LHCHII PSI/PSII LHCII/P SII
H. dentatum Hydrated 0.719+0.101a 1.035+0.055a 1.4825%®a
H. dentatum Desiccated 0.609+0.039a 0.911+0.048a 1.40935a

H. dentatum Rehydrated 0.629+0.082a 0.844+0.041a 1.384@8a

H. cruentum Hydrated 0.567£0.053a 0.769+0.012a 1.37711i®a

H. cruentum Desiccated 0.553+0.018 a 0.775+0.018 a 1.40346 a

H. cruentum Rehydrated 0.504 £0.085a 0.733+0.063a 1.50899a
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