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RESUMO

As plantas que possuem habito epifitico estdo mgestas as variagdes ambientais do que as
de habito terrestre, principalmente em relacéo spodiibilidade hidrica. A agua, entéo,
destaca-se como um dos fatores restritivos maisriauptes. Entretanto, algumas espécies
desenvolveram a capacidade de tolerar a desseegrésentando uma significante vantagem
adaptativa na ocupacdo de habitats. O objetivoedestudo foi verificar o grau e os
mecanismos de tolerancia a dessecacdo de quatégciessple pteridofitas epifiticas que
comumente co-ocorrem sobre mesmo foréfito. Fronelgsandidas e hidratadas foram
coletadas para a quantificacdo e comparacao delmmtrelativo de agua, integridade de
membrana, pigmentos fotossintéticos, flavonoidesodis, acucares solluveis e fluorescéncia
da clorofila ao longo dos processos de dessecacde-hédratacdo. Estas avaliacdes
fisiolégicas nos permitiram inferir que as espéctesn caracteristicas de tolerancia a
dessecacao apresentam mais adaptacdes fisioladjicaste periodos de dessecacao e re-
hidratacdo do que aquelas que ndo apresentam asfmitamento. Os resultados obtidos
também revelaram a existéncia de diferentes gramstoterancia nas trés espécies
consideradas tolerantes a dessecaBatypodium polypodioidesar. minimumfoi a mais
tolerante, seguida déleopletis pleopeltifoliae Polypodium hirsutissimum Enquanto
Microgramma squamulosdemonstrou evitar a dessecacdo. Assim, concluipesestas
espécies apresentam diferentes estratégias etmjisels em relacdo ao estresse hidrico,
minimizando possiveis danos irreversiveis as memalsraelulares. Desta forma, otimizam a
captura de luz durante periodos de re-hidratagaungem a competicao inter-especifica e

facilitam a co-ocorréncia destas quatro espécies.

PALAVRAS-CHAVE: tolerancia a dessecacéo, Polypodiaceae, integridad@embrana,

flavondides totais, fendis totais, acucares sofiliaais, fluorescéncia da clorofila.



ABSTRACT

Epiphytic plants are more sensible to environmematfiations than terrestrial plants,
especially in relation to water availability. Theater then stands out as one of the most
important limiting factors. However, some speciem/éh evolved the ability to tolerate
desiccation, showing a significant adaptive adwgata the occupation of habitats. The aim
of this study was to determine the degree and nmésima of drought tolerance of four
species of epiphytic ferns that commonly co-occortiee same host tree. Expanded and
hydrated fronds were collected for quantificatiord a&omparison the relative water content,
membrane integrity, photosynthetic pigments, flaids, phenols, soluble sugars and
chlorophyll fluorescence over the processes ofcdaipn and rehydration. The results of the
present study allowed us to infer that the tolesmaicies have more physiological adaptations
during periods of desiccation and rehydration. Thokerant species showed distinct degrees
of tolerance:Polypodium polypodioidesar. minimumwas the most tolerant, followed by
Pleopletis pleopeltifoliaand Polypodium hirsutissimumWhile Microgramma squamulosa
shown avoidance desiccation. We conclude that thepecies exhibit different
ecophysiological strategies in relation to waterest, minimizing possible irreversible
damage to cell membranes. Thus optimize capturkgbf during periods of rehydration,

reduce inter-specific competition and facilitatihg co-occurrence of these four species.

KEYWORDS: desiccation tolerance, Polypodiaceae, membrang@ritytetotal flavonoids,

total phenols, total soluble sugars, chlorophybfiescecnce.
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INTRODUCAO GERAL

A vida somente € possivel com a presenca de agueéhdas (Hietz 2010), pois esta
além de preservar a integridade estrutural das mamab, promove o0 adequado
funcionamento celular. Os organismos terrestregioermecessitam de um conjunto de
adaptacOes para sobreviver e prosperar em um amalziem restricdo hidrica (Wood 2005),
minimizando a perda d’agua ja que se encontram eseqdilibrio com a atmosfera que é
mais seca. A grande maioria dos organismos nacegaaesviver em equilibrio com baixa
disponibilidade hidrica e tende a morrer se exgoatama seca severa. Entretanto, existem
espécies de diferentes formas de vida que resssta situacéo e recuperam completamente
seu funcionamento fisioldgico apos um estado denéncia (Alpert & Oliver 2002; Vicre,
Farrant & Driouich 2004), seja em estruturas egjiigeidas ou em tecidos vegetativos
(Bewley 1979).

Na classificacdo de estratégias de resisténcia saesee de Levitt (1980) esta
capacidade € denominada de tolerancia a dessedacasetresse devido a seca, segundo
Larcher (2002), ao contrario dos outros tipos d&esse, ndo ocorre abruptamente,
desenvolvendo-se lentamente e aumentando suaid#dascom o tempo de duracdo. As
perspectivas de sobrevivéncia de uma planta expmstéficit hidrico sdo maiores, quanto
mais lento for o processo (plantas que evitam sed@§do) e quanto mais o protoplasma
puder secar sem se danificar (plantas que tolerdessecacédo). De maneira geral, as plantas
crescem e se reproduzem apenas quando o equdiseus tecidos fisiologicamente ativos
com o ar pode ser evitado (Alpert & Oliver 2002).

A dessecacdo, ao contrario da desidratacdo, é ooeg®o inevitdvel para alguns
organismos (Alpert 2005), ndo sendo apenas a e&dmwsio ar seco, mas também, a perda

completa da agua livre dos tecidos. Conseqlentemast plantas capazes de tolerar a



dessecacao, devem possuir mecanismos que mininozedanos e que sejam capazes de
recuperar as funcdes normais durante a re-hid@{@gichicchioet al. 1998).

A tolerancia a dessecacdo € considerada por mcii@® 0 componente chave na
evolucdo das plantas, o que teria permitido assalgaagua doce colonizar com sucesso 0
ambiente terrestre (Olivest al. 2000). Neste cenario, as plantas terrestres esotupara
mecanismos mais eficientes de transporte internoagea, com a tolerancia sendo
aparentemente perdida nos tecidos vegetativosda reds estruturas reprodutivas (Proctor &
Tuba 2002), como graos de polen e sementes. Caweisificacdo das plantas vasculares, é
aceita ainda a hipotese de que a tolerancia aagsseem tecidos vegetativos re-evoluiu de
maneira independente varias vezes, dando origeplaagas revivescentes observadas nos
dias de hoje (Oliveet al. 2000).

Estas plantas sdo encontradas na maioria dos gtapmsomicos, desde pteridofitas
até dicotiledoneas, com excecdo das gimnospermase(VFarrant & Driouich 2004).
Embora seja consideravelmente rara entre as plaatxalares, muitas pteridéfitas podem
exibir tracos de tolerancia a dessecacéao (Meiretlas 1997). Conforme Bewley & Krochko
(1982) essa caracteristica aparece em mais desp@0@ies de 30 géneros distribuidos em oito
familias de criptbgamas vasculares. Pteridofitas/escentes diferem das fanerégamas com
esse tipo de adaptacédo pela variedade de ambmmiessdo encontradas, podendo ocorrer
como epifiticas, rupicolas ou ainda colonizar solos fertilidade bastante reduzida.

Alguns trabalhos preliminares sugerem a presenc#ldedncia a dessecacdo em
pteridofitas brasileiras, como por exemplo, esgedie génerdnemia(Gaff 1987; Meirelles
1990), ocorrendo ao lado de outras tidas comodrdntes no mesmo tipo de substrato, mas
exibindo ligeiras diferencas de habitat. Algumadificacées estruturais, como a estocagem
de agua em 6rgaos como rizomas, permitem a coérunar destas espécies. Estes arranjos

morfolégicos fazem com que espécies de plantas edidles a um mesmo grau de estresse
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ambiental, mantenham rela¢des distintas quant@ &exsibilidade ao estresse, apresentando
respostas peculiares com relacdo ao seu “statdstdi(Schlindwein 2002).

A primeira e mais sensivel consequéncia ao défidiico é o fechamento estomatico,
seguido da diminuicdo do turgor celular, reduziadaaxas de crescimento; do aumento da
sintese de acido abscisico nas raizes que sewsiealezador para o fechamento estomatico;
da conversao do amido em carboidratos solUveisagyigiam na preservacao da integridade
celular, reduzindo possiveis danos as membranagamealas (Crowet al 1992; Smirnoff
1992; Miilleret al. 1997; Potts 1999; Kochewet al. 2004); da sintese de proteinas que
protegem os componentes celulares durante o pmdesslessecacdo (Gwozdz, Bewley &
Tucker 1974; Oliver 1996) e que reparam os danos apre-hidratacédo (Gragt al. 2007;
Aubert et al 2007); da producdo de enzimas antioxidantes guéralizam as espécies de
oxigénio reativo (ROS) gerados durante a seca ,(B#ldry & Lee 1992; Krannest al.
2003; Ledford & Niyogi 2005; Weismann, Garty & Hochn 2005a); dos carotendides,
especialmente aqueles do ciclo das xantofilasdmsgpam o excesso de energia absorvida na
forma de calor (Bukhoet al. 2001; Masojideket al 2004); da divisdo do vacuolo central,
dos tilacéides nos cloroplastos; e, por fim, autgptdas membranas celulares (Bewley 1979;
Crowe, Hoekstra & Crowe 1992; Torres-Franldinal 2007). Se a rehidratacdo ocorre antes
da ruptura das membranas, algumas plantas sdoesagazrestaurar a integridade celular
(Larcher 2002).

Embora tenha ocorrido algum progresso na invesi@dgioquimica de plantas
tolerantes, o significado ecolégico desta caratiea ainda permanece inexplorado,
principalmente em pteriddfitas. As chances de adterde alguma resposta a respeito das
vantagens relacionadas com esta estratégia deartoderdessecacdo estdo diretamente
relacionadas ao estudo da ecologia comparativaspécies que ocupam o mesmo tipo de

hébitat e que exibem comportamento contrastante.
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Esta tese visa, de uma maneira geral, caracteaigzastencialidade de tolerancia a
dessecacdo em quatro espécies de pteriddfitas o hepifitico. Para tanto, diferentes
aspectos ecofisioldgicos relevantes a compreenagurasenca ou auséncia de tolerancia a
dessecacdo enPolypodium polypodioidesvar. minimum Polypodium hirsutissimum
Pleopeltis pleopeltifolia Microgramma squamulosaram avaliados

A tese esta estruturada em dois artigos complemesntae envolvem a exposicéo de
frondes destacadas a processos de dessecacacdmtacho. No processo de dessecacao as
frondes foram submetidas a trés diferentes consligigeumidade relativa (0%, 60-70% e
100%) e as mensuracdes ocorreram em cinco difergetéodos de tempo (0, 12, 24, 36 e
48h). Ja no processo de re-hidratacédo as frondas)fexpostas a uma mesma condicao e as
mensuracdes ocorreram em seis diferentes periedesmgbo (0, 2, 4, 6, 8, 24h).

No primeiro artigo foram avaliados o conteudo retatle agua (CRA), o percentual
de integridade de membrana e os teores de clqrofitatendides e flavondides. E no segundo
artigo foram avaliados o CRA, os teores de ferussacucares soluveis e a fluorescéncia da
clorofila.

Através destas mensuracdes foi possivel verifiqgiaa de tolerancia a dessecacao e,
principalmente, as diferencas ecofisioldgicas erists entre as quatro espécies estudadas que

nos permitiram inferir sobre a co-ocorréncia destasum mesmo forofito.
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ABSTRACT

Plants are constantly exposed to the variatiorsvailability of water in their environment,
and are particularly prominent in those with epiphyhabit. Desiccation tolerance then
becomes a survival alternative for many epiphyiteduding the pteridophytes. The aim of
this study was to characterize and compare metabbénges that occur during the processes
of desiccation and rehydration in four epiphytiernophytesPolypodium polypodioidegar.
minimum Polypodium hirsutissimunmand Pleopeltis pleopeltifolia,species that present
characteristics of desiccation tolerance, didrogramma squamulosayhich demonstrates
desiccation avoidance. Hydrated fronds were cateétom the phorophytes for evaluation of
relative water content (RWC), chlorophyll, carotehcand flavonoid concentrations, and
membrane integrity. In contrast with the avoideeaes, the desiccation tolerant curls their
fronds at low RWC, suffered less damage to the mainbranes and exhibited a greater
increase in the concentration of flavonoids dutimgdesiccation period. In rehydration, these
physiological parameters responded in the oppoegitg except forM. squamulosawhich
increased the level of flavonoids in its fronBelypodium polypodioidewas the species that
presented the highest level of desiccation tolexariollowed by Pl. pleopeltifolia and

P. hirsutissimumwith intermediate patterns. On the other handabwic responses during
the processes of desiccation and rehydration coatiiM. squamulosdo be the species of
greatest avoidance, and explained the characteriatk of curling of its fronds. In
conclusion, the species showed different strateigiegptimizing the capture of light during
periods of high water availability, thus minimizimger-specific competition and facilitating

their co-occurrence.
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INTRODUCTION
Most hypotheses regarding the distribution of plspécies are based on their differential
capacity for survival when faced with restrictivactors inherent to their environment. Water
limitation is one of these factors. Despite its rmdance on the surface of the earth, the
availability of water is the resource that moreosgly limits the distribution of plants on a
global scale (Lamber®t al. 2008), being one of the most important ecologiaad
evolutionary factors for the life on earth (Alp@A05). Plant species show different strategies
in order to need minimum amounts or no water anadkt least one moment in their life cycle.
Such fact can be observed in spores, seeds amhpgfarmsworth 2004; Bartels 2005; llling
et al. 2005), in bryophytes and lichens (Proctor & Tuld@2 Oliveret al. 2005) and, more
rarely, in adult ferns and angiosperms (Gaff 198drembski & Barthlott 2000), because the
capacity of a mature tissue, such as those in mwddeafs, in tolerating dehydration is very
rare (Scott 2000). Plants that present this behar®denominated by many authors as being
tolerant to desiccation, poikilohydrics or stilegurrection plants” (Scott 2000; Alpert 2005).

According to Alpert & Oliver (2002), the tolerante desiccation can be conceptually
defined as a reversible cessation of the metabolsmesponse to the loss of water. This
process is immediately interrupted as the levevater becomes high enough to rehydrate the
plant tissue, bringing back its metabolism. Accogdito Bernacchiaet al (1996), the
complete rehydration of the plant tissues may oatw period of 24 hours, as observed for
Craterostigma plantagineunwith minimum or inexistent damage to the tissubs to the
activation of protective mechanisms (Bochiccbial. 1998).

Water shortness represents a multidimensional stressatfffatts plants in various
levels of their organization (Yordan@t al, 2000). Depending on the intensity of this stress,
cell membranes may disrupt (Bewley 1979; Crowe,kdtra & Crowe 1992) and causes both

chemical and oxidative damages (Weismann, Garty é&htan 2005b). Photosynthetic
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organisms display several physiological mechanismavoid such damages: reductions in
chlorophyll concentration, to avoid photodamagee{#i2010); accumulation of carotenoids,
which dissipate as heat the excessive energy axdaypchlorophylls in terrestrial plants and
algae (Bukho\et al. 2001); synthesis of flavonoids, which act as UNefs, anti-oxidants and
potent scavengers of reactive oxygen species, ptiegeperoxidation of lipids (Rozens al
2002; Tattiniet al 2004); synthesis of proteins that protect celinponents during the
process of dehydration (Oliver 1996); and leaf ingtl to provide additional protection
against possible damages caused by the high irezdsfrlight (Hietz 2010).

According to Hietz (2010), there are many speoigsteridophytes that show traits of
desiccation tolerance. This feature appears in rii@e 100 species of 30 genera, distributed
in eight families of vascular cryptogams (Bewley l&rochko 1982). In contrast to
phanerogams, ferns with this kind of adaptationlmafound on phorophytes, rocky outcrops
and low-fertility soils. The environment, by itsriy influences the most appropriate
protection mechanisms, causing changing in the iploggy of the plant or increasing its
ability to repair possible damages (Rothschild &idiaelli 2001).

When water becomes limiting, the fronds of fernat thresent desiccation tolerance
curl and get a lifeless aspect (Lambetsl. 2008). This happens due to changes in the form
of the cell walls, which promote the folding of thells, thus reducing the mechanical stress
during dehydration, not only in ferns (Thompson &tP 1997), but also in angiosperms
(Farrantet al 1999; Vander Willigeret al. 2004). This behavior helps preserve the leaves
until water availability gets higher, either dueatanajor rainfall event or due to a significant
increase in the relative humidity of the atmosphé@&tes gives these tolerant species a great
competitive advantage over the others in the psa#soccupation of certain ecological

niches (Scott 2000).
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This study compares the degree and mechanisms siécdéon tolerance of four
epiphytic ferns that commonly occur on the samea@ployte, but that display distinct degrees
of leaf curling under conditions of reduced wateaikability. By quantifying and comparing
changes in leaf water content, membrane integnitgl aoncentration of photosynthetic
pigments and flavonoids that take place duringabesion and rehydration periods, we tested
the hypothesis that those species that displaycladihg are more tolerant to desiccation than

those that do not express this behavior.

MATERIALS AND METHODS

The selected species

The four species of pteridophytes used in thisystoelong to the family Polypodiaceae:
Polypodium polypodioidegar. minimum(Bory) Kuhlm & Kuhn, Polypodium hirsutissimum
(Raddi) de la SotaRleopeltis pleopeltifoliagRaddi) Alston andVlicrogramma squamulosa
(Kaulf.) de la Sota. These species commonly sheresame tree host, but have distinct spatial
distribution. Polypodium polypodioidepreferably occurs on the tree bole, where it cover
extensive areas. It is rarely found on the thickaat lower branches of the tree host. The other
three species grow in the upper, terminal branches.have different habit®olypodium
hirsutissimumand PI. pleopeltifolia have short, whileM. squamulosahas long runners,
allowing for a larger phorophyte occupation of er. Polypodium hirsutissimurnas large
leaves, which are densely covered by trichomes|ewi polypodioideshas the smallest
leaves amongst the studies species. General chiastice of the selected species are

presented in Table 1.
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The species were identified by botanical specsliahd thesoucherswere deposited
in the Herbarium ICN of the Department of Botanystitute of Biological Sciences, of the
Federal University of Rio Grande do Sul (UFRGSYemthe registry numbers: ICN 182858 -
Polypodium polypodioidegar. minimum(Bory) Kuhlm & Kuhn; ICN 182859 Polypodium
hirsutissimum(Raddi) de la Sota; ICN 18286(Pieopeltis pleopeltifoligRaddi) Alston and

ICN 182861 -Microgramma squamulos@aulf.) de la Sota.

Frond sampling procedure
Ligustrum lucidumW. T. Aiton (Oleaceae)Melia azedarach.. (Meliaceae)and Jacaranda
mimosaefoliaD. Don. (Bignoniaceae) were the tree host species from evpegridophytes
were sampled. Fronds were collected in two differ@ecasions in November/2010, from
trees located in the city of Porto Alegre, RS, Bré&0°03'23"S - 51°13’1570). In the first
collect fronds were used to desiccation and in dbeond collect they are used for the
rehydration procedures. Only mature and well hydtafronds of the four species were
collected, totalizing 180 fronds for each specesept forP. polypodioidesfor which the
number of collected fronds was twice as much dutaéosmall size of its leaves. Right after
being taken from the host tree, the fronds weré&gam plastic bags.

Local weather is classified as Cfa (Koppen 1948)riig the summer the average

temperature is higher than 22°C and with rainfagkehan 30mm per month (Golfiati al 1978).

Dehydration and rehydration procedures

In both processes, fronds were transferred fromplhstic bags to paper envelopes. Each
envelope contained about twenty fronds. Frondsid@nsheir envelopes) exposed to the
process of dehydration were submitted to threeewdfit relative humidity (RH) conditions:

0%, 60-70%, and 100%. The 0% condition was obtaingdlacing the envelopes in a



Table 1. General characteristics of the sampled species. Observatidnsi@asurements we made during a desiccation period. ab = apical

branches; bb = basal branches, Bo = bole. Values of leaf area are based on 10 mdlioiduedch species.

Species Location on host Leaf curling Trichomes Leaf ared (cm
P. polypodioidevar. minimum Bo, BB whole frond - 2.64
P. hirsutissimum bb, ab Partial + 28.97
Pl. pleopeltifolia bb, ab whole frond - 22.77
M. squamulosa Bo, bb, ab None

- 6.67
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desiccator containing silica gel, this desiccateinf placed in a dry chamber (RH < 30%).
The 60-70% condition was that prevailing in laborgt In this case, the envelopes were kept
on a laboratory bench. Fronds submitted to thé&d 60ndition were kept inside a germinator
chamber, with controlled temperature and humidithe average temperature in all three
environments was 25°C. Fronds were analyzed atrdift time intervals after dehydrations
started: 0, 2, 24, 36 and 48 hours. Measurementisnatzero were those made right after
frond collection.

The fronds used in the rehydration procedure watelly exposed to 0% RH for 48
hours in the desiccator, thus simulating the caommst of those fronds that passed through the
full process of dehydration. After this period, fds were immersed in deionized water for
increasing periods of time: 0, 2, 4, 6, 8 and 2dreoMeasurements at time zero corresponded
to the full dehydration condition. At each of thgseriods, fronds underwent the proposed

analysis.

Analyses performed in the fronds

The relative water content (RWC), the concentratiai chlorophyll, carotenoids, and
flavonoids, as well as the index of membrane intggvere evaluated at those pre-established
time intervals, during both the phases of dehydnasind rehydration. For all evaluations, ten
fronds were used for each species, RH (in the oh$lee dehydration procedure), and time
interval, except for membrane integrity, for whighly three fronds were used. Values of all
these parameters are expressed as a percentdgelofiiest value. Only the middle third of
the fronds ofP. hirsutissimumPl. pleopeltifoliae M. squamulosavas used for thanalysis,

except forP. polypodioidesfor which entire frond was used due to its redusied.
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Relative Water ConteflRWC)

At each of the time intervals (t) during the delatdm and rehydration processes, the fresh
weight (FW) of frond sections was measured, folldveg their immersion in deionized water
for 24 hours in order to determine the turgid weighw). They were then oven-dried
(70°C/24h) for evaluation of the dry weight (DWh&RWC was calculated according to the

equation (BARRS 1968): RWC (%) = {[(FW or RW- DW] / (TW — DW)} x 100.

Concentrations of chlorophyll and carotenoids

At each time interval, frond sections were overedi60°C/48h) and ground. About 50 mg of
the tissue were placed in plastic tubes contai@ingl of hidroxometil acetone tris (0.1 M)
(80:20, vol:vol), adjusted to pH 7.8 with HCI. Thées were wrapped with aluminum foil to
avoid light exposure and pigment degradation. Tdlations were stored for 48 hours in a
refrigerator (4°C). After that, they were centribagfor 3 min at 10.000 rpm (MSE Micro
Centaur) and the supernatant diluted in 6 ml ofsémme extraction solution. The absorbance
readings lectures were made in a spectrophotom@&pectraMax Plus384 Absorbance
Microplate Reader) in the following wavelengths:04537, 647, and 663 nm. Pigment

concentration was calculated according to the égusbf Sims & Gamon (2002).

Concentration of flavonoids

At each time interval, frond sections were overedr{60°C/48h) and ground. The extraction
procedure was that proposed by Zhiskeal (1999). About 40 mg of the ground tissue was
put into falcon tubes containing 1.5 ml of etha(@3%). Tubes were sonicated for 30 min in
the dark, centrifuged for 5 min at 7000 rpm (MSEcii Centaur), and the supernatant
recovered. Four milliliters of distilled water, 00l of ethanol (95%), 0.3 ml of NaNO2 (5%),

and 0.3 ml of AIC4 (10%) were added to the supernatant. After shakimgd) incubating in
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ambient temperature for 6 min, 2 ml of NaOH 1M weded, together with 1.4 ml of
distilled water to obtain 10 ml of solution. Thelw®mn was shaked and the absorbance
readings were taken in a spectrophotometer (Spé¢akaPlus384 Absorbance Microplate
Reader) in the wavelength of 510 nm. Quercetin weed as standard flavonoid for the

calibration curve and the concentration expressjig™.

Membrane Integrity

Frond samples used in the dehydration and rehpdrabrocedures had the release of
electrolytes quantified in an electric conductiviere (Digimed, DM-31) at each of the
previously established time intervals of each pdoce. Each time interval was represented by
3 samples of each species, and for the rehydrati@iyses, the same fronds were used
throughout the entire process. Fronds were boitedlass flasks containing 100 ml of
deionized water, whose electric conductivity wa®vpusly measured (adapted from
Krishnamaniet al. 1984). Incubation of the fronds took place at astant temperature of
25°C and with constant agitation of the flasks. Télease of electrolytes was evaluated by
the increase in free electrical conductivity (F&}ter each evaluation, flasks were taken to a
water bath (100°C/1h), and the total conductivigswneasured (TGiSiemens). At the end
of the evaluations, the plant material was overdl(i70°C/24h), and values were expressed
in uSiemens/g dry mass. The absolute integrity pergen{®Il) was then calculated as
follows: Pl = (1 — FQFGC,) x 100, where FCrefers to FC at time zero and F@ FC
evaluated at each time interval. The percentagiawfage was calculated through the index of

injury (1), where |1 = 100 — PI (adapted from Vasgiieello et al, 1990).
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Statistical analysis

Data collected during the desiccation process weipenitted to three-way ANOVA, for
comparison of the four species at different periotilime (five levels) and relative humidity
conditions (three levels). In process of rehydrati@s used two-way ANOVA, for comparison
between the four species and six different perafdime. Fischer’s test?<0.05) was used to
mean separation procedure in the process of désitcaand rehydration. Statistical analyses

were performed using Sigma Plot statistical progneersion 11.0 (SPSS Inc.).

RESULTS

Patterns of reduction in relative water content (Wluring the desiccation period varied
among species and relative humidities to whichdsowere exposed (Fig. 1). At time zero,
most species had a RWC around 70-80%, excefIfqleopeltifolig which started at values
between 40-50% when dehydrated at RH of 60-70 &@@%6l Microgramma squamulosa
underwent the lowest dehydration at all RH, andRWC did not drop much below 50%.
Polypodium polypodioide®llowed the same pattern of dehydrationMissquamulosat a
RH of 100%. However its dehydration was much faated more pronounced at lower RH,
particularly at 0%, where it reached a minimum RWC about 20%. Polypodium
hirsutissimumexhibited a very fast initial dehydration, dispdaysimilar patterns at all three
values of RH, and reached minimum values of RWGveeh 30 and 40%. Finallygl.
pleopeltifoliatypically had the lowest RWC at all times and Rittaining, together witl.
polypodioides minimum values of around 20% at the lowest Ridlypodium polypodioides

andP. hirsutissimundidn’t differ statistically from each other
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Fig. 1. Relative water content (RWC) in relation to deatan time (hours) in three different

conditions of relative humidity (0%, 60-70% and ¥W®H) and in relation teehydration

time (hours) in fronds of the four species studied. Each pogpresents the average = SE

(standard error) of ten fronds. Different lettardicate significant differences between species

means within the same gaps of timé&a0.05 (ANOVA; Fischer LSD test).
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throughout the desiccation process in 60-70%RH ihtetmediate values of RWC% when
compared to other species.

The increase in RWC during rehydration was morenguoced in the fronds of
P. polypodioides reaching values around 80% after 8 houscrogramma squamulosa
didn’t differ of P. polypodioidesand neitheiP. hirsutissimunafter 24 hours of desiccation.
Pleopeltis pleopeltifoliafronds had values higher in final rehydration th#ose at the
beginning of the desiccation process, 70% and 46-GXpectively.

There is a statistically significant interactiontween species, different relative
humidity and gaps of timeP&0.05) in relation to chlorophyll, carotenoids aitavonoids
during desiccation and rehydration process (Taple 2

Chlorophyll concentration reduced for all speciesl all RH conditions during the
dehydration process (Fig. 2 — the left column), wag more pronounced 1 polypodioides
The concentration in frondd. squamulosat the end of desiccation was maintained between
70% and 80% of the initial value, between 3 to 4ghdW. Fronds ofP. hirsutissimum
exposed to RH of 0% arél. pleopeltifoliaexposed to RH of 100% maintained chlorophyll
levels above 80% of the initial value (~3 m{y.®W). The pattern of variation of the
concentration of carotenoids during dehydration gaite variable and did not always exhibit
a continuous decrease (Fig. 2 — central columnk @reatest reductions in carotenoid
concentrations was observedrn polypodioideswith final concentrations around 0.3 md.g
DW, less than 50% of the initial values. Ph pleopeltifolig final carotenoid concentrations
to 60-70% and 100%RH were above the values of titer @pecies. IM. squamulosainitial
decreases were followed by midway increases at RMwand 60-70%, and final reductions

did not go below 0.6 mggDW.
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Table 2. Summary statistics for general linear models performed @md$r trait data oP. polypodioidesvar. minimum P. hirsutissimum
Pl. pleopeltifoliaand M. squamulosaluring desiccation and rehydration process. Bold values denote cgghiflifferencesR<0.05). Where
Sp = species, RH = relative humidity (0%, 60-70% and 100%) and GT = gaps of time (0, 12, 24, 36 and.48 hours

Desiccation process

Chlorophyll Carotenoids Flavonoids
Variables DF F P F P F P
Sp 3 283.5 <0.001 610.4 <0.001 405.9 <0.001
RH 2 6.2 0.003 5.8 0.004 56.0 <0.001
GT 4 159.5 <0.001 398.2 <0.001 173.9  <0.001
Sp X RH 6 14.2 <0.001 41.8 <0.001 35.6 <0.001
Sp X GT 12 4.1 <0.001 12.8 <0.001 4.9 <0.001
RH X GT 8 1.6 0.122 6.5 <0.001 2.9 0.005
Sp XRH X GT 24 2.1 0.005 12.9 <0.001 4.4 <0.001

Rehydration Process

Chlorophyli Carotenoids Flavonoids
Variables df F P F P F P
Sp 3 138.4 <0.001 731.4 <0.001 3455 <0.001
GT 5 37.8 <0.001 586.4 <0.001 12.3  <0.001

Sp XGT 15 1.4 0.185 23.5 <0.001 26.9 <0.001
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to rehydration time in fronds oP. polypodioidesvar. minimum P. hirsutissimum

Pl. pleopeltifolia andM. squamulosaEach point represents the average + SE (stamalsrg

of ten fronds.
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The accumulation of flavonoids was observed forfallr species throughout the
desiccation process, regardless of humidity coomiton which the fronds were exposed
(Fig. 2 — the right column)Microgramma squamulosaccumulated the highest content of
flavonoids in the end of the desiccation procestharelative humidity of 0% and 60-70%,
with values above 7 mg’gDW, followed by PI. pleopeltifoliawith 6 and 5 mg.g DW
respectively. Flavonoids concentrationRn polypodioidesvas higher than the others in the
end of the desiccation process, with values grehser 5 mg.g DW.

Rehydration led to the foliage re-synthesizes dgbyll and carotenoids that had
been degraded during dehydration (Fig. 2). Thedsoaof P. hirsutissimumincreased the
carotenoid level more quickly, comparedRo polypodioidesand PI. pleopeltifolia.Already
M. squamulosgresented a more stable pattern in this param€kare was a decrease in
flavonoid content during rehydration, except kr squamulosavhich showed accumulation
end around 7 mg:gDW compared with the other below 3 m§QW.

There was an inverse linear relationship between RWC and the content of
flavonoids in dehydration demonstrated by the gsaglgression (Fig. 3 and 4). The reduction
in the values of RWC was accompanied by an incr@asevels of flavonoids in the four
species studied, regardless of RH that they wepesed.Polypodium polypodioideshowed
a low correlation between the content of flavon@dd RWC in fronds exposed to 100% RH,
in contrast to the high correlation values in thieeo two moisture conditions. The fronds of
M. squamulosawhich were exposed to 60-70% RH had the highesteladion value
compared to other species. Rehydration in the walfeflavonoids decreased with the
increase of the RWC fd?. polypodioidesP. hirsutissimunandPI. pleopeltifoliawhile in M.

squamulosahese values increased during this process (Fig. 4
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The total conductivity in the desiccation and rafayidn process was significantly
higher than the free conductivity for all studigaesies, regardless of relative humidity or
gaps of time (data not shovholypodium polypodioidésad the highest Pl (71.99 to 89.89%)
during desiccation at 0% RH (Table 3), whi\& squamulosahad the lowest (38.25 a
62.98%).Polypodium hirsutissimurandPI. pleopeltifoliashowed intermediate Pl values by
36 hours of desiccation, reaching values clos®.t@olypodioideq~80%) after 48 hours.
Polypodium polypodioideand PI. pleopeltifolia had the highest Pl values in 60-70%RH,
didn't differ statistically from each other in arof the time whileM. squamulosaagain
showed the lowest values. Percentage of absoluegrity values inP. polypodioidesin
100%RH was lower than those for the other two dims of humidity. However, along with
valuesPI. pleopeltifolig continued to be higher than in the other two EseMicrogramma
squamulosagresented the lowest values until 36h, howeveeeded the value presented by
P. hirsutissimunafter 48 hours of desiccation.

Polypodium polypodioidesndPl. pleopeltifoliashowed higher values of Pl during the
rehydration, followed by. squamulosandP. hirsutissimum(Table 3). Only there was no
significant difference betweeR. polypodioidesand PI. pleopeltifolia after 24 hours of
rehydration P=0.069).

The percentage of damage to cell membranes wasumeehby the index of injury
(Fig. 5). Polypodium polypodioidesvas the species that showed the lowest injurynduri
dehydration, whileM. squamulosahowed the highest, regardless of the conditiorelative
humidity. Pleopeltis pleopeltifoliashowed a greater degree of injury to the cells nwhe
exposed to the lowest condition of relative humidiPolypodium polypodioidesand

Pl. pleopeltifolia didn’'t differ in any gaps of time at intermediatelative humidity
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Table 3. Membrane integrity irP. polypodioidesrar. minimum(Pp), P. hirsutissimum(Ph), P. pleopeltifolia(Pl) and M. squamulosgMs)
during the dehydration process - in three different conditions divellaumidity (0%, 60-70% and 100% RH) - and rehydration processgwher
FC = free conductivity, TC = free conductivityu§iemens)in each time interval and Pl = percentage of absolute integrity
[P1(%) = 1 — (FQFGC,) * 100].

Pl (%) - Desiccation time (hours)

RH Species 12h 24h 36h 48h
0% Pp 71.99 82.80" 84.93 89.89
Ph 61.65 67.63 66.44 83.32
PI 42.66 56.72 52.20 80.44
Ms 38.25 43,52 52.06 62.98
60-70% Pp 81.93 86.08 87.37 91.48
Ph 71.83 61.47 76.28 76.59
PI 82.53 88.30' 84.9" 89.86'
Ms 56.46 56.69 45.49 57.3C
100% Pp 68.16 75.76 79.82 82.38
Ph 52.5% 53.60 52.74 63.32
PI 88.25' 90.1% 91.92 93.5F
Ms 36.09 48.93 49.12 67.07

Pl (%) - Rehydration time (hours)

Species 2h 4h 6h 8h 24h
Pp 81.3¢ 92.08 95.32 95.56 97.22
Ph 4757 4412 66.46 55.53 85.17
Pl 9450 96.4F 97.34 97.79 98.84
Ms 74.0F 82.50 89.04 91.50 95.00

* Different letters indicate significant differences between species means within the same gaps of time at P<0.05 (ANOVA,; Fischer LSD test).
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(12hP=0.954; 24hP=0.438; 36hP=0.966; 48hP=0.360). The injury rates were higher for
P. hirsutissimumduring the rehydrationPolypodium polypodioidesM. squamulosaand

Pl. pleopeltifoliashowed a tendency towards stabilization of ingut® cell membranes after
8 hours of the dehydration process. Only there iastatistical difference between

P. polypodioidesPI. pleopeltifoliaandM. squamulosafter 24 hours of rehydration.

DISCUSSION

The importance of spatial structures is widely oggized in ecological theory
(Peterson & Parker 1998). Borcamt al (2004) state that the interactions between
communities and their physical environment, andvbet the organisms occur in temporal
and spatial scales, causing spatial patterns #ed to be evaluated to better understand the
processes structuring these communities. Theserpatare evident in the four species of
epiphytic ferns in this study, which often co-océarthe same host tree. The competition
between them is minimized by the occupation ofedéht positions in the host tree, the type
of winding of the fronds and the speed of respdoseariations in relative humidity of the
surrounding air during the process of desiccatiorebydration.

In order to optimize the capture of light, theytimonds ofP. polypodioidesusually
cover a large area of the host tree and as sodheas is increased moisture in the air, its
leaves unfold to take advantage and capture ligbtgy before they are shaded by other
species of fronds with same behavior. Features asithe slope of the frond, the thickness of
the blade, the smallest leaf area (due to the sbhfiee pinnate fronds) and shorter length of
the frond can be understood as strategies to rethgcdeleterious effects of light and water
deficit according to Boegegt al. (2007), and minimize transpiration rates (MedriL&ras

1980).
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Although P. hirsutissimunprovide the highest leaf area among studied spetheir
fronds can be protected against photo-oxidativeadgnby the presence of a large amount of
trichomes (Watkingt al 2006). According to Nobel (1991), trichomes reffleght, reduce
leaf temperature and, consequently, reduce tratgpit In many ferns tolerant to
desiccation, the trichomes also have the abilitplisorb water, allowing rehydration so the
plants keep wet in dry environments, avoiding tkeecdto transport water from roots to the
petiole (Hietz 2010).

This feature was noted by Stuart (1968) in specsdi®. polypodioide®ccurring in
the southern United States, which did not resparetily to the supply of water placed on
the rhizome, but rather the liquid water placedediy on the fronds or, then, to high
humidity. This same behavior was also observedPfgolypodioidegandPI. pleopeltifoliain
this study. From an intermediate degree of reldtiweidity, the species began the course of
their fronds. This faster way of absorption of wditg the species of epiphytic habit is very
advantageous because it can take advantage ofestemts of water availability, as fast rain,
morning dew, fog or simply increasing the relatinenidity surrounding them, making it the
so self-sufficient, since the water retention iytidome varies by host tree. According to
Benzing (1990), the storage capacity of water ry V@v uncovered branches, and epiphytes
that grow on them are exposed to frequent chamgeaier supply, what distinguishes those
parts of most terrestrial habitats. More likely monimize this disadvantage, it is quite a
common occurrence for interspersed individual®?ofpolypodioidesPIl. pleopeltifoliaand
M. squamulosan the same branches of the host tree, providingravironment most likely to
fluid retention.

Polypodium polypodioide®. hirsutissimunmandPl. pleopeltifoliacurl their fronds as
soon as the relative humidity starts to reducetingeta lifeless aspect. This adaptation is

common in many ferns desiccation tolerant and ry aelvantageous because it reduces the
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exposed leaf surface, reducing water loss and desn#tat may be caused by the light
through the shade.

The way the fronds curl is pre-determined and $jgeim each species (Hietz 2010).
Tryon & Tryon (1982) observed that the fronds Bfaphoglossum calagualaand
E. mathewsirolled longitudinally, while the fronds &. hirtumwrapped in a spiral, a pattern
also observed for the two species of the same gentinss study.Polypodium hirsutissimum
scrolls along andP. polypodioidesioubles the margin of their first fronds and aftex peak
of the foliage toward the base in a spiral. SirfteeR. pleopeltifoliafronds curl up and then
inside, as also observed by Mehltreter (2008) ftineo species of the same genus,
Pl. furfuracea In some species dflicrogrammathe fronds curl up and not remain turgid
during the dry season (Hietz 2010), as well agritnads ofM. squamulosa

The capacity to curl the foliage according to Lebther & Eickmeier (1993) is
essential, because it prevents damage to recoveiyeo photosynthetic process during
rehydration to protect and keep safe the photosyicthpparatus from damage by light.

The speed at which dehydration occurs also direictipjences the physiological
responses of different species tolerant. AccordiogOliver (1996), plants tolerant to
desiccation, requiring a slower drying suffer iaegble cell damage when they dry quickly.
For this reason, besides the physiological and moéitaas well as anatomy, morphology and
ultra-structural characteristics of leafs, effeetim slowing the rate of water loss, may be
particularly significant in the cells' ability toitstand extreme dehydration in its natural
conditions (Dalla Vechi&t al. 1998). Among the four species studiPd polypodioidesvas
the species that responded quickly to desiccahdow relative humidity and rehydration of
their fronds, probably due to their smaller leadaarAccording Helseth & Fischer (2005), the
water uptake by plants is governed by the resuargilant size and the area available for

water flow. In their experiments, suggested thanall plant may rise faster than a large
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plant, due to the fact that there is a longer deiahe redistribution of water in a larger plant.
In a study also withPolypodium Pessin (1924) and Stuart (1968) concluded that th
trichomes did not facilitate the absorption of wataut allow water to spread evenly on the
leaf surface. Trichomes on leafs of different speafCheilanthesand Ceterachdelay the
capture of water for several hours because ohairis trapped between them (Gaff 1977). In
leafs of Ramonda myconwas verified by Kappen & Valladares (2006) thisnsaeffect,
where the spraying water on outstanding hairy leassilted in lower water absorption than
those placed in immersion or those without pubeseenhe delay resulting from the presence
of trichomes and hairs suggests that rapid wattkepafter desiccation could cause injury to
cells of the leaves. This feature could explainghterns of water uptake kh hirsutissimum
The response of this species at three differentiditynconditions during the dehydration
process, possibly showed that the retention oftrapped between the trichomes and leaf
epidermis made it hold an intermediate behaviootter species loss and water absorption.
However, when exposed to rehydration, their frontishe trichomes helped in absorbing
water.

According to Georgievat al. (2009), the physical properties of the photosyinthe
apparatus are important during the desiccationga®icsince this period the probability of
damage increases significantly and, therefore, ldho&l maintained or repaired quickly after
the onset of rehydration. The decrease in totabrophyll content inP. polypodioidesvas
more pronounced than in the others during the spailypd. The reduction of photosynthetic
pigment during the time it spent dried, promotdor@wn tint in the leaves, which is rapidly
reversed to the green tint when hydrated. This saattern was also observed by Jacksbn
al. (2006) for that species occurring in stem&akrcus virginianaln P. hirsutissimunthere
was also the same change in color of the frondsthguchange in tone was not accompanied

by a marked reduction as the chlorophyll content ags forP. polypodioidesThis may be
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due to a conformational change and structural nuddscof the photosynthetic apparatus
during the desiccation process, a pattern alsortegdoy Brugnoli & Bjorkman (1992) in
protection against photo-inhibition in shade plafise reduction in chlorophyll content to
Pl. pleopeltifoliaduring the desiccation process was similar to éhokP. hirsutissimum
However the change in the tone of the fronds wdsoheerved, probably because of higher
levels of carotenoids in their foliage throughol tdesiccation process when compared to
P. hirsutissimumwhich confers protection. According to Hietz (Bp1the main biochemical
defenses against photo-inhibition are pigments amtioxidants, and carotenoids help to
reduce the forms of chlorophyll excited anglddd also protect the thylakoid membranes.
Besides carotenoids, the presence of flavonoidsglyperiods of dehydration is also
very important. Its occurrence in the epidermalscptevents the inner tissues of leaves and
stems damaged by UV radiation, and are excellesesgers of reactive oxygen species,
preventing lipid peroxidation (Shirley 1996; Rozeetal 1997) and act also as anti-oxidants
in situations of excessive light (Rozeratal. 2002; Tattiniet al 2004). The high positive
linear correlation found between the accumulatibffawronoids and relative water content for
most the relative humidity conditions in the specstudied possibly reflects the protective
role of this pigment rather than reducing the lsevel chlorophyll and carotenoids during
desiccation. The protection afforded to the phattisstic apparatus iR. polypodioidesdue
to the increased synthesis of flavonoids, posgibserving the mechanisms involved in the
rehydration phase, thus allowing a faster recoeétpe levels of chlorophyll and carotenoids
observed in this species. The synthesis of thismpig was not so pronounced in
Pl. pleopeltifolig probably due to the protection already afforded lérger amounts of
carotenoids, compared t®. polypodioidesduring dehydration. The pattern in the
accumulation of flavonoids iR. hirsutissimunwas similar between the different conditions

of relative humidity, probably due to the contriloat of trichomes to protect their fronds
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against the excessive incidence of light. Flavos@ildo have an important role in protecting
the photosynthetic apparatus M. squamulosasince this species preserved chlorophyll
during dehydration, in the three relative humiditpnditions. In P. polypodioides

P. hirsutissimumand PI. pleopeltifolia the reduction in the amounts of flavonoids in
rehydration revealed that its presence is actaabpciated with protecting cells of the fronds
against the possible photo-oxidative damage (Getlal 2002; Rozemat al 2002; Tattini

et al 2004) for the occurrence of stress. However, ith@ease of this pigment in
M. squamulos@&an be explained by the different strategy of fiecies due to the increasing
water content of their tissues, since it is noertaht to dehydration. In this case, flavonoids
can act as a mechanism for the prevention of fumgaltamination, normally used in
excessively wet for higher plants are not toletardehydration (Grayer & Harborne 1994).

The percentage of damage in cellf?ofpolypodioidesiuring the dehydration process
was, in the three conditions of relative humiditye lowest among the studied species. This
feature combined with others already discussed itiifat this species is one that responds
more effectively to natural processes and periatibydration and rehydration that their
individuals are subjected in short periods of tinfellowed by Pl. pleopeltifolia and
P. hirsutissimumPleopeltis pleopeltifolisshowed little damage in the cells of the fronds in
relative humidity above 60-70% and 100%, indicatimat when exposed to a lower humidity,
possibly their cells suffer irreversible damage.

The data obtained in relation to membrane intggntthis study are similar to the
results of Marianet al. (2009) withMyracrodruon urundeuvarlhey found that intermediate
and basal leaves in these species were characteazebeing more sensitive to high
temperature treatment once had higher injury péagen Pimenteét al. (2002) evaluated the
release of electrolytes in leaf discs and fountetehces between the two cowpea genotypes

subjected to drought for 10 and 17 days. The p&mgenof membrane integrity of stressed
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plants was higher in the genotype that was corsidén be the most tolerant because it
showed better retention of electrolytes. Ben-Arioal (2006), working with two cultivars of
the halophyteCakile maritima submitted to 0, 100, 200, 300 and 400 mM NaCPk@days,
observed that electrolyte leakage increased intrafitments and was more sensitive
significant genotype compared to the tolerance. [blest values of injury percentage, with
high values of percentage of absolute integritftfece greater membrane integrity during the
leaves desiccation, due in part to the lower agtioi hydrolytic enzymes protoplasmic and/or
composition lipid membrane (Monteiro de Paataal. 1990). Polypodium polypodioidem
this study proved to be the species most adaptedtbhstand conditions with lower relative
humidities, it showed the highest percentage oblaibes integrity (P1) values and lowest index
of injury at relative humidities of 0 and 60-70%nlite PI. Pleopeltifoliathat presented the
highest values of Pl and the lowest index of injatyelative humidities of 60-70 and 100%.
Microgramma squamuloshas proved to be the most sensitive species, laxtbr Pl values
and the highest values of injury, regardless ofstooe conditions.

During rehydration the cells of the fronds becanme exposed to water and absorbed
very quickly, causing a lot of damage to the memésa The presence of trichomes on the
fronds of P. hirsutissimunprobably facilitated the absorption of water, nmaktheir fronds
acquire an excessive amount, resulting in a higleecentage of damage the membranes in
relation to other species of this study. The peaggn of damage iRI. pleopeltifoliawas low
throughout the entire process of rehydration, witbher values of Pl and minor injury,
possibly due to a slower and controlled absorptibthe water available. Similar patterns
were observed fdP. polypodioidesvhere the percentage of damage was slightly highigre
first hours of rehydration, probably due to itsthagpsorption capacity.

Polypodium polypodioidewas the species that showed a highest degredeoince

to dehydration, followed bfl. pleopeltifoliaandP. hirsutissimunthat showed intermediate
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patterns. We suggest that this greater tolerané® polypodioidesan be attributed to their
greater geographic distribution compared to otpecks in this study.

In spite of the reduction in chlorophyll contentridg dehydration, there was no lack
of this pigment in any species after the end oéridls assessments, classifying them as
homeochlorophyllous. The increase in the conceatradf flavonoids became important
during dehydration, revealing its protective actairthe photosynthetic apparatus in the four
species during this period.

M. squamulosaonfirmed it is a species with resistance to dedyoh, either by their
most apparent characteristic, by not curling ugraads in the dehydration, and patterns over
the metabolic processes of dehydration and rehgdrathus, it is concluded that the four
species of epiphytic pteridophytes studied haviedint strategies in optimizing the capture
of light during periods of higher availability ofater and minimize inter-specific competition,
facilitating the co-occurrence.

To complement the standards of tolerance andtaess to dehydration of the four
species of this study, future work could includeasegements for the pattern of accumulation
of phenolics, sugars such as sucrose, starch dacbphyll fluorescence along the processes

of dehydration and rehydration.
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ABSTRACT

Plants that are epiphytic habit are more subjectrteironmental variations than those of
terrestrials, such as water availability and greaigosure to the changing of sunlight, wind,
relative humidity and temperatures. Desiccatiorranice in many of these plants represents a
major adaptive advantage in the occupation of teesegonments in relation to others that do
not exhibit this behavior. The aim of this studyswa compare the degree and mechanisms of
desiccation tolerance of four epiphytic ferns tbatnmonly occur on the same phorophyte:
Polypodium polypodioidegar. minimum Polypodium hirsutissimuni®leopeltis pleopeltifolia
and Microgramma squamulosd&xpanded fronds were collected from the phorophjoes
quantifying and comparing changes in relative watemtent (RWC) chlorophyll
fluorescence, total phenols and soluble carbohgdraiuring desiccation and rehydration
periods Tolerant species curls their fronds at low RWCueeti chlorophyll fluorescence and
exhibited a greater increase in the concentratiophenols and soluble sugars during the
desiccation period, while avoider species not preskis behavior. In rehydration, these
physiological parameters responded in the opposdg to tolerant specief?olypodium
polypodioidesvar. minimumandPI. pleopeltifoliawere the species that presented the highest
level of desiccation tolerance, followed By hirsutissimunmwith intermediate patterns and
M. squamulosathat showed to be the species of greatest avoidaexglained the
characteristic lack of curling of its fronds. Innotusion, the species showed different
strategies to protect the integrity of their callsring periods of low water availability and
different responses in optimizing the capture ghtiduring rehydration periods, thereby

minimizing inter-specific competition and facilitag) their co-occurrence.
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INTRODUCTION

Epiphytic plants are more often exposed to vanmetion humidity, temperature and light
intensity in the canopy compared to terrestriahfgdaThese microclimatic differences within
the canopy provide a structured habitat that magxXmoited by different species (Hietz and
Briones, 2001) possessing the ability to estaldisti develop in an environment where the
water a major limiting factor.

There are a number of stresses brought about biy,amsociation with, extreme water
loss (Farrant, 2000; Walters et al., 2002). Twdhef associated stresses in photosynthetically
active tissues are light and temperature. Accortbrigebkuecher and Eickmeyer (1993) these
physiological "state changes" may take place ovewide range of plant temperatures
depending upon time of year, and temperature mégraat significantly with light to
predispose the plants to damage. Photoinhibitonpadge and chlorophyll loss could be
extremely harmful if they impair the plant's alyilito recover photosynthetic competence
rapidly when rewetted. Then minimizing photoinhalojt damage and chlorophyll bleaching
may be essential for the survival of this spedis kind of habitat.

Under water-limiting conditions, excitation enetggrnessed by chlorophyll cannot be
dissipated via photosynthesis and can lead todiredtion of oxygen free radicals, which, if
left unquenched, can cause considerable subcetlal@age (Smirnoff, 1993). According to
Hietz and Briones (2001), photoinhibition is strengn plants under water stress and
photoprotective mechanisms should therefore be ivapyprtant.

Many of these mechanisms are present in plantshiéaad the ability to desiccation
tolerant. Desiccation tolerance may depend on raiffe physiological and biochemical
strategies carried out by the plants in order toviga and to regain normal metabolic

processes upon rehydration (Bewley and Krochko2)98
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Acquisition of desiccation tolerance is a compleggess that is probably due to an
elaborate set of specific adaptations (Djilianovaét 2010). It has been postulated that
different species may use a mixture of differengt@ctive metabolites to allow complete
desiccation tolerance (Kranner et al., 2002; Krarama Birtic, 2005). Such as the reduction
in the percentage of the components in their plyotbgtic apparatus (Hietz, 2010); the
accumulation of carotenoids (Bukhov et &001), phenols (Sgherri et al., 200dayvonoids
(Rozema et al., 2002; Tattini et al., 2004); andbohydrategZ ivkovic™ et al, 2005).

According to Hietz (2010), there are many specfdsrms that show tolerance traits to
desiccation. From the moment there is limitationtle@ availability of water, the fronds of
ferns that show this effect, curl and get a lifselaspect (Lambers et al., 2008). This happens
due to the change in the form of the walls of tescthat promote the folding of the cells,
reducing the mechanical stress during the desamtdihompson and Platt, 1997) and also
provides additional protection against possible @iges caused by the high incidence of light
(Hietz, 2010).

The light conditions epiphytes are subjected tgeainom almost full sun on exposed
branches to deep shade on the stem base, andattiergs in relative humidity, evaporative
demand and amount of water-storing substrate adetimy on branches will produce
stronger gradients of drought in different canopgipons that on the ground, where at least
the water-holding capacity of the soil is more hgereous (Hietz and Briones, 2001).

Many studies have reported a preference for areapiphytes within the canopy and
few attempts have been made to relate the disimibudf epiphytes to their physiological
traits. Comparing the physiology of epiphytes frdifferent microhabitats provides a more
detailed picture of the advantages of physiolog@daptations and helps to explain the

structure of the epiphyte communi#ccording to Scott (2000Ghe presence of desiccation
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tolerance capacity would promote a competitive ath@ge compared to others that don’'t have
this feature in the occupation of certain ecoloignehes.

The aim of this study was to compare the degree raadhanisms of desiccation
tolerance of four epiphytic ferns that commonly wcon the same phorophyte, by
quantifying and comparing changes in leaf watert@an chlorophyll fluorescence, total
phenols and soluble carbohydratége tested the hypothesis that speewl characteristics
of desiccation tolerance have physiological adagtatmore pronounced during periods of

desiccation and rehydration than those that dexjtess this behavior

MATERIAL AND METHODS

Plant Material

The four species of ferns used in this study pertaithe Polypodiaceae and were
selected by co-occurring and by demonstrating uiindhe previous visual analysis, potential
characteristics of tolerance or desiccation avaidaihe species were considered tolerant
when they curled their fronds in periods of lowatele humidity, as previously describe by
Hietz (2010), and resistant to that one that resthimith its form unchanged.

Pleopeltis pleopeltifoligRaddi) Alston,Polypodium hirsutissimurfRaddi) de la Sota
and Polypodium polypodioidesvar. minimum (Bory) Kuhlm & Kuhn, presented
characteristics of tolerance to desiccation, wiMierogramma squamuloséaulf.) de la
Sota has been considered drought avoider (se&atie).

In spite of the co-occurrences, not always the fpecies overlap in the same host
tree, such asLligustrum lucidumW.T. Aiton. (Oleaceae Family)Melia azedarachlL.
(Meliaceae FamilypndJacaranda mimosaefoliB. Don (Bignoniaceae FamilyPolypodium

polypodioidesoccur preferably over the shaft and rarely over lthlkier basal ramifications
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of the host tree, mostly covering a vast area. l@nother hand the other three species prefer
more apical ramifications and differ from this aatiog to the habit. Polypodium
hirsutissimumandPI. pleopeltifoliaare species that are characterized by having ra steon-
reptile whileMicrogrammahas long-stem reptile, allowing to this one a maast occupation
in the phorophyte than the others. Amongst theistusgpeciesP. hirsutissimundiffered by
its bigger leave and by the presence of a greattiquaf trichomes, whild?. polypodioides
var. minimumwas the species with the smallest foliar area @ ahl

The species were identified by specialist andvthecherswere entrusted to the Herbal
ICN of the Department of Botany / Institute of Rigical Sciences of the Universidade
Federal do Rio Grande do Sul (UFRGS), under thastrggnumbers: ICN 182858
(P. polypodioides var. minimun); ICN 182859 P. hirsutissimuryy ICN 182860

(PI. pleopeltifolig and ICN 182861Nl. squamulospa

Collect of Material

The collects were realized in two different oéoas during the month of
November/2010 in Porto Alegre, RS, Brazil (30°0323 51°13'15"0). In the first collect
fronds were used to desiccation process and insétwend collect they are used for the
rehydration process. Only mature and well hydrdtedds of the four species cited above
were collected, totalizing 180 fronds by speciesiepting P. polypodioidedor which the
number of fronds needed to be doubled due totite foliar area. Right after being taken
from the host tree, the fronds were packed in jgldstgs and taken to the Seeds Technology

Laboratory of the Fundacdo Estadual de Pesquisap&guaria (FEPAGRO).
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Table 1. General characteristics of the sampled species. Observatidnseasurements we made during a dehydration period. ab = apical

branches; bb = basal branches, Bo = bole. Values of leaf area are based on 10 imdlioiduedch species.

Species Location on host Leaf curling Trichomes Leaf ared (cm
P. polypodioidewar.minimum Bo, bb whole frond - 2.64
P. hirsutissimum bb, ab Partial + 28.97
PI. pleopeltifolia bb, ab whole frond - 22.77
M. squamulosa Bo, bb, ab None - 6.67
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Sample proceeding

The relative content of water (RCW), the contentotél phenols and soluble sugar, as
well the index of fluorescence were evaluated ffetént gaps of time during the phases of
desiccation and rehydration of the fronds in thzeeditions of humidity. These values were

expressed in a relative way, considering 100% itledst measured value.

Desiccation and rehydration process

In both processes the fronds were transferred tiee plastic bags to paper envelopes
to facilitate the separation between the gapsnoé tand the different relative humidity. The
fronds exposed to the process of desiccation watensted to three different conditions of
relative humidity (RH): 0% (silica in desiccatorapéd in a dry chamber), 60-70% (ambient
temperature) and 100% (germinator with controllechgerature and humidity). Different
gaps of time were used for each of humidity lew®l:12, 24, 36 and 48 hours for the
desiccation, with the measurements related to tmex® to those realized right after the
collect. The fronds used for the rehydration werevipusly exposed to 0% RH/48h in the
desiccator with the finality of resembling the pimysgical conditions of the fronds to those
that passed by the process of desiccation. Aftsr gleriod, the fronds were immersed in
deionized water in the following gaps of time: 0426, 8 e 24 hours. In each of these gaps of
time, the same measurements were realized in thiecd¢ion, with the related to time zero
were realized right after the fronds have beenrtdf@n the dissector.

Only the central region of the fronds was evaldatxcept byP. polypodioidedor
which option was to evaluate the entire front disereduced size, avoiding the excessive

collection of leaves.
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Relative Water ConteflRWC)

At each of the time intervals (t) during the detagobn and rehydration processes, the
fresh weight (FW) of frond sections was measurelipwed by their immersion in deionized
water for 24 hours in order to determine the tungeight (TW). They were then oven-dried
(70°C/24h) for evaluation of the dry weight (DWh& RWC was calculated according to the

equation (Barrs, 1968): RWC (%) = {[(FW or kW DW] / (TW — DW)} x 100.

Total soluble sugar

The total soluble sugar was determined using thenglsulfuric method adapted
(Duboiset al, 1956). The material was oven-dried (60°C/48h) ertraction was made in
80% ethanol at 75°C from 10mg of dry plant tissliee absorbance of the solution was read
in spectrophotometer (SpectraMax Plus384 Absorbkhcmplate Reader) in the wavelength
of 620 nm. Glicose was used as standard sugarmfdoration curve. The content of soluble
sugar was calculated using the following linear aggun based on the equation of the
calibration curvey = 0,24k — 0,029, wherg is the absorbance amds the content of soluble

sugars in mg.g.DW.

Total phenols

The total phenolic content was determined using Hudin-Ciocalteau method
(Barlocher and Gracga, 2005) with tannic acid asd#ted. The material was oven-dried
(60°C/48h), grinded and about 100mg of tissue weerxl to make the measurements in both
desiccation and rehydration process. The extractamurred in 5 ml of acetone for 1 hour at
4°C. The absorbance of the solution was read irctgggEhotometer (SpectraMax Plus384
Absorbance Microplate Reader) in the wavelengtif@ nm. The content of phenols was

calculated using the following linear equation lthse the equation of the calibration curve
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(rz2 = 0,985):y = 1,76& — 0,007, whergy is the absorbance amds the content of phenol in

ng.g*.

Chlorophyll fluorescence

The determination of chlorophyl fluorescence was carried out using a portable
fluorometer Qpti-Science/0S-30p) on intact leaves. The data were collected in four
fronds/species of each different gaps of time dumlesiccation process and rehydration.
During fluorescence measurements the temperatusenamtained constant (~25°C), Fhe
minimum fluorescence of dark-adapted leaves, waasared in fronds dark-adapted by
covering the part to be measured with a leaf cbp &t least 20 min, while maximal
fluorescence vyield (Ffj was determined after exposure to a 0.8 s satgrdkash of light.
Maximal photochemical PSII yield ¢Y was calculated asoYFR./Fn) = (Fn - Fo)/Fm, Where R,
is the maximal fluorescence of dark-adapted leakesg a saturation pulse (Maxwell and
Johnson, 2000; Hietz and Briones, 2001). Maximdl PBotochemical efficiency (FV/FM)
was estimated as the ratio of variable (FV) to metifluorescence yield (Schreiber et al.,

1994).

Statistical analysis

Data collected during the desiccation process wahemitted to three-way ANOVA,
for comparison of the four species at differentiqgus of time (five levels) and relative
humidity conditions (three levels). In process @fiydration was used two-way ANOVA, for
comparison between the four species and six diftgreriods of time.

Fischer's test #<0.05) was used to mean separation procedure irptheess of
desiccation and rehydration. Statistical analysesewperformed using Sigma Plot statistical

program, version 11.0 (SPSS Inc.).
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RESULTS

Patterns of reduction in relative water content ®Wluring the desiccation period
varied among species and relative humidities taclvifiionds were exposed (Fig. 1). At time
zero, most species had a RWC around 70-80%, exXoep®l. pleopeltifolia that differ
statistically from the other specieddicrogramma squamulosaunderwent the lowest
dehydration at all RH, and its RWC did not drop mubelow 50%. Polypodium
polypodioidedollowed the same pattern of dehydrationvissquamulosat a RH of 100%,
didn't differ statistically from each other in tlgaps of time Oh, 12h and 24h. However its
dehydration was much faster and more pronouncémhar RH, particularly at 0%, where it
reached a minimum RWC of about 20%olypodium hirsutissimurexhibited a very fast
initial dehydration, displayed similar patternsafitthree values of RH, and reached minimum
values of RWC between 30 and 40%. Findfly,pleopeltifoliatypically had the lowest RWC
at all times and RH, attaining, together with polypodioidesminimum values of around
20% at the lowest RH didn't differ statisticallytexf 48 hours of desiccatioR.olypodium
polypodioidesandP. hirsutissimundid not differ statistically from each other thghout the
desiccation process in 60-70%RH had intermedidteesaof RWC% when compared to other
species.

The increase in RWC during rehydration was morenguoced in the fronds of
P. polypodioides reaching values around 80% after 8 howtscrogramma squamulosa
didn’t differ of P. polypodioidesand neithelP. hirsutissimumafter 24 hours of desiccation.
Pleopeltis pleopeltifoliafronds had higher values in final rehydration th#wse at the
beginning of the desiccation process, 70% and 40-66spectively. The variations in
fluorescence parameters, phenols contents andsogars, were found to be dependent on

RWC (Figs. 2 to 4).
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(hours)in fronds of the four species studied. Each paptesents the average = SE (standard
error) of ten fronds. Different letters indicatgrsficant differences between means within the

same gaps of time &8<0.05 (ANOVA,; Fischer LSD test).
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There is a statistically significant interactiontween species, different relative
humidity and gaps of timeP&0.05) in relation to fluorescence, phenols analtstgars
during desiccation and rehydration process (Taple 2

The R/Fyratio doesn’t seems to be affectedMnsquamulosakeeping values around
0.8 during desiccation and rehydration processkerl. polypodioideshowed lower values
in all situations (Fig. 2). The four species didt miffer during desiccation at relative
humidities of 60-70% and 100%/licrogramma squamulosandP. hirsutissimunironds did
not differ in any of the intervals of time when espd to 0%RHPolypodium polypodioides
andPl. pleopeltifoliawere the two species most affected by the decrelaB&VC in relative
humidity of 0% reaching values close to 0.2 and Bd4difference to the interval of 24 hours
of desiccation and 60-70% RWC reaching values dim$€e3 and 0.4, respectively.

The Fv/Fm ratio show that the chlorophyll was netstizada in studied species,
achivied final values in rehydration closed toialitvalues in desiccation process (Fig. 2).
Despite the initial difference in hydration of thendsM. squamulosandP. hirsutissimum
50% and 30% respectively, no statistical differeanbetween them in any time interval.
Polypodium polypodioidesand Pl. pleopeltilfolia also did not differ after 4 hours of
rehydration when presented approximately 30% afd RWC and not the other species at
the end of the process (24#%0.539).

The total phenols content increased for the foeciEs studied during the desiccation
process, no matter if the relative humidity cormis to which the fronds were submitted
(Fig. 3).Polypodium polypodioidesndP. hirsutissimunshowed similar patterns during early

desiccation, with values below 300 pmdDyV after reaching some 50% RWC on their



63

Table 2. Summary statistics for general linear models performed amd$r trait data oP. polypodioidesvar. minimum P. hirsutissimum
Pl. pleopeltifoliaand M. squamulosaluring desiccation and rehydration process. Bold values denotdcsighdifferencesK < 0.05). Where
Sp = species, RH = relative humidity (0%, 60-70% and 100%) and GT = gaps of time (0, 12, 24, 36 and.48 hours

Desiccation process

F/Fm Phenols Total soluble sugars
Variables DF F P F P F P
Sp 3 462.5 <0.001 991.9 <0.001 3935 <0.001
RH 2 117.2 <0.001 537.2 <0.001 283.9 <0.001
GT 4 449.9 <0.001 2330.7 <0.001 425.2  <0.001
Sp X RH 6 43.5 <0.001 54.8 <0.001 8.9 <0.001
Sp XGT 12 58.5 <0.001 61.8 <0.001 10.8 <0.001
RH X GT 8 15.9 <0.001 61.5 <0.001 29.9 <0.001
Sp XRH X GT 24 7.4 <0.001 11.3 <0.001 2.4 0.001

Rehydration Process

F/Fm Phenols Total soluble sugars
Variables DF F P F P F P
Sp 3 354.5 <0.001 269.6 <0.001 161.9 <0.001
GT 5 238.4 <0.001 802.5 <0.001 291.4  <0.001

SpXGT 15 47.8 <0.001 20.5 <0.001 4.6 0.006
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fronds. Polypodium polypodioidesP. hirsutissimumand M. squamulosano differ
statistically in 0% UR.The accumulation of phenols iAl. pleopeltifolia occurred more
markedly in the three RH conditions compared theeotspecies, reaching values above
600 pmol.gDW the relative humidity of 0 e 60-70%. Already M. squamulosathe
accumulation of phenols was more pronounced upbtwta75% RWC, only the largest
relative humidity which their fronds were exposélden the accumulation occurred more
slowly, not exceeding 400 umof-pW.

During rehydration the total content of phenolsuest for the four species, reaching
around 200 pmol:PW the end of the process. The most pronouncededserwas observed
in P. polypodioides with reduced 313 pmolPW six hours after rehydration and less
marked inM. squamulosawith reduced 147 pmol®W after the same period.

As the total content of phenols, total soluble suigei the four species increased
during the dehydration process and reduced in raligpth (Fig. 4). Microgramma
squamulosashowed the highest values astdod out from other speciéy having a higher
accumulation of soluble sugars started soon aftrydration. This species showed
tendency to reduction in the concentration of the ef the process, showing higher values in
the range 36h than at 48h, when RWC was greatar30%o. This pattern also differed from
the tolerant specidhat showed a sharper drop of the RWC of theirdsoim early desiccation
and increased the accumulation of soluble sugay after the RWC of their fronds were
below 50%.

Polypodium polypodioides, P. hirsutissimamdPI|. pleopeltifoliadid not differ at the
beginning of dehydration in three relative humidignditions.Pleopeltis pleopeltifolishad
the lowest concentrations of soluble sugars intikgahumidity of 0%. No significant
difference was observed between species after 48shof dehydration. In 0% RH

M. squamulosadidn’t differ P. hirsutissimumnor P. polypodioidesof PI. pleopeltifolia
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Fig. 4. Total soluble sugar concentration during desioca(i0%, 60-70%, 100%RH) and
rehydration process in relation to time (hours)ronds of P. polypodioides/ar. minimum

P. hirsutissimumPI. pleopeltifoliaand M. squamulosaEach point represents the mean *
standard error of ten fronds. Different lettersitate significant differences between species

means within the same gaps of timé&&0.05 (ANOVA; Fischer LSD test).
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and in 100% RH only. hirsutissimunandM. squamulosalidn’t differ.

Microgramma squamulosahowed a higher concentration of soluble sugarsoi
the process of desiccation and rehydration. Howewdike the other species that apparently
had not yet stabilized this accumulation after 8@rk of desiccation, this species showed the
beginning of a decline in its fronds when they het about 60% RWC. This pattern also
differed from the tolerant species, which showestharper drop of the RWC of their fronds in
early desiccation and increased the accumulati@oloble sugar only after the RWC of their
fronds were below 50%.

As soon begin rehydration process, there was actietuin the concentration of
soluble sugars for the four species, stabilizing tmlues after 8 hours. The initial
concentration of total soluble sugar in frond usethe rehydration was similar to the fronds
had been exposed to the conditions of 0% RH duthegdesiccation process. However, the
species that presented the lowest values of solsidgrs during this process at all time

intervals wad. polypodioides

DISCUSSION

The epiphytic ferns studied exhibit different addjoins, reflecting the diversity of
epiphytic habitats on single tree. From the steselia the outer branches, increasing wind
speed, radiation, temperature oscillations and wapoessure deficit contribute to increase
evaporation and transpiration (Parker, 1995). Add#lly, more dead organic matter and
bryophytes which store water and nutrients for irgpepiphytes are found on inner than on
outer branches (Hofstede et al., 1993), thus waeirdarcing the effects of microclimate. Due
to all these factors, drought stress for epiphytdisbe more severe in the upper canopy and

on small branches (Hietz and Briones, 1998).
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Although there are shared features among the foeciss examined, there are also
significant differences in the ecological stratsgend mechanisms of protection induced
against mechanical and oxidative stress.

We consider thatP. polypodioides var. minimum P. hirsutissimum and
Pl. pleopeltifoliaare desiccation-tolerant species because theyft@me desiccated and curled
in their natural habitat, beyond reduce levels dlowphyll during desiccation and
resynthesize after rehydratias observed in article one.

Polypodium polypodioidegar. minimunmwas the species with the smallest leaf area of
the four species studied, followed My squamulosa, Pl pleopeltifoliand P. hirsutissimum.
According Kappen and Valladares (2007) the leafllssiae is typical of the recognized
frequently the shape of the poikilohydrous (lackofitrol of water relations).

Individuals of P. polypodioidessar. minimumusually cover a large area of the host
tree and as soon as there is increased moistuhe iair, its leaves unfold to take advantage
and capture light energy before they are shadedthgr species of fronds with same
behavior. Features such as the slope of the frivedthickness of the blade, the smallest leaf
area (added in the form of pinnate fronds) andteh¢ength of the frond can be understood as
strategies to reduce the deleterious effects tt bgpd water deficit according to Boeger et al.
(2007).

The smaller leaf size in this species becomes aargalge over the other, it provides
the ability to quickly reduce the RWC of their famby transpiration when exposed to lower
RH. Associated with this feature, the absence ssuis that store water in their leaves or
rhizomes, restrict their presence to wetter areab@base and thicker branches phorophytes,
as also observed by Hietz and Briones (2001) Tinchomanes bucinatumThus,

P. polypodioidess able to take advantage of any increase in Ritildbcurs as a quick rain or

dew.
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Water uptake in poikilohydrous vascular plants ¢envery complex because of
interactions between different organs (Kappen amatladares, 2007). Stuart (1968) found
individuals of the fernPolypodium polypodioidesvas not able to rehydrate by substrate
moistening if the air was dry, and the leaves redanly 50% of their maximal water content
within 2—-3 days, even in a water vapor-saturatadoaphere. Similar results found for
P. polypodioidesrar. minimumin this study, which decreased the RWC of thandis even
when they were exposed to high relative humidityditions as 100%.

Matthes-Sears et al. (1993) found that frond$oliypodium virginianumwhich are
highly desiccation-tolerant, were not able to abddeuterium-labeled water from air. Thus,
the capacity of the leaves to take up water vapoies significantly among species (Kappen
and Valladares, 2007). In contrast, rapid waterakgpt fronds can be observed in
P. polypodioidewar. minimumduring the rehydration and Stuart (1968) for tmeaspecies.
Kappen and Valladares (2007) suggest that in miphytes the water uptake through leaves
is an important mechanism for reestablishing wastations of the whole plant and for
resuming xylem function. Furthermore, the cutidgoikilohydrous vascular plants may also
enhance water uptake by leaves although genelbetconsidered an efficient protection
against water loss.

Although PI. pleopeltifolia and P. hirsutissimumalso present characteristics of
desiccation tolerance differ frorR. polypodioidesvar. minimum occupy a more apical
branches and by having a short stem-reptile, whnely occur more isolated. However, the
highest location of these species leads to greabeunt of sunlight, increased susceptibility
to the winds and increased evapotranspiration endhest days. Thus, strategies become
necessary for these plants are able to establgskdewelop well in these places.

Polypodium hirsutissimurdiffered by its bigger foliar and by the presercéhick

rhizome possibly able to assist in water storagd ah a great quantity of trichomes.
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According to Grammatikopoulos and Manetas (1%84éhomes in the leaf blade have been
shown to contribute to water uptake and the sedappen and Valladares (2007) they
absorb water more easily than the leaf epidermigdlypodium puberulunthe dense hair-
like trichomes on the adaxial surface retain a whlt® and thus increase the period during
which liquid water may be taken up (Hietz and Besn1998), as observe in the lower
surface of the curled and folded leaflets @éterachofficinarum densely covered with
trichomes (Oppenheimer and Halevy, 1962).

However, it may be that the presence of trichone¢arded water uptake because of
the air trapped, as observed in leaves of sevgratiss ofCeterach and Cheilanthes
(Oppenheimer and Halevy, 1962; Gaff, 1977; Gebau386) and the fronds of
P. hirsutissimunduring the drying process in this study. The réidncin RWC of the fronds
of P. hirsutissimunwas similar at three different relative humidignditions probably due to
a barrier against the ingress of water caused djatyer of air that is trapped between the leaf
epidermis and trichomes. On rehydration, when thads were submerged in liquid water,
the presence of hairs was added to the absende lafer, resulted in rapid absorption and
damage cell membranésee article one)rhis same effect is observed B myconi(and of
other Ramondaspecies), where spraying of the detached hainekeaesulted in less water
uptake than immersion in water or spraying hairleases (Kappen and Valladares, 2007).

Pleopletis pleopeltifolidbesides presenting leaf area intermediate thespexies of
Polypodium lacks trichomes, features added to the factdbatir in more apical branches in
the host tree which makes it more susceptible tor@mmental variations. The ecological
adaptation by this species, also tolerant to dasmt, seems to be the ability to completely
expand their fronds with RWC around 50%, as obskmdronds collected at the beginning
of this study. The lowest percentage of RW@Inpleopeltifoliapossibly represents a great

advantage, because it enhances the area for ligtidence and the realization of
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photosynthesis, while the others require higher RMfGhe complete expansion of its fronds
(personal observation).

Microgramma squamulos&ronds become more exposed to environmental clsange
due to long-stem reptile that allowing this on@tmore broad occupation, from base to apical
regions of the host tree. Unlike the other threscigs of this studyyl. squamulosdave thick
leaves and thick rhizomes that appear to servevestexr reservoir, does not curl their fronds
in low RH (Hietz, 2010; see article one), charaetst as drought avoider.

The three species tolerant to desiccation of thiglys showed reductions in the
fluorescence during desiccation in different prdjoms. Polypodium polypodioidewar.
minimumshowed the greater reductiopHs, in the three relative humidity conditions which
their fronds were exposed, followed BY. pleopeltifoliaand P. hirsutissimumThe lower
reduction inP. hirsutissimumespecially at 0% RH, was probably due to the gores of
dense hair on their fronds, which promoted an auuit protection to the photosynthetic
pigments (see article one). It may be that lgW=Freflects a constitutive photo/desiccation
protective strategy that is highly expressed iniadasion tolerant plants (Csintalan et al.,
1999), thus avoiding the photoinhibition (Oquistkf 1992).

These reductions in the fluorescence caused afisamti increase in the amounts of
thermal energy dissipation in desiccation-tolerapécies (data not shown). According to
Angelopoulos et al. (1996) the induction and inseedhis thermal energy dissipation is
associated with a down-regulation of photosynthesisl it has been considered as a
photoprotective process. In some cases light-degpgndactivation of PSIl reaction centres is
associated with a decline in both, Bnd R/ Fy, and with an increase of initial fluorescence

yield, R, (Demmig-Adams and Adams, 1992; Long and Humphii@84).
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Values of K/Fy, found in M.squamulosa were around 0.8, showing that therenwas
photoinhibition on their fronds in any of the preses of desiccation and rehydration, as
suggested by Bjorkman and Demming (1987) with rdrggween 0.8 and 0.83.

Although P. polypodioidesand PI. pleopeltifolia presented the lowest/F,, in the
early process of rehydration, after eight hours taldies close to the start of desiccation.
Similar behavior was observed by Hietz and Brio(®301) in two other species of same
genusPolypodium plebeiumand Pleopeltis mexicanaThese findings are consistent with
previous research, such as Deltoro et al. (19988)Gsintalan et al. (1999), suggesting that
highly desiccation-tolerant bryophytes maintainidgpreversing, regulatory photoprotective
mechanisms in the desiccated state, which may &eatiad in environments with variations in
the water supply.

Another protective mechanism is constituted byiogrbf leaves when it begins the
process of desiccation Korte and Porembski (2@2@&ypodium polypodioidegar. minimum
P. hirsutissimumandPI. pleopeltifolig independent of the speed of response to desiocati
also have the ability to curl their fronds duringsitcation causing shading of the inner
surfaces from light and protect the photosynthatiparatus of the high incidence of light. As
observed in leaves ofraterostigma wilmsiiand Myrothamnus flabellifoliusby Farrant
(2000).

Sherwin and Farrant (1998) proposed that desiagtétilerant plants use leaf folding
and antioxidants pigments accumulation as a mednsninimizing light chlorophyll
interaction and thus photo-oxidative damage. A widege of other compounds such as
flavonoids, sugars, polyols, proline and polyamingso have antioxidant properties
(Smirnoff, 1993), and particularly phenols (Riceags et al., 1996).

According to Kranner et al. (2002) desiccation,o#iser biotic and abiotic stresses,

ultimately cause loss of control mechanisms thatntam low ROS concentrations.
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Therefore, effective antioxidant machinery is esisétrait of desiccation tolerant organisms,
because the increase in ROS will lead to deten@g@irocesses such as ageing and eventually
death (Beckmann and Ames, 1998), as is also immariahe reverse process on rehydration
(Smirnoff, 1993; Sherwin and Farrant, 1998; Farra@00).

The role of phenols together with flavonoids is ast'sun screen’ pigments, shading
the desiccated photosynthetic apparatus, and tiishelp avoiding Q formation. This
appears to be particularly important in resurrectmants as suggested by Farrant et al.
(2003). Antioxidative defense systems may be in@dlin different ways in preventing
damage. These antioxidants were also maintainddihithe inactive, completely dehydrated
state. Hence, they may confer protection upon tiseioof rehydration, when photosynthesis
is still inactive and excitation pressure can lghl{Farrant et al., 1999)

The increase observed in the phenol concentratiaie four species of this study
added to that of flavonoids (see article one) gavemportant antioxidant protection during
desiccation. As observed by Farrant et al. (1989)aves of the resurrectioRamonda
serbica that possess different photoprotective mechanisiitsviag them to withstand
profound dehydration during drought periods, maimtg the integrity of metabolism.

Desiccation-tolerant plants also have the abilith @ membrane mechanical
stabilization by means of compatible solutes (Vandidligen et al., 2003; Djilianov et al.,
2011), like soluble sugars that are involved imalgng processes and plant stress tolerance
(Solfanelli et al.,, 2006).According to Khurana et al. (2008) soluble sugarsnmte
vitrification as water is removed from cells while glass phase prevents collapse of cells by
maintaining the macromolecular structures. Recealbp has been recognized that sugar
signalling is involved in scavenging of reactiveygen specie$ROS) (Bolouri-Moghaddam
et al., 2010), perhaps in coordination with phencbmpounds (Van den Ende and Valluru,

2009).
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According to Allison et al. (1999) in water defigbnditions sucrose interacts with
polar head groups of membrane phospholipids, thesepving the membrane native structure
and preventing leakage due to phase transitionth&umore, soluble sugar interacts with
proteins to form hydrogen bonds with specific poigoups on the protein surface, not
allowing the formation of hydrogen bonds within tlpeoteins themselves that would
irreversibly change their tertiary structure.

Polypodium polypodioidesyar. minimum P. hirsutissimumand PIl. pleopeltifolia
increased the concentration of soluble sugars vithein fronds were exposed to desiccation
and decreased after rehydration. This same patteancumulation soluble carbohydrate was
observed by Muller et al. (1997) Ramonda nathaliaandR. myconiindicating that soluble
carbohydrate accumulation is connected to desatdtlerance in Gesneriaceae. In a study
of several species of resurrection, Ghasempouk. ¢1208) found a wide variation that can
occur in the accumulation of sugars, as alreadytioreed Ramonda mycorand Tripogon
jacquemontiithat presented, respectively, 47.9 / 7.5 mg shgadW in leaves hydrated and
52.8 / 35.9 mg sugar / g DW in dried leaves. Intthree species tolerant to desiccation of this
study, the difference between the accumulatiorughss from the beginning to the end of the
dehydration process increased with decreased vel&timidity to which the fronds were
exposed, revealing the importance of these solutethe protection of cell integrity in
response to changes of humidity that occur in theinitat.

Microgramma squamulosahowed the same patterns of accumulation of sslubl
sugars and reducing that species tolerant of thdys However, these levels were higher in
all conditions which their fronds were exposed. Sghpatterns may possibly have taken place
in order to protect the cellular integrity of theesies, since it is considered drought avoider
and showed a slight reduction in chlorophyll cohtguring the drying process, in rehydrated

quickly recovered as demonstrated in the artick on
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In summary, our results showed that during detmeahe fronds of four species
study were able to recover when exposed to comditiof extreme desiccation with the
damage of the photosynthetic apparatus limited tepairable level and the physiological

integrity maintained in the dry state enabling feltovery after rehydration.
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CONSIDERACOES FINAIS

Apesar das pteriddfitas serem mais comuns em ateki@imidos e sombreados, muitas
espécies também sdo encontradas em habitats pogpessca, ou em ecossistemas aridos ou
em locais com suprimento de agua descontinuo, gaims ou rochas onde a capacidade de
estocagem é muito baixa (Hietz 2010). As espéadsabiito epifitico apresentam uma grande
desvantagem quanto aos recursos hidricos quandoacadas as espécies terrestres, pois nao
tém acesso a agua disponivel no solo. Entretantiiasnpteridofitas epifiticas adquiriram ao
longo da evolucdo a capacidade de tolerar a desse¢dotz & Hietz 2001), caracteristica
que as coloca em vantagem na ocupacdo deste rebitalacdo as outras espécies. Todavia,
a tolerancia a dessecacdo pode depender de diferestratégias fisioloégicas e bioquimicas
realizadas pelas plantas para sobreviver e reaqupgnarocessos metabdélicos normais apés a
re-hidratacdo (Bewley & Krochko 1982).

Nesse sentido, os resultados deste trabalho mdigee aquelas pteriddfitas epifiticas
gue apresentaram um evidente enrolamento foliaand@rmperiodos de baixa disponibilidade
hidrica, também demonstraram respostas fisiolégicaetoras mais proeminentes do que a
espécie sem este comportamento. Além disso, edaatagp possuem a capacidade de
recuperar 0 seu metabolismo apdés re-hidratacadirroamdo-as como espécies tolerantes a
dessecacao.

Nas pteridofitas epifiticas tolerantes estudadagpdssivel a deteccdo de diferentes
graus de tolerancigPolypodium polypodioidesar. minimumfoi a espécie mais tolerante,
seguida dePleopletis pleopeltifoliae Polypodium hirsutissimumEnquantoMicrogramma
squamulosademonstrou evitar a dessecacdo, com padrdes gestas fisiologicas aos

processos de dessecacdo e re-hidratacdo, ndwtinipentes quanto as espécies tolerantes e,
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também, pela capacidade de estocagem de agua srteselos, favorecendo-a em periodos
de baixa disponibilidade hidrica.

A éarea foliar influenciou a velocidade de respodtes espécies as variacdes na
disponibilidade hidrica do ambienteolypodium polypodioidegar. minimumque possui a
menor area foliar apresentou resposta mais rapimpjanto a outra espécie de mesmo género,
Polypodium hirsutissimuntde area maior e uma grande quantidade de tricamsysondeu
mais lentamente.

Apesar de ter ocorrido reducdo nos teores de dirdéirante a desidratacdo, nao
houve a auséncia deste pigmento em nenhuma dagiesspélassificando-as como
homoclorofilas (plantas que mantém a clorofila dtgaa dessecacdo). Todavia, estas
reducdes ocorreram em diferentes escd@adypodium polypodioidesar. minimumfoi a
espécie com maior reducdo nos teores de cloreiiguida déPolypodium hirsutissimure
Pleopeltis pleopeltifoliwom padrbes intermediariodve squamulos&om 0s maiores teores.

O aumento na concentracdo de flavonoides duramtessecacdo revelou sua acéo
protetora ao aparato fotossintético nas quatro cespéMicrogramma squamulosaao
contrario das espécies tolerantes, ndao reduziwio de flavondides quando suas frondes
foram expostas a re-hidratacdo, podendo este pigntambém apresentar acdo protetora
como anti-fungico, conforme Grayer & Harborne (1094

As mudancas fisiolégicas ocorridas nas espéciemattes a dessecagdo foram
fundamentais para a preservacdo da estrutura dasbnaeas celulares tanto durante o
processo de dessecacdo quanto na re-hidratacfi@sfespécies tolerantes estudadas, quando
expostas a diferentes condi¢des de disponibilidddeca, demonstraram indices de injaria
mais baixos as membranas do fuesquamulosaespécie que evita a dessecagao.

A reducao nos teores de clorofila foi acompanhagla giminuicdo da fluorescéncia

nas espécies tolerantes a dessecacdo quando ex@astsituacbes de estresse hidrico.
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Polypodium polypodioidesar. minimum foi a espécie com maior reducdo dos teores de
clorofila e com os menores indices de fluorescépaime as espécies estudadas, situacao
oposta aVl. squamulos@ue ndo apresentou alteracdes significativas.

Assim como ja foi revelado o papel protetor dosdigides ao aparato fotossintético,
0s teores totais de fendis reafirmam esta acaetprataumentando sua concentracdo durante
0 processo de dessecacado e reduzindo na re-hératgando esta protecdo ja € assumida
pela acdo de outros pigmentos, como os carotendides

As membranas celulares das espécies tolerantessacdgado sofreram menos injurias
durante periodos de estresse hidrico, em decaaré&eiuma maior sintese de acucares
solliveis totais em comparacdo com espécies sensirdretanto, ficou evidenciado que em
M. squamulosaespécie que evita a dessecacdo, que 0s acUuohresis totais também tém
importante papel protetor das estruturas celulares.

A partir destas informacgdes, podemos inferir quRseguatro espécies apresentam
diferentes estratégias ecofisiologicas tanto pacdithr a co-ocorréncia delas em um mesmo
forofito, otimizando a captura de luz em period@ssnfiavoraveis para cada uma, quanto em
relacdo as eficientes respostas metabdlicas frastevariacoes hidricas as quais estao

diariamente expostas.
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