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Resumo

Resumo

A regido sul do Brasil ¢ caracterizada pela ocorréncia de diversas areas
fitoecoldgicas. Esta heterogeneidade de habitats pode condicionar gradientes ambientais,
favorecendo a diferenciacdo regional e at¢ mesmo eventos de especia¢do. Para investigar
possiveis processos evolutivos ocorridos em plantas dessa regido, analisamos os padrdes de
variagdo genética molecular em trés grupos de espécies relacionadas pertencentes aos
géneros Passiflora (Passifloraceae) e Petunia (Solanaceae).

Passiflora actinia e Passiflora elegans sdo espécies parapatricas que apresentam
uma grande similaridade morfologica e genética. P. actinia ¢ uma espécie tipica da Mata
Atlantica, enquanto P. elegans ocorre em matas de galeria no interior do Rio Grande do
Sul (RS). Anélises de marcadores nucleares e plastidiais revelaram um gradiente norte-sul
nas relacdes intra e interespecificas e contribuiram para a identificagdo de um hibrido
interespecifico com morfologia intermediaria encontrado na regido de parapatria. E
possivel que a diferenciacdo genética entre os grupos geograficos de P. actinia e a recente
divergéncia entre P. actinia e P. elegans tenham sido influenciadas pelos processos
historicos ocorridos na regido, como a migragdo da Mata Atlantica para o sul e o seu
padrdo de estabelecimento no RS.

A Serra do Sudeste (RS) ¢ um dos centros de diversidade do género Petunia,
caracterizado pela presenca de espécies com diferentes sindromes florais. P. exserta
(polinizada por beija-flores, flores vermelhas) tem sua ocorréncia restrita a esta regido,
sendo encontrada no interior de reentrancias rochosas em torres areniticas. P. axillaris
(polinizada por mariposas, flores brancas) habita areas abertas e possui ampla distribui¢do

geografica. Nas torres onde estas espécies ocorrem em simpatria, foram encontradas
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plantas com morfologia floral intermediaria, sugerindo hibridagdao entre elas. As analises
de marcadores plastidiais corroboraram a hipdtese de hibridacdo interespecifica e de
divergéncia recente entre estas espécies e revelaram um baixo fluxo génico entre as
populagdes das torres.

Entre as 11 espécies de Petunia, seis sao encontradas exclusivamente nos planaltos
das regides sul e sudeste do Brasil: P. altiplana, P. bonjardinensis, P. mantiqueirensis, P.
reitzii, P. saxicola e P. scheideana. A distribui¢do de marcadores plastidiais concorda com
a hipotese de divergéncia recente destas espécies. Este padrdo talvez esteja relacionado
com as mudangas climaticas ocorridas no Quaternario, j& que o habitat destas espécies
(campos de altitude) foi fortemente afetado por estas alteracdes. Durante os estagios
glaciais havia expansdo das areas de campo e nos interglaciais avango da floresta com
araucaria. E possivel que o padrio fragmentado dos campos, isolados nas areas de maior
altitude do planalto e cercados por areas de floresta com araucéria, tenha contribuido para a

diversificacao do grupo.
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Abstract

Brazilian southern region is characterized by the occurrence of several
phytoecological areas. This habitat heterogeneity can condition environmental gradients,
favor regional differentiation, and even speciation events. To investigate the possible
evolutionary process which occurred in plants of this region, we analyzed the patterns of
molecular genetic variation in three groups of related species classified in the Passiflora
(Passifloraceae) and Petunia (Solanaceae) genera.

Passiflora actinia and Passiflora elegans are parapatric species which show high
morphologic and genetic similarity. P. actinia is a species typical of the Atlantic Forest,
while P. elegans occurs in gallery forests in the interior of Rio Grande do Sul (RS).
Analyses of nuclear and plastid markers revealed a north-south gradient both in the intra e
interspecific relationships, and contributed to the identification of an interspecific hybrid
with intermediate morphology in the parapatric region. It is possible that the genetic
differentiation among P. actinia’s geographic groups and the recent P. actinia/P. elegans
divergence have been influenced by historical processes occurred in the region, like the
Atlantic Forest southern migration and its pattern of establishment in RS.

The Serra do Sudeste region (Southeast Sierra in RS) is one of Petunia’s centers of
diversity, characterized by the presence of species with different floral syndromes. P.
exserta (pollinated by hummingbirds, red flowers) has its occurrence restricted to this
region, and is found in the interior of shelters of sand towers. P. axillaris (pollinated by
hawkmoths, white flowers) live in open areas and has a wide geographical distribution. In
the towers in which these species are found in sympatry, plants with intermediate flower

morphology were found, suggesting hybridization between them. Plastid markers analyses
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confirmed the interspecific hybridization hypothesis and the recent divergence between
these species, revealing a low gene flow between the populations of the towers.

Among the 11 species of Petunia, six were found exclusively in the Brazilian south
and southeast highlands: P. altiplana, P. bonjardinensis, P. mantiqueirensis, P. reitzii, P.
saxicola and P. scheideana. Plastid markers distribution agrees with the hypothesis of
recent divergence of these species. This pattern is probably related to the climatic changes
occurred in the Quaternary since the habitat of these species (campos de altitude) has been
strongly affected by these modifications. During the glacial stages expansion of grasslands
areas occurred, while in the interglacial periods Araucaria forest would advance. Possibly
the fragmented pattern of the grasslands, isolated in the high altitude areas of the plateau

and surrounded by Araucaria forest, has contributed to the group’s diversification.
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Capitulo I

Introducio

I.1 Especiacio em plantas

Processos de especiacdo envolvem a separacdo de populacdes em unidades
evolutivas independentes. Podem ser desencadeados por alteracdes geogréaficas,
ecoldgicas, morfoldgicas ou comportamentais, sendo a sele¢do natural e a deriva genética
0s mecanismos evolutivos mais atuantes (Stearns & Hoekstra 2000). Para entender estes
processos evolutivos, € preciso colocar as caracteristicas genéticas num contexto espacial e
temporal, congruente com as regides geograficas particulares e os eventos geoldgicos nelas
ocorridos (Hewitt 2001).

O modelo de especiacdo alopatrica propde que as populacdes comecam a se
diferenciar quando barreiras ambientais, ou a propria distancia, interrompe o fluxo génico.
Através da deriva genética e da selegdo natural, pode haver divergéncia genética e a
eventual evolugdo de barreiras reprodutivas intrinsecas que impecam o fluxo génico se as
populagdes tornarem a ficar em contato (Stearns & Hoekstra 2000; Futuyma 2002).

Especiagao parapatrica € o processo de formagao de espécies na presenca de algum
nivel de fluxo génico entre populacdes que estao divergindo. Se ao longo de um gradiente
ambiental a sele¢do favorece diferentes alelos em populagdes adjacentes ou parapatricas,
estabelece-se uma clina de freqiiéncias alélicas. Com uma selecao suficientemente forte
sobre /oci que contribuam para adaptagdes locais ou para o isolamento reprodutivo, as
populagdes podem se diferenciar em espécies (Gavrilets 2000). Estes processos geralmente
estdo associados a gradientes ambientais, ou seja, variacdes no habitat que favorecem

diferentes combinagdes génicas. Zonas hibridas podem ser o resultado de divergéncia
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primaria e se originar in situ pela diferenciagdo de populagdes parapatricas ou surgir
através de contato secundario (Futuyma 2002). Se anélises genéticas revelam genomas
muito distintos nas zonas hibridas, ha um forte indicativo que tenha havido contato
secunddario entre populacdes que divergiram em alopatria (Hewitt 2001).

Na especiagdo simpatrica, uma barreira bioldgica ao intercruzamento tem que se
originar dentro dos limites de uma populagdo panmitica, sem nenhuma segregagao espacial
das espécies incipientes (Futuyma 2002). Para isso, sdo propostos modelos graduais e
instantaneos. Entre os modelos instantdneos podemos citar: hibridacdo seguida de
poliploidia (alopoliploidia); modificagdo do sistema reprodutivo de autoincompativel para
autocompativel; modificacdes cromossdmicas estruturais, que levam a interesterilidade; e
mutacoes em genes de grande efeito nas estruturas florais (Judd et al. 1999; Bradshaw &
Schemske 2003).

Existem diversos mecanismos de isolamento reprodutivo em plantas, os quais
podem ser classificados de acordo com a etapa reprodutiva em que atuam. Mecanismos
pré-zigdticos impedem o cruzamento e a fecundagdo, podendo incluir: barreiras espaciais e
temporais (floragcdo em diferentes épocas do ano ou em diferentes periodos do dia),
competi¢ao gamética, sistemas genéticos de incompatibilidade (no estigma ou no estilete,
impedindo que polen estranho fecunde o 6vulo) e modificacdes na estrutura floral que
alterem o comportamento dos polinizadores (Judd et al. 1999).

Se hd a formacdo de hibridos, mecanismos pos-zigéticos podem inviabilizar o
sucesso adaptativo destes. Um hibrido ¢ inviavel quando nao atinge a maturidade
reprodutiva ou se nao ha um nicho ecologico favordvel para seu desenvolvimento
(Rieseberg & Carney 1998). O isolamento floral dos hibridos ocorre quando estes sao

originados de espécies adaptadas a polinizadores muito diferentes. O hibrido pode ser
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vidvel, mas estéril, especialmente se as espécies parentais diferirem em numero de
cromossomos ou tiverem divergido o suficiente para impedir seu pareamento. Falhas no
pareamento dos cromossomos durante a meiose podem resultar em gametas nao funcionais
(Judd et al. 1999). Como o isolamento pds-zigédtico tem um alto custo bioldgico, muitas
vezes a selecdo favorece a origem de mecanismos pré-zigoticos (reforgo, “reinforcement”),
0 que ¢ especialmente relevante em zonas hibridas (Stearns & Hoekstra 2000; Ramsey et
al. 2003).

Quando os mecanismos de isolamento reprodutivo ndo sdo efetivos, pode ocorrer
fluxo génico entre diferentes faxa. Este ¢ um fendmeno comum em plantas e ocorre em
praticamente todas as familias de Angiosperma (em aproximadamente 25% das espécies;
Mallet 2005). Os hibridos sao o resultado do cruzamento entre diferentes espécies, ou entre
individuos de populagdes que sdo distinguiveis com base em um ou mais caracteres
herdéaveis. Similarmente, introgressao pode ser definida como o movimento de genes entre
populagdes geneticamente distinguiveis (Rieseberg & Carney 1998). O aumento da
diversidade genética intraespecifica, a origem e transferéncia de adaptacdes genéticas, a
origem de novos ecotipos ou espécies e o reforco ou quebra das barreiras reprodutivas, sao
algumas das possiveis conseqiiéncias evolutivas da hibridagao (Rieseberg 1997).

Geracdes hibridas recentes geralmente apresentam altos niveis de variabilidade
morfoldgica, resultado da segregag¢do e recombinagdo entre os genomas parentais (Chung
et al. 2005). Embora haja muitas excec¢des, na maioria dos casos a F; hibrida apresenta
caracteristicas quantitativas (controladas por varios genes, cada um dando uma
contribuicdo parcial para a expressdao fenotipica) intermedidrias entre os parentais. J& as
caracteristicas governadas por um ou poucos genes ndo se mostram intermedidrias na Fj, e

os hibridos podem apresentar estados de carater novos, parentais ou, at¢ mesmo, extremos
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(Judd et al. 1999). Muito desta variabilidade pode ser perdido nas geragdes hibridas
posteriores como conseqiiéncia de deriva genética e selegao (Martin & Cruzan 1999).
Hibridos adaptados a nichos muito especificos ou com valor adaptativo reduzido e a
constante dispersdo dos gendtipos parentais sdo os principais fatores limitantes para a
introgressao extensiva e contribuem para a manutencao de zonas restritas de hibridagao.
Mas se os gendtipos hibridos possuem valor adaptativo igual ou superior ao das espécies
parentais, as zonas hibridas podem se expandir levando ao deslocamento de uma ou mais
espécies parentais (Martin & Cruzan 1999). Eventos de hibridagdo podem ser criticos para
espécies endémicas. Em casos de adaptacdo local, pode haver complexos génicos co-
adaptados, de forma que a introducdo de novos genes pode levar a modificacdo ou perda

dessas caracteristicas (Levin ef al. 1996; Rhymer & Simberloff 1996).

1.2 Genética e conservac¢ao ambiental
Diversos métodos de estimativa da biodiversidade tém sido propostos para a
identificacdo de areas prioritarias para a conservacdo. O desenvolvimento de marcadores
moleculares possibilitou a avaliagdo do potencial evolutivo das espécies através do estudo
da distribui¢do espacial da diversidade genética (filogeografia; Avise 2000). Diversos tipos
de marcadores tém sido utilizados, sendo possivel a obtencao de uma grande quantidade de
dados a partir da coleta de pequenas amostras de material biologico, utilizando-se métodos
nao destrutivos (Petit et al. 2001).
Paisagens originais foram reduzidas a mosaicos de habitats remanescentes,
cercados por areas desfavoraveis. Neste processo, grandes populagdes foram reduzidas ou
subdivididas, e possivelmente isoladas (Collevatti et al. 2001). Espécies que se tornaram

raras recentemente sdo mais vulneraveis as conseqiiéncias genéticas do isolamento e do
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pequeno tamanho populacional. Nestes casos, o valor adaptativo pode ser reduzido através
dos efeitos da deriva genética e do endocruzamento (Lutz et al. 2000).

A deriva genética pode alterar a distribui¢do da variabilidade através de grandes
flutuagdes nas freqiiéncias alélicas. A perda de variagdo genética ao acaso pode levar ao
declinio da variacdo intrapopulacional (perda de heterozigosidade e eventual fixacdao de
alelos) e ao aumento da diferenciacdo entre as populacdes. Os efeitos da deriva sdo
especialmente importantes em eventos do tipo gargalo-de-garrafa e efeito fundador
(Ellstrand & Elam 1993).

O cruzamento entre individuos relacionados (endocruzamento) pode ocorrer através
de autofecundacdo ou de cruzamento biparental. Este ultimo pode acontecer se as
populagdes sdo pequenas e a dispersdao de sementes e polen sdo espacialmente restritas.
Nas populagdes autocruzantes ou endogamicas antigas, a sele¢ao natural remove os alelos
recessivos deletérios paulatinamente a medida que se tornam homozigotos. Populagdes que
passaram por redugdes drasticas no seu tamanho perdem heterozigosidade rapidamente
(Ellstrand & Elam 1993). O aumento repentino da homozigosidade pode levar a depressao
endogamica através da fixacdo de alelos deletérios, colocando em risco a persisténcia da
espécie (Lutz et al. 2000).

A perda de variagdo genética pode diminuir o potencial da espécie em persistir
frente a mudangas no ambiente bidtico e abidtico, assim como altera a capacidade de uma
populagdo de responder a mudangas repentinas como o surgimento de patéogenos e
herbivoros (Ellstrand & Elam 1993).

O fluxo génico pode impedir a perda da variacdo genética e a depressdo
endogamica em populagdes pequenas. Mas nem sempre o fluxo génico ¢ benéfico. Se em

diferentes locais a selecdo favorece alelos distintos, entdo o fluxo de alelos inapropriados
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pode impedir diferenciagdo local e reduzir o valor adaptativo através de depressao
exogamica (Petit et al. 2001). O fluxo gé€nico pode aumentar em trés situacdes: com o
aumento da por¢do de sementes resultantes da fertilizacdo por pdlen migrante; com o
aumento da porcdo de sementes migrantes; ou quando uma espécie relacionada ou
subespécie expande sua distribuicdo e se torna parapatrica ou simpatrica da outra (Ellstrand
& Elam 1993).

Uma das estratégias de conservagdo ¢ priorizar a preservacdo de grupos que
incluam a maior historia evolutiva, identificando as linhagens que retém o maximo de
variabilidade genética através de analises filogenéticas moleculares (Vazquez & Gittleman
1998). Acessando a estrutura genética populacional de espécies ameagadas (ou com o
habitat ameacado) pode-se identificar “hotspots” de diversidade e quais populagdes estao
mais ameacgadas (Matolweni et al. 2000). Muita atengdo também tem sido dada as regides
ricas em endemismos devido a grande vulnerabilidade destas espécies que, além de
apresentar uma distribuicdo geografica restrita, muitas vezes requerem nichos ecoldgicos

especiais (Primack & Rodrigues 2001).

1.3 Marcadores moleculares

A maioria dos estudos de filogeografia e especiagdo utilizam atualmente marcadores
moleculares que representam polimorfismos seletiva e adaptativamente neutros (Wu 2001;
Durbin et al. 2003). O seqlienciamento de DNA ¢ uma das técnicas com maior
aplicabilidade, pois diferentes partes do genoma apresentam taxas de evolucao distintas,

sendo possivel avaliar varios niveis taxonomicos em diversas escalas geograficas (Avise

2000).
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Entre os marcadores mais utilizados em estudos populacionais de plantas, podemos
destacar as regidoes nao codificadoras do DNA plastidial (cpDNA; Dobes et al. 2004; Alsos
et al. 2005; Takayama et al. 2005), especialmente as regides intergé€nicas, que toleram
mutacoes e evoluem rapidamente sem afetar as fungdes dos genes adjacentes (Hamilton et
al. 2003). A freqiiente heranca uniparental ¢ uma das vantagens destes marcadores para a
avaliag¢do diferencial do fluxo de polen e sementes (Hamilton & Miller 2002); além disso,
a andlise do cpDNA possibilita a identificacdo de eventos de hibridacdo ndo detectaveis
morfologicamente (Bleeker 2003). Se apds cruzamentos interespecificos a progénie hibrida
retrocruzar preferencialmente com um dos parentais, a morfologia das geragdes seguintes
pode perder os caracteres intermediarios e se tornar semelhante a este, mas o cpDNA da
outra espécie pode permanecer, um fendmeno conhecido como “chloroplast capture”
(Schaal et al. 1998).

Como o genoma plastidial ¢ hapldide, o tamanho efetivo populacional ¢ menor que
quando considerado o genoma nuclear. Esta caracteristica acelera os processos de deriva
genética, conseqiientemente o cpDNA pode apresentar diferenciacdo entre populagdes ou
linhagens divergentes mais rapidamente. Portanto, quando a divergéncia entre populagdes
¢ relativamente recente e o fluxo génico ¢ limitado, polimorfismos neutros de cpDNA tém
mais poder de detectar a diferenciacdo se comparado a polimorfismos neutros do DNA
nuclear (ncDNA; Hamilton et al. 2003).

Entre os marcadores nucleares, 0 DNA ribossomal (ntDNA) ¢ amplamente estudado
em plantas. O nrDNA de plantas superiores estd arranjado em uma ou mais regides
cromossOmicas, sendo que cada arranjo pode apresentar de centenas a milhares de copias
ou paralogos (Buckler IV er al. 1997). Mutacdes nestas repeticdes em fandem sao

individualmente homogeneizadas através de evolugdo em concerto, na qual a permuta
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desigual e a conversao génica sdo os principais mecanismos envolvidos (Arnhein 1983). O
modo e o tempo da evolucao em concerto do ntDNA varia muito entre diferentes grupos
de plantas. Sendo assim, os espacadores internos transcritos do DNA ribossomal (ITS)
podem apresentar variagdo interespecifica, interpopulacional e até intraindividual (Baldwin
et al. 1995; Mayer & Soltis 1999). Pode haver a formacgao de pseudogenes na regiao ITS, o
que pode ser identificado através de altos niveis polimoérficos, porcentagem de CG
(citosina/guanina) abaixo da esperada, estrutura secundaria nao funcional (envolvida com o
processamento do rRNA) e presenca de substituicdes em regides conservadas do gene 5,8S
(Manen 2004).

Geralmente a diversidade intraindividual do ntDNA ¢ baixa, mas algumas espécies
podem apresentar heterogeneidade nesta regiao (Buckler IV et al. 1997; Denduangboripant
& Cronk 2000). Variagao intraindividual pode ser detectada quando o processo de
homogeneizacao de diferentes copias ndo ¢ suficientemente rapido devido a hibridagdo
recente, altas taxas de mutagdo, grande nimero de /oci, presenca em cromossomos nao
homologos ou auséncia de recombinacdo sexual (Campbell et al. 1997; Zhang & Sang
1999). Apds a hibridacdo intraespecifica (entre diferentes linhagens) ou interespecifica, as
diferentes copias de ITS (ribotipos) podem evoluir de diferentes maneiras: perda de uma
das copias parentais com a fixacdo da outra (evolu¢do em concerto unidirecional),
formacao de um novo tipo através da recombina¢do dos tipos parentais, ou a manutengao
de ambos em hibridos recentes (Koch et al. 2003). Neste ultimo caso, o seqlienciamento
direto pode revelar um padrdo aditivo (sinal de dois nucleotideos diferentes; Fuertes-

Aguilar & Feliner 2003)
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1.4 O contexto paleoclimatico

Para entender os processos evolutivos, ¢ preciso colocar as caracteristicas genéticas
num contexto espacial e temporal, congruente com as regides geograficas particulares e os
eventos geologicos nelas ocorridos (Hewitt 2001). Estudos filogeograficos tém
reconstruido a histdria evolutiva de diversas espécies de plantas, mas a maior parte dos
grupos taxondmicos examinados sob esta perspectiva histérica ocorre no Hemisfério Norte
(Comes & Kadereit 1998; Hwang et al. 2003) e pouco se sabe o quanto as alteracdes
climaticas afetaram os processos evolutivos na regido subtropical da América do Sul.

Durante os ultimos dois milhdes de anos o planeta conviveu com uma alternancia
ciclica de periodos frios e quentes, os estdgios glaciais e interglaciais. Estas variagdes sao
decorrentes de mudangas na taxa de insolag¢do das altas latitudes, controladas por ciclos
astrondmicos (Ciclos de Milankovitch). Durante estes periodos havia a fusdo (estagios
interglaciais) ou crescimento (estagios glaciais) das regides polares e, conseqilientemente,
subida (transgressdo) ou descida (regressao) do nivel do mar (Villwock & Tomazelli
1995).

As mudangas paleoambientais ocorridas no Quaternario, com énfase nos ultimos
20.000 anos, tiveram uma grande importdncia na estrutura¢do atual das distribuigdes
geograficas de espécies animais e vegetais brasileiras (Villwock & Tomazelli 1995). Dados
de abundancia estratigrafica de polen e sua datacdo por radiocarbono tém ajudado a
monitorar as mudancas nos limites de distribuicdo e abundancia das espécies de plantas
através dos estagios glaciais e interglaciais. Mas ha muitas dificuldades, como o tempo em
que se podem considerar os registros e quais as espécies estardo representadas. Os registros
que podem ser considerados sdo posteriores ao Pleistoceno Tardio (a partir de 123.000

anos antes do presente, A.P.) e a maioria deles ¢ de plantas de ambientes imidos e de
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espécies polinizadas pelo vento (que produzem uma quantidade muito maior de polen);
espécies que se autofecundam e as polinizadas por animais ndo podem ser consideradas
nessas analises (Comes & Kadereit 1998).

Além destes tipos de dados, a historia das angiospermas no Quaternario também
pode ser acessada através de marcadores moleculares. Estes estudos podem conectar
estdgios glaciais e interglaciais a distdncias genéticas entre linhagens de plantas, ao
estabelecimento de novas espécies via isolamento geografico de populagdes, e a eventos de
hibridagao e poliploidizacao (Comes & Kadereit 1998; Hewitt 2000). Estudos com plantas
tétm demonstrado que, em muitos casos, mudancas macroevolutivas (especiacao ou
diversificacao) ocorreram em resposta as alteracdes climaticas do Quaternario (Zhang et al.
2001, Alsos et al. 2005).

Florestas com araucdria (Araucaria angustifolia Bertoloni Otto Kuntze) sao
encontradas nas areas montanhosas do sul do Brasil, entre as latitudes 24° ¢ 30°S (1000-
1400m de altitude), e na regido sudeste em pequenas areas isoladas, entre 18° e 24°S
(1400-1800m). Areas naturais de campos sdo encontradas nas terras altas do sul do Brasil,
especialmente nos Estados do Rio Grande do Sul (RS) e Santa Catarina (SC). Nestas
regides, os campos de altitude freqlientemente ocorrem como mosaicos com floresta com
araucdria (Behling 2002).

Durante o ultimo estagio glacial pleistocénico (entre 23.000-11.000 anos A.P.), o
planalto sul-brasileiro era predominantemente ocupado por campos onde hoje ¢ dominado
por floresta com araucdaria. Estudos indicam que o clima da regido era mais seco e pelo
menos 5°C a 7°C mais frio, sendo as frentes frias antarticas mais freqiientes e mais
intensas. Estas condigdes proporcionaram que os campos se estendessem por cerca de 750

km em direcdo ao norte, atingindo latitudes desde 28° até¢ 20°S (Behling 2002). Nesta
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época pequenas populagdes de Araucaria ficavam restritas a refligios em areas mais
umidas e protegidas, como vales, matas de galeria e encostas (Behling et al. 2001).

Assim como a floresta com araucaria no planalto, as matas tropicais costeiras (Mata
Atlantica) estavam restritas a refiigios ecoldgicos. Os deslocamentos florestais deveriam
ocorrer principalmente através das matas de galeria junto aos rios (Lorscheitter 1997).
Estima-se que durante o ultimo maximo glacial (18.000 anos A.P.), a Mata Atlantica da
regido sul era significantemente reduzida, sendo substituida por campos ou tendo sua
composicao alterada para espécies mais adaptadas ao frio. Algumas espécies de arvores
tipicamente tropicais estiveram totalmente ausentes na regido durante este periodo
(Behling & Negrelle 2001).

Com o inicio do Holoceno (entre 11.000-10.000 anos A.P.) houve uma significativa
melhoria climatica, com aumento da temperatura e da umidade. Estas condigdes
permitiram a expansdo das florestas com araucaria sobre o campo, especialmente apos
3.000 anos A.P., quando os periodos de seca se tornaram praticamente ausentes (Behling
2002). As melhorias climaticas ocorridas no inicio do Holoceno também proporcionaram a
migracdo de elementos tropicais do norte para a Mata Atlantica da regido sul (Roth &
Lorscheitter 1993; Neves & Lorscheitter 1995). No RS esta migracdo ocorreu através de
uma estreita faixa de terra (cerca de 50 km) localizada entre os contrafortes da Serra Geral
e o oceano, chamada de “Porta de Torres”. As populacdes migraram de forma esparsa,
ocupando a Planicie Costeira, a encosta e borda oriental da Serra Geral, chegando até¢ as
regides mais interiorizadas do RS (Lorscheitter 1997). Além da temperatura e da umidade,
a Mata Atlantica tinha sua estrutura muito transformada pelas variagdes glacioestaticas do
nivel do mar, sendo as transgressdes marinhas a razdo primdria para que o

desenvolvimento da Mata Atlantica fosse fragmentado (Behling & Negrelle 2001).
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Durante o Holoceno ainda houve pequenas transgressoes marinhas que nao permitiam a
ocupacao das regides mais proximas a costa (Behling & Negrelle 2001).

Por volta de 6.700 anos A.P. hé evidéncias de transgressao marinha invadindo os
atuais limites da Planicie Costeira do RS (Lorscheitter 1997). Esta ultima transgressao
causou danos significativos na vegetagdo litoranea, destruindo as florestas mais proéximas
do mar. Nas regides mais interiorizadas esta fase foi favordvel. Apds o maximo
transgressivo, houve uma lenta dessalinizagdo dos terrenos com o recuo do mar, o que
gradativamente possibilitou a expansdo da mata tropical costeira a partir de 4.000 anos
A.P. Portanto, as matas costeiras atuais se desenvolveram apods 4.000 anos A.P.; dentre
estas, as situadas mais proximas do mar sdo ainda mais jovens, pois foram as ultimas a
serem formadas apds o processo regressivo. J4 as matas atuais mais interiorizadas nao
mostram indicios da transgressdo marinha holocénica em seus sedimentos. Sem a
influéncia negativa da invasao marinha e beneficiadas pelo clima, datacdes radiométricas
mostram que o desenvolvimento florestal ocorreu mais cedo, com inicio de expansao por
volta de 6.000 anos A.P., nas matas proximas aos contrafortes da Serra Geral e da
Depressdo Central (Lorscheitter 2001; Werneck & Lorscheitter 2001).

Todas estas modificagdes paleoclimaticas afetaram a estrutura populacional das
espécies ocorrentes nestas formacdes vegetais. Alteracdes nas taxas de migragdo, a
fragmentacdo e o isolamento de populagdes foram possibilitados e transformaram o fluxo

génico entre elas, o que pode ter levado a diferenciacao.

I.5 O género Passiflora

O género Passiflora L. (Passifloraceae) possui cerca de 520 espécies distribuidas

em regides tropicais do Novo Mundo (raramente na Asia e Australia). E caracterizado pela
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presenca de corona de filamentos, cinco estames e por apresentar as estruturas reprodutivas
elevadas em um androginoforo (Ulmer & MacDougal 2004). As plantas sdo lianas
herbaceas ou lenhosas com gavinhas axilares (inflorescéncias modificadas) e,
ocasionalmente, podem ser arbustos ou até arvores (nestes casos as gavinhas estdo
ausentes; Judd et al. 1999). A descoberta do género ocorreu durante a expansdo européia
no Novo Mundo e a denominagao Passiflora (flor da paixao) foi atribuida por Cieza de
Leén em 1553, numa alusdo a crucificagdo de Cristo. O nome do género foi adotado por
Carl von Linné, em 1753, no Species Plantarum (Ulmer & MacDougal 2004).

Uma das principais caracteristicas do género ¢ a grande variabilidade foliar,
possivelmente a maior entre as angiospermas (MacDougal 1994). As folhas apresentam
uma grande diversidade de formas, podendo ser inteiras ou ter entre dois a nove lobos, com
tamanhos que variam entre 0,5 e 95 cm. E possivel que esta diversidade esteja relacionada
a um processo de co-evolugcdo com borboletas do género Heliconius. As fémeas de
Heliconius reconhecem visualmente as folhas de Passiflora para ovipositar e as larvas s
se alimentam de folhas de plantas deste género. Uma estratégia de defesa das passifloras ¢
imitar a folhas de outras plantas que ndo sdo predadas por Heliconius, uma forma de
camuflagem. Em florestas tropicais ha casos onde as folhas jovens de Passiflora imitam
folhas de espécies que ocorrem junto ao solo, enquanto as folhas mais velhas imitam as
folhas de plantas do dossel (Ulmer & MacDougal 2004).

Outra estratégia de defesa ¢ a estocagem de metabolitos toxicos (glicosideos
cianogénicos) nas folhas de Passiflora. A presenga destes compostos evita a predagdo por
insetos, menos pelas larvas de Heliconius. Estes insetos desenvolveram enzimas capazes
de degrada-los e sdo capazes de metabolizar estes compostos de forma a construir

moléculas de glicosideos cianogénicos para sua propria defesa (quimicamente diferentes
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daqueles produzidos pela planta hospedeira). Cores aposemadticas € o acumulo destes
compostos toxicos servem como protecao das larvas de Heliconius contra a predacdo por
aves (Ulmer & MacDougal 2004).

Os nectarios extraflorais presentes nos peciolos, folhas ou estipulas de Passiflora
constituem outro mecanismo de defesa. Estas estruturas servem para atrair formigas e
vespas que predam ovos e larvas de borboletas. Além disso, os nectarios presentes nas
folhas imitam ovos, simulando que uma borboleta ja ovipositou naquela planta. Borboletas
evitam ovipositar em folhas que ja tenham ovos para evitar o excesso de larvas e o possivel
canibalismo existente nestas espécies (Ulmer & MacDougal 2004).

A grande diversidade floral do género Passiflora esta relacionada com as diferentes
formas de polinizagdao encontradas no grupo. A corona de filamentos ¢ uma das estruturas
florais mais varidveis, apresentando diferentes cores, formas, odores e disposi¢ao dos
filamentos. As séries mais externas de filamentos estdo envolvidas com a atragdo dos
polinizadores, enquanto duas séries internas (opérculo e limen) geralmente se completam,
fornecendo protecdo mecanica a camara nectarifera (Endress 1994). Além das variagdes
morfoldgicas, as adaptagdes a diferentes polinizadores podem envolver modificagdes
temporais, como a sincroniza¢do entre os horarios de maior disponibilidade de recursos
(principalmente néctar) e de maior atividade dos polinizadores (Varassin et al. 2001). Os
ancestrais de Passiflora provavelmente eram polinizados por insetos da Ordem
Hymenoptera, sendo a melitofilia (polinizag¢do por abelhas) a sindrome floral mais comum
no género. Além de abelhas, ha registros de polinizac¢ao por beija-flores, vespas, borboletas
e morcegos (MacDougal 1994).

A polinizacao por abelhas ¢ encontrada em diversos subgéneros de Passiflora, que

geralmente se caracterizam por flores grandes, brancas ou azuladas e com corona de
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filamentos bem desenvolvida. Nestas espécies, os filamentos mais externos possuem cores
intensas, produzem odores e estdo numa disposi¢do radial, que guia o polinizador até o
anel nectarifero na base da flor (Endress 1994). A concentragdo de agucar no néctar ¢
maior que 40% e as flores geralmente duram menos de um dia (MacDougal 1994).

A polinizagdo por beija-flores ¢ comum em varios subgéneros de Passiflora
(MacDougal 1994), inclusive entre espécies distantemente relacionadas (Muschner et al.
2006, submetido), um indicativo de que tenha surgido independentemente varias vezes no
género. Geralmente as espécies de Passiflora polinizadas por beija-flores ndo produzem
odores, possuem um androgindéforo alongado e uma corona pouco desenvolvida. Mas sdo
caracterizadas por um grande apelo visual, a posi¢ao e coloracao das flores (avermelhadas,
purpuras ou rosas), tornando-as visiveis a distancia (Varassin et al. 2001).

As espécies de Passiflora tipicamente polinizadas por morcegos (como Passiflora
mucronata Lam.) atraem estes animais através do odor (Sazima & Sazima 1978). Apesar
dos filamentos da corona serem mais curtos, eles produzem odores em maior quantidade
quando comparados com os filamentos das espécies melitdfilas. Geralmente as flores ficam
posicionadas fora da folhagem, possuem longos pedunculos, e produzem grandes
quantidades de néctar, o qual ¢ estocado até a abertura da flor quando rapidamente ¢
consumido (Endress 1994). Assim como a ornitofilia (polinizagdo por aves), a
quiropterofilia (polinizagdo por morcegos) ¢ encontrada em diversas espécies nao
relacionadas de Passiflora (Muschner et al. 2006, submetido).

A dispersdo das sementes de Passiflora é freqlientemente feita por aves, morcegos
e pequenos mamiferos (roedores e marsupiais) que sdo atraidos pela coloracdo e pelo

cheiro dos frutos (Semir & Brown 1975; Koehler-Santos et al. 2006).
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No género Passiflora sdo encontradas espécies autocompativeis e
autoincompativeis. As espécies de fecundagdo cruzada obrigatoria necessitam de
polinizadores para produzir frutos, o que ¢ especialmente importante para espécies
comerciais como Passiflora edulis Sims. Nesta espécie foram detectados dois sistemas
genéticos de autoincompatibilidade: esporofitico (sistema S) e gametofitico (sistema G). A
reacdo de autoincompatibilidade pode ocorrer no estigma (sistema S) ou durante o
crescimento do tubo polinico no estilete (sistema G; Suassuna et al. 2003).

Mesmo nas espécies autoincompativeis do género, sao muito comuns barreiras
temporais através do movimento de deflexdo dos estigmas e anteras. Em muitos casos, a
flor expde primeiramente as anteras e, somente apos todo o pdlen ser retirado, ha a
deflexdo dos estigmas e estes se tornam receptivos. O tempo destes movimentos
geralmente estd relacionado com a atividade do polinizador, especialmente nas espécies
polinizadas por abelhas (MacDougal 1994; Varassin et al. 2001). O movimento das anteras
e do estigma também pode ser uma estratégia para a producdo de frutos e sementes em
espécies autocompativeis na auséncia de polinizadores. Passiflora capsularis L., Passiflora
foetida L., Passiflora morifolia Mast. in Mart. e Passiflora suberosa L. podem se
autopolinizar e por isso alguns individuos solitarios produzem frutos (Ulmer & MacDougal

2004).

1.6 Primeiro estudo de caso: Passiflora actinia e Passiflora elegans

No Brasil, ocorre cerca de 130 espécies de Passiflora, sendo a bacia amazodnica a
regido que concentra a maior diversidade (Killip 1938; A. C. Cervi, comunicagdo pessoal).
Devido ao seu clima subtropical, o Rio Grande do Sul apresenta apenas 15 destas espécies

(Mondin 2001). Entre estas, Passiflora elegans Masters (figura 1) ¢ a unica com
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distribuicao restrita ao RS e a regides adjacentes de paises limitrofes. As andlises
filogenéticas do género revelaram que Passiflora actinia Hooker (figuras 2 e 3) € espécie
irma de P. elegans (Muschner et al. 2003). Apesar da alta similaridade genética, estas
espécies estdo classificadas em diferentes séries taxonomicas dentro do subgénero
Passiflora (P. actinia, Simplicifoliae; P. elegans, Lobatae; Killip 1938). Esta classificagao
esta baseada na forma da folha, um carater altamente variavel neste género e sujeito a
influéncias ambientais (Benson et al. 1976; MacDougal 1994). As duas espécies sao
parapatricas, o limite norte de distribuicao de P. elegans coincide com o limite sul de P.
actinia, € ndo ha registros de simpatria at¢ o momento, embora elas vivam em habitats

florestais adjacentes.

Figura 1 Figura 2 Figura 3

Passiflora actinia € uma espécie tipica de Mata Atlantica e de floresta com araucaria,

e sua ocorréncia ¢ descrita desde o Espirito Santo até o Rio Grande do Sul. A distribui¢ao

geografica de P. elegans estd basicamente restrita a matas de galeria ao longo dos rios de

algumas regides do RS e de alguns locais da Argentina e do Uruguai (Cervi 1997,
Deginani 2001).

A Mata Atlantica sensu strictu apresentava-se como uma faixa praticamente

continua, com uma largura média de 200 km, ocupando uma area de aproximadamente um
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milhdo de km?, estendendo-se originalmente desde a regido de Osério, RS (30°S) até o
Cabo de Sao Roque, Rio Grande do Norte (6°S). Mas cinco séculos de ocupagdo humana
pos-descobrimento reduziram-na a pequenas manchas concentradas na regiao sul/sudeste
(Joly et al. 1991). Estima-se que reste menos de 10% desta floresta atualmente, numa
condi¢do extremamente fragmentada e com poucas areas oficialmente protegidas (Marsden
et al. 2000). O extrativismo, a exploracdo de madeiras, a agricultura de subsisténcia, a
expansdo de monoculturas e, mais recentemente, a especulacdo imobilidria podem ser
apontadas como as principais causas desta dréstica reducao (Joly et al. 1991).

Grande parte da area do RS ¢ dominada por campos que, de modo geral, ocupam as
partes mais altas, enquanto nos vales as matas de galeria (ou ciliares) acompanham os
cursos dos rios (Rambo 1994). A estrutura e a composi¢do floristica destas matas variam
de acordo com o grau de umidade do solo. No interior do RS as matas de galeria
caracterizam-se pela interpenetragdo de espécies das principais formagdes de florestas
pluviais do Estado, a Atlantica e a do Alto Uruguai (Rizzini 1997). Estas interpenetracdes
de flora foram determinadas pelas flutuagdes climaticas ocorridas no Quaternario, com
momentos de expansdo e retracdo das formacdes florestais. Durante estes processos, as
matas de galeria representaram importantes corredores de liga¢do entre diversas formagoes
(Joly et al. 1991). A expansao desordenada das fronteiras agricolas foi a principal causa da
degradagdo das matas ciliares brasileiras. A exploragao florestal, o garimpo, a construgdo
de reservatdrios e hidrelétricas, a expansdo das areas urbanas e a polui¢ao industrial sdo
atividades que também contribuiram para a destruigdo histérica destas formacdes
(Rodrigues & Gandolfi 2000).

Sobre a biologia reprodutiva das espécies que serdo consideradas, hd apenas um

estudo realizado com Passiflora actinia (Prazeres 1989). Neste estudo ndo foram
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encontrados indicios de polinizagdo abidtica, sendo o principal polinizador uma mangava,
do género Xylocopa Latreille, tendo sido também observadas, como polinizadores
ocasionais, abelhas, moscas e vespas. O pdlen tem um alto indice de viabilidade (98%), ¢
produzido em grande quantidade e ¢ bastante ornamentado. O sucesso reprodutivo, em
condi¢cdes naturais, ¢ excelente com praticamente 100% das flores formando frutos. Na
regido estudada, a floragdo tem inicio na primeira semana de setembro, o climax ¢ em
outubro e o término em novembro, ja com frutos. Nos testes de polinizagdo artificial de
geitonogamia (flores diferentes da mesma planta) e autopolinizagdo artificial e natural
(ensacamento das flores) nao houve a formacao de frutos e sementes. Mas quando flores de
diferentes plantas (xenogamia) foram cruzadas artificialmente, o sucesso reprodutivo foi
equivalente ao das condi¢des naturais. A impossibilidade do contato mecanico entre o
polen e o estigma da mesma flor ¢ devida ao comportamento floral durante a antese
(abertura do botao floral). A corona de filamentos ¢ o principal 6érgdo envolvido na atracao
e orientacdo dos polinizadores, produzindo um odor adocicado e apresentando anéis
concéntricos coloridos que servem como guias de néctar. E fundamental a exposigdo
antecipada do pdlen aos agentes polinizadores em relagdo a deflexdo estigmatica. A
formagao dos frutos estd estritamente ligada a fecundagdo cruzada (autoincompativel).
Além disso, o tamanho do fruto e o numero de sementes estdo positivamente
correlacionados com o numero de graos de pdlen na superficie estigmatica (Prazeres

1989).

1.7 O género Petunia
O género Petunia Juss. (Solanaceae) apresenta 11 espécies exclusivamente sul-

americanas, sendo a maioria delas encontradas no sul e sudeste do Brasil (Stehmann &
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Semir 2005). Conhecidas como petunias-de-jardim, este género tem uma longa historia de
cruzamentos artificiais, sendo os hibridos entre Petunia axillaris (Lam.) Britton, Sterns and
Poggenb e Petunia integrifolia (Hook.) mundialmente disseminados como plantas
ornamentais (Petunia x hybrida). Como ndo ha barreiras intrinsecas ao cruzamento
interespecifico em Petunia (Watanabe et al. 1996), os principais mecanismos de
isolamento reprodutivo encontrados no género sao ecoldgicos (segregagao floral e de
habitat) e geograficos. As espécies de Petunia florescem geralmente no mesmo periodo,
ndo havendo isolamento sazonal (Stehmann 1999).

A melitofilia ¢ a sindrome floral mais comum e provavelmente mais ancestral no
género Petunia, enquanto a ornitofilia e a esfingofilia (polinizagdo por mariposas,
Lepidoptera) devem ser sindromes derivadas (Stehmann 1999). Em geral as espécies
melitofilas sdo autoincompativeis (Tsukamoto e al. 1998), sendo a polinizagdo uma etapa
fundamental para a manutencdo das mesmas, preferencialmente realizada por abelhas
especializadas, num provavel processo de co-evolugdo (Stehmann 1999). Algumas
linhagens de Petunia axillaris (Tsukamoto et al. 2003), Petunia exserta Stehmann
(Tsukamoto et al. 1998) e Petunia secreta Stehmann & Semir (Stehmann 1999) sao
autocompativeis. Todas as espécies apresentam frutos capsulares, secos quando maduros,
que produzem uma grande quantidade de pequenas sementes. Nao hd um sistema
especializado de dispersao de sementes a longas distancias e geralmente elas ficam

proximas da planta mae, num processo de autocoria (Stehmann 1999).

1.8 Segundo estudo de caso: Petiinias da Serra do Sudeste

A Serra do Sudeste no Rio Grande do Sul (RS) ¢ um dos centros de diversidade do

género Petunia, podendo-se destacar a ocorréncia de duas espécies exclusivas desta regido,
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P. exserta (figura 4) e P. secreta (figura 5). Juntamente com P. axillaris (figura 6), estas
espécies compartilham uma série de caracteristicas morfologicas, como o tubo da corola
longo e hipocrateriforme, hébito ereto ou ascendente, pélen amarelo, folhas basais e
apicais com tamanhos e formas diferentes (heterofilia), pedinculos frutiferos eretos com
capsulas grandes (mais de 9 mm de comprimento) e sementes pequenas (com menos de 0,5

mm de comprimento; Stehmann 1999).

Figura 5 Figura 6

P. axillaris possui ampla distribuicdo geografica, ocorrendo no Brasil, Uruguai,
Argentina e Bolivia (Ando 1996). No Brasil ¢ encontrada apenas na metade sul do RS, em
afloramentos rochosos e locais perturbados como beiras de estradas. P. exserta habita
reentrancias rochosas sombreadas da formacdo Guaritas (municipio de Cagapava do Sul),
uma area extremamente restrita da Serra do Sudeste onde ocorrem afloramentos rochosos
de origem sedimentar (conglomerado; Stehmann 1999).

No género Petunia, a esfingofilia ¢ observada apenas em P. axillaris, a qual
apresenta flores brancas, com corola de tamanho variavel (3—7 cm de comprimento) e que
liberam um forte perfume ao entardecer, no inicio das atividades destes insetos noturnos.
P. exserta possui uma série de caracteristicas adaptadas para a ornitofilia, como corola

vermelha com bordo do limbo reflexo e anteras e estilete fortemente exsertos. Beija-flores
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foram observados visitando flores de populagdes naturais (C. Schlindwein, comunicacao
pessoal; A.P. Lorenz-Lemke, observagdes de campo, 2003), bem como de plantas em
cultivo (Stehmann 1999). A Serra do Sudeste ¢ o tinico lugar onde podem ser encontradas
espécies de Petunia com as trés sindromes florais presentes no género: P. axillaris
(esfingofila, flores brancas); P. exserta (ornitéfila, flores vermelhas); P. integrifolia e P.
secreta (melitofilas, flores magenta). Estas informacdes indicam que a polinizacio
diferencial teve um papel importante na diversificagdo do género na regido (Stehmann
1999).

A fitofisionomia da regido da Serra do Sudeste (RS) ¢ bastante heterogénea, sendo
a maior parte da vegetagao classificada como savana parque. A savana parque caracteriza-
se por apresentar um extrato herbaceo continuo, com arvores espalhadas ou agrupadas, e
por matas de galeria. Esta formagdo recobre relevos fortemente ondulados até
montanhosos, solos pouco profundos e com afloramentos rochosos. A savana ocupa vasta
distribuicao geografica no Planalto Sul-Rio-Grandense, razdo pela qual faz limite com
quase todos os tipos de vegetacdo existentes no Estado (Teixeira et al. 1986). Quanto a
origem dos campos encontrados nesta area, existem varias teorias discordantes. Segundo
Rambo (1994), o fator determinante seria o controle exercido pelo solo, sendo o clima
geral propicio ao desenvolvimento de florestas subtropicais.

Com a colonizacdo humana a partir de 1800, houve uma intensa alteracao da
composi¢ao vegetal da regido, devido ao pastoreio e a implantacao de cultivos agricolas,
ndo havendo registro de areas com vegetacdo original. Esta regido abriga um nimero
consideravel de plantas endémicas, muitas delas com distribui¢do bastante restrita. Das 104
espécies endémicas do RS, aproximadamente 30 ocorrem na Serra do Sudeste, sendo dez

exclusivas da regido (Guadagnin ef al. 2000).
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Populagdes de P. exserta sao encontradas somente em locais onde o gado nao
consegue alcancar, o que representa uma superficie muito pequena e¢ onde poucos
individuos podem habitar. Dentre as espécies ocorrentes na formagao Guaritas, P. exserta
requer uma atencdo especial, uma vez que apresenta as maiores exigéncias de habitat
devido a necessidade de sombreamento, e também porque ja foi observada a redugdo do
numero de individuos e at¢ mesmo extingao local de populacdes, devido ao pisoteio e/ou

predagao (Guadagnin et al. 2000).

1.9 Terceiro estudo de caso: Petunias dos Planaltos Sul e Sudeste do Brasil

Entre as espécies melitofilas do género Petunia, seis possuem distribuicao
geografica restrita aos campos altitudinais associados a floresta com araucdria das regides
sul e sudeste do Brasil.

As flores das petinias melitofilas sdo zigomorfas, apresentam tubo da corola
infundibuliforme ou campanulado, anteras inclusas proéximas a fauce, estigma proximo das
anteras, polen violaceo, antese diurna, ndo exalam odores perceptiveis ao olfato humano e
produzem pequenas quantidades de néctar. Além disso, apresentam alguns padrdes visuais
que ajudam as abelhas visitantes na localizacdo dos recursos florais, como nervuras
longitudinais ou venagdo fortemente reticulada na fauce e a coloracdo mais escura desta
regido em relacdo ao interior do tubo (Stehmann 1999).

Petunia altiplana T. Ando & G. Hashim. (figura 7) e Petunia bonjardinensis T.
Ando & G. Hashim. (figura 8) ocorrem em 4reas abertas e expostas diretamente ao sol,
ocupando locais alterados com solo desnudo, como barrancos de beira de estradas,
podendo ser consideradas espécies pioneiras e colonizadoras (Ando & Hashimoto 1993).

Apesar de ocuparem o mesmo habitat, estas espécies apresentam distribuicdes geograficas
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distintas. P. altiplana pode ser encontrada no planalto nordeste do RS e leste do estado de
SC, enquanto P. bonjardinensis ¢ endémica de uma pequena regido do planalto

catarinense, nos arredores do municipio de Bom Jardim da Serra (Ando & Hashimoto

1993).

Figura 8

Também no planalto catarinense, Petunia reitzii L. B. Sm. & Downs (figura 9)
pode ser encontrada em uma pequena regido de campos associados a floresta com
araucaria, no municipio de Bom Retiro. Préximo a esta regido pode ser encontrada a tinica
populagdo de Petunia saxicola L. B. Sm. & Downs (figura 10) encontrada at¢ o0 momento
(municipio de Otacilio Costa), sendo com certeza a mais rara entre as seis espécies
amostradas. Esta espécie possui um habitat bem diferente das demais, sendo encontrada

sobre rochas umidas em locais parcialmente sombreados (Stehmann 1999).

JFregonezi

Figura 9 Figura 10
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As populagdes de Petunia scheideana L. B. Sm. & Downs (figura 11) sao
encontradas na zona ecotonal entre campo e floresta no planalto norte de SC e sul do
Parana (PR; Ando & Hashimoto 1995). A descrigao original de P. scheideana (Smith &
Downs 1964) ¢ bastante incompleta e foi baseada apenas na andlise de uma amostra,
coletada no nordeste de SC. Naquele trabalho ndo foi descrita a grande variabilidade
existente no indumento e no comprimento dos ramos e pedinculo floral. Diferencas nestas
caracteristicas provavelmente estdo envolvidas com plasticidade fenotipica, determinada
pelo nivel de sombreamento do local. As populacdes encontradas proximas do municipio
de Guarapuava (PR) foram descritas por Ando & Hashimoto (1995) como Petunia
guarapuavensis T. Ando & Hashim. Estes autores comentam a semelhancga da espécie com
P. integrifolia e omitem as afinidades com P. scheideana. Como as caracteristicas
morfoldgicas que diferenciam P. scheideana e P. guarapuavensis sdo vegetativas e
altamente sujeitas as condi¢cdes ambientais, adotamos a classificacdo de Stehmann (1999),
na qual estes nomes sdo considerados sindnimos devido a auséncia de caracteres florais
para distingui-las.

Petunia mantiqueirensis T. Ando & G. Hashim. (figura 12) tem sua ocorréncia
restrita ao sul de Minas Gerais (MG), na regido da Serra da Mantiqueira, onde habita locais
parcialmente sombreados entre o campo e a borda da floresta com araucaria (Stehmann
1999). Sua morfologia floral ¢ tnica no género, caracterizada por um tubo da corola longo
e estreito, com coloracdo magenta. E a espécie que apresenta as plantas mais altas,

chegando a 4 m desde as raizes (Ando & Hashimoto 1994).
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JFregonezi

Figura 11 Figura 12

As seis espécies acima citadas sdo alopatricas, possivelmente resultantes de um
processo de diferenciagdo morfoldgica ocorrido apds o isolamento geografico. A dindmica
das formagdes vegetais onde estas espécies ocorrem foi muito modificada pelas alteragdes
paleoclimaticas ocorridas no Quaternario. E possivel que o processo de diversificagdo do
grupo esteja relacionado com estes acontecimentos, os quais provavelmente influenciaram

os padroes de fluxo génico e possibilitaram o surgimento de novidades evolutivas.

34



Capitulo II

Capitulo IT

Objetivos

O objetivo geral do presente estudo foi investigar a diversidade genética das
espécies Passiflora actinia, Passiflora elegans, Petunia altiplana, Petunia axillaris,
Petunia bonjardinensis, Petunia exserta, Petunia mantiqueirensis, Petunia reitzzi, Petunia

saxicola e Petunia scheideana dando énfase para as seguintes abordagens:

1. Descrever a distribuicdo da variabilidade genética intra e interespecifica utilizando os
seguintes marcadores moleculares: espacadores internos transcritos dos genes ribossomais

nucleares (ITS), e espagadores intergénicos plastidiais: trnH-psbA, trnS-trnG e psbB-psbH.

2. Contribuir para o conhecimento dos processos de especiacdo nos géneros Passiflora e

Petunia.

3. Verificar as diferengas na variabilidade genética populacional das espécies,

considerando seus diferentes padroes geograficos.

4. Correlacionar os dados obtidos sobre a estrutura genética com os efeitos da

fragmentacao e isolamento de habitats.

5. Inferir possiveis eventos de hibridacdo interespecifica.

6. Correlacionar os padrdes de variabilidade genética das espécies estudadas com os
eventos fitogeograficos, para verificar a possivel influéncia destes na sua dinamica
evolutiva.

7. Contribuir para o estabelecimento de programas de conservagdo nas areas de ocorréncia

das espécies estudadas: Mata Atlantica, matas de galeria e formacdes rochosas Guaritas e

campos de altitude das regides sul e sudeste do Brasil.
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Abstract

Intrinsic reproductive barriers among the species of Petunia are weak and genetic
isolation is obtained mainly by geographical separation and ecological diversification. The
Serra do Sudeste region in the extreme south of Brazil is one of the centres of diversity of
this genus and is characterized by the presence of species with different pollination
syndromes. Petunia exserta is known only from four sandstone towers in a restricted area
of this region (about 500 km?) and is characterized by its differentiated habitat (shelters in
the sandstone towers) and by its floral characteristics adapted to ornithophily. In towers
where this species is sympatric with the sphingophilous P. axillaris, phylogenetically close
to P. exserta, we found plants with intermediate floral morphology, suggesting
hybridization between them. To test this hypothesis and to better understand its
consequences we analyzed the sequences of the plastid t#rnH-psbA, trnS-trnG and psbB-
psbH intergenic spacers in 121 individuals sampled all over the P. exserta distribution. The
joint analysis of the three markers revealed 13 haplotypes and the network showed two
main genetic clades, which probably represent the original gene pool of the two species in
the region. In general, individuals of a given population presented the same haplotype,
independently of phenotype, corroborating the hybridization hypothesis. Field observations
suggest that hummingbirds are responsible for the interspecific gene flow. Analysis of
molecular variance revealed high inter-populational diversity among the towers. The low

gene flow between populations is possibly related to the autochoric seed dispersion system.
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Introduction

Complex morphological and physiological characteristics in angiosperm flowers
evolved to attract specific pollinators (pollination syndromes) as a mean to increase their
reproductive efficiency. Pollinators are important factors in the evolution of flower shapes
and colors and may contribute to reproductive isolation via reduced gene flow by polen
and differential visitation (Hodges & Arnold 1994; Proctor ef al. 1996). These evolutionary
changes may occur by mutations in genes with major effects in the flower appearance,
such as on genes that control pigments (Bradshaw & Schemske 2003). In Petunia Juss.
(Solanaceae), an extensive diversification of the pollination syndromes occurred and
melitophilous, sphingophilous and ornithophilous species can be found. Known as garden
petunias, this genus has a long history (since the 19" century) of artificial crossings, and
the hybrids between Petunia axillaris (Lam.) Britton, Sterns & Poggenb. and Petunia
integrifolia (Hook.) Schinz & Thell. are disseminated worldwide as ornamental plants
(Petunia hybrida).

The eleven species of Petunia are exclusively South American and the majority of
them are found in the Brazilian south and southeast (Stehmann & Semir 2005). The Serra
do Sudeste (Southeast Sierra) region, in the south of Brazil, is one of the centres of
diversity of the group, characterized by the presence of species with different pollination
syndromes: P. axillaris (sphingophilous - white flowers), Petunia exserta Stehmann
(ornithophilous - red flowers), P. integrifolia and P. secreta Stehmann & Semir
(melitophilous - magenta flowers, Stehmann & Semir 2005). As the intrinsic reproductive

barriers seem to be weak (Watanabe et al. 1996), the biological importance of floral
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differences among the species occurring in this region is evident and differential visitation
by insects may have played a central role in the evolutionary history of this genus.

P. exserta is the only ornithophilous species of the genus (JRS, unpublished results)
and is characterized by showy red flowers with anthers and stigma strongly exserted. In
spite of its exuberant colour, P. exserta is not the parent of red-flower commercial hybrids,
having been discovered some decades after these hybrids had been produced (Grisebach et
al. 1999; Ando et al. 2000). Endemic of a very small area (about 500 km?) of the Serra do
Sudeste region, it was found so far growing in shady cracks within the rock (shelters) on
only four sandstone towers, which seems to be a very restricted and inhospitable
environment for the other species of this genus (Stehmann 1987).

P. exserta and P. axillaris are closely related species (Ando et al. 2005; Kulcheski et
al. 2006 which share diverse morphological characteristics, such as the long and
hipocrateriform corolla tube, erect or ascendant habit, yellow pollen, basal and apical
leaves of different forms and sizes, erect fruit peduncles with large capsules (more that 9
mm in length) and small seeds (with a length of less than 0.5 mm) (Stehmann 1999). P.
axillaris displays white flowers that emit a strong fragrance at nightfall and produce a
considerable amount of nectar to attract nocturnally active hawkmoths (Sphingidae, Ando
et al. 2001). Its distribution range includes Bolivia, Argentina, Uruguay and Brazil’s
extreme south and it can be found in rocky outcrops and also in disturbed habitats such as
the margins of highways (Ando 1996). In various locations the distribution of P. axillaris
overlaps that of the other species of the genus, and it is possible to achieve artificial
crossings between P. axillaris and them (Watanabe et al. 1996).

In the majority of cases the differences in floral traits is efficient in maintaining the

isolation between the sympatric species of Petunia. For example, observations of a few
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natural sympatric populations in southern Brazil showed that the differential insect
visitation between P. axillaris (hawkmoths) and P. integrifolia (bees) seems to be
sufficient to maintain the isolation between them, and natural hybrids are normally not
found (Ando ef al. 2001). However, in some locations in the Serra do Sudeste region where
P. axillaris populations were observed near P. exserta individuals, we found plants with
intermediate floral morphology, indicating a possible process of interspecific
hybridization.

Recent hybrid generations can show high levels of morphological variability as a
result of segregation and recombination between the parental genomes (Chung et al. 2005).
Much of this diversity can be lost in older hybrid populations in consequence of selection
and drift (Martin & Cruzan 1999). Hybridization can contribute to an increase in the
genetic variation of the populations and to the spread of new adaptations (Rieseberg 1997).
Hybrids adapted to very specific ecological niches or with reduced fitness, as well as the
constant dispersion of parental genotypes, are the main factors limiting extensive
introgression. However, if the hybrid genotypes have equal or higher fitness than that of
the parental species, hybrid zones may expand and lead to the dislocation of one or more of
the parental species (Martin & Cruzan 1999; Arnold 2004). These processes may be
critical for endemic species, many of which require special ecological niches and are very
vulnerable to disturbances in the restrictive environment they live in. If the direction of the
introgression is mainly from the more common into the rare species it could result in a loss
of the genetic adaptation of the rare one (“genetic swamping", Rhymer & Simberloff
1996). From a conservationist perspective, it would be crucial to study the spatial
distribution of their genetic diversity. Molecular markers are ideal for the evaluation of

these phenomena, in special in endangered species, since a large amount of data can be
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obtained with relative small amounts of biological material using non-destructive methods
(Petit et al. 2001). However, hybridization may sometimes be difficult to distinguish from
shared ancestral polymorphisms, in special in recently diverged species and using only
uniparental markers. Nevertheless, some results are highly suggestive of recent
hybridization, such as the presence of individuals with intermediate phenotypes, the
existence of haplotype clades associated with different species, and haplotypes found in
putative hybrids being always identical or slightly divergent from the non-hybrids from
one of the species (see Avise et al. 2000 for examples). On the contrary, the opposite
results are suggestive of shared ancestral polymorphisms.

Here we investigate the molecular diversity of the endemic P. exserta and its closely
related species P. axillaris and the first case of natural interspecific hybridization between
Petunia using the trnH-psbA, trnS-trnG and psbB-psbH chloroplast (cp) DNA markers.
These plastid intergenic regions are highly variable, as appropriate for population studies
(Okaura & Harada 2002; Hamilton et al. 2003; Dobes et al. 2004) and for identification of
hybridization events between closely related species (Bleeker 2003). The extension of the
cpDNA gene flow between the species in the sympatric areas and how the cpDNA
variation is distributed within and among populations were evaluated. In addition, the
relationships among the genetic, morphological, geographical and ecological variations

were inferred, as well as the consequences of the hybridization to P. exserta conservation.
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Materials and methods

Plant material

The material analyzed was obtained during field collections performed between
October and December, 2002. From the sixteen sampling sites investigated, ten are located
in the Serra do Sudeste region (in the extreme south of Brazil), where P. exserta is
endemic, and six are located around it (southwest and central region, Table 1 and Fig. 1).
Leaves from three to seventeen plants were collected in each location, totalizing 121
individuals identified as P. axillaris subsp. parodii (Steere) Cabrera (Ando 1996), P.
exserta, or as presenting an intermediate floral morphology (likely hybrids between them,
see Results). Exsiccates were made with one plant of each morphology per population, and
for the genetic analysis young leaves were collected in a way that was not damaging to the
individuals sampled. These leaves were packed in silica gel for drying and subsequent

DNA extraction.

DNA extraction, amplification, and sequencing

The dried leaves were pulverized with liquid nitrogen and the DNA was extracted
with cetyltrimethyl ammonium bromide (CTAB) as described by Roy et al. (1992). From
the six cpDNA and one nuclear regions whose variability was investigated in a subset with
representatives from the populations under study, the trnl-trnF (369 bp) and rpsi2-rpl20
(652 bp) intergenic spacers, the trnl intron (481 bp) and the nuclear rRNA ITS region (603
bp) had shown no or extremely low levels of variability, and no species-diagnostic markers
(information about the techniques used available on request). The plastid intergenic spacers

trnH-psbA, psbB-psbH and trnS-trnG were those that presented some intraspecific
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variability and were then chosen for further evaluation. For the amplification and
sequencing of the trnH-psbA spacer the primers described by Sang et al. (1997) were used
and for the psbB-psbH and trnS-trnG spacers we employed those described by Hamilton
(1999).

PCR amplifications were performed in 25 pl reactions consisting of 1 unit Tag
polymerase (Invitrogen), 1x buffer (Invitrogen), 0.2 mM each dANTP, 2 mM MgCl,, 0.2 uM
of each primer and 20-50 ng of template genomic DNA. The amplification conditions for
trnH-psbA were as follows: 3 min at 94°C, 30 cycles with 1 min at 94°C, 1 min at 58°C,
and 1 min at 72°C, with a final 10-min extension step at 72°C. For psbB-psbH and trnS-
trnG the conditions were the same, except for the 58°C step, substituted by a 50°C step.
The PCR products were checked by horizontal electrophoresis in 1% agarose gel, stained
with ethidium bromide, and purified with PEG 20% (Dunn & Blattner 1987). Sequencing
was performed with a MegaBace 1000 automatic sequencer (Amersham Biosciences), in
accordance with the manufacturer’s specifications. Sequences were deposited in the

GenBank, and accession numbers are listed in Table S1 (supplementary material).

Data analysis

The sequences were aligned using the ClustalX 1.81 program (Thompson et al.
2001) and manually corrected with the assistance of GeneDoc (Nicholas & Nicholas
1997). Whatever their sizes, all the contigous insertion/deletion events (indels) were
treated as one mutational event (Simmons & Ochoterena 2000). All analyses were
performed with the sequences of the three markers combined in a concatenated set.
Evolutionary relationships between haplotypes were estimated with the Network 4.1.0.9

program (available at http://www.fluxus-engineering.com) using the Median Joining
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method (e=0, Bandelt ef al. 1999). We also used the recently described union of maximum
parsimonious trees (UMP) method (Cassens et al. 2005) following the authors instructions
using maximum parsimony trees estimated by PAUP* 4.0b10 (Swofford 2003) and their
combination algorithm (CombineTree).

Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997) neutrality tests, pairwise
mismatch distributions, and the indices of haplotypic (%) and nucleotide (7) diversities (Nei
1987) were obtained with the DnaSP 4.0 program (Rozas et al. 2003). Arlequin Ver. 2.000
(Schneider et al. 2000) was used to evaluate the distribution of the inter and

intrapopulational genetic variation by means of an analysis of molecular variance

(AMOVA, Excoffier et al. 1992).

Results

Morphological variability

Although we have made extensive field work that covered great part (but was not
limited) of the known geographic range of this species, P. exserta was found in only four
sandstone towers and in nine shelters of these towers, although it is likely that it could
occur in a few other towers that we could not get direct access. In each shelter only a very
small number of individuals were found, a typical characteristic of the species, and always
in the shadow, most of the time protected from the direct light of the sun. On the other
hand, a few plants with the canonical P. axillaris morphology were found very near the
shelters (<10m), but always in areas most of the time directly exposed to sunlight.

Moreover, we have made a thorough investigation on the occurrence of P. axillaris in the
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area of study and, as far as we know, it presently exhibits the disjunct distribution shown in
Fig. 1.

Nine shelters were evaluated (Fig. 1; no.16 refer to the top of tower 4): two
presented only plants with P. exserta’s canonical morphology; two presented plants with P.
exserta and P. axillaris canonical morphologies; and five shelters presented also plants
with intermediate floral morphology. In these latter shelters, the percentage of individuals
with intermediate phenotype varied between 16% (shelter 4) and 64% (shelter 9). Plants
with intermediate phenotype were always found in the shade with canonical P. exserta
plants, while P. axillaris plants were found nearby. The intermediate flower had pinkish
corolla lobes and weakly exserted stamens and style, P. axillaris whitish corolla lobes and
included stamens and style, while P. exserfa had reddish corolla lobes and exserted
stamens and style (see photos in supplementary material).

In the six collection sites outside Serra do Sudeste region (southwest and central
region), all plants presented the canonical P. axillaris flowers with no intermediate

morphological traits (Fig. 1).

Genetic variation

Fifty seven individuals morphologically identified as P. axillaris, forty five as P.
exserta, and nineteen as likely hybrids between them were analyzed for cpDNA sequence
variation. Alignments of #rnH-psbA included 423 bp (28.0% GC content) of trnS-trnG 658
bp (30.4% GC) and of psbB-psbH 762 bp (35.9% GC). These three regions were combined
in a single alignment (totalizing 1843 bp) revealing 13 haplotypes (Table 2): seven were
found exclusively in P. axillaris populations from the southeast and central regions (HI,

H3, HS5, H6, H7, H8 and H11) and six were found exclusively on the P. exserta and P.
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axillaris populations from the Serra do Sudeste region (H2, H4, H9, H10, H12 and H13).
Practically the same proportions of nucleotide substitutions (8 sites) and indels (7 sites)
were found. Among indels, there are two duplications: (i) a 6 bp duplication in trnS-trnG
between sites 363 and 368 (H4 haplotype); and (ii) a 21 bp duplication in psbB-psbH
between sites 449 to 469 (H1, H2 and H3 haplotypes).

Very interestingly, in the Serra do Sudeste region the individuals found in the same
shelter generally presented the same plastidial haplotype, independently of their phenotype
(P. exserta, P. axillaris, or intermediate) (Table 1). For example, in shelter 9 all plants
presented the H2 haplotype. These data indicate that not only the plants with intermediate
morphology, but also some those with one of the parental phenotypes may represent

individuals resulting from hybridization events (see below).

Networks

As both the UMP and the median joining methods resulted in identical topologies,
only the latter would be shown. The haplotype network obtained with the combined dataset
(Fig. 2) presents two main clades with an overall low diversity. The reticulation observed
between H1, H2 and HI11 is caused by the hypervariable sites 296/trnH-psbA (three
changes) and 449/psbB-psbH (two changes), both involving indels. The relationships
remain practically unaltered with the exclusion of these sites from the analysis, but their
utilization was useful to enable fine discrimination among haplotypes. The two clades
show a strong geographic structure and an asymmetrical distribution between the two
species: one, hereafter called P. exserta’s clade, present four haplotypes that are found
exclusively in the Serra do Sudeste’s sandstone towers (where most plants have the P.

exserta canonical phenotype), and a second clade, hereafter called P. axillaris’ clade,
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found in most plants outside this region and with P. axillaris’ phenotype. These features
suggest that these clades may possibly represent the original gene pool of the two species
in the region analyzed. However, if this hypothesis is correct, there should have been
introgression in both directions between the two species, since: a) H2 and H12 haplotypes
from P. axillaris’ clade are also found in plants with intermediate and the first also in ten
plants with P. exserta’s phenotypes; and b) haplotypes H4, H9, and H13 from P. exserta’s
clade are found in plants with intermediate and P. axillaris’ phenotypes. It is interesting to
note the low diversity and the star-like topology of the putative P. exserta’s clade.

Petunia axillaris haplotypes are geographically structured, except for H8 which
occurs in two populations that are 387 km away from each other (not shown). The network
of the haplotypes found in the four sandstone towers of the Serra do Sudeste (Fig. 2) also

exhibits, in a very narrow scale, a clear geographical structure.

Neutrality tests and diversity indices

The neutrality tests, pairwise mismatch distribution, and diversity indices were
estimated (Table 3) considering two different ways to group the data: (a) groups defined by
morphology (without the plants with intermediate morphology); and (b) groups delimited
by the two network clades. In the latter case we also made the analyses with only plants
with the two canonical morphologies, but no significant difference was found between the
two approaches. The haplotype and nucleotide diversities values found in the P. axillaris
groups are higher than those found in P. exserta (p<0.05), being two to three times higher
in the case of the nucleotide diversity. In all cases the neutrality tests did not reject the null
hypothesis (p>0.10). The pairwise mismatch distribution for three groups show multiple

peaks indicating that the populations are demographically stationary, with the exception of
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the P. exserta’s clade that presented an unimodal pattern (data not shown). This, together
with all the results presented above, indicate that P. exserta may have experienced a

process of population reduction followed by expansion.

Population differentiation

For the analysis of molecular variance a geographical approach was utilized. The
populations of P. axillaris that were found outside Serra do Sudeste (where only canonical
morphologies were found) were evaluated separately, and a high population structure, with
91.38% of interpopulational variation (p<0.001) was found (results not shown). In the
Serra do Sudeste region, the degree of isolation among towers and among the different
shelters in the same tower was evaluated (Table 4, see figures 1 and 2). As interspecific
gene flow seems to be frequent, all plants found in the same shelter, independently of their
phenotype, were considered as a single population. High genetic structure was found in
these populations, with about 77% of the variation distributed among the four towers, 11%
among shelters within towers and 12% within shelters. This can be seen in Fig. 2, where
haplotypes were restricted to single towers, with exception of H9 that is the only haplotype
found in more than one tower and in only one of these towers is it found in more than one
shelter. The differentiation among shelters within each tower was also high: towers 1
(Fst=1.0), 2 (Fs7=0.32) and 3 (Fsr=0.79). AMOVA analysis was also done considering
exclusively plants with the P. exserta canonical morphology, and the results were similar,
with the expected reduction in the intrapopulation diversity (among towers = 64%; among

shelters = 29%; within shelter = 7%).
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Discussion

Geographical distribution, genetic and morphological diversity

We have confirmed that P. exserta is a highly endemic species (Stehmann 1987),
being found so far in only four sandstone towers in a very small region in south Brazil.
Experiments reveal that P. exserta seeds germinate equally well in the light or in the dark
(J.R.S., unpublished data), so that this aspect does not seems to be a limiting factor for the
species dispersion to other environments. The differential adaptation of P. exserta to the
shelters’ shady environment could be related to some stage in development after seed
germination. Among the likely limiting factors for the population size of P. exserta are the
small size of the shelters, substratum availability, and the direction of the shelters opening
(that is toward the southeast in all cases).

Phylogenetic studies carried out by Ando et al. (2005) and Kulcheski et al. (2006)
show that, in spite of its notable morphological diversity, the genetic divergence among the
various species of Petunia is very low, and the latter shown that this extends also to
nuclear and mitochondrial markers. In accordance with this, only three substitutions
separate the putative clades of P. axillaris from P. exserta in almost 2000 bp. These
suggest a process of recent evolutionary radiation. Another explanation for the lower
divergence among species would be that widespread hybridization might have prevented
differentiation but by the best of our knowledge the present results are the first concrete
case of natural hybridization between Petunia species. Diversification of the pollination
syndromes is likely one of the most important processes in the divergence and maintenance
of the different species of Petunia in the Serra do Sudeste region The evolution of flower

shape, color and position of the anthers and stigma are some of the characteristics most
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affected by selective pressures due to floral visitors (Proctor et al. 1996) although traits
influencing floral attractiveness to pollinators can also be affected by others factors such as
avoidance of flower predation (Galen & Cuba 2001; Galen 2005). Mutations in genes of
greater effect in these floral structures can accelerate the diversification process and cause
rapid isolation by insect differential visitation (Bradshaw & Schemske 2003; Durbin ef al.
2003).

Intraspecific plastidial molecular diversity is also usually small in the species of
Petunia studied so far (unpublished results). This trend was also found in our study,
especially in P. exserta that presents a nucleotide diversity of only 0.07% (or 0.04% if we
discard the putative hybrids), despite the fact that the entire known distribution of the
species was investigated. P. exserta’s extremely restricted distribution and small
population sizes are important causes for its reduced genetic diversity. The nucleotide
diversity estimate for P. axillaris was also very small, although actually it could be much
larger since only a small part of its distribution was studied.

The mode of cpDNA inheritance usually plays a significant role in the geographic
distribution of the genetic diversity. High population subdivision is common in studies
with maternally inherited markers, which generally present higher Fgsr values than
paternally or biparentally inherited markers, in which gene flow by pollen plays a
homogenization role (Petit et al. 2005). The fact that Petunia species present maternally
inherited cpDNA (Derepas & Dulieu 1992) and an autochoric seed dispersion system
(Stehmann 1999), where dispersion is entirely by free fall or propelled explosively by a
fruit that opens suddenly or by a trip-lever (van der Pijl 1982) must have greatly
contributed for the high among-population structure found in both species, as indicated by

the AMOVA and Fgt values.
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Natural hybridization

The spatial pattern of cpDNA diversity supports the breakdown of the reproductive
isolation between these species, initially suggested by the existence of plants with clear
intermediate floral morphologies. Another possibility is that this pattern actually represents
retention of shared ancestral polymorphisms. However, the existence of plants with
intermediate morphologies, the fact that sharing of haplotypes between plants with
different morphologies always occurred in plants found in the same location, the network
structure, and the geographical distribution of the haplotypes, all point clearly to a recent
hybridization scenario instead of shared polymorphisms. Artificial crossings demonstrate
that the hybrids between P. axillaris and P. exserta are completely fertile and without
chromosomal abnormalities in the F1 and backcrosses (Griesbach 2002). In all crossings
carried out between P. exserta and other species of Petunia, those with P. axillaris subsp.
parodii showed the highest indices of reproductive success, with abundant formation of
capsules and seeds (Watanabe et al. 2001). Pollen viability of the F; did not differ from
those of the intraspecific crossings. Morphologically the natural hybrids found here are
clearly different from the parents; flower color varies between white and pink, as was
found in artificial hybrids (Watanabe et al. 2001). The putative hybrids we found may
present cpDNA haplotypes from P. axillaris’ or P. exserta’s clades, suggesting that gene
flow is bilateral in these natural populations, that is, it does not matter which species is the
pistillate (seed) or staminate (pollen) parent, as also found in experimental reciprocal
crossings (Tsukamoto et al. 1998, 2003). Therefore, the flower characters adapted to
distinct pollinators and the different habitats do not seem enough to prevent the
hybridization of neighbouring populations of P. exserta and P. axillaris. What could

explain the maintenance of this hybrid zone? Pollinator behavior and effectiveness are
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basic factors for pollen movement in animal pollinated plant species, and therefore have
great effect on the genetic structure of the populations (Wu & Campbell 2005).
Observations in the shelters showed that hummingbirds show a preference for P. exserta’s
flowers, but often visit typical P. axillaris plants and individuals of intermediate floral
morphology as well. A similar behaviour was observed in an experiment performed with
two species of Nicotiana (Solanaceae) — one ornithophilous and the other sphingophilous.
When these plants were placed in sympatry, hummingbirds and hawkmoths showed a clear
preference for their respective attractive flower species, but less often also visited plants of
the other species and the hybrids (Ippolito et al. 2004). Visits to the hybrids between P.
axillaris and P. exserta having rose-colored flowers by bees (Pseudagapostemon sp,
Halictidae) were also observed in the shelters, although it is likely that they are not
effective pollinators.

Despite their apparent reproductive success, the natural hybrids with intermediate
floral morphology were only found in the shelters, together with P. exserta individuals.
This may indicates that the rigid habitat requirements of P. exserta may also be present in
these plants, preventing their dispersion or that hybridization has been so recent that the
hybrids have not had time to move. However, it is not clear which ecological factors may
affect the differential survival of hybrids and their parental species and experiments such
as hybrid fitness evaluations relative to parent species are necessary to identify these

factors.

P. exserta’s conservation
Hybridization with a widespread congener can bring serious consequences for rare

plant species (Levin et al. 1996). The low levels of interespecific genetic variability
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disclosed by diverse molecular markers (Kulcheski et al. 2006) and the present results
indicate that the separation between P. axillaris and P. exserta is extremely recent. Habitat
shift and modifications of floral traits are some of the probable factors involved in the
isolation between these species. Therefore, hybridization with P. axillaris can constitute a
risk for the maintenance of P. exserta’s typical populations, since it allows the dilution or
loss of the unique adaptations of this species. A question that remains is whether the
hybridization between P. axillaris and P. exserta is recent (possibly related to antropogenic
disturbance) or a more ancient historical process.

A considerable change in the floristic composition of the Serra do Sudeste region
took place with the start of the human colonization around 1800, since the introduction of
agricultural food and forage crops led to the almost complete degradation of the original
vegetation. Some 30 endemic plant species with very restricted distributions are found in
this region, and among these P. exserta seems to require special attention due to the factors
presented here, such as very strict distribution and habitat requirements (Guadagnin et al.
2000). Reduction in the number of individuals, and even local population extinctions due
to predators have been documented (Guadagnin et al. 2000), and the species is now in the

list of endangered species (http:/www.sema.rs.gov.br/sema/html/pdf/especies-

ameacadas.pdf). Besides P. exserta, the occurrence of other endangered species indicates

the need for the establishment of conservation units in certain Serra do Sudeste areas,

especially in the rocky outcrops where these taxa are predominantly found.
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Figure legends

Fig. 1. Map of the collecting places. Numbers 1-6 indicate collecting places of P. axillaris
in the central and southwest region of Rio Grande do Sul State, Brazil. In the Serra do
Sudeste region, shelters within the towers are represented by ovals numbered 7-15. No.16
refer to the top of tower 4. Circles inside the ovals represent phenotypes of the plants found
there as follows: black: P. exserta; white: P. axillaris; gray: plants with intermediate floral

morphology.

Fig 2. Median-joining networks based on the joint analysis of the three cpDNA markers.
Each circle represents a haplotype, and their sizes are proportional to their frequencies. The
colours indicate the phenotypes of the plants showing the haplotype (white: P. axillaris;
black: P. exserta; grey: plants with intermediate floral morphology). Transversal bars
indicate the number of mutations that differentiates the haplotypes. Arrows indicate the

locations where the haplotypes had been found (samples from the Serra do Sudeste only).
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Table 1 Petunia populations sampled for cpDNA analysis

Sampling places Geographical coordinates Voucher” Floral morphology cpDNA haplotypeJr
1. BR153, Bagé - Cagapava do Sul/RS 30°34°057S/53°23°18”W  BHCB 75076  P. axillaris H5 (2)/H6 (1)
2. BR290, Pantano Grande - Cachoeira do Sul/RS 30°12°117S/52°27°23”W  BHCB 75142  P. axillaris H7 (1)/ H8 (7)
3. Santana do Livramento - Quarai/RS 30°36°567S/55°56°19”W  BHCB 79872 P. axillaris H3 (3)

4. Santana do Livramento - Quarai/RS 30°36°547S/55°56°22”W  BHCB 79873  P. axillaris H1(4)/H3 (1)
5. Santana do Livramento - Quarai/RS 30°34°277S/56°03°50”W  BHCB 79874  P. axillaris H11 (9)
6. Quarai - Uruguaiana/RS 30°18°417S/56°28°42”W  BHCB 79878  P. axillaris H8 (12)
7. Shelter 1/ tower 1, Minas do Camaqud, Cagapava do Sul/RS ~ 30°50°177S/53°29°42”W  BHCB 75113 P. axillaris H9 (2)
BHCB 75111  P. exserta H9 (2)
8. Shelter 2/ tower 1, Minas do Camaqud, Cagapava do Sul/RS ~ 30°50°187S/53°29°43”W  BHCB 75107  P. exserta H4 (2)
BHCB 75110  intermediate H4 (1)
9. Shelter 3/ tower 2, Minas do Camaqua, Cagapava do Sul/RS 30°50°107S/53°30°16”W ~ BHCB 79905  P. exserta H9 (7)
10. Shelter 4/ tower 2, Minas do Camaqud, Cagapava do Sul/RS ~ 30°50°117S/53°30°17°W  BHCB 79895  P. axillaris H12 (3)
BHCB 79893  P. exserta H9 (7)
BHCB 79894  intermediate H12 (2)
11. Shelter 5/ tower 2, Minas do Camaqua, Cagapava do Sul/RS ~ 30°50°137S/53°30°19”W  BHCB 79896  P. exserta H9 (3) / H10 (10)
BHCB 79897  intermediate H9 (3)
12. Shelter 6/ tower 3, Minas do Camaqud, Cagapava do Sul/RS ~ 30°49°54”S/53°30°09”W  BHCB 79899  P. axillaris H13 (2)
BHCB 79898  P. exserta H13(3)

13. Shelter 7/ tower 3, Minas do Camaqud, Cagapava do Sul/RS ~ 30°49°507S/53°30°08”W  BHCB 79900  P. exserta H13 (3)

14. Shelter 8/ tower 3, Minas do Camaqud, Cagapava do Sul/RS ~ 30°49°527S/53°30°10”W  BHCB 79901  P. exserta H9 (5)

BHCB 79902  intermediate H9 (1) /H13 (1)

15. Shelter 9/ tower 4, Minas do Camaqud, Cagapava do Sul/RS ~ 30°53°487S/53°25°15”W  BHCB 76028  P. axillaris H2 (3)

BHCB 76030  P. exserta H2 (3)
BHCB 76031  intermediate H2 (11)
16. Top of tower 4, Minas do Camaqua, Cagapava do Sul/RS 30°53°487S/53°25°15”W  BHCB 76029  P. axillaris H2 (7)

* BHCB Herbarium, Departamento de Boténica, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil.
¥ Numbers of individuals found per haplotype are indicated in parentheses
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Table 2 Haplotypes found. Numbers indicate variable positions in each cpDNA region, and dots (-) indicate that the
character states are the same as for haplotype H1

Haplotype trnH-psbA trnS-trnG psbB-psbH No. found  Sampling places
170 287 296 297 299 303 175 280 299 309 363-368 495 640 271 449-469 code

H1 G A - - AT T C - A - - A - * 4 4

H2 : - A 24 15,16

H3 A A G : 4 3,4

H4 A C : C ' A A - 3 8

H5 T C G - : : : : : - 2 1

H7 A A T - 1 2

HS8 A A - 19 2,6

H9 A c - : : - C : A - A - 30 7,9,10, 11, 14

H10 : : : - C : : - C : A A - 10 11

H13 A - A - C - : : - C : A - A - 9 12,13, 14

*21 bp duplication (TAAAAAGGTGAAATAATTTTT).
¥Six bp duplication (TTTTTG).
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Table 3 Diversity and neutrality indices in Pefunia morphological and haplotypic groups

Parameters Morphological groups Haplotypic groups

P. axillaris P. exserta P. axillaris’ clade P. exserta’s clade
No. of plants 57 45 69 52
No. of haplotypes 11 5 9 4
Nucleotide diversity z (SD) 0.0015 (0.00016) 0.0007 (0.00017) 0.0011 (0.0001) 0.0004 (0.00005)
Haplotype diversity 4 (SD) 0.831(0.032) 0.657 (0.059) 0.784 (0.03) 0.609 (0.058)
Tajima’s D -0.371 -0.786 -0.095 0.171
Fu’s Fs -1.220 0.552 -0.643 0.058

SD, standard deviation; all values of D and F's were not significant.
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Table 4 AMOVA and Fsr analyses from plants of different towers (no
analyses was performed for tower 4, because it did not present variation)

Percentage of variation

Source of variation Total data Tower 1 Tower2 Tower 3
Among towers 77.06 - - -
Among shelters within towers 10.75 100 32.09 79.36
Within shelters 12.19 0 67.91 20.64
Fsr (populations/total) 0.8781* 1.07 0.3209* 0.7936*
* p<0.001.

¥ p=0.0352.
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Abstract

Recent studies have shown that the genus Petunia, a native plant of South America,
is characterized by low genetic variability among its eleven species. Six species are found
to occur exclusively in the Brazilian south and southeast highlands: P. altiplana, P.
bonjardinensis, P. mantiqueirensis, P. reitzii, P. saxicola and P. scheideana. To evaluate
the dynamics of diversification in the group, we analyzed the sequences of plastidial
intergenic spacers trnH-psbA and trnS-trnG in 275 individuals collected at 50 sites. Forty-
nine haplotypes were found, four of them shared by more than one species. P.
mantiqueirensis, P. reitzii and P. saxicola, with a more limited distribution, presented the
lowest indices of genetic diversity. Median-joining networks showed that the phylogenetic
relationships between haplotypes are geographically structured in P. altiplana and P.
scheideana. AMOV A revealed that the six species present a high population structure. The
analysis of different demographic parameters and the star-like topology of the network
with haplotypes of the six species agree with the hypothesis of diversification and recent
population expansion. This pattern may possible be related to climate changes that
occurred during the Quaternary, since the habitat of these species (grasslands surrounded
by Araucaria forest) was strongly affected by these changes. Currently, the advance of
deforestation in these regions is a critical process in the maintenance of the genetic

isolation among these species of Petunia.
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Introduction

The speciation process involves the separation of populations into independent
evolutionary units. It may be triggered by geographic, ecological, morphological or
behavioral changes, natural selection and genetic drift being the most important
evolutionary mechanisms influencing them (Stearns & Hoekstra 2000). To understand this
process, it is necessary to place the genetic characteristics into a spatial and temporal
context, congruent with the particular geographic regions and geological events that
occurred there (Hewitt 2001). Phylogeographic studies have reconstructed the evolutionary
history of several plant species, but most of the taxonomic groups examined from this
perspective occur in the Northern Hemisphere (Comes & Kadereit 1998; Hwang et al.
2003), and little is known about the extent to which climate changes affected evolutionary
processes in the subtropical region of South America.

The eleven species of the genus Petunia are exclusively South American and the
majority of them are found in the Brazilian south and southeast (Stehmann & Semir 2005).
Known as garden petunias, plants of this genus have a long history (since the 19" century)
of artificial cross-breedings, the hybrids between Petunia axillaris (Lam.) Britton, Sterns &
Poggenb. and Petunia integrifolia (Hook.) Schinz & Thell. being disseminated worldwide
as ornamental plants (Petunia hybrida). Pollination by bees (melittophily) occurs in nine
species (Stehmann 1999). They are generally self-incompatible (Tsukamoto et al. 1998),
and pollination is fundamental to maintain them.

Among the melittophilous species of the genus, six have a geographic distribution
limited to grasslands at high altitude (campos de altitude) associated with the Atlantic

Mixed Forest, also known as Araucaria forest due to the presence of Araucaria
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angustifolia (Brazilian pine), of the south and southeast regions of Brazil (Fig. 1). Petunia
altiplana T. Ando & G. Hashim occurs in the grassland regions of the eastern highlands of
the state of Santa Catarina (SC) and northeast of Rio Grande do Sul (RS) (Ando &
Hashimoto 1993). On SC eastern highlands three species which only occurs there can also
be found: Petunia bonjardinensis T. Ando & G. Hashim., Petunia reitzii L. B. Sm. &
Downs and Petunia saxicola L. B. Sm. & Downs. Each of these species has its distribution
limited to one site and few populations are known (Stehmann 1999). Petunia scheideana
L. B. Sm. & Downs can be found on the northern highlands of SC and south of Parana
(PR); while Petunia mantiqueirensis T. Ando & G. Hashim. occurs further north, the few
populations described being located in the Serra da Mantiqueira in the south of Minas
Gerais (MG). These six species are genetically close (a monophyletic group, Kulcheski et
al. 2006), possibly the result of a morphological differentiation process that occurred after
geographic isolation.

The above-indicated habitat (grasslands surrounded by Araucaria forest) was
strongly affected by Quaternary climate changes (Roth & Lorscheitter 1993). During the
last Pleistocene glacial period (23,000-11,000 years before present - ybp) the southern
Brazilian highlands were predominantly occupied by grasslands. Studies indicate that the
climate of the region was drier and at least 5°C to 7°C colder, the Antarctic cold fronts
being more frequent and intense. These conditions allowed the grasslands to extend for
about 750 km northwards, reaching 28° to 20°S latitudes (Behling 2002). At the time,
small Araucaria populations were restricted to refuges in more humid, protected areas,
such as valleys (gallery forests) and slopes (Behling ef al. 2001). When the Holocene
began (11,000-10,000 ybp) there was a significant climate improvement with higher

temperatures and greater humidity. These conditions allowed the expansion of the
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Araucaria forest over the grasslands, especially after 3,000 ybp, when the dry periods
practically disappeared (Behling 2002). Besides the paleoclimatic changes, these biomes
were strongly influenced by human activity, largely due to the conversion of forest lands to
agriculture, logging and pasture (Behling 2002). Certainly, these modifications affected the
population dynamics of the species that occur in these biomes, changing the gene flow
patterns.

Sequencing of non-coding regions of plastidial DNA (cpDNA) has been one of the
most widely used resources in plant evolutionary and population studies (Okaura & Harada
2002; Dobes et al. 2004; Alsos et al. 2005); especially important are the intergenic regions
that tolerate mutations and evolve rapidly without affecting the functions of adjacent genes
(Hamilton et al. 2003). Besides, the common uniparental non-recombining inheritance is
one of the advantages of these markers for differential evaluation of the flow of pollen and
seeds (Hamilton & Miller 2002).

The above-indicated situation provides an unusual opportunity to investigate a
cluster of geographically restricted species in a framework of documented past and more
recent events. Therefore, we investigated the natural history of a set of six species of the
genus Petunia (P. altiplana, P. bonjardinensis, P. mantiqueirensis, P. reitzii, P. saxicola
and P. scheideana) with an occurrence limited to Brazilian southern and southeastern
highlands using cpDNA (#rnH-psbA and trnS-trnG intergenic spacers) markers. Diversity
indices, neutrality tests, phylogenetic relationships between haplotypes (networks) and
demographic simulations were performed separately (by species) and jointly (considering
the species group). Relationships between their genetic variability and the habitat changes,
strongly altered by the paleoclimatic modifications, were made. The evolutionary

implications of the advanced deforestation practiced in the region were considered, since
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contact between previously isolated grasslands areas may enable the occurrence of

interspecific hybridization.

Materials and methods

Sample collection

A total of 275 individuals were obtained at 50 collection points (Table 1) throughout
the distribution (Fig. 1) of the six species: P. altiplana (90), P. bonjardinensis (60), P.
mantiqueirensis (21), P. reitzii (22), P. saxicola (24) and P. scheideana (58). Exsiccates
were made of one plant for each population, and for the genetic analysis young leaves were
collected in a way that did not damage the individuals sampled. These leaves were packed

in silica gel for drying and subsequent DNA extraction.

DNA extraction, amplification, and sequencing

The dried leaves were powdered with liquid nitrogen and the DNA was extracted
with cetyltrimethyl ammonium bromide (CTAB) as described by Roy et al. (1992). The
primers described by Sang et al. (1997) were used for the amplification and sequencing of
the trnH-psbA spacer, while for the trnS-trnG spacer we employed those described by
Hamilton (1999).

PCR amplifications were performed in 25 pl reactions consisting of 1 unit 7agq
polymerase (Invitrogen), 1x buffer (Invitrogen), 0.2 mM each dANTP, 2 mM MgCl,, 0.2 uM
of each primer and 20-50 ng of template genomic DNA. The amplification conditions for
trnH-psbA were as follows: 3 min at 94°C, 30 cycles with 1 min at 94°C, 1 min at 58°C,
and 1 min at 72°C, with a final 10-min extension step at 72°C. For #rnS-trnG the

conditions were the same, except for the 58°C step, substituted by a 50°C step. The PCR
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products were checked by horizontal electrophoresis in 1% agarose gel, stained with
ethidium bromide, and purified with PEG 20% (Dunn & Blattner 1987). Sequencing was
performed with a MegaBace 1000 automatic sequencer (Amersham Biosciences), in
accordance with the manufacturer’s specifications. Sequences were deposited in the

GenBank, and accession numbers are listed in Table S1 (supplementary material).

Data analysis

The sequences were aligned using the ClustalX 1.81 program (Thompson et al.
2001) with manual correction. Whatever their sizes, the contiguous insertion/deletion
events (indels) were treated as one mutational event (Simmons & Ochoterena 2000). The
forms and the free energy of stem-loop hairpin structures derived from inverted sequences
were determined using the MFOLD program (Zuker 2003). Evolutionary relationships
between haplotypes were estimated with the Network 4.1.0.9 program (available at
http://www.fluxus-engineering.com) using the Median Joining method (¢=0, Bandelt ef al.
1999). Networks were also generated using the Union of Maximum Parsimonious Trees
(UMP) method (Cassens et al. 2005). The procedure used was maximum parsimony
analysis with TBR branch swapping (1000 replicates with random sequence addition)
heuristic search option in the program PAUP *4.0b10 (Swofford 2003) to save all most
parsimonious trees with their respective branch lengths, that were then combined using an
algorithm (CombineTree, available at
http://www.ulb.ac.be/sciences/ueg/html_files/combinetree.html) that join all connections
from all MP trees into a single reticulated graphic (Cassens et al. 2005). Tajima’s D
(Tajima 1989) and Fu's Fs (Fu 1997) neutrality tests and the indices of haplotypic (%) and

nucleotide () diversities (Nei 1987) were obtained with Arlequin Ver. 2.000 (Schneider et
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al. 2000). The latter was also used to evaluate the distribution of the inter and
intrapopulational genetic variation by means of an analysis of molecular variance
(AMOVA, Excoffier et al 1992), and for the calculation of pairwise mismatch
distributions (Schneider & Excoffier 1999). Rates of population growth were obtained by
maximum likelihood estimation based on coalescence with FLUCTUATE (Kuhner et al.
1998). Five runs were carried out to estimate each parameter, and their average recorded.
This analysis was performed five times, using randomly generated seeds, and a search
strategy of 10 short and two long Monte Carlo chains of 5000 and 50000 steps,
respectively. Geographical distances were calculated using the GPS TrackMaker (available

at www.gpstm.com/port/).

Results
Species ranges

The sites of the 50 collection points are listed in Table 1. For each species all plants
presented a canonical morphology, as described in the literature, and no characters were
observed that suggested the possibility of interspecific hybridization.

Petunia altiplana was found at 15 sites in the grasslands region (between 800 and
1500 m of altitude) of the northeast highlands of RS and east of the state of SC, totalizing
90 plants. This species, as described by Ando & Hashimoto (1993), occurs in open areas
exposed directly to the sun, occupying places that have been altered, such as roadside
slopes and may be considered a pioneering, colonizing species. The habitat of P.
bonjardinensis is similar to that of P. altiplana, but this taxon is endemic to a small
grassland region of the (1200 - 1500m) of the Santa Catarina highlands. Sixty plants were

sampled at 12 collection points, all in the surroundings and within of the municipality of
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Bom Jardim da Serra. The most distant populations, located at points 16 and 27, are only
21 km apart from each other.

In the Santa Catarina highlands, P. reitzii was found in a small grasslands region
(800 - 1000m) in the municipality of Bom Retiro. The five populations sampled (with a
total of 22 plants) are very close one from the other, the most distant (located at points 33
and 37) being only 8.3 km apart from each other. At about 40 km of distance, the only
population of P. saxicola described so far can be found (municipality of Otacilio Costa),
and this is certainly the rarest among the six species sampled. In a very different habitat
from the rest (humid rocks), 24 plants were found at partially shadowed places.

In the northern highlands of SC and south of PR, twelve populations of P.
scheideana were found, and 58 plants collected. This species inhabit sites that are partly in
the shade between the grasslands and the edge of the Araucaria forest, at an altitude
between 800 and 1200 meters. The original description of P. scheideana (Smith & Downs
1964) is fairly incomplete and relied in just one sample, collected in the SC northeast.
These authors did not mention the large variability that can be found in the indument
branch length, and floral stalks, probably determined by the level of shadowing which
occurs in the place. Populations found near Guarapuava (PR) were described by Ando &
Hashimoto (1995) as Petunia guarapuavensis T Ando & Hashim. But since the
morphological characteristics which differentiate P. scheideana and P. guarapuavensis are
vegetative and highly variable due to environmental factors, we adopted Stehmann’s
position, considering them synonymous due to the absence of floral characteristics that
could distinguish them.

Approximately 520 km to northeast of the other species of Pefunia sampled, five

populations of P. mantiqueirensis (21 plants) were found in the Serra da Mantiqueira
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(south of MG). The few known populations are confined to altitudes greater than 1300 m,

and like P. scheideana, was observed between grasslands and forest.

Genetic variation

The trnH-psbA alignments included 433 bp (27.5% GC content) and those of trnS-
trnG 682 bp (30.3% GC). These two regions were combined in a single alignment
(totalizing 1115 bp). Among the 275 plants analyzed, 49 haplotypes were found (Table 1).
Of these, 45 were present in one species only: 24 in P. altiplana, 9 in P. bonjardinensis,
two in P. mantiqueirensis, one in P. reitzii and nine in P. scheideana. Four haplotypes
were shared by individuals of two species: H1 (P. altiplana/P. bonjardinensis), H12 (P.
altiplana/P. saxicola), H14 (P. altiplana/P. bonjardinensis) and H40 (P. reitzii/P.
saxicola).

The complete haplotype frequencies matrix across taxa is available from the
authors on request; a summary of the polymorphisms found is presented in Table 2. In the
trnH-psbA spacer insertion/deletion (indel) and substitution events were practically
equivalent, whereas in #rnS-trnG substitutions were more frequent (69%). In both spacers
there was a predominance of transversions: 67% in trnH-psbA and 64% in trnS-trnG. This
pattern is usually found in non-coding cpDNA sequences; the type of substitution depends
of the nucleotide composition of the two immediately flanking bases: the larger the A+T
content the larger the proportion of transversions (Morton 1995). Among the indels, the
occurrence of perfect duplications of 6, 11 and 12 bp in trnH-psbA (H26, H6 and H40,
respectively) and of 28 bp in trnS-trnG (H31) can be highlighted. Deletions of 5 and 8 bp
were also found in #nS-trnG (H9 and H41). In trnH-psbA a poly-T region varied from 8 to

12 repeats (between sites 117 and 128), and a poly-A region varied from 7 to 9 repeats
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(between sites 139 and 147); in trnS-trnG a poly A region varied from 9 to 11 repeats
(between sites 942 and 952). P. mantiqueirensis, P. reitzii and P. saxicola did not present
trnS-trnG variation, and just a few polymorphic sites (mostly indels) were found in trnH-
psbA.

Some P. altiplana (36) and P. bonjardinensis (14) plants presented highly
differentiated trnH-psbA sequences. In these haplotypes (H2, H9, H13, H14, H20, H22,
H23, H26, H27 and H36), a small (30 bp) inversion was found between sites 356 and 386,
flanked by inverted repeat sequences of 17 bp (Fig. 2). Such small inversions form stem-
loop hairpin structures that usually have the function of stabilizing the corresponding
mRNA molecules. Intra-molecular recombination between the inverted sequences in the
stem-forming regions is responsible for generating flip-flop loop orientations (Kim & Lee
2005). The forms of each stem-loop forming region are displayed in Fig. 2, and the free
energy estimates of the two orientations were -14.3 (in the most frequent form, found in all
species studied; Fig. 2a) and -15.6 (in the form found in some individuals of P. altiplana
and P. bonjardinensis; Fig. 2b). The estimated free energy values indicate that flip-flop
changes generate thermodynamically similar stable structures. Thus, these flip-flop
inversions may be viewed as selectively neutral, the two forms being interchangeable
without a notable energy cost. These small inversions generate a large number of
differences in the sequence alignment, and their use may have strong effects in the
topology of the trees (Kim & Lee 2005). Previous observations showed that these small
inversions were formed by several parallel or back mutations during the recent evolution of
Petunia. Therefore, these polymorphisms were removed from the analyses and network

constructions, but were considered as a distinctive character to define haplotypes.
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Networks

The concatenated sequences of the two spacers were used to build the median-joining
networks. Besides a network with all the data, the species that presented more than two
haplotypes (P. altiplana, P. bonjardinensis and P. scheideana) were analyzed separately.
After an initial run with all polymorphisms, the potentially rapidly mutating characters
were identified and downweighted or removed in a subsequent analysis. In this way, two
regions located in the #rnH-psbA spacer were not taken into account in building the
networks: the inverted region of 30 bp present in some sequences of P. altiplana and P.
bonjardinensis; and the 126/127/128 sites (poly-T region), probably generated by events of
slipped-strand mispairing during DNA replication or repair (Aldrich ef al. 1988).

Descriptions of the haplotypes grouped after the removal of these characters are in
the legends of Figures 3 and 5. In the P. altiplana network (Fig. 3) geographically defined
groups are observed: one clade is formed by the haplotypes of plants collected in RS, and
the other by those obtained in SC. They are separated by a single mutation, indicating that
their divergence between should not be very old. In P. scheideana network (Fig. 4) the
most closely related haplotypes occur in individuals from localities that are near to each
other. The most differentiated haplotype (H41) occurs in the most distant populations
(points 39 and 40), located about 200 km apart from the others. Points 39 and 40 are
located in the Serra do Mar, while the others are in the Serra Geral, two different mountain
complexes. On the other hand, no spatial structuring was detected in P. bonjardinensis,
possibly due to the geographical closeness and recent origin of the populations, indicated
by the small number of mutations between haplotypes. When all species were analyzed
together, a network was obtained with a star-like topology, with a central grouping (G6)

composed by haplotypes of P. altiplana, P. bonjardinensis, P. reitzii and P. saxicola
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connected by few mutations (Fig.5). The lack of well differentiated clades between the
species and the haplotype sharing reinforce the hypothesis that the group underwent a

recent diversification process.

Diversity indices and neutrality tests

Since the markers used presented distinct patterns of variability, the diversity and
neutrality analyses were performed considering each marker separately and jointly (Table
3). When the six species are analysed as a group, the trnH-psbA marker presented higher
nucleotide and haplotype diversity indices (7=0.0054; A=0.9112) than #nS-trnG
(7=0.0012; h=0.6197). Among species, and considering both markers together the highest
nucleotide diversity index was found in P. scheideana (7=0.0027), and the greatest
haplotype diversity in P. bonjardinensis (h=0.8893). P. mantiqueirensis presented the
lowest diversity indices (7=0.0003; #=0.3238). When species with a restricted distribution
are compared with those of broad distribution (P. altiplana and P. scheideana), P.
mantiqueirensis, P. reitzii and P. saxicola show much lower diversity indices (p<0.05),
while P. bonjardinensis interestingly presents similar and even higher levels of variability
than P. altiplana or P. scheideana (p<0.05).

The neutrality tests did not reject the null hypothesis (p>0.05) in the analyses where
only trnH-psbA was considered (Table 3). When all species were considered as a group,
Tajima’s D e Fu’s F indices presented significant values in the #7nS-#rnG and concatenated
markers analyses. Among species, these indices were significant in P. altiplana trnS-trnG,
and concatenated markers only. Fu’s F; index is the most appropriate to show deviations

from the null model of stationary population with infinite alleles (Fu 1997); therefore the
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highly significant value (p<0.001) obtained when the two markers and six species were

considered together is a strong indicator of recent population expansion in this group.

Mismatch distribution and demographic analyses

We also analyzed the population history of the groups using mismatch distribution,
which compares observed frequencies of differences between pairs of haplotypes with
those expected in different demographic models. In a recent population growth model a
unimodal distribution is expected, while populations that are in demographic equilibrium
generally present a multimodal pattern (Rogers & Harpending 1992). Only P. altiplana (in
all analyses), P. bonjardinensis (trnH-psbA only) and P. mantiqueirensis (trnH-psbA and
concatenated data) distributions fell within a 95% confidence interval obtained by
simulation of a sudden expansion (according to Schneider & Excoffier 1999; Table 3).

Demographic data by marker estimated using Fluctuate are shown in Table 4.
Significantly positive values of g (in comparison with its standard deviation) were found in
the simulations performed with P. altiplana, P. bonjardinensis (trnS-trnG only), P.
scheideana and when all the species were analyzed together. These data corroborate the

previous analyses and agree with the hypothesis of population growth.

Population differentiation

Analyses of molecular variance were performed with all populations sampled
(defined by the collection point) grouped by species, and with P. altiplana, P.
bonjardinensis and P. scheideana populations separately (Table 5). P. mantiqueirensis and
P. reitzii were not analyzed due to restricted variability and P. saxicola because just one

population (the only known) was studied. When the interspecific variation was considered,
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besides the low intrapopulation diversity (18%), levels of interpopulation variation (61%)
were three times higher than those of the interspecific variation (21%). The interpopulation
diversity values ranged from 55% (P. altiplana) to 98% (P. scheideana). The high level of
population structuring can be related to the low seed dispersion ability and the differences

among species with the number of flowers/fruits/seeds produced per plant.

Discussion
Group diversification

Most of the populations of the six species of Petunia that inhabit exclusively the
Brazilian south and southeast highlands are allopatric. Despite the overlap of distribution
areas, they were never found growing side by side. The closest populations were observed
300 m away, but in very different (syntopic) habitats. Since these are no reproductive
barriers to species intercrossing (Watanabe et al. 1996), probably the evolutionary history
of the group is related to successive processes of allopatric divergence and specialization
or co-evolution with solitary bees (Stehmann 1999).

The geographic discontinuities found between these species may be associated with
the floristic changes that occurred in the glacial and interglacial periods. The last glacial
maximum (approximately 18,000 ybp) was especially favorable to the expansion of the
habitats of these species. During this colder and drier period the limits of the grassland
biome expanded northwards (Behling 2002). Possibly at this time this group of taxa could
have had a more continuous distribution, occupying areas that lay further to the north. This
would account for the occurrence of P. mantiqueirensis, considerably isolated from the
other species, in the Serra da Mantiqueira. The later climate improvement and expansion of

subtropical forests (10,000 — 11,000 ybp) isolated the grasslands in areas that lay at a
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higher altitude in the highlands. In the southern highlands the diversification of the group
may have followed an altitudinal gradient, with the colonization of microenvironments in
the higher regions formed by grasslands surrounded by the Araucaria forest. The
landscape conformation could have favored population isolation, the rise of morphological
variants, and ultimately speciation. The four microendemic species of the group (P.
bonjardinensis, P. mantiqueirensis, P. reitzii and P. saxicola) may constitute relicts that
were left after the extinction of intermediate groups with a wider distribution.

The geographic discontinuities observed in the melittophilous species of Petunia
are also found in their pollinating bees, suggesting a common biogeographic history.
Outstanding among the bees observed visiting the flowers of P. mantiqueirensis
(J.R.Stehmann, unpublished data) was Pseudagapostemon fluminensis Schrottky
(Halictidae). This is a species that is endemic to altitudes above 1,300 m in the Serra da
Mantiqueira and neighboring mountain ranges, in the states of Minas Gerais, Rio de
Janeiro and Sao Paulo (Cure 1989, Silveira & Cure 1993). The specialization or co-
evolution that occurred between melittophilous species of Petunia and the solitary bees
may have been a factor of confinement and restriction to their expansion. As suggested for
Petunia, the richness and subtropical distribution of different groups of predominantly
temperate groups of bees is related to the occupation that occurred during the Pleistocene

glacial periods (Roubik 1989).

Shared haplotypes
Two possibilities were considered to explain haplotype sharing between species,
low genetic variation and retained ancestral polymorphism or interspecific hybridization.

Groups that had recent adaptative radiation could have not accumulated neutral DNA
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variation, making difficult species delimitation and the interpretation of their relationships
(Whittall et al. 2005). Low levels of variability among the species of Petunia had been
already detected in the phylogenetic analysis of the genus based in five plastid, one
nuclear, and one mitochondrial systems (Kulcheski et al. 2006). The plants that shared
haplotypes H1 (P. altiplana and P. bonjardinensis) and H40 (P. reitzii and P. saxicola) are
from geographically distant populations (HI — at least 100 km; H40 - 41 km). As for
haplotype H12, the populations were quite close, about 300 m, but in very different,
syntopic, habitats. P. altiplana, collected at point 12, was in open grasslands, directly
exposed to the sun, while P. saxicola (point 38) was on humid rocks of a scarp in the
mountain range, at a place that was partly in the shade. The two haplotypes found in the
single population of P. saxicola are shared with other species. If these were an indication
of hybridization, part of the population (19 plants) would have hybridized with P. altiplana
(H12) and the other (5 plants) with P. reitzii (H40).

None of the plants with shared haplotypes presented morphological characters
indicating interspecific gene flow. Despite this, the possibility of hybridization cannot be
dismissed, since there seens to be no intrinsic reproductive barriers between the six species
(Watanabe et al. 1996); they flower during the same period and are typically pollinated by
bees. Lorenz-Lemke et al. (2006) described the first proven case of natural hybridization in
this genus, between Petunia axillaris and Petunia exserta Stehmann. Beyond this one,
there is no evidence that other species of Petunia are hybridizing naturally. The analysis of
cpDNA enables the identification of hybridization events that cannot be detected
morphologically (Bleeker 2003). If after interspecific crossings the hybrid progeny
backcrosses preferentially with one of the parents, the morphology of the next generations

may lose the intermediate characters and become similar to this one, but the cpDNA of the
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other species may remain, a phenomenon known as chloroplast capture (Schaal et al.
1998). In this case, the investigation of nuclear DNA is essential to identify these processes
correctly.

Considering all these facts, retained ancestral polymorphism in recently diverged
taxa seems to be the best explanation for haplotype sharing in the species studied.
Additionally, this characteristic occurs throughout a broad geographic region, not only in
the transitional areas. Such phenomena can be confounded with gene flow, induce
overestimations of dispersion abilities, and genetically connect populations that already

diverged a long time ago (Russell et al. 2005).

Evidence of population expansion

Population expansions leave several signs in the molecular diversity pattern
(Schneider & Excoffier 1999). These patterns were detected when the whole group was
considered, but it was not possible to identify them individually in all species. The star-
shaped network (Fig. 5), high % values and low = values, the negative neutrality tests,
unimodal distributions of pairwise differences and maximum-likelihood estimate of the
growth parameter (g) were all consistent with population growth.

The already mentioned high cross compatibility between these species (Watanabe
et al. 1996) and their small genetic differentiation associated with a large morphological
diversification (Kulcheski ez al. 2006) already indicated the recent origin of the genus. But
it was not possible to calculate the time of this adaptive radiation, since there are no fossil
records of proximally related taxa that could be used to calibrate the nucleotide substitution
rates. Rates calculated from more distant taxa might not be applicable, because there may

be great variability among groups (Hodges & Arnold 1994).
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Population structure

The P. altiplana and P. scheideana haplotype networks presented a geographic
structure. Spatial structure is common in the analysis of maternally inherited markers (Petit
et al. 2005), as is the case of Petunia cpDNA (Derepas & Dulieu 1992). In these situations,
the seeds are the only form of dispersion and in many cases this dispersion is limited to
short distances (Cain et al. 2000). Under these circumstances, the populations could
differentiate through isolation by distance or by allopatric divergence. The Pelotas River
(Fig. 3) may have restricted the gene flow between P. altiplana populations, and this fact
would account for the formation of the SC and RS clades. In another species of this genus,
P. axillaris, the presence of different subspecies (P. axillaris subsp. axillaris and P.
axillaris subsp. parodii) on opposite sides of the Negro River in Uruguay indicates that a
river can act as a geographic barrier and limit gene flow between the populations (Ando
1996). The spatial structure found in P. scheideana, on the other hand, should involve
isolation by distance possibly related with its low seed dispersion abilities (discussed
below).

The AMOVA revealed a high population structure in the six species evaluated. This
pattern has already been previously found in other species of genus (P. integrifolia Longo
et al. unpublished data; P. axillaris and P. exserta, Lorenz-Lemke et al., 2006). No
differences were found in the levels of population structure between the species with a
broader distribution (P. altiplana and P. scheideana) and the more restricted ones (P.
bonjardinensis, P. mantiqueirensis, P. reitzii and P. saxicola). This level is generally
related to the crossing and dispersion systems. Since these characteristics tend to be
preserved in related species, little difference is expected in the Fgr values of rare or

common congeners (Cole 2003). The mode of cpDNA inheritance usually plays a

94



Capitulo V

significant role in the estimation of the geographic distribution of the genetic diversity.
High population subdivision estimates are common in studies with maternally inherited
markers, which generally present higher Fsr values than paternally or biparentally inherited
markers, in which gene flow by pollen plays a homogenization role (Petit ef al. 2005). The
maternal inheritance of cpDNA and the restricted seed dispersion in Pefunia (Stehmann
1999) should have greatly contributed to the high population structure found in the present
investigation.

Although they are high and statistically significant, the Fsr values found in P.
altiplana and P. bonjardinensis (0.55 and 0.78, respectively) are much lower than the one
found in P. scheideana. Since the seed dispersion system does not appear to be
differentiated, all of them having seeds entirely dispersed by free fall (autochory)
(Stehmann 1999, van der Pijl 1982), maybe the difference could be related to the number
of seeds produced per plant. Since the number of flowers, fruits, and seeds are positively
correlated (Primack 1987), a smaller number of flowers in P. scheideana as compared to
P. altiplana and P. bonjardinensis (J.R.Stehmann, unpublished data) could determine a

lower seed production, and consequently less chances of dispersal.

Conservation

With the deforestation of the Araucaria forest biome (only 1% remain of the
original area), instability zones were created (Medeiros et al. 2005), enabling contact
between populations of different species, and linking grasslands that were formerly
isolated by forests. A problem especially arises when rare species are placed in contact
with more abundant related species (Levin et al. 1996). If the genetic material of the more

common species introgress into the rare species this may result in the genetic dilution of

95



Capitulo V

their local adaptations ("genetic swamping"; Ellstrand & Elam 1993; Lenormand 2002).
Since spatial segregation seems to be main reproductive barrier between the six species
studied, deforestation may significantly influence their genetic isolation.

P. bonjardinensis, P. mantiqueirensis, P. reitzii and P. saxicola can be considered
as highly threatened, because besides the fact that their distribution is restricted to one
locality and a few known populations, the physiognomy of the regions where they occur is
being highly altered by anthropic activities (Stehmann 1999). The natural grassland areas
remaining in the south and southeast regions of Brazil are scarce and small (Behling 2002).
P. reitzii and P. saxicola were already included in the List of Threatened Brazilian Flora,
classified as critically endangered (2004 IUCN Red List of Threatened Species, available at

www.iucnredlist.org). Maintaining the populations throughout the ecological and

geographic gradient of the taxon of interest is considered the best way to capture most of
its adaptive variation, especially when the main part of its genetic diversity is

interpopulational (Ellstrand & Elam 1993).
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Figure legends

Fig. 1. Map of the collecting places. The regions sampled for P. altiplana and P.
scheideana are represented by gray shading while those for P. bonjardinensis, P.
mantiqueirensis, P. reitzii and P. saxicola are given in black. The RS, SC, PR, SP and MG
abbreviations indicate the following Brazilian States: Rio Grande do Sul, Santa Catarina,

Parana, Sao Paulo e Minas Gerais.

Fig 2. The forms of each stem-loop forming region observed in the trnH-psbA spacer. A)
The most frequent form, found in all species (-AG = -14.3); B) Form observed in some

individuals of P. altiplana and P. bonjardinensis (-AG = -15.6).

Fig 3. Petunia altiplana median-joining network based on the combined analysis of the
two cpDNA markers. Each circle represents a haplotype or a group, and the sizes of the
former are proportional to their frequencies. Transversal bars indicate the number of

mutations that differentiates the haplotypes. Some of them have been grouped: G1 (HI,
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H2, H17, H19, H20); G2 (H3, H4); G3 (H7, H8), G4 (H12, H13, H16, H25) and G5 (H14,

H22, H23, H24).

Fig 4. Petunia scheideana median-joining network based on the combined analysis of the

two cpDNA markers.

Fig 5. Median-joining network based on concatenated cpDNA markers. The different
shadings indicate the species. Grouped haplotypes: G6 (H1, H2, H12, H13, H16, H17,
H19, H20, H21, H25, H39); G7 (H37, H38), G8 (H28, H29, H30); G9 (H32, H36); G10
(H15, H34); G11 (H14, H22, H23, H24); G12 (H3, H4); G13 (H7, H8); G14 (H47, H48)

and G15 (H44, H49).
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Table 1 Petunia populations sampled for cpDNA analysis

Species Places of collection Geographical coordinates, altitude Voucher Haplotypes*
Petunia altiplana 1. Sdo Francisco de Paula/RS 29°25°13”S/50°30°03”W, 907m BHCB' 79906 HI1(2), H2(1)
2. Jaquirana/RS 29°07°187S/50°26°38”W, 941m BHCB 79907  H7(1), H10(1), H11(1)
3. Jaquirana/RS 29°01°317S/50°15°58”W, 886m BHCB 87267 HI17(1), H18(1)
4. Cambara do Sul/RS 29°05°327S/50°11°18”W, 930m BHCB 79907 H1(4), H3(1), H4(2), H5(1),H6(1), H7(1), H8(1), H9(1)
5. Cambara do Sul/RS 29°10°14”S/50°05°55”W, 897m BHCB 87269  H19(2), H20(1), H21(1)
6. Sdo Joaquim/SC 28°13°15S/49°47°36”W, 1463m BHCB 80100 H15(1)
7. Séo Joaquim/SC 28°12°53”S/49°47°29”W, 1424m JRS 4371 H14(2), H23(4), H24(3), H25(1), H26(1), H27(3)
8. Sdo Joaquim/SC 28°10°06S/49°45°41”W, 1205m BHCB 80101 H14(2), H16(6)
9. Urubici/SC 28°04°04°S/49°36°42”W, 1404m JRS 4357 H14(16), H22(1), H23(1)
10. Urubici/SC 28°00°26S/49°32°18”W, 915m BHCB 80075 H14(2)
11. Otacilio Costa/SC 27°39°487S/49°45°07”W, 893m JRS 4348 H12(14)
12. Otacilio Costa/SC 27°35°36”S/49°44°23”W, 844m BHCB 80064 H12(1)
13. Otacilio Costa/SC 27°36°477S/49°47°49”W, 839m BHCB 80062 H12(3), H13(1)
14. Otacilio Costa/SC 27°36°167S/49°58°44”W, 837m JRS 3323 HI12(3)
15. Otacilio Costa/SC 27°34°56°S/50°00°05”W, 826m BHCB 80059 HI12(1)
Petunia bonjardinensis 16. Bom Jardim da Serra/RS ~ 28°16°2075/49°45°28”W, 1334m JRS 4374 H33(2), H34(4)
17. Bom Jardim da Serra/RS ~ 28°16°317S/49°45°20”W, 1383m BHCB 80098  H14(8)
18. Bom Jardim da Serra/RS ~ 28°17°56°S/49°43°54”W, 1351m BHCB 80097 H14(4)
19. Bom Jardim da Serra/RS ~ 29°19°547°S/49°41°24”W, 1245m BHCB 80080 H28(2)
20. Bom Jardim da Serra/RS ~ 28°22°24”S/49°38°04”W, 1453m BHCB 80093  H28(1), H32(1)
21. Bom Jardim da Serra/RS  28°20°25”S/49°37°52”W, 1239m BHCB 80092  H1(4), H29(2), H30(3)
22. Bom Jardim da Serra/RS ~ 28°20°537S/49°37°28”W, 1305m JRS 3356 H29(3)
23. Bom Jardim da Serra/RS ~ 28°19°11758/49°37°13”W, 1339m JRS 4397 H32 (2), H36(2)
24. Bom Jardim da Serra/RS ~ 28°19’46”S/49°37°18”W, 1313m JRS 4395 H32(6)
25. Bom Jardim da Serra/RS ~ 28°20°207S/49°36°55”W, 1257m BHCB 80085  H29(3)
26. Bom Jardim da Serra/RS ~ 28°20°347°S/49°36°23”W, 1263m BHCB 80086 H31(8)
27. Bom Jardim da Serra/RS ~ 28°22°1075/49°34°17”W, 1405m JRS 4392 H30(4), H35(1)




Table 1 Cont.

Species Places of collection Geographical coordinates Voucher Haplotypes*
Petunia mantiqueirensis ~ 28. Camanducaia/MG 22°42°35”S/45°56°50”W, 1677m  BHCB 78264 H37(10)

29. Gongalves/MG 22°41°45”S/45°55°28”W, 1577m  BHCB 78270 H37(1)

30. Camanducaia/MG 22°41°217S/45°54°11”W, 1463m  BHCB 78265 H37(4)

31. Gongalves/MG 22°40°577S/45°52°49”W, 1438m  BHCB 78268 H37(2)

32. Gongalves/MG 22°40°317S/45°52°33”W, 1421m  BHCB 78269 H38(4)
Petunia reitzii 33. Bom Retiro/SC 27°51°027S/49°29°46”W, 883m  BHCB 80068 H39(2)

34. Bom Retiro/SC 27°51°1178/49°27°02”W, 880m  BHCB 80074 H39(5)

35. Bom Retiro/SC 27°51°03”S/49°26°47°W, 875m BHCB 80069 H39(4)

36. Bom Retiro/SC 27°50°577S/49°25°56”W, 891m  BHCB 80071 H40(6)

37. Bom Retiro/SC 27°51°237S/49°24°43”W, 917m BHCB 80073 H39(5)
Petunia saxicola 38. Petrolandia/SC 27°35°3175/49°44°15”W, 830m ~ BHCB 80065 H12(19), H40(5)
Petunia scheideana 39. Campo Alegre/SC 26°12°2875/49°18°25”W, 835m  JRS 3310 H41(3)

40. Campo Alegre/SC 26°12°297S/49°18°46”W, 879m  JRS 3312 H41(10)

41. Prudentopolis/PR 25°12°047S/50°57°23”W, 805m  JRS 4236 H42(10)

42. Guarapuava/PR 25°20°107S/51°13°00”W, 1148m  JRS 4251 H43(5)

43. Guarapuava/PR 25°21°507S/51°21°00”W, 1109m  JRS 4255 H44(3)

44. Guarapuava/PR 25°22°197S/51°16°43”W, 1190m  JRS 4253 H43(13)

45. Guarapuava/PR 25°25°057S/51°40°17°W, 1036m  JRS 4262 H43(1), H45(1)

46. Guarapuava/PR 25°27°337S/51°31°14”W, 1053m  JRS 4273 H46(3)

47. Guarapuava/PR 25°28°507S/51°32°18”W, 971m  JRS 4280 H46(5)

48. Bituruna/PR 26°09°217S/51°32°32”W, 898m  JRS 4291 H47(1)

49, Bituruna/PR 26°17°127S/51°29°24”W, 1133m  JRS 4297 H438(2)

50. Matos Costa/SC 26°32°447S/51°09°08”W, 1087m  JRS 4316 H49(1)

* Based on concatenated cpDNA markers. Numbers of individuals found per haplotype are indicated in parentheses.
T BHCB Herbarium, Departamento de Botanica, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil.
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Table 2 Number of collection points, plants sampled, and haplotypes, as well as the types of polymorphisms

found

P. altiplana  P. bonjardinensis  P. mantiqueirensis  P. reitzii P. saxicola P. scheideana Total
No. of collection points 15 12 5 5 1 12 50
No. of plants sampled 90 60 21 22 24 58 275
No. of haplotypes 27 11 2 2 2 9 49*
trnH-psbA
transitions 2 2 - - - -
transversions 3 1 - 1 4 6
indels 7 3 1 3 2 3 10
inversions 1 1 - - - - 1
trnS-trnG
transitions 3 1 - - - 1 4
transversions 5 1 - - - 2 7
indels’ 3 2 - - - 1 5

901

*Four haplotypes were shared by plants of two species: H1(P. altiplana/P. bonjardinensis), H12 (P. altiplana/P. saxicola), H14 (P. altiplana/P.
bonjardinensis), and H40 (P. reitzii/P. saxicola).



Table 3 Diversity and neutrality indices, mismatch distribution and parameters of demographic expansion

P. altiplana

P. bonjardinensis

P. mantiqueirensis

P. reitzii

P. saxicola

P. scheideana

Total

trnH-psbA nucleotide diversity 7 (SD*)  0.0041 (0.0027)  0.0048 (0.0031) 0.0008 (0.0009) 0.0040 (0.0027) 0.0025 (0.0019) 0.0042 (0.0028) 0.0054 (0.0034)
haplotype diversity / (SD) 0.7878 (0.0294)  0.8497 (0.0218) 0.3238 (0.1082) 0.4156 (0.0902) 0.3442 (0.0987) 0.7913 (0.0289) 0.9112 (0.0080)
Tajima’s D -0.7837™8 1.3527 8 - 0.8953 NS 0.4803 NS 0.2780 NS -0.8612N
Fu’s Fs -1.9047™8 1.2648 N8 - 1.1162N8 0.8470 NS -0.0544 NS -3.2368"N
mismatch distribution unimodal® unimodal’ unimodal® bimodal bimodal bimodal unimodal

trnS-trnG nucleotide diversity 7 (SD) ~ 0.0011 (0.0009)  0.0009 (0.0007) - - - 0.0018 (0.0013) 0.0012 (0.0010)
haplotype diversity & (SD) 0.5076 (0.0561)  0.4904 (0.0724) - - - 0.7411 (0.0266) 0.6197 (0.0302)
Tajima’s D -1.4700 P~003! -0.7006 ™ - - - 0.4081 ™ -1.4914 P00
Fu’s Fs -5.4309 P~0003 -0.8554 NS - - - 0.3426 ™8 -7.7853 p~0.007
mismatch distribution unimodal® unimodal - - - unimodal unimodal

trnH-psbA nucleotide diversity 7z (SD)  0.0022 (0.0014)  0.0023 (0.0014) 0.0003 (0.0003) 0.0016 (0.0011) 0.0010 (0.0008) 0.0027 (0.0016) 0.0028 (0.0016)

and trnS-trnG

haplotype diversity / (SD)
Tajima’s D
Fu’s Fs

mismatch distribution

0.8427 (0.0252)
-1.3847N8
-7.4128 =000

unimodal’

0.8893 (0.0155)
0.5724 N8
0.9070 NS

unimodal

0.3238 (0.1082)

unimodal’

0.4156 (0.0902)
0.8953 N8
1.1162N8

bimodal

0.3442 (0.0987)
0.4803 N8
0.8470N8

bimodal

0.8028 (0.0277)
0.4109N8
-0.6691 N8

bimodal

0.9331 (0.0065)
-1.3869 70051
-12.1451 P=0001

bimodal

* SD, standard deviation. ™ not significant.
¥ Goodness-of-fit statistic fell within a 95% confidence interval obtained by simulation (sudden expansion).
- Indices that could not be calculated due to absence of variability.
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Table 4 Fluctuate simulation results by marker. Population size is represented by two parameters: the exponential growth rate g and the

present day value of theta (®=2Nep in a haploid genome). Positive values of g indicate population growth, negative ones, decline

P. altiplana P. bonjardinensis ~ P. mantiqueirensis  P. reitzii P. saxicola P. scheideana Total

trnH-pshA g 1591.5769 125.5743" 10007 18.8497" 2316.8135" 857.6745 816.9317

SD* 214.6633 417.9037 33122.0059 1080.6614 2083.6795 385.5685 80.1325

c) 0.0112 0.0019 0.00008 0.0006 0.0007 0.0037 0.0214

SD 0.0008 0.0003 0.00005 0.0002 0.0003 0.0005 0.0008
trnS-trnG g 52552026 7923.0443 - - - 2028.2823 1651.7347

SD 461.107 1916.7742 892.9174 116.7511

c) 0.0108 0.0015 - - - 0.0017 0.0294

SD 0.001 0.0002 0.0002 0.0012

* SD, standard deviation.
T Inconclusive results.
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Table 5 AMOVA and Fgr analyses from plants of different species

General total

P. altiplana
P. bonjardinensis

P. scheideana

percentage of variation

among species among populations within populations For
within species

20.72 60.92 18.36 0.8164*

among populations within populations

54.96 45.04 0.5496*

78.40 21.60 0.7840*

98.01 1.99 0.9801*

*p<0.001
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Capitulo VI

Capitulo VI

Discussao

VI.1 A delimitacao das espécies e o isolamento reprodutivo

Especiacdo e isolamento reprodutivo nem sempre estdo ligados em processos de
diversificacdo de plantas. O isolamento reprodutivo pode surgir diretamente através da
acdo da selecdo natural sobre caracteres relacionados com o sucesso reprodutivo ou
indiretamente como uma conseqiiéncia da divergéncia adaptativa entre as populagdes
(Johnson & Steiner 2000).

Em nenhum dos trés casos aqui investigados ha o isolamento reprodutivo total entre
as espécies. A possibilidade de hibrida¢do indica que, mais do que reprodutivamente
isoladas, as espécies incluidas neste estudo podem ser definidas como grupos de
populagdes que estdo (ou foram) geneticamente isoladas e que podem ser reconhecidas
através de suas divergéncias morfoldgicas e ecoldgicas.

A morfologia foi a principal base para o reconhecimento destas espécies. Através
destes dados, estabelecemos as unidades taxondmicas e avaliamos suas relagdes evolutivas
através da andlise de marcadores moleculares. De acordo com o conceito filogenético,
quando comparados com outros grupos, os genes de individuos de uma mesma espécie sao
mais relacionados e apresentam um ancestral comum mais recente (Avise 2000). As
caracterizagdes genéticas realizadas nos estudos aqui descritos indicaram que o conceito
filogenético pode ser utilizado na delimitagdo de Passiflora actinia e Passiflora elegans, as
quais possuem linhagens de ntDNA e cpDNA bem distintas. Por outro lado, as espécies de
Petunia apresentaram pouca divergéncia genética, hibridagdo e retencdo de polimorfismo

ancestral causando o compartilhamento de linhagens de cpDNA entre elas, o que restringe
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a aplicagdo deste conceito no género, pelo menos com a andlise destes marcadores.
Portanto, as espécies de Petunia consideradas neste estudo foram delimitadas através de
suas diferengas morfoldgicas (revisadas por Stehmann 1999) e ecoldgicas evidenciadas

pela ocupacdo de diferentes regides e habitats.

V1.2 Os mecanismos de diversificacao

A segregacdo espacial e a diversificacdo ecoldgica foram os principais fatores
envolvidos no isolamento genético de populagdes e no surgimento de novas espécies dos
géneros Passiflora e Petunia na regido sul do Brasil. Este padrdo ¢ comum em plantas,
onde geralmente as espécies incipientes ocorrem em ambientes diferentes ou utilizam
recursos distintos. Entre as forgas que modelam os padrdes de diversificagdo, podemos
citar elementos abioticos do habitat, como o clima, tipo de solo, intensidade de luz e
disponibilidade de recursos; e as interagdes com outras espécies como competicao,
mutualismo, predagdo, parasitismo e sistemas de polinizagdo (Linhart & Grant 1996).

Processos de diferenciagao ecoldgica e especiagdo podem ser enfatizados em
diferentes estagios. Wiens (2004) sugere que a tendéncia das populagdes em manter seu
nicho ecologico ancestral (conjunto de condi¢des bidticas e abidticas nas quais a espécie
esta apta a sobreviver, reproduzir ¢ manter tamanhos populacionais vidveis) ¢ a primeira
fase na formagao de espécies incipientes. Segundo este modelo, a separagcdo de linhagens
comeg¢a quando mudancgas ambientais criam condigdes dentro da distribui¢ao geografica da
espécie que estdao fora do seu nicho ecologico ancestral. Como os individuos sao incapazes
de persistir ou dispersar nas novas condigdes ecoldgicas, a distribuigdo geografica da
espécie se torna fragmentada. A falha na adaptacao a novos ambientes e a novas condigdes

ecologicas ¢ o que freqlientemente isola populagdes e da inicio ao processo de especiacao
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(Wiens 2004). Os modelos mais tradicionais focam a divergéncia subseqliente € necessaria
para a ocupagdo de novos habitats. Para uma espécie expandir sua distribuicdo e ocupar
novos ambientes, as populagdes tém que sofrer selecdo natural divergente em caracteres
morfologicos, fisiologicos e comportamentais. Nestes casos, a adaptacdo as novas
condi¢gdes ambientais e ecologicas € o que direciona as divergéncias evolutivas (Schluter
2001).

Areas transicionais sio de grande importdncia em processos de especiagdo, pois
grande parte da variacao adaptativa esta concentrada nestas regides (Smith ez al. 2001). No
século passado, o padre naturalista B. Rambo realizou extensivos levantamentos floristicos
na regido sul, abordando de maneira histérica a distribui¢do geografica das formacgdes
vegetais. Suas andlises sdo tdo detalhadas que ainda se mantém atuais e sdo amplamente
utilizadas em estudos botanicos. Seus trabalhos indicaram que a Regido Sul pode ser
considerada uma area transicional, pois ¢ limitrofe para a distribui¢do de diversas espécies
de plantas: limite norte para elementos austral-antarticos (Rambo 1951a) e limite sul para
elementos tipicamente tropicais (Rambo 1951b).

E neste contexto que o processo de diversificagdo de Passiflora actinia e Passiflora
elegans estd inserido. A regido de parapatria entre estas espécies também representa o
limite sul da Mata Atlantica. Além de P. actinia, muitas outras espécies de plantas t€ém o
paralelo 30°S como limite sul de distribui¢do. A composi¢do floristica de Porto Alegre
(RS), por exemplo, ¢ composta por apenas 14% de espécies tipicamente tropicais, apesar
da Mata Atlantica da escarpa da Serra Geral estar ha menos de 50 km de distancia (Rambo
1954). Esta mudanca na conformagdo da paisagem deve estar relacionada com gradientes

ambientais determinados por fatores abidticos como temperatura, pluviosidade e tipo de
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solo. Esta regido ¢ um cléassico divisor de solos do RS e o limite do derramamento
basaltico da Serra Geral.

A dinamica da Mata Atlantica no RS esta relacionada com as modificagoes
paleoclimaticas ocorridas no Quaternario, tendo a atual estruturagdo geografica sido
estabelecida somente nos tultimos 10.000 anos (Behling & Negrelle 2001). Segundo
Rambo (1951b), a Mata Atlantica teria como centro de diversidade e irradiagdo a regiao
entre a Serra da Mantiqueira e o oceano, e sua presenga no RS seria resultante de processos
migratdrios. Estudos palinoldgicos indicaram que a migracdo da Mata Atlantica do norte
para o sul ocorreu de forma fragmentada (Lorscheitter 1997). Populagdes que migraram de
forma descontinua, formando isolados constituidos por poucos individuos, estdo mais
sujeitas a ag¢do da deriva genética e do endocruzamento, o que pode gerar diferenciacdo
genética ao longo do tempo (Salomon 2001).

Além da deriva e do endocruzamento, a selecao natural também deve ter atuado no
processo de divergéncia. Passiflora actinia e Passiflora elegans ocorrem em formagdes
florestais similares e adjacentes, apesar disto ndo ha relatos de simpatria entre elas. Isto
sugere que algum fator ambiental ¢ limitante para a expansdo das espécies (P. actinia para
o sul e P. elegans para o norte). Provavelmente as populacdes ancestrais também estiveram
sujeitas a pressdes seletivas diferentes, € somente apos o surgimento de novas adaptagdes
que possibilitaram o processo de colonizacdo elas puderam explorar os novos ambientes,
embora tenham mantido uma condi¢do ancestral de dependéncia de areas florestais e de
umidade (Mata Atlantica e matas de galeria).

As andlises dos espagadores internos transcritos do DNA ribossomal (ITS)
indicaram uma possivel direcao evolutiva deste processo. No network (figura 1, capitulo

IIT) pode-se reconhecer um gradiente norte-sul no relacionamento das seqiiéncias de
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Passiflora actinia, ou seja, apos o surgimento desta espécie houve tempo suficiente para a
diferenciagdo regional das populagdes. Em Passiflora elegans nao foi possivel detectar um
padrdo geografico no relacionamento das seqiiéncias, mas observa-se que estas sdo
geneticamente mais proximas das seqliéncias das populacdes de P. actinia do RS. Como o
centro de diversidade do género estd localizado ao norte (Cervi 1997), € mais provavel que
P. actinia tenha uma origem anterior a P. elegans, ¢ que esta Ultima tenha divergido a
partir de populagdes de P. actinia ja diferenciadas ao sul (processo influenciado pelos
deslocamentos migratorios da Mata Atlantica).

Apesar da extensa amostragem na regido de contato entre Passiflora actinia e
Passiflora elegans somente foi encontrado um hibrido interespecifico. Esta planta
apresentava caracteristicas morfologicas intermediarias, bem como cpDNA de P. actinia ¢
seqliéncias de ITS de ambos os parentais. Os demais individuos analisados apresentavam
seqliéncias de ITS coerentes com o padrao da espécie. Junto com os resultados obtidos
com marcadores plastidiais, estes dados descartaram a hipdtese de hibridacao
interespecifica nao detectdvel morfologicamente.

Passiflora actinia e Passiflora elegans florescem na mesma época do ano e
apresentam flores morfologicamente semelhantes que atraem o mesmo grupo de
polinizadores (mamangavas; observacdes de campo; Prazeres 1989). No presente estudo,
as populagoes de P. actinia e P. elegans mais proximas estavam localizadas a 9 km uma da
outra. Esta distancia ¢ facilmente alcancada por mamangavas (Janzen 1971), ndo sendo
este um impedimento para o cruzamento. Linhagens genéticas de ntDNA e cpDNA bem
divergentes entre as espécies sugerem que o hibrido seja resultante de contato secundario
entre populagdes que divergiram em alopatria, a exemplo do que foi descrito por Hewitt

(2001) para outras espécies. A auséncia de hibridacao extensiva na regido pode indicar que
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o contato secundario ¢ muito recente, ou que a diferenciacdo entre as espécies foi
suficiente para a evolucdo de barreiras reprodutivas intrinsecas ndo completamente
eficientes.

Analises filogenéticas demonstraram que as 11 espécies do género Petunia sao
geneticamente muito similares (Ando et al. 2005; Kulcheski et al. 2006). Estes dados
combinados com sua grande diversidade morfoldgica indicam um processo recente de
radiacdo adaptativa no género. Através da andlise de espacadores intergé€nicos plastidiais
procuramos avaliar a dindmica evolutiva de dois grupos de espécies relacionadas de
Petunia, um deles ocorrente na Serra do Sudeste (RS) e o outro tipico dos planaltos das
regioes sul e sudeste do Brasil.

A Serra do Sudeste ¢ considerada um dos centros de diversidade de espécies do
género Petunia. Nesta regido, a diversificagdo das sindromes florais e a ocupagdo
diferencial de habitats devem ter sido os mecanismos determinantes para a divergéncia das
espécies. O presente estudo investigou as relacdes evolutivas entre Petunia axillaris e
Petunia exserta, espécies geneticamente relacionadas e que compartilham diversas
caracteristicas morfoldgicas.

Populagdes de Petunia axillaris podem ser encontradas em afloramentos rochosos e
locais perturbados como beira de estradas, enquanto Petunia exserta habita reentrancias
rochosas de torres areniticas. Estes habitats sao principalmente diferenciados pelo nivel de
sombreamento e tipo de substrato. Tais fatores ecologicos sao de grande importancia para
o estabelecimento de populagdes vegetais. Caracteres que influenciam a eficiéncia de
captacao da luz, a producao fotossintética e a capacidade de alocagdao de reservas sao
diferenciais na adaptacdo de espécies que vivem em ambientes secos € rochosos, locais

onde as espécies relacionadas podem ndo conseguir se estabelecer (Walck ef al. 1999).
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Além de ficarem espacialmente separadas, populacdes de plantas que crescem em solos
com composi¢ao fisico-quimica diferenciadas podem sofrer forte selecao divergente e
subseqiiente diferenciagcdo genética (Savolainen ef al. 2006).

Petunia axillaris e Petunia exserta apresentam caracteres florais especificos para a
atracdo de diferentes polinizadores, como a coloragdo da corola, a posicao das anteras e do
estigma e a producdo de odores. Alteragdes em caracteres florais associados com a
preferéncia do polinizador podem reduzir a freqiiéncia de cruzamento entre populacdes
vizinhas através da visitacdo diferencial, ¢ constituem um dos mecanismos de isolamento
mais comuns em processos de especiacdo em plantas (Schemske & Bradshaw 1999).
Mudangas em algumas destas caracteristicas, como a produgdo de pigmentos carotendides
nas pétalas, podem levar ao isolamento reprodutivo rapidamente, pois envolvem genes de
grande efeito e podem ter um controle genético relativamente simples (Bradshaw &
Schemske 2003). Hibridos artificiais entre P. axillaris (esfingoéfila) e P. integrifolia
(melitofila) tém sido utilizados para investigar a arquitetura genética das diferentes
sindromes de polinizag¢do, encontrando de um a cinco loci que codificam caracteristicas
quantitativas (QTLs) envolvidos na determinacdo de caracteristicas distintivas entre as
espécies (Stuurman et al. 2004).

Plantas com caracteristicas intermedidrias entre Petunia axillaris e Petunia exserta
indicaram que, atualmente, as diferencas florais e a ocupagdo de habitats especificos ndo
constituem barreiras reprodutivas eficientes entre estas espécies. Estes possiveis hibridos
foram encontrados dentro das reentrincias rochosas (abrigos) nas torres areniticas,
juntamente com populacdes de P. exserta. Proximas a estes locais, mas em dareas

ensolaradas, foram encontradas plantas com morfologia tipica de P. axillaris.
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Os marcadores plastidiais revelaram um padrdo espacial de ocorréncia, no qual
praticamente todas as plantas presentes no mesmo abrigo, independentemente do fenotipo,
apresentavam o mesmo haplétipo. A impossibilidade de se distinguir as populacdes
simpatricas de Petunia axillaris e Petunia exserta através das linhagens de cpDNA indica
que, além das plantas com morfologia intermedidria, plantas com fendtipo parental
também podem representar hibridos interespecificos.

Além da Serra do Sudeste, também foram coletadas e analisadas populacdes tipicas
de Petunia axillaris nas regioes central e oeste do RS. Entre os 13 haplotipos encontrados,
sete sao exclusivos das populacdes de P. axillaris das regides central e oeste e seis de
populagdes de P. axillaris e P. exserta da Serra do Sudeste. O network construido com
todos os haplotipos revelou dois clados geograficamente estruturados, mas com
representantes de ambas as espécies: um composto por hapldtipos encontrados na Serra do
Sudeste, no qual a maioria das plantas apresentava a morfologia de P. exserta; e outro
formado por haplétipos encontrados em todas as regides, mas composto principalmente por
plantas com morfologia de P. axillaris.

A baixa divergéncia entre os clados (trés modificagdes em 1843 nucleotideos
analisados) indica que a separagdo entre eles é recente. E possivel que estes clados
representem o conjunto genético original destas espécies nas regides analisadas. A
presenca de caracteristicas morfoldgicas e ecologicas com significados adaptativos tao
diferentes indica que, para divergirem, estas espécies devem ter passado por um periodo de
isolamento genético.

O terceiro grupo de espécies investigado foi composto por seis taxa alopatricos de
Petunia com ocorréncia exclusiva nos planaltos das regides sul e sudeste do Brasil. Petunia

altiplana, Petunia bonjardinensis, Petunia mantiqueirensis, Petunia reitzii, Petunia
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saxicola e Petunia scheideana florescem na mesma época do ano e sao melitofilas. A
auséncia de barreiras reprodutivas intrinsecas (Watanabe et al. 1996) e o compartilhamento
de alguns visitantes florais (Stehmann 1999) indicam que a segregacao espacial teve um
papel fundamental no processo de diversificacdo do grupo. Estas espécies ocorrem em
areas montanhosas onde os campos de altitude formam mosaicos com florestas com
araucaria. Assim como a Mata Atlantica, estas formagdes vegetais tiveram sua dinamica
alterada pelas variagdes climaticas do Quaterndrio. Portanto, as disjuncdes geograficas
entre estas espécies podem estar associadas as alteragdes floristicas ocorridas nos seus
habitats durante este periodo.

O ultimo maximo glacial (18.000 anos A.P.) foi especialmente favordvel para a
expansdo do habitat destas espécies. Nesta época mais fria e seca, os campos de altitude
expandiram-se para o norte (Behling 2002). Possivelmente, neste periodo tanto as petunias
quanto seus polinizadores tinham uma distribuicdo mais continua e ocupavam areas mais
setentrionais. Isto explicaria a ocorréncia de P. mantiqueirensis isolada das demais
espécies na Serra da Mantiqueira, na regido sudeste. A posterior melhoria climatica no
inicio do Holoceno (11.000-10.000 anos A.P.) possibilitou a expansdo das florestas
subtropicais e os campos ficaram isolados nas areas de maior altitude do planalto. As
quatro espécies microendémicas do grupo (P. bonjardinensis, P. mantiqueirensis, P. reitzii
e P. saxicola) podem constituir reliquias que sobraram apo6s a extingdo de grupos
intermediarios com distribui¢do mais ampla. E provavel que a histéria evolutiva do grupo
esteja relacionada com sucessivos processos de especiacao alopatrica apos o isolamento de
populagdes nas areas campestres mais altas e cercadas por floresta com araucéria. A
ocorréncia de populagdes pequenas e isoladas pode ter promovido rapida divergéncia e a

fixacdo de caracteristicas morfoldgicas tipicas de cada espécie.
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Disjungdes geograficas observadas nas espécies melitofilas de Petunia e do género
irmao Calibrachoa também sdo encontradas nas abelhas polinizadoras, sugerindo uma
histéria biogeografica comum. Das abelhas observadas visitando as flores de P.
mantiqueirensis (J.R. Stehmann, dados nao publicados), destacou-se Pseudagapostemon
fluminensis Schrottky (Halictidae), uma espécie endémica das altitudes acima de 1400 m
da Serra da Mantiqueira e serras vizinhas, nos estados de Minas Gerais, Rio de Janeiro e
Sao Paulo (Cure 1989, Silveira & Cure 1993). As populacdes de Calibrachoa elegans
Miers estdo restritas a uma pequena regido do quadrilatero ferrifero de Minas Gerais.
Stehmann & Semir (2001) observaram que esta espécie ¢ exclusivamente polinizada pela
abelha Hexantheda missionica Oglobin (Colletinae), a qual s6 era conhecida até entdo na
regido sul do Brasil e no norte da Argentina (Michener 1989). Tanto C. elegans como H.
missionica constituem as ocorréncias mais setentrionais dos seus géneros na América do
Sul. Estes dados sugerem que a especializacdo ou co-evolugdo ocorrida entre as espécies
melitofilas e as abelhas solitarias pode ter sido um fator de confinamento e restricdo a
expansdo da sua distribui¢do geografica. Assim como foi sugerido para Petunia, a riqueza
e a distribuicdo subtropical de diversos grupos de abelhas de regides predominantemente
temperadas estdo relacionadas com a ocupagdo ocorrida nos periodos glaciais
pleistocénicos (Roubik 1989).

A andlise do cpDNA indicou que a diversificagdo do grupo ¢ extremamente
recente. Foram encontrados 49 haplotipos distribuidos nas seis espécies. O network
construido com todos os dados (figura 5, capitulo IV) apresentou uma topologia em forma
de estrela, com um agrupamento central composto por haplotipos de Petunia altiplana,

Petunia bonjardinensis, Petunia reitzii e Petunia saxicola conectado aos demais por
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poucas mutagdes. Nao foi possivel detectar clados espécie-especificos e quatro haplotipos
foram compartilhados por diferentes espécies.

Em grupos que divergiram recentemente, pode haver o compartilhamento de
haplétipos por diferentes espécies devido a retencao de polimorfismos ancestrais (Neigel
2002). Estes processos estocasticos podem ser confundidos com fluxo génico, levar a
superestimativas da capacidade de dispersdo e conectar geneticamente populacdes que ja
divergiram ha muito tempo (Russell ez al. 2005). O compartilhamento também poderia ser
interpretado como hibridagdo interespecifica, mas alguns padrdes encontrados nas
unidades taxonomicas que estudamos reforgam a hipdtese de retencdo de polimorfismos
ancestrais: (i) ha haplotipos compartilhados ao longo de uma ampla regido geografica e
ndo somente nas areas de contato dos diferentes taxa; (ii) nenhuma das plantas que
apresentaram hapldotipos compartilhados com outra espécie apresentava caracteres

morfologicos que indicassem fluxo génico interespecifico.

V1.3 Implicacées para programas de conservacio

A destruigdo e fragmentacao de habitats e as alteragdes nos padrdes de fluxo génico
estdo entre as maiores ameacas para a viabilidade e a persisténcia das populagdes das
espécies analisadas.

Séculos de desmatamento reduziram drasticamente o tamanho das formacgdes
florestais onde Passiflora actinia e Passiflora elegans sao encontradas. Fragmentos
florestais remanescentes sdo expostos a mudancas dramaticas nas condigdes
microclimaticas, sendo os ambientes bidtico e abidtico grandemente alterados nas areas
limitrofes (efeito de borda). Para algumas espécies de plantas, pequenas mudangas nas

condi¢des do solo e na disponibilidade de luz e d4gua podem afetar a estrutura demografica
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das populagdes, particularmente o estabelecimento de plantulas (Ohara et al. 2006). E
possivel que a fragmentacdo tenha afetado o padrdo de crescimento e a densidade
populacional de P. actinia e P. elegans, as quais ocorrem tipicamente na borda de florestas.

Plantas de fecundacdao cruzada obrigatoria, que dependem de polinizadores
especializados para a formacdo de frutos e sementes, podem ser mais suscetiveis a
fragmentacao do habitat. Este € o caso de Passiflora actinia, Passiflora elegans, ¢ das seis
espécies melitofilas de Petunia. Nestas espécies, a diminui¢ao populacional € o aumento da
distancia entre os individuos podem dificultar o encontro de parceiros compativeis. Além
disso, o tamanho e a densidade populacional estdo relacionados com a atragdo aos
polinizadores e tém influéncia significativa no sucesso reprodutivo. Como populagdes
pequenas podem ser menos atrativas aos polinizadores, a redu¢ao no tamanho populacional
pode diminuir a produgdo de frutos e sementes devido a transferéncia insuficiente de pdlen.
Redugdes no nimero de sementes produzidas podem trazer sé€rias conseqiiéncias para estas
espécies, uma vez que aumentam a probabilidade de extingdo de populacdes (Memmott et
al. 2004; Ohara et al. 2006).

O fluxo génico interespecifico pode ser considerado como um fator de risco para
algumas espécies de Petunia, especialmente para as microendémicas. Cruzamentos
interespecificos entre uma espécie rara e uma comum podem ter duas conseqiiéncias. Se a
progénie hibrida for vigorosa e fértil, pode haver a perda da diferenciagdo fenotipica e
genética e a espécie rara ser assimilada pela comum (Rhymer & Simberloff 1996). Se a
progénie hibrida ¢ estéril ou tem vigor diminuido, entdo a espécie rara pode ser prejudicada
por depressdo exogamica. O tamanho relativo das populagdes determinara o impacto da
hibridacdo interespecifica. Quanto mais a espécie comum for numericamente superior,

maior serd o risco para a espécie rara (Ellstrand & Elam 1993).
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O impacto da extensiva hibridagdo interespecifica sobre o valor adaptativo de
Petunia exserta ndo pdde ser avaliado, especialmente porque ndo conseguimos determinar
se este ¢ um fenomeno histérico estavel, que ndo traz conseqliéncias prejudiciais para a
espécie, ou se ¢ um processo recente, talvez até impulsionado por disturbios
antropogénicos. A diferenciacdo morfoldgica existente entre Petunia axillaris e P. exserta,
principalmente no que se refere aos caracteres florais especializados na atracdo de
diferentes polinizadores, indica que elas passaram por um periodo de isolamento genético.
Este isolamento pode ter sido espacial ou mediado pelas diferengas nos sistemas de
polinizagdo. Portanto, a hibridacdo pode ter se originado de duas maneiras: através da
expansao da espécie mais comum (P. axillaris) que se tornou parapatrica ou simpatrica da
espécie rara (P. exserta); ou através de alteragdes no sistema de polinizagao.

Ambos os casos podem ter causas antropogénicas. A introdu¢dao de espécies nao
nativas ¢ a modificacdo do habitat podem colocar espécies previamente isoladas em
contato (Rhymer & Simberloff 1996). E a destrui¢do e fragmentacdo dos ambientes
naturais podem afetar o comportamento e a biologia populacional de animais
polinizadores, alterando suas interagdes com as plantas (Memmott et al. 2002).

A modificacdo do ambiente pode colocar outro grupo de petinias em risco de perda
de diferenciagdo genética e morfologica. Os campos de altitude e as florestas com
araucdaria tém sido fortemente alterados pela atividade humana, sendo a derrubada de
florestas, a agricultura e o pastoreio os principais fatores transformantes da vegetagdo
original (Behling 2002). Como a segregacdo espacial ¢ o principal mecanismo de
isolamento genético entre as petunias exclusivas do planalto, areas de campo previamente
isoladas por florestas podem entrar em contato e possibilitar o fluxo génico entre

populacdes de diferentes espécies.
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Ao longo do desenvolvimento deste trabalho, percebemos o quanto ¢ urgente a
criacdo de estratégias de conservacdo para as espécies analisadas, em especial para as
microendémicas. Inicialmente, o estudo desenvolvido na Serra do Sudeste também tinha
como objetivo estudar outra espécie endémica da regido, Petunia secreta Stehmann &
Semir. As flores de P. secreta possuem corola de coloragdo magenta, tipica de espécies
melitofilas, mas o tubo ¢ muito estreito e comprido, deixando o néctar praticamente
inacessivel para abelhas com lingua curta, sendo apenas o pdlen disponibilizado para os
visitantes. Estas caracteristicas morfoldgicas indicam que a espécie poderia estar
secundariamente ajustada a melitofilia e que, provavelmente, teria se originado de
ancestrais que utilizavam polinizadores de lingua comprida como mariposas e beija-flores,
aptos para alcancar a camara nectarifera, como Petunia axillaris e Petunia exserta
(Stehmann 1999). Nos anos 90, grandes populagdes desta espécie eram facilmente
encontradas em afloramentos rochosos da formagdo Pedra do Segredo (Stehmann 1999),
localizada no municipio de Cagapava do Sul (RS). Apds trés anos de coletas na regido,
somente seis plantas foram encontradas, o que impossibilitou um estudo populacional e
evolutivo desta espécie. Nossas observacdes de campo indicaram que o pisoteio e a
predacdo por gado (bovino, caprino e ovino), bem como a queima do campo apos o
inverno, podem ser os principais entraves ao estabelecimento das populagdes. Redugdes
drasticas no numero de individuos sdo criticas para a viabilidade e a persisténcia de uma
espécie tao rara como esta. Estes dados indicam que esta espécie, apenas recentemente
descrita por Stehmann & Semir (2005), ja esta criticamente ameagada de extingao.

Os trés artigos que compdem esta tese sao exemplos da contribuicao que estudos
filogeograficos podem trazer a elucidacdo de questdes evolutivas pertinentes ao estudo dos

processos de especiacdo e do quanto essas investigacdes poderdo vir a ser importantes para
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o estabelecimento de programas de preservagdo de espécies. Esperamos que estas analises
sirvam de motivacdo para o desenvolvimento de novas pesquisas sobre os temas
abordados, trazendo perspectivas para a prote¢do de espécies ameacgadas de extingdo. O
trabalho constante do capitulo V, parcialmente financiado pelo Programa de Espécies
Ameacadas de Extin¢do (Fundagao Biodiversitas/CEPF), determinou a inclusdo de Petunia
bonjardinensis, junto com as ja citadas P. retzii e P. saxicola, na Lista de Espécies

Ameacadas do Brasil.
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Anexo 1

Anexo 1. Material suplementar do capitulo IV

Table S1. GenBank accession numbers of the identified sequences by
sampling place and individual plant

Sampling places code GenBank Accession Nos.

(see Table 1) Plant code trnH-psbA  trnS-trnG ~ psbB-psbH

1 axil2 DQ225609 DQ225367 DQ225488
axil3 DQ225610 DQ225368 DQ225489

axil4 DQ225611 DQ225369 DQ225490

7 axil6 DQ225612 DQ225370 DQ225491
axil7 DQ225613 DQ225371 DQ225492

2 axil9 DQ225614 DQ225372 DQ225493
axill0 DQ225615 DQ225373 DQ225494

axilll DQ225616 DQ225374 DQ225495

axil12 DQ225617 DQ225375 DQ225496

axill3 DQ225618 DQ225376 DQ225497

axill4 DQ225619 DQ225377 DQ225498

axill5 DQ225620 DQ225378 DQ225499

axill6 DQ225621 DQ225379 DQ225500

3 axil33 DQ225622 DQ225380 DQ225501
axil34 DQ225623 DQ225381 DQ225502

axil36 DQ225624 DQ225382 DQ225503

4 axil37 DQ225625 DQ225383 DQ225504
axil38 DQ225626 DQ225384 DQ225505

axil39 DQ225627 DQ225385 DQ225506

axil40 DQ225628 DQ225386 DQ225507

axil68 DQ225629 DQ225387 DQ225508

5 axil41 DQ225630 DQ225388 DQ225509
axil43 DQ225631 DQ225389 DQ225510

axil44 DQ225632 DQ225390 DQ225511

axil45 DQ225633 DQ225391 DQ225512

axil46 DQ225634 DQ225392 DQ225513

axil47 DQ225635 DQ225393 DQ225514

axil48 DQ225636 DQ225394 DQ225515

axil49 DQ225637 DQ225395 DQ225516

axil50 DQ225638 DQ225396 DQ225517

6 axil51 DQ225639 DQ225397 DQ225518
axil52 DQ225640 DQ225398 DQ225519

axil53 DQ225641 DQ225399 DQ225520

axil54 DQ225642 DQ225400 DQ225521

axil55 DQ225643 DQ225401 DQ225522

axil56 DQ225644 DQ225402 DQ225523
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Table S1. Cont.

Sampling places code

GenBank Accession Nos.

Plant code
trnH-psbA  trnS-trnG  psbB-psbH
6 axil57 DQ225645 DQ225403 DQ225524
axil58 DQ225646 DQ225404 DQ225525
axil59 DQ225647 DQ225405 DQ225526
axil60 DQ225648 DQ225406 DQ225527
axil61 DQ225649 DQ225407 DQ225528
axil62 DQ225650 DQ225408 DQ225529
10 axil63 DQ225651 DQ225409 DQ225530
axil64 DQ225652 DQ225410 DQ225531
axil65 DQ225653 DQ225411 DQ225532
12 axil66 DQ225654 DQ225412 DQ225533
axil67 DQ225655 DQ225413 DQ225534
16 axil70 DQ225656 DQ225414 DQ225535
axil71 DQ225657 DQ225415 DQ225536
axil72 DQ225658 DQ225416 DQ225537
axil73 DQ225659 DQ225417 DQ225538
axil74 DQ225660 DQ225418 DQ225539
axil75 DQ225661 DQ225419 DQ225540
axil76 DQ225662 DQ225420 DQ225541
15 axil77 DQ225663 DQ225421 DQ225542
axil78 DQ225664 DQ225422 DQ225543
axil79 DQ225665 DQ225423 DQ225544
8 exse2 DQ225666 DQ225424 DQ225545
exse3 DQ225667 DQ225425 DQ225546
7 exse5 DQ225668 DQ225426 DQ225547
exse6 DQ225669 DQ225427 DQ225548
10 exsell DQ225670 DQ225428 DQ225549
exsel3 DQ225671 DQ225429 DQ225550
exsel4 DQ225672 DQ225430 DQ225551
exsels DQ225673 DQ225431 DQ225552
exsel6 DQ225674 DQ225432 DQ225553
exsel?7 DQ225675 DQ225433 DQ225554
exsel8 DQ225676 DQ225434 DQ225555
11 exsel9 DQ225677 DQ225435 DQ225556
exse20 DQ225678 DQ225436 DQ225557
exse2l DQ225679 DQ225437 DQ225558
exse22 DQ225680 DQ225438 DQ225559
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Table S1. Cont.

Sampling places code

GenBank Accession Nos.

Plant code
trnH-psbA  trnS-trnG ~ psbB-psbH
11 exse23 DQ225681 DQ225439 DQ225560
exse24 DQ225682 DQ225440 DQ225561
exse25 DQ225683 DQ225441 DQ225562
exse27 DQ225684 DQ225442 DQ225563
exse29 DQ225685 DQ225443 DQ225564
exse30 DQ225686 DQ225444 DQ225565
exse31 DQ225687 DQ225445 DQ225566
exse32 DQ225688 DQ225446 DQ225567
exse33 DQ225689 DQ225447 DQ225568
12 exse34 DQ225690 DQ225448 DQ225569
exse35 DQ225691 DQ225449 DQ225570
exse36 DQ225692 DQ225450 DQ225571
13 exse37 DQ225693 DQ225451 DQ225572
exse38 DQ225694 DQ225452 DQ225573
exse4l DQ225695 DQ225453 DQ225574
14 exsed2 DQ225696 DQ225454 DQ225575
exse43 DQ225697 DQ225455 DQ225576
exsed4 DQ225698 DQ225456 DQ225577
exse45 DQ225699 DQ225457 DQ225578
exse46 DQ225700 DQ225458 DQ225579
9 exsed8 DQ225701 DQ225459 DQ225580
exse49 DQ225702 DQ225460 DQ225581
exse50 DQ225703 DQ225461 DQ225582
exse51 DQ225704 DQ225462 DQ225583
exse52 DQ225705 DQ225463 DQ225584
exse53 DQ225706 DQ225464 DQ225585
exse54 DQ225707 DQ225465 DQ225586
15 exseS5 DQ225708 DQ225466 DQ225587
exse56 DQ225709 DQ225467 DQ225588
exse59 DQ225710  DQ225468 DQ225589
8 hibrl DQ225711 DQ225469 DQ225590
10 hibr2 DQ225712 DQ225470 DQ225591
hibr3 DQ225713  DQ225471 DQ225592
11 hibr4 DQ225714 DQ225472 DQ225593
hibr5 DQ225715 DQ225473 DQ225594
hibr6 DQ225716 DQ225474 DQ225595

142



Anexo 1

Table S1. Cont.

Sampling places code

GenBank Accession Nos.

Plant code trnH-psbA  trnS-trnG ~ psbB-psbH
14 hibr7 DQ225717 DQ225475 DQ225596
hibr8 DQ225718 DQ225476 DQ225597
15 hibr9 DQ225719 DQ225477 DQ225598
hibr10 DQ225720 DQ225478 DQ225599
hibr11 DQ225721 DQ225479 DQ225600
hibr12 DQ225722 DQ225480 DQ225601
hibr13 DQ225723 DQ225481 DQ225602
hibr14 DQ225724 DQ225482 DQ225603
hibr15 DQ225725 DQ225483 DQ225604
hibr16 DQ225726 DQ225484 DQ225605
hibr17 DQ225727 DQ225485 DQ225606
hibr18 DQ225728 DQ225486 DQ225607
hibr19 DQ225729 DQ225487 DQ225608
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Figure Legends

Fig. F1. Petunia exserta

Fig. F2. Petunia exserta habitat

Fig. F3. Tower 2

Fig. F4. Towers 1, 2 and 3 (from left to right)
Fig. F5. Petunia axillaris

Fig F6. Petunia axillaris X Petunia exserta

Fig. F7. Flowers from shelter 9
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Figure F2

TR R T

Figure F3

Figure F4
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Figure F5

Figure F6

Figure F7
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Anexo 2. Material suplementar do capitulo V

Table S1. GenBank accession numbers of the identified sequences by

sampling place and individual plant

Sampling places code

GenBank Accession Nos.

Plant code
(see Table 1) trnH-psbA  trnS-trnG
1 alti4 DQ791909 DQ792184
alti5 DQ791910 DQ792185
alti6 DQ791911 DQ792186
4 alti7 DQ791912  DQ792187
alti8 DQ791913  DQ792188
alti9 DQ791914 DQ792189
altil0 DQ791915 DQ792190
altill DQ791916 DQ792191
altil2 DQ791917  DQ792192
altil3 DQ791918  DQ792193
altil4 DQ791919 DQ79219%4
altil5 DQ791920 DQ792195
altil6 DQ791921 DQ792196
altil7 DQ791922  DQ792197
altil8 DQ791923  DQ792198
2 altil9 DQ791924  DQ792199
alti20 DQ791925  DQ792200
alti21 DQ791926  DQ792201
15 alti22 DQ791927  DQ792202
14 alti23 DQ791928  DQ792203
alti24 DQ791929  DQ792204
alti25 DQ791930 DQ792205
13 alti26 DQ791931 DQ792206
alti27 DQ791932  DQ792207
alti28 DQ791933  DQ792208
alti29 DQ791934  DQ792209
12 alti30 DQ791935 DQ792210
10 alti31 DQ791936 DQ792211
alti32 DQ791937 DQ792212
6 alti34 DQ791938 DQ792213
8 alti35 DQ791939 DQ792214
alti36 DQ791940 DQ792215
alti37 DQ791941 DQ792216
alti38 DQ791942  DQ792217
alti39 DQ791943 DQ792218
alti40 DQ791944 DQ792219
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Table S1. Cont.

Sampling places code

GenBank Accession Nos.

Plant code
(see Table 1) trnH-psbA  trnS-trnG
8 alti41l DQ791945 DQ792220
alti42 DQ791946 DQ792221
3 alti44 DQ791947 DQ792222
alti45 DQ791948  DQ792223
5 alti47 DQ791949  DQ792224
alti49 DQ791950  DQ792225
alti51 DQ791951 DQ792226
altis2 DQ791952  DQ792227
11 altis3 DQ791953  DQ792228
alti54 DQ791954 DQ792229
alti55 DQ791955 DQ792230
alti56 DQ791956  DQ792231
alti57 DQ791957  DQ792232
alti58 DQ791958  DQ792233
altis59 DQ791959 DQ792234
alti60 DQ791960 DQ792235
altiol DQ791961 DQ792236
alti62 DQ791962  DQ792237
alti64 DQ791963  DQ792238
alti65 DQ791964 DQ792239
alti66 DQ791965 DQ792240
alti71 DQ791966  DQ792241
9 alti88 DQ791967 DQ792242
alti89 DQ791968 DQ792243
altigl DQ791969 DQ792244
alti92 DQ791970  DQ792245
alti93 DQ791971  DQ792246
alti94 DQ791972  DQ792247
alti95s DQ791973  DQ792248
alti96 DQ791974 DQ792249
alti97 DQ791975  DQ792250
altios DQ791976  DQ792251
alti99 DQ791977 DQ792252
altil00 DQ791978  DQ792253
altil01 DQ791979  DQ792254
altil02 DQ791980 DQ792255
altil04 DQ791981 DQ792256
altil05 DQ791982  DQ792257
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Table S1. Cont.

Sampling places code

GenBank Accession Nos.

Plant code
(see Table 1) trnH-psbA  trnS-trnG
9 altil06 DQ791983  DQ792258
altil07 DQ791984 DQ792259
7 alti130 DQ791985 DQ792260
alti132 DQ791986  DQ792261
altil33 DQ791987  DQ792262
alti134 DQ791988  DQ792263
altil35 DQ791989  DQ792264
alti136 DQ791990 DQ792265
alti137 DQ791991 DQ792266
alti138 DQ791992  DQ792267
alti139 DQ791993  DQ792268
altil40 DQ791994 DQ792269
altil42 DQ791995 DQ792270
altil43 DQ791996  DQ792271
altil46 DQ791997 DQ792272
alti147 DQ791998  DQ792273
19 bonj3 DQ791999  DQ792274
bonj4 DQ792000 DQ792275
21 bonj5 DQ792001 DQ792276
bonj6 DQ792002 DQ792277
bonj7 DQ792003  DQ792278
bonj8 DQ792004 DQ792279
bon;j9 DQ792005 DQ792280
bonj10 DQ792006 DQ792281
bonj11 DQ792007 DQ792282
bonj12 DQ792008 DQ792283
bonj13 DQ792009 DQ792284
25 bonjl14 DQ792010 DQ792285
bonjl15 DQ792011 DQ792286
bonj16 DQ792012 DQ792287
26 bonj17 DQ792013 DQ792288
bonj18 DQ792014 DQ792289
bonj19 DQ792015 DQ792290
bonj20 DQ792016 DQ792291
bonj21 DQ792017 DQ792292
bonj22 DQ792018 DQ792293
bonj23 DQ792019 DQ792294
bonj24 DQ792020 DQ792295
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Table S1. Cont.

Sampling places code

GenBank Accession Nos.

Plant code
(see Table 1) trnH-psbA  trnS-trnG
22 bonj25 DQ792021 DQ792296
bonj26 DQ792022  DQ792297
bonj27 DQ792023  DQ792298
20 bonj28 DQ792024 DQ792299
bonj29 DQ792025 DQ792300
18 bonj30 DQ792026  DQ792301
bonj31 DQ792027 DQ792302
bonj32 DQ792028 DQ792303
bonj33 DQ792029  DQ792304
17 bonj34 DQ792030 DQ792305
bonj36 DQ792031 DQ792306
bonj37 DQ792032  DQ792307
bonj38 DQ792033  DQ792308
bonj39 DQ792034 DQ792309
bonj41 DQ792035 DQ792310
bonj42 DQ792036 DQ792311
bonj43 DQ792037 DQ792312
16 bonj44 DQ792038 DQ792313
bonj46 DQ792039 DQ792314
bonj47 DQ792040 DQ792315
bonj50 DQ792041 DQ792316
bonj51 DQ792042 DQ792317
bonj52 DQ792043  DQ792318
27 bonj53 DQ792044 DQ792319
bonj54 DQ792045 DQ792320
bonj55 DQ792046  DQ792321
bonj57 DQ792047 DQ792322
bonj58 DQ792048 DQ792323
24 bonj59 DQ792049 DQ792324
bonj60 DQ792050 DQ792325
bonj61 DQ792051 DQ792326
bonj62 DQ792052 DQ792327
bonj63 DQ792053  DQ792328
bonj64 DQ792054 DQ792329
23 bonj66 DQ792055 DQ792330
bonj67 DQ792056  DQ792331
bon;j68 DQ792057 DQ792332
bonj69 DQ792058 DQ792333
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Table S1. Cont.

Sampling places code GenBank Accession Nos.

Plant code
(see Table 1) trnH-psbA  trnS-trnG
28 mant6 DQ792059 DQ792334
mant7 DQ792060 DQ792335
30 mant8 DQ792061 DQ792336
mant9 DQ792062 DQ792337

mant10 DQ792063  DQ792338
mantl 1 DQ792064 DQ792339

31 mant12 DQ792065 DQ792340
mant13 DQ792066 DQ792341

32 mantl4  DQ792067 DQ792342
mantl5  DQ792068 DQ792343
mantl6  DQ792069 DQ792344
mantl7  DQ792070  DQ792345

29 mant18 DQ792071 DQ792346

28 mantl9  DQ792072  DQ792347
mant20  DQ792073  DQ792348
mant2]  DQ792074  DQ792349
mant22  DQ792075  DQ792350
mant23  DQ792076  DQ792351
mant24  DQ792077 DQ792352
mant25  DQ792078  DQ792353
mant26  DQ792079  DQ792354

33 reit2 DQ792080 DQ792355
reit3 DQ792081  DQ792356
35 reitd DQ792082  DQ792357
reitS DQ792083  DQ792358
reit6 DQ792084  DQ792359
reit7 DQ792085  DQ792360
36 reit8 DQ792086  DQ792361
reit9 DQ792087 DQ792362
reit10 DQ792088  DQ792363
reitl1 DQ792089  DQ792364
reit]2 DQ792090  DQ792365
reit13 DQ792091  DQ792366
37 reit14 DQ792092  DQ792367
reitls DQ792093  DQ792368
reit16 DQ792094  DQ792369
reit17 DQ792095 DQ792370
reit18 DQ792096  DQ792371
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Table S1. Cont.

Sampling places code

GenBank Accession Nos.

Plant code
(see Table 1) trnH-psbA  trnS-trnG
34 reit19 DQ792097 DQ792372
reit20 DQ792098  DQ792373
reit21 DQ792099 DQ792374
reit22 DQ792100 DQ792375
reit23 DQ792101 DQ792376
38 saxil DQ792102  DQ792377
saxi2 DQ792103  DQ792378
saxi3 DQ792104 DQ792379
saxi4 DQ792105 DQ792380
saxi5 DQ792106 DQ792381
saxi6 DQ792107 DQ792382
saxi7 DQ792108 DQ792383
saxi8 DQ792109 DQ792384
saxi9 DQ792110 DQ792385
saxil0 DQ792111 DQ792386
saxill DQ792112  DQ792387
saxil2 DQ792113  DQ792388
saxil3 DQ792114 DQ792389
saxil4 DQ792115 DQ792390
saxil5 DQ792116  DQ792391
saxil7 DQ792117  DQ792392
saxil8 DQ792118  DQ792393
saxil9 DQ792119 DQ79239%4
saxi20 DQ792120 DQ792395
saxi2l DQ792121 DQ792396
saxi22 DQ792122  DQ792397
saxi23 DQ792123  DQ792398
saxi24 DQ792124  DQ792399
saxi25 DQ792125  DQ792400
39 sche5 DQ792126  DQ792401
sche6 DQ792127  DQ792402
sche8 DQ792128  DQ792403
40 sche9 DQ792129  DQ792404
schel0 DQ792130 DQ792405
schell DQ792131 DQ792406
schel2 DQ792132  DQ792407
schel3 DQ792133  DQ792408
schel4 DQ792134  DQ792409
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Table S1. Cont.

Sampling places code

GenBank Accession Nos.

Plant code
(see Table 1) trnH-psbA  trnS-trnG
40 schel5 DQ792135 DQ792410
schel6 DQ792136 DQ792411
schel? DQ792137 DQ792412
schel8 DQ792138  DQ792413
41 schel9 DQ792139  DQ792414
sche20 DQ792140 DQ792415
sche21 DQ792141 DQ792416
sche22 DQ792142  DQ792417
sche23 DQ792143 DQ792418
sche24 DQ792144 DQ792419
sche25 DQ792145 DQ792420
sche26 DQ792146  DQ792421
sche27 DQ792147 DQ792422
sche28 DQ792148  DQ792423
42 sche29 DQ792149 DQ792424
sche30 DQ792150 DQ792425
sche31 DQ792151 DQ792426
sche32 DQ792152  DQ792427
sche33 DQ792153  DQ792428
43 sche34 DQ792154  DQ792429
sche35 DQ792155  DQ792430
sche36 DQ792156  DQ792431
44 sche37 DQ792157 DQ792432
sche39 DQ792158 DQ792433
sche40 DQ792159 DQ792434
sche41 DQ792160  DQ792435
sche47 DQ792161 DQ792436
sche48 DQ792162 DQ792437
sche49 DQ792163  DQ792438
sche50 DQ792164 DQ792439
sche51 DQ792165 DQ792440
sche52 DQ792166 DQ792441
sche53 DQ792167 DQ792442
sche54 DQ792168 DQ792443
sche56 DQ792169 DQ792444
45 sche68 DQ792170  DQ792445
sche69 DQ792171  DQ792446
46 sche70 DQ792172  DQ792447
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Table S1. Cont.

. GenBank Accession Nos.
Sampling places code Plant code

(see Table 1) trnH-psbA  trnS-trnG

46 sche71 DQ792173  DQ792448
sche72 DQ792174  DQ792449

47 sche73 DQ792175  DQ792450
sche74 DQ792176  DQ792451
sche75 DQ792177 DQ792452
sche76 DQ792178  DQ792453
sche77 DQ792179  DQ792454

48 sche78 DQ792180 DQ792455
49 sche79 DQ792181 DQ792456

sche80 DQ792182  DQ792457
50 scheg81 DQ792183  DQ792458
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