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RESUMO

O estudo da biodiversidade de biomas considerados como hotspots do Neotropico € a
chave para a elaboracdo de estratégias de conservacdo. Neste contexto, conhecer a
distribuicdo da variabilidade genética entre e dentro de populagdes auxilia na
compreensdo de como os fatores historicos e ambientais influenciam as condi¢des de
sobrevivéncia de uma espécie ameacada. A Dicksonia sellowiana ¢ uma espécie de
distribuicdo disjunta em paises da América Central e do Sul do Brasil, pode ser encontrada
nas regides Sudeste e Sul em formacgdes de Floresta Ombrofila Mista (FOM), da Mata
Atlantica. Nessa tese, o objetivo principal foi determinar a estruturagdo populacional e os
processos filogeograficos envolvidos na distribui¢cdo de D. sellowiana do Neotrético e do
Brasil. Com isso, visei compreender a relacao da histéria da distribuicdo da espécie com
outras do género Dicksonia a partir dos eventos climaticos e geoldgicos que ocorreram
da formacdo da Mata Atlantica, bem como da regido neotropical. No Capitulo I eu
apresento a tipificagdo da variedade Dicksonia sellowiana Hook. var. arachneosa ainda
ndo designada até o momento a fim de contribuir para a taxonomia de Dicksonia
sellowiana na América. No Capitulo II, estudei a genética das populacdes da espécie no
Brasil utilizando marcadores SSR. Compreendi que as populagdes de D. sellowiana estao
estruturadas geneticamente na Mata Atlantica, de acordo com uma barreira climatica
determinada pela umidade e influenciada pela latitude. Além disso, apresento uma forte
evidéncia de que as regides proximas aos vales fluviais no Sul do Brasil correspondem a
reflgios florestais que sobreviveram durante o Pleistoceno e garantiram a conservagao do
pool génico da espécie. E, por fim, no Capitulo III eu apresento um estudo da
filogeografia da espécie e do género a partir do espacador intergénico trnL-trnF do
cpDNA onde identifiquei a riqueza dos haplotipos compartilhados entre D. sellowiana e
outras espécies do género nativas do Neotropico e da Oceania. O cendrio observado
reflete a histéria de origem e distribui¢do do género na América, frente as oscilagdes
climaticas e geologicas que ocorreram durante o processo de formacdo do continente.
Portanto, minha tese contribui para o conhecimento da dindmica das espécies neotropicais
e subsidia medidas de conservagdo para aprimorar as chances de adaptacio de espécies

ameacgadas as mudancas do habitat.

Palavras-chaves: Conservagdo, cpDNA, Estrutura genética, Neotropico, Pteridophyta,

SSR.



ABSTRACT
The study of the biodiversity of biomes considered as hotspots of the Neotropics is the
key to the development of conservation strategies. In this context, knowing the
distribution of genetic variability among and within populations helps to understand how
historical and environmental factors influence the survival conditions of an endangered
species. The Dicksonia sellowiana is a species of disjoint distribution in Central and
South American countries and in Brazil, it can be found in the Southeastern and Southern
regions in Araucaria Forest formations. In this thesis, the goal was to determine the
population structure and phylogeographic processes involved in the distribution of D.
sellowiana in Brazil and Neotrotico. With this, I tried to understand the relation of the
history of the distribution of the species with others of the genus Dicksonia from the
climatic and geological events that participated in the formation of the Atlantic Forest, as
well as of the neotropical region. In Chapter I, I present the typification of the variety
Dicksonia sellowiana Hook. var. arachneosa has not yet been designated to contribute to
the taxonomy of Dicksonia sellowiana in America. In Chapter II, I studied the genetics
of the species populations in Brazil using SSR markers and understood that the
populations of D. sellowiana are genetically structured in the Atlantic Forest, according
to a climate barrier determined by humidity and influenced by latitude. In addition, I
present strong evidence that the regions near the river valleys in southern Brazil
correspond to forest refuges that survived during the Pleistocene and ensure the
conservation of the species' gene pool. Finally, in Chapter III, I present a study of the
phylogeography of the species and genus from the trnL-trnF intergenic spacer of the
cpDNA, where I identified the richness of the haplotypes shared between D. sellowiana
and other species of the genus native to Neotropics and Oceania. The observed scenario
reflects the history of origin and distribution of the genus in America, in the face of the
climatic and geological oscillation that occurred during the process of formation of the
continent. Therefore, my thesis contributes to the knowledge of the dynamics of
neotropical species and subsidizes conservation measures to improve the chances of

adaptation of species threatened by habitat changes.

Key-words: Conservation, cpDNA, Genetic structure, Neotropical, Pteridophyta, SSR.
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1. INTRODUCAO GERAL

Os estudos de biodiversidade tem como prioridade conhecer o maior numero de espécies
e suas relacdes ecoldgicas com o meio ambiente a fim de salvaguardar os biomas e
viabilizar estratégias de conservacao (Pimm et al, 1995; Myers et al., 2000). A
compreensao da diversidade genética de espécies nativas e ameacgadas de extingao desses
hotspots permite conhecer a dindmica das populacdes nos ecossistemas e ¢ considerada
uma importante ferramenta para a preservacao dessas areas (Myers et al., 2000; CBD,
2016).

A regido neotropical ¢ caracterizada por um mosaico de paisagens florestais e
formagdes de campo com alta diversidade biologica e endemismo de espécies (Moritz et
al., 2000). A diversificagdao de espécies no Neotrdpico estd associada com as mudangas
drésticas da vegetagdo em fun¢do das flutuagdes climaticas que ocorreram durante o
Quaternario (~2,5 milhdes de anos, M.a.; Hooghiemstra e Van Der Hammen, 1998).
Porém, o padriao de origem e distribuicdo das espécies nessa regido depende do grupo
taxondmico. A diversificacdo de alguns taxons da flora e fauna neotropical pode estar
relacionada a fatores como soerguimento dos Andes, incursdes marinhas na Amazonia e
a formagao do Istmo do Panama (Hoorn ez al., 1995; Antonelli e Sanmartin, 2011; Cavers
et al., 2013; Fine et al., 2014). Deste modo, o Neotrdpico sofreu mudangas na paisagem
durante as eras geologicas, principalmente durante os ciclos glaciais do Quaternario. Com
as oscilagdes climaticas, as areas florestais permaneceram refugiadas em areas imidas e
os estudos filogeograficos t€ém observado uma descontinuidade genética ao longo da
distribuicdo de varios biomas que pertencem ao Neotropico (Martins et al., 2015;
Carnaval et al., 2014; Alvares-Carvalho et al., 2016; Turchetto-Zolet et al., 2016;). Dentre

esses ecossistemas, a Mata Atlantica tém sido alvo de estudos de diversificacdo e



filogeografia de espécies em funcdo do seu territério estar associado a um extenso
gradiente latitudinal (Behling, 1997, 2002; Carnaval e Bates, 2007; Carnaval et al., 2014).

O bioma Mata Atlantica ¢ considerado o mais antigo do Brasil e possui 150
milhdes de hectares, distribuidos na faixa leste da América do Sul, abrangendo os Estados
do Rio Grande do Norte até o Rio Grande do Sul e tem como limite leste a costa Atlantica
e limite oeste o Estado do Mato Grosso do Sul (Ribeiro et al., 2011). Originalmente, 75%
do bioma era coberto por formagdes arboreas densas com diferentes estruturas e
composigdes como, por exemplo, a Floresta Ombrofila Mista (FOM). O restante do
territorio da Mata Atlantica era caracterizado por formacdes abertas ou secas (Myers et
al., 2000). Atualmente, apenas 7,91% da sua cobertura de vegetacdo original pode ser
encontrada em uma paisagem com fragmentos florestais remanescentes, isolados por
extensas areas agricolas e centros urbanos (Myers et al., 2000; SOS Mata Atlantica Inpe,
2008).

A variagdo latitudinal da Mata Atlantica resultou em um bioma bastante
heterogéneo com um grande numero de espécies, sendo conhecidas 526 espécies de
vertebrados endémicos e cerca de 8000 espécies de plantas endémicas (Myers et al.,
2000). Todo o territorio desse bioma sofre influéncia dessa variagao latitudinal associada
a fatores historicos e climaticos, como: temperatura, precipitacdo e luminosidade (Myers
et al., 2000). Os atuais padrdes de diversidade de espécies no bioma sdo resultados dos
eventos de mudangas no clima que caracterizaram o Quaternario, quando ocorreram
ciclos de baixas e altas temperaturas e niveis variados de umidade atmosférica (Ledru et
al., 2006).

Essas modificacOoes no ambiente, associadas aos fatores historicos, influenciam
diretamente a diversificagdo das espécies (Wiens, 2007). Na regido subtropical, a riqueza

de espécies ¢ consequéncia dos eventos de expansdo e retracdo das areas florestais



(Sanmartin e Ronquist, 2004). Portanto, essas alteragdes no ambiente afetaram a
diversidade e a distribuicao geografica no espago e no tempo das espécies tropicais
(Martins et al., 2015; Carnaval et al., 2014). Além disso, a distribuicdo da variabilidade
genética entre as populacdes também foi influenciada por esses fatores ambientais e
historicos (Carnaval e Moritz, 2008; Thomé et al., 2010).

As populacdes naturais de plantas sdo fortemente influenciadas pelos padroes de
trocas genéticas dentro e entre as populagdes. As variagdes na reproducao das espécies e
na historia de vida podem afetar esses padrdes e, como consequéncia, ocorre a
estruturacdo genética das populagdes naturais (Avise, 2000; Hewitt, 2000; 2004). A
genética de populagdes descreve a estruturacdo das populacdes e assume que a atual
estrutura genética reflete o equilibrio entre deriva genética e fluxo génico (Wright, 1978).
Porém, nas plantas podem existir barreiras para o fluxo génico intraespecifico como
caracteristicas inerentes a distribui¢do geografica e sistema reprodutivo da espécie o que
pode ocasionar em eventos de especiagdo ao longo dos anos (Avise, 2000; Arbogast et
al., 2001). Esses fatores podem influenciar a variabilidade genética das populagdes e
refletir na historia evolutiva e processos biogeograficos da espécie (Avise, 2000).

As espécies e as populagdes que as compde apresentam caracteristicas inerentes
a sua distribuicdo e isso pode ser resultado de suas respectivas historias (Brooks et al.,
2002). Os estudos de genética de populacdes associados a filogenia e taxonomia da
espécie permitem investigar as relagdes entre os processos micro € macroevolutivos
(Avise, 2000). Essa associagdo, conhecida como filogeografia, possibilita compreender
como os eventos histdricos (e.g. extin¢do, recolonizagao, efeito gargalo e efeito fundador)
influenciaram na distribui¢do geografica atual dos genes, das populagdes e das espécies
na atual paisagem (Avise, 2000; Hewitt, 2000; 2004; Ricklefs, 2010). Neste contexto, ¢

possivel avaliar a influéncia dos fatores historicos na distribui¢ao da biodiversidade.



Dentre as espécies nativas da Mata Atlantica e endémica de regides florestais do
Neotropico, a Dicksonia sellowiana Hook. (Familia Dicksoniaceae), ¢ caracterizada
como uma samambaia arborea conhecida popularmente como “xaxim” ou
“samambaiacgu” (Figura 1). O seu tronco ¢ macigo com diametro que pode variar de 12 a
50 cm e altura de até¢ 10 m, como observado na figura 1A (Pio Corréa, 1931). O caudicie
¢ basalmente decumbente com tricomas longos e densos e ¢ cercado por uma bainha larga
constituida de raizes (Figura 1A e 1B; Fernandes, 2000). As raizes da espécie sdo bastante
fibrosas e podem estar localizadas desde a base até o apice (Fiori et al., 2009). As frondes
sao aglomeradas e com soros solitarios (Figura 1C, 1D e 1E; Sodiro, 1893). O tronco ¢
usado como material para jardinagens e producdo de plantas ornamentais e, em funcao
disso, a espécie foi incluida no Anexo II da CITES (MMA, 1998) e categorizada como
ameacada de extingdo. Dicksonia sellowiana ocorre em areas de mata imida na América
Central e na América do Sul, com distribuicdo da Venezuela para a Colombia, sul da
Bolivia, Peru, Equador, Brasil, Paraguai e Uruguai (Tryon 1970, 1972). No Brasil, a
espéciec ¢ endémica da Mata Atlantica e ocorre em altitudes mais baixas,
aproximadamente a partir de 300m (Oliveira et al., 2013; Mallmann et al., 2018).

A espécie possui um ciclo de vida com alternancia de geragdes, sendo uma delas
gametofitica (haploide), considerada como a fase efémera e a outra esporofitica
(diploide), a qual caracteriza a fase permanente (Figura 1A; Raghavan, 2005). Dicksonia
sellowiana ¢ classificada como uma samambaia homosporada e seus esporos sdo
produzidos pelos esporangios através de meiose (Figura 1E; Raghavan, 2005). Os esporos
de D. sellowiana sdo pequenos e leves, semelhantes a poeira, e podem ser dispersados
facilmente pela acdo de chuvas e vento, o que permite a migracdo de individuos entre
regides distantes (Fernandes, 2000; Fiori et al., 2009). Em condigdes ideais do ambiente,

que incluem temperatura inferior a 20°C e intensidade luminosa moderada, os esporos



germinam em solo imido e produzem os gametofitos masculinos ou femininos (Ibars e
Estrelles, 2012). Nessa fase, ocorre a fecundacao cruzada a qual ¢ dependente de agua, o
que caracteriza a espécie como restrita a ambientes imidos e sensivel a mudancas no
ambiente (Raghavan, 2005; Ibars e Estrelles, 2012). Apds a fecundagdo, o zigoto origina
o esporodfito, o qual pode atingir até seis metros de altura e passara a produzir novos
esporos apoOs a formacao da estrutura dos esporangios (Ibars e Estrelles, 2012). As
caracteristicas morfologicas e reprodutivas de D. sellowiana sao comuns para a maioria
dos representantes do género, o que mostra uma similaridade entre as pteridofitas arboreas
(Ibars e Estrelles, 2012).

Os estudos genéticos sdo escassos com esse tdxon mas sabemos que o género
possui um ancestral comum e que a sua origem ¢ recente (~2,0 Ma), quando comparada
com espécies de angiospermas e de outras pteridéfitas (Korall et al., 2014; Noben et al.,
2017).

Em populagdes naturais de D. sellowiana da Mata Atlantica, sabe-se que existe
uma estruturacdo genética nas populacdes e que esse padrido se estabeleceu,
provavelmente, em razao dos eventos de expansao, regressao e fragmentacao da FOM e
do sistema reprodutivo da espécie (Santos, 2011). Diante da distribuicdo e caracteristicas
do nicho de D. sellowiana podemos considera-la como uma espécie modelo a fim de
compreendermos a historia evolutiva de formagao da Mata Atlantica. Tomando a historia
de diversificagdo do bioma, o foco dessa tese foi de conhecer os aspectos espaciais e
temporais do padrao genético de D. sellowiana no Brasil e associar com a historia
evolutiva do Neotrdpico a fim de compreender a taxonomia e a distribui¢cdo da espécie na
América. A tese esta estruturada em trés capitulos. No Capitulo I apresento a tipificagcdo
de Dicksonia sellowiana Hook. var. arachneosa ainda ndo designada até o momento a

fim de contribuir para a taxonomia do género Dicksonia na América. Essa variedade



determinada por Sodiro (1893) foi coletada no vale do vulcao E! Corazon, no Equador,
sendo restrita da regido. No Brasil, todos os registros da espécie D. sellowiana sao
tipificadas de acordo com a classificagdo de Hook. Dessa forma, no Capitulo II busquei
estudar a genética de populagdes dessa espécie em formagdes florestais da Mata Atlantica.
A partir desses dados de estrutura genética da espécie investiguei a correlacao do padrao
genético com as variaveis abioticas - temperatura, precipitacdo, altitude e latitude - das
regides de ocorréncia natural de D. sellowiana. Por fim, no Capitulo III meu foco foi de
estudar a filogeografia da espécie, comparando o padrao de diversidade de haplotipos de

cpDNA no género e sua distribui¢do no Neotrdpico e em regides da Oceania.



Figura 1 — Dicksonia sellowiana Hook. A. Porte arbdreo do individuo adulto. B. Tricomas
do caule. C e D. Fronde e foliolos. E. Esporangio maduro. Fotos: Adriano Silvério e Bruna
Saviatto Fagundes.
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2. CAPITULO1

AVOIDING AMBIGUITY FOR THE NAMES RELATED TO THE HIGHLY
ENDANGERED Dicksonia sellowiana Hook. (DICKSONIACEAE)

Capitulo formatado de acordo com as normas da revista Taxon ISSN 0040-0262 (Print)
ISSN 1996-8175 (Online)

11



Avoiding ambiguity for the names related to the highly Endangered Dicksonia

sellowiana Hook. (Dicksoniaceae).
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Abstract

A lectotype is selected for Dicksonia sellowiana Hook. var. arachneosa Sodiro (=
Dicksonia sellowiana Hook.) using a specimen from PH. In the protologue, Sodiro (1892:

83) does not designate the type of species, which has not been made by anyone until now.

Keywords Cyatheales; Neotropical flora; typification;
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INTRODUCTION

Dicksonia sellowiana var. arachneosa (Dicksoniaceae) was first described by Sodiro
(1892: 83). The author distinguishes the var. arachneosa as “stipitibus, rachibus et
segmentis infra dense arachneoso-tomentosis, pilis setosis, castaneis cum tela arachneosa
commixtis; soris in segmentis singulis 1-4”. This species is cited by Sodiro (1983: 44) in

the same way as described in the protologue.

Tryon (1986: 4) in the Flora of Ecuador synonymized Dicksonia sellowiana var.
arachneosa in Dicksonia sellowiana Hook. This species, popularly known such as
“xaxim”, presents arboreal habit of economic interest in ornamental plants, which is
highly exploited and therefore included in CITES's list of endangered (Convention on

International Trade in Endangered Species of Wild Fauna and Flora) (CITES 2009).

The current distribution of Dicksonia sellowiana, is characterized as disjunct (Margalef
1989) and includes the South of Mexico, in Central America, and nine countries of South
America: Venezuela, Colombia, Ecuador, Peru, Chile, Bolivia, Brazil, Argentina and

Uruguay (Fernandes 2000).

DISCUSSION AND LECTOTYPIFICATION

Dicksonia sellowiana Hook. Species Filicum 1: 67. 1844. — Lectotype (designated by
Tryon & Stolze (1989): Sellow s.n., Brazil (K [barcode] 589710 [photo!]; Isolectotypes,
LE [bc] 8019 photo!, US [bc] 66377 photo!). Remaining syntype, J. Miers 232, Brazil,

Organ Montain (K [bc] 589712 [photo!]).

Dicksonia spruceana Mett. ex Kuhn, Linnaca 36: 153. 1869. Dicksonia
sellowiana Hook. var. spruceana (Mett. ex Kuhn) Baker, Syn. Fil. (Hooker &

Baker), ed. 2. 461. 1874. — Holotype (?) R. Spruce 4728, Peru, Tarapota, (B ??);
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isotypes, A [bc] 20971 [photo!], BM [bc] 97860 [photo!], BM [bc] 586133
[photo!], GH [bc] 20972 [photo!], K [bc] 6839 [photo!], K [be] 6840 [photo!], K
[bc] 6841 [photo!], LD [bc] 1763634 [photo!], LD [bc] 1763698 [photo!], US [bc]

66378 [photo!].

Dicksonia sellowiana var. karsteniana (Klotzsch) Sodiro, Recens. Crypt. Vasc.
Quit. 22. 1883. Balantium karstenianum Klotzsch, Linnaea 20: 444. 1847. —

Holotype: H. Karsten #II 9, Colombia, B [barcode] 200138452 [photo!].

Dicksonia sellowiana Hook. var. arachneosa Sodiro, Anales Univ. Centr.
Ecuador 7 (49): 83. 1892.—Lectotype (designated here): Sodiro s.n., XI1.07,
Ecuador, Volcan Corazan (PH 00011493 [photo!]); remaining syntype S

[barcode] S-R-1484 [photo!].

In the protologue, Sodiro (1892: 83) cited Dicksonia sellowiana var. arachneosa as
occurrence “crece en la region arborea superior del vélcan ‘el Corazén’ a 3300 metros™.
This region corresponds to the Volcan Corazon that is a high mountain eroded
stratovolcano at an elevation of 4.142m (13,589ft) above the sea level, located in the

western slopes of the Andes, in Pichincha, Ecuador.

According to Stafleu & Cowan (1985) the collection of Luigi Sodiro is hosted in both Q
and QPLS [further material at B (mainly destroyed), and also BAF, BP, BR, E, G, K, NY,
MO, OXF, PH, S, SI, US]. We have sent e-mail to the curators of both Q and QPLS, and
have not located any specimen eligible to be the type. Two specimens Sodiro s.n. were
located at PH [barcode-11493] and S [barcode-S-R-1484], and both fit the protologue.
The field label of PH specimen informs “Dicksonia sellowiana HK v. arachneosa Sod.
v. no, Ecuador Voélc. Corazan, XI1.07”. The calligraphy observed on the label may be of

Sodiro according to other manuscripts attributed to the author. Therefore, we conclude
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that PH-11493 is original material and we are designating it as the lectotype of Dicksonia

sellowiana var. arachneosa Sodiro.

ACKNOWLEDGEMENTS

The authors acknowledge the following institutions and their representatives for all
the help offered: PH, S and SP. This research was supported by Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES / proc. 88887.195545/2018-00),
Fundacdo de Amparo a Pesquisa de Sdo Paulo (FAPESP / proc. 2016/50385-4) and

Instituto de Botanica de Sdo Paulo.

LITERATURE CITED

CITES (Convention on International Trade in Endangered Species of Wild Fauna
and Flora) - Apendices I, II and III, valid from 22 May 2009. Disponivel em:

http://www.cites.org/esp/app/appendices.html. Acesso em 01/07/2018.

Margalef, R. 1989. On diversity and connectivity, as historical expressions of

ecosystems. Coenoses 4: 121-126.

Fernandes, 1. 2000. Taxonomia dos representantes de Dicksoniaceae no Brasil.

Pesquisas 50: 5-26.

Sodiro, A.L. 1892. Ciencias Cryptogamae Vasculares Quitenses. Adiectis Speciebus.

Anales Univ. Centr. Ecuador 7(49): 79-86.

Sodiro, A.L. 1893. Cryptogamae Vasculares Quitenses. Adiectis Speciebus. In Allis

Provinciis. Ditionis Ecuadorensis. Hactenus Detectis. Crypt. Vasc. Quit. 7(49): 79-86.

Stafleu, F.A. & R. A. Cowan. 1985. Taxonomic Literature: A Selective Guide to

15



Botanical Publication and Collections with Dates, Commentaries and Types. 2nd Edition.

Bohn, Scheltema and Holkema, Utrecht.

Tryon, R. 1986. 12 A. Dicksoniaceae. In: Harling & L. Andersson (eds.). 27: 1-6. In G.
W. Harling & B. B. Sparre (eds.) Fl. Ecuador. University of Goéteborg & Swedish

Museum of Natural History, Goteborg & Stockholm.

16



3. CAPITULO I

HISTORICAL AND CLIMATE FACTORS ACTING OVER GENETIC
DIVERSITY OF A THREATENED FERN FROM A NEOTROPICAL
HOTSPOT

Capitulo formatado de acordo com as normas da revista Conservation Genetics (ISSN

1572-9737 Online).

17



Historical and climate factors acting over genetic diversity of a threatened fern from
a Neotropical hotspot
Bruna Saviatto Fagundes'-2, Maria Augusta Poersch!, Jaqueline dos Santos', André Luiz

Gaglioti®, Paulo Henrique Labiak', Valeria Cunha Muschner' >

! Plant Molecular Ecology Laboratory, Departamento de Botanica, Setor de Ciéncias
Bioldgicas, Centro Politécnico, Universidade Federal do Parand, Caixa Postal 19031,
CEP: 81531-990, Curitiba, PR, Brazil;

2 Graduate Program in Ecology and Conservation, Universidade Federal do Parana,
UFPR, Curitiba, Brazil;

3 Instituto de Botanica de Sdo Paulo, Departamento Herbario SP, Av. Miguel Stéfano,
3687 Agua Funda, CEP: 04301-902, Sao Paulo, SP, Brazil.

Author for correspondence: brunasaviatto@gmail.com +55(41)33611755

Abstract

Information on genetic diversity of native and endangered species in biodiversity hotspots
is important for the development of conservation strategies in these areas. Correlating
data on genetic diversity and structure of natural populations with climatic variables
allows to predict future threats to species and their respective niches, such as temperature,
and precipitation. In this study, we use microsatellite markers to estimate the genetic
diversity and structure of 14 populations of Dicksonia sellowiana from Atlantic Forest,
a neotropical hotspot . The results show that populations of D. sellowiana have high
genetic diversity and moderate structure over the studied region and the genetic diversity
is best explained when considering two genetic groups. Correlation analysis between
population genetic data and climate variables (precipitation, elevation and latitude) shows
that D. sellowiana is genetically structured in the Atlantic Forest according to a climate
barrier determined by moisture and influenced by latitude. In addition, there is evidence
that regions near the river valleys in South Brazil correspond to historical forest refuges
for the species during the Pleistocene. The overall analyses of our results suggest the
vulnerability of the D. sellowiana to climate change and habitat loss.

Keywords: Neotropic; Atlantic Forest; Gene Flow; Genetic structure; Microsatellites;

Pteridophyta; Population Genetics.

Introduction
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Biodiversity studies of hotspots aim to increase knowledge about the richness and
dynamics of native species in order to safeguard biomes (Myers et al. 2000). The key to
conserving these ecosystems is understanding how the different lineages of populations
of native species are ecologically related to their environment (Pimm et al. 1995; Myers
et al. 2000; CBD 2016).

The Neotropic covers biomes with high diversity and endemism of species
(Antonelli and Sanmartin 2011). Native species of the Atlantic Forest exhibit different
patterns of biological diversity as a result of its extensive latitudinal gradient, which, in
turn, is correlated with environmental variation along the area of occurrence of the biome
in the east coast region of the Neotropic (Caley and Schluter 1997; Gaston 2000; Ribeiro
et al. 2009). In addition, environmental characteristics associated with habitat reduction
through fragmentation may restrict the distribution of native species, making them more
vulnerable to environmental changes and increasing the risk for extinction (Laurance
1991; Myers et al. 2000; SOS Mata Atlantica INPE 2008). Likewise, latitudinal variation
of the Atlantic Forest has resulted in a mosaic of heterogenous phytophysiognomies,
leading to a considerable number of narrow endemic species along its distribution —about
526 known species of vertebrates and 8000 species of plants are endemics to the Atlantic
Forest (Myers et al. 2000).

The pattern of species diversity observed in the Atlantic Forest can also be
explained by historical factors associated with aspects of geography and climate (Wiens
2007). Oscillations in temperature and humidity during the Quaternary resulted in the
distribution of species in refuges along the entire latitudinal gradient of the Atlantic Forest
(Behling 1997; Behling 2002; Carnaval and Bates 2007; Carnaval et al. 2014). Studies of
the reconstruction of flora and climate show evidence of forest contraction in regions of

high humidity and low elevation during the last glacial maximum (Behling 1997; Behling
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2002; Pinheiro et al. 2011). Historical factors related to the distribution of flora can be
understood from studies on the patterns of genetic diversity of native species of the
Atlantic Forest (Behling 1997; Behling 2002; CBD 2016).

Among the endemic species in the Atlantic Forest is Dicksonia sellowiana Hook.
(Dicksoniaceae M.R. Schomb.), an endemic tree fern species that occurs along the
mountain range of Serra do Mar, usually at elevations above 500 m. The species is
popularly known as xaxim or xaxim-bugio, and is considered endangered (CITES 2009).
It belongs to the Dicksoniaceae, a family that emerged at the end of the Jurassic period,
about 157 million of years ago (m.y.) (Noben et al. 2017). There are few genetic studies
of pteridophytes, but it is known that in the Neotropical region there is a high endemism
of species in this group (Noben et al. 2018). Speciation events that occurred in the genus
Dicksonia are recent, beginning after the breakup of Gondwana (Noben et al. 2017;
Noben et al. 2018). Thus, the processes that involved the speciation and emergence of
species of Dicksonia were related to Gondwanan biogeographic elements, the distribution
of which are likely associated with tectonic events (McLoughlin 2001; Heads 2005;
Noben et al. 2017). Dispersion events for the genus show that areas of center of origin of
South American species derived from Central American regions with distribution along
the Pacific Coast to the South of the continent and later in areas of the east coast of Brazil
(Noben et al. 2017). Therefore, it is possible that D. se/lowiana is no older than 2 millions
of years (Noben et al. 2017). Its niche is limited as a function of water-dependent
reproduction with greater development of populations in wetlands and near river valleys
(Margalef 1989; Filippini et al. 1999; Fernandes 2000; Fiori et al. 2009), that is, regions
of Atlantic Forest (Fernandes 2000; Lima et al. 2015). The species is endemic and highly
threatened, requiring the availability of molecular data to understand the historical-

evolutionary context of pteridophytes in the Neotropical region.
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We used data on the genetic diversity and structure of D. sellowiana, and
correlated them with the abiotic variables in order to evaluate the genetic pattern of its
populations along the Atlantic Forest. In this paper, we aim to understand how climate is
affecting the genetic diversity of fern species, allowing the mitigation of the effect of

climate change on biodiversity.

Materials and methods

Plant Sample and DNA Extraction

Our sampling included a total of 267 individuals representing 14 populations of Dicksonia
sellowiana, from the Southeast and South regions of Brazil (Table 1). The populations
were collected in areas of native forest and cover the entire distribution of the species in
Brazil. Specimens were conserved in silica gel and the DNA extracted based on the
protocol of Roy et al. (1992) and subsequently stored at -20°C. Vouchers are deposited
at the Herbarium UPCB.

PCR-Microsatellites

Molecular analyses were conducted using eight microsatellite loci (Simple Sequence
Repeats SSR) developed by Nazareno et al. (2013) for D. sellowiana. Polymerase chain
reaction (PCR) (Polymerase Chain Reaction) was conducted with a final volume of 15uLL
containing: 1X PCR Buffer, 1 mM de MgClz, 0.25 mM of each dNTP, 0.5 uM of each
primer, 1 U de Tag DNA Polymerase and 15 ng of genomic DNA. PCR conditions
included an initial denaturation at 94°C for 3 minutes, followed by 35 cycles of 94°C for
30s, annealing temperature of the primer for 45s and 72°C for Imin, and finally 72°C for
15 min for final extension of the fragments. The annealing temperature for each SSR
locus is provided in Table 2. The results of the reactions were evaluated in 2% agarose

gel stained with ethidium bromide (0.5 pg mL™). Alleles of the SSR loci were

21



subsequently analyzed by automatic DNA genotyping (3500xL Genetic Analyzer) using
LIZ-600 (GeneScan — Applied Biosystems) as the standard for fragment size. Individuals
from each population were genotyped according to the alleles present at each locus using
Genemaker software (SoftGenetics LLC).
Analysis of SSR data
Percentage of polymorphic /oci, observed heterozygosity (Ho), expected heterozygosity
(He), Wright’s F statistic and gene flow were calculated using GenAIEx 6.5016.501
software (Peakall and Smouse 2012). Intra- and inter-population molecular variance were
estimated by AMOVA with a thousand permutations using GenAlIEx software. The
linkage disequilibrium (LD) was estimated according to the D statistic of Kimura and
Ohta (1969) using PopGene 1.32 (Yeh et al. 1999).

The program STRUCTURE version 2.3.4 (Pritchard et al. 2000; Falush et al.
2003; Falush et al. 2007; Hubisz et al. 2009; Pritchard et al. 2010) was used to determine
the distribution of clusters among populations through grouping based on the Bayesian
model. In order to determine the ideal number of genetic groups (number of clusters = K)
simulations were performed assuming that it was possible to obtain any number of
clusters between 1 and 15. The admixture ancestry model was used for this analysis, with
the allele frequencies correlated for 250000 burn-in and subsequently 1000000 Markov
Chain Monte Carlo (MCMC) repetitions. The most probable K among those proposed by
the analysis was defined using the criterion of Evanno et al. (2005) by means of the
program Structure Harvester version 6.93 (Earl and Vonhold 2012).

Pearson correlation (o = 0.05) calculated with R software (R Development Core
Team 2010) was used to verify the correlation between abiotic factors and genetic
diversity of D. sellowiana. Mean temperature (°C) and precipitation (mm) of the last 25

years, elevation (m) and latitude (°) of each location of each population were used as
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predictor variables (Table 1). The values of temperature and precipitation were obtained
from the most recent climate classification of Koppen (1936) published by Alvares et al.
(2014). The response variables (genetic diversity) used were the indices Ho and He and
the inbreeding coefficient (Fis). In addition, Pearson correlation analysis (a0 = 0.05) was
performed between the frequency of genetic groups obtained in STRUCTURE for each
population and latitude to determine if there is an association between latitudinal variation

and genetic structuring of the species in Brazil.

Results
The eight SSR /oci used in this study had 100% polymorphism and amplified 32 alleles
for an average of 3.8 alleles per locus. The greatest number of amplified alleles (seven)
was for locus DICO3. Three exclusive alleles were identified for loci DIC06, DIC10 and
DIC12 for populations in the South Region of Brazil (Parana [PR], Santa Catarina [SC]
and Rio Grande do Sul [RS]). Mean values for the genetic diversity indices for the species
in Brazil were: He = 0.50, Ho = 0.45 and Fis = 0.08 (Table 3). Populations of the states
of Espirito Santo (ES), PR, SC and RS had the highest heterozygosity indices. In these
regions, the observed heterozygosity was greater than 0.50, with emphasis on the
populations of Quatro Barras (PR2) and Irani (SC1). The genetic differentiation
coefficient (Fst = 0.15) indicates moderate genetic structure among populations of D.
sellowiana in Brazil, with average gene flow among all populations being 1.89
individuals per generation. The AMOVA indicated greater genetic variation within
populations (63%) than among them (12%) or among individuals (25%; Table 4).

The evaluated loci varied for the D statistic proposed by Ohta (1982) as: Dis?<
Dst? and D’1s>> D’st%. In other words, according to mean values, loci exhibited non-

significant linkage disequilibrium (p > 0.001) in the studied populations of the species.
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The number of clusters defined by STRUCTURE was K = 2 (Figure 1). Genetic
group A was predominant in the populations of Sao Paulo (SP), PR, SC and RS, while
genetic group B was most represented in the populations of ES, Minas Gerais (MG) and
Rio de Janeiro (RJ). Cluster A was observed in populations located in regions with a
super-humid temperate climate, according to the Brazilian climate classification system
(IBGE 2002). Cluster B was predominant in populations located in regions with a semi-
humid tropical climate (IBGE 2002).

According to the Pearson correlation analysis, latitude was significantly positively
correlated with He (r = 0.80, p = 0.0005). In addition, regional precipitation was found to
be directly correlated with population He (r = 0.61; p = 0.0204). Elevation was
significantly negatively correlated with Ho (r = -0.67, p = 0.007) and He (r = -0.62, p =
0.01). The Ho of populations of D. sellowiana was not significantly (p > 0.05) influenced
by precipitation or latitude, while Fis was not influenced by any of the abiotic variables
evaluated (p > 0.05). The response variables analyzed — Ho, He and Fis — were not
significantly (p > 0.05) correlated with temperature. There was a positive correlation
between latitudinal gradient and the frequency of genetic group A in the Brazilian

populations studied (r = 0.75, p = 0.008).

Discussion

Population Genetic Diversity and Structure

The distribution of genetic diversity and the genetic structure of native Atlantic Forest
species may be associated with the climatic gradient (Salgueiro et al. 2004; Pinheiro et
al. 2011). The values found for the populations of D. sel/lowiana in South Brazil (He >
0.55 and Ho > 0.50) indicated greater diversity than in populations of the Southeast

Region. Higher genetic diversity (He > 0.55 and Ho > 0.50). was also found for

24



populations in the South Region of the species Araucaria angustifolia (Bertol) Kuntze
(Bittencourt and Sebbenn 2009; Souza et al. 2009), Vriesea spp. (Palma-Silva et al. 2009),
Maytenus ilicifolia Mart. ex Reissek (Mossi et al. 2009), Eugenia uniflora L. (Ferreira-
Ramos et al. 2008; Fagundes et al. 2016; Turchetto-Zolet et al. 2016), Schinus
terebinthifolius Raddi (Alvares-Carvalho et al. 2016), Ocotea catharinensis Mez (Martins
etal. 2015) and Epidendrum fulgens Brongn. (Pinheiro et al. 2011). These species possess
a preference for humid climates and temperate to subtropical temperatures, which are
characteristics found in Atlantic Forest (Roderjan et al. 2002; Palma-Silva et al. 2009;
Martins et al. 2015; Alvares-Carvalho et al. 2016).

Individuals of populations of the states of SP, MG, RJ and ES were sampled from
areas of Dense Montane Ombrophilous Forest (Roderjan et al. 2002) where climatic
conditions are those of a subtropical climate with lower humidity and precipitation than
of Atlantic Forest. In addition, there is co-occurrence of A. angustifolia and D. sellowiana
in Atlantic Forest (Biondi et al. 2009; Castello et al. 2017; Mallmann et al. 2018). This
association between these two species can be explained by the conditions of the araucaria
subcanopy, which provide greater shading and humidity and thus a more favorable
microhabitat for the development of D. sellowiana (Mantovani et al. 2004). Populations
of D. sellowiana have wide spatial distributions and high densities in the states of the
South Region, especially in the valleys of Santa Catarina where A. angustifolia
predominates and humidity is above 90% throughout the year (Lehnert and Kessler 2018;
Mallmann et al. 2018).

The indices of genetic diversity for the populations of D. sellowiana in Espirito
Santo were greater than 0.50, as was found in the South Region. The regions where these
populations are established correspond to climatic corridors with milder temperatures,

humidity varying from moderate to elevated, and elevations below 1000m, according to
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records for climatic domains of IBGE (2012) identified in Figure 1. Together, these
factors may have favored the maintenance of the species’ genetic pool and guaranteed its
reproductive success (Table 3).

Despite inherent barriers to the climatic domains of the Atlantic Forest, there is
gene flow (Nm = 1.89) among populations, which is in line with a relevant feature of the
reproductive biology of pteridophytes — long-distance dispersal (Kato 1993). Spores of
D. sellowiana are small and slight, similar to dust, and can be easily dispersed by rain and
wind, which facilitate the migration of individuals (Tryon and Tryon 1982; Tryon and
Lugardon 1991; Fernandes 2000; Fiori et al. 2009). The species is dependent on climatic
characteristics with high humidity to achieve reproductive success since germination of
its spores and fertilization of gametes in the gametophytic phase occurs in the presence
of water (Fernandes 2000; Fiori et al. 2009).

The observed patterns of genetic structuring are in agreement with the geography
and environmental variables of the Atlantic Forest. The two genetic groups present in the
populations of D. sellowiana are correlated with elevation and latitudinal gradients, and
with the precipitation variation of the biome. These two lineages are distributed according
to climatic domains in Brazil, where cluster A is most frequent in regions classified as
wet or super-humid (Figure 1), while cluster B is more frequent in regions classified as
semi-humid (Figure 1). There is a climatic barrier acting on the populations of D.
sellowiana between the southeast and south of the east coast (Behling 1997; Behling
2002), which separates the populations in the biome according to the latitudinal gradient
and influences the precipitation of each area (Figure 1; Pellegrino et al. 2005; Thom¢ et
al. 2014).

During the last glacial maximum, South America underwent climatic changes but

was not subjected to extensive areas of glaciation (Hewitt 1996). Thus, there are
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hypotheses that indicate the presence of forest refuges in regions where the temperature
remained more stable in the face of the oscillations of the Pleistocene and Holocene
(Behling 1997; Behling 2002; Carnaval and Moritz 2008; Ribeiro et al. 2011; Pinheiro et
al. 2011; Turchetto-Zolet et al. 2013; Thode et al. 2014; Carnaval et al. 2014). The regions
of river valleys possess high humidity, which provides ideal conditions to stabilize
temperature during periods of climate change (Behling 2002; Thomé et al. 2014; Leite et
al. 2016; Rosa et al. 2017). This suggests that these valleys served as refuges for species
with a substantial need for moisture for survival, such as D. sellowiana, which would
explain the genetic structuring observed here (Antonelli and SanMartin 2011; Pinheiro et
al. 2011; Stefenon et al. 2019)

Perceptions on the Evolutionary History of the Atlantic Forest

The higher genetic diversity indices for ES and the South Region of Brazil, and the
observed genetic structuring (Table 3), may be indicative of an evolutionary history
associated with the presence of forest refuges in the valleys near hydrographic basins, as
proposed by Behling (1997; 2002), Frankham (2003), Palma-Silva et al. (2009), Pinheiro
et al. (2011) and Thode et al. (2014). In addition to historical fragmentation, populations
of the Atlantic Forest are under selective pressure due to bottlenecks or a recent founding
effect, leading to genetic erosion as a consequence of habitat loss and fragmentation due
to antropic activities (Teale et al. 2014; Ornelas et al. 2019).

The scenario presented by these data indicates the existence of geographically-
structured genetic lineages, which are associated with the gradient of temperature and
humidity of the Atlantic Forest (Ribeiro et al. 2011; Pinheiro et al. 2011). A similar
landscape was proposed by Behling (1997; 2002) for plant species of Atlantic Forest.
This author hypothesized that in the Lower and Middle Holocene, during glacial periods,

Atlantic Forest remained under refuge in river valleys due to the high humidity in these
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environments. Behling’s proposal (1997; 2002) is consistent with the genetic pattern
observed for D. sellowiana, since populations living in different environments of Atlantic
Forest and Dense Montane Ombrophilous Forest were affected differently. This
discrepancy of the patterns observed at the landscape scale is generally the result of
barriers that were formed in geological periods in the beginning of the Pleistocene for
species of the Atlantic Forest flora (Behling 1997; Behling 2002; Carnaval e Moritz 2008;
Ribeiro et al. 2011; Pinheiro et al. 2011; Turchetto-Zolet et al. 2013; Thode et al. 2014;
Carnaval et al. 2014).
Contributions to Genetics and Conservation
Although knowledge about the ecological dynamics of D. sellowiana are scarce, the
characteristics of its reproductive system and its distribution in Brazil allow us to
understand the genetic pattern observed for the populations of the species. The constant
climatic changes that occurred in the Quarternary acted as a force in the genetic
diversification of species in the Atlantic Forest, as was observed in other taxa with similar
ecological niches (Palma-Silva et al. 2009; Pinheiro et al. 2011; Thode et al. 2014).
Microsatellite markers clarified the distribution of this genetic diversity of D. sellowiana
in relation to the history of the formation of the Atlantic Forest. In addition, the data
presented here support the hypothesis of Behling, indicating that hydrographic basins
served as refuges for forest species, such as D. sellowiana. 1t is clear that current patterns
of genetic distribution of the species in Brazil are correlated with the temperature and
humidity of the environment, which influence its niche and its reproductive biology.
Climatic change resulting from global warming tends to decrease rainfall and
relative humidity and increase temperature (Raghunathan et al. 2019). These changes to
the climate, along with habitat degradation and reduction by antropic activity, tend to

restrict the distribution of species that are sensitive to climatic factors, and thus
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characterize a threat to biological diversity (Behling and Oliveira 2018; Raghunathan et
al. 2019). Therefore, D. sellowiana can be considered a species with sensitivity to changes
in climate with its distribution being restricted to remnants of Atlantic Forest. The impact
of global warming on this species can result in the isolation of populations and potentially
increase their risk of extinction by making them unable to reach areas with the appropriate
climate for their niche (Lehnert and Kessler 2018; Mallmann et al. 2018; Raghunathan et
al. 2019).

The results reported here help identify the vulnerability of D. sellowiana to
climate change and habitat reduction from antropic overexploitation. This paper also
contributes to understanding the current stafus of the genetic diversity and structure of

the species in the Atlantic Forest in order to reduce the risk of its extinction.
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Table 1 — Location information (city, latitude, longitude and altitude) and number of

individuals sampled (N) of Dicksonia sellowiana populations collected in Brazil.

Population  City Latitude (S)  Longitude (W)  Altitude (m) N
ESI Castelo 20°36'19.1"  41°12'10.1" 370 16
ES2 Pedra Menina 20°33'11.7"  41°49'33.2" 942 20
MG1 Alto Caparad 20°27'28.2"  41°57'02.5" 1620 20
MG2 Alto Capara6 20°2726.6"  41°57'02.8" 1540 20
RJ1 Teresopolis 22°25'01.3"  43°03'27.1" 1562 20
RJ2 Resende 22°28'09.8"  44°3729.4" 1010 20
SP1 Sao José do Barreiro ~ 22°38'44.9"  44°35'05.1" 1220 19
SP2 Sdo José do Barreiro ~ 22°38'46.4"  44°35'04.7" 1188 20
PR1 Balsa Nova 25°34'39.1"  49°38'10.9" 863 12
PR2 Quatro Barras 25°22'49.8"  49°04'36.7" 891 20
SC1 Irani 27°01'31.5"  51°53'57.7" 650 20
SC2 Vargem Bonita 27°00721.3"  51°44'58.2" 740 20
RS1 Sao Francisco de Paula 29°25'53.7"  50°32'15.7" 854 20
RS2 Sdo Francisco de Paula 29°25'54.4"  50°32'16.3" 855 20
Total 267

ES: Espirito Santo, MG: Minas Gerais, RJ: Rio de Janeiro, SP: Sdo Paulo, PR: Parana,

SC: Santa Catarina, RS: Rio Grande do Sul
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Table 2 - Genetic parameters of each microsatellite locus for the 267 individuals of

Dicksonia sellowiana.

Locus At Size Range (pb) A Ho He Fis Fst  Fir

DICO1 50 262 - 286 5 048 024 0,13 0,28 0,17
DIC02 52 207 -214 4 0,61 046 0,12 0,16 0,27
DICO3 55 240 - 270 7 0,65 0,23 048 0,11 0,54
DIC06 56 280 - 298 3 0,50 0,56 -0,03 0,07 0,04
DICO8 50 215-223 3 0,49 0,52 -0,27 0,13 -0,09
DICIO 58 272 -274 3 0,43 037 -0,04 0,12 0,07
DICI1 58 162 -172 4 0,56 0,34 -0,01 0,12 0,33
DICI2 56 268 - 282 3 0,690 0,52 0,26 0,11 0,34
Mean 3. 049 059 0,10 0,15 0,24

ATt: Primer annealing temperature (°C); A: Number of alleles; Ho: observed
heterozygosity; He: expected heterozygosity; I: Shannon’s index, Fjs: inbreeding

coefficient, Fst: fixation index, Fi: overall fixation index.
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Table 3 - Genetic parameters of eight microsatellite markers of Dicksonia sellowiana

populations collected in Brazil.

Population Ho He Fis Fsr Nm
ES1 0,60 0,45 -0,32

ES2 0,55 0,46 -0,21

MG1 0,18 0,38 -0,53

MG2 0,45 0,43 0,03

RJ1 0,25 0,38 0,28

RJ2 0,13 0,39 0,57

SP1 0,19 0,34 0,57

SP2 0,34 0,47 0,20

PR1 0,58 0,61 0,03

PR2 0,73 0,64 0,15

SC1 0,78 0,65 -0,21

SC2 0,51 0,64 0,18

RS1 0,50 0,58 0,12

RS2 0,51 0,60 0,13

Mean 0,45 0,50 0,08 0,15 1,89

Ho: observed heterozygosity; He: expected heterozygosity. Fis: inbreeding coefficient,

Fsr: fixation index, Nm: gene flow among individuals.
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Table 4 — Analysis of Molecular Variance (AMOVA) of 14 populations of Dicksonia

sellowiana from the Atlantic Forest.

o Sum of Variance Percentage
Source of variation d.f. o
squares components of variation

Among populations 13 189,6 0,305 12 <0,001
Among individuals

253 751,9 0,659 25 < 0,001
within groups
Among indivuduals

267 441,5 1,654 63 < 0,001
within populations
Total 553 1383,08 2,618 100

Fixation index = Fgr. 0,12

d.f.: degrees of freedom; *p = significance tests (1023 permutations)
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Figure 1 — Genetic structure of Dicksonia sellowiana Hook. according to the genetic (K)
clusters established by Bayesian analysis using eight SSR loci (Table 2). The populations
sampled are identified in the Brazilian Climate Map (IBGE 2002). The colors correspond
to the climatic categories according to the IBGE (2002) and in the legend are shown only

the categories where the populations of the species studied were sampled.
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4. CAPITULO 111

FILOGEOGRAFIA DE Dicksonia sellowiana Hook. (DICKSONIACEAE): UM
ESTUDO DE CASO DA SUA HISTORIA NO NEOTROPICO

Capitulo formatado de acordo com as normas da revista Genetics and Molecular Biology

(ISSN 1415-4757 impressa).
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sellowiana Hook. (DICKSONIACEAE): A CASE STUDY OF IT HISTORY IN

NEOTROPIC) o qual sera submetido no periodico Genetics and Molecular Biology

(ISSN 1415-4757 impressa).

Resumo:

Neste trabalho, resumimos o conhecimento sobre a filogeografia do género Dicksonia e
utilizamos Dicksonia sellowiana como principal foco a fim de ampliar os caminhos para
futuros estudos com pteridofitas no Neotropico. Nosso objetivo foi de obter uma visdo
preliminar da filogeografia do género regido neotropical e na Oceania e compreender
como os hapldtipos estdo distribuidos nos continentes, considerando a histéria evolutiva
do grupo. Para isso, utilizamos 87 sequéncias do espagador intergénico trnL-trnF do
cpDNA de espécies Dicksonia e quatro de Lophosoria spp. (como grupo externo), a fim
de interpretamos a distribui¢do dos haplotipos nos principais grupos frente a localizagdo
geografica de cada espécie. Foram identificados 33 haplotipos no total. Dicksonia

sellowiana compartilha cinco haplotipos com outras espécies do género no Neotropico.
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Nos paises da Bolivia, Peru e Colombia foi identificado o maior nimero de haplotipos no
género. Nossos dados viabilizam o uso da regido espagadora intergénica trnl-trnk para
futuros estudos filogeograficos com pteridofitas e sugerem que as espécies de Dicksonia
se diversificaram no Neotropico em funcao das oscilagdes climaticas ocasionadas pela
formacgao dos Andes.

Palavras — chave: Pteridophyta; Diversificacdo; Dispersdo; Cordilheira dos Andes;

Regido Neotropical.

INTRODUCAO
O género Dicksonia pertence a ordem Cyatheales, familia Dicksoniaceae, cujas espécies
sdo caracterizadas pelas frondes pinadas e largas com um a quatro metros de comprimento
(Pio Corréa 1931; Fernandes, 2000). Esse género ¢ o mais abundante em ntimero de
espécies, seguido de Lophosoria e Calochlaena (Korall et al., 2006; Noben et al., 2017).
Taxonomicamente, existem 25 espécies classificadas no género Dicksonia, as quais sdo
encontradas em ambientes imidos e com temperaturas temperadas a frias, nas regides ao
norte da Australia, Nova Zelandia, Malasia, sul da América do Norte (México), América
Central e do Sul (Kramer and Green 1990). As espécies D. sellowiana, D. gigantea H.
Karst., D. karsteniana T. Moore e D. stuebelli Hieron. sao endémicas do Neotropico
(Tryon 1982; Perez-Garcia 1995). A regido neotropical inclui o sul do México, América
Central e do Sul e ¢ considerada uma das regides com maior riqueza de espécies do
planeta (Antonelli e Sanmartin, 2011).

A ampla distribui¢do de Dicksonia pode ser explicada a partir da associagdo das
mudangas geofisicas do globo terrestre e eventos tectonicos com as caracteristicas
reprodutivas das espécies (McLoughlin 2001; Noben et al, 2017). O tectonismo

provocou mudangas no clima e na geografia dos continentes e, durante a histdria evolutiva
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do planeta, a origem das formagdes vegetais acompanhou os ciclos climaticos desde o
periodo do Terciario (McLoughlin 2001). As pteridofitas do género, assim como muitas
outras espécies da fauna e flora, responderam a essas mudangas com adaptagado e extingao
(Korall et al. 2006; Korall e Pryer 2014). Esses processos podem ser consequéncia da
vicariancia da Gondwana que resultou na distribuicao historica das linhagens do género
e posteriormente, adaptacao do sistema reprodutivo com capacidade de dispersao a longa
distancia (Sanmartin e Ronquist, 2004).

A biologia reprodutiva de Dicksonia, assim como ocorre na maioria das
pteridofitas, € pouco compreendida quando comparada com o sistema reprodutivo das
Angiospermas (Bonacorsi e Leslie, 2018). O que sabemos até o momento € que o ciclo
de vida ¢ longo, com duas fases de vida livre: gametofitica e esporofitica. As fases sdo
distintas quanto a morfologia e fisiologia das estruturas e suas respectivas necessidades
ecoldgicas (Bonacorsi e Leslie, 2018). Cada uma das fases de vida do individuo, impde
restricdes quanto a distribuicdo da espécie, como dependéncia de agua e temperaturas
mais amenas. Essas pteridofitas possuem dispersao a longa distancia e ¢ efetiva em func¢ao
dos esporos apresentarem morfologia granulada, tamanho pequeno, sdo resistentes a
temperaturas baixas e sdo dispersados facilmente com as chuvas e umidade (Filippini et
al., 1999; Gomes et al., 2006).

A dispersdo a longa distancia somada as mudangas climaticas que ocorreram em
sucessivos anos durante o periodo de formagdo dos continentes que conhecemos
atualmente influenciaram na distribui¢do de D. sellowiana, D. gigantea, D. karsteniana
e D. stuebelli na regido Neotropical. Essas espécies sdo recentes com possivel origem a
partir da metade do periodo do Mioceno, ou seja, ~10 M.a. (milhdes de anos) atras (Noben
et al., 2017). O possivel ancestral comum dessas espécies endémicas da América possui

origem durante o Eoceno (~50 M.a.) e sabe-se que esse ancestral ¢ comum entre todas as
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espécies de Dicksonia Neotropicais e Australianas (Noben et al., 2017). Os estudos com
espécies de Dicksonia americanas apresentaram variagdo limitada nas sequéncias de
DNA cloroplastidial (cpDNA), no entanto os polimorfismos genéticos foram suficientes
para definir a filogenia entre os taxons (Korall et al., 2006; Noben et al., 2017). As
espécies D. sellowiana, D. gigantea, D. karsteniana e D. stuebelli possuem 96% de
homologia e estdo resolvidas em dois grupos filogenéticos, onde D. sellowiana € grupo
irmao dessas espécies, correspondendo a espécie mais recente de todo o género (Periodo
do Plioceno, ~1 M.a). Dicksonia antarctica, D. timorensis € D. fibrosa sao endémicas da
Oceania e possuem o mesmo ancestral comum que as espécies americanas (Noben et al.,
2017).

Apesar dos registros fosseis que evidenciam a presenca de algumas espécies de
pteridofitas no inicio do Tridssico (Van Konijnenburg-VanCittert 2002), as espécies de
Dicksonia da América Central e do Sul s3o as mais recentes quando comparadas a outros
géneros da familia Dicksoniaceae. Portanto, os processos de especiagdo que envolveram
a origem de D. sellowiana, D. gigantea, D. karsteniana e D. stuebelli podem estar
associados aos dominios climdticos caracteristicos do Mioceno (McLoughlin, 2001).
Apds o Eoceno, as temperaturas sofreram decréscimo ao longo de todo o gradiente
latitudinal do planeta, o que diminuiu a umidade na atmosfera, caracterizando um clima
mais seco restringindo as areas de florestas umidas (Lieberman 2003; Woodward et al.
2004; Donoghue 2008; Slik et al. 2018). A restri¢cdo de territorio, em funcao dos dominios
climaticos, pode ter criado barreiras climaticas entre as populagdes de Dicksonia do
Neotropico e isso pode ter induzido os processos de especiacdo que resultaram nas
espécies conhecidas atualmente (Tryon, 1972; Garreaud, 2009; Antonelli e Sanmartin,
2011; Bonacorsi e Leslie, 2018). Deste modo, apesar de compreendermos a possivel

origem em escala temporal de Dicksonia no Neotropico, ¢ importante aprofundar as
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analises filogeograficas com essas espécies a fim de conhecer o padrao de distribuicao de
um taxon em um territdrio com amplo gradiente latitudinal.

Dentre as espécies citadas do género Dicksonia que ocorrem nas Américas, a D.
sellowiana ¢ a que possui maior area de distribuicdo em relacdo a D. gigantea, D.
karsteniana e D. stuebelli. Nesse trabalho, reunimos combinac¢des de uma regido de
cpDNA (espagador intergénico trnl-trnkF) de individuos de D. sellowiana da Nicaragua,
Bolivia, Peru e das regides Sudeste e Sul do Brasil (presente estudo) com outras espécies
do género do Neotropico e da Oceania. Especificamente, pretendemos discutir uma visao
preliminar da filogeografia de D. sellowiana e sua relagdo ancestral com as outras
espécies do género a fim de subsidiar futuras pesquisas com o género para compreender

a evolugdo do grupo no Neotropico.

MATERIAL E METODOS

Amostragem

Esse estudo ¢ baseado na amostragem de 79 sequéncias do espagador intergénico rps4-
trnS de individuos de D. sellowiana distribuidos nos Estados do Espirito Santo, Minas
Gerais, Rio de Janeiro, Sdo Paulo, Parana, Santa Catarina € Rio Grande do Sul, do Brasil.
Além do espacador intergénico rps4-trnS, nos avaliamos a variabilidade genética em 91
sequéncias do espagador intergénico trnL-trnF do DNA do cloroplasto de representantes
do género Dicksonia e do género irmao Lophosoria. Na Tabela 1, estdo identificadas as
amostras de Dicksonia do continente Americano e da Oceania. Sessenta e sete sequéncias
dos estudos de Korall et al. (2006) e Noben et al. (2017) foram obtidas a partir do
GenBank, 22 sdo de amostras de D. sellowiana que foram coletadas por nosso grupo de
pesquisa, em areas nativas de Mata Atlantica no Brasil e trés sdo oriundas de exsicatas

disponiveis no herbario do Instituto de Botanica de Sao Paulo, Brasil.
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Tabela 1 — Espécies do género Dicksonia e Lophosoria da América e da Oceania
amostradas com a localizacdo geografica (Estado e/ou Pais), nimero de individuos e

namero do GenBank.

Espécie

Localizagao
(Estado/ Pais)

N GenBank

Espirito Santo
(Brazil — BR)

Minas Gerais (BR) *
Parané (BR) *
Santa Catarina MF066498
D