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“Depois de marchar por sete dias através das matas, quem vai a
Bauci néo percebe que ja chegou. As finas andas que se elevam do solo a
grande distancia uma da outra e que se perdem acima das nuvens sustentam
a cidade. Sobe-se por escadas. Os habitantes raramente sdo vistos em terra:
tém todo o necessario la em cima e preferem nao descer. Nenhuma parte da
cidade toca o solo exceto as longas pernas de flamingo nas quais ela se
apoia, e, nos dias luminosos, uma sombra diafana e angulosa que se reflete
na folhagem.

Ha trés hipdteses a respeito dos habitantes de Bauci: que odeiam a
terra; que a respeitam a ponto de evitar qualquer contato; que a amam da
forma que era antes de existirem e com bindculos e telescopios apontados
para baixo ndo se cansam de examina-la, folha por folha, pedra por pedra,

formiga por formiga, contemplando fascinados a propria auséncia™.

Italo Calvino, 1972. As Cidades Invisiveis.
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RESUMO

O entendimento da contribui¢do diferencial de processos neutros e adaptativos
envolvidos na diferenciagdo genética entre populagdes, assim como sua relagdo com
varaveis fisicas e ambientais da area de distribui¢do das espécies, ¢ fundamental para
melhorar o conhecimento da histéria evolutiva, mas também para fazer um manejo e
conservagao mais adequados da diversidade genética das espécies. O surgimento da
Planicie Costeira do Atlantico Sul foi um processo relativamente recente, que
conduziu a processos de colonizagdo e expansao dos organismos para um ambiente
costeiro. Os padrdes de estrutura genética gerados em processos de colonizagdo e
expansdo podem ser dificeis de interpretar devido ao fato de que podem apresentar
sinais sobrepostos de efeito fundador em série, isolamento por distancia e isolamento
por ambiente quando envolvem gradientes ecoldgicos na area de estudo. No presente
trabalho foram conduzidas caracterizagdes da diversidade e estrutura genética de dois
taxa predominantemente costeiros co-distribuidos, Calibrachoa heterophylla e
Petunia integrifolia ssp. depauperata, em toda a amplitude da distribui¢do. Também
foram inferidas as dinadmicas de fluxo génico entre populacdes e sua relagdo com
variaveis topograficas e climdticas reconstruidas pelo meio de um levantamento
exaustivo e modelamento para a area de estudo. Processos de diferenciagcdo genética
promovidos pelo regime diferencial de chuvas nos extremos da distribuicao foram
inferidos para as duas espécies. Também foram identificadas populagdes das duas
espécies apresentando alto nivel de mistura de identidade genética nas localidades ao
redor da Lagoa dos Patos. Isso foi associado a alta instabilidade na historia
geomorfologica recente desta regido e dindmicas atuais do vento que favorecem a
dispersdo secundaria de sementes a maiores distancias. Adicionalmente foram

identificados processos espécie-especificos que se relacionaram principalmente a



fatores historicos de cada taxon. Em P. depauperata o efeito fundador relacionado a
um processo Unico de colonizagdo do ambiente costeiro determinou o nivel superior
de estrutura genética, enquanto que em C. heterophylla foi a histdria filogeografica da
espécie na qual a diferenciacdo intraespecifica ¢ anterior a colonizacdo da regiao
costeira atual o fator preponderante. As diferengas de durag@o do ciclo de vida entre
as espécies também influenciaram as dindmicas contrastantes de fluxo génico dos dois
taxa, sugerindo que a colonizagdo e adaptagdo local de C. heterophylla nas bordas da
distribuicdo poderia ser condizente com um processo de monopoliza¢do. Em vista dos
resultados obtidos neste trabalho, propdem-se o desenvolvimento de experimentos de
transplante reciproco para confirmar o processo de adaptagdo local nas duas espécies
e abordagens genOmicas para identificar regides do genoma responsaveis pelos
processos de adaptacdo ao ambiente costeiro e de adaptacao local nas margens da

distribui¢ao.

Palavras chave
Adaptagdo local, Calibrachoa, diferenciagdo ecologica, fluxo génico, isolamento por
ambiente, isolamento por colonizacdo, isolamento por distdncia, microssatélites,

Petunia, Solanaceae.



ABSTRACT

The understanding of differential contribution of neutral and adaptive processes to the
genetic differentiation among populations, as well as its relationship to physical and
environmental variables of species’ distribution area, is essential to improve the
knowledge of species evolutionary history, but also to direct appropriate management
and conservation policies for the genetic diversity. The emergence of the South
Atlantic Coastal Plain was a relatively recent event that led to colonization and
expansion processes to the coastal environment. Genetic structure patterns generated
in colonization and expansion processes can be difficult to interpret because the
overlapping signals, which can present the founder effect in series, isolation by
distance, and isolation by environment in the presence of ecological gradients in the
study area. In this work characterization diversity and genetic structure were
conducted to two co-distributed and predominantly coastal taxa, Calibrachoa
heterophylla and Petunia integrifolia ssp. depauperata alongside their complete
geographical range. Moreover, we also inferred dynamic of gene flow among
populations and investigated the relation between topographical and climatic variables
reconstructed by means of an exhaustive survey and modeling for the study area and
the gene flow. Shared genetic differentiation processes promoted by differential
rainfall conditions at the distribution edges were inferred. In addition, we identified
populations from both species with high level of mixed genetic membership in
locations around the Patos Lagoon. This was associated with a high instability in
recent geomorphological history of coastal region and current wind dynamics that
favor the secondary seed dispersal over longer distances. Additionally, specific

species processes were identified mainly related to historical factors of each taxon. In



P. depauperata founder effects associated with unique colonization process to coastal
environment determined the upper level of genetic structure, while in C. heterophylla
the upper level of genetic structure was related to the phylogeographical history
wherein the intra-specific differentiation preceded colonization to the current coastal
region. The differences of the life span length of the species were also related to
contrasting gene flow dynamics indicating that the colonization and local adaptation
of C. heterophylla at the edges of the distribution could lead to monopolization
process. In view of the results we propose the development of reciprocal transplant
experiments to confirm the local adaptation process in both species and genomic
approaches to identify regions of the genome responsible for the processes of

adaptation to the coastal environment and local adaptation in distribution margins.

Key words
Calibrachoa, ecological differentiation, gene flow, isolation by environment, isolation
by colonization, isolation by distance, local adaptation, microsatellite, Petunia,

Solanaceae.
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INTRODUCAO GERAL

Genética de paisagens: estrutura genética, fluxo génico, ecologia de paisagens e

conservaciao

Os estudos da genética de populacdes que explicitamente quantificam os efeitos da
composi¢do e configuracdo da paisagem sobre os processos micro-evolutivos tais
como a deriva genética, fluxo gé€nico e selecdo natural tém sido enquadrados na area
interdisciplinar da genética de paisagens. Esta estuda associagdes genotipo-habitat,
baseadas em padrdes da estrutura genética, fluxo génico e isolamento reprodutivo
contemporaneo entre individuos ou populagdes, assim como sua relagdo com
caracteristicas bidticas ou abidticas da paisagem, barreiras geograficas e diferencas no
hébitat, as quais permitem gerar entendimento do movimento dos individuos ou
gametas em relagdo a estrutura genética das populagdes, da influéncia do fluxo génico
para aumentar ou prevenir a diferenciagao e da adaptacao local, ou descrever as
dindmicas que facilitam a difusdo de novas muta¢des benéficas (Manel et al. 2003;
Holderegger and Wagner 2006; Storfer et al. 2007; Manel and Holderegger 2013;
Balkenhol et al. 2016).

As andlises de genética de paisagens tém implicagdes no entendimento de
aspectos da ecologia, evolu¢do e conservacao da diversidade genética das espécies, e
¢ por isso que permitem a identificacdo de unidades evolutivas significativas, assim
como unidades de manejo ou de conservacao. A incorporagdo de abordagens
gendmicas dentro da genética de paisagens (i.e., gendmica populacional; (Black IV et
al. 2001) tem permitido a identifica¢ao de ‘outlier loci’, diferenciando assim os

efeitos locus-especificos (selecdo, mutagdo, acasalamento preferencial e
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recombinacdo) dos efeitos gendmicos (deriva genética, fluxo génico, mudangas no
tamanho populacional e endogamia) (Stinchcombe and Hoekstra 2008; Manel et al.
2010). A comparagdo da distribui¢do da diversidade genética observada em loci
neutros ¢ em loci sabidamente sob selecdo permite o entendimento dos mecanismos
que geram padrdes espaciais e também pode ajudar na compreensdo das bases
genéticas da adaptagdo local, diferenciacdo adaptativa, especiagdo ecoldgica e
melhorar a identificacdo de Unidades Evolutivas Significativas (UES).
Anteriormente, esta identificacdo era baseada somente em diferenciacdo genética, sem
considerar o processo envolvido no seu surgimento. Porém, com a aplicacao de
métodos proprios da gendmica populacional, é possivel conservar a diversidade
genética com base no seu isolamento e também na diferenciagcdo adaptativa (Crandall
et al. 2000; Holderegger et al. 2006).

Os estudos de genética de paisagens, quando aplicados em escala da
distribuicdo completa das espécies, precisam prestar maior atencdo aos possiveis
fatores historicos que podem influenciar a diferenciacdo genética. Por isso, as
associagoes entre caracteristicas da paisagem e padrdes de estrutura genética em
escala geografica ampla acabam se assemelhando aos estudos filogeograficos, no
sentido que procuram a identificacdo de barreiras visiveis ou cripticas (interrupgdes)
ao fluxo génico entre populacdes e também investigam processos de contato

secundario entre populagdes previamente isoladas (Anderson et al. 2010; Dyer 2016).

Marcadores moleculares e ferramentas analiticas na genética de paisagens

Os marcadores moleculares mais utilizados em abordagens de genética de paisagens

sdo os microssatélites (SSR) (Storfer et al. 2010). Os SSR sdao também os marcadores
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mais empregados nas abordagens que precisam de informagao em escala
populacional. Estes se caracterizam por apresentar altas taxas de mutagdo, sendo
bastante polimorficos e, por isso, permitem a identificagdo da subestrutura
populacional em diferentes escalas espaciais (Kalia et al. 2010). Além disso, existe o
conhecimento tedrico de sua evolugdo molecular, permitindo o uso de modelos para
inferir padrdes de relacionamento genealdgico (Schldtterer 2000; Ellegren 2004) e, no
caso de microssatélites nucleares, cuja heranca ¢ codominante, permitem fazer
inferéncias de dindmicas micro-evolutivas (fluxo génico e deriva genética), que
podem revelar padrdes de estrutura populacional e relaciona-los a aspectos historicos
ou contemporaneos da interacdo entre populagdes e destas com fatores fisicos do
ambiente como o clima, barreiras geograficas e fragmentacao do habitat (Sork et al.
1999) ou com fatores bioldgicos como o sistema reprodutivo e a longevidade dos
organismos (Duminil et al. 2009).

No nivel de espécies, os microssatélites tém permitido inferir diversos tipos de
processos evolutivos. Entre eles, destacam-se os estudos que permitem comparar
padrdes de diversidade e estrutura genética em habitats conservados ou fragmentados
(Dayanandan et al. 1999; Collevatti et al. 2001); compreender processos de alta
diferenciagdo populacional sem especiag@o por conta de fenomenos de coesao
(Barbara et al. 2007; Palma-Silva et al. 2011); identificar eventos de fluxo génico
interespecifico e hibridizag¢ao (Pinheiro et al. 2010); compreender os componentes
historicos e geograficos dos processos de domesticacdo (Matsuoka et al. 2002;
Roullier et al. 2013); e estabelecer estratégias de conservacao (Diniz-Filho et al.
2012). Adicionalmente, as analises de marcadores microssatélites permitem fazer
comparagdes de padrdes historicos e contemporaneos que tem servido para esclarecer

os processos envolvidos na estruturagdo populacional (Viruel et al. 2012); obter
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estimativas de fluxo génico historico e contemporaneo relacionados as taxas relativas
de migracdo de polen e sementes (Sork et al. 1999); e, em combinacdo com
modelagens de nicho, reconstruir dindmicas da distribuicao das espécies ligadas a
mudangas climaticas (Diniz-Filho et al. 2016).

Para escalas mais detalhadas, as recentes combinagdes de estatisticas
espaciais, sistemas de informagdo geografica e a obtengdo de informagao genética
com numerosos marcadores moleculares altamente polimorficos, permitem a fusdo da
genética de populagdes e a ecologia de paisagens com o objetivo de melhorar o
entendimento de aspectos biologicos e evolutivos das populagdes. As ferramentas de
analise geografico-espacial aplicadas a dados genéticos tém enriquecido a disciplina
da genética de paisagens (Epperson 2003; Fortin 2005; Joost et al. 2007; Kozak et al.
2008; Dyer 2009; Etherington 2011; Vandergast et al. 2011). A partir do mapeamento
espacial das frequéncias alélicas de uma ou mais populagdes e a posterior correlagdo
dos padrdes encontrados com caracteristicas fisicas e ambientais da paisagem, ¢
possivel avaliar a influéncia destes fatores sobre a diversidade e estruturacao das
populagdes (Diniz-Filho et al. 2009; Wei et al. 2013). Na busca de variagdo
adaptativa, embora esteja sendo implementada com marcadores que apresentam maior
quantidade de loci e abrangéncia gendmica (AFLP e SNPs), alguns trabalhos
baseados em EST-SSR e microssatélites anonimos tém conseguido sinais de selecdo
(Oetjen and Reusch 2007; Nosil et al. 2009; Ferrer et al. 2016).

Os estudos de genética de paisagens utilizam ferramentas estatisticas que
medem a influéncia relativa da variag@o nas caracteristicas da paisagem sobre a
conectividade entre populacdes. As avaliagdes de estrutura genética através de
analises de agrupamento sdo realizadas a partir do conjunto de dados genéticos com a

finalidade de inferir populagdes ou grupos de populagdes, bem como as possiveis
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barreiras ao fluxo génico. Ja na avalia¢ao da influéncia da paisagem, os padrdes de
agrupamento podem ser visualmente sobrepostos a paisagem ao longo da distribui¢do
da espécie resultando em analises descritivas do efeito das caracteristicas da paisagem
sobre a estruturacao genética (Frantz et al. 2012). Os tipos de analises de agrupamento
se diferenciam por dois atributos principais: (i) pela utilizagdo ou ndo de modelos de
genética de populagdes que descrevem a distribui¢do de alelos em populagdes
estruturadas (e.g., equilibrio de Hardy—Weinberg); e (ii) pela utilizagcdo ou ndo da
informacgao espacial na defini¢do dos grupos (Frangois and Waits 2016).
Adicionalmente, a estratégia de definicdo do nimero de grupos pode influenciar em
grande medida as inferéncias sobre a estrutura populacional (Puechmaille 2016).
Devido a variedade de abordagens e seu ajuste as perguntas de cada abordagem em
particular, tem sido recomendado explorar varias ferramentas para fazer
agrupamentos, procurar as mais adequadas, analisar o grau de confiabilidade
estatistica e o sentido bioldgico dos resultados (Manel et al. 2005; Francois and
Durand 2010).

Em resposta a necessidade de que as analises de genética de paisagens avaliem
de forma quantitativa e espacialmente explicita os efeitos do ambiente na
conectividade entre as populagdes (Storfer et al. 2010), recentemente tem-se
incrementado o uso de estatisticas que avaliam e medem a influéncia de varidveis
espaciais e ambientais na diferenciacdo ou conectividade genética. As estatisticas
mais utilizadas sdo o teste de Mantel (Mantel 1967) e a regressao entre matrizes de
distancia, os quais tém sido muito utilizados na genética de populacdes para avaliar
padrdes de isolamento por distancia (IBD, pela sigla em inglé€s). Além do
estabelecimento da estrutura espacial da variagdo genética, ¢ imperativo estabelecer

de forma inicial se um conjunto de dados apresenta IBD, porque este tipo de padrao
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de diferenciag¢do pode enviesar os resultados das analises de estrutura¢dao populacional
¢ detecgdo de loci sob selegdo (Frantz et al. 2009; Meirmans 2012). Neste mesmo
sentido, o teste de Mantel parcial (Smouse et al. 1986) ¢ usado para testar a
dependéncia entre duas matrizes de distdncia (usualmente genéticas, morfoldgicas ou
ambientais) controlando pelo efeito de uma terceira matriz (usualmente de distancias
geograficas). Numerosos estudos t€ém aplicado o teste de Mantel parcial para avaliar
de modo espacialmente explicito se condigdes fisicas ou ambientais t€ém influéncia
sobre a variacdo genética, elevando este teste a condicdo de um dos métodos mais
populares na genética de paisagens (Storfer et al. 2010). No entanto, avaliagdes
recentes do desempenho do teste de Mantel e suas variagdes tém resultado em criticas
relacionadas com a falta de poder estatistico (habilidade de um método de detectar um
efeito quando este estd presente nos dados) e a alta taxa de erro do tipo I (resultados
com p-valores erroneamente pequenos) com o incremento da autocorrelagio entre as
variaveis (Balkenhol et al. 2009; Legendre and Fortin 2010; Guillot and Rousset
2013).

Porém, apesar das criticas, considera-se que o teste de Mantel e estatisticas
relacionadas ainda constituem uma ferramenta util para analises exploratdrias, embora
seja recomendo complementar com outras analises (Diniz-Filho et al. 2013; Cushman
et al. 2013). Recentemente tém sido descritas numerosas alternativas que apresentam
grande potencial para enriquecer as analises de genética de paisagens superando os
problemas de multicolinearidade entre as varidveis ecologicas e espaciais (Prunier et
al. 2015; Richardson et al. 2016). Entre estas, encontram-se as analises de regressao
multipla de matrizes de distancias (Lichstein 2007; Wang 2013; Balkenhol et al.
2014); as regressdes multiplas baseadas em mapas de autovetores de Moran (ou em

inglés: Moran’s Eigenvector Maps; (Dray et al. 2006; Legendre et al. 2015); os
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modelos lineares mistos generalizados (ou em inglés: Generalized linear mixed
models), que tém ajudado a encontrar relagdes entre variaveis ambientais e variagao
genética levando em conta a autocorrelagdo espacial (Bolker et al. 2009; Van Strien et
al. 2012); e as técnicas de ordenamento condicionado (anélises de redundancia ou de
correspondéncia candnica) usadas para avaliar a contribui¢do relativa de um preditor
ou um conjunto destes sobre a varidncia de uma variavel dependente (Legendre and
Anderson 1999; Angers et al. 1999; Balkenhol et al. 2009). Tem sido demonstrado
que as analises multivariadas que incluem varidveis de paisagem conseguem explicar
melhor as varia¢des de distancia genética entre as populacdes (Storfer et al. 2010).

Finalmente, as revisdes mais recentes t€ém enfatizado a importancia de
implementar os estudos da genética de paisagens pelo meio de abordagens baseadas
em hipoéteses. Entre os beneficios de elaborar hipoteses a priori encontram-se a
possibilidade de realizar estratégias de amostragem focalizadas nas varidveis de
interesse, produzir estimativas mais precisas dos parametros, minimizar a influéncia
de correlagdes espurias e testar rigorosamente as hipdteses (Storfer et al. 2010;

Richardson et al. 2016).

Planicie Costeira do Atlantico Sul

Considerando que as caracteristicas fisicas e ambientais dos locais onde as espécies
ocorrem determinam sua distribuicdo geografica, o tamanho das populagdes,
influenciam os padrdes de estrutura genética e as dindmicas de fluxo génico, neste
trabalho foi desenvolvida uma revisdo detalhada das caracteristicas geomorfoldgicas e

climaticas da Planicie Costeira do Atlantico Sul (PCAS) para permitir um melhor
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entendimento dos processos evolutivos histdricos e contemporaneos dos organismos

que ocorrem nesta regido.

Geomorfologia

A PCAS faz parte de uma provincia fisiografica composta pelos escudos sul-
rio-grandense e uruguaio (embasamento cristalino pré-cambriano) e a Bacia de
Pelotas. Esta tltima constitui um sistema deposicional que tem acumulado mais de
10.000 m de sedimentos, principalmente continentais, desde sua formagao no periodo
Cretaceo Tardio. A se¢dao mais jovem deste acimulo compoe a PCAS, que se
caracteriza por ser uma alongada (620 km), ampla (ca. 100 km) e continua planicie de
terras baixas, localizada em uma regido costeira aberta, que contém um dos registros
mais completos do processo deposicional do periodo Quaternario das costas do Brasil
(Tomazelli and Dillenburg 2007) (Figura 1). A PCAS compde um tragado de costa
regular, com orientacao sudoeste (SO) - nordeste (NE), que se estende até o NE no
promontoério rochoso do Farol de Santa Marta (estado de Santa Catarina), até¢ o SO no
promontoério rochoso de Cabo Polonio (Uruguai). A PCAS ¢ cortada por cinco canais
perenes, o canal de Rio Grande, o rio Tramandai, o Rio Ararangud, o Rio Mampituba

e 0 Arroio Chui.
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Figura 1. Representacdo esquematica da geomorfologia da Planicie Costeira do

Atlantico Sul modificado de (Tomazelli and Villwock 2005; Tomazelli and

Dillenburg 2007) em vista horizontal (painel superior) e em sec¢ao transversal (painel

inferior).
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A geomorfologia da PCAS esta caracterizada por dos sistemas deposicionais:
o sistema de leques aluviais e o sistema do tipo laguna-barreira (Tomazelli and
Villwock 2005); Figura 1). O sistema de leques aluviais se encontra a oeste dos
grandes corpos de d4gua da PCAS e marca a transi¢@o entre as terras altas continentais
e os sistemas de tipo laguna-barreira. O sistema de leques estd subdividido em dois
tipos: os leques ao norte da PCAS, que recebem sedimentos do Planalto da Serra
Geral provenientes da Bacia de Parana (terras altas formadas por rochas vulcanicas e
sedimentarias com origem no Paleozdico e Mesozdico, que localmente alcangam
altitudes de 1000 m); e os leques de toda a margem oeste da PCAS situada ao sul da
cidade de Porto Alegre (RS), que recebem sedimentos do escudo Sul-rio-grandense
(escudo Pré-cambriano formado por rochas igneas e metamorficas; (Tomazelli and
Villwock 2005); Figura 1).

Atualmente os sedimentos arenosos, produto da erosao, sdo depositados no
sistema de lagunas costeiras que dominam a maior parte da PCAS, algumas de
grandes dimensdes como a Lagoa dos Patos e a Lagoa de Mirim (Figura 1). Mas em
estagios iniciais da formagao da PCAS, os principais rios da regido, como o Jacui,
Camaqua e Jaguardo, fragmentavam a costa e desaguavam diretamente no Oceano
Atlantico (Weschenfelder et al. 2010; Santos-Fischer et al. 2016).

A caracteristica geomorfoldgica mais relevante da PCAS ¢ a presenca de
sistemas deposicionais do tipo laguna-barreira que, no flanco continental, apresentam
os extensos depositos lagunares costeiros ja mencionados. O sistema apresenta quatro
barreiras arenosas paralelas a linha de costa que tiveram origem nos processos de
transgressao e regressao do nivel do mar, relacionados com os periodos interglaciais e
glaciais ocorridos no Pleistoceno e Holoceno. A formagao da Laguna-Barreira I, a

mais interna, ¢ relacionada a grande transgressd@o marinha ocorrida ha 400 mil anos
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(Ka A.P.), que cobriu até a regido do municipio de Porto Alegre, ficando emersos
somente os morros graniticos que atualmente circundam a cidade. A formacao da
Laguna-Barreira II estad relacionada com uma transgressao ocorrida ha 325 Ka A.P.
que invadiu uma area menor que a anterior. A formagdo da Laguna-Barreira III
ocorreu hé cerca de 120 Ka A.P. e invadiu uma area consideravelmente menor que a
anterior e a qual se atribui a formag¢ao das barreiras e restingas que fecharam os
grandes sistemas lagunares observados na atualidade. Finalmente, no Holoceno, ha
cerca de 7-8 Ka A.P., ocorreu a tltima transgressao que formou a Laguna-Barreira IV
(Figura 1). A praia oceénica atual faz parte do sistema Laguna-Barreira IV (barreira
holocénica) e ¢ uma area que sofre alto impacto da agdo marinha e edlica. A 4rea mais
proxima a costa apresenta um campo de dunas bem desenvolvido e extenso, com
dunas ativas intercaladas por dunas semi-estabilizadas pela vegetacdo, que
apresentam largura de entre 2 — 8 km (Hesp et al. 2005). Estas dunas recebem o nome

de ‘dunas transgressivas’ porque migram com trajetoria da costa para o continente.

Clima

De acordo com caracteristicas climaticas, a PCAS pode ser subdividida em
trés setores: o Litoral Norte (de Torres até Cidreira), o Litoral Centro (de Palmares do
Sul e Barra do Ribeiro até Sao José do Norte e Pelotas), e o Litoral Sul (de Rio
Grande até o Chui).

O clima da PCAS ¢ classificado em temperado subtropical e a amplitude
térmica ¢ alta, indo desde temperaturas inferiores a 0 °C no inverno, até¢ mais de 35 °C
no verdo. Embora de maneira geral a precipitacao seja bem distribuida ao longo do
ano, existem algumas diferengas ao longo da PCAS. As escarpas da Serra Geral, no

Litoral Norte, geram um regime de umidade maior em relagdo aos outros setores que
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esta relacionado com a producdo de precipitagdes orograficas com maior intensidade
no verdo (Carmargo 2002). Nos setores Centro e Sul da PCAS podem ocorrer
periodos mais intensos de chuvas no inverno relacionados com a penetragdo frontal de
ciclones migratorios extratropicais muito ativos nesta época do ano (Grimm et al.
1998).

O clima da regido ¢ determinado pelo Anticiclone Tropical Sul Atlantico
(ATSA), o Anticiclone Polar Migratorio (APM) e a Depressao Térmica
Semipermanente do Chaco (depressdo de Chaco). O ATSA ¢ um centro de alta
pressdo composto de massas de ar quente e imido. O APM ¢ um centro de alta
pressdo alimentado por massas de ar frio, que tem comportamento migratério em
direcdo a nordeste. Este deslocamento do APM gera a formagao de dois centros de
alta pressao que produzem um centro de baixa pressdo no meio (frentes frias) e sao
acompanhados de ventos ciclonicos, instabilidades climaticas e precipitagdes. O
ATSA ocorre predominantemente na primavera e verao e um gradiente de pressao
deste com a depressdo de Chaco geram ventos com sentido Leste (L) — NE ao longo
de toda a PCAS. Durante o outono ¢ inverno, o APM ¢ mais ativo ¢ entdo
predominam os ventos ciclonicos em dire¢do sul (S) — SO (Carmargo 2002; Martinho
2008).

Estas caracteristicas de vento e a variagdo deste ao longo da PCAS
representam um potencial de transporte diferencial de areia nos campos de dunas
(Martinho 2008). No setor Norte da PCAS os ventos provenientes do Norte (N) — NE
e S — SO sdo os mais importantes, produzindo um transporte de areia com dire¢ao
noroeste (NO). Em Imbé e Tramandai (setor Norte), os ventos provenientes do NE
sd0 os que apresentam maior velocidade e frequéncia, produzindo um transporte

potencial com direcdo SO. Em Mostardas (setor Centro), encontra-se a localidade
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com maior impacto do vento, que apresenta as maiores frequéncias de ventos com
velocidades superiores a 17 m/s e a menor quantidade de tempos calmos; esta ¢
também a regido que apresenta uma ampla varia¢do na dire¢d@o do vento que leva a
um transporte em geral com dire¢do a oeste (O). Em Rio Grande (limite sul do setor
Centro), encontra-se a localidade com os ventos mais fracos da PCAS, com dire¢des
opostas que terminam quase se anulando entre si. Nesta area, o transporte de areia ¢
muito pequeno, com dire¢do NO. O Chui (setor Sul) estd exposto com maior
frequéncia a ventos provenientes do L — NE, mas os ventos provenientes do S,
embora menos frequentes, tém maior velocidade e sdo mais determinantes,

promovendo um transporte potencial com diregdo N — NO.

Caracterizacao dos modelos biologicos

Neste trabalho foram utilizadas como modelos bioldgicos duas espécies: Petunia
integrifolia (Hook.) Schinz & Thell. e Calibrachoa heterophylla (Sendtn.) Wijsman,
que ocorrem exclusiva ou predominantemente ao longo de toda a PCAS.

Os géneros Petunia Juss. e Calibrachoa Cerv. ex LalLlave & Lex estdo
inclusos no clado Petuniae da familia Solanaceae (Olmstead et al. 2008; Reck-
Kortmann et al. 2015), apresentam distribui¢do subtropical Atlantica e s@o
estritamente campestres, ocorrendo principalmente em campos com afloramentos
rochosos e solos pedregosos no planalto sul-brasileiro e da regido do Pampa
(Stehmann et al. 2009); algumas espécies ocorrem em areas antropizadas, sendo
consideradas como pioneiras e colonizadoras de areas abertas, como sdo as clareiras,

bordas de floresta e mesmo beiras de estrada (Vendruscolo 2009).
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Calibrachoa Cerv.

As espécies de Calibrachoa tém habito arbustivo e com caules lenhosos,
caracteristica esta que sugere que sejam perenes, com excegdo de C. parviflora (Juss.)
D'Arcy e C. elegans (Miers) Stehmann & Semir. A corola das flores deste género é
predominantemente zigomorfa, infundibuliforme, com a base tubulosa amarela ou
esbranquicada, com prefloragdo conduplicada, onde as pétalas que formardo os lobos
inferiores se dobram sobre as trés restantes; as flores tém cinco estames arranjados em
trés alturas diferentes e polen amarelo, caracter que as diferencia da maior parte das
espécies do género Petunia. Nao existe registro de qualquer estratégia de propagagao
vegetativa e 0 mecanismo de dispersdo de sementes € por liberagdo direta no solo,
perto da planta mae. O habitat preferencial das espécies de Calibrachoa sao
afloramentos rochosos, bordas de floresta e campos arenosos ou pedregosos
(Stehmann 1999).

O género Calibrachoa inclui 27 espécies restritas principalmente a areas de
campos de altitude do sul do Brasil, mas também se encontram em areas proximas aos

limites com Argentina, Uruguai e Paraguai (Fregonezi et al. 2012).

Calibrachoa heterophylla (Sendtn.) Wijsman

As plantas de C. heterophylla se caracterizam como subarbustos, fortemente
lignificados na base, com muitos ramos, inicialmente eretos e logo decumbentes;
apresentam braquiblastos axilares e folhas pequenas, sésseis, de 1amina linear,
densamente pubérulo-glandulosas em ambas as faces. As plantas apresentam uma
coloragdo caracteristica esbranquigada ou acinzentada nos ramos jovens, folhas e

calice, conferida pelos graos de areia aderidos ao indumento. As flores sdo de cor
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magenta ou purpurea com fauce amarelada circundada por um anel purptreo-escuro,
caracteristicas relacionadas com a melitofilia (Figura 2; (Stehmann 1999).

C. heterophylla habita dunas e campos arenosos, preferencialmente ao longo
da PCAS nos estados de Santa Catarina (SC) e Rio Grande do Sul (RS), em areas de
influéncia marinha, lagunar ou lacustre; caracteristica que a diferencia da maior parte
das espécies do género e que se relaciona com sua alta afinidade por ambientes com
influéncia do halito marinho e alto conteudo de sal da areia das praias (psamofilia).
No entanto, trés populagdes encontradas em praias da bacia do rio Santa Maria
(regido da Campanha do RS) foram determinadas como C. heterophylla.

O tnico estudo realizado para C. heterophylla mostrou que a espécie apresenta
quatro linhagens intraespecificas, uma delas de distribui¢do continental. As trés
linhagens restantes sdo encontradas apenas na PCAS e configuram uma estrutura
geografica bem estabelecida norte, centro e sul. A divergéncia das trés linhagens
costeiras foi relacionada com um processo anterior a formagao da PCAS com os rios
Jacui e Jaguardo, que antes da formagdo da PCAS desembocavam diretamente no
Oceano Atlantico, atuando como barreiras ao fluxo entre as linhagens refor¢ando o

processo de diferenciacdo entre elas (Figura 3A; (Méder et al. 2013).
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Figura 2. Caracteristicas morfologicas e do habitat de Calibrachoa heterophylla
numa localidade a beira da Lagoa do Patos préxima ao municipio de Pelotas, RS.

Fotografias tomadas por G. Silva-Arias.
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Figura 3. Modelos historico-demograficos de Calibrachoa heterophylla (A) e
Petunia integrifolia ssp. depauperata (B) baseados em dados de sequencias de

cloroplasto publicados em (Mider et al. 2013) e (Ramos-Fregonezi et al. 2015).
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Petunia Juss.

O género Petunia abrange plantas herbaceas e de crescimento monocarpico,
caracteristicas associadas ao carater anual e ao ciclo de vida curto, ajustado a
sazonalidade climatica da regido de ocorréncia do género. A maioria das espécies
apresenta tricomas simples, multicelulares, unisseriados e com apices glandulosos,
que contém sustancias viscosas, alcaloides ou agucares esterificados, possivelmente
relacionados a protecdo contra insetos. As flores apresentam célice fendido até
proximo a base; a corola tem prefloracao imbricada, ¢ actinomorfa ou zigomorfa e de
coloragdo purplirea na maioria das espécies, embora algumas espécies apresentem
corolas de cor vermelha ou branca. A maioria das espécies possui polen em tons
violaceos, mas tons amarelos sdo encontrados em P. axillaris (Lam.) Britton, Sterns
& Poggenb., P. exserta Stehmann e P. secreta Stehmann & Semir. A sindrome floral
da melitofilia ¢ predominante no género, mas sindromes como ornitofilia e
esfingofilia sdo encontradas em algumas espécies (Stehmann et al. 2009).

O género Petunia compreende 14 espécies distribuidas em regides
subtropicais e temperadas de América do Sul. Reconstrugdes biogeograficas
propuseram que a origem do género Petunia ocorreu na regido dos Pampas com

posterior migragdo para regides de campos de altitude (Reck-Kortmann et al. 2014).

Petunia integrifolia (Hook.) Schinz & Thell.

A espécie P. integrifolia é dividida em duas subespécies de acordo
principalmente com o ambiente onde se distribuem: P. integrifolia ssp. integrifolia
(daqui para a frente chamada apenas de P. integrifolia), que ocorre na regido dos
Pampas (RS, Uruguai e Argentina), ¢ P. integrifolia ssp. depauperata (R.E.Fr.)

Stehmann (resumidamente, P. depauperata), que se distribui ao longo da PCAS,
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atingindo o estado de Santa Catarina (Floriandpolis) em seu limite norte e o litoral do
Uruguai (departamento de Treinta y Tres) ao sul (Stehmann and Bohs 2007).

As plantas de P. depauperata apresentam habito procumbente, com caules
longos que permanecem sobre o solo sem enraizar; a forma das folhas e a densidade
do indumento sdo variaveis; as flores sdo purplreas e menores em comparacao as
flores das demais espécies do complexo integrifolia (Ando et al. 2005a); grupo de
espécies morfologicamente semelhantes a P. integrifolia, que ao menos uma vez
foram consideradas como sindénimos ou subespécies desta). E uma espécie psamofila,
que cresce nos campos arenosos dos sistemas lagunares ou nas dunas e afloramentos
rochosos do litoral da PCAS (Figura 4; Stehmann 1999).

P. integrifolia apresenta a segunda maior distribuigdo do género, assim como
alto grau de variabilidade morfoldgica e ecoldgica. Esta diversidade tem conduzido a
instabilidade taxondmica desta espécie ao longo dos anos (Ando et al. 2005b;
Stehmann and Bohs 2007). P. depauperata ¢ suportada por dados moleculares como
uma linhagem independente de P. integrifolia, restrita 8 PCAS e que engloba também
as populacdes anteriormente descritas como P. littoralis L.B. Sm. & Downs (Longo et
al. 2014).

A origem de P. depauperata tem sido interpretada como um processo de
divergéncia de populagdes periféricas a partir de uma linhagem continental que, em
estagios iniciais do surgimento da PCAS ha ~ 400 Ka A.P., foi isolada em ilhas
temporais durante as transgressdes marinhas na area conhecida como Coxilha das
Lombas (Laguna-Barreira I; Figura 1) e nos morros graniticos localizados na regido

do municipio de Porto Alegre, RS (Figura 3B; (Ramos-Fregonezi et al. 2015).
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Figura 4. Caracteristicas morfologicas e do habitat de Petunia integrifolia ssp.
depauperata numa localidade na beira da Lagoa do Patos proximo ao municipio de

Pelotas, RS. Fotografias tomadas por G. Silva-Arias
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Considerando o conhecimento previamente desenvolvido da historia
genealogica de C. heterophylla e P. depauperata (Figura 3) e o forte padrao de co-
ocorréncia destas espécies na PCAS, surgiram novas questdes de como relacionar a
geomorfologia e as condi¢des abidticas atuais da PCAS com o padrao de estruturagdo
genética contemporanea observado nestas espécies, que consequentemente pode
resultar em eventuais sinais de estrutura¢@o e adaptagdo local convergente. Para dar
resposta a estas novas perguntas foi desenvolvida uma avaliacao da diversidade e
estrutura genética destas espécies por meio de uma abordagem de genética de
paisagens que permitiu expandir o entendimento da histdria natural destas espécies,
avaliar padrdes gerais da colonizagdo da PCAS e propor algumas diretrizes de

conservagao para a regiao, que se configuram na presente tese.
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OBJETIVOS

Entender a influéncia da historia demografica, caracteristicas geomorfologicas e
interagdes ecologicas sobre os padrdes de estruturagdo genética e fluxo génico em
espécies sob processo de colonizagdo de ambientes costeiros. Com isto, esperava-se
identificar processos de diferenciagcdo populacional, dinamicas preferenciais de fluxo
génico e adaptacdo local relacionados com diferengas nos locais de ocorréncia das

populagdes.

Objetivos especificos

e Desenvolver ou transferir marcadores genéticos microssatélites para as
espécies de estudo e caracterizar sua variabilidade em populagdes naturais.

e Obter camadas climaticas especificas para a regido de estudo adequadas para
realizar correlagdes com dados genéticos e modelos de nicho.

e Analisar padrdes de estrutura populacional e fluxo génico nas espécies
Petunia depauperata e Calibrachoa heterophylla e entender sua relagdo com

caracteristicas fisicas e ecologicas da sua area de distribuigao.

32



ESTRUTURA E ORGANIZACAO DA TESE

Com o objetivo de apresentar o conjunto de resultados obtidos no desenvolvimento do
projeto, esta tese esta dividida em trés capitulos os quais sdo apresentados em forma
de artigos nos respectivos formatos dos periddicos aos quais foram ou serdo
submetidos. Finalmente as consideragdes finais apresentam uma discussao geral dos

resultados que levaram ao alcance dos objetivos propostos.

Capitulo 1

“From inland to the coast: spatial and environmental signatures on the genetic
diversity in the colonization of the South Atlantic Coastal Plain”

Autores: Gustavo A. Silva-Arias, Maikel Reck-Kortmann, Bryan C. Carstens,

Heinrich Hasenack, Sandro L. Bonatto ¢ Loreta B. Freitas.

Este manuscrito corresponde a um artigo em processo de revisao na revista Molecular
Ecology. Neste trabalho, através da caracteriza¢ao da diversidade e estrutura genética
de Petunia depauperata em relagdo as variaveis climaticas e espaciais, reconstruimos
os processos de colonizagdo da PCAS por ancestrais de origem continental. Neste
trabalho, encontramos que o fluxo génico das populagdes do centro da distribui¢do em
direcdo as populacdes marginais poderia ter facilitado o processo de expansao e
adaptacdo local nos extremos da distribuicdo de P. depauperata por via do

enriquecimento da diversidade genética e contribuicao de alelos adaptativos.
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Capitulo 2

“Novel microsatellites for Calibrachoa heterophylla (Solanaceae) endemic to the
South Atlantic Coastal Plain of South America”.

Autores: Gustavo Adolfo Silva-Arias, Geraldo Mader, Sandro L. Bonatto e Loreta B.

Freitas.

Este manuscrito corresponde a uma nota com a descri¢ao de primers publicada na
revista Applications in Plant Sciences (American Journal of Botany). O trabalho
reporta o desenvolvimento de 16 marcadores de microssatélite especificos para
Calibrachoa heterophylla, descreve sua variabilidade para 57 individuos de duas
populagdes desta espécie e resultados da transferabilidade para 12 espécies de
Calibrachoa representantes de todas as linhagens evolutivas até o0 momento

identificadas para o género.

Capitulo 3
“New insights on climatic driven genetic differentiation in peripheral
populations during a coastal colonization process”

Autores: Gustavo A. Silva-Arias, Giovanna C. Giudicelli e Loreta B. Freitas.

Este capitulo corresponde a um artigo em preparacao a ser submetido a revista
Journal of Evolutionary Biology. Este trabalho apresenta os padrdes observados de
diversidade e estrutura genética de Calibrachoa heterophylla, que podem ser
explicados por um complexo grupo de processos que incluem a histéria demografica

da espécie, isolamento por distincia, redu¢do da diversidade durante a onda de

34



expansao em direcdo a regido costeira, isolamento e diferenciacdo local de populagdes

marginais possivelmente refor¢ado por caracteristicas do ambiente.

Consideracoes Finais

A tltima se¢@o desta tese discute de modo global os resultados mais importantes
obtidos no desenvolvimento do projeto em relagdo as principais perguntas evolutivas
envolvidas, sintetizando os resultados dos capitulos e mencionando as principais

conclusdes e perspectivas para o desdobramento desta tese.
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CAPITULO 1

Artigo submetido a revista Molecular Ecology
From inland to the coast: spatial and environmental signatures on the genetic

diversity in the colonization of the South Atlantic Coastal Plain
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Abstract

The processes of colonization and range expansion to novel environments can be
traceable in the genetic diversity of the organisms, but sometimes can be difficult to
disentangle between them. In this work we investigate the association of spatial and
climatic variables with the genetic diversity and gene flow patterns of wild Petunia
populations involved in a process of colonization of coastal environment in a
landscape genetics framework. Over 300 individuals from 17 populations were
genotyped using ten microsatellite loci. Results from a variety of analyses suggest that
genetic diversity is higher in populations located at the center of the species range,
and that gene flow follows a source-sink dynamics between the inland and coastal
founder populations to the coastal peripheral populations. We identify a sharp genetic
differentiation between inland and coastal populations consistent with a process of
adaptive divergence during the coast colonization. Our results show a consistent
association signals between precipitation seasonality and genetic population
differentiation that could be related with local adaptation processes in edge
populations. We deduce that this local adaptive divergence can be facilitated by
genetic enrichment by gene flow from the coastal founder populations and by rapid
allele fixation processes owing to serial founder effects during the range expansion

across the coast.
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Introduction

Investigations into diverging lineages that occupy regions with different ecological
conditions enable researchers to understand how colonization and adaptation
influences spatial patterns of genetic diversity (Nosil et al. 2009; Ferchaud & Hansen
2016; Laurent et al. 2016). The recognition of isolation by distance (gradual genetic
differentiation across populations as product of limited dispersal), isolation by
colonization (sharp differentiation patterns result of founder effects), and isolation by
environment (differentiation as product of prevented migration between populations
occupying different environments) is particularly challenging due to the
superimposition of their respective signal in the genetic data. For example, when an
organism colonizes a region with new ecological conditions, genetic divergence can
be enhanced by the reduction of gene flow related to the spatial separation as well as
by selection against maladapted migrants. Local adaptation to new environmental
conditions may give rise to the emergence of genetically distinct lineages by the
interruption of gene flow and drift (e.g., Misiewicz & Fine 2014); however,
ecological differences could do not match with the genetic differentiation in cases
when selection is stronger to maintain habitat specific phenotypes in the presence of
high inter-population gene flow (e.g., Hoekstra et al. 2005).

The complex relationship between historical and ecological processes in
determining the spatial distribution of species can be assessed using a landscape
genetics framework (Manel et al. 2003). Landscape genetics is a field that has
developed rapidly due to the sophistication of molecular methods, statistical analyses,
and the availability of spatial ecological data (Storfer et al. 2007, 2010; Manel &
Holderegger 2013). Several factors, including the genetic markers, geographical range

of the focal species, as well as the methods used to detect gene flow with regards to
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environmental gradients, may influence the inference about the relation between
space and environment on the observed patterns of genetic differentiation.

The South Atlantic Coastal Plain (SACP) is a well-characterized geomorphologic
coastal formation, and constitutes the largest coastal plain in South America. It is a
flat, continuous, and open coast occupied mostly by large coastal lakes. The SACP
extends NE-SW for approximately 600 km and is crossed by only two perennial water
channels (Tomazelli et al. 2000; Weschenfelder et al. 2010). The SACP was formed
during oscillatory sea level transgressions and regressions caused by the glacial-
interglacial cycles during the Pleistocene. Each transgression and regression cycle
caused the formation of one sand barrier, positioned parallel to the coast (barrier-
lagoon systems I to IV; (Tomazelli et al. 2000; Tomazelli & Dillenburg 2007). After
Quaternary sea-level changes and the establishment of the current SACP, vegetation
from the west could expand into this new environment and adapt to different
conditions of salinity, soil composition, climate, and hydric regime (Mader et al.
2013; Ramos-Fregonezi et al. 2015).

Coastal environments offer particular climatic and edaphic conditions, such as
salt exposition, temporal flooding, and seasonal or permanent strong winds.
Additionally, coast habitats present an inherent linear shape, conditioning the
distribution of the taxa restricted to these regions. Global climatic changes can
strongly affect the availability of suitable habitats for coastal organisms over time
(Hoegh-Guldberg & Bruno 2010; Reyer et al. 2013). Several investigations have
addressed the phylogeographical patterns of coastal organisms and their distributional
and demographic responses to climate changes (Weising & Freitag 2007); they have
also discussed physiological and genetic approaches to examining specific

mechanisms of adaptation to saline environments (Zhu 2001; Lowry et al. 2009).
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However, assessing the colonization process of saline environments involving sister
inland-coastal lineages through the characterization of genetic diversity and gene flow
in relation to spatial and ecological variables could be important to understanding the
adaptation to saline environments from an evolutionary point of view.

The aim of this study was to identify genetic diversity and gene flow responses of
the colonization process of a unique lineage of the Petunia genus (Solanaceac)
restricted to the SACP through a landscape genetic assessment. We focused into the
P. integrifolia subsp. depauperata (hereafter P. depauperata) in order to understand
the process of colonizing coastal environments from a continental antecessor, and to
disentangle spatial and ecological patterns in their genetic diversification within the
coast. Additionally, we assessed the influence of two different sets of climatic
variables on the recovering isolation by environment processes. We specifically
addressed the following questions: (1) Which were the main determinants of the
genetic diversity and structure in a coastal colonization process? (2) Did spatial or

ecological factors constrain the inter-population gene flow?

Materials and Methods

Study system

Petunia depauperata is a diploid (2n=14), prostrate annual herb, with purplish bee-
pollinated flowers. This taxon is restricted to open sandy grasslands, dunes or rocky
outcrops of lakeside or marine environments from the SACP; further, P. depauperata
is the only lineage of Petunia found in coastal environments. It likely originated
around 400 thousand years ago (kya) from populations of its closest relative, P.
integrifolia subsp. integrifolia (hereafter P. integrifolia), a widespread taxon in inland

grasslands (Longo et al., 2014; Ramos-Fregonezi et al., 2015). These studies suggest
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that P. depauperata divergence could have begun from eastern peripheral populations
of P. integrifolia temporally isolated in emerged regions [granitic hills around the
Porto Alegre municipality (Rio Grande do Sul state, Brazil; ~ 30 Lat S) and fossil
dune fields; barrier-lagoon system I] during a marine transgression, which occurred
around 400 kya.

The current known latitudinal distribution of P. depauperata follows the coastal
line from the northern extreme around the city of Garopaba (Santa Catarina state,
Brazil; ~ 28 Lat S) reaching the southern extreme in La Coronilla (Rocha department,
Uruguay; ~34 Lat S). Populations of P. depauperata are found from the sea line to
less than 90 km from the coast, with two populations separated from the sea by big

lagoons (Fig. 1).

Sampling

We sampled 307 individuals from 17 localities (hereafter referred as populations):
236 individuals (12 populations) were identified as members of the coastal lineage (P.
depauperata), with the remaining 71 individuals (five populations) from the inland
lineage (P. integrifolia) based on morphological and environmental traits (Stehmann
& Bohs 2007) and genetic characterization (Longo et al. 2014; Ramos-Fregonezi et
al. 2015). Four of the inland lineage populations (Guaiba, Viamao, Tapes, and
Arambaré¢; Fig. 1) were located in fossil dune fields that presented a coastal
environment 400 kya. Leaves of all individuals were collected during the flowering
season between 2002 and 2013 (September to February) and preserved in silica gel.
The number of individuals per population varied from 14 to 33 for P. depauperata
and five to 15 for P. integrifolia (Table 1). One herbarium voucher per population

was taken and deposited in the ICN Herbarium, Universidade Federal do Rio Grande
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do Sul, Porto Alegre, Brazil, or the BHCB Herbarium, Universidade Federal de Minas

Gerais, Belo Horizonte, Brazil.

DNA extraction and genotyping

The total DNA was extracted following the protocol of Roy et al. (1992). Individuals
were genotyped for ten microsatellite loci (PM101, PM21, PMS8, PM167, PM192,
PM110, PM184, PM157, PM117, PM177); they were described and mapped in two
Petunia hybrids (Bossolini et al. 2011) and successfully transferred to wild Petunia
species (Turchetto et al. 2015). Selected loci were located in six of the seven Petunia
chromosomes (Bossolini et al. 2011), and although some were located on the same
chromosome, all were more than 40 cM apart from each other. An additional nine loci
were tested and discarded due to their monomorphic status in a preliminary screening
in P. depauperata. For details of PCR and genotyping, see Appendix S1 (Supporting

information).

Genetic diversity and structure
Basic diversity statistics, such as allele numbers (A), allele richness (Ar), private
alleles (pA), observed heterozygosity (Ho), and gene diversity (Hs) were calculated
using the packages ADEGENET 2 (Jombart 2008; Jombart & Ahmed 2011), POPPR 2.0.2
(Kamvar et al. 2014, 2015), and HIERFSTAT 0.04-14 (Goudet 2005, 2014) in R 3.2.1
(R Core Team 2016) and ARLEQUIN 3.5 (Excoffier & Lischer 2010). Details can be
found in Appendix S1 (Supporting information).

Genetic clustering analyses were performed with STRUCTURE 2.3.4 (Pritchard et
al. 2000). The number of groups (K) evaluated ranged from 1 to the total number of

populations (17), with ten independent runs per K-value. Each run was performed
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using 2.5 x 10> burn-in periods and 1.0 x 10° Markov chain Monte Carlo repetitions
after burn-in, under an admixture model, assuming correlated allele frequencies
(Falush et al. 2003), and including a priori sampling locations as prior (LOCPRIOR)
to detect weak population structure. The LOCPRIOR option is not biased toward
detecting structure when it is not present and can improve the STRUCTURE results
when implemented with few loci (Hubisz et al. 2009). All STRUCTURE runs were
performed using computational resources from the Ohio Biodiversity Conservation
Partnership cluster using the script STRAUTO (Chhatre 2012) to generate a batch script
that automatizes multiple STRUCTURE runs in a UNIX environment. The optimal K for
each analysis was chosen using the AK method (Evanno et al. 2005) implemented in
STRUCTURE HARVESTER (Earl & vonHoldt 2012). cLumpp 1.1.2 (Jakobsson &
Rosenberg 2007) was used to summarize the results of the ten runs of each chosen K
using Greedy’s method and the G-statistic. DISTRUCT 1.1 (Rosenberg 2003) was used
to generate the respective bar plots.

In addition, we implemented the free-model multivariate method, Discriminant
Analysis of Principal Components (DAPC; Jombart et al. 2010) in the R package
ADEGENET to estimate the proportion of an individual genome that originated from a
given genetic group or cluster using coefficients of the alleles (loadings) in orthogonal
axes, maximizing between-groups variance and minimizing within-group variance in
these loadings. For this analysis, the SSR data were transformed using Principal
Component Analysis and keeping all principal components (PCs). The function
find.clusters was implemented to obtain the optimal number of clusters that
maximizes the between-group variability using the lowest Bayesian information
criterion (BIC) score. In addition, to avoid over-fitting we chose the optimal number

of PCs in the DAPC using the function optim.a.score. Finally, the DAPC of the
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transformed genetic data was implemented with the number of clusters and PCs were

set to the optimal values.

Spatial patterns of population differentiation

Matrices of pairwise Fsr, Dps, and Nei’s statistics of population genetic differentiation
were calculated with R packages ADEGENET, HIERFSTAT, and MSA 4.05 (Dieringer &
Schlétterer 2003), respectively. The geographic distance matrix between populations
was obtained by calculating the natural logarithm of the inter-population linear
Euclidean distance (EUC). To account for possible differences in the inter-population
connectivity caused by the inland water bodies common in the SACP, a topographic
distance matrix (TOPO) reflecting the shortest land routes connecting population
pairs was generated with CIRCUITSCAPE 4.0.5 (McRae 2006) using a raster surface
with all land cell values equal to one and water cell values equal to zero.
Relationships between genetic (Fst, Dps, and Nei’s) and geographic (EUC and TOPO)
dissimilarity matrices were analyzed using Mantel tests, and the significance was
assessed by 10 000 randomizations in the R package VEGAN 2.3-0 (Oksanen et al.
2015). Mantel correlograms were also obtained for four geographic distances classes
(0-50 km, 50-150 km, 150-300 km, and 300-650 km). Additionally, the hypothesis of
isolation by distance was assessed by linear regression of linearized pairwise Fgt, Dps,
and Nei’s genetic distances and the logarithmic transformed EUC distance (Rousset
1997). For all these analyses, inter-population geographic distances were calculated
from X and Y UTM 228 coordinates (coordinate reference EPSG: 32722)
transformed from Long/Lat coordinates with RGDAL 1.0-4 R package (Bivand et al.
2015). Arambaré and Itaara populations were excluded from these analyses due to the

small sample size and their location outside the SACP, respectively.
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The scenario for the diversification of P. depauperata described previously
predicts that genetic diversity would decrease as distance from the area of origin (the
granitic hills in Porto Alegre and ‘Coxilha das Lombas’ fossil dune, hereafter named
as the “core distribution” region) increases. Linear regressions between measures of
genetic diversity (A, Ar, pA, Ho, and Hg) and geographic distance to the core
distribution were implemented in R software. Tests of linear model assumptions were
implemented for all data sets using GVLMA 1.0.0.2 R package (Pena & Slate 2014).
Additionally, the central-marginal patterns were tested using the suitability values of
population obtained from the ensemble niche modeling (Araujo & New 2007) as
implemented in the R package BIOMOD2 (Thuiller et al. 2014). See the Environment
and population differentiation section below for details about climatic predictors, and
Appendix S1 (Supporting information) for niche modeling methodological details.
Suitability values were extracted from the raster surfaces of the ensemble niche model
projections over the studied area with the R package RASTER 2.4-15 (Hijmans 2015).

Spatial patterns of observed genetic structure were estimated with the spatial
Principal Component Analysis (sSPCA; Jombart et al. 2008) that incorporates spatial
information while maximizing the product of spatial autocorrelation (Moran’s I) and
variance of each eigenvector; this produces orthogonal axes that describe spatial
patterns of genetic variation. The Delaunay triangulation was used to set the network
of spatial connections between populations based on UTM coordinates. A Monte
Carlo simulation (global and local tests) was used with 10 000 permutations to test for
non-random spatial association of population allele frequencies. As in the spatial
Mantel test, Arambar¢ and Itaara populations were excluded from this analysis. The

analysis was implemented in the ADEGENET package in R.
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Test for alternative migration models

The coalescent-based program MIGRATE-N 3.2.6 (Beerli & Felsenstein 2001) was used
to test the support of the genetic data to alternative gene flow scenarios for the
species. For this, the populations were pooled into five groups according to the
geographical distribution and genetic structure results named: ‘Basal’ (including the
Itaara, Tapes, Arambaré, Guaiba, Viamao, and Porto Alegre populations), ‘North’
(formed by Garopaba and Torres populations), ‘Center’ (grouping Osoério, Curumim,
Xangri-14, and Pinhal populations), ‘South 1’ (composed by Mostardas, Sdo Lourengo
do Sul, and Pelotas populations), and ‘South 2’ (encompassing Rio Grande and Taim
populations).

Six migration models were evaluated: (1) a central-marginal model with
unidirectional migration pattern from central to peripheral populations; (2) a
marginal-central model with unidirectional migration pattern from peripheral to
central populations; (3) a source-sink-from-basal model with unidirectional migration
from basal populations to coastal populations; (4) a source-sink-from-central model
with unidirectional migration from basal populations to central coastal populations,
and from those to the remaining coastal populations; (5) a ring model with
bidirectional asymmetric migration between adjacent populations rounding Lagoa dos
Patos Lagoon and unidirectional asymmetric migration to edge populations; and (6) a
north-south-barrier model with bidirectional asymmetric migration between adjacent
populations (For models graphical representations see Fig. S1, Supporting
information).

For each model, we ran MIGRATE-N in the CIPRES Science Gateway 3.3
(Miller et al. 2010) with one long chain of 2 000 000 steps, sampling at every 100™

increment and a burn-in of 10 000 steps. For each model, 6w and M were drawn from
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uniform prior distributions with ranges from 0 to 5 and 0 to 100, respectively. A
heating scheme was used (Metropolis-coupled Markov Chain Monte Carlo) with four
parallel chains with ‘temperatures’ of 1.0, 1.5, 3.0, and 1 000 000. We compared the
models using Bayes factors calculated from the Bézier log marginal likelihood
approximation because it produces better estimates of marginal likelihood, and is less

influenced by prior parameter distributions (Beerli & Palczewski 2010).

Environment and population differentiation
The widely-used WorldClim project has available climatic surfaces for the SACP, but
the primary source of data used by Hijmans et al. (2005) have low density of weather
stations in the target area, an issue that could be problematic for the spatial scale of
this study. Therefore, we decided to build a new dataset of climatic surfaces specific
for the SACP based on data from higher sampling of weather stations from specific
Brazilian sources (Fig. S2, Supporting information) including variables not presented
in the WorldClim project.

The procedure for model fitting was thin-plate splines (TPS) implemented in the
R package FIELDS 8.2-1 (Nychka et al. 2015). The obtained models were then used to
interpolate the variables to the studied area using the R package RASTER 2.4-15. We
obtained eight climatic surfaces: total annual precipitation, total annual days with rain,
precipitation seasonality (coefficient of variation), mean annual temperature, mean
summer maximum temperature, mean winter minimum temperature, mean
temperature range [mean of monthly (max temp - min temp)], and temperature
seasonality (coefficient of variation). For methodological details see Appendix S1

(Supporting information).
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In order to compare the performance of this new set of climatic surfaces, we
replicated all environmental analyses using the 19 bioclimate raster layers set at 30
arc-second resolution obtained from the WorldClim database (Hijmans et al. 2005)
that were clipped at same geographic extent.

The VEGAN R package was used to test for relationship between environmental
and genetic (Fst, Dps, and Nei’s) dissimilarity matrices via a Mantel test (Mantel
1967) and the significance was assessed by 10 000 randomizations. For those climatic
variables that produce significant correlations, Partial Mantel tests (Smouse et al.
1986) were conducted to verify the correlation between environment and genetic
distances controlling by EUC and TOPO spatial distances. We checked the linearity
and homoscedasticity assumptions between correlated variables by checking the
significance of fitted linear models variables, using the GVLMA 1.0.0.2 R package.

The use of Mantel test and its variations to test potential spatial or environmental
drivers on population structure has been criticized on their statistical performance and
violations of linearity and homoscedasticity assumptions (Legendre et al. 2015).
Therefore, we also examined the relationships between genetic distance and
environmental variables with a linear mixed modeling approach, based on maximum
likelihood population effects modeling (MLPE; Clarke et al. 2002) that explicitly
accounts for non-independence of values in regressions on distance matrices. The
climatic variables obtained in this study and the spatial distances (EUC and TOPO)
were used as explanatory variables, and genetic distances (Fsr, Dps, Nei’s) were used
as dependent variables. All explanatory variables (predictor matrices) were centered
on their mean values prior to analyses. MLPE models were fitted by maximizing the
restricted log-likelihood method (REML) using the ‘gls’ function in the R package

NLME 3.1-121 (Pinheiro et al. 2015) and utilizing the corMLPE R script
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(http://github.com/nspope/corMLPE) to describe the within-group correlation
structure. The model selection was conducted via corrected Akaike Information
Criterion (AICc) and BIC using the R package MUMIN 1.15.1 (Barton 2013). Initially
univariate models were fitted to analyze the relation between each explanatory
(climatic and spatial) variable and genetic distance. After that, a subset of climatic
variables that fitted the best univariate models via AICc and BIC selection were
chosen to fit multivariate models including and excluding the spatial variables (EUC
or TOPO). All climatic variables included in the multivariate models presented
Pearson’s correlation coefficients r < 0.5.

We also explored the relationship between climatic variables and genetic
differentiation with a Principal Coordinate Analysis (PCoA) of the Fgr distance
matrix. PCoA scatterplot was plotted with the raw values of climatic variables that
showed significant relationship with genetic differentiation based on the Mantel and
MLPE analyses. The PCoA was calculated with the R package LABDSV 1.7-0 (Roberts
2015) and 3D plots were obtained with the R package SCATTERPLOT3D 0.3-36 (Ligges

& Michler 2003).

Results

Genetic diversity

Basic diversity statistics are listed in Table 1. For all loci, the observed heterozygosity
was lower than expected, showing a deficit of heterozygotes as compared to an
idealized population in HWE. Furthermore, 13% (23 of 170) of the locus-population
combinations showed departure of HWE (P < 0.01) (Table S2, Supporting
information). A significant linkage disequilibrium signal (P < 0.01) was detected for

some pairs of loci, but since these were not related to their putative chromosome
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positions (Table S3, Supporting information) and the linkage pattern was not constant
for all populations, we maintained all loci for the analyses. Positive and significant
inbreeding coefficients (Fis) were found for seven populations (Table 1).
MICROCHECKER analysis showed that locus PM167 presents homozygote excess that
may be due to null alleles or stutter peaks, however, analyses including or excluding

PM167 presented same results.

Population genetic structure

The STRUCTURE HARVESTER analysis identified the best number of clusters as K=2
(Fig. S3a, Supporting information), separating the inland (P. integrifolia) from the
coastal lineages (P. depauperata), with exception of the Porto Alegre population,
which was grouped with the inland populations. Interestingly, although the Porto
Alegre population phenotypically was identified as a coastal lineage, it was located in
the fossil dunes region, together with the other inland populations (Tapes, Arambare¢,
Guaiba, Viamao) (Fig. S3b, Supporting information). Additional groupings between
K=3 and K=7 were explored looking for genetic sub-structured patterns within coastal
populations. These groupings showed a strong and consistent differentiation of a
group made up of Sao Lourengo do Sul and Pelotas populations (both from southern
region and located at the west side of the Patos Lagoon; Fig. 1). Interestingly
groupings of K=4 to K=6 grouped the northernmost and southernmost edge
populations; but, when K=7, the cluster of edge populations was divided in one group
comprising the two southernmost coastal populations (Rio Grande and Taim), and
another group encompassing the northernmost coastal population (Garopaba). Mixed
membership probability was recovered for several of the coastal populations from the

central region of the SACP (Osorio, Xangri-l4, Curumim, and Pinhal); also the
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Mostardas population, found in the southern region of the SACP (but being the
closest to the central region; Fig. 1), was the most admixed population. The Torres
population, located in the northern region of the SACP (but the closest to the central
region; Fig 1), showed more affinity with populations from the central region (Fig.
S3b, Supporting information).

The genetic structure revealed by the DAPC showed congruent results to the
STRUCTURE analysis. BIC scores showed a sharp decline until K=7 (Fig. S4a,
Supporting information). Genetic structure was assessed for K=2 to K=7. The K=2
bar plot showed a clear differentiation between the group encompassing the inland
and fossil dunes populations and the other group formed by the remaining populations
of P. depauperata. Also, DAPC recovered the Sdo Lourenco do Sul and Pelotas
populations. Additionally, populations from the central region of SACP presented a
higher admixture of membership probability; furthermore, the Osério and Curumim
populations presented several individuals with membership of the inland-fossil dunes

population group (Fig. S4b, Supporting information).

Spatial genetic structure

Mantel tests that were implemented to assess the correlation between geographical
and genetic inter-population distances showed marginally significant values between
EUC distances and Fsr (Mantel’s statistic r = 0.39; P = 0.025), Nei’s distance (r =
0.22; P =0.079), and Dps (r = 0.24; P = 0.086). Mantel correlograms for these three
genetic distances were significantly positive with EUC distance matrix only in the
first distance class. Mantel correlations between TOPO and the genetic distances were
not significant, but the correlograms were significantly positive in the first distance

class.
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All linear regressions between the genetic diversity statistics A, pA, Ar, Ho, and
Hs and population distances to the core distribution region of P. depauperata
exhibited significant negative correlations supporting a central-marginal (i.e., from
species range center to margin) pattern of genetic diversity decline. The strongest
correlations were observed for A (Adjusted R-squared = 0.53; p-value = 0.001),
followed by Ar (Adjusted R-squared = 0.44; p-value = 0.004), Hs (Adjusted R-
squared = 0.39; p-value = 0.007), pA (Adjusted R-squared = 0.2; p-value = 0.054),
and Ho (Adjusted R-squared = 0.18; p-value = 0.059) (Fig. 2).

Regressions performed with suitability values (obtained through niche modeling)
did not present significant correlations with distance to core nor genetic diversity
values. Maps with the projection of the niche models over the studied area can be
found in Figure S10 (Supporting information). Other detailed results of niche
modeling can be found in Appendix S2 (Supporting information).

We found significant correlation between the logarithm of geographic distances
and, linearized pairwise Fsr (adjusted R-squared = 0.14; P <0.001), linearized Dpg
(adjusted R-squared = 0.08; P = 0.002), and Nei’s (adjusted R-squared = 0.03; P =
0.033) genetic distances (Fig. 3), supporting isolation by distance model.

In the sPCA analysis of the genetic data, the first eigenvalue (sPC1) strongly
differentiated P. depauperata and P. integrifolia populations (Fig. 4a), while the
sPC2, that accounts for most of the spatial correlation of our dataset, showed a pattern
consistent with central-to-north and central-to-south genetic differentiation (Fig. 4b).
The sPCA bar plot showed a sharp decay of explained variance after the second
eigenvalue (Fig. 4). Monte-Carlo randomization test of the sSPCA indicated significant
global genetic structure (P = 0.009), but no significant local genetic structure (P =

0.839).
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Migration models

The comparison between six historical migration models (Fig. S1, Supporting
information) in MIGRATE-N suggested that the source-sink-from-basal model (i.e.,
unidirectional migration from ‘Basal’ population group to all coastal populations) is
the best model to explain the genetic data (Table 2). Estimates of historical migration
rates obtained from this model showed higher migration rates from ‘Basal’ to ‘South

1’ and ‘South 2’ population groups (Table S4, Supporting information).

Isolation by environment tests

A new set of eight climatic surfaces was generated in this study and was used for
niche modeling and IBE tests (see details on climatic variables in Appendix S2,
Supporting information).

Mantel tests implemented with the climatic variables obtained in this study and
genetic dissimilarity matrices support the hypothesis of a relationship between genetic
differentiation, and precipitation seasonality and summer mean maximum temperature
values (Table 3). The results were similar for the three genetic matrices and remain
significant after controlling for spatial (EUC and TOPO) distances, although
correlations were higher for the TOPO distances (that incorporates landscape
features).

The climatic variables that better fit MLPE models were precipitation seasonality
with Fst (AAICc>8 and ABIC>11); precipitation seasonality and summer mean
maximum temperature with Dps (AAICc>6 and ABIC >8); and precipitation
seasonality with Nei’s distance (AAICc>7 and ABIC >9) (Table S5, Supporting
information). Given that the correlation between precipitation seasonality and summer

mean maximum temperature was r < 0.2, these were used together in multivariate
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models including each of the spatial distances (EUC and TOPO). In addition, those
multivariate models were ranked with the univariate models for both climatic
variables. The best fit models for the three genetic distances (Fsrt, Dps, and Nei’s)
accounted precipitation seasonality alone as the explanatory variable, all with AAICc
and ABIC > 3 (Table 4).

Visual explorations of the relation between Fst genetic differentiation PCoA
scatterplot and climatic variables correlated with genetic differentiation were obtained
with 3D-scatterplots (Fig. 5). We found that most genetic differentiation occurs
between populations of P. integrifolia (fossil dunes region) and the population of the
northern region. At the same time these populations present the smallest and highest
values of precipitation seasonality, respectively (Fig 5B). Also, the 3D-scatterplot
reveal that differences related with the values of summer mean maximum temperature
are related with fossil dunes and coastal populations differentiation (Fig 5C)

The exploration of the relationship between genetic population differentiation and
environment, using the WorldClim data set, showed a less consistent pattern and the
correlation values were mostly marginally significant. Detailed results are shown in

Appendix S2 (Supporting information).

Discussion

In this study, we used the coastal populations of the plant species, Petunia
integrifolia, as a model system to examine spatial and ecological constraints on
population genetic differentiation and gene flow patterns in a coastal colonization
process. Our results show several associations of genetic divergence with
environmental differences between coastal and inland populations, as well as between

core and edge coastal populations. Demographic processes, such as continuous
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founding effects, genetic drift and core-to-margin genetic enrichment, could have

facilitated local adaptation to edge conditions.

Demographical and drift processes in the coast colonization

Dramatic genetic diversity reduction is expected during colonization processes due to
the population size reduction and the genetic bottleneck (Pannell & Dorken 2006).
The diversity values found in this study support the presence of a colonization
signature in P. depauperata. Despite of the fact that inland and fossil dunes
populations are less numerous in our sampling, these populations present higher
genetic diversity values (Hs = 0.63; sd = 0.06) than the coastal populations (Hs =
0.51; sd = 0.09) (Table 1). Additionally, the sharp genetic differentiation observed
between inland-fossil dunes populations with respect to coastal populations (Figs.
S3B, and S4B) could be interpreted as consequence of a founder effect in a single
colonization process to the coast through the central region of SACP.

Demographic processes were also recovered in the spreading process through the
coast. Serial founder effects during the range expansions (Slatkin & Excoffier 2012)
following a ‘propagule pool’ colonization model (Slatkin 1977) explain the patterns
of observed genetic diversity of coastal range expansion. The process could have
involved waves of occupancy following periods of deposition of the SACP during the
sea transgression-regression cycles through the last 400 000 years. Sea transgression
periods could have isolated founder coastal populations in the central region of the
SACP where relatively higher altitudes and more substrates were available allowing
the surviving of founder populations and the accumulation of genetic diversity.
Toward the edges (northwards and southwards), the substrates are more recent and

their colonization could have occurred with serial founder effects originating new
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populations with progressively decreasing genetic diversity leading to the central—
marginal pattern of gene diversity (Fig. 2), and the fixation of common alleles in
populations located towards the edge of the distribution (Appendix S3, Supporting
information). Grassland-forest mosaics dynamics during the last 5 kya driven by
weather changes (Macedo et al. 2010) could also have contributed to maintaining the

signal of the serial founder effects in the P. depauperata genome.

Center to margins gene flow facilitate colonization and adaptation processes in the
coast colonization

In addition to the neutral processes proposed above, gene flow patterns inferred from
our results could be better explained by selective constraints. Despite expectations
that microsatellites markers only reflect neutral differentiation, patterns of population
differentiation related to selection and local adaptation could be detectable in the case
of maladapted immigrants who do not successfully breed with individuals from local
populations (Sexton et al. 2014).

Our results support a main allele moving from the fossil dunes region (identified
as the origin region of all coastal lineage; Ramos-Fregonezi et al. 2015) to the coastal
populations. Source-sink gene flow dynamic from the origin center of P. depauperata
to the populations on the coast can facilitate the colonization process by increasing
genetic variation for sustaining new populations which can persist thanks to genetic
diversity enrichment from the core (Sexton et al. 2009; Hampe et al. 2013).
Moreover, adaptive alleles can emerge in populations from the origin center and move
to edges where local adaptation can occur (Rolland et al. 2015). The emergence of

alleles in the origin center populations, useful for coast colonization, explains the
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MIGRATE-N results that support gene flow from the ‘Basal’ to the other populations, as
opposed to the other way round.

Lower migration rates estimated between the close ‘Basal’ and ‘Center’
population groups (Table S4, Supporting information) could suggest that the coastal
environment of the ‘Center’ group would restrict the gene flow between them (an
ecological constraint). On the other hand, higher migration rates found from the
‘Basal’ population group to the western-most P. depauperata populations (‘South2’
group; Table S4, Supporting information) separated from the sea by the Patos Lagoon
(Figs. 1 and S1) could be explained by a relaxed selective pressure for immigrants to
this region due to weaker sea influence. Higher historical gene flow from ‘Basal’ to
south populations found in this study is congruent with the fact that some individuals
from the Rio Grande population presented plastid haplotypes from the inland lineage
(Ramos-Fregonezi et al. 2015); it also allows us to propose the possibility of a
secondary contact between inland and coastal lineages isolated after their divergence.

Divergent selection driven by the environment can promote genome-wide
differentiation by reducing gene flow and enhancing the stochastic effects of genetic
drift (Nosil et al. 2009). Selective constraints related with the coastal environment
could be mainly responsible for the genetic differentiation found between inland and
coastal populations. Main morphological differences between P. integrifolia and P.
depauperata are traits commonly associated to salinity and sand-soil adaptations
(Stehmann & Bohs 2007). Niche models showed high affinity of P. depauperata to
the coastal climatic conditions since suitability values breakdown westwards (Fig.
S10, Supporting information). None of the areas proposed as the origin center of P.
depauperata by Ramos-Fregonezi et al. (2015) presented high suitability values, not

even the Porto Alegre region whose population present chloroplast haplotypes from
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the coastal lineage. It is plausible that during the marine transgressions, Porto Alegre
and fossil dunes regions had suitable conditions for the divergence and establishment
of the coastal lineage, but under contemporary sea levels those areas turned to
continental climatic conditions. Furthermore, higher gene flow from the inland
lineage populations to Porto Alegre and fossil dunes regions can explain the fact that
those populations present higher nuclear genetic affinity with populations from inland
lineage than from coastal lineage (Figs. S3-S4).

Several genes were identified to be related with adaptation to salinity stress in
Petunia x hybrida (Villarino et al. 2014) that could be related in the divergence of P.
depauperata. Differential salt tolerance between natural populations of plants from
saline and non-saline environments have been documented in Trifolium repens (Ab-
Shukor et al. 1988). Reproductive isolation between inland and coastal populations
were reported in Mimulus guttatus partially as a product of selection against migrants
(Lowry et al. 2008). Although salt resistance could be a complex trait, genetic and
physiological mechanisms for adaptive divergence in salt tolerance between coastal
and inland populations were described for M. guttatus (Lowry et al. 2009). However,
adaptation to coastal environments can be achieved through recruitment of different
genes involved in similar processes, and this variation can be observed even at the
intra-specific level (Roda et al. 2013). Our study and all these resources provide
useful information for further characterizations of genomic features of the
colonization to coastal environments using P. depauperata as the study system.

In addition to the salinity, differences of maximum temperature values appeared
to be related with genetic differentiation in our data set (Tables 3, 4). Higher
maximum temperature values were found in fossil dune region populations (Fig. 5c¢).

Summer seasonal drought or higher evapotranspiration related by higher temperatures
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could be involved in gene flow reduction between inland and coastal populations as
was also detected in M. guttatus (Lowry et al. 2008). Further studies in P.
depauperata involving genomic, transcriptomic approaches or through target genes
should be implemented to improve the knowledge of the genetic bases of the
colonization to coastal environments.

Divergent selection could be enhancing genetic differentiation at northern and
southern edges of the distribution. Stochastic allele fixation process due to genetic
drift or repetitive founder effects could decrease the appearance probability of
advantageous mutations, however, the same processes could accelerate the fixation of
emerging advantageous mutations (Aguilée et al. 2009). This process was empirically
supported in Myodes glareolus that presents adaptation signals during the range
expansion in spite of the loss of genetic diversity due to genetic drift at the
distribution edges (White et al. 2013); supporting that natural selection is also an
important force in edge populations differentiation.

Similarly, we found reduced values of genetic diversity (Table 1) and stronger
genetic differentiation in edge populations (Fig. 5a). In addition, the increase of
precipitation seasonality values appear to be joined to higher genetic differentiation of
northernmost edge populations (Garopaba and Torres; Fig. 5b). As we found
significant relationship between values of genetic and precipitation seasonality
differentiation, we can infer a possible adaptive divergence driven by this climatic
variable in northern populations of P. depauperata. Additionally, Garopaba and
Torres populations are located in a region with contrastable climatic conditions to the
remaining populations of P. depauperata. Northern SACP region presents strong
influence of orographic rainfalls during the spring-summer season and present the

highest values of precipitation seasonality in the SACP. Further contributions are
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encouraged to test the relationship between rainfall conditions and the differentiation

of northern edge population in the SACP.

Advantages of implement landscape genetic analyses using climatic data derived from
local resources

The comparison of the climate related analyses outcomes when implemented with the
variables obtained in this study and the WorldClim set reveal statistical power
differences. When raster layers were used as explanatory variables for niche
modeling, the outputs obtained with both sets of climate variables were similar.
Suitability values taken from locations used for train the models did not show
significant differences (Wilcoxon rank test = 1443.5, p-value = 0.34. Figs. S9), and
maps of projected niche models were visually similar (Fig. S10, Supporting
information). However, when variables were used independently to test relationships
between them and genetic differentiation (i.e., Mantel tests and MLPE, see results)
performance differences become evident. The values of the variable precipitation
seasonality obtained in this study presented a consistent significant relationship with
all measures of genetic dissimilarities in both methods used (Tables 3, 4, and S4). In
contrast, when extracted from the same variable of the WorldClim (Bio 15) set, the
results differed (Tables S5-S7).

Differences between the values of the variables obtained in this study and those of
the WorldClim can be interpreted mainly as product of the higher amount of climatic
stations used to acquire data for the climatic layers obtained in the present work (Fig.
S1, Supporting information). This difference is more important for precipitation
variables, which are more sensitive to low data density than temperature variables,

due to the precipitation variables are influenced by more complex features meanwhile
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the temperature variables are better modeled using just altitude and latitude as co-
variables. Moreover, the spatial resolution (smaller for WorldClim dataset) as well as
the rounding treatments in the generation of WorldClim variables could explain the

differences between values extracted from both climate surfaces datasets.
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Table S4. Mutation-scaled effective immigration rates (M) estimated with MIGRATE-N
for the best supported model (Source-sink-from-inland model; see results).

Table S5. Maximum likelihood population effects (MLPE) modeling results
investigating the relationships of Fst, Dps and Nei’s genetic differentiation statistics
with the eight climatic variables obtained in this study and Euclidean or topographic
spatial distances.

Table S6. Relationships tests between three population genetic differentiation
statistics (Fst, Dps, and Nei’s) and inter-population distances measured for each
climatic variable obtained from WorldClim calculated with Mantel and partial Mantel
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Table S7. Maximum likelihood population effects (MLPE) modeling results
investigating the relationships of Fst, Dps, and Nei’s genetic differentiation statistics
with climatic variables from WorldClim and Euclidean (EUC) or topographic
(TOPO) spatial distances.

Table S8. Maximum likelihood population effects (MLPE) modeling results
investigating the relationships of Fst, Dps, and Nei’s genetic differentiation statistics
with single and mixed three climatic variables from WorldClim and Euclidean (EUC)
or topographic (TOPO) spatial distances.

Figure S3. Bar plots obtained with STRUCTURE analyses. Populations are separated by
vertical tick black lines; population names as indicated in Table 1 and Fig.1 are
displayed on top and bottom of bar plots. (a) Plot of optimal K obtained with
STRUCTURE HARVESTER. (b) Bar plots for the complete data set with K=2 to K=7.
Different colors indicate groups and vertical bars correspond to each individual.
Figure S4. Bar plots obtained with DAPC analyses. Populations are separated by
vertical tick black lines; population names as indicated in Table 1 and Fig.1 are
displayed on top and bottom of bar plots. (a) Plot of optimal K obtained with
find.clusters function of adegenet R package. (b) Bar plot for the complete data set
with K=2 to K=7. Different colors indicate groups and vertical bars correspond to
each individual.

Figure S5. Density plots comparing annual precipitation values. a. Observed values
at climate stations used for fit the Tps models, fitted values with Tps model for station
localities and values extracted from the same variable of the WorldClim for station
localities. b. Extracted from the interpolated Tps model for P. depauperata localities
and extracted from the same variable of the WorldClim for P. depauperata localities.
Figure S6. Density plots comparing mean annual temperature values. a. Observed
values at climate stations used for fit the Tps models, fitted values with Tps model for
station localities, and values extracted from the same variable of the WorldClim from
station localities. b. Values extracted from the climatic surfaces generated with the
Tps model for P. depauperata populations and extracted from the same variable of
the WorldClim dataset for P. depauperata populations.

Figure S7. Density plots comparing precipitation seasonality values. a. Observed
values at climate stations used for fit the Tps models, fitted values with Tps model for
station localities, and values extracted from the same variable of the WorldClim from
station localities. b. Values extracted from the climatic surfaces generated with the
Tps model for P. depauperata populations and extracted from the same variable of
the WorldClim dataset for P. depauperata populations.

Figure S8. Density plots comparing mean diurnal range values. a. Observed values at
climate stations used for fit the Tps models, fitted values with Tps model for station
localities and values extracted from the same variable of the WorldClim from station
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localities. b. Values extracted from the climatic surfaces generated with the Tps
model for P. depauperata populations and extracted from the same variable of the
WorldClim dataset for P. depauperata populations.

Figure S9. Density plots comparing suitability values of P. depauperata localities
used for train the models (Table S1) using the climate variables obtained in this study
and the WorldClim set.

Figure S10. Ensemble niche models projections for Petunia depauperata achieved
with climate variables obtained in this study and WorldClim variables.

Appendix S3. Bar plots of allele frequencies per population for all loci used in
genetic population analyses of Petunia depauperata.
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Tables

Table 1. Population sampling localities, sample sizes (N), geographic coordinates,
and the genetic diversity measures alleles number (A), allele richness (Ar), private
alleles (pA), observed heterozygosity (Ho), gene diversity (Hs) and Fs.

Population name  Longitude Latitude N A Ar PA Ho Hg Fis
Inland lineage

Itaara -53.79067 -29.55151 8 39 2.664957 - 0.6806  0.6895 0.0129

Tapes -51.39040 -30.66296 15 45 2.416156 1 0.50295 0.64296 0.233

Arambaré¢ -51.49181 -30.90530 5 27 2.306548 1 0.475  0.5844 0.1872

Guaiba -51.31768 -30.13769 23 62 2.592867 7 0.5843  0.6698 0.1277
Viamdo -51.00495 -30.38093 20 45 2.230226 1 0.4343 0.5555 0.2183*

Coastal lineage

Porto Alegre -51.11773  -30.07462 14 49 2.558188 3 0.5089 0.6881  0.2604*

Osorio -50.24286 -29.81331 26 48 2.273649 1 0.4944  0.5823 0.151*
Curumim -49.94791 -29.64295 15 43 2.329053 - 0.4637 0.5938  0.2192*

Xangri-la -50.02934 -29.79164 20 36 1.957372 - 0.4507 0.4519 0.0028
Pinhal -50.23041 -30.24703 19 36 1.984831 - 0.3687  0.465 0.2071*
Torres -49.73457 -29.35748 15 36 2.059097 - 0.4157 0.49 0.1517*
Garopaba -48.62154 -28.02139 15 25 1.743212 - 0.3833  0.3627  -0.0568

Mostardas -50.73934  -30.93746 16 42 2.1048 1 0.4837  0.4984 0.0295

Rio Grande -52.17406 -32.12531 33 33 1.886662 - 0.3961 0.4279 0.0742

Taim -52.49174 -32.60474 17 34 2.057509 - 0.4506  0.4999 0.0985

Sao Lourengo do Sul -51.95317 -31.37673 21 40 2.237432 - 0.5188 0.5783 0.1029
Pelotas -52.16478 -31.70776 25 40 2.125274 - 0.4081 0.5303  0.2305*

Overall 307 93 0.4694  0.545 0.1387

*Fs statistic significantly different from zero, p-value < 0.05.
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Table 2. Results of the model comparisons in MIGRATE-N. Graphical model
descriptions in Fig. S1 (Supporting information). The Bézier approximation scores of
log marginal likelihoods (In ML), log Bayes factors (LBF) and model probabilities are
shown. LBF values < 2 indicate strong preference for the best fit model.

Model name In ML LBF Model probability
Central-marginal -5815.13 -75.58 3.9x 10"
Marginal-central -5893.41 -232.14 3.9x10™"

Source-sink-from-basal -5777.34 0 1
Source-sink-from-central -5893.58 -232.48 33x 107!
Ring -5856.46 -158.24 43 x107
North-south-barrier -5819.45 -84.22 51x10™"
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Table 3. Correlations between population genetic differentiation statistics (Fsr, Dps,
and Nei’s) and inter-population distances measured for each of the eight climatic
variables obtained in this study calculated with Mantel tests and partial Mantel tests
controlling by spatial distances.

] Partial Mantel tests
Genetic . . . Mantel . -
distance Climatic variable R? Controlling by Controlling

EUC by TOPO
Precipitation seasonality 0.63%*** 0.55%* 0.61%***
Summer mean maximum temperature 0.10 - -
Mean temperature range 0.01 - -
F Total annual days with rain 0.47* 0.27 0.41*
S Total annual precipitation 0.38%* 0.09 0.30
Winter mean minimum temperature 0.44* 0.22 0.37*
Mean annual temperature 0.12 - -
Temperature seasonality 0.31* -0.01 0.23
Precipitation seasonality 0.51%** 0.42%* 0.51%**
Summer mean maximum temperature 0.35%* 0.33* 0.36**
Mean temperature range 0.26 - -
Dps Total annual days with rain 0.27 - -
Total annual precipitation 0.23 - -
Winter mean minimum temperature 0.29* 0.07 0.30%*
Mean annual temperature 0.08 - -
Temperature seasonality 0.21 - -
Precipitation seasonality 0.44* 0.39* 0.43*
Summer mean maximum temperature 0.41%* 0.39%* 0.42%#*
Mean temperature range 0.29* 0.30* 0.28%*
. Total annual days with rain 0.15 - -
Nei T
Total annual precipitation 0.13 - -
Winter mean minimum temperature 0.15%* -0.04 0.13
Mean annual temperature 0.03 - -
Temperature seasonality 0.13 - -

The Mantel’s statistic r is reported and the significance level is indicated. *** P <
0.001; ** P <0.005; * P <0.05. EUC: Euclidean geographic distances; TOPO:
Geographic distances accounting topographic features of study region; - : not
evaluated.

74



Table 4. Results of the MLPE modeling investigating the relationships of Fgsr, Dps,
and Nei’s pairwise population genetic differentiation with two climatic variables and
Euclidean (EUC) or topographic (TOPO) spatial distances.

Genetic

. Variables AAICc weight ABIC weight
distance

Precipitation seasonality 0 0.984 0 0.995
Precipitation seasonality + TOPO 8.854 0.012 11.234 0.004

E Precipitation seasonality + EUC 10.880 0.004 13.259 0.001
ST Summer mean maximum temperature  16.478 <0.001 16.478 <0.001

Precipitation seasonality + Summer

mean maximum temperature + TOPO 20706 <0.001 25401 <0.001
Precipitation seasonality 0 0.776 0 0.836

Summer mean maximum temperature  3.678  0.123  3.678  0.133

Dis Precipitation seasonality + EUC 6.404 0.032 8784 0.010

P .

JSruér[ljnéer mean maximum temperature 6.666 0028 9046 0.009
Precipitation seasonality + TOPO 7.294  0.020 9.674 0.007
Precipitation seasonality 0 0.954 0 0.985
Precipitation seasonality + TOPO 7.054  0.028 9.433  0.009

Nei Precipitation seasonality + EUC 8.828 0.012 11.208 0.004

Precipitation seasonality + Summer

mean maximum temperature + TOPO 11.736 - 0.003 16431 <0.001

Summer mean maximum temperature  12.342  0.002 12.342  0.002
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Figures
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Figure 1. Localization of sampled populations included in this study. P. integrifolia
(stars) and P. depauperata (circles) populations, as well as the complete known
geographical distribution of P. depauperata are indicated. Geographical localization
of the study area in South America appears at the upper-left corner. Panel b shows the
South Atlantic Coastal Plain map modified from Tomazelli et al. (2000). Black stripes
indicate the Pleistocene Barriers I, 11, and III. Gray stripe indicate the Holocene

Barrier IV. The two largest coastal lagoons of the SACP are indicated.
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Figure 2. Tests of central-marginal decline pattern of genetic diversity. Plots of the

population genetic diversity statistics vs. their distances from the core region of the

distribution.
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Figure 3. Isolation by distance plots. Inter-population genetic distances (a: Fgt;b:

Dps; and ¢: Nei’s) are plotted vs. linearized inter-population geographic distances.
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Figure 4. Graphical results of the spatial Principal Components Analysis. a. Synthetic

map showing the inter-population differentiation pattern summarized in the sPC 1

(29% of the total variance and Moran’s I = 0.36). b. Synthetic map showing the inter-

population differentiation pattern summarized in the sPC 2 (10% of the total variance

and Moran’s [ = 0.7).
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Supplementary File S1. Methodological details

DNA extraction and genotyping

We pulverized the leaves in liquid nitrogen for DNA extraction with
cetyltrimethylammonium bromide (CTAB) protocol as described by Roy et al.
(1992). The quality and quantity of the genomic DNA was evaluated by measuring
the absorbance at 260 and 280 nm on a Nanodrop Spectrophotometer (NanoDrop
1000 spectrometer, Thermo Scientific Corp., USA).

Polymerase chain reactions were conducted in a final volume of 10 pL
containing ~10 ng of genomic DNA as template, 200 uM of each ANTP (Invitrogen,
Carlsbad, CA, USA), 1.7 pmol of each fluorescently labelled M13(-21) primer,

3.5 pmol of reverse primer, 0.35 pmol of forward primer with a 5'-M13(-21) tail,

2.0 mM MgCl, (Invitrogen), 0.5 U of Platinum Taq DNA polymerase (Invitrogen)
and 1% Platinum Taq reaction buffer (Invitrogen). The PCR conditions were as
follow: an initial denaturation at 94 °C for 3 min; 32-35 cycles of 94 °C for 15, 50—
54 °C for 30 s and 72 °C for 1 min; and a final extension cycle at 72 °C for 7 min. The
forward primers were FAM, NED or HEX labeled. The DNA fragments were
denatured and size-fractionated using capillary electrophoresis on a MegaBACE 1000
automated sequencer (GE Healthcare Biosciences, Pittsburgh, PA, USA) with a
GeneTab-500 internal size ladder (GE Healthcare). The manufacturer’s software was
used to estimate the length of the microsatellite alleles. WE USED THE MICRO-CHECKER
(Van Oosterhout et al., 2004) to estimate genotyping errors due to stutter bands, allele

dropout or null alleles.
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Genetic diversity and structure

Loci were tested for linkage disequilibrium and deviations from Hardy—Weinberg
equilibrium (HWE) were tested within each population for each locus. Significance of
HWE deviations was assessed using a Markov chain method and Fisher's exact
probability tests in ARLEQUIN 3.5 (Excoffier & Lischer, 2010).

For each population, we estimated genetic diversity across loci using the alleles
number (A), allele richness (Ar), private alleles (pA), observed heterozygosity (Ho),
gene diversity (Hs; (Nei, 1987), and inbreeding coefficient (F;s). Confidence limits for
F\s were obtained using 1000 bootstrap resampling over loci. The analyses were
implemented with packages ADEGENET 2 (Jombart, 2008; Jombart & Ahmed, 2011),
POPPR 2.0.2 (Kamvar et al., 2014, 2015), and HIERFSTAT 0.04-14 (Goudet, 2005,

2014) in R 3.2.1 (R Core Team, 2016).
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Figure S1. Migration models tested with Migrate-n. Model names are indicated on
top-left corners and population groups names are only indicated only in the ‘Central-
marginal’ model (see Materials and methods on main text). Arrows indicate de

migration direction.

Central-marginal North || Marginal-Central

Ring
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Obtaining and generation of climatic raster surfaces for SACP

The procedure implemented for model fitting was thin-plate splines (TPS). The spline
model with elevation as covariate was fitted to the stations data by generalized cross-
validation in the R package FIELDS 8.2-1 (Nychka et al., 2015). Elevation values used
in model fitting were taken from direct measures at weather stations. The use of
elevation as covariate for climate interpolation assays has shown good performances
in previous works (e.g. Alvarez et al. 2014; Pliscoff et al. 2014). The fitted model was
then used to interpolate the variables to the studied area using the R package RASTER
2.4-15 (Hijmans, 2015). The digital elevation model Shuttle Radar Topography
Mission (SRTM; (Reuter et al., 2007; Jarvis et al., 2008) clipped for longitude 57.1 to
48.4 W and latitude 34 to 26.1 S at 90 and 450 square meters (m®) spatial resolutions
were used as template surfaces and their elevation values as covariate for
interpolation step to obtain the final climatic surfaces.

Monthly and annual data were modelled using the primary variables total
precipitation (136 weather stations; Fig. S1A), days with rain higher than 1 mm (101
weather stations; Fig. S1A), mean annual temperature (50 weather stations; Fig. S1B),
mean maximum temperature (48 weather stations; Fig. S1B) and mean minimum
temperature (47 weather stations; Fig. S1B) obtained from online available databases
of National Meteorology Institute from Brazil (INMET;

http://www.inmet.gov.br/portal) and National Water Agency from Brazil

(http://hidroweb.ana.gov.br). Other local data sources collected at Laboratory of

Geoprocessing, Universidade Federal do Rio Grande do Sul

(http://www.ecologia.ufrgs.br/labgeo/) were included. Time span of most of climatic

data used were 30 years (1960-1990), but were included data with time span from 10

to 67 years.
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We modeled eight variables: total annual precipitation, total annual days with
rain, precipitation seasonality (coefficient of variation), mean annual temperature,
mean summer maximum temperature, mean winter minimum temperature, mean
temperature range [mean of monthly (max temp - min temp)], and temperature

seasonality (coefficient of variation). Climatic surfaces were generated for an area

larger than the extent of study area avoiding edge effects. Final climatic surfaces were

keep in WGS84 system and 450 m resolution for niche modeling (see below) and

projected to UTM 228 with QGiIs 2.8 software (QGIS Development Team, 2015) and

90 m resolution for climatic distances calculations (see Methods section).
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Figure S2. Localization of meteorological stations that provided climatic data for the

climatic surfaces obtained in this study.
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Ecological niche modeling and ensemble

We performed two alternative niche models in order to test the influence of two
different set explanatory variables, those obtained in this study (see section above)
and the complete WorldClim dataset (Hijmans et al., 2005).

Species occurrence localities were taken mainly from direct field observations,
but some localities derived from georeferenced herbarium specimens and SpeciesLink
database were also included. All secondary occurrence points were first verified for
probable errors and duplicates. Only one occurrence record per 1 km x 1km grid cell
was included. A total of 67 localities covering the full extant geographic range of P.
depauperata were included (Table S1).

The first set of explanatory variables included the eight climatic raster surfaces
obtained in this study at 450 m resolution in WGS84 system. The second set included
the19 bioclimate raster layers at 30 arc-second resolution (ca. 1 km at the Equator)
obtained from the WorldClim database (Hijmans et al., 2005). The raster layers were
cropped for longitude 57.1 to 48.4 W and latitude 34 to 26.1 S with the RGDAL R
package (Bivand et al., 2015; R Core Team, 2016), this geographic extent include the
full extant range of P. depauperata.

Niche models were obtained with the ensemble niche modeling framework
(Araujo & New, 2007). Individual models were generated using the methods
Generalized Linear Models (GLM, McCullagh & Nelder, 1983), Generalized
Additive Models (GAM, Hastie & Tibshirani, 1990), Generalised Boosting Models
(GBM, Death, 2007), Surface Range Envelop (SRE, Busby, 1991), Classification
Tree Analysis (CTA, Breiman et al., 1993), Flexible Discriminant Analysis (FDA,
Hastie et al., 1994), Multiple Adaptive Regression Splines (MARS, Leathwick et al.,

2005), Random Forests (RF, Breiman, 2001), Artificial Neural Network (ANN,
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Ripley, 1996) and Maximum Entropy (MAXENT, Phillips et al., 2006). Recent
studies suggest that the geographic extent in which the pseudo-absences are taken
have significant influences for prediction and performance of niche models (Thuiller
et al., 2004; VanDerWal et al., 2009), following this reasoning we selected pseudo-
absences as random localities throughout the full extant range of P. integrifolia
species. We did two samplings of 10 000 random localities with ‘disk’ strategy,
keeping 1 Km as minimum distance from presence localities. Despite Barbet-Massin
et al. (2012) recommend to sample pseudo-absences at higher distances from
presence localities, we kept 1 Km in order to account for the fine-scale of this study.
We kept prevalence equal to 0.5. For each model, presence localities were divided in
sets of 70% for training models and 30% for testing. For each model we performed
ten runs, therefore a total of 200 models were completed for each of the four
combinations of explanatory/localities sets.

Variables loadings were kept for all models calculated. To assess predictive
performance of the individual and ensemble models, we measured the threshold
independent statistics area under the receiver operating characteristic curve (AUC,

Phillips et al., 2006) and the True Skill Statistic (TSS, Allouche et al., 2006).
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Table S1. Longitude-Latitude coordinates of biological records used in the ecological

niche modeling.

Longitude | Latitude Longitude | Latitude Longitude | Latitude
-53.2779 | -33.6551 -50.4648 | -29.8988 -50.0339 | -29.7916
-53.2697 | -33.6723 -50.4294 | -29.8929 -50.0086 | -29.7422
-53.2483 | -33.656 -50.4262 | -29.9052 -49.9467 | -29.6398
-53.2225 | -33.6371 -50.4196 | -30.5409 -49.9421 | -29.6295
-52.4994 | -32.5168 -50.2931 | -30.359 -49.9356 | -29.6247
-52.4917 | -32.6047 -50.2679 | -30.3407 -49.8334 | -29.4746
-52.2714 | -31.8668 -50.2668 | -30.3355 -49.8084 | -29.4413
-52.2599 | -31.8795 -50.2457 | -29.8323 -49.801 | -29.4319
-52.1741 | -32.1253 -50.2429 | -29.8133 -49.7419 | -29.3575
-52.1671 | -31.7078 -50.236 | -30.2577 -49.7168 | -29.3243
-51.9596 | -31.374 -50.2338 | -30.247 -48.6215 | -28.0214
-51.4258 | -31.6667 -50.236 | -30.2577 -53.5124 | -33.9111
-51.0095 | -31.2377 -50.2338 | -30.247 -52.3993 | -32.1581
-50.9011 | -31.1091 -50.2186 | -29.8879 -49.8369 | -29.3836
-50.7393 | -30.9375 -50.2015 | -30.1741 -49.7658 | -29.3814
-50.7161 | -30.9556 -50.1942 | -30.1495 -49.6136 | -29.185
-50.5753 | -30.8233 -50.1906 | -29.778 -49.4178 | -28.9906
-50.5132 | -29.8781 -50.1335 | -30.0016 -49.4305 | -28.842
-50.4987 | -29.9091 -50.0754 | -29.8675 -49.2176 | -28.8238
-50.4793 | -29.9205 -50.0668 | -29.8581 -48.7677 | -28.4734
-50.4674 | -29.9136 -50.042 | -29.8075 -48.7681 | -28.4612

-48.6908 | -28.2019
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APPENDIX S2. Results details
Table S2. Locus-population pairs showing significant departure of Hardy-Weinberg

Equilibrium.

Significance level to reject HWE hypothesis

Populati
opuiation 0.1 - 0.05 0.05 - 0.01 <0.01
[taara
Tapes PM167 PM184 PM101
Arambaré
) PM167,
Guaiba PMI177
C PMI101,
Viamao PM167 PM177
PM184, PM167,
Porto Alegre PM157 PMI117 PM177
Osorio PM101 PM177
Curumim PM177 PM157 PM101
Xangri-la PM101 PM167 PM177
PM101,
Pinhal PM184 PM167,
PM177
Mostardas PM117 PM1&4
T PM101,
orres PM167
PM167,
Garopaba PM184 PM1PM177 PM117,
PM177
Rio Grande PM167 PM192
Taim PM167
N PM21,
Sao Lourengo do Sul PM167
PM101,
Pelotas PM177 PM21, PM184 PM167
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Table S3. Summary statistics and genome localization of each 10 EST-SSR loci used

to characterize the genetic diversity. A: allele number, Ho: observed heterozygosity,

Hs: gene diversity.

Locus Chromosome A Ho Hs Fst Fis
PM101 1 5 0.1863 0.3205 0.1223 0.4187
PM21 2 7 0.5079 0.5532 0.149  0.082
PM8 4 6 0.2302 0.2271 0.2721 -0.0134
PM167 5 13 0.4966 0.7704 0.1518 0.3553
PM192 5 7 0.5709 0.5856 0.1814 0.0251
PM110 5 6 0.6075 0.6294 0.1322 0.0348
PM177 5 13 0.2847 0.4501 0.2961 0.3674
PM117 6 11 0.6613 0.7037 0.1605 0.0601
PM184 7 8 0.4942 0.5261 0.2951 0.0606
PM157 7 15 0.6539 0.6834 0.1389 0.0432
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Table S4. Mutation-scaled effective immigration rates (M) estimated with MIGRATE-N
for the best-supported model (Source-sink-from-basal model; see Results in main

text).

Migration direction  2.50% 97.50% mean

Basal to Central 0.07 3.47 1.79
Basal to North 2.2 8.33 5.21
Basal to Southl 75.87 100 84.9
Basal to South2 29.4 87.8 53.98
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150

100

Delta K

Figure S3. Barplots obtained with STRUCTURE analyses. Populations are separated by
vertical tick black lines; and population names as indicated in Table 1 and Fig.1 are
showed on top and bottom of barplots. (a) Plot of optimal K obtained with
STRUCTURE HARVESTER. (b) Barplots for the complete data set with K=2 to K=7.

Different colors indicate groups and vertical bars correspond to each individual.
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Figure S4. Barplots obtained with DAPC analyses. Populations are separated by

vertical tick black lines; and population names as indicated in Table 1 and Fig.1 are

showed on top and bottom of barplots. (a) Plot of optimal K obtained with

find.clusters function of ADEGENET R package. (b) Barplot for the complete data set

with K=2 to K=7. Different colors indicate groups and vertical bars correspond to
each individual.
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Dataset of climatic surfaces for the SACP

The new set of eight climatic variables generated in this study provided good
predictability when compared with the observed data from the climate stations used to
fit the models (Figs. SSA-S7A). Climatic values taken from the models fitted for
mean annual temperature, annual precipitation, and mean diurnal range variables
showed concordance with the values extracted from these same variables from the
WorldClim set for same localities (Figs. S4A-S8A). Precipitation seasonality values
showed higher discrepancy (Fig. S7A). Same comparisons were made between the
climatic variables generated in this study and WorldClim set using the P. depauperata
population localities. In this case, annual precipitation values showed high
concordance (Fig. S5B); annual temperature showed a discordance of about 1°C (Fig.
S6B); precipitation seasonality showed a discordance around 10% (Fig. S7B); and
mean diurnal range showed higher variance for values extracted from the WorldClim

variable (Fig. S8B).
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Figure SS. Density plots comparing annual precipitation values. a. Observed values
at climate stations used for fit the Tps models, fitted values with Tps model for station
localities and values extracted from the same variable of the WorldClim for station
localities. b. Extracted from the interpolated Tps model for P. depauperata localities

and extracted from the same variable of the WorldClim for P. depauperata localities
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Figure S6. Density plots comparing mean annual temperature values. a. Observed
values at climate stations used for fit the Tps models, fitted values with Tps model for
station localities, and values extracted from the same variable of the WorldClim from
station localities. b. Values extracted from the climatic surfaces generated with the
Tps model for P. depauperata populations and extracted from the same variable of

the WorldClim dataset for P. depauperata populations
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Figure S7. Density plots comparing precipitation seasonality values. a. Observed
values at climate stations used for fit the Tps models, fitted values with Tps model for
station localities, and values extracted from the same variable of the WorldClim from
station localities. b. Values extracted from the climatic surfaces generated with the
Tps model for P. depauperata populations and extracted from the same variable of

the WorldClim dataset for P. depauperata populations.
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Figure S8. Density plots comparing mean diurnal range values. a. Observed values at
climate stations used for fit the Tps models, fitted values with Tps model for station
localities and values extracted from the same variable of the WorldClim from station
localities. b. Values extracted from the climatic surfaces generated with the Tps
model for P. depauperata populations and extracted from the same variable of the

WorldClim dataset for P. depauperata populations.
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Figure S9. Density plots comparing suitability values of P. depauperata localities

used for train the models (Table S1) using the climate variables obtained in this study

and the WorldClim set.
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Table S5. Maximum likelihood population effects (MLPE) modeling results

investigating the relationships of Fsr, Dps and Nei’s genetic differentiation statistics

with the eight climatic variables obtained in this study and Euclidean or topographic

spatial distances.

(?enetlc Variables AAICc weight ABIC weight
distance
Precipitation seasonality 0 1.000 0 1.000
Summer mean maximum 16.478 <0.001 16.478 <0.001
temperature
Mean temperature range 21.197 <0.001 21.197 <0.001
TOPO 23.603 <0.001 23.603 <0.001
For Total annual days with rain 26.143 <0.001 26.143 <0.001
EUC 26.178 <0.001 26.178 <0.001
Total annual precipitation 26.409 <0.001 26.409 <0.001
Winter mean minimum 26.795 <0.001 26.795 <0.001
temperature
Mean annual temperature 27.703 <0.001 27.703 <0.001
Temperature seasonality 28.378 <0.001 28.378 <0.001
Precipitation seasonality 0 0.841 0 0.841
Summer mean maximum 3.678  0.134  3.678  0.134
temperature
Mean temperature range 7.033  0.025 7.033  0.025
EUC 20.951 <0.001 20.951 <0.001
Dos Totgl annual precfipitation 21.151 <0.001 21.151 <0.001
Winter mean minimum 21.886 <0.001 21.886 <0.001
temperature
Total annual days with rain 22317 <0.001 22.317 <0.001
TOPO 22.849 <0.001 22.849 <0.001
Mean annual temperature 22.964 <0.001 22.964 <0.001
Temperature seasonality 25.799 <0.001 25.799 <0.001
Precipitation seasonality 0 0.998 0 0.998
Summer mean maximum 12342 0.002 12342 0.002
temperature
Mean temperature range 17.165 <0.001 17.165 <0.001
TOPO 35.937 <0.001 35937 <0.001
Nei’s EUC 37.75 <0.001 37.747 <0.001
Total annual days with rain 37.979 <0.001 37.979 <0.001
Total annual precipitation 38.705 <0.001 38.705 <0.001
Winter mean minimum 38956 <0.001 38956 <0.001
temperature
Temperature seasonality 39.52  <0.001 39.517 <0.001
Mean annual temperature 39.905 <0.001 39.905 <0.001

EUC: Euclidean geographic distances; TOPO: Geographic distances accounting

topographic features of study region.
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Isolation by environment tests using WorldClim data set

The correlation between WorldClim variables and genetic distances showed a less
consistent pattern and the correlation values were mostly marginally significant
(Supplementary Tables S4 and S5). None of the WorldClim variables showed a
consistent correlation with the three genetic distances after controlling by spatial
distances (EUC and TOPO). Fsr distances were correlated with four WorldClim
variables (Bio10, Bio13, Biol6, and Bio19) after controlling by EUC and TOPO
distances, and Bio19 (Precipitation of Coldest Quarter) showed the higher correlation.
Biol (Annual Mean Temperature) was the only significant variable correlated with
Dps after controlling by EUC and TOPO distances. Bio5 (Max Temperature of
Warmest Month) was the only significant variable correlated with Nei’s distance but
only after controlling by TOPO distance (Table S5). MLPE analyses showed that the
best-supported models including the variables Bio3 (Isothermality), Bio5, or Bio19
alone, as the variables that best explain the inter-population genetic differentiation

(Tables S6 and S7).
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Table S6. Relationships tests between three population genetic differentiation
statistics (Fsr, Dps, and Nei’s) and inter-population distances measured for each
climatic variable obtained from WorldClim calculated with Mantel and partial Mantel
tests controlling by spatial distances. Variables names can be found in

http://www.worldclim.org/bioclim

Genetic Climatic  Mantel Partial Mantel tests
distance variable R’ Controlling by EUC  Controlling by TOPO

Bio01 0.42%* 0.23 0.34
Bio02 0.21%* 0.04 0.18
Bio03 0.11 - -
Bio04 0.11 - -
Bio05 0.001 - -
Bio06 0.35% 0.06 0.26
Bio07 0.13 - -
Bio08 0.53* 0.40 0.47%*
Bio09 0.29 - -

Fst Biol0 0.39* 0.30* 0.37*
Bioll 0.36* 0.08 0.26
Biol2 0.01 - -
Biol3 0.58* 0.48* 0.54*
Biol4 0.04 - -
Biol5 0.47%* 0.32 0.41
Biol6 0.59* 0.49%* 0.55%*
Biol7 0.16* -0.11 0.09
Biol8 0.56* 0.44 0.51*
Biol9 0.60** 0.52%* 0.56*
Bio01 0.40%* 0.28%* 0.40%*
Bio02 0.23* 0.10 0.21%*
Bio03 0.30* 0.26 0.29*
Bio04 -0.04 - -
Bio05 0.20%* 0.13 0.20
Bio06 0.17 - -

Dps Bio07 0.03 - -
Bio08 0.29 - -
Bio09 0.21 - -
Biol0 0.28 - -
Bioll 0.21 - -
Biol2 -0.06 - -
Biol3 0.35 - -
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Genetic Climatic Mantel Partial Mantel tests

distance variable R? Controlling by EUC  Controlling by TOPO

Biol4 -0.01 - -
Biol5 0.28 - -
Biol6 0.35 - -
Biol7 0.05 - -
Biol8 0.31 - -
Biol9 0.34 - -
Bio01 0.34 - -
Bio02 0.20%* 0.12 0.19
Bio03 0.23 - -
Bio04 -0.10 - -
Bio05 0.24* 0.19 0.23*
Bio06 0.07 - -
Bio07 -0.01 - -
Bio08 0.20 - -
Bio09 0.18 - -

Nei’s Biol0 0.25 - -
Bioll 0.11 - -
Biol2 -0.08 - -
Biol3 0.25 - -
Biol4 -0.07 - -
Biol5 0.15 - -
Biol6 0.24 - -
Biol7 -0.02 - -
Biol8 0.20 - -
Biol9 0.24 - -

The Mantel’s statistic r is reported and the significance level is indicated. *** P <
0.001; ** P <0.005; * P <0.05. EUC: Euclidean geographic distance; TOPO:
Geographic distance accounting topographic features of studied region.
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Table S7. Maximum likelihood population effects (MLPE) modeling results

investigating the relationships of Fst, Dps, and Nei’s genetic differentiation statistics

with climatic variables from WorldClim and Euclidean (EUC) or topographic

(TOPO)spatial distances. Variables names can be found in

http://www.worldclim.org/bioclim

Genetic distance  Variables AAICc  weight ABIC  weight
Biol9 0 0.375 0 0.375
Bio5 0.783 0.253 0.783 0.253
Bio3 2.652 0.099 2.652 0.099
Biol0 3.921 0.053 3.921 0.053
Biol8 4.066 0.049 4.066 0.049
Biol6 4316 0.043 4316 0.043
Biol3 4.454 0.040 4.454 0.040
Biol 6.310 0.016 6.310 0.016
Biol7 6.557 0.014 6.557 0.014
TOPO 6.867 0.012 6.867 0.012
Fst Bio9 6.984 0.011 6.984 0.011
Biol5 7.535 0.009 7.535 0.009
Bio2 7.650 0.008 7.650 0.008
Biol4 8.688 0.005 8.688 0.005
EUC 9.442 0.003 9.442 0.003
Bioll 10.351  0.002  10.351  0.002
Biol2 11.061  0.001 11.061  0.001
Bio6 11.077  0.001 11.077  0.001
Bio8 11.264  0.001 11.264  0.001
Bio7 11.431  0.001 11.431  0.001
Bio4 12.705  0.001 12.705  0.001
Bio3 0 0.578 0 0.578
Bio5 0.841 0.379 0.841 0.379
Biol 5.625 0.035 5.625 0.035
Bio9 11.826  0.002  11.826  0.002
Biol0 11.875 0.002 11.875  0.002
EUC 13.147  0.001 13.147  0.001
Dps Bioz 13.341  0.001 13.341  0.001
Bioll 13.970  0.001 13.970  0.001
Biol9 14.086  0.001 14.086  0.001
Biol5 14.093  0.001 14.093  0.001
Biol7 14.127 <0.001 14.127 <0.001
Biol8 14.783  <0.001 14.783  <0.001
Biol4 15.041 <0.001 15.041 <0.001
TOPO 15.045 <0.001 15.045 <0.001
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Genetic distance  Variables AAICc  weight ABIC  weight
Bio6 16.479 <0.001 16.479 <0.001
Biol6 16.734  <0.001 16.734 <0.001
Biol3 17.016 <0.001 17.016 <0.001
Biol2 18.725 <0.001 18.725 <0.001
Bio7 18.791 <0.001 18.791 <0.001
Bio8 18.922 <0.001 18922 <0.001
Bio4 19.305  <0.001  19.305 <0.001
Bio5 0 0.936 0 0.936
Bio3 5.687 0.055 5.687 0.055
Bio9 10.919  0.004 10919  0.004
Bio2 11.625  0.003  11.625  0.003
Biol0 14.680  0.001 14.680  0.001
Biol 15.268 <0.001 15.268 <0.001
Biol9 15.440 <0.001 15.440 <0.001
Biol7 17.020 <0.001 17.020 <0.001
TOPO 17.046 <0.001 17.046 <0.001
Biol8 17.312 <0.001 17.312 <0.001

Nei’s Biol4 18.230 <0.001 18.230 <0.001
Biol5 18.435 <0.001 18.435 <0.001
Biol3 18.715 <0.001 18.715 <0.001
EUC 18.856 <0.001 18.856 <0.001
Bio7 19.332  <0.001 19.332 <0.001
Biol6 19.463 <0.001 19.463 <0.001
Bioll 20.273  <0.001 20.273  <0.001
Bio6 20.279 <0.001 20.279 <0.001
Bio8 20.588 <0.001 20.588 <0.001
Bio4 20.754 <0.001 20.754 <0.001
Biol2 21.187 <0.001 21.187 <0.001
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Table S8. Maximum likelihood population effects (MLPE) modeling results

investigating the relationships of Fst, Dps, and Nei’s genetic differentiation statistics

with single and mixed three climatic variables from WorldClim and Euclidean (EUC)

or topographic (TOPO) spatial distances.

Senetlc Variables AAICc weight ABIC  weight
istance

Biol9 0 0.506 0 0.513

Bio5 0.783 0.342 0.783 0.347

Bio3 2.652 0.134 2.652 0.136

Biol9 + Bio3 + Bio5 7.646 0.011  12.122  0.001

Bio3+ Bio5 9.742 0.004  12.340  0.001

Fst Bio5 + TOPO 10.831  0.002  13.211  0.001
Bio5 + EUC 12.483  0.001  14.863 <0.001

Biol9 + Bio3 + Bio5 + TOPO 18.783  <0.001 25.726 <0.001

Biol9 + Bio3 + Bio5 + EUC 19.487 <0.001 26.430 <0.001

Bio3+ Bio5 + TOPO 19.568 <0.001 24.263 <0.001

Bio3+ Bio5 + EUC 20986 <0.001 25.680 <0.001

Bio3 0 0.496 0 0.575

Bio5 0.841 0.326 0.841 0.377

Bio3+ Bio5 3.050 0.108 5.430 0.038

Bio19 + Bio3 + Bio5 4.402 0.055 9.097 0.006

Bio5 + EUC 9.554 0.004 11.934  0.001

Dps Bio5 + TOPO 9.587 0.004 11.967  0.001
Bio3+ Bio5 + EUC 9.934 0.003  14.629 <0.001

Bio3+ Bio5 + TOPO 11.526  0.002  16.221 <0.001

Biol9 + Bio3 + Bio5 + EUC 12.748  0.001  19.691 <0.001

Biol9 + Bio3 + Bio5 + TOPO 13.936  <0.001 20.879 <0.001

Biol9 14.086 <0.001 14.086  0.001

Bio5 0 0.818 0 0.912

Bio3+ Bio5 5.018 0.067 7.398 0.023

Bio3 5.687 0.048 5.687 0.053

Biol9 + Bio3 + Bio5 5.761 0.046  10.456  0.005

Bio5 + TOPO 8.510 0.012  10.890  0.004

Nei Bio5 + EUC 9.393 0.007  11.773  0.003
Bio3+ Bio5 + TOPO 13.439  0.001 18.134 <0.001

Bio3+ Bio5 + EUC 14310  0.001  19.004 <0.001

Bio19 + Bio3 + Bio5 + TOPO 14.731  0.001  21.673  <0.001

Biol9 + Bio3 + Bio5 + EUC 15.281 <0.001 22.224  <0.001

Biol9 15440 <0.001 15.440 <0.001
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Niche modeling results

The projected ensemble niche model for P. depauperata for current climate
conditions achieved with the climatic variables obtained in this study is shown in
Figure S10A. The ensemble distribution model summarizes 180 models with TSS >
0.7. All GLM, GBM, CTA, FDA, MARS, RF, and Maxent models presented TSS >
0.7 and were included in the final ensemble model (20 models each one). With ANN
were obtained 16 models, GAM 13 models, and SRE 11 models with TSS > 0.7. The
ensemble model had a TSS = 0.97 and AUC = 0.99. In average, the most important
variables for models obtained were mean diurnal range, total annual precipitation, and
mean annual temperature.

The ensemble model obtained with the WorldClim variables is shown in Figure
S10B. The ensemble distribution model summarizes 152 models with TSS > 0.7. All
GLM, GBM, and RF models presented TSS > 0.7 and were included in the final
ensemble model (20 models each one). CTA and FDA presented 19 models, Maxent
18 models, ANN 17 models, MARS 15 models, SRE 2 models, and GAM 1 model
with TSS > 0.7. The ensemble model had a TSS = 0.98 and AUC = 0.99. In average,
the most important variables for models obtained were mean diurnal range, max
temperature of warmest month, and temperature annual range.

The obtained niche models for current climatic conditions showed higher
suitability areas close to the coastal line with a continuous decreasing to the west. The
model obtained with the WorldClim variables showed the highest suitability values in
the Central-North region of the SACP limited to the west by altitude (Fig. S10).
Interestingly both niche models showed very low suitability values for the region of

Porto Alegre and fossil dunes region (Fig. SI0A-B).
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Figure S10. Ensemble niche models projections for Petunia depauperata achieved
with climate variables obtained in this study (a), and WorldClim variables (b). Green
dots represent the localities used to train the models (Table S1). Differences of

suitability values between models (c).
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APPENDIX 83. Allelic frequency per population
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NOVEL MICROSATELLITES FOR CALIBRACHOA HETEROPHYLLA
(SOLANACEAE) ENDEMIC TO THE SOUTH ATLANTIC COASTAL
PLAIN OF SOUTH AMERICA!

GusTAVO ADOLFO SILvA- ARIASZ, GERALDO MADER?, SANDRO L. BONATTO?,
AND LoreTA B. FREITAS®

*Laboratory of Molecular Evolution, Department of Genetics, Universidade Federal do Rio Grande do Sul, Porto Alegre, Rio
Grande do Sul 91501-970, Brazil; and *Laboratory of Genomic and Molecular Biology, Pontificia Universidade Catdlica do Rio
Grande do Sul, Porto Alegre, Rio Grande do Sul 90610-001, Brazil

» Premise of the study: Calibrachoa heterophylla (Solanaceae) is a petunia species testricted to the South Atlantic Coastal Plain
of South America and presents a recent history of colonization from continental to coastal environments and diversification
following the formation of the Coastal Plain during the Quaternary period.

Methods and Results: This study reports a suite of 16 microsatellite loci for C. heterophylla. The applicability of these markers

was assessed by genotyping 57 individuals from two natural populations. Of the 16 described loci, 12 were found to be poly-
morphic. Successful cross-amplification tests were obtained using 12 Calibrachoa species.

Conclusions: The development of microsatellite markers will be useful to recover the contemporary history of the colonization

of the Coastal Plain and to provide information for the conservation of this endemic species.

Key words:
Solanaceae; wild petunia.

Calibrachoa heterophvila (Sendtn.) Wijsman (Solanaceae)
is a wild petunia species restricted to the South Atlantic Coastal
Plain (SACP) of South America (Greppi et al., 2013; Mider
et al.,, 2013). The species is a melittophilous shrub that inhabits
dunes or sandy grasslands of lakeside or seaside environments
and possesses a conspicuous phenotypic plasticity that has
been related to environmental differences in geographic distri-
bution (Méder et al., 2013). Calibrachoa heterophylla has a
chromosome count of 2x = 18 (Mishiba et al., 2000). Previous
phylogeographic analyses showed that C. heferophylla has a
continental origin and the deposition of coastal plains during
the Quaternary period allowed the species to colonize the SACP
(Mider et al., 2013).

New challenges have emerged, such as the need to assess
the contemporary patterns of genetic structure due to the sec-
ondary contact of basal genetic lineages after colonization of
the SACP; to identify differences in the interpopulation gene
flow pattems related to geographical and ecological barriers along
the SACP; and to propose conservation measures considering
that C. heferophylla could undergo drastic habitat reduction

I Manuscript received 4 March 2015; revision accepted 27 April 2015,
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Calibrachoa heterophylla; cross-amplification; population genetics; simple sequence repeat (SSR) markers;

due to human-induced global climatic changes. New micro-
satellite (simple sequence repeat [SSR]) markers will be help-
ful in further studies that address these questions.

This is the first time that SSR markers have been developed
for the genus Calibrachoa Cerv. Bossolini et al. {2011) and
Kriedt et al. (2011) described several primer sets for the closely
related genus Petunia Juss., which have been useful for answer-
ing evolutionary questions (e.g., Segatto et al,, 2014).

METHODS AND RESULTS

Genomic DNA was extracted from the silica-dried leaves from one individual
of & heterophylla (geographic coordinates: 30°25713”8, 51°13"30"W; hetbarium
voucher BHCB 116994) using a cetyltrimethylammonium bromide (CTAB)
protocol according to Roy et al. (1992). An enriched library methodology was
used to isolate specific repeat motifs according to Beheregaray et al. (2004). For
this, genomic DINA was digested with the restriction enzyme KRsal, and the frag-
ments were linked to two oligo-adapters and amplified by PCR using a thermocy-
cler (Applied Biosystems, Foster City, California, USA). The PCR conditions
were as follows: initial denaturation at 95°C for 4 min, followed by 20 eycles of
94°C for 30 5, 60°C for 1 min, and 72°C for 1 min, and a final extension cycle at
72°C for 8 min. The products were purified using the QIAquick PCR Purification
Kit (QTAGEN, Hilden, Germany), enriched for three motifs [(dAT);, (dGA),, and
(dGAA),], and selectively captured using streptavidin magnetic particles (Invit-
rogen, Carlsbad, California, USA). PCR was performed on the microsatellite-
enriched eluate using one of the oligo-adapters as a primer, with an initial
denaturation at 95°C for 1 min, followed by 25 eycles of 94°C for 40 5, 60°C for
1 min, and 72°C for 2 min, and a final extension cycle at 72°C for 5 min. The
enriched library was purified, cloned into the pGEM-T vector (Promega Corpora-
tion, Madison, Wisconsin, USA), and transformed into competent XL1-Blue E.
celi. A total of 188 positive clones were PCR-amplified using M13(—20) forward
and M13(—40) reverse primers, with an initial denaturation at 95°C for 4 min,
followed by 30 cycles of 94°C for 30 s, 52°C for 45 s, and 72°C for 1 min, and a

Applications in Plant Sciences 2015 3(7): 1500021, http://www.bioone.org/loi/apps © 2013 Silva-Arias et al. Published by the Botanical Society of America.
This work is licensed under a Creative Commons Attribution License (CC-BY-NC-SA).
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TapLe 1. Characteristics of the 16 microsatellite loci developed for Calibrachoa heterophylla.®

Locus Primer sequences (5-3") Repeat motif Allele size range (bp) ey Fluorescent dye® GenBank accession no.

Chel8 F: TTARGGGAGGTGTAGCCCCA (CTT), 149-179 54 HEX KP091702
R: ACAAMGAGATACATATACGCATGTGT

Che46 F: TCAAGATAGCACCTTGTTTGCA (GA); 223-249 54 HEX KP091703
Ri CGTGCATACATGGTTAATTGGCT

Che59 F: TCCTCTTCTTCGCTTGCTCC (CT), 110-120 54 FAM KP091704
R: ATARATTGGGACGGACGGEGG

Chell9 F: TCCRACTGCAGTCAAGCTCT (CD)(TC)5 162-186 54 HEX KP0%1705
R: ACTGATGACCAATAGAGGAAGAACC

Che26 F: ACGARAGCTTGTTACCAATCTCAARA (AAG); 90-102 54 HEX KP091706
R: AGCCAAAGTAGGGACGTTGA

Che34 F: TCTTGARGCCRATTGGAGAATAGT (TC)y, 216-226 50 NED KP091707
R:i TCGATCTGTGCTGCACATCA

Che81 F: GACTACAGATTGGETCAACTTTTGAG (CTy, 322-358 56 FAaM KP091708
Ri AGGAGAGGCTTCTTTGGACA

Che82 F: AGAARAGAGGGATGAGGAGAACT (GA), 127-131 49 NED KP091709
R:i CTCGTCATTTTTCCTTGTCCCA

Che85 F: TGGTAATGGAGCACGAGGAAG (TG AGA), 297-305 49 FAM KP091710
R: GGCTTTCRACTTTGTTCAAAACCC

Che72 F: GCTGAGRACCRAGGAACAGC (GA); 152-164 48 FAM KP091711
R: TCGATCTCTCATCCCCTGCA

Chel26 F: AGAGTTGACCCAAATTTCCCT (GA)N 338-360 48 NED KP091712
Ry “IECTETFETTFGECTIGETTIICAR

Che33 F: CCARAGGATGAGGCATGCATTT (GA)q 184-210 50 FAM KP091713
R: CCAAACAATGCAGATCCCAAGT

Chel2 F: AACCCCTTCCCTCCAARCAC (TCT),4 291 54 NED KP091714
R: ACCTGTTATGGATTTCAAATGGAGT

Che48 F: AGCAAGCTTGTCAGACGRAGA (GAA); 139 54 NED KP0%1715
R: TTTCATGCTGGTCCATCCCC

Che83 F: TTGAAGRGGAGGAGGAGGAG (AGA), 175 55 FAM KP091716
R: AATGAATTCCAAGATCCAAGC

Chell4 F: TCATCAGTGGGAGCTTCATCAC (CTT)s 277 54 HEX KPOO1717
R: ACCATCTGAAAGTGARAGCGAAG

Note: T, = annealing temperature.

3All values are based on 57 samples from Brazilian populations representing northern and southern regions of the South Atlantic Coastal Plain (N =22
and N = 35, respeciively).

bFuorescent dye used for fragment analysis.

final extension cycle at 72°C for § min. The PCR products were purified and se- 27 were adequate for primer design using Primer3 (Untergasser et al., 2012), with
quenced with a MegaB ACE 1000 automated sequencer (GE Healthcare Biosci- primer sizes between 18 and 25 bp, GC contents ranging from 48% to 60%, and
ences, Pittsburgh, Pennsylvania, USA). Forty clones possessed SSRs, of which melting temperatures varying from 55°C to 65°C.

TapLe 2. Genetic properties of the 16 microsatellite loci developed for Calibrachoa heterophylia.

Santo Ant6nio da Patrulha® (z = 22) Santa Vitéria do Palmar? (r = 35)

Locus A H, H, A H, H,
Chel8 5 0.1875 0.73185 4 047059 0.60843
Ched6 9 0.7 0.83205 12 047059 0.88455
Che59 2 0.42105 0.34139 3 0.5 0.60623
Chell9 7 0.77273 0.77484 4 0.62857 0.5735
Che26 4 0.40009 0.56977 3 0.02041 0.37357
Che34 3 0.54545 0.42706 1 0 0
Che81 3 0.3 0.44487 5 023529 0.63784
Che82 1 0 0] 2 027586 0.50817
Che85 2 0.05263 0.14036 3 0.2963 036618
Che72 2 0.4 0.32821 5 0.66667 0.64149
Chel26 5 0.10526 0.51351 9 0.3 0.76103
Che 33 5 02 0.71264 5 022222 0.66013
Chel2 1 0 0 1 0 0
Che48 1 0 0 1 0 0
Che83 1 0 0 1 0 0
Chell4 1 0 0 1 0 0

Note: A = number of alleles; H, = expected heterozygosity; H, = observed heterozygosity; n = number of individuals sampled.

aSanto Antdnio da Patrulha population: Geographic coordinates = 29°53'34.5”S, 50°25'45.7"W,; herbarium vouchers BHCB 104866/104867. Santa
Vitdria do Palmar population: Geographic coordinates = 32°59°15.5”S, 52°43756.3”W, herbarium vouchers BHCB 104907/104908. Both populations are
located in the South Atlantic Coastal Plain, Brazil.
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The resulting markers were tested in two populations of C. heferophylla
belonging to two different chloroplast haplogroups (Mider et al., 2013): Santo
Ant6nio da Patrulha (geographic coordinates 20°5334.57S, 50°25'45.7"W,
herbarium vouchers BHCE 104866/104867) and Santa Vitéria do Palmar
{geographic coordinates 32°50°15.578, 52°43'56.3"W; herbarium vouchers
BHCB 104907/104908), Rio Grande do Sul, Brazil. PCR was performed in
10-pL reactions containing ~ 10 ng/uL of template DNA, 200 uM each dNTP
(Invitrogen), 2 pmol fluorescently labeled M13(-21) primer and reverse
primer, 0.4 pmol forward primer, 2.0 mM MgCl, (Invitrogen), 0.5 units of
Tag Platinum DNA polymerase, and 1x Tzg Platinum reaction buffer (Invit-
rogen). The PCR conditions were as follows: initial denaturation at 94°C for
3 min, followed by 32 cycles of 94°C for20s, 53-65°C for 45 5, and 72°C for
1 min, and a final extension cycle at 72°C for 10 min. The forward primers
were labeled with FAM, NED, or HEX (Table 1). The products were ana-
lyzed using a MegaBACE 1000 automated sequencer with the ET-ROX 550
size ladder (GE Healthcare Biosciences). Genotyping results were scored us-
ing GeneMarker software (version 2.4, SoftGenetics, State College, Pennsyl-
vania, IJSA).

Sixteen loci with a clear and strong single band for each allele were identi-
fied and used to genotype 57 individuals from two populations of C. hefero-
phylla. Twelve loci displayed polymorphism, whereas the other four loci
were monomorphic (Table 1). All of the individuals presented one or two al-
leles (consistent with the dipleid condition of C. keferophylla) that matched
the expected sizes based on cloned sequences. In the Santo Ant6nio da Pa-
trulha population, the number of alleles per locus for the 12 polymorphic loci
varied from one to nine, with an average of four, and observed (/) and ex-
pected (H,) heterozygosity ranged from O to 0.773 and O to 0.832, with aver-
ages of 0.341 and 0485, respectively (Table 2). In the Santa Vitéria do
Palmar population, the number of alleles per locus for the 12 polymorphic
loci varied from one to 12, and H, and H, ranged from 0 to 0.667 and O to
0.885, with averages of 0.341 and 0.554, respectively (Table 2). Considering
both populations, the total number of alleles per locus for the 12 poly morphic
loci ranged from two (Che34 and Che82) to 13 (Che46), and H, and A, ranged
from 0.138 to 0.701 and from 0.193 to 0.899, with averages of 0.341 and
0.624, respectively (Table 2). Chel8, Che46, Chel26, and Che33 deviated
from HWE in the two populations, and Che26, Che81, Che82, and Che§5
deviated from HWE in the Santa Vitéria do Palmar population (F < 0.04), all
due to heterozygote deficiency. All analyses were conducted with Arlequin
version 3.5 (Excoffier and Lischer, 2010). There are no specific studies in
reproductive biology for C. heterophylia, but we suspect that high levels of
autogamy (observed in some Petunia species, e.g., Turchetto et al., 2015)
could be responsible for the low levels of heterozygosity in the analyzed
populations. Additionally, considering that C. heterophyila recently colo-
nized and is in continuing expansion over the SACP, one would expect to find
populations with relatively high allelic richness and, at the same time, low
heterozygosity.

Cross-amplification of all the developed loci was tested in 95 individuals of
12 Calibrachea species, covering most of the geographic range and phyloge-
netic diversity of the genus (Table 3, Appendix 1, Appendix S1; Fregonezi et al,
2012), under the same PCR conditions used for C. heterophyila. Except for
C. pygmea (R. E. Fr.) Wijsman, most of the loci showed positive amplification
in the species tested, indicating that the developed markers are useful for other
Calibrachoa species. The markers Che59, Chel19, Che34, Chel26, Che§,
and Chel14 showed the highest rates of the cross-amplification tests (Table 3,
Appendix S1). The lower rates of cross-amplification for C. pygmea are unsur-
prising given that this species is classified in a different subgenus and is phylo-
genetically more distant to C. heferophylia than the remaining species included
in this study (Table 3, Appendix S1; Fregonezi et al., 2012).

http:/Avww.bioone.org/loi/apps

Silva- Arias et al.—Calibrachea heterophylla microsatellites

CONCLUSIONS

These are the first SSR markers developed for C. hetero-
phylla. These loci will allow us to investigate the effects of
landscape heterogeneity on the genetic structure of C. hetero-
phylla populations and, combined with other analyses and spe-
cies, will allow us to understand the colonization process of
plant groups to the SACP. These markers may also be valuable
for conservation of this endemmic species.
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Appendiz 31, Phylogenetic tree modified from Fregonezi et al. (2012) highlighting (in boldface) Cali-
brachion species chosen for cross-amp lification tests of microsatellite markers developed for C. hetero-
phylla The number of markers that showed positive amplification 15 indicated in parentheses
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Abstract

Colonization and spreading process to new environments generate several signals in
the genome of species that become key information to identify evolutionary processes
responsible for population establishment and adaptation to differential conditions, as
well as to address conservation efforts. In this work, we characterize the genetic
diversity, structure, and gene flow patterns of the small shrub Calibrachoa
heterophylla and associate those metrics with spatial and climatic variables. Using 10
microsatellite loci we genotyped 253 individuals from 15 populations, covering the
entire geographic range of the species. Our main results showed higher genetic
diversity and effective population size in populations located more distantly from the
seashore than those closer to the sea. Interestingly, we found isolation by distance
pattern linked with precipitation seasonality that could be related with local adaptation
processes in edge coastal populations. This pattern was congruent with other co-
distributed species. Gene flow estimations suggested that marginal populations had
restricted immigration rates, which could enhance local adaptation process by
preventing gene swamping. Populations located close to the Patos Lagoon presented
high admixture pattern probably related to the historical and current environmental

dynamic features of the region.

Keywords

Calibrachoa heterophylla; gene flow; isolation-by-distance; isolation-by-

environment; landscape genetics; South Atlantic Coastal Plain
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Introduction

The gene flow has been widely viewed as a constraining evolutionary force because
the homogenizing or cohesive effect that it exerts on conspecific populations,
opposing to divergent selection and drift that prevent genetic differentiation, local
adaptation, and ultimately speciation processes. However, the importance of the gene
flow has been discussed as evolutionary promoter that allows the spread of
advantageous mutations improving the population ability to explore the adaptive
landscape. In addition, has been showed that gene flow helps to reload the genetic
variance and purging deleterious mutations mitigating the effect of drift, especially in
marginal populations (Slatkin, 1987; Rieseberg & Burke, 2001; Morjan & Rieseberg,
2004; Alleaume-Benharira et al., 2006).

The dynamic of gene flow among populations is conditioned by several factors
such species dispersal ability, geographic distance among individuals and populations,
physical landscape features, and ecological (biotic and abiotic) factors that
differentially delimit suitable portions of the landscape facilitating or constraining the
allele movement and establishment (Sexton et al., 2014; Wang & Bradburd, 2014;
Cushman et al., 2016). Moreover, identification of asymmetric gene flow patterns in
which some populations preferentially act as sources (provide more emigrants than
they receive immigrants) whereas others are prone to function as sinks (get many
immigrants, but release few emigrants) is essential for the understanding evolutionary
processes. Differential gene flow patterns among populations can lead to differential
genetic structure patterns or local adaptation processes, and could be pivotal for
conservation efforts to identify priority populations in order to keep the persistence of
migrants supply (Furrer & Pasinelli, 2015). Both, landscape features (like habitat

quality) and populations characteristics (as population size and position within species
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geographic range) can determine the source-sink dynamics (Holderegger & Gugerli,

2012; Heinrichs et al., 2016; Sundqvist et al., 2016).

Study area

The South Atlantic coastal Plain (SACP) is a flat, continuous, open region, occupied
mostly by large coastal lakes, and constitutes the largest coastal region in South
America. The SACP extends NE-SW for approximately 600 km and is crossed just by
two perennial water channels (Tomazelli et al., 2000; Weschenfelder et al., 2010).
The SACP gradually arose during sea level transgressions and regressions processes
caused by glacial-interglacial cycles during the last 400 thousand years. The largest
transgression and regression cycles let to the formation of four main sand barriers
positioned parallel to the coast line (barrier-lagoon systems I to IV; Tomazelli et al.,

2000; Tomazelli & Dillenburg, 2007).

Study system

Calibrachoa heterophylla (Solanaceae) is a diploid (2n=18), perennial, semi-
prostrated small shrub, with woody stem base, purplish mellittophilous flowers, with
capsular fruits that produce dozen tiny seeds (< 1.4 mm) with no dispersal
mechanisms. The species inhabits open sandy grasslands, dunes or rocky outcrops of
lakeside or marine environments from the SACP. This is the only species of the genus
Calibrachoa found in coastal environments. The current known distribution of C.
heterophylla follows the SACP coastal line from the city of Laguna (Santa Catarina
state, Brazil; ~ 28 Lat S) to Cape Polonio (Uruguay; ~34 Lat S). Longitudinally,
populations of C. heterophylla occur from the seashore to less than 90 km from the

coast, with four populations separated from the sea by big lagoons, and other three
136



populations occurring outside of SACP restricted to a single inland locality of
sandbanks environment alongside the Santa Maria River (Rio Grande do Sul state,
Brazil; ~ 55 Long W; Fig. 1).

Calibrachoa heterophylla presents a phylogeographical structure with an inland
and three coastal intra-specific plastid DNA (cpDNA) lineages likely resulted from
isolation processes before the formation of the current continuous topography of the
SACP drove by river channels as paleo-barriers that dissected the species ancestral
area. Furthermore, the spread process into the SACP to the present-day distribution
could have occurred with a sudden population expansion process following the last
marine regression (Méader et al., 2013).

Considering the intra-specific diversification history of C. heterophylla, the
current geographic distribution, and the present-day physical features of the SACP,
we expected that the contemporary patterns of population genetic structure and gene
flow could be shaped by processes of secondary contact between previously isolated
lineages, as well as be influenced by differences on environmental conditions, or
topographic features alongside SACP. In this work, we specifically aim to
characterize the inter-population gene flow in terms of geographical proximity,
directionality, and intensity, and to test whether differential environmental or
topographical conditions of the SACP drove the genetic structure and gene flow
patterns of C. heterophylla. With this research we expect to contribute to the
assembling of a comprehensive picture about the eco-evolutionary patterns involved

in the colonization of coastal environments.

Materials and Methods

Sample collections
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Throughout all SACP we sampled a total of 253 individuals from 13 localities
(hereafter referred as populations; Fig. 1). In addition, three localities (Cacequi 1,
Cacequi 2, and Sao Francisco de Assis; Fig. 1) were sampled in sandy soils along
riverbanks of a region about 500 km away from the SACP. The sampled populations
represent the entire C. heterophylla known distribution. Despite the herbarium records
of C. heterophylla in Uruguay, the species was not found southern to Santa Vitoria do
Palmar (Fig. 1).

We collected leaves of all individuals found in each locality during the flowering
season between 2002 and 2013 (September to February) and preserved it in silica gel.
The number of individuals per population varied from 3 to 41 (Table 1). We collected
one herbarium voucher per population and deposited in the ICN Herbarium
(Universidade Federal do Rio Grande do Sul) or the BHCB Herbarium (Universidade

Federal de Minas Gerais).

Laboratory procedures

The total DNA was extracted following the protocol of Roy et al. (1992). Individuals
were genotyped for ten anonymous microsatellite loci (Chel8, Che59, Chel 19,
Che26, Che34, Che81, Che82, Che85, Che72, and Chel26) specifically developed for
C. heterophylla, following standard protocols for PCR and genotyping procedures as

described in Silva-Arias et al. (2015).

Characterization of the genetic diversity
Tests for linkage disequilibrium for all locus pairs were performed and deviations
from Hardy—Weinberg equilibrium (HWE) were tested within each population for

each locus. Significance of HWE deviations was assessed using 10® Markov chain
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steps and Fisher's exact probability tests in ARLEQUIN 3.5 (Excoffier & Lischer,
2010). The genetic diversity within populations was evaluated by calculating the
following statistics: average rarefied allelic richness, private alleles, observed
heterozygosity (Hp), expected heterozygosity (Hg), the Garza-Williamson (G-W)
index, and inbreeding coefficient (F|s; with confidence limits from 1000 bootstrap
resampling over loci) using the packages POPPR 2.0.2 (Kamvar et al., 2014, 2015),
HIERFSTAT 0.04-14 (Goudet, 2005, 2014) in R 3.3.0 (R Core Team, 2016), and

ARLEQUIN.

Genetic structure

We assessed the genetic structure by means of two model-based clustering methods
and three exploratory data analyses (Francois & Waits, 2016). The model-based
clustering methods used were STRUCTURE 2.3.4 (Pritchard et al., 2000) and the spatial
Bayesian clustering program TESS 2.3. Those provide estimates for the number of
genetic clusters (K) in HWE equilibrium, individual assignment probabilities, and
compute the proportion of the genome of each individual that can be assigned to the
inferred clusters.

For STRUCTURE analysis the number of clusters evaluated ranged from 1 to the
total number of populations (15), with ten independent runs per K-value. Each run
was performed using 2.5 x 10° burn-in period and 1 x 10°® Markov chain Monte Carlo
repeats after burn-in, under an admixture model, assuming correlated allele
frequencies (Falush et al., 2003), and including a priori sampling locations as prior
(locprior) to detect weak population structure. The locprior option is not biased
toward detecting structure when it is not present and can improve the STRUCTURE

results when implemented with few loci (Hubisz et al., 2009). To obtain the K
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value(s) that best explain the structure in our genetic dataset we assessed the measures
of AK method (Evanno et al., 2005) useful to recover the broadest level of genetic
structure, and the posterior probability (PP) of each K value calculated following
Bayes rule that is prone to recover finer levels of genetic structure. In addition we
assessed the threshold based corrections of best K values proposed by Puechmaille
(2016) that could be useful to reduce the appearance of spurious clusters. Those K
values were obtained by processing the STRUCTURE outputs with the function
structure_analysis of the KESTIMATOR 1-12 script (Puechmaille, 2016) in R. In
addition, to test for spurious clustering results related with the uneven population
sampling (Kalinowski, 2011) we did an independent run with exactly same
parameters for a random subsampled dataset with maximum size of ten individuals
per population. The reduced matrix was generated with the function subsampFSTAT of
KESTIMATOR.

TESS implements a spatial assignment approach to group individuals into clusters
accounting for samples geographic locations, giving to those spatially closer samples
in the connection network higher probabilities of belonging to the same genetic
cluster than those that are more distant. We did TESS runs of 100 000 generations,
with burn-in of 50 000, using the conditional autoregressive (CAR) admixture model,
and starting from a neighbour-joining tree. We ran 20 iterations for each value of
maxK ranging from 2 to 15. Because we recorded only one coordinate per population,
we added small perturbations to the original spatial coordinates using the generate
spatial coordinates for individuals option with a standard deviation equal to 0.2 to
obtain single different coordinates for each individual. Convergence was assessed by
the inspection of post-run log-likelihood plots, and support for alternative K values

was assessed by inspection of the statistical measure of the model prediction
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capability Deviance Information Criterion (DIC; Spiegelhalter et al., 2002). We
computed and plotted the average DIC values to detect maxK value at the beginning
of a plateau. Replicated runs of best K results for both STRUCTURE and TESS were
respectively summarized and plotted with the POPHELPER (Francis, 2016) R package.

The exploratory methods to detect the genetic structure summarize multilocus
genotype data sets within a reduced number of synthetic variables that are then used
to delineate genetic clusters without any assumptions about the processes that
generate the data (Francgois & Waits, 2016). We implemented the exploratory data
analyses multivariate method Discriminant Analysis of Principal Components
(DAPC; Jombart et al., 2010), the spatial Principal Component Analysis (SPCA;
Jombeart et al. 2008), both implemented in the R package ADEGENET 2.0.1 (Jombart,
2008), and the spatial Factor Analysis (spFA; Frichot et al., 2012).

DAPC estimates the proportion of an individual genome to be originated from a
given genetic group or cluster using coefficients of the alleles (loadings) in orthogonal
axes, maximizing between-groups variance and minimizing within-group variance in
these loadings. For this analysis, the SSR data were first transformed using Principal
Component Analysis and keeping all principal components (PCs). After that, the
function find.clusters was implemented to obtain the optimal number of clusters that
maximizes the between-group variability using the lowest Bayesian Information
Criterion (BIC) score. Next, to avoid overfitting an optimal reduced number of PCs to
retain given the best number of clusters were set for the DAPC using the function
optim.a.score. Finally, the DAPC of the transformed genetic data was implemented
with the number of clusters and PCs to the optimal values and plotted a scatter plot of

the two first components with the function s.class.
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sPCA of genetic structure incorporates spatial information maximizing the
product of spatial autocorrelation (Moran’s I) and variance of each eigenvector. This
produces orthogonal axes that describe spatial patterns of genetic variation. The
spatial information is included in the analysis by means of a spatial weighting matrix
derived from a connection network. In order to test the effect of the neighbouring
definition on the results, we ran the sSPCA using six different connection networks
available in the function chooseCN. For these analyses we used the same perturbed
coordinates used in TESS analysis. Monte Carlo simulations (global and local tests)
were used with 10 000 permutations to test for non-random spatial association of
population allele frequencies for all SPCA implemented.

spFA uses the geographical information in an explicit way to infer the population
genetic structure breaking the geographical correlation between proximal individuals.
The main purpose of this analysis is to obtain synthetized factors of genetic variation
accounting for the statistical artefacts generated by the decay of genetic similarity
with geographical distance (IBD) using an inverse spatial correlation matrix as
weights to remove spatial correlation. The main expected outcome is that important
structure features likely to be masked by smooth spatial patterns could be better
identified. The analysis was implemented with the spfa code in R available at

http://membres-timc.imag.fr/Olivier.Francois/spfa.R. For this analysis, we used the

same perturbed coordinates generated in TESS and the resulting factors were plotted in
a scatter plot. We ran the spFA analysis using number of factors K =2 to K = 8.
Accounting that different values of the scale parameter (i.e., the scale at which the
IBD effect is apparent) are prone to led to different interpretations of the genetic
structure (Frichot et al., 2012), values of 0.1, 0.5, 1, and 10 for the scale parameter

were explored.
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Historical and contemporary gene flow estimations

Contemporary asymmetric migration rates were estimated using a Bayesian approach
implemented in BAYESASS 3.0 (Wilson & Rannala, 2003). We ran 10° iterations and a
burn-in of 10’. Following the BAYESASS manual the adjustment for mixing of
continuous parameters were optimized to obtain acceptance rates around 40% to
adequately explore the state space, for that mixing parameters of allele frequencies,
inbreeding coefficients, and migration rates were set to 0.80, 0.95, and 0.30,
respectively. Convergence was assessed by examining the plots of the log-probability
and the effective sample sizes for each run using TRACER 1.6 (Rambaut et al., 2014)
and looking for consistency of the migration estimates between four independent runs
initialized with different seed numbers.

Historical gene flow patterns were assessed testing the support of our genetic
dataset to four alternative gene flow scenarios using Bayes factors calculated from the
marginal likelihood approximations of each migration model (Beerli & Palczewski,
2010). The coalescent-based program MIGRATE-N 3.2.6 (Beerli & Felsenstein, 2001)
was used to estimate the mutation scaled population size (©) and a mutation scaled
migration (M) parameters. The Bézier log marginal likelihood approximations were
used to assess the support of each proposed migration model.

For every models, the populations were pooled into four groups according to the
geographical distribution and genetic structure results (Figs. 1, 2, 3) named as:
‘Inland’ (including Sao Francisco de Assis, Cacequi 1, and Cacequi 2 populations);
‘West’ (including Arambaré¢, Barra do Ribeiro, and Pelotas populations); ‘North’

(including Santo Antonio da Patrulha, Torres, and Laguna populations); and ‘South’
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(including Mostardas 1, Mostardas 2, Sao José do Norte 1, Sao José do Norte 2, Rio
Grande, and Santa Vitéria do Palmar populations).

Four migration models were evaluated named as: (1) source-sink from inland
with unidirectional migration from ‘Inland’ population group to the remaining groups;
(2) source-sink from west with unidirectional migration from ‘West” population group
to the remaining groups; (3) step stone from inland with unidirectional migration from
‘Inland’ to “West’ and from ‘West’ to ‘North” and ‘South’; and (4) step stone from
coast with unidirectional migration from ‘North’ to ‘West’, ‘South’ to “West’ and
from ‘West’ to ‘Inland’ (for models graphical representations see Fig. S1).

For each model, we ran a bayesian inference of MIGRATE-N in the CIPRES
Science Gateway 3.3 (Miller et al., 2010) with one long chain of 5 x 10° steps,
sampling at every 100" increment, and a burn-in of 3 x 10* steps. We used uniform
priors and slice sampling for both Ow and M ranging from 0 to 20 (mean = 10, delta =
0.5). A heating scheme was used (Metropolis-coupled Markov Chain Monte Carlo)

with four parallel chains with temperatures of 1, 1.5, 3, and 10%.

Space, environment, and genetic differentiation
Pairwise Fst (Weir & Cockerham, 1984) matrix of genetic differentiation was
calculated with SPAGEDI 1.5 (Hardy & Vekemans, 2002). The geographic inter-
population distance matrix was obtained by calculating the linear Euclidean distance
between X and Y UTM 228 (reference EPSG: 32722) populations’ coordinates
transformed from Long/Lat coordinates with RGDAL 1.0-4 (Bivand et al., 2015) R
package.

It has been shown that patterns of spatial autocorrelation due to isolation by

distance (IBD) provoke bias for several genetic structure tests (Frantz et al., 2009;
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Meirmans, 2012). Therefore, the hypothesis of IBD was assessed by linear regression
of linearized pairwise Fgst genetic distances and logarithmic transformed geographic
distances (Rousset, 1997) and was analysed using Mantel tests, which significance
was assessed through 10 000 randomizations in the R package VEGAN 2.3-0 (Oksanen
etal., 2015). In order to test whether the three highly distant populations located
outside of the SACP could bias the distance-genetic models, both linear regressions
and Mantel tests were also implemented excluding the populations Cacequi 1,
Cacequi 2, and Sao Francisco de Assis located outside of the SACP (Fig. 1).

We also tested isolation by environment (IBE) models in order to examine
whether differences in climatic conditions explain the observed inter-population
genetic differentiation in C. heterophylla. Climatic dissimilarity matrices between
each pair of studied populations were calculated for the climatic variables total annual
precipitation, total annual days with rain, precipitation seasonality, mean annual
temperature, mean summer maximum temperature, mean winter minimum
temperature, mean temperature range, and temperature seasonality. The values of
those climatic variables were taken from raster layers specifically developed for the
SACP derived from a high dense sampling of climatic stations through the region,
geostatistical modelling and spatial interpolation (Silva-Arias et al., submitted).

Moreover, isolation by resistance (IBR) models based on circuit theory were
assessed to test for possible models of inter-population differentiation linked to
landscape discontinuities alongside the SACP. Using raster grids we outlined three
different connectivity models (Fig. S2): (1) the continuous (or null) model wherein no
landscape discontinuity affects the inter-population connectivity. For that we created a
raster grid with all cells values equal to 1, including all cells on freshwater surfaces.

This model is expected to resemble a Euclidean geographical distance but is more
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properly for comparisons with models based on circuit theory. (2) The topographic
model proposes that freshwater bodies widespread in the SACP restrict the
connectivity between populations. For that, we created a raster grid with all land cells
values equal to 1, and cells within freshwater surfaces as complete barriers (nodata).
And (3) the environmental model suggests that connectivity between populations is
enhanced with the species’ habitat suitability. For that we obtained a raster grid with a
projection of an ensemble niche model (Araujo & New, 2007) obtained for C.
heterophylla implemented in the R package BiomMoD2 (Thuiller et al., 2014) using as
explanatory variables the same eight climatic surfaces assessed in the IBE tests (see
Appendix S1 for details). We generated pairwise connectivity matrices with
CIRCUITSCAPE 4.0.5 (McRae, 2006) considering an eight-neighbour cell connection
scheme, using as nodes the Long/Lat coordinates of each population and raster
resolution of ~ 0.5 km.

The relationships between genetic differentiation (Fsr) and matrices of
geographical distance (IBD), environmental dissimilarity (IBE), and landscape
resistance (IBR) were examined using multiple matrix regressions with randomization

(MMRR) through the MMRR script (Wang, 2013) implemented in R.

Results

Genetic diversity

We found 140 alleles considering the 10 microsatellite loci, with an average of 14
alleles per locus, ranging from 7 (Che59) to 17 (Che81). All loci showed higher Hg
than Ho (Fig. S3). Furthermore, 25% of the locus-population combinations showed
departure of HWE (P < 0.05). A significant linkage disequilibrium signal (P < 0.01)

was detected for several pairs of loci, but since the linkage pattern was not consistent
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across populations for any loci pair, we assumed linkage equilibrium and maintained
all loci for the downstream analyses. MICROCHECKER analysis showed no evidence of
null alleles, scoring errors, or stutter peaks for any locus.

Genetic diversity statistics estimated for each population over all loci presented
higher values in populations located outside of SACP, as well as those located at the
west side of the Patos Lagoon (Fig. 1). On the other hand, lower genetic diversity
values were recovered for coastal populations located at the northern and southern
distribution edges of the species distribution at the SACP (Laguna and Santa Vitoria
do Palmar populations, respectively; Fig. 1). Average values across loci of Hp ranged
from 0.72 (Sao Francisco de Assis) to 0.31 (Laguna) and Hg from 0.74 (Cacequi 2) to
0.48 (Sao José do Norte 1). 22% of recovered alleles were exclusive, Barra do Ribeiro
population showed the highest amount of private alleles (8), whereas Pelotas,
Mostardas 1, Sao José do Norte 1, and Sao José do Norte 2 populations presented no
private alleles. G-W values ranged from 0.39 (Cacequi 1) to 0.83 (Torres). Positive
and significant inbreeding coefficients (Fis) were found for five populations (Table 1)
all of them located at the borders (northern and southern) of species distribution in the

SACP (Fig. 1).

Genetic structure

The best K inferred with the AK method for STRUCTURE analysis for the complete
data set, with and without the threshold based corrections, detected consistently K = 4
as the best grouping pattern, while for the subsampled dataset was K = 3 (Fig. S4).
Meanwhile, the PP K-estimator method as expected returned higher number of
groups, but with a no consistent pattern. For the complete data set the PP K estimator

proposed a best K = 14 and the corrected values ranged from 8 to 12 depending of the
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threshold level. For the subsampled dataset we obtained a best K = 13 and the
corrected values ranged from 6 to 12 (Fig. S4). On the other hand, the curve of
average DIC values for the repeated TESS analyses showed a plateau after maxK = 8,
however runs of maxK = 2, 3, and 4 showed the lowest standard deviations (Fig. S5).
Accounting for these results we analysed the barplots of membership probability of
each individual for K=2 to K = 8.

The recovered population structure had a strong geographic signal. Genetic
clustering obtained with STRUCTURE and TESS showed similar results. For both
approaches, assignment probabilities obtained for K = 2 showed that the main
differentiation delimited one cluster composed by populations located at northern
SACP, and a second group composed by remain populations (Figs. 2 and 3). When K
= 3, one group still clustering the northern coastal populations, the second group
encompassed the southern coastal populations, whereas the third group brought
together all populations located on west side of the Patos Lagoon and the three inland
populations (Figs. 2 and 3). Higher values of K showed differences between the two
Bayesian clustering methods in the order that groups were incorporated, however a
common clustering pattern was recovered for both approaches for K = 8 (Figs. 2 and
3), showing one group composed by the three inland populations; other two groups
composed solely by one population each one (Barra do Ribeiro and Pelotas
populations, respectively, both located west of Patos Lagoon); the forth cluster
grouped two populations from the northern SACP (Santo Antonio da Patrulha and
Torres populations); individuals from Laguna population (the northernmost
occurrence site) were grouped in a fifth cluster; the sixth group was composed by Sao
José do Norte 1 and Sdo José do Norte 2 populations; and individuals from the

southernmost population (Santa Vitoria do Palmar) kept a separated group. The eighth
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group was not preferentially linked to any population, instead showed low
membership probabilities in several populations. We found higher admixed
membership for populations located in geographical transition regions. The most
outstanding case were Mostardas 1 and Mostardas 2 populations that are located
between north and south SACP regions and all individuals from these populations
showed membership probability assigned for all groups except for that from the
inland populations (Figs. 2 and 3). Rio Grande population also showed high
admixture membership and achieved some discrepancy between Bayesian assignment
tests, while STRUCTURE suggested that present around of 60% of membership for a
group mostly shared with Torres population, TESS supported a higher membership
probability preferentially for a single group shared with Santa Vitéria do Palmar.
Exploratory analyses let us to identify several common patterns obtained with
Bayesian clustering analyses. Although the lowest BIC score was found for K = 8
(Fig. S6), DAPC scatterplot of the two main discriminant components showed a main
differentiation in three groups delimiting northern and southern coastal populations in
two different groups, and a third group compose by inland, Patos Lagoon western
side, and the two Mostardas populations (Fig. 1). sSPCA recovered a main
differentiation of the coastal northern and southern edge populations on first sPC axis.
Torres and Santo Antonio de Patrulha populations from northern SACP, as well as
Santa Vitoria do Palmar from southern SACP were opposed on the first sPC axis,
while the remain populations showing a gradient of differentiation on the second sPC
axis (Fig. 1). spFA showed similar result and this analysis appeared more sensitive to
the number of factors (K) than to the variation in the parameter scale. Lower K values
collapsed the most populations producing a single group in the middle of the two

factors and just differentiating the populations from the edges (northern and southern)
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as ‘satellites’ around of the main collapsed group in the spFA scatterplot (not shown).
With the increase of the number of factors up to K =5 was possible to detect the
continuous arrange of differentiation in the factor 2 similar to that observed in sPCA.

No different results were found increasing the number of factors above of K = 5.

Migration rate estimations
BAYESASS estimations showed a main asymmetric pattern of contemporary gene flow
wherein the Sao Francisco de Assis, Arambar¢, and Mostardas 1 populations mainly
functioning as receptors from remaining populations, while the Santo Anténio da
Patrulha and Santa Victoria do Palmar populations presented the lowest immigration
estimates (Fig. 4). Highest mean migration estimates were obtained between
geographically closer populations, but with asymmetric patterns. From Sao José do
Norte 2 to Sao José do Norte 1 (m = 0.155) and in the opposite way (m = 0.013); from
Cacequi 1 to Cacequi 2 (m = 0.123) and in the opposite way (m = 0.014); and from
Mostardas 2 to Arambaré (m = 0.077) and in the opposite way (m = 0.012). Lowest
estimates were obtained for migration from all populations to Santa Vitoria do Palmar
(m = 0.006), and to Santo Antonio da Patrulha (m = 0.006 - 0.011; Fig. 4). Migration
estimates obtained from independent runs of BAYESASS showed similar results (Fig.
S7). Moreover, trace profile plots for log-probability post-burn-in values of all
independent runs reached a plateau, and all migration estimates showed effective
sample sizes (ESS) higher than 400, except for migration between populations 2 — 1,
6 — 1,and 8 — 1 (see Fig. 1 or Table 1 for population numbers) that presented ESS
between 50 - 100.

The model-based coalescent approach implemented in MIGRATE-N supported that

the model step stone from coast was the most likely historical migration pattern
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between population groups (Table 2, Fig. S1). Parameter estimation taken from the
best-supported model showed that ‘Inland’ group presented the highest mean
mutation scaled population size (®), which was around eight times higher than the ®
estimated for ‘West’ and ‘North’ groups, and around of 20 times higher than the ®
estimated for ‘South’ group that presented the lowest value (Table 2). The highest
mean mutation scaled migration rate was recovered from ‘West’ to ‘Inland’ group
that was twice higher than the ‘North’ to ‘West” and five times when compared to the

‘South’ to “West’ values (Table 2).

Isolation by distance, environment and resistance tests
Measures of population differentiation Fgt ranged from 0.01 between Mostardas 1
and Mostardas 2 populations to 0.54 between Laguna and Sao José do Norte 1
populations (Fig. 5). Linear regressions showed significant positive relationship
between linearized geographic and genetic distances (R-squared = 0.14; P <0.001)
supporting a pattern of IBD for our data set (Fig. 6). Mantel test also supported the
relationship between the geographic and the genetic distance matrices (Mantel's r =
0.38, P <0.001). Spatial tests of genetic differentiation including only the 12
populations located in the SACP also resulted in positive and significant relationships
with an adjusted R-squared = 0.192 (P < 0.001), and Mantel’s r = 0.4521 (P = 0.003).
Analyses testing the relationship among geographic, climatic variables, and
genetic differentiation by means of MMRR approach showed significant association
of genetic dissimilarity with Euclidean distances (R-squared = 0.16, p=2.4 x 107, P
= 0.007) when regressed with Fgr as the unique explanatory variable. MMRR models
implemented with each of the assessed climatic variables and Euclidean distances as

explanatory variables showed only significant relationship for precipitation
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seasonality (R-squared = 0.32, P < 0.006; Bprecseason = 0.01, P =0.038; and By = 2.8 x
107, P = 0.084, respectively). IBR tests comparing three landscape models based on
circuit theory showed that the continuous model considering equal resistance along all

species’ geographic range best explained the genetic differentiation estimated with

Fsr (R-squared = 0.35, B = 0.12, P = 0.002).

Discussion

In this study we estimated measures of population genetic diversity and structure with
the purpose of detect geographical and environmental influences on the inter-
population gene flow, and their relation with the colonization process in a recently
deposited coastal plain using as biological model the small shrub species Calibrachoa
heterophylla. Our results support that distance is the main factor shaping the inter-
population genetic differentiation as well as an IBE process linked to differential
conditions in precipitation seasonality in marginal coastal populations. Remarkably,
this IBE pattern recovered for C. heterophylla seems to depict a congruent
evolutionary picture previously reported for another co-distributed coastal plant
lineage (Petunia integrifolia ssp. depauperata; Silva-Arias et al., submitted) and
could represent an emerging community trend in the colonization and spreading
processes in the SACP.

Furthermore, our genetic data set provides consistent evidence of an asymmetric gene
flow dynamic wherein populations located on northern and southern edges of the

species distribution present restricted historical and contemporary immigration rates.

Insights of local adaptation process on edge coastal populations
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We observed differential conditions in precipitation seasonality for northern and
southern extremes of SACP (Fig. 5). Join to that, significant positive relationship
verified for precipitation seasonality and genetic differentiation matrices, and the fact
that immigration for edge SACP populations fall within the lowest estimates (Fig. 4,
Table 2) let us to consider the possibility of a genetic divergence process driven by
differential rainfall regimes alongside SACP. Ecologically based divergence driven
by environmental conditions can promote selection against immigrants that lead, in a
genome-wide context, a reduction of gene flow, reproductive isolation, and enhances
the stochastic effects of genetic drift (Hendry, 2004; Nosil et al., 2005, 2009).

Limited levels migration rates from the central to the marginal distribution could
enhance the establishment of locally adaptive alleles in peripheral populations by
preventing gene swamping (Alleaume-Benharira et al., 2006). Even so, several
studies have showed many beneficial effects of migration enhancing local adaptation
processes. Within them we highlight the increasing of genetic variation diminishing
deleterious effects generated by inbreeding and drift (Sexton et al., 2009), and the
enrichment of adaptive alleles emerged in central populations and their subsequent
movement by gene flow to the edges where local adaptation can occur (Rolland et al.,
2015). In addition, intermediate slope environmental gradients have been proposed to
facilitate local adaptation at the distribution edges in the presence of gene flow
(Doebeli & Dieckmann, 2003; Bridle et al., 2009).

Differential rainfall conditions between populations during the time span of
germination until reproduction (spring-summer seasons for C. heterophylla) could
affect several plant traits that directly interact with the immigrant or hybrid survival
and reproduction, such as seedling recruitment and flowering time. We now

encourage reciprocal transplant experiments in order to verify local adaptation
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processes in C. heterophylla alongside their geographical distribution by means of
specialized approaches (Blanquart et al., 2013), and given the case, experiments to

test the possible relationship with differential precipitation seasonality regimes.

Patos Lagoon development let a secondary contact of previously diverged lineages
One of the most outstanding results is that populations located close around of the
Patos Lagoon (i.e., Arambar¢, Mostardas 1, Mostardas 2, Sdo José do Norte 1, Sao
José do Norte 2, and Rio Grande; Fig. 1) were those that presented the highest levels
of genetic admixture (Figs. 2 and 3) and lowest Fgt values among the coastal
populations (Fig. 5). These results could be related with a recent dynamic
geomorphological history of SAPC region. During the most part of the Quaternary
Period, the Patos Lagoon area was mainly crossed by two rivers (Jacui and Camaqua
rivers), as well as several channels corresponding to their temporal dynamic delta
systems (Weschenfelder et al., 2014). After the two most recent ocean regressive-
transgressive events that gave rise to the youngest SACP strips (barrier systems III
and IV), a complete closure by sands of the inlets and the complete isolation of Patos
Lagoon from the sea process was concluded (Santos-Fischer et al., 2016).

This recent dynamic could be an obstacle for the population establishment in the
east side of the Patos Lagoon, contrary to the northern and southern SACP regions
where previously well established barrier systems I and II (cf. Fig. 1 in Tomazelli &
Dillenburg, 2007) could let the establishment and differentiation of main coastal
lineages, that later spread and could experience a secondary contact on east side of the
Patos Lagoon generating the current patterns of genetic admixture in this region. This
recent admixture processes can also explain the lack of private alleles in Pelotas, Sdo

José do Norte 1, Sdo José do Norte 2, and Mostardas 1 populations (Fig. 1).
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Moreover, east side of Patos Lagoon region presents the strongest wind influence
within the SACP during most part of the year (Martinho et al., 2010). This continuous
dynamic could increase the secondary seed dispersal alongside that region, generating
in consequence higher admixture patterns, since the seeds in Calibrachoa are light
and disperses through barochoric system (van der Pijl, 1982).

Despite of the differences in the intra-specific divergence history recovered in
phylogeographical approaches for C. heterophylla (Méder et al., 2013) and the co-
distributed species P. integrifolia ssp. depauperata (Ramos-Fregonezi et al., 2015),
both species shared same pattern of high genetic admixture for microsatellite data in
populations located east of Patos Lagoon (Silva-Arias et al., submitted). This
congruent pattern supports that the above-discussed current and historical dynamics in
the environmental conditions of the SACP could be the main drivers of the observed

admixture patterns in the genetic structure of the species in this region.

Genetic structure of Calibrachoa heterophylla

A hierarchical pattern of genetic structure related with historical and geographical
features, as well as population specific processes, emerged from our results of
population structure analyses (Figs. 1, 2, and 3). The broadest pattern presents three
well-supported groups, northern, southern, and west Patos Lagoon populations, the
last group also including inland populations. This main clustering pattern is
historically congruent because mirrors the phylogeographical structure of C.
heterophylla recovered by cpDNA data (Méder et al., 2013). To find historical signals
of genetic structure with molecular markers able to reflect contemporary patterns
(e.g., microsatellites) is expected for studies involving the entire geographic range of

the species and for this reason have been suggested to account for historical patterns
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in landscape genetic approaches (Anderson et al., 2010). As previously discussed,
populations located between the northern and southern regions (i.e., Mostardas), or
between west Patos Lagoon and southern regions (i.e., Pelotas) showed higher
admixture values possibly reflecting recent gene flow dynamic between previously
differentiated groups.

A geographical frame in the genetic structure was evident in several levels of the
observed genetic structure. The northern, southern, and central groups showed a main
latitudinal pattern. In finer scale, we found that individuals from peripheral
populations tend to make up separated groups with membership probability higher
that 80%, as we can observe in Santa Vitdria do Palmar population, in the three inland
populations (Sao Francisco de Assis, Cacequi 1, and Cacequi 2), and in Laguna
locality (Figs. 1, 2, and 3). The assignment of individuals from these populations in
completely separated groups can be mainly explained by genetic drift due to a
stronger geographical isolation (Whigham et al., 2008).

Few departures from the geographical frame in the genetic structure could be
observed in some distant populations that the assignment tests suggested to share
partial genetic identity such Laguna-Sao José do Norte and Torres-Rio Grande
population pairs (Figs. 2 and 3). In both cases populations from northern and southern
SACP regions are involved. We infer that partial genetic affinity between these
spatially distant populations could be better explained as a process of common allele
fixation during a expansion wave (Excoffier & Ray, 2008), persistent ancestral
variation after population divergence, or homoplasy (Grimaldi & Crouau-Roy, 1997,
Oppen et al., 2000; Schaal & Olsen, 2000) instead of long distance gene flow. Higher
Fst measures (Fig. 5) and lower migration rates (Fig. 4) between these populations

support this suggestion.
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Pelotas population showed several contrasting results of genetic clustering
depending of the methodology and structure level inferred. Exploratory and
STRUCTURE analyses grouped Pelotas with the inland populations (Figs. 1 and 2),
while TESS suggested that Pelotas could more related with the southern population
group (Fig. 3). For finer population structure patterns (i.e. K=5-8) both STRUCTURE
and TESS suggested higher affinity of Pelotas population with Sao José do Norte or
separated a group lonely for Pelotas with almost 100% of membership probability for
all individuals (Figs. 2 and 3). These results could be related with both the geographic
position of Pelotas population and environmental dynamic features. Regarding to the
geographic position, Pelotas population is located close to southern coastal
populations such Rio Grande and Sao José do Norte, but separated from the seashore
by the Patos Lagoon. These features could shape a population subject to receive
migrants from coastal population but with an environment with more continental
affinity. Nevertheless, inter-annual rainfall conditions, as well as continental scale
periodic climatic fluctuations, such as El Nifio, can both affect the fluvial discharge
and the wind action responsible for the salinization and desalination processes of the
Patos Lagoon (Mdller et al., 1996, 2001; Méller & Castaing, 1999). These
environmental dynamic conditions should continuously change the establishment or
survival rates of individuals with coastal or continental gene pools probably leading to

the differential genetic observed profile.
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TABLES

Table 1. Names, geographical coordinates, sample size, and Fig inbreeding

coefficients of sampled populations of Calibrachoa heterophylla. Population IDs are

the same that in Figure 1.

ID Population Sample size Locality name Longitude Latitude Fis

1 4 Sdo Francisco de Assis ~ -55.10077 -29.58307 -0.16
2 10 Cacequi 1 -54.85375 -29.8947 -0.01
3 9 Cacequi 2 -54.90852 -29.85478 0

4 4 Arambaré -51.49195 -30.90082 0.12

5 27 Barra do Ribeiro -51.20255 -30.40754 0.08

6 23 Pelotas -52.16478 -31.70757 0.07

7 3 Mostardas 1 -50.73934 -30.93746 0.35
8 13 Mostardas 2 -50.90112 -31.10909 0.08

9 37 Santo Antonio da Patrulha -50.42936 -29.89291 0.10%*
10 10 Laguna -48.76501 -28.45991 0.34%*
11 23 Torres -49.79809 -29.43227  0.17**
12 26 Rio Grande -52.54661 -32.52396  0.27***
13 12 Sdo José do Norte 1 -51.42576 -31.66673 -0.01
14 11 Sdo José do Norte 2 -52.03612 -32.02393 -0.05
15 41 Santa Vitoria do Palmar  -52.7323  -32.98765  (0.25%**

*P-value < 0.05; ** P-value < 0.01; *** P-value < 0.001
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Table 2. Model support statistics (upper panel) and parameter estimations taken from

the best supported model (lower panel). Bayes factor values < 2 indicate strong

preference for the model with highest probability. ® = mutation scaled population

size; M = mutation scaled migration rate; CI = confidende interval. For graphical

model descriptions see Fig. S1.

Ln marginal Log Bayes Model
Model name Likelihgood Fgacto}l" probability
Step stone from coast -5900.7 0 1.0
Source-sink from west -5940.5 -79.6 5.1E-18
Source-sink from inland -5941.5 -81.6 1.9E-18
Step stone from inland -5944.9 -88.4 6.5E-20
Parameter Median Mean 95 % CI
® ‘Inland’ 4.11 4.25 2.55-6.28
® ‘West’ 0.55 0.56 0.12-0.96
® ‘North’ 0.51 0.52 0.05-0.95
® ‘South’ 0.27 0.22 0-0.55
M ‘West’ -> ‘Inland’ 0.41 0.45 0-1.16
M ‘North’ -> ‘West’ 0.3 0.26 0-0.6
M “South’ -> ‘West’ 0.19 0.08 0-0.41
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FIGURES

Garza—Williamson index
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Figure 1. Geographic localization of Calibrachoa heterophylla sampled populations.
Right panel shows a graphical representation of the mean genetic diversity statistics
calculates for each population across all loci. Bottom panel shows the scatterplots of
the three exploratory genetic structure analyses implemented (from left to right:
DAPC, sPCA, and spFA). Populations’ umbers and colours are in correspondence on

each panel.
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Figure 2. Barplots showing the individual membership to each identified genetic
cluster with STRUCTURE. Populations are separated by white dashed lines and named

on the top side of the figure.
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Figure 3. Barplots showing the individual membership to each identified genetic
cluster with TESS. Populations are separated by white dashed lines and names are

indicated on the top side of the figure.
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Figure 4. Estimation of contemporary migration rates with BAYESASS between each
pair of sampled populations of Calibrachoa heterophylla. Pairwise migration

estimations are represented from red (higher values) to white (lower estimates).
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Figure 5. Coloured contour plots representing the inter-population genetic,
geographic, and environmental dissimilarity matrices. Populations are numbered as in

Figure 1 and Table 1.
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SUPPLEMENTARY DATA
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Figure S1. Maps showing the coalescent migration models tested in MIGRATE-N for

Calibrachoa heterophylla.
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Figure S2. Maps showing the raster layers used to obtain the connectivity values with

CIRCUITSCAPE used to test the isolation by resistance models.
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Expected heterozygosity

Figure S3. Plot of observed vs. expected heterozygosity for each locus.
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Figure S4. Plots of best K estimates for STRUCTURE results ontained with KSTIMATOR.

Figure S4. Plots of best K estimates for STRUCTURE results obtained with KSTIMATOR.
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Ecological niche modelling and ensemble of Calibrachoa heterophylla

Species occurrence localities were taken from direct field observations. All
occurrence points were first verified for duplicates. Only one occurrence record per
grid cell was included. We included total of 27 localities covering the full extent

geographic range of C. heterophylla (Table S1).

Table S1. Longitude-Latitude coordinates of biological records used in the ecological

niche modelling.

Longitude Latitude Longitude Latitude
-49.7981  -29.4323 -51.1461  -30.4753
-55.1008  -29.5831 -51.1468  -30.476
-50.4196  -30.5409 -51.1476  -30.4749
-50.7393  -30.9375 -51.1467  -30.4806
-50.9011  -31.1091 -51.2026  -30.4075
-52.5466  -32.524 -51.2251  -30.4203
-50.4294  -29.8929 -51.2312  -30.4237
-50.4262  -29.9052 -54.8538  -29.8947
-51.4258  -31.6667 -54.9085 -29.8548
-51.4243  -31.6679 -51.492  -30.9008

-52.01 -32.0465 -48.765  -28.4599
-52.7323  -32.9876 -52.0361  -32.0239
-51.1446  -30.4735 -52.1648  -31.7078

-51.1456  -30.4759

The set of explanatory variables included five of the eight climatic raster surfaces
(Fig. S8) obtained in Silva-Arias et al. (submitted) that showed the lowest pairwise
spearman correlation values measured with values extracted from occurrence
localities. Raster layers were set to 450 m resolution, WGS84 system, and covering
the full geographic extent range of C. heterophylla.

Niche models were obtained with the ensemble niche modelling framework

(Araujo & New, 2007). Individual models were generated using the methods
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Generalized Linear Models (GLM; McCullagh & Nelder, 1983), Generalized
Boosting Models (GBM; Death, 2007), Surface Range Envelop (SRE; Busby, 1991),
Classification Tree Analysis (CTA; Breiman et al., 1993), Multiple Adaptive
Regression Splines (MARS; Leathwick et al., 2005), and Artificial Neural Network
(ANN; Ripley, 1996). Recent studies suggest that the geographic extent in which the
pseudo-absences are taken have significant influences for prediction and performance
of niche models (Thuiller et al., 2004; VanDerWal et al., 2009), following this
reasoning we selected pseudo-absences as random localities throughout the full extant
range of C. heterophylla . We did a sample of 10 000 random localities with ‘disk’
strategy, keeping 1 km as minimum distance from presence localities. Despite Barbet-
Massin et al. (2012) recommend to sample pseudo-absences at higher distances from
presence localities, we kept 1 km in order to account for the fine-scale of this study.
We kept prevalence equal to 0.5. For each model, presence localities were divided in
sets of 70% for training models and 30% for testing. For each model we performed
ten runs.

Variables loadings were kept for all models calculated. To assess predictive
performance of the individual and ensemble models, we measured the threshold
independent statistics area under the receiver operating characteristic curve (AUC;
Phillips et al., 2006) and the True Skill Statistic (TSS; Allouche et al., 2006).

The projected ensemble niche model for C. heterophylla for current climate
conditions achieved with the climatic variables obtained in this study is shown in
Figure S2. The ensemble niche model summarizes 38 models with TSS > 0.7 (10 for
GLM, 7 for GBM, 4 for CTA, 5 for MARS, 8for ANN, and 4 for SRE). The mean

weighted by TSS ensemble model had a TSS = 0.98 and AUC = 0.99. Overall, the
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most important variables for models were total annual precipitation and mean annual

temperature (Fig. S8).
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Figure S8. Summary of variable importance measures of each model.
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CONSIDERACOES FINAIS

O descobrimento dos fatores que determinam a estruturagdo genética e o fluxo génico
entre as populagdes € essencial para o entendimento dos processos historicos que
originaram a diversidade genética e a distribui¢do geografica das espécies, dos
mecanismos de adaptacgdo local, do isolamento reprodutivo e da relagdo entre estes
processos € as caracteristicas fisicas e ecoldgicas dos locais de ocorréncia dos
organismos. O processo de diferenciacao entre populagdes (ou grupos de populacdes)
pode ser condicionado por processos neutros ou adaptativos, mas na natureza pode
estar vinculado a um complexo de processos ao longo da histdria como € o caso de
espécies envolvidas na colonizag¢do e expansdo em novos ambientes (Orsini et al.
2013).

No presente trabalho foram analisadas em conjunto as caracteristicas da
estrutura genética e do fluxo génico em relacao as condicdes fisicas e ambientais de
duas espécies de plantas envolvidas em processos paralelos de colonizagdo da
Planicie Costeira do Atlantico Sul (PCAS). Sinais de efeito fundador, isolamento por
distancia, isolamento por ambiente e contato secundario entre linhagens
intraespecificas previamente isoladas foram inferidos a partir da caracterizag¢do da
diversidade genética com marcadores do tipo microssatélites em Calibrachoa
heterophylla e Petunia depauperata. A pesar de que as duas espécies apresentam
historias demograficas basais diferentes (Méder et al. 2013; Ramos-Fregonezi et al.
2015), alguns processos contemporaneos mostraram concordancia entre elas.

Para as duas espécies foi encontrado um padrdo consistente de isolamento por
ambiente relacionado com a varidvel de sazonalidade da precipitacdo. Exploracdes

das diferencas desta variavel na 4rea de estudo mostraram que nos extremos norte e
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sul da PCAS ocorrem a maiores variagdes nas chuvas ao longo do ano (Carmargo
2002). Esta variagdo ¢ mais forte na regido norte e estd influenciada principalmente
pela proximidade com as escarpas da Serra Geral que geram precipitacdes com maior
intensidade no verdo. Congruentemente, populagdes das duas espécies localizadas no
extremo norte da distribuicao apresentaram os maiores valores nas estatisticas de
distancia genética.

A forte diferenciag@o das populagdes dos extremos da distribuicao,
especialmente aquelas do extremo norte, também pode ter implicagdes histdricas. A
proximidade das escarpas da Serra Geral com a linha da costa na regido norte tem
uma influéncia grande ja que os hébitats rochosos desta regido onde se encontram as
populagdes de C. heterophylla e P. depauperata tém estado disponiveis por mais
tempo e tém sido mais estaveis do que os habitats dos campos arenosos das regides
centro e sul da PCAS, que surgiram mais tardiamente durante o Pleistoceno ou no
Holoceno. Isso possivelmente contribuiu para que, uma vez estabelecidas as
populacdes na regido norte, estas tivessem mais tempo para gerar diferenciacdo neutra
ou adaptativa.

Adicionalmente, as dindmicas de fluxo génico que envolvem as populagdes
marginais de C. heterophylla e P. depauperata tiveram resultados contrastantes, os
quais poderiam estar relacionados com as diferencas na duracao do ciclo de vida
destas espécies. Embora as duas espécies possam estar apresentando processos de
isolamento por ambiente nas populagdes marginais, particularmente C. heterophylla
pode ter um efeito de prioridade ou monopolizagdao (De Meester et al. 2016) mais
forte, ja que a longevidade maior dos individuos desta espécie limitaria o
estabelecimento de novos imigrantes fazendo com que o pool génico dos individuos

fundadores perdurasse por mais tempo na populagdo. Os baixos valores de tamanho
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efetivo populacional e imigragao restrita encontrados nas popula¢des marginais de C.
heterophylla apoiam estas ideias (ver Capitulo 3). Em contraste, P. depauperata
apresenta ciclo de vida anual o que permite que a perda de diversidade relacionada
com fendmenos de efeito fundador ou alelos surfistas em processos de expansao
possa ser mitigada com maior rapidez pela recombinagado e o fluxo génico que,
embora mais restrito em popula¢des marginais, pode acabar sendo significativo
devido ao tamanho efetivo reduzido das populagdes recentemente estabelecidas
(Alleaume-Benbharira et al. 2006; Kawecki 2008).

A evidéncia conjunta até agora disponivel aponta para uma historia evolutiva
de C. heterophylla e P. depauperata moldada por varios processos demograficos e
adaptativos. A partir dos resultados obtidos nos trabalhos aqui apresentados se
recomenda desenvolver novos estudos reunindo aproximagdes mecanicistas
(avaliagdes morfoldgicas, genéticas e de aptiddo diferenciada) e gendmicas
(varreduras gendmicas na procura de sinais de divergéncia e selecdo) para confirmar
os descobrimentos apresentados e obter um completo entendimento dos processos
evolutivos envolvidos nestes sistemas (Byers et al. 2016).

Os avangos recentes nas caracterizagdes genomicas, o conhecimento até agora
adquirido das espécies do grupo, e a grande disponibilidade de informagdo genética
que perfila Petunia como uma planta modelo (Vandenbussche et al. 2016), permitem
o desenvolvimento de novas abordagens integradas para entender processos de
adaptacao local, entre outros, e tornardo as populagdes naturais das espécies de

Petunia um laboratoério de estudo de evolugdo em tempo real.
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