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RESUMO

Manguezais sdo ecossistemas com uma variedade incomum de animais e plantas
adaptados as condi¢cdoes de alta salinidade, inundag¢des frequentes e solo lodoso e
anaerébico. Ocorrem em locais onde hd o encontro de dguas de rios com a do mar. Diversos
fatores bidticos e abidticos influenciam os padroes de diversidade de espécies de
manguezais, como oceanografia, clima, topografia e condicdes do solo. A diversidade de
plantas de mangue é muito reduzida, quando comparada com outros ecossistemas tropicais.
O Brasil possui uma das maiores areas de manguezal do mundo e apresenta trés géneros de
angiospermas de mangue. Um deles € Rhizophora, composto pelas espécies Rhizophora
mangle, Rhizophora racemosa e, um possivel hibrido, Rhizophora harrisonii. O objetivo da
presente tese foi isolar e caracterizar locos microssatélites para essas espécies e estimar
parametros populacionais como fluxo génico, estruturacao populacional, diversidade génica
e tamanho efetivo de populagdo, além de estudar outros aspectos da biologia de
Rhizophora, como uma possivel zona de hibridacdo na regido norte do paifs, taxa de
cruzamento e o sistema reprodutivo. Com este proposito, foram coletados 318 individuos
de R. mangle de 11 localidades ao longo da costa brasileira, e 33 individuos de R. racemosa
e 37 individuos de R. harrisonii ambas coletadas de duas localidades no litoral brasileiro.
Para identificar e caracterizar locos de microssatélites foram desenvolvidas bibliotecas
enriquecidas em microssatélites para as trés espécies. Utilizando os marcadores
desenvolvidos na presente tese, bem como outros que ja publicados, observou-se uma
diferenca significativa entre as populagdes no padrao de variacdo genética. A riqueza de
alelos, heterozigosidades esperada e observada foram maiores na regido norte. Os

resultados sugerem que as espécies de Rhizophora ndo compde apenas uma populacio
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panmitica ao longo do litoral brasileiro, devido a diferenciacdo existente entre as regides
norte e sul da costa. A andlise do sistema reprodutivo de R. mangle de uma populagao do
estado do Pard, encontramos valores que indicariam um sistema de reproducao misto. Em
relacdo a hibridacdo continua, nao foram encontradas evidéncias de hibridagao
introgressiva entre as espécies de Rhizophora. Concluimos que com os resultados obtidos
na presente tese foi possivel contribuir para o maior conhecimento genético das espécies de

Rhizophora spp. do litoral brasileiro.
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ABSTRACT

Mangrove are ecosystems with an unusual variety of animals and plants adapted to
conditions of high salinity and frequent floods and muddy anaerobic soil. Several abiotic
factors influence the patterns of mangrove species diversity, such as oceanography,
climate, topographic and soil conditions. The number of mangrove plant species is much
reduced compared with other tropical ecosystems. Brazil has the second largest mangrove
area in the world and has three genera of mangrove angiosperms. One genera is
Rhizophora, composed of Rhizophora mangle, Rhizophora racemosa and a possible hybrid,
Rhizophora harrisonii. The aim of this thesis was to isolate and characterize microsatellite
loci for these species and estimate population parameters such as gene flow, population
structure, genetic diversity and effective population size, and study other aspects of
Rhizophora biology, as a possible hybrid zone in the north region of the Brazilian coast,
crossing rate and the reproductive system. For this purpose, 318 individuals of R. mangle of
11 locations along the Brazilian coast, 33 individuals of R. racemosa and 37 individuals of
R. harrisonii from two locations were collected. To identify and characterize the
microsatellite loci, enriched microsatellite libraries for the three species were developed.
Using the developed markers, and some others already published, we observed a significant
difference between the populations in the pattern of genetic variation. Alleles richness,
expected and observed heterozygosity were higher in the north. The results suggest that the
species of R. mangle is not only composed of a single panmitic population due to
differentiation found among the population from locales north and south of the Brazilian
Coast. The reproductive system was evaluated studing a population of R. mangle from the

state of Pard and we find values that would indicate a mixed mating system. Regarding the
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ongoing hybridization, we found no evidence of introgressive hybridization among the
species leading to a hybrid species. We concluded that with this results it was possible to

contribute to further genetic knowledge of Rhizophora spp. from the Brazilian coast.
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ORGANIZACAO DA TESE

Esta tese busca gerar informag¢des que venham corroborar numa melhor
compreensdo de como a variacdo genética das espécies de Rhizophora (Rhizophora mangle,
R. racemosa e R. harrisonii), da costa brasileira estd distribuida, entender fatores que
influenciam essa distribui¢do e estimar parametros genéticos, como fluxo génico, sistema
de reprodugdo e estruturacido populacional. Tais pardmetros sdo essenciais para programas
de conservagdo e manejo, além de permitirem um maior conhecimento sobre os efeitos da
fragmentacdo de manguezais e desflorestamento. O trabalho foi organizado da forma a
seguir:

Revisdo de literatura atualizada, onde se encontram informagdes relevantes para o
entendimento do trabalho desenvolvido, juntamente com os objetivos propostos. O Capitulo
I apresenta os resultados obtidos durante o periodo de doutoramento, que estdo
apresentados na forma de um artigo intitulado “Population structure of Rhizophora species
(Rhizophoraceae) from mangrove forests along the Brazilian coast”, refere-se ao
desenvolvimento de marcadores moleculares do tipo microssatélite para as espécies de
mangue R. mangle, R. racemosa e o possivel hibrido R. harrisonii. Os marcadores
desenvolvidos foram utilizados para avaliar a distribuicio da diversidade genética em
individuos de populacdes dessas espécies, coletados em cline ao longo do litoral brasileiro.
Também foi realizada a investigacio sobre uma possivel zona de hibridacao no litoral norte

brasileiro entre as espécies R. mangle € R. racemosa.
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No Capitulo II sdo apresentados, como resultados complementares aos expostos no
artigo, estimativas do sistema reprodutivo da espécie R. mangle. Assim, foram coletados
folhas e propagulos de individuos do litoral norte, no municipio de Salinopdlis, PA.

Na ultima secdo sdo apresentadas as consideragdes finais de forma sucinta, as
conclusdes obtidas apds o desenvolvimento dessa tese e perspectivas para a continuidade
do trabalho.

Por fim, apresento no Anexo I um artigo desenvolvido durante estdgio realizado no
Departamento de Ciéncias Bioldgicas da University of Manitoba (Winnipeg, Canadd) sob a

orientagdo da Professora Michele Piercey-Normore.
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INTRODUCAO

Manguezais: distribuicao, importancia e diversidade

O termo manguezal (em inglés mangal) pode ser definido como um ecossistema de
mangue onde populagdes de animais, micro-organismos e plantas interagem entre si € com
o ambiente fisico (Schaeffer-Novelli & Cintron-Molero, 1999); ou ainda como uma
comunidade com plantas de mangue, definida tanto pelas espécies que contém como pelo
seu ambiente (Tomlinson, 1986). J4 a palavra mangue é usada para designar um grupo de
arvores e arbustos tropicais, floristicamente diverso com familias botanicas nao
relacionadas, mas que compartilham caracteristicas fisiologicas similares (Schaeffer-
Novelli & Cintrén-Molero, 1999). Kathiresan e Bingham (2001), no entanto, definiram
mangue como plantas lenhosas que crescem na interface entre terra e mar em latitudes
tropicais e subtropicais. Os manguezais sdo ambientes com alta salinidade, solo lodoso e
anaerdbico, que sofre frequentes inundacdes, € sio compostos por uma variedade incomum
de animais e plantas adaptados a essas condi¢cdes (Macintosh & Ashton, 2002). Plantas que
sdo confinadas ao manguezal sdo chamadas de mangue verdadeiro; plantas que podem
ocorrer também em outros lugares sdo chamadas de vegetacao associada a florestas de
manguezal. O mangue verdadeiro se difere das vegetagdo associada de forestas de
manguezal em caracteristicas foliares e propriedades osmoticas; sdo plantas haldfitas,
enquanto as associagdes possuem menor tolerancia a altas concentragdes de sal (Tomlinson,
1986; Wang et al., 2010).

A flora dos manguezais possui caracteristicas especificas que tornam esses
ecossistemas funcional e estruturalmente unicos. Caracteristicas morfoldgicas e adaptagdes

das drvores incluem raizes aéreas, dispersdo de propdgulos pelas correntes controladas
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pelas marés, rdpido crescimento de copa, auséncia de anéis de crescimento, eficiente
mecanismo de reten¢do de nutrientes, resisténcia a ambientes salinos, retencdo de dgua e
importante contribuicdo no balanc¢o de carbono (Alongi, 2002).

Ecossitemas costeiros desempenham papéis importantes na acumulagdo e
estabilizacdo de sedimentos, que proveem diversos servicos ecoldgicos (Schaeffer-Novelli,
2005). A riqueza bioldgica dos ecossistemas costeiros faz com que essas dreas sejam 0s
grandes “bercarios” naturais para diversas espécies de animais (Barbier, 2014). Além disso,
0s manguezais proveem prote¢do € sdo santudrios para passaros (Macintosh & Ashton,
2002). Também promovem sombra, abundancia de substrato para animais sésseis que
vivem na regido entre marés, matéria organica para uma rica cadeia de decompositores e
detritivoros e uma variedade de microambientes protegidos da acdo das ondas (Por, 1984).
As raizes e troncos das plantas de mangue promovem a fixagdo do solo e sdo importantes
para reduzir a erosdo da linha costeira e para proteger essa drea contra alagamentos,
tsunamis, reduzindo a forca das ondas e dos ventos em regides costeiras (Diegues, 1991;

Othman, 1994; Alongi,2008, Mclvor et al., 2012).

Apesar de todos os beneficios trazidos pelos manguezais, as atividades humanas ja
destruiram 35% dessas florestas no mundo nas ultimas duas décadas (Valiela et al., 2001).
Os principais vetores potenciais geradores de impactos sobre os manguezais incluem a
barragem de rios, a agropecudria, incluindo a aquicultura, e a urbanizacdo, que resultam em
pressdes sobre o balanco de sedimentos e 4guas em estudrios, fluxo de nutrientes e
poluentes, além do desmatamento direto das florestas (Valiela et al., 2001; Macintosh &
Ashton, 2002; Alongi, 2002; Lacerda, 2003). As florestas de mangue sdo, também,

frequentemente perturbadas por ciclones e outras tempestades, raios, tsunamis e
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inundacdes, e sempre levam décadas para se recuperar (Smith et al. 1994). O aquecimento
global, inclusive, pode afetar os manguezais por causa da elevacdo do nivel do mar,
grandes tempestades, mudancas de temperatura, de concentracio de CO, atmosférico,
padrées de circulagdo maritimos, entre outros (Gilman et al., 2008). Os efeitos sobre o
ambiente costeiro se ddo por meio da erosao e sedimentagado, eutrofizacdo e mudanca nas
cadeias alimentares e na estrutura de comunidades (Lacerda, 2002; Macintosh & Ashton,
2002; Alongi, 2002).

Estima-se que os manguezais cubram uma drea estimada de 137760 km? ao redor do
globo (Girt et al., 2011) e ocorrem ao longo da costa na zona entremarés (Huxham et al,,
2010). Os manguezais mais desenvolvidos crescem ao longo de costas tropicais abrigadas e
timidas, por exemplo, em deltas de principais rios como o Ganges (India), Mekong (sudeste
asidtico) e Amazonas (Brasil), e nas linhas costeiras protegidas por grandes massas de
areia, como por exemplo, em Madagascar, no arquipélago da Indonésia e em Papua Nova
Guiné (Macintosh & Ashton, 2002). Estendem-se em regides temperadas, € estdo mais
amplamente distribuidos nas regides entre 30° N e 30° S do equador (Spalding et al., 2010,
Giri et al., 2011).

Uma caracteristica distinta de manguezal € a baixa diversidade de plantas superiores
(Tomlinson, 1986). Segundo Tomlinson (1986) existem 54 espécies verdadeiras de mangue
em 20 gé€neros pertencentes a 16 familias, mais 60 espécies de associacdes de mangue em
46 géneros. Em contraste, Duke e colaboradores (1998) incluiram aproximadamente 70
espécies de mangue verdadeiro em 28 géneros, sendo 17 exclusivamente presentes nesse
habitat. Esse ecossistema € bem menos diverso, se comparado a outros ecossistemas

tropicais, como a Mata Atlantica e o Cerrado (Valiela, 2001; Macintosh & Ashton, 2002;



Duke et al., 2007, Joppa et al. 2011; Zachos & Habel 2011). Por outro lado, os manguezais
sao taxonomicamente diversos e evoluiram pelo menos 16 vezes em 16 familias (Macintosh
& Ashton, 2002). De 34 espécies que representam os principais componentes de
manguezais, 25 pertencem a apenas duas familias, que sdo Acanthaceae e Rhizophoraceae.
Essas familias dominam os manguezais em todo o mundo (Macintosh & Ashton, 2002). A
Indonésia, a Austrdlia, o Brasil e a Nigéria possuem, aproximadamente, 43% das florestas
de mangue do mundo (Alongi, 2002; Giri et al., 2010).

Tomlinson (1986) mostra que existem dois centros de diversidade de mangue no
mundo que apresentam muitas diferencas entre os inventdrios floristicos, tanto no tamanho
como na composi¢do. O primeiro € o grupo oriental (Indo West Pacific - IWP), que inclui a
Africa ocidental, fndia, sudeste da Asia, Austrélia e o oeste do Pacifico. O segundo € o
grupo ocidental (Atlantic East Pacific - AEP), que inclui o oeste da Africa, a por¢io
Atlantica da América do Sul, o Caribe, Flérida, América Central, Pacifico norte e América
do Sul. O grupo oriental é cinco vezes maior em espécies de plantas que o ocidental
(Tomlinson, 1986). Essa diferenca € explicada pela hipétese da vicaridncia na qual todas as
plantas de mangue teriam uma origem comum e, pela deriva continental, teriam sido
isoladas em diferentes regides do globo. O padrdao de distribuicio de manguezais pelo
mundo sugere que as plantas de mangue teriam surgido no Cretaceo Superior e Terciario
Inferior no mar de Tétis, de 60 a 50 milhdes de anos atras (Ellison, et al., 1999). Outra
explicacdo para essa diferenca no nimero de espécies entre essas regides seriam diferencas
nas taxas de surgimento de linhagens evolutivas no hemisfério oriental, com 4reas maiores

de manguezais, favorecendo a migracdo e adaptacdo na regiao IWP, o que levou a um


http://pt.wikipedia.org/wiki/Acanthaceae

maior ndmero de espécies (Ricklefs et al, 2006). A figura 1 ilustra a distribui¢do de

manguezal no mundo e a dreas AEP e IWP.

=== | and or sea barrier Populations with gene flow (Nm>1)
(no or restricted gene flow) Other populations
-> QOcean currents —-—  Distribution limit of mangroves

Fig. 5. Conceptual overview of land and oceanic barriers and of coastal zones with high levels of gene flow within the Atlantic East Pacific region and the Indo West
Pacific (values and references are given in Tables 2 and 3).

Figura 1. Figura ilustrando a de distribuicdo de manguezal no mundo (Triest, 2008).

No litoral brasileiro, que tem uma extensao de 7.408 km (CIMA, 1991), com 13.800
km? de drea (Kjerfve & Lacerda, 1993), os manguezais estendem-se do extremo norte no
Oiapoque, estado do Amapa (4° 30’ N), até Santa Catarina (28°28S (Schaeffer-Novelli,
1999; Soares et al., 2012). E a segunda maior drea de manguezal do mundo, ficando atrés
apenas das regides sul e sudeste da Asia (Spalding ef al., 2010). O litoral dos estados do
Amapd, Pard e Maranhdo, principalmente entre Belém-PA e Sdo Luis-MA, apresenta 85%
da 4rea com manguezais de todo Brasil. Além disso, nesta regido os manguezais sao

maiores e estruturalmente mais complexos (Figura 2). J4 o litoral nordeste, do Ceard ao Rio



de Janeiro, embora englobe quase metade do litoral brasileiro apresenta apenas
aproximadamente 10% da 4rea total de manguezais do Brasil. Os 5% restantes encontram-
se nas regides sul e sudeste, entre Sao Paulo e Santa Catarina, onde os manguezais sao
restritos a interiores de baifas. Essas diferencas estdo relacionadas a fatores climaticos,
pluviométricos, geoldgicos, antrdpicos e relativos ao relevo (Schaeffer-Novelli et al., 1990;

Lacerda, 2003).

Figura 2. Figura ilustrando a diferenca de tamanho de drvores de manguezais na regiao

norte (esquerda) e regido sudeste do Brasil (Foto: Gustavo Maruyama Mori).

Devido a importancia bioldgica e econdmica das espécies que compdem oS
manguezais, muitas pesquisas vém sendo realizadas em todo o mundo, com o uso de
marcadores moleculares como as isozimas, RAPD, RFLP e AFLP e marcadores
microssatélites (SSRs) para elucidar aspectos relativos a evolugdo (Duke et al., 2002), a

origem de hibridos interespecificos (Parani et al., 1997), a relacdo filogenética com outros
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géneros da familia Rhizophoraceae (Schwarzbach & Ricklefs, 2000), e a diversidade de
filogenia molecular e genética em espécies da tribo Rhizophoreae (Lakshmi et al.,2002).
Pesquisas sobre manguezais avancaram consideravelmente nos ultimos anos. O
desenvolvimento de técnicas moleculares tem gerado oportunidades de levar a pesquisa
sobre manguezais em novas direcdes para agregar novos conhecimentos acerca do tema
(Schwarzbach & Ricklefs, 2001). Muitos estudos foram desenvolvidos na regido AEP, e
mostram que existe estruturacdo da diversidade genética entre as populacdes (Dodd et al.,
2000, 2002; Pil et al., 2011; Ceron-Souza et al., 2012; Takayama et al., 2013). Ou seja, a
taxa de fluxo génico seria baixa, o que pode ser explicado pelo sistema misto de
cruzamento dessas espécies, com altos niveis de autofecundacdo e cruzamento biparental,
limitando o fluxo génico por meio de pdlen (Cerdon-Souza et al., 2012; Nettel et al., 2013;
Yahya et al., 2014). No entanto, a maioria das espécies de mangue sdo dispersas pela dgua
por meio de propdgulos flutuantes que sdo adaptados para dispersdo a longas distancias,
com a vantagem de utilizar correntes oceanicas para colonizar novos habitats e reabastecer
areas de manguezais ja existentes (Duke et al., 1988; Nathan et al., 2008). Evidéncias raras
de dispersdo a longa distancia foram levantadas para as espécies Avicennia germinans, que
pode apresentar dispersdo transatlantica (Nettel & Dodd, 2007), e Rhizophora mangle, que
além de se dispersar entre os oceanos, ha também evidéncia de movimento de individuos
entre as ilhas do sul do Pacifico e a costa americana do Oceano Pacifico (Takayama et al.,
2013). A vicariancia, isolamento por distdncia e as correntes maritimas superficiais sao
fatores importantes que podem afetar o fluxo de genes e a distribuicdo dessas espécies,
como apresentado por estudos recentes sobre a dispersdo e distribuicio de manguezais

modernos (Yahya et al., 2014; Lo et al., 2014). No Brasil, correntes marinhas também sao



um fator importante na distribuicao da diversidade genética de plantas de mangue. Pil et al.
(2011) mostraram que a bifurca¢do da corrente marinha Sul Equatorial no estado do Rio
Grande do Norte em correntes do Norte do Brasil (com sentido norte) e corrente do Brasil
(sentido sul), explicaria a diferenciacdo encontrada para populag¢des da espécie Rhizophora
mangle presentes nessas regioes.

Como citado anteriormente, a maior drea de manguezais do Brasil se encontra na
regido norte do pais, onde também se encontra um maior nimero de espécies (Schaeffer-
Novelli et al., 1990, Menezes et al., 2008). Pil et al. (2011) evidenciaram que a diversidade
genética também € maior nessa regido, quando comparada com outras regides do pais no
que diz respeito a espécie R. mangle. Esse cendrio se repete em outras partes do globo,
tanto para A. germinans quando para R. mangle. Uma hipétese que poderia explicar esse
cendrio de diferencas e estruturagdo genética sdo mudancas climdaticas que ocorreram no
ultimo periodo glacial, durante o Quaterndrio. O clima na costa do Atlantico Ocidental era
mais frio com frequentes oscilagdes de temperatura. Durante essas glaciacdes, as placas de
gelo que se formavam limitaram as zonas de vegetacdo em regides equatoriais, com clima
mais ameno (Hewit, 2000, 2004). Como a distribuicdo de manguezais € fortemente
influenciada por fatores climdticos, como temperatura e umidade (Duke ez al., 2002; Krauss
et al. 2008), durante as glaciagdes, os manguezais ficaram restritos a essas zonas (Saenger,
1998). Com o aumento da temperatura e da umidade, apds o fim do periodo glacial, os
manguezais foram se expandindo gradualmente para latitudes maiores (Pil et al., 2011).
Essa hipétese corrobora com dados paleoldgicos sobre manguezais no Brasil que mostram
que 0s manguezais na regiao norte sao mais antigos que os da regiao mais ao sul do litoral

(Vedel et al., 2006; Amaral et al., 2006). Concluindo, o que se acredita é que as regides ao



sul foram colonizadas mais recentemente, o que explica a baixa diversidade genética,
consequéncia de consecutivos eventos de fundacdo seguidos de colonizagdo (Pil et al.,
2011).

Possiveis hibridos estdo sendo reportados em géneros como Rhizophora,
Sonneratia, Lumnitzera e Bruguiera (Tomlinson, 1986; Duke & Ge, 2011; Ng & Szmidt,
2014). A maioria desses hibridos sdo identificados com base em caracteristicas
morfoldgicas intermedidrias de dois ou mais possiveis genitores (Chan, 1996; Duke, 2010;
Kathiresan, 1995, 1999). Muitos estudos recorreram ao uso de ferramentas moleculares
para estabelecer a identidade de hibridos (Parani et al., 1997; Zhou et al., 2005, 2008; Qiu
et al., 2008; Céron-Souza et al., 2010; Ng & Szmidt, 2014). Esses estudos demonstram que
espécies de mangue, como Rhizophora mangle e Avicennia germinans, nao possuem
limites evolutivos absolutos e estdo sujeitas ao processo de hibridagdo natural
interespecifica onde suas distribui¢cdes se sobrepde (Nettel et al., 2008; Céron-Souza et al.,
2010; Takayama et al, 2013). Céron-Souza e colaboradores (2010) apresentaram
resultados que indicam que existe uma hibridag¢do introgressiva e que vem ocorrendo ha
muito tempo entre as espécies de Rhizophora do Novo Mundo. Resultados obtidos com o
estudos de espécies de Rhizophora da regiao IWP mostram que estd ocorrendo hibridagao
entre as espécies R. mucronata e R. stylosa com diferentes niveis de introgressdo e podem
ocorrer em todas as dire¢des (Ng & Szmidt, 2014). No entanto, a maioria dos hibridos
reportados sdo limitados a geracdo "F;" e poucos sdo resultado de introgressao
interespecifica (Cerén-Souza et al., 2010; Sun & Lo, 2011; Ng et al., 2013). Apesar de

todos os estudos existentes sobre hibridos de mangue, ainda sdo necessarios esfor¢os para



compreender como esses processos de hibridagdo podem influenciar a evolugdo dessas
espécies (Barton, 2001; Soltis & Soltis, 2009; Abbott et al., 2013).

O desenvolvimento de microssatélites em espécies de mangue pode facilitar estudos
sobre ecologia molecular dessas populacdes com uma precisdo muito maior do que
alozimas e um poder analitico também maior do que marcadores dominantes (RAPD,
AFLP), tanto para o nivel do individuo como para assembleias agrupadas de (sub)
populacdes (Triest, 2008). Rosero-Galindo e colaboradores (2002) desenvolveram dez
marcadores do tipo microssatélites para Rhizophora mangle. Estes foram utilizados para
avaliar o grau de diversidade genética em cinco populagdes desta espécie na Coldmbia
(Arbeléez-Cortes et al., 2007). Em 2007, Takayama e colaboradores, caracterizaram outros
14 microssatélites para esta mesma espécie, e testaram sua transferéncia para outras cinco
espécies do mesmo género coletadas no México e na Costa Rica, sendo que alguns desses
marcadores amplificaram em todas elas.

Microssatélites ou SSRs (Simple Sequence Repeats) sdo motivos de 2 a 6 pares de
base repetidos em "fandem" e encontrados em quase todos os organismos (Schlotterer,
2000). Sao considerados os marcadores que mais se aproximam do ideal para estudos
genéticos devido as seguintes vantagens: 1) sdo abundantes e uniformemente distribuidos
pelo genoma; 2) sdo codominantes; 3) sdo usualmente multialélicos, apresentando grande
conteido informativo por loco génico; 4) apresentam, geralmente, alto grau de
heterozigozidade e 5) sdo marcadores de baixo custo e ficil aplicacdo a andlise de um grande
nimero de plantas, quando a técnica estd estabelecida para a espécie (Ferreira &

Grattapaglia, 1998).

10



Como as espécies do género Rhizophora sdo amplamente distribuidas e dominam
muitos manguezais tropicais em todo o mundo, acredita-se que tenham um papel
fundamental para o ecossistema manguezal (Duke & Allen, 2006). Nesse contexto, este
trabalho pretende gerar informacdes para melhor compreender como a variagdo genética
das espécies de Rhizophora (R. mangle, R. racemosa e R. harrisonii), da costa brasileira
estd distribuida e entender fatores que influenciam essa distribuicdio com o
desenvolvimento e uso de marcadores moleculares do tipo microssatélite que provém uma
alta resolucdo e sensibilidade para estimar parametros genéticos, como fluxo génico, taxa

de endocruzamento e estruturacdo populacional.

Espécies do género Rhizophora L. do litoral brasileiro

O género Rhizophora é composto com espécies conhecidas como mangue vermelho,
e € um género antigo e amplamente distribuido, presente nos neotropicos desde o Eoceno
(50 Ma). Dez milhdes de anos depois, essas espécies se espalharam pelo mundo (Figura 3)
(Ellison et al., 1999; Duke et al., 2002; Tyagi et al., 2003). Atualmente Rhizophora é o
género mais notdvel em ecossistemas manguezal, e trés espécies sdo reconhecidas nos

neotropicos: R. mangle, R. samoensis, R. racemosa, e um possivel hibrido, R. harrisonii.
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Figura 3. Mapa mostrando a distribui¢do de espécies de Rhizophora no mundo (Lo et al.,
2014).

Rhizophora encontra-se geralmente nas franjas de bosques em contato com o mar,
ao longo dos canais, na desembocadura de rios ou, nas partes internas dos estudrios onde a
salinidade ndo é muita elevada. E caracterizado por drvores ou arbustos com numerosas
troncos tipo escora (rizéforos), inflorescéncias cimosas, flores hermafroditas pedunculares
e reproducdo por viviparidade, onde o embrido germina dentro do fruto ainda ligado a
planta-mae (Figura 4) (Prance et al., 1975). Evidéncias mostram que as espécies deste
género sdo polinizadas principalmente pelo vento, pois possuem um numero muito maior
de graos de pdélen em relagcdo ao nimero de ovarios por flor (Tomlinson, 1986). As espécies
encontradas ao longo do litoral brasileiro sdo: Rhizophora mangle L., da desembocadura do
rio Oiapoque, até a latitude da Ilha de Santa Catarina; e R. racemosa G. F. W. Meyer e R. x
harrisonii Leech., encontram-se da regido norte até o Delta do Rio Parnaiba, no Piaui

(Schaeffer-Novelli & Cintréon, 1986).
12



Figura 3. Propadgulos da espécie Rhizophora mangle (Foto: Gustavo Maruyama Mori).

A Rhizophora mangle, também conhecida popularmente como mangue verdadeiro,
tem como principal caracteristica suas raizes aéreas que, partindo do tronco em formato de
arcos, atinge o solo, 0 que permite uma maior sustentacdo em solos pouco consolidados.
Pode alcangar uma altura de até 19 metros e apresenta um didmetro médio de 30
centimetros. Suas folhas apresentam &pice estreito e curto; o botdo floral é comprido com
ponta aguda; a inflorescéncia axilar agrupa geralmente até quatro flores e apresenta-se com
nenhuma, ou mais ramificacdes (Figura S1, Capitulo I); a polinizacdo ¢é realizada
principalmente pelo vento, sendo os insetos agentes secunddrios e podendo também
apresentar autopoliniza¢io; com fertilidade em torno de 97 a 100% (Breteler, 1969; Prance

et al. 1975; Menezes & Melo, 1997; Luz, 2006).
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R. racemosa sao arvores que podem medir de trés até 16,5 metros de altura; com
casca marrom-amarelada; as raizes no fuste podem chegar a dois metros e meio de altura;
suas folhas possuem o dpice mais largo e comprido, quando comparado com R. mangle
(Luz, 2006); o botao floral é curto, normalmente com dpice obtuso e pouco acuminado; a
inflorescéncia pode ramificar trés ou mais vezes apresentando muitas flores (Figura S1,
Capitulo I); podem apresetar fertilidade em torno de 97% (Breteler, 1969; Prance et al.,
1975).

Estudos realizados sobre a ecologia e morfologia demonstraram que R. harrisonii
apresenta uma posicao intermedidria entre R. mangle e R. racemosa. O botao floral de R.
harrisonii € mais fino, de formato ovado, com dpice e comprimento intermedidrio quando
comparados a R. mangle e R. racemosa (Figura S1, Capitulo I); suas inflorescéncias
embora apresentem muitas flores, ndo possuem tantas ramificagdes quanto R. racemosa; a
porcentagem de fertilizagdo esta entre 20 a 60% e seu nivel de tolerancia a salinidade é
intermedidria entre R. mangle e R. racemosa (Prance et al., 1975). Estas caracteristicas
indicam uma possivel natureza hibrida da espécie (Breteler, 1969; Prance et al., 1975;

Tomlinson, 1986; Luz, 2006; Duke & Allen, 2006, Céron-Souza et al., 2010).
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OBJETIVOS

Objetivo Geral
Para caracterizar a diversidade genética e a estrutura populacional das espécies do

género Rhizophora (R. mangle, R. racemosa e R. harrisonii) do litoral brasileiro.

Objetivos especificos

v" Desenvolver bibliotecas enriquecidas em microssatélites para as espécies R. mangle,
R. racemosa e R. harrisonii

v' Sequenciar e avaliar os locos dos marcadores do tipo microssatélites isolados, e
desenvolver primers para amplificar os locos de microssatélites

v" Genotipar individuos das espécies R. mangle, R. racemosa € R. harrisonii com 0s
marcadores microssatélites polimoérficos

v’ Estimar pardmetros populacionais para as trés espécies como estrutura¢do
populacional, diversidade génica e tamanho efetivo de populacdo

v" Estudar o sistema reprodutivo de R. mangle

v’ Avaliar a existéncia de uma zona de hibridac¢do entre R. mangle € R. racemosa em
determinadas popula¢cdes do litoral norte do Brasil por meio de marcadores

microssatélites
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Abstract

Rhizophora L., the red mangrove, is an ancient and widely distributed mangrove
tree genera which occur in estuarine regions where freshwater outflow reaches the ocean or
in lagoons along the shoreline. In Brazil, this genera is compound by Rhizophora mangle,
Rhizophora racemosa, and a putative hybrid species, Rhizophora harrisonii. Several
factors influence the patterns of genetic diversity and evolution of these species, such as
oceanography, climate and topographic. Thus, the aim of this study was to investigate the
genetic variation and population structure of Rhizophora species along the Brazilian coast,
developing and using microsatellite molecular markers. We genotyped 318 individuals of
Rhizophora mangle at nine microsatellite loci, and 33 individuals of R. racemosa and 37
individuals of R. harrisonii at 16 microsatellites. We found genetic diversity among
populations of R. mangle from northern and southern coast. We also found a mixed mating
system with tendency to alogamy. Northern region populations showed higher genetic
diversity. These results were confirmed by population structure analyses that indicated the
existat ence of two distinct group of genetic diversity in R. mangle. The variation found
among the populations from sites on the northern and southern Brazilian coast suggests that
the species R. mangle is not composed of a single panmictic population. In addition, when
comparing the three species of Rhizophora, we found no evidence of introgressive
hybridization among the species that would lead to a hybrid. These results are of great

importance for understanding the dynamics of Brazilian mangrove ecosystems.
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Introduction

Mangroves are heterogeneous habitats with an uncommon variety of animals and plants that
are adapted to conditions of high salinity, frequent flooding and muddy anaerobic soil [1] and cover
approximately 137,700 km” worldwide [2]. The most developed mangroves grow in sheltered,
moist areas, for example, in deltas of major rivers such as the Ganges, the Mekong and along the
Amazon tropical coast and along coastlines protected by large masses of sand, such as in
Madagascar, the Indonesian archipelago and Papua New Guinea [1].

The species of mangroves are distributed mostly between the latitudes 30° N and 30° S [3],
However, their diversity is not uniform There are two centers of diversity, an Eastern - Indo-West
Pacific (IWP) group and a Western - Atlantic-East Pacific (AEP) group; the former has five times
the number of species compared to the latter [4]. Ellison and colleagues [5] explain this difference
according to the vicariance hypothesis, in which all mangrove species have a common origin and
have been isolated in different regions of the world via continental drift. Furthermore, in both
regions, the number of different species decreases as the latitude increases [6, 7]. Several abiotic
factors influence these patterns of species diversity, such as oceanography, climate, and topographic
and soil conditions [6]. These patterns are also maintained by biotic factors such as the limited
effective dispersion, floating capabilities and salt tolerance of seedlings with varying degrees of
viviparity; the continued development of embryos without dormancy also affects the species
composition [6, 8, 9].

A distinctive feature of mangrove communities is their low diversity of higher plants [4].
This ecosystem is far less diverse, compared to other tropical ecosystems such as the Atlantic
forests [1, 10-13]. In the Brazilian coast, the red mangrove, Rhizophora is one of the genus that
characterize the mangrove forests [16]; and it is compound by Rhizophora mangle L., Rhizophora
racemosa G.F.W. Meyer, and a putative hybrid species, Rhizophora harrisonii Leechman.

Rhizophora L. distribution expanded worldwide during the Middle Eocene [5, 14, 15]. On the
19



Brazilian coast, R mangle has the largest distribution, occurring along all the mangrove area
in Brazil. R. racemosa and R. harrisonii occur in the northern region [16].

As the species of the Rhizophora genus dominate and are widely distributed in
many tropical mangroves worldwide, is believed to have a pivotal role in mangrove
ecosystems [17]. These mangrove trees have morphological characteristics and adaptations
including aerial roots and fast-growing canopy which contributes with an efficient nutrient
retention mechanism, water retention and balance sheet carbon [18, 19].

Evidence shows that the species of this genus are mainly pollinated by the wind, as
they have a much larger number of pollen grains relative to number of ovaries per flower
[4]. Their viviparous propagules are dispersed by water and their dispersion are under
ocean current influences [9].

Because of the biological and economic importance of the species that make up the
mangroves, studies have been performed worldwide. The development of molecular
techniques has generated opportunities to bring research on mangroves in new directions to
add knowledge on the subject [20, 21]. Many studies have been developed in AEP region,
and show that there is structure of genetic diversity among populations of Rhizophora [22-
24]. Also, it was found low gene flow rate, evidences of a mixed mating system, high levels
of self-pollination and biparental crossing, limiting gene flow through pollen [23]. Recent
studies have hypothesized that the major land and sea barriers to the dispersal of propagules
are important evolutionary factors influencing mangrove distribution, and ancient and
ongoing interspecific hybridization has been recorded [23-25]. Additionally, substantial

genetic differences have been observed in different genera [26, 27].
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Aiming to better understand the processes that influence the dynamics of Brazilian
mangrove ecosystems, in this study we investigated genetic patterns such as genetic
diversity and population structure of Rhizophora species along the coast, developing and
using microsatellite molecular markers Based on previous studies [22, 23], our hypotheses
are (1) that distinct genetic structures differentiate Rhizophora L. populations in two
clusters on the Brazilian seashore, one on the noth and other on the south coast due to
vicariance events and oceanographic patterns; (2) and that R. harrisonii is an hybrid species

originated from the crossing of R. mangle and R. racemosa..

Materials and Methods

Plant material and sampling strategy

We sampled 318 genotypes of R. mangle from 11 sites, 33 individuals of R.
racemosa and 37 individuals of R. harrisonii from two localities along the Brazilian coast,
covering more than 4,900 km of coastline (Fig. 1, Table 1). We recorded latitude and
longitude using a Global Positioning System receiver (Garmin 76CSx, WGS-84 standard,
Garmin International Inc., Olathe, KS, USA). Licenses (17159 and 17130) to collect leaves
of these species were obtained from the Instituto Brasileiro do Meio Ambiente e dos
Recursos Naturais Renovaveis (IBAMA, currently Instituto Chico Mendes de Conservagao

da Biodiversidade, ICMBio).
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Fig. 1. Geographic distribution of Rhizophora mangle, R. racemosa and R. harrisonii along the
Brazilian coast. Map of South Atlantic displaying the geographic distribution of red R. mangle (red
line) and the occurrence of the three species (R. mangle, Racemosa and the putative hybrid R.
harrisonii - green line); and the collection points of R. mangle (circles), R. racemosa and R.
harrisonii (triangle), and where the three species were collected (pentagon). The star indicates the
northeastern extremity of South America. Sampling locations are displayed according to Table 1.
Arrows denote the near-surface ocean currents that influence the mangrove species range: the
South-Equatorial (SEC), North Brazil (NBC) and Brazil currents (BC). Arrow size and line widths

illustrate the mean current speed [73].
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Table 1. Description of the locations of the samples of Rhizophora mangle, R. racemosa and R. harrisonii

from the Brazilian coast.

Position
Rm Rr Rh Locality (City, State) Geographic Coordinates
in Fig. 1
RrSPA (11) RhSPA (7) Soure, Para 0°43'26" S, 48°29'24" W 1
Braganca, Para o A 1Am R 2
RmBPA (30) 0°49'12" S, 46° 36' 56" W

RmAMA (31) Alcantara, Maranhao 2°24'37" S, 44°24' 22" W 3
RmPPI (13) RrPPI (22) RhPPI (30) Parnaiba, Piaui 2°46'42" S, 41°49'20" W 4
RmPCE (34) Paracuru, Ceard 3°24'47" S, 39°3'23" W 5
RmTPE (20) Tamandaré, Pernambuco 8°31'35"S,35°0'48" W 6
RmVBA (25) Vera Cruz, Bahia 12°59'1" S, 38°41'5" W 7
Guapimirim, Rio de 8

RmGRIJ (25) 22°42'5"S,43°0'26" W

Janeiro

RmUBA (32) Ubatuba, Sdo Paulo 23°29'22" S, 45°9'52" W 9
RmCNN (35) Cananéia, Sao Paulo 25°1'12" S, 47°55'5" W 10
RmPPR (24) Pontal do Parana, Parana 25°34'30" S,48°21'9" W 11
Floriandpolis, Santa 12

RmFSC (49) 27°34'37"S,48°31'8" W

Catarina

Sampled populations of R. mangle (Rm), R. racemosa (Rr) and R. harrisonii (Rh) are indicated by three
capital letters. Sample sizes are indicated in parentheses. The city and state in Brazil, geographic coordinates

and numbers corresponding to Fig. 1 are denoted for each site.

The geographic information of the localities from which the samples of each species
were taken is shown in Table 1, with Rm, Rr and Rh indicating R. mangle, R. racemosa and
R. harrisonii, respectively, and with a three-letter code indicating the locality from which
each sample was obtained. We distinguished the species in the field using both vegetative
and reproductive traits to minimize misidentification. The three species are similar and they

can be identified by the number of flowers per inflorescence. R. mangle axillary
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inflorescence groups usually contain up to four flowers with zero, one or two branches. R.
harrisonii has a multi-branched, many-flowered inflorescence like R. racemosa, but the bud
shape, the branching type, and the longer pedicels resemble those of R. mangle (S1 Fig.) [4,

28].

R. mangle R. harrisonii R. racemosa

S1 Fig. Representation of differences in number of branches and bud shape of three Western

hemisphere Rhizophora species (photos by Gustavo Maruyama Mori).

We deposited voucher specimens from every location in the University of Campinas
(UEC) and Embrapa Amazonia Oriental (IAN) herbaria, which are both in Brazil. For
genetic analyses, we sampled leaves from flowering trees that were at least 20 m from any
other sampled trees and kept the leaves in zip-lock bags containing silica gel. This leaf

material was lyophilized and stored at -20°C prior to DNA isolation.

Construction of a microsatellite-enriched library

To identify and characterize microsatellites, we developed microsatellite markers
for R. mangle, R. racemosa and R. harrisonii. Using the DNeasy® Plant Mini Kit (Qiagen,
Hilden, DE, Germany) according to the manufacturer’s instructions, we isolated the

genomic DNA from one individual of each species sampled in northern Brazil (0°43 26" S,
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48°2924" W for R. mangle and 0°49'12"S, 46°36 56" W for R. racemosa and R.
harrisonii).

We constructed microsatellite-enriched libraries for the three species as previously
described by Billotte and colleagues [29]. The enrichment with streptavidin-coated
magnetic beads (Streptavidin MagneSphere Paramagnetic Particles, Promega, Madison,
WI) and biotinylated (CT)s and (GT)s probes was done followed by genomic DNA
digestion was with Afal. The fragments were PCR amplified and cloned into the pGEM-T
vector (Promega, Madison, WI). We cultivated the XL1-Blue Escherichia coli competent
cells transformed with the recombinant plasmids on agar medium containing ampicillin
(100 mg/ml), X-galactosidase 2% (100 pg/ml) and IPTG (100 mM). We selected and
sequenced clones using Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA) and an ABI 377 sequencer (Applied Biosystems, Foster City,
CA). We aligned and edited the sequences using SeqMan Software (DNAStar, Madison,
WI), and removed the adapters and restriction sites using Microsat Software (A. M.
Risterucci, CIRAD, personal communication). For the identification of microsatellite-
enriched regions, we used the Simple Sequence Repeat Identification Tool (SSRIT) [30]
and defined the following criteria for the number of repeats of motifs: five or more repeats
for dinucleotides, four or more repeats for trinucleotides and three or more repeats for
pentanucleotides. We designed primers using the PrimerSelect software (DNAStar,
Madison, WI).

To amplify the fragments we used 20 pl polymerase chain reactions (PCR)
containing 2 ng of template DNA, 2 mM MgCl, 50 mM KCl, 20 mM Tris—HCI (pH 8.4),
0.2 mM dNTPs, 0.19 mg/ml BSA (bovine serum albumin), 0.15 mM of each primer and 1
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U of Tag DNA polymerase. PCR was performed according to a touchdown thermo cycling
program: 94°C for 2 min, 2 x [10 cycles of 94°C for 1 min, 65°C (—1°C/cycle) for 1 min
and 72°C for 2 min]; 18 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 2 min; and
72°C for 5 min. The amplified samples were genotyped by vertical electrophoresis using
6% denaturing polyacrylamide gels, and DNA bands were visualized using silver nitrate
[31]; the sizes of the resulting fragments were estimated by comparison to a 10-bp DNA
ladder (Invitrogen, Carlsbad, CA).

Analysis of genetic diversity

Linkage disequilibrium and adherence to the HW equilibrium were tested for all
used markers with Genepop v.1.2 [32] software according to the Fisher exact test using
10,000 interactions with 100 batches. The analysis of null alleles was performed using the
algorithm of Dempster et al. [33] with FreeNA [34] software, accepting a frequency of
n>0.20 as the presence of null alleles. The number of alleles (N,) was calculated in
GenALEx 6.4 [35] and the polymorphism information content (PIC) using PIC Calculator
[36]. The effective number of alleles (N.), the expected heterozygosity (Hg), and the
observed heterozygosity (Ho) were calculated using GenALEX 6.4 [35]. Estimates of
allelic richness (Agr) and the F-statistics of Weir and Cockerham (Fir (F), Fst () and Fis
() [37] based on 10,000 resamplings and a 5% nominal adjustment were performed using
the FSTAT 2.9.3.2 [37, 38].

To assess the level of population genetic structure, we used a series of
complementary approaches, considering different sets of microsatellite markers for each
species because we have not tested the markers developed for R. harrisonii in the species R.
mangle, and we could not transfer all the markers of R. mangle in R. racemosa and vice
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versa; for R. harrisonii and R. racemosa was possible to use the same set of markers (S2
and S3 Tables in S1 File). For this reason, the analyses for R. harrisonii and R. racemosa

were performed together. The apparent rate of inbreeding (z,) was obtained through the

. 1-f]
expression f,- (14f)
. 4

[39]. We calculated the multilocus Weir & Cockerham estimator of Fgr
between all pairs of populations using FSTAT and used these statistics to compare the
average levels of between-population differentiation in the studied regions [40, 38].

The Bayesian inference of the population genetic structure and grouping of 318
individuals of Rhizophora mangle, 37 individuals of R. racemosa and 39 individuals R.
harrisonii was performed with the Structure v.2.3.2 program [40]. We used admixture
models that disregarded information about the individuals source and considered co-related
allele frequencies between loci in admixed populations. For R. mangle, we evaluated the
number of groups (K) varying from 1 to 15, corresponding to the sampled sites, with 50
repetitions each with the length of the Markov Chain Monte Carlo (MCMC) performed
with a 500,000 steps following a burn-in period 0f100,000 steps. For R. racemosa and R.
harrisonii, we used the same model and evaluated K ranging from 1 to 5, to investigate the
occurrence of substructure. The most likely K was selected using the ad hoc statistics AK
[41] which was estimated using the online tool Structure Harvester [42]. We used
CLUMPP software [43] to combine the results from multiple replicates for the K with the
highest likelihood, using the Greedy algorithm. The output was plotted using DISTRUCT
v. 1.1 [44].We also performed hierarchical analyses of molecular variance (AMOVA) in
GenAlEx 6.4 software with 9999 random permutations to test for significance to partition

genetic variation among populations and regions, and within populations [35, 45].

Ongoing hybridization between species
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We used a different set of markers to evaluate the ongoing hybridization between
the Rhizophora species because we only considered microsatellites that cross-amplified for
R. mangle, R. racemosa and R. harrisonii. We applied 13 microsatellites in these analyses
(S4 Table S4 in S1 File).

For these investigations, the same methods used to study the genetic diversity and
the population structure were employed. We also used the Discriminant Analysis of
Principal Components (DAPC), a multivariate method [46], which was implemented in the
R package ADEGENET 1.3.7 [47], to investigate how the genetic diversity is structured
among these species. In addition, we used the same model-based clustering approach
described above [41, 45], with K values ranging from 1 to 6 because we consider three
groups in Rhizophora mangle (the results for this species showed K=2 and K=5, but we
could see three groups) and the other two species.

We applied a model-based method implemented in the NewHybrids 1.1 beta
software to evaluated the existence of hybrids and categories ("F;", "F," and backcrosses
between a pure individual and "F,") of eventual two-generation hybrids between each “pure
species” [48]. The analyses were conducted with the evaluation of the posterior
distributions using five independent chains of 10° interactions of MCMC after 5x10° burn-
in steps, without using any prior information on allele frequency and considering Jeffrey-
type and uniform distribution priors for © and n. Besides, we used hierarchical AMOVA in
GenAlEx 6.4 software to evaluate the groups identified with these approaches and assess

how the genetic diversity is organized among the three species [35].

Ethics Statement

28



We confirm that we obtained two licenses (Nos. 17159 and 17130) from the Brazilian
Institute of the Environment and Natural Renewable Resources - IBAMA (currently Chico Mendes
Institute for Biodiversity Conservation - ICMBio) to collect the leaves of Rhizophora mangle, R.

racemosa and R. harrisonii. We confirm that these are not endangered or protected species.

Results

Microsatellite development

Through automatic genotyping, 96 clones of R. mangle, 96 clones of R. racemosa
and 84 clones of R. harrisonii were evaluated. We designed a total of 118 primer pairs: 44
for R. mangle, 37 for R. racemosa and 37 for R. harrisonii. Out of 44 markers for R.
mangle, 22 amplified properly and seven presented intraspecific polymorphism. For R.
racemosa, the number of properly amplified loci was 23, and six were polymorphic in the
species. For R. harrisonii, nine out of 30 markers that amplified properly were
polymorphic. Seven markers from R. mangle successfully cross-amplified and were
polymorphic for the tested samples of the other two species. Four markers developed for R.
racemosa cross-amplified and were polymorphic for R. mangle (S1 Table in S1 File). All
primer pairs that were polymorphic for R. racemosa amplified R. harrisonii samples and
were also polymorphic in this species. The same occurred from R. harrisonii to R.
racemosa. We did not test the transferability of R. harrisonii primer pairs in the R. mangle
samples yet. For R. mangle primer pairs, the mean number of alleles was 6.14 (form four to
eight alleles) and the Polymorphism Information Content (PIC) varied from 0.147 to 0.513.
For R. racemosa and R. harrisonii primer pairs, the mean number of alleles was 3 (from
two to four alleles) and the PIC varied from 0.263 to 0.595. We found no interference from
null alleles.

29



Intraspecific genetic diversity and genetic structure

We used a total of nine primer pairs, including some that were previously published
[49]. The set of microsatellites used for the genetic diversity analyses of R. mangle is
shown in S2 Table in S1 File. All loci were polymorphic and generated a total of 48 alleles.
The populations with the highest number of alleles were Rm BPA (34), RmAMA (28),
RmPPI (26) and RmPCE (22). The remaining populations showed no more than 16 alleles
each. Populations RmBPA, RmAMA, RmPCE and RmGRJ had private alleles, with eight,
four, two and two alleles, respectively. We found a varying degree of polymorphism among
the markers within and among samples in terms of N,, Ar, Hg and Hp (Table 2). We also
observed Fis values ranging from -1.00 to 0.070, with an average of 0.087. A comparison
across geographic regions indicated significant differences in the patterns of genetic
variation. Ag, Ho and Hg, were higher in the RmBPA, RmAMA, RmPPI, and RmPCE
populations comparing to the others (Table 2).. The average ¢, estimated was 0.841, ranging

from 0.345 to 1 (Table 2).
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Table 2. Intraspecific genetic diversity of Rhizophora mangle, R. racemosa and R. harrisonii samples

from the Brazilian coast. Sample codes are denoted as in Table 1.

Sample N, Ar Ho Hg Fig t,
R. mangle (n=318)
RmBPA 1.985 (0.235) 3.778 (0.465) 0.386 (0.082) 0.427 (0.078) 0.070 (0.097) 0.870
RmAMA 1.678 (0.132) 3.111 (0.423) 0.300 (0.067) 0.371 (0.053) 0.233 (0.125) 0.623
RmPPI 1.753 (0.138) 2.889 (0.351) 0.326 (0.072) 0.392 (0.061) 0.177 (0.127) 0.709
RmPCE 1.496 (0.155) 2.444 (0.444) 0.217 (0.095) 0.271 (0.074) 0.189 (0.189) 0.682
RmTPE 1.111 (0.111) 1.111 (0.111) 0.111 (0.111) 0.056 (0.056) -1.000 (0.057) -
RmVBA 1.111 (0.111) 1.111 (0.111) 0.111 (0.111) 0.056 (0.056) -1.000 (0.057) -
RmGR]J 1.187 (0.113) 1.778 (0.324) 0.139 (0.109) 0.113 (0.059) -0.047 (0.221) 1.000
RmUBA 1.111 (0.111) 1.111 (0.111) 0.111 (0.111) 0.056 (0.056) -1.000 (0.056) -
RmCNN 1.139 (0.108) 1.667 (0.236) 0.114 (0.111) 0.082 (0.053) 0.498 (0.289) 0.345
RmPPR 1.111 (0.111) 1.111 (0.111) 0.111 (0.111) 0.056 (0.056) -1.000 (0.057) -
RmFSC 1.083 (0.073) 1.333 (0.167) 0.066 (0.061) 0.053 (0.044) 0.199 (0.239) 0.678
Average 1.342 (0.049) 1.949 (0.259) 0.181 (0.030) 0.176 (0.023) 0.087 (0.059) 0.841
R. racemosa (n=33)
RrPPI 1.538 (0.117) 2.813 (0.292) 0.212 (0.042) 0.301 (0.044) 0.214 (0.122) 0.647
RrSPA 1.912 (0.208) 2.750 (0.371) 0.241 (0.051) 0.410 (0.047) 0.347 (0.121) 0.485
Average 1.725 (0.122) 2.781 (0.331) 0.227 (0.033) 0.356 (0.033) 0.281 (0.085) 0.562
R. harrisonii (n=37)
RhPPI 2.234 (0.177) 3.125 (0.455) 0.574 (0.105) 0.522 (0.027) -0.067 (0.201) 1.000
RhSPA 2.138 (0.187) 2.750 (0.281) 0.427 (0.099) 0.477 (0.046) 0.130 (0.182) 0.770
Average 2.186 (0.127) 2.938 (0.368) 0.501 (0.072) 0.499 (0.027) 0.028 (0.135) 0.945

Average effective number of alleles
heterozygosities, inbreeding coefficient

errors are in parentheses.

(N.), allelic richness (Ag), observed (Hp) and

expected (Hg)

(Fis), and outcrossing apparent rate (¢,) are denoted. The standard
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The set of markers used for the genetic diversity analyses was the same for R.
racemosa and R. harrisonii (S3 Table in S1 File). We used a total of 16 polymorphic
microsatellites, including some that were previously published [49, 50]. The species
showed a similar number of alleles and R. harrisonii had more private alleles (six alleles)

than R. racemosa (2 alleles).

We also found a varying degree of polymorphism among the markers within
samples in terms of N., Hg and Hp (Table 2) and a significant departure from HWE. We
observed Fis values ranging from 0.214 to 0.347 for R. racemosa; and -0.067 to 0.130 for
R. harrisonii. The level of inbreeding among individuals was lower for R. harrisonii
(average of Fis= 0.028+0.135 and t,= 0.945) compared to the other two species. R.
racemosa had higher values for Fis (0.281+0.085) and 7, (0.562), which may indicate that
these species have a mixed maing system, but R. harrisonii has a tendency to alogamy..

R. harrisonii had the lowest value of population differentiation (Fst= 0.067£0.024),
whereas R. mangle species had higher average genetic differentiation (Fsr= 0.346+0.095).
The population differentiation of R. racemosa was intermediate (Fst= 0.135+0.065) (Table

3).
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Table 3. Statistical estimate of Weir and Cockerham F-statistics for Rhizophora mangle, R. racemosa

and R. harrisonii with the respective values of the confidence interval.

Fis (f) Fsr (0) Fyr (F)
R. mangle
Estimate -0.087 (0.317) 0.346 (0.095) 0.314 (0.267)
(IC) Lower limit -0.397 0.202 -0.092
(IC) Upper limit 0.395 0.507 0.670
R. racemosa
Estimate 0.379  (0.120) 0.135 (0.065) 0.462 (0.110)
(IC) Lower limit 0.137 0.027 0.229
(IC) Upper limit 0.586 0.258 0.648
R. harrisonii
Estimate -0.039  (0.183) 0.067 (0.024) 0.033 (0.184)
(IC) Lower limit -0.375 0.024 -0.312
(IC) Upper limit 0.321 0.117 0.383
Three Rhizophora spp.
Estimate 0.100 (0.156) 0.537 (0.045) 0.585 (0.09)
(IC) Lower limit -0.171 0.452 0.415
(IC) Upper limit 0.400 0.621 0.749

Fir - Total population inbreeding; Fsr- inbreeding by subdivision and divergence between populations; Fig -
inbreeding due to the reproductive system, with respective standard errors in parentheses. Confidence interval

(CI) (95%) obtained after 10,000 resamplings.
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Pairwise Fsr values, representing the degree of genetic differentiation between R.
mangle populations, ranged from 0 to 0.437 (Table 4). The highest average genetic
differentiation was observed between RmBPA and RmTPE, RmVBA, RmUBA, RmPPR
populations (Fsr=0.437), whereas the RmTPE showed no significant genetic differentiation
from RmVBA, RmUBA and RmPPR populations (Table 4). For R. racemosa and R.
harrisonii, the Fgr values ranged from 0.067 to 0.337. The lowest Fst value was between
the two populations of R. harrisonii (RhPPi and RhSPA). The highest average value was
between R. racemosa (RrPPI) and R. harrisonii from (RhSPA) (Fst=0.337) (Table 5).
These results indicates a genetic structure in the three species, primarily when samples from

north and south of the brazilian coast are considered (Figure 1).
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Table 4. Statistical estimate of pairwise Fgr (6) between populations of Rhizophora mangle.

RmBPA RmAMA RmPPI RmPCE RmTPE RmVBA RmGRJ RmUBA RmCNN RmPPR  RmFSC

RmBPA 0.000 ke stk stk stk stk stk stk otk otk stk
RmAMA 0.128 0.000 otk otk otk otk otk otk otk ok ok
RmPPI 0.210 0.056 0.000 otk otk ok otk otk otk ok ok
RmPCE 0.253 0.049 0.080 0.000 Ak Ak ok ok otk HAK HAK
RmTPE 0.437 0.170 0.165 0.101 0.000 NA NS NA NS NA NS
RmVBA 0.437 0.170 0.165 0.101 0.000 0.000 NS NA NS NA NS
RmGRJ 0.368 0.151 0.122 0.074 0.024 0.024 0.000 *E NS NS Ak
RmUBA 0.437 0.170 0.165 0.101 0.000 0.000 0.024 0.000 NS NA HAK
RmCNN 0.378 0.158 0.137 0.081 0.012 0.012 0.014 0.012 0.000 NS HAK
RmPPR 0.437 0.170 0.165 0.101 0.000 0.000 0.024 0.000 0.012 0.000 NS
RmFSC 0.419 0.160 0.151 0.093 0.025 0.025 0.028 0.025 0.019 0.025 0.000

The lower diagonal presents the structure of populations pairwise (Fsr). The upper diagonal presents the statistical significance of each pairwaise comparison
after standard Bonferroni corrections. P value obtained after 55,000 permutations.

*** = significance at the 0.1% nominal level; ** = significance at the 1% nominal level; NS = non-significant and NA = not available.
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Table 5. Statistical estimate of pairwise Fgr () between populations of Rhizophora racemosa and

Rhizophora harrisonii.

RrPPI RrSPA RhPPI RhSPA
0.000 * ok ok
RrPPI
RrSPA 0.133 0.000 ok NS
RhPPI 0.259 0.163 0.000 ok
RhSPA 0.337 0.104 0.067 0.000

The lower diagonal presents the structure of populations pairwise (Fsr). The upper diagonal presents the
pairwise significance after standard Bonferroni corrections. P values obtained after 55,000 permutations.
*** = significance at the 0.1% nominal level; ** = significance at the 1% nominal level; NS = non-

significant.

Based on data obtained through the Bayesian analysis of the population genetic
structure using the Structure software, for the R. mangle, we observed that there are two
distinct groups (K=2) for R. mangle, suggesting the occurrence of two populations (Fig. 2).
In this scenario, we observed a structure that separates the species into two groups: one
along the northern, including the populations RmBPA, RmPPI, RmPCE; and the other
along the southern Brazilian coast, including the populations: RmTPE, RmVBA, RmGRIJ,
RmUBA, RmCNN, RmPPR, RmFSC (Fig. 3A). For R. racemosa and R. harrisonii, the
most likely number of populations was K=2, which indicates two different species (Figs.

2B and 4). There was no structure in the individuals of the same species.
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Fig. 2. Bayesian inference of the number of clusters (K). The mean values of AK for A) samples

of Rhizophora mangle; B) samples of R. racemosa and R. harrisonii; C) and samples of R. mangle,

R. racemosa and R. harrisonii analyzed with different microsatellite primer sets (S4 Table in
S1File).
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Fig. 3. Rhizophora mangle population structure. Bayesian clustering analyses [41] considering

K=2, where each individual is represented by a vertical line with populations separated by black

lines, and each color refers to one inferred cluster: samples from North (yellow) and South (pink) of
the Brazilian Coast.
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Fig. 4. Rhizophora racemosa and R. harrisonii population structure along the Brazilian coast.
A) Model-based clustering analyses [41] considering K=2, where each individual is represented by

a vertical line, each color refers to one inferred cluster.

Analyses of molecular variance were also held for population differentiation to
additional evaluation of the genetic structure (Table 6). Genetic variance was observed
among the two groups of R. mangle populations (P<0.0001), determined according to the
results of the structure analysis, and explained 51% of the total variance. Only 3.86% of the
total genetic variance was found among populations, indicating higher genetic
differentiation within individuals than among the populations and the emergence of genetic
differentiation within populations (45.14%). In R. racemosa, the variation within
populations represented 84.5% of the total variance, and 15.5% the variance was between
the two populations, which correlates with the Fsr value (0.027) that showed there was
greater variance within each population than among populations. For R. harrisonii the
pattern was the same, with 12.6% of variance among the populations and 87.4% within

each population.
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Table 6 Analysis of molecular variance (AMOVA) for Rhizophora mangle, R. racemosa and R.

harrisonii
A) R. mangle
Source of Sum of Mean Variance Total
. df . P-value
variation squares squares component variance (%)
Among groups 1 301.092 301.092 1.951 51.00 0.0001
Among
. 9 191.679 21.298 0.668 3.86 0.0001
populations
Within 307 712.839 2322 2322 45.14 0.0001
populations
B) R. racemosa
Source of Sum of Mean Variance Total
. df . P-value
variation squares squares component variance (%)
Among
. 1 32.742 32.742 1.628 15.53 0.0001
populations
Withi
_— 31 274.591 8.858 8.858 84.47 0.0001
populations
C) R. harrisonii
Source of Sum of Mean Variance Total
e df . P-value
variation squares squares component variance (%)
Among
. 1 23.385 23.385 1.279 12.60 0.0004
populations
Withi
_— 35 310452 8.870 8.870 87.40 0.0004
populations
D) Three Rhizophora spp.
df Sum of Mean Variance Total P-value
Source of squares squares component variance (%) "
variation
Among species 2 1409.923 704.961 10.741 61.250 0.0001
Within species 391 2656.737 6.795 6.795 38.750 0.0001

Results of the hierarchical analysis of molecular variance (AMOVA) considering A) R. mangle populations
and northern and Southern groups to the Northeast extreme of South America with K=2 according to Fig. 3;
B) R. racemosa populations; C) R. harrisonii populations; and D) R. mangle, R. racemosa and R. harrisonii
species comparison.
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Ongoing hybridization between Rhizophora species

Characterizing all the samples collected together with thirteen microsatellite loci (S4
Table in S1 File), we detected that the differentiation observed among the species was
greater than the differentiation observed among the samples within each species, with an
Fsr value of 0.537 (Table 3), which was higher than the values observed for individual
species. This result is consistent with the hierarchical AMOVA approach among
populations and species, which revealed that the majority of the variation (61.25%)
occurred among the species (Table 4).

Regarding the DAPC, we observed an optimum of 3 clusters, revealing the
difference between two groups of R. mangle and the other two species (Fig. SA). The
pattern of genetic structure within each species was consistent with the results presented
above when each taxon was evaluated separately, including the clear divergence between
northern and southern samples for R. mangle. DAPC revealed no clear difference between
R. racemosa and R. harrisonii (Fig.5A). Considering the model implemented in the
Structure software [41, 42], the most likely K was only 3 according to AK (Figs. 2C and
5B). There was no differentiation between R. racemosa and R. harrisonii. Considering each
species as a “pure category,” we used another model-based approach to verify the presence
of different classes of up to two-generation hybrids (Fig. 5C). There was no differentiation
between the Jeffrey-like and uniform priors results. These results indicate that there is no

evidence that the species are hybridizing (Fig. 5C).
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Fig. 5. Investigation of ongoing hybridization between Rhizophora mangle and R. racemosa. A)
Multivariate analysis of DAPC [46]. Each color indicates the group to which each individual was
assigned. The gray represents one group of R. mangle with Northern populations, yellow represents
the second group of R. mangle with Southern populations, pink are R. racemosa and R. harrisonii
individuals, which were grouped together. B) Bayesian clustering analyses [41] considering K=3,
where each individual is represented by a vertical line, each color refers to one cluster. The groups
and colors are the same as A. C) Evaluation of the existence of hybrids and categories (F1, F2 and

backcrosses between a pure individual and F1) in NewHybrids [48]. Each vertical line refers to an
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individual, and different colors indicate distinct classes of individuals: dark gray: “pure” R. mangle;

white: "pure" R. racemosa and R. harrisonii.

Discussion

Microsatellite markers

Studies have previously reported the isolation of microsatellite markers for
Rhizophora mangle, but the reported allelic diversity is rather low [49, 51], as we observed
herein. However, a more recent study of the same species showed a high number of private
alleles [52]. In the present study, we found a variable degree of polymorphism among loci
and a high transferability rate between R, mangle, R. racemosa and R. harrisonii species
(S1 Table in S1 File). These results indicate that these markers are valuable molecular tools
for genetic studies such as the investigation of these species genetic structure, genetic

diversity, mating system and for the evaluation of hybridization areas between them.

Intraspecific genetic diversity, mating system and structure

With the set of primer pairs used in this study for R. mangle, we found 48 alleles
and the allelic richness ranged from 3.8 to 1.1 (Table 2). This number of alleles was higher
than that obtained by Pill e al. [22] for the same species from the Brazilian coast using a
different set of eight microsatellite primer pairs and 145 individuals across 10 populations.
Likewise, the range of allelic richness for the northern region of Brazil was slightly higher
than that described by Pill et al. [22]. In Mexico, Sandoval-Castro et al. [53] found reduced
genetic diversity and increased inbreeding. Evidence of low genetic diversity was detected
in other previous studies of mangrove species [6, 22, 54, 55]. However, populations of R.
mangle from the Pacific Coast presented a higher genetic diversity and genetic

differentiation among populations, especially between populations from the northern coast
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and the other populations [56, 57], which was consistent with the findings reported in the
present study.

We observed lower values for inbreeding for R. mangle and R. harrisonii and an
intermediate value for R. racemosa (Table 2). The results for these species indicate that
these populations have a mixed mating system, although most of the sampled areas presents
tendency to cross-pollination [58]. Rhizophora species have a wide variety of pollination
mechanisms such as flower visitors (bees, butterflies, and birds in some species of the
genus) but are considered primarily wind pollinated [59, 60]. However, the mixed mating
system strategy seems to be particularly important for mangrove trees as colonizers because
of the small number of individuals present in the area at first [4], and self-pollination [58].
This breeding strategy is also used by other species of mangrove trees such as Avicennia
spp. [61].

A comparison across geographic regions indicated significant differences in the
pattern of genetic variation for R. mangle. Some populations contained more heterozygotes
than expected (Table 2). Allelic richness, Ho and Hg were higher in the RmBPA, RmAMA,
RmPPI, and RmPCE populations, and a reduction of these parameters was observed in the
populations in estuaries farther south (Table 2). The number of private alleles in northern
populations was also higher when compared to the number in southern populations. The
same pattern was observed in another study in the same region [22]. The F-statistics
estimated for R. mangle showed that the variation in population structure among the
populations studied is higher than the differentiation within the populations (Table 3). Little
genetic structure was present for the species R. racemosa and R. harrisonii. This finding
was expected because the two locations where these species were collected were relatively
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close and the distribution of these species in the Brazilian coast is restricted to the northern
region. The value of genetic structure among populations (Fst) was high when compared to
that of the three species of Rhizophora (Table 3).

The observed pattern of genetic differentiation can be associated with the climatic
changes that occurred during the last millennia and the biological characteristics of
Rhizophora spp. [22]. During Quaternary glaciations, the climate of the western Atlantic
coast was colder but exhibited frequent temperature oscillations. During this glacial period,
the ice extended into the Northern Hemisphere, limiting the vegetation zones to the
equatorial regions, whereas in the Southern Hemisphere, the ice sheets were not as
extensive [62, 63]. Because mangrove distribution is strongly determined by temperature
and humidity [6], these species distribution was likely restricted to equatorial regions
during the cooling of the Quaternary [64]. When the temperature increased, the mangroves
could have extended their distribution to latitudes farther south [22]. This scenario may
explain the differences in genetic variability and number of species between the northern
and southern mangrove forests [22, 65], which is supported by this study. The low species
richness and number of alleles of R. mangle in southern regions would be the result of
consecutive founder effects associated with a stepping-stone dispersion pattern as this
species colonized estuaries farther from the equatorial region [65, 66]. Pil ef al. found
elevated homozygosity in these populations [22]. However, in the present study, the
homozygosity was not high, which may indicate that there is a non-negligible genetic
diversity even though this diversity is low compared to northern populations. This
difference could be explained by the number of microsatellites loci used in each study,
which was higher in ours.
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In R. mangle, pairwise comparisons indicate that the most significant differences
occurred between RmBPA, RmAMA, RmPPI and RmPCE and the other populations (Fig.
1, S5 Table in File S1), which correlates with the findings of a previous study about the
same species [22]. These differences are reported for other sea-dispersed species. Mori and
colleagues [61] found strong differentiation between A. germinans and A. schaueriana
populations sampled in North and South of the northeastern extremity of South America.

The differences between the northern and southern populations were also evident in
the other analyses. Considering genetic structure using the Bayesian population assignment
method, we observed a scenario for the R. mangle analysis suggesting the occurrence of
two populations: one on the northern and another on the southern Brazilian coast (Fig. 3).
This result provides additional support for the findings regarding the evaluation of pairwise
Fsr. For R. racemosa and R. harrisonii, it was not found structure among individuals of the
same species was found and the difference was only present between the two species.
AMOVA results also supported this genetic structure pattern because both species had
significant fixation index values when the variation among populations within groups was
considered (Table 4). The variation among groups (north and south) was higher than that
among populations.

A study investigating the phylogeographic pattern of Rhizophora worldwide reveal
the importance of a combination of vicariant events and oceanic long-distance dispersals to
account for the historical diversification and present-day biogeographic patterns of
mangroves [67]. New findings for Avicennia germinans, another widespread mangrove
species, reinforce the role of long-distance dispersal for which was observed signs of
transatlantic dispersal, a process that has likely contributed to the large extent this species
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distribution [68, 69]. Although long distance dispersal is found in mangrove species, there
are important evolutionary factors that differentiate mangrove populations such as large
land and ocean barriers to propagule dispersal [24]. Rhizophora spp. propagules are water
dispersed and take advantage of estuarine, coastal and ocean currents to restock or colonize
habitats [54]. The northern and southern regions studied here are under distinct
hydrographic regimes [70], and this pattern possibly plays an important role as barriers to
dispersal, as expected from the water-based dispersal of mangrove propagules. The
distinctions in allelic and species richness of the northern and southern groups of the
Brazilian coast are related to the bifurcation of superficial currents and this same pattern
was found in Hibiscus pernambucensis and Avicennia germinans and A. schaueriana
species [68, 71]. The southern branch of the South Equatorial Current into the Brazil
Current (BC) and the cross-equatorial North Brazil Current (NBC) (Fig. 1) [72] likely
constrains the movement of propagules between the northern and southern groups [22, 24
71]. The higher frequency admixture events in the northern regions can be explained by the
fact that the NBC is faster than the BC [72], which could favor the migration of individuals
from Southeast at the beginning of the BC to the North region, as observed in this study
(Fig. 3). Therefore, the current dispersal of these species influences their genetic structure.
This constraint would amplify the founder effect on the putative stepping-stone-colonizing
dispersion that results in the low variability of the newly colonized regions in the south
[22]. Similar to the findings reported in other studies on mangrove trees [22, 23, 71],
substantial divergence within the Rhizophora spp. exists between samples from locales on

the northern and southern of Brazilian Coast.
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Ongoing hybridization between Rhizophora species

Imply Rhizophora species relationships in the New World is complicated because
they overlap in the continental margins of the eastern Atlantic Ocean and in the eastern
Pacific Ocean and present extreme phenotypic plasticity of main diagnostic characters [3, 6,
14].

Studies in the Indo-West Pacific indicate considerable hybridization between
Rhizophora species [73, 74-76]. Hybridization is common in plants and has an important
role in the evolution of species and promoting speciation [77]. In Brazil, it was reported the
first evidence of ongoing hybridization between Avicennia species. It was found that
hybrids are fertile, but this interspecific crossing has not contributed to an increase in the
genetic diversity of the populations [61]. An investigation about the phylogeographic
patterns of neotropical Avicennia species using nuclear and chloroplast genome markers
indicate that introgressive hybridization between A. bicolor and A. germinans and between
A. schaueriana and A. germinans 1s a relevant evolutionary process [68, 78].

In this study, when comparing only the species R. racemosa and R. harrisonii, we
observed that they are very similar, more so than when compared to R. mangle. With the
Bayesian analyses using microsatellites only for R. racemosa and R. harrisonii (S3 Table in
F1 File), it was possible to detect two distinct groups with little admixture between them,
representing the two species. To evaluate whether hybridization is occurring between R.
racemosa and R. mangle, we used a different set of microsatellites (S4 Table in F1 File).
The principal difference in the data set is that we did not used markers developed for R.
harrisonii for this hybridization study. The results of this study show differentiation among
the three species that was greater than among the samples within each species. This result is
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consistent with the AMOVA approach, which revealed that the majority of the variation
was present among the species.

Although we found this differentiation among species, we observed an optimum of
3 clusters from the DAPC results, revealing the difference between two groups of R.
mangle, the same found when only this species was evaluated, and the other two species
grouped together. The same happened in the STRUCTURE, considering the three species
(Fig. 5A) where there were no significant differences between R. racemosa and R.
harrisonii, the probable hybrid. The pattern of genetic structure within each species was
consistent with the multi-scale results presented above when each taxon was evaluated
separately, including the clear divergence between northern and southern samples of R.
mangle. The Bayesian analyses [40] indicated that the genetic structure was the same (Fig.
5B). There was also no differentiation between R. racemosa and R. harrisonii. However,
some individuals of R. harrisonii showed an admixture with R. mangle from the southern
region, where the three species occur concomitantly on the Brazilian coast. We used
another model-based approach to verify the presence of different classes of hybrids in up to
two generations. Again, there was no differentiation among species R. racemosa and R.
mangle. Results presented in the above section showed differentiation between the species
R. racemosa and R. harrisoni (Fig. 4). One of the factors that may have modified this result
is that the microsatellite loci set used were different.

The results of this study show no evidence that mangrove species are hybridizing
because it was expected that hybrid species present heterogeneous gene pools and hybrid
individuals exhibit disproportional mix of parental gene pools, and this pattern was not
observed [75]. There is reported evidence that the species Rhizophora harrisonii is a result

48



of ancient and persistent introgressive hybridization among New World Rhizophora mangle
and Rhizophora racemosa [23]. However, in the present study we found no evidence that R.
harrisonii is a hybrid of R. mangle and R. racemosa; rather, R. harrisonii and R. racemosa
are "pure species" only and may be the same species. The differences between this first
study and the present one can be result of a methodological bias, because different markers

were used.

Conclusions

These results suggest that R. mangle is not composed of a single population, as
indicated by genetic differentiation found among the population from locales on the
northern and southern of the Brazilian Coast. The higher genetic diversity found in
populations in the North compared to populations in the South may be related to dispersion
of propagules by ocean currents which also favors admixture in the North, and recent
foundation events and colonization could explain the lower genetic diversity of populations
in the South.

Regarding ongoing hybridization, we found no evidence of introgressive
hybridization between species leading to a hybrid species, which was indicated in a
previous study [23]. The biological processes that determine how the genetic diversity of
the Rhizophora species is distributed is still an open question, but our results can contribute

to the understanding of these issues.
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Supporting Information

S1 Table. Polymorphic microsatellites developed for Rhizophora mangle (Rma3), R. racemosa (Rral) and R. harrisonii (Rhal).

Marker Primer sequence (5°-3”) Size (bp) Repeat motif AC(°C) GenBank Transferability

Rma3-05 F: CAAGGTCAATGGGTGTAG 170 (tc) s TD 65-55 KJ740656 Rr, Rh
R: AATGAAGCAAATAAGAGATAAG

Rma3-14 F: AAATGCATAAAAGTTGAAGATA 160 (tc) s TD 65-55 KJ740663 Rr, Rh
R: AAAAGGATGTGATGAGACTGTT

Rma3-17 F: TTCATCACCAGCACCAAAGT 210 (t2)5 TD 65-55 KJ740669 -
R: TGACCTCGCAATCTACACAAA

Rma3-20 F: AATTTGCACACCACTTATCTTT 280 (ag)n TD 65-55 KJ740667 Rr, Rh
R: TCTGTTAGTTGACCTTTTCCTT

Rma3-23 F: AAGTGGGTCATGTTTAGAA 230 (ct) o TD 65-55 KJ740675 Rr, Rh
R: CTTATGGTATGTGTATTAGGTC

Rma3-37 F: AGGCCATTTATACTCTCACACC 240 (ag)s TD 65-55 KJ740686 Rr, Rh
R: TTACGGCGAACCACACTT

Rma3-38 F: TGGCAGATGTGTCTTCCTGA 260 (ag)s...(aga)g TD 65-55 KJ740686 -
R: CCTCAGACTTGAATCAGCAGTG

Rral-09 F: AACACCAATCATTTCCTTCACTAT 129 (ttce); TD 65-55 KM870534 Rm, Rh
R: TCCTTAATCTATCTCTGGCTTCTT

Rral-14 F: GATTCGCCTCATGCACTGTCTG 251 (tta)s TD 65-55 KM870543 Rm, Rh
R: CTTTCCCTGCTTTCCCTTTGATT

Rral-18 F: TGTGGGTGCATGGATTAGATTTAT 239 (tg)s(ghr2 TD 65-55 KM870545 Rm, Rh
R: CACGCGCCTTGGATTCATTT

Rral-20 F: GATTCGCCTCATGCACTGTCTG 297 (tc)1g TD 65-55 KM870547 Rm, Rh
R: CTTTCCCTGCTTTCCCTTTGATT
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Rral-33 F: GACCAGTGAGTAAAAAGGGAGTAG 214 (ag) TD 65-55 KM870558 Rm, Rh
R: CTGGGCCATGCAATAGTGA

Rral-35 F: TTCTGAGCTCAAATGTCT 355 (ca)o TD 65-55  KM870556 Rh
R: TTCAGCCTCTTCCAATA

Rhal-07 F: CCCTCGTGAGTTATTGTCAT 180 (a2 TD 65-55  KM280827 Rr
R: CTTGGTGGACCTTTTCTTTT

Rhal-09 F: GTAACTGGTGCAGCTTTGA 223 (to)5(ta)(tc)S(c)(ct)s(ca)y  TD 65-55  KM280829 Rr
R: GTGTGTATCTTGGGTGCAG

Rhal-11 F: ACCCAAACTATCCCTAGCTC 208 (tc)7 TD 65-55  KM280831 Rr
R: GGCATTTCCTGAGATAAAAG

Rhal-17 F: GGAAAGTTGTATGCAGGAGA 206 (ga)17 TD 65-55  KM280837 Rr
R: CTCTCTTCAGCCCAAAATAC

Rhal-18 F: GCATCGTGAGATTGGACTAT 237 (g)o TD 65-55  KM280838 Rr
R: CAGAGGAACACGGGATATT

Rhal-21 F: GCGTGGACTAACTTTTTCTC 208 (tg)s TD 65-55  KM280841 Rr
R: AACTTTGGGTCTCTTGTGC

Rhal-24  F: CAACCATTTCATGTGCAAG 208 (tg)o(2a)o(a)(ag)s TD 65-55  KM280844 Rr
R: GATCAGGCATAGGTGGACT

Rhal-32  F: CAAGAAACGGATGAGAAAAC 232 (16 TD 65-55  KM280852 Rr
R: CCTTGGAAAATAAGGTTGG

Rhal-34  F: AGAGTTACGAAATGGGGAAT 209 (ga)1,(2)(ga)s TD 65-55  KM280854 Rr

R: GTGATGGAGGATAAGTTGGA

Characteristics of seven polymorphic microsatellite markers developed for Rhizophora mangle, six polymorphic microsatellite markers developed for Rhizophora
racemosa, and nine polymorphic microsatellite markers developed for Rhizophora harrisonii. The primer pair sequences, expected size based on the clone
fragment, repeat motif, optimal PCR amplification conditions (AC) and GenBank accession number are shown for each marker. TD65-55 indicates touchdown
PCR with temperatures ranging from 65 to 55°C. The last column indicates the primers that were transferred to the other species (Rm=R. mangle; Rr=R.
racemosa; Rh=R. harrisonii).
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S2 Table. Microsatellite markers used in this study for R. mangle.

Marker Repeat motif Reference N, PIC
Rma3-5 (tc) g This study 7 0.209
Rma3-14 (tc)1g This study 5 0.264
Rma3-17 (t2)15 This study 5 0.050
Rma3-20 (ag)as This study 8 0.513
Rma3-23 (ct)ig This study 8 0.296
Rma3-37 (ag)s This study 4 0.147
Rma3-38 (ag)s...(aga) o This study 6 0.308
Rral-18 (tg)s(gt) 12 This study 7 0.397
M36 (ga)y [49] 3 0.508
M41 (ga)ss [49] 4 0.289

Characteristics of polymorphic microsatellite markers used for Rhizophora mangle in this study and
previously developed markers for Rhizophora spp. [49]. Repeat motifs, number of alleles (V,) and
polymorphism information content (PIC) are shown for each marker.

S3 Table. Microsatellite markers used in this study for R. racemosa and R. harrisonii.

Marker Repeat motif Reference N, PIC
Rma3-5 (tc) g This study 5 0.564
Rma3-14 (tc) s This study 5 0.516
Rma3-23 (ct)o This study 9 0.781
Rma3-37 (ag)s This study 3 0.433
Rral-9 (ttce)s This study 3 0.346
Rral-14 (tta)s This study 2 0.263
Rral-18 (tg)s(gh) 12 This study 4 0.376
Rral-20 (tc)1s This study 4 0.374
Rral-35 (ca)g This study 2 0.469
Rhal-7 (ag)1o This study 2 0.383
Rhal-11 (tc)17 This study 4 0.409
Rhal-18 (gt)o This study 2 0.370
Rhal-21 (tg)s This study 2 0.370
Rhal-24 (tg)o(ga)s(a)(ag)s This study 4 0.595
Rhal-34 (ga)11(g)(ga)s This study 2 0.351
M38 (ca)g [49] 3 0.543
Rhstcp01 (An [50] 4 0.435

Characteristics of polymorphic microsatellite markers used for Rhizophora racemosa and R. harrisonii in this
study and previously developed markers for Rhizophora spp. [49, 50]. Repeat motifs, number of alleles (N,)
and polymorphism information content (PIC) are shown for each marker.
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S4 Table. Microsatellite markers used in this study for hybrid analyses.

Marker Repeat motif Reference N, PIC
Rma3-5 (tc) g This study 5 0.564
Rma3-14 (tc) s This study 5 0.516
Rma3-20 (ag)s This study 7 0.793
Rma3-23 (ct)io This study 9 0.781
Rma3-37 (ag)s This study 3 0.433
Rral-9 (ttce); This study 3 0.346
Rral-14 (tta)s This study 2 0.263
Rral-18 (tg)s(gh) 12 This study 4 0.376
Rral-20 (tc) s This study 4 0.374
Rral-33 (ag) This study 2 0.333
M38 (ca)g [49] 3 0.386
M41 (ga)2s [49] 2 0.383
Rhstcp01 (@)1 [50] 4 0.435

Characteristics of polymorphic microsatellite markers used for R. mangle, R. racemosa and R. harrisonii in
this study and previously developed markers for Rhizophora spp. [49, 50]. Repeat motifs, number of alleles
(N,) and polymorphism information content (PIC) are shown for each marker.
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CAPITULO II

RESULTADOS COMPLEMENTARES

Sistema Reprodutivo de Rhizophora mangle

Com intuito de melhor entender a biologia de Rhizophora mangle, a espécie mais
abundante no litoral brasileiro entre as estudadas nesse trabalho, um dos objetivos dessa
tese foi realizar a andlise de sistema reprodutivo dessa espécie. Para tanto, foi realizada uma
coleta na cidade de Salindpolis, no estado do Pard (00°36.294'S, 047°22.417'0) (Figura 1),
onde foi encontrada uma diversidade genética maior que em outras dreas, através de
andlises preliminares. Foram coletadas folhas de 30 d4rvores e, aproximadamente, 10
propagulos de cada uma, com uma distancia minima de dez metros entre as drvores. Foram
coletadas informagdes sobre coordenada geografica e altura de cada arvore de onde foram
retirados os propédgulos.

As extracdes de DNA foram realizadas utilizando o kit de extracio DNeasy® Plant
Mini Kit (Qiagen, Hilden, DE). As amplificagdes foram realizadas com os mesmos nove
locos utilizados no artigo apresentado no Capitulo I para R. mangle (Tabela S2), mas
apenas quatro locos apresentaram boa amplificacio (Rma3-14, Rma3-23, Rma3-37 e
Rma3-38).

A andlise de sistema de reproducdo foi efetuada por meio do programa de andlise
multilocos MLTR v.3.4 (Ritland, 2002). Esta andlise leva em consideracdo o sistema de
reproducdo baseado em modelo misto (Ritland and Jain, 1981) que assume taxas de
endocruzamento como s (selfing) e o cruzamento de pdlen proveniente de diferentes

plantas, bem como o modelo de cruzamento correlacionado (Ritland, 1989), que pode
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estimar grau de progé€nies irmas provenientes da planta paterna. Para a andlise das familias
foi adotado o método numérico EM (Expectation Maximization), com 95% de intervalo de
confianca e 10.000 reamostragens bootstrap. As estimativas obtidas pelo software foram
taxa de cruzamento multilocos (¢,,), taxa de cruzamento uni-locos (z;), cruzamento entre
aparentados (t,, — t;), correlacdo de endocruzamento multilocos (r;), correlagdo multilocos
de polen (rpn)), respectivamente.

A frequéncia alélica de 6vulos e pdlen nos quatro locos examinados apontou a
ocorréncia de 12 alelos. Foi observada pouca diferenca na frequéncia de pélen e 6vulos em
todos os locos avaliados, mostrando assim uma frequéncia pouco heterogénea para a

espécie R. mangle (Tabela 1).

Tabela 1 Frequéncia alélica de pélen e 6vulos de R. mangle de Salindpolis - PA, com base em 4 marcadores

de microssatélites.

Loco Alelo Pélen Ovulo

Rma3-14

158

0.966 (0.031)

0.971 (0.008)

Rma3-14 164 0.034 (0.031) 0.029 (0.008)
Rma3-23 210 0.583 (0.091) 0.549 (0.024)
Rma3-23 228 0.392 (0.094) 0.443 (0.025)
Rma3-23 220 0.013 (0.017) 0.007 (0.004)
Rma3-23 200 0.012 (0.007) 0.001 (0.002)
Rma3-37 250 0.615 (0.083) 0.704 (0.014)
Rma3-37 270 0.348 (0.086) 0.274 (0.013)
Rma3-37 260 0.037 (0.036) 0.021 (0.008)
Rma3-38 242 0.757 (0.082) 0.701 (0.020)
Rma3-38 274 0.159 (0.043) 0.271 (0.014)
Rma3-38 264 0.084 (0.071) 0.027 (0.015)

Intervalo de confianga entre parénteses, com 95% de probabilidade.

A taxa de cruzamento uniloco (s = 0,3781+0,064) foi menor que a taxa de

cruzamento multiloco (rm= 0.42110.070), e esses valores indicam um sistema reprodutivo
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misto (Tabela 2). A diferenca entre tm e ts foi igual a 0,04310,026, o que representa

aproximadamente 4% de endogamia biparental. Esses resultados indicam que ocorreram
cruzamentos entre individuos parentes dentro das populacdes, e existe possivel estrutura
genética espacial. A propor¢do de autofecundacao estimada (s) por meio da diferenca de 1
menos a taxa de cruzamento multilocos sugere aproximadamente 57,9% de
autofecundagdo. A estimativa multilocos de poélen (ryun), que determina a correlagdo do
grau de parentesco entre as progénies, indicam que grande propor¢do das progénies foram
geradas por cruzamentos biparentais e sdo parentes no grau de irmas completas (7o) =
0,822 +0,216) (Tabela 2). O valor encontrado indica a ocorréncia de cruzamentos entre
parentes e, segundo Ritland (2002), diferencas negativas entre estes dois pardmetros
sugerem que os genitores paternos eram parentes entre si. O numero efetivo de drvores
doadoras de podlen (Ng,) foi baixo e representou aproximadamente 1,21 individuo

contribuindo por drvore materna.
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Tabela 2. Estimativas de taxa de cruzamento total em R. mangle de Salinépolis - PA.

Parametros estatisticos Resultado (Erro Padrao)
Nuimero de sementes - arvore (propagulos) 30 (10)
Taxa uniloco (t,) 0,378 (0,064)
Taxa multiloco (¢,,) 0,421 (0,070)
Taxa de cruzamento entre parentes (%,) 0,043 (0,013)
Correlagdo de autofecundacio (r;) 0,726 (0,103)
Proporcao autofecundag@o (s) 0,579
Correlagdo multiloco de paternidade (7)) 0,822 (0,216)
Nimero médio de doadores pélen (N,,) 1,21
Proporcao de irmas de autofecundagao (Psg) 34%
Propor¢do irmas completas e meio irmas (Psgs) 49%
Propor¢do irmas-completas (Prs) 15%
Proporcao de meio-irmas (Pys) 3%
Coancestria (entre propagulos) 0.370
Variagdo tamanho efetivo (N,) 1.35
Numero de sementes-arvores (n1) 111

Erro padrio entre parénteses, estimado através de 10.000 reamostragens em bootstrap através
do programa MLTR.

Ainda na Tabela 2, os resultados obtidos pelo grau de parentesco entre as progénies,
que abordam as categorias: (Sgs) Self full-sibs, (irmas formadas por autofecundacgdo); (Prs)
Full-sibs, (irmas originadas de uma unica drvore paterna); (Psys) Self half-sibs, (irma
originada via autofecundacdo e outra proveniente de pdlen de outra drvore paterna); e (Pys)
Half-sibs, (originadas de duas &arvores paternas distintas, sem autofuncdo) descrito por
Squillace (1974). Por meio desta andlise obteu-se a proporcdo de 15% para Pgs; uma
propor¢ao de 49% para Pgys ; uma quantidade de 34% em Pgsg; € uma baixa amostragem de
meias irmas (Pys), com apenas 3%. Estas anélises de Squillace (1974) sustentam que existe
um ndmero reduzido de plantas doadoras de pélen conforme demonstrado pelas proporcoes
elevadas de irmas-completas (Prs) e irmds completas e meio-irmas (Psys). Este resultado

pode estar relacionado ao fato de que a regidio em que essas amostras foram coletadas a
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espécie R. mangle era visivelmente predominante, e se encontrava proxima a um
estacionamento (Figura 1), 4rea possivelmente perturbada por fatores antrépicos,
aparentando ser resultado uma coloniza¢do mais recente, onde ocorre uma perda de nimero

de alelos e consequentemente uma elevada homozigose (Nettel & Dodd, 2007).

E -
#~"_ Area'de

coleta

\

Saiiﬁépolis - PA

.

Figura 1. Figura mostrando a regido onde as amostras foram coletadas, no municipio de
Salindpolis - PA (Imagem do Google Maps, acessado em 21 de abril de 2015).
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CONSIDERACOES GERAIS

No presente estudo, foram desenvolvidos 22 locos microssatélites que apresentaram
boa amplificag¢do e polimorfismo intraespecifico. Entre eles, sete foram desenvolvidos para
R. mangle, seis para R. racemosa e nove para R. harrisonii. Verificou-se um elevado
polimorfismo entre os locos e uma alta taxa de transferéncia de locos de uma espécie para a
outra (Tabela S1 no Capitulo I). Os resultados indicam que estes marcadores sao
ferramentas valiosas para estudos genético moleculares, tais como para as investigacoes da
estrutura e diversidade genética, sistema de reproducdo e para a avaliacdo das areas de
hibridagcdo entre espécies. Além disso, até onde temos conhecimento, este € o primeiro
trabalho que apresenta o desenvolvimento de marcadores microssatélites moleculares para
as espécies R. racemosa e R. harrisonii.

Utilizando esses marcadores e dois outros encontrados na literatura (Rosero-Galindo
et al., 2002; Islam et al., 2004), encontramos que indica o sistema reprodutivo de R. mangle
seria misto com tendencia a alogamia. No estudo realizado sobre a taxa de cruzamento da
espécie R. mangle, novamente encontramos valores que indicariam sistema reprodutivo
misto. A diferenca entre os resultados pode estar relacionada com o nimero de marcadores
utilizados em cada um dos experimentos (nove no primeiro e quatro no segundo, pois
alguns locos nao amplificaram apropriadamente) e também, com o fato de que na primeira
andlise foram avaliados individuos de toda a costa brasileira, enquanto que no segundo
avaliamos apenas uma regido no norte, Salinépolis-PA. Essa regidao era dominada por R.

mangle, o que pode significar que seja uma area recentemente colonizada por essa espécie.
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Encontramos diferenciacdo entre as populagdes estudadas e uma diversidade
genética maior, com um nimero maior de alelos privados, em populacdes de regides ao
norte da costa brasileira. Resultados como os encontrados eram esperados, uma vez que as
dreas de mangue em regides equatoriais sdo maiores e possuem uma diversidade de
espécies maior.

As andlises realizadas nesta tese também apresentam uma diferenciacdo entre as
populagdes do norte e do sul para a espécie R. mangle, formando dois grupos distintos de
diversidade. Esses resultados revelam que o padrdo de distribuicao de Rhizophora pode ser
influenciado por uma combinacdo de eventos vicariantes e de dispersdo ocednica. Mesmo
existindo evidéncias de que os propdgulos dessas espécies podem se dispersar a longas
distancias, no presente estudo ndo encontramos esse padrao. A distribuicdo da diversidade
genética no Brasil para essa espécie estaria sendo influenciada por correntes oceanicas
superficiais, conforme discutido no Capitulo I, o que forma o padrdo de estruturacdo
encontrado.

H4 também evidéncias na literatura de que a espécie Rhizophora harrisonii é
resultado da hibridagdo introgressiva, antiga e persistente entre R. mangle e R. racemosa. A
hibrida¢do natural € comum em plantas e desempenha um papel importante na evolugdo da
espécie ao promover especiagdo. No entanto, os resultados deste trabalho ndo mostram
evidéncias de que R. harrisonii seja um hibrido interespecifico e, junto com R. racemosa,
seriam "espécies puras".

Os manguezais sao compostos por espécies tUnicas de arvores e arbustos (Macintosh
& Ashton, 2002). Sdo considerados “bercarios” naturais para muitas espécies de animais,
que se tornam fonte de alimentacdo para populacdes humanas, entre outros beneficios.
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Contribuem também com a redugdo da erosao da linha costeira. (Diegues, 1991; Othman,
1994; Schaeffer-Novelli, 1999) e diminuem o impacto de catastrofes naturais (Kathiresan &
Rajendran, 2005; Dahdouh-Guebas et al., 2005). O tsunami de 26 de dezembro de 2004
causou desastres em varios paises asidticos e africanos, mas seus danos foram menores em
locais onde os manguezais estavam bem preservados (Kathiresan & Rajendran, 2005). Mas
a escala de impactos humanos nos manguezais tem crescido dramaticamente nas ultimas
trés décadas, com muitos paises mostrando perdas de 60 a 80% ou mais de cobertura de
florestas de mangue, em relacio ao que existia nos anos 60 (Macintosh & Ashton, 2002).
Sendo assim, os resultados obtidos nessa tese de doutorado sdo de grande relevancia
para o entendimento da dinamica de populacOes brasileiras de ecossistemas de mangue.
Tais resultados sdo essenciais para serem utilizados em programas de conservagdo e
manejo, além de permitirem um maior conhecimento sobre os efeitos da fragmentacdo de

manguezais e desflorestamento (Frankham et al., 2004; Freeland, 2005).
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RESUMO DOS RESULTADOS

Capitulo I

e Foram desenvolvidos novos locos microssatélites para as espécies estudadas. Para
R. mangle sete apresentaram polimorfismo intraespecifico e os valores de PIC
variaram de 0,147 a 0,513; para R. racemosa foram seis, e para R. harrisonii foram

nove, com valores de PIC variando de 0,263 a 0,595

e Uma comparacdo entre as regides geograficas indicaram diferencas significativas
nos padroes de variacdo genética. A riqueza alélica, a heterozigosidade observada
(Ho) e diversidade genética (Hg) foram significativamente maiores nas populacdes

do Para, Maranhio, Piaui e Ceara

e A taxa de cruzamento aparente média estimada foi de 0,841. R. racemosa
apresentou valores mais elevados de Fis (0,281 = 0,085) e 7, (0,562), o que pode
indicar que possui sistema reprodutivo misto. Os valores encontrados para R.

harrisonii foram parecidos com o da espécie R. mangle

e Em R. mangle, os valores de Fsr par a par variaram de 0 a 0.437. A menor
diferenciacdo genética média entre as populacdes foi observada entre Pernambuco,
Bahia, Rio de Janeiro, Ubatuba, Cananéia, Parand, Santa Catarina, enquanto a
populacdo do Para teve o maior valor médio de diferenciacdo. Para R. racemosa e R.
harrisonii os valores de Fsr foram mais baixos entre as duas populacdes de R.

harrisonii. O valor médio mais elevado foi entre R. racemosa € R. harrisonii

e Por meio da andlise Bayesiana observamos que ha dois grupos distintos (K = 2) para
R. mangle, sugerindo a ocorréncia de dois grupos de diversidade genética: um ao
norte e outro ao sul da costa brasileira. Para R. racemosa e R. harrisonii, 0 nimero

mais provavel de populacdes foi de K = 2, o que indica as duas diferentes espécies.

e Em relacdo a ocorréncia de hibridagdo, todas as andlises realizadas ndo mostraram
diferencas entre as espécies R. racemosa e R. harrisonii. Estes resultados indicam

que ndo hd nenhuma evidéncia de que as espécies estejam hibridando
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Capitulo II

e Na andlise de taxa de cruzamento de R. mangle, o nimero efetivo de arvores
doadoras de pélen (Ngp) encontrado foi baixo e representou aproximadamente 1,21

individuos contribuindo por drvore materna

e A taxa de cruzamento foi de 0,421, sugerindo sistema reprodutivo misto na

populacdo avaliada

e Existe um nimero reduzido de plantas doadoras de pélen conforme demonstrado

pelas proporg¢des elevadas de irmas-completas (Prs) € irmas completas e meio-irmas

(Psns)

72



CONCLUSOES

O desenvolvimento e a utilizacdo de novos locos de marcadores do tipo
microssatélite para as espécies Rhizophora mangle, R. racemosa e R. harrisonii nesta tese
permitem concluir que existe uma diferenca significativa entre as populacdes de R. mangle
no padrdo de variagdo genética em diferentes regides do litoral brasileiro. Ou seja, essa
espécie nao é composta de uma unica populagdo, o que € indicado pela diferenciagao
encontrada entre a populacdo de localidades no litoral norte e sul do Brasil. R. racemosa e
R. harrisonii apresentaram menor diferenciacdo de uma regido para a outra, mas as
diferencas genéticas ainda estavam presentes.

O resultados encontrados indicam que o sistema reprodutivo para estas espécies €
misto com tendéncia a alogamia. Além disso, ndo foram encontradas evidéncias de
hibridagdo introgressiva entre as espécies de Rhizophora. Concluindo assim que a presente
tese alcancou seus objetivos iniciais gerando importantes contribuicdes para o

conhecimento genético das espécies de Rhizophora spp. do litoral brasileiro.
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PERSPECTIVAS

Os marcadores microssatélites da espécie Rhizophora harrisonii, descritos no
Capitulo I, serdo transferidos para a espécie R. mangle, bem como serd avaliado como os
mesmo se comportam nessa espécie. Também deverd ser investigada a taxa de cruzamento
de R. mangle, onde outros marcadores desenvolvidos poderdo ser utilizados e novas
andlises serdo realizadas, para melhor entender o mecanismo de reproducgdo dessa espécie.
Os resultados aqui relatados sdo valiosos e abrem caminho para futuras pesquisas sobre o
ecossistema de manguezal. Esses permitem um maior conhecimento sobre os efeitos da
fragmentacdo de manguezais e desflorestamento (Frankham et al., 2004; Freeland, 2005).
Sendo assim, esperamos que 0s mesmos possam ser associados a programas de manejo e
preservacdo da espécie e de manguezais como um todo.

Além de estudos de espécies do género Rhizophora, existem outros trabalhos em nosso
laboratdrio relacionados a outras espécies e ao ecossistema de mangue. Uma abordagem que estd
sendo realizada é avaliar como as espécies de Rhizophora e Avicennia podem vir a responder as

mudancas climdticas globais que vém ocorrendo atualmente.
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Diversity of Ramalina sinensis and its photobiont in local populations

P. M. FRANCISCO DE OLIVEIRA, B. TIMSINA
and M. D. PIERCEY-NORMORE

Abstract: Ramalina sinensis is a widespread lichen in the Northern Hemisphere with sparse local
populations, and its potential to adapt to changing environmental conditions is unknown. The objec-
tives of this study were to determine whether geographical distance reflects fungal phylogenetic
patterns, and to infer algal identity and its pattern of geographical distribution. Twenty-three samples
of R. stnensis were collected from three geographical regions in Manitoba. The internal transcribed
spacer of ribosomal DNA (ITS rDNA) was sequenced from each of the algal and fungal partners,
and phylogenetic analyses were performed. Algal haplotypes were estimated and placed on a map of
the geographical regions. Although the fungal partner showed no geographical segregation within
Manitoba, the divergence of three samples added to the phylogeny from GenBank suggested that a
pattern may be evident if broader geographical distances were examined. The photobiont sequence
was determined to be most similar to that of Trebouxia impressa and T. porrers, two widely distributed
algal species. The algal partner showed no geographical structure with sequence polymorphism or
haplotype analyses. The abundance of sexual reproduction might explain widespread occurrence
and the absence of geographical segregation of the fungus. This study suggests that the diversity in
each of the symbionts of R. sinensis should not be a limiting factor for adaptation.

Key words: adaptation, lichen, sexual reproduction
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Introduction et al. 2006; Yahr et al. 2006; Piercey-Normore
2006). The co-dispersal or coupling of sym-
biont partners suggests dispersal through
vegetative propagules that contain both part-
ners. On the other hand, after sexual repro-
duction and spore dispersal of the fungal
partner, the fungal ascospore must germi-
nate within the vicinity of a compatible algal
partner. The alga may be from a free-living
cell (Mukhtar er al. 1994; Friedl & Bidel
2008) or cells that are already established
in a lichen thallus or vegetative propagule
(Ohmura ez al. 2006; Yahr ez al. 2006). Air-
borne cells of chlorophytes, including species
of Trebouxia, have also been reported (Handa
et al. 2007). The union of an ascospore with
an alga after a dispersal event will uncouple
the previous fungal-algal association of the

Phylogenetic studies have been used to ex-
amine algal selection by lichen-forming fungi
within and among populations (Kroken &
Taylor 2000; Helms er al. 2001; Piercey-
Normore 2006), investigating photosymbio-
demes (Goffinet & Bayer 1997), and algal
adaptation to environmental conditions in
wide geographical ranges of lichen distribu-
tion (Blaha ez al. 2006). Co-dispersal or the
coupling of algal and fungal haplotypes has
been reported (Wagner er al. 2005) and
examined further by comparing algal and
fungal partners using phylogenetic analysis
(Piercey-Normore & DePriest 2001; Ohmura
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parent lichen, resulting in a new combination
of algal-fungal genotypes. In the absence of
sexual reproduction, the parent genotypes
remain coupled within the vegetative propa-
gules resulting in the same combinations of
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genotypes that were present in the parent geno-
type (Wagner ez al. 2005), except in Lepraria
(Nelsen & Gargas 2008).

Most lichen associations studied show a
clustering of algal partmers with geographical
or ecological conditions (Kroken & Taylor
2000; Piercey-Normore 2004; Ohmura ez al
2006; Werth & Sork 2010). The selection of
algae by the fungal partner may reflect selec-
tion from a pool of algae available within a
habitat. The taxonomic preference of algae
by the fungal partner reflects specificity. Fur-
ther explanations of selectivity and specificity
are available (Honegger 1996). However,
some cases of a one-to-one reciprocal specif-
icity have been reported (Summerfield ez al
2002; Otalora er al. 2010). A single, exclu-
sively lichenized lineage of Scyronema photo-
bionts is reported to associate with members
of the genus Stzereocaulon (Lucking er al. 2009),
suggesting algal selection by the fungal part-
ner. Similarly, the cyanobacterial lineages
associated with Pseudocyphellaria crocata and
P. neglecta were specific to the fungal species
(Summerfield ez al. 2002). The photobiont
variation in R. menziesi, a sexually-reproduc-
ing lichen, did not correspond with that of
the fungal partner, but it did correspond
with the host tree, suggesting ecological spe-
cialization of the photobiont (Werth & Sork
2010). Similarly, the algal and fungal com-
binations for Cladonia subtenuis did not cor-
respond with one another, and ecological
specialization was also reported for the pho-
tobiont (Yahr ez al. 2006). Habitat variation
was used as an explanation for uncoupled
genotypic combinations of fungal and algal
partners in Ewvermia wmesomorpha (Piercey-
Normore 2006). On a broad geographical
scale, the algae that associate with Tephromela
atra are segregated according to Mediterra-
nean and temperate climates (Muggia ez al.
2010). The uncoupling of the symbiont com-
binations to produce the inferred ecological
specializations of these lichens was partially
explained by sexual reproduction of the lichen
fungus, where each fungal spore may combine
with different algal partners at each dispersal
event. Diverse symbiont combinations, re-
flected in diverse allele combinations between
alga and fungus, may increase the likelihood
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of survival of the lichen under changing
habitat conditions (Werth & Sork 2010).

Ramalina sinensis Jatta is a widespread
species in North America, Europe and Asia
(Hermansson & Kudryatseva 1995; Brodo
et al. 2001; Hedenas er al. 2006; Li er al.
2007) but uncommeon in the Canadian prai-
ries, being restricted to dry sandy habitats. It
has been reported to be present but uncom-
mon in the Kuril Islands (Joneson 2003) and
to be locally common in Russia (Hermansson
& Kudryatseva 1995). It is a broad, fan-
shaped Ramalina that reproduces sexually
by apothecia. Since no vegetative propagules
are produced, the fungal partner may asso-
ciate with different algal partners at each dis-
persal event. Narrow thalli can be confused
with R. americana, which overlaps in its dis-
tribution extending into southern Manitoba.
Since the only known method of reproduc-
tion in R. sinensis is sexual, we would expect
to see mixed combinations of fungal and algal
genotypes within and between geographical
locations. However, if the algal partner re-
flects an ecological specialization, we should
see clustering of the algal haplotypes within
geographical locations.

The general goal of this study was to in-
vestigate the extent of algal selection by the
lichen-forming fungus, R. sinensis, and infer
its potential for adaptation to changing habi-
tat conditions. The two objectives were: 1) to
examine evolution within Ramalna sinensis
to determine whether individuals are segre-
gated by geographical location, and 2) to
infer the identity and determine the pattern
of distribution of the algal partner associated
with each fungal partner to investigate eco-
logical specialization.

Materials and Methods
Lichen material

Twenty-three samples of Ramalina sinensis and three
samples of R. americana were collected from three geo-
graphical regions in southern Manitoba, Canada (Table
1). The vegetation in Spruce Woods Provincial Park
(SWPP) is comprised of poplar, oak, and spruce forests,
riparian habitats, mixed grass prairie, forested and open
sand dunes. The specimens were collected in open
spruce and poplar forests. The Sandilands Provincial
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TaBLE 1. List of specimens used in this study, location and date of collection, and GenBank accession numbers for algal and
fungal ITS rDNA sequences The same collection number refers to the same host tree and different letters after each collection
number refer to different individual thalli

Specimen

Location of collection, source,
and TLC results

Algal
Haplotype

Algal ITS rDNA
accession number

Fungal ITS rDNA
accession number

Evernta mesomorpha

Ramalina americana
R. americana

R. americana
4358-A

4358-B

7328

R. sinensis

R. sinensis

R. sinensis

R. sinensis

7334-A

7334-B

7319-A

7319-B

Canada, Manitoba, Sandilands

Provincial Park (Piercey-Normore

2006)
Strain “9” (LaGreca 1999)
Strain “1b” (LaGreca 1999)

Canada, Manitoba, Sandilands
Provincial Forest. Between St.
Labre and Whitemouth Lake.
N48°17/217; Wa5°45'22"; 2005.
TLC: Usnic acid

Canada, Manitoba, Sandilands
Provincial Forest. Between St.
Labre and Whitemouth Lake.
N49°17/217; W95°45'22"; 2005.
TLC: Usnic acid

Canada, Manitoba, Sandilands
Provincial Forest. On Hwy 525.
N491F16720.7"; W95°12741.6";
2007. TLC: Usnic acid and
unknown (Tr.) (unknown is
purple-yellow after H+; Rf = 4.

Unknown location. LaGreca &

Lumbsch, unpub. (Submitted to
GenBank 28 March 2000)

China. Hur, unpub. (Submitted to

GenBank 31 January 2006)

China. Lim, Hur, & Wang, unpub.

(Submitted to GenBank 7 April
2005)

Canada, Manitoba, Sandilands
Provincial Forest. On Hwy 525.
N48°16'20.77; W95°12/41.6";
2007. TLC: Usnic acid

Canada, Manitoba, Sandilands
Provincial Forest. On Hwy 525.
N49°16720.7"; W95°12'41.6";
2007. TLC: Usnic acid
Canada, Manitoba, Sandilands
Provincial Forest. On Hwy 308,

cedar-aspen forest. N49°3245.9";

W95°34/30.5”; 2007. TLC:
Usnic acid

Canada, Manitoba, Sandilands
Provincial Forest. On Hwy 308,

cedar-aspen forest. N49°32/45.9";

Wa5°34/30.5"; 2007. TLC:
Usnic acid
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II

XI

ns

ns

ns

JQO85336

1Q085335

TQO85327

ns

ns

ns

JQO85338

JQOU85324

DQO087986

AF109235
AF109237

JQO85312

JQ085305

2292

AF249905

DQ383646

DQ001299

JQO85303

JQ085302

JQO85307

JQO85301
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Specimen

Location of collection, source,
and TLC results

Algal
Haplotype

Algal ITS rDNA
accession number

Fungal ITS rDNA
accession number

9477-A

9477-B

9477-C

9477-D

9477-E

9477-F

477-G

5491-A

5491-B

54%1-C

5491-D

5491-E

Canada, Manitoba, Spruce Woods
Provincial Park. N49°349/39.17;

W99°16’6.5"; 2009. TLC:
Usnic acid

Canada, Manitoba, Spruce Woods
Provincial Park. N49°39/39.1”;
wWag°16’6.5"; 2009. TLC:

Usnic acid

Canada, Manitoba, Spruce Woods
Provincial Park. N49°39/39.1";
Wa3°16'6.5"; 2009. TLC:

Usnic acid

Canada, Manitoba, Spruce Woods
Provincial Park. N49°349/39.17;

W93°16’6.5"; 2009. TLC:
Usnic acid

Canada, Manitoba, Spruce Woods
Provincial Park. N49°39/39.1";
Wag°166.5”; 2009. TLC:

Usnic acid

Canada, Manitoba, Spruce Woods
Provincial Park. N49°39/39.1”;
Waa°166.5"; 2009. TLC:

Usnic acid

Canada, Manitoba, Spruce Woods
Provincial Park. N49°34/39.17;

W99°16’6.5"; 2009. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°0843.8";
W95°48/24.3"; 2006. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°08’43.8";
W95°48/24.3"; 2006. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°08'43.8";
Wa5°48/24.3"; 2006. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°08/43.8";
W95°48'24.3"; 2006. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°08/43.8";
Wg5°48'24.3"; 2006.

TLC: Usnic acid

XI

XI

VIIL

XI

XI

XI

JQO85325

JQO85326

JQO85337

JQO85329

JQO85330

JQ085332

JQO085331

JQO85333

JQO85334

JQO85339

JQO85340

7QO85320

JQO085310

JQO085300

JQO85308

7QO85299

JQ085309

JQO85311

JQO85313

JQO85306

JQO85314

JQO85304

JQO085316
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TasBLE 1. Continued

Location of collection, source,

Specimen and TLC results

Algal
Haplotype

Algal ITS rDNA
accession number

Fungal ITS rDNA
accession number

5491-F Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°08’43.8";
Wae5°48'24.3"; 2006. TLC:

Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°08’43.8";
Wa5°48'24.3"; 2006. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°08'43.8";
Wa5°48'24.3"; 2006. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°0843.8";
Wa5°48'24.3"; 2006. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,

on Ash. N50°08’43.8";
W95°48'24.3"; 2006.TLC: Usnic
acid and fluorescent yellow in long
wave; not visible after H+; Rf = 6.

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,
on Ash. N50°08’43.8";
Wa5°48'24.3"; 2006. TLC:
Usnic acid

Canada, Manitoba, Whiteshell
Provincial Park. On Hwy 307,

on Ash. N50°0843.8";
W95°48'24.3"; 2006. TLC: Usnic
acid and fluorescent yellow in long
wave; not visible after H+; Rf = 6.

USA. Culture isolated from
Physcia stellaris by V. Ahmadjian.
Sequence from Piercey-Normore
& DePriest 2001).

USA. Culture isolated from
Lecanora ubina by V. Ahmadjian.

Sequence from Kroken & Taylor
(2000).

54%1-G

54%1-H

5491-1

5491-]

5491-K

5491-L

Trebouxia impressa
(UTEX 892)

Trebouxia poters
(UTEX 900)

JQ085323

XI 1QO085341 JQO85315

XI TQO85342 JQO85318

XI 1Q085343 JQO85317

1QO085328 JQO85319

XII JQ085345 JQO085322

VII JQO85344 JQ085321

II AF345891 ns

AF242469 ns

Forest (SPF) is characterized by underlying sandy soil
and open jack pine forest, alternating with low-lying
black spruce wetlands. The Whiteshell Provincial Park
(WPP) is characterized by open jack pine forest on ex-
posed Precambrian shield and low-lying black spruce
bogs, with large numbers of lakes and rivers. The absence
of sand and predominance of granite in this area is nota-

ble. The thalli of R. sinensis and R. americana were col-
lected from ash, poplar, oak, spruce, and pincherry
shrubs. All vouchers are deposited in the cryptogam
division of the Herbarium of the University of Manitoba
(WIN). Three sequences of R. stnensis and two sequences
of R. americana were retrieved from GenBank and added
to the alignment.
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Chemistry and DNA analysis

Thin-layer chromatography (TLC) was performed
on Merck Silica coated glass plates (Fisher Scientific,
Ottawa, Ontario, Canada), placed in 230 ml of toluene/
dioxane/glacial acetic acid (180:45:5) solvent, following
procedures described in Culberson (1972) and Orange
et al. (2001).

Total DNA was extracted from 1-2 cm thallus lobes
following the cetylmethylammonium bromide (CTAB)
extraction protocol modified from Grube ez al. (1995).
DNA was resuspended in 50 pl warm sterile distilled
water and stored at —20°C. The Internal Transcribed
Spacer (ITS) of ribosomal DNA (rDNA) was amplified
from each of the fungal and algal partners using taxon-
specific primers, 1780A (Piercey-Normore & DePriest
2001) and a universal primer [TS4 (White ez al. 1990)
or Al1700F (Helms et al. 2001) to amplify the algal ITS
rDNA. Fungal primers were [TS1F (Gardes & Bruns
1993) and ITS2 (White ez al. 1990) for the ['TS 1 spacer;
and ITS3 (White ez al. 1990) and LR15 (Vilgalys &
Hester 1990) for the I'TS2 spacer in the fungal DNA.
Amplifications were performed in 20 pl reaction vol-
umes in 1x buffer (200 mM Tris-HC], 500 mM KCI)
with 125 units GO Taq (Go Taq® Hot Start polymerase,
Promega), 200 pM of each dNTP, 0-5 pM of each
primer, and between 10-50 ng of DNA. Amplifications
were performed in a thermal cycler (Biometra T-Gradient;
Tampa, FL, USA) with the following conditions: initial
denaturing at 94°C for 5 min, then denaturing at 94°C
for 1 min, annealing at 54°C for 1 min, extension at
72°C for 1 min for 35 cycles.

Four replicates of 50 pl reaction volumes of PCR
product were pooled for DNA sequencing. The pooled
200 pl PCR product was precipitated by adding 2-5
volumes of 100% ethanol and 0-2 volumes of 5M NaCl
and centrifuged at 13 000 rpm for 10 min. The DNA
pellet was resuspended in 20 pl sterile dH,O, the re-
suspended DNA was gel purified by excising the band
from 1:5% agarose gel and purified using the clean
up Kit (Wizard® SV Gel and PCR Clean-Up System,
Promega) following the manufacturer’s instructions.
The purified DNA was resuspended in 35 pl of sterile
distilled water and stored at —20°C.

Cycle sequencing reaction volumes were 20 pl, con-
taining ¢. 65 ng of purified DNA, 1 pul BigDye V3.1 (Ap-
plied Biosystem, Foster City, CA, USA) and the same
PCR primers were used for sequencing. Post-reaction
clean up followed the manufacturer’s instructions for
the EDTA and ethanol precipitation. The dried product
was resuspended in 20pl formamide, denatured at 95°C
for 5 min and immediately placed on ice and loaded into
a 96-well plate for sequencing (3130 Genetic Analyser,
Applied Biosystems, Foster City, CA, USA).

Data analysis

Nucleotide sequences were compiled in the program
Sequencher 4.6 (Gene Codes Corp.) and manually
aligned in Se-Al v 1.0 (Rambaut 2001). The aligned
sequences were used to estimate algal I'TS rDNA haplo-
types using TCS 1.21 (Clement ez al. 2000) with 90%
connection limit and gaps recorded as missing data.
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Aligned I'TS rDNA regions in each of the algal and fun-
gal partners were also used to generate algal and fungal
phylogenetic trees using the program PAUP 4.0 (Swof-
ford 2003). Phylogenetic determinations were based
on Maximum Parsimony (MP) and Bayesian Maximum
Likelihood (ML) analyses. The option for MP analyses
was tree bisection and reconnection (TBR) branch
swapping. Heuristic searches were conducted using
1000 random addition replicates and bootstrap searches
of 500 resamplings (Felsenstein 1985). Bootstrap was
carried out using the MP option in PAUP and values
=70 are reported in the phylogenies. Modeltest version
3.7 (Posada & Crandall 1998) was performed to deter-
mine the best model to use in MrBayes version 3.1.2
(Huelsenbeck et al. 2001; Ronquist & Huelsenbeck
2003). The six parameter GTR model with a gamma-
shaped parameter and proportion of invariable sites
uniformly distributed, was chosen for both algal and
fungal analyses. Bayesian analyses were performed using
2 000 000 generations with random starting trees. Both
runs converged on similar likelihood values. For the fun-
gal partner, 750 burnin trees were discarded; 350 burnin
trees were discarded for the algal partner. Posterior
probability values >95 are reported on the phylogenies.

Results

The fungal I'TS rDNA alignment contains
879 characters with 68 parsimony informa-
tive sites. The fungal phylogeny contains 303
changes and the topology of the tree is in
agreement with the Bayesian tree. The algal
ITS rDNA alignment contains 503 total
characters with 24 parsimony informative
sites. The algal phylogeny contains 67 changes
and the topology of the tree is in agreement
with the Bayesian tree.

Fungal evolutionary relationships

The fungal phylogeny produced two highly
supported clades (Fig. 1). Five samples of R.
americana Hale formed one highly supported
clade A with 98% bootstrap support and
>95% posterior probability. Three samples
of R. americana were collected in Manitoba
and the other two samples were collected in
New York and North Carolina. Three sam-
ples of R. sinensis that were retrieved from
GenBank were basal to the second highly sup-
ported clade B with 89% bootstrap and
>95% posterior probability that were all
collected in Manitoba in this study within
400 km. The three samples from GenBank
were collected in China at an unknown loca-
tion. The high support but low levels of
divergence among samples of R. sinensis from
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Manitoba suggests they have a recent com-
mon ancestor but the three samples of R.
sinensts outside the clade are more divergent
in nucleotide polymorphism and in geograph-
ical origin.

Chemical analysis of R. sinensis showed
that two samples of R. sinensis (5491] and
5491L) produced usnic acid in addition to
a trace of an unknown compound that ap-
peared fluorescent yellow in long wave ultra-
violet light. The unknown compound was
not visible after spraying with sulphuric acid
and heating, and the Rf class was 6 in the
solvent system outlined in the methods. One
sample of R. americana (7328) produced
usnic acid and a trace of an unknown com-
pound which appeared as purple-yellow after
spraying with sulphuric acid and heating, and
the Rf class was 4 with the same solvent sys-
tem. All other samples of R. sinensis and R.
americana contained usnic acid only (Table 1).

Algal identity and distribution

Based on the ITS rDNA sequence com-
parison in the phylogenetic analysis, the algal
partners associated with R. sinensis and R
americana are most similar to those of 7re-
bouxia vmpressa and T. potrers, but insufficient
resolution in the ITS rDNA region prevents
separation of the two algal species. The algal
phylogeny shows two highly supported clades
with bootstrap analysis and five highly sup-
ported clades with posterior probability (Fig.
2). None of the clades segregate with host
tree, collection location, or fungal species.
The algae associated with R. americana are
placed in two different clades and one clade
also contains an alga from R. sinensis (Fig. 2).

Twelve algal haplotypes are reported from
23 samples (Table 1, Fig. 3) and they do not
correspond with geographical location (Fig.
3). The most common haplotype XI com-
prises nine samples, and the least common,
I, IV, VI, VII, VIII, IX, X, and XII are
each represented by a single member. The
remaining three haplotypes (I, II, and V)
are represented by two or three members
(Fig. 3).
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Discussion

Both partmers of R. sinensis show polymor-
phism in the phylogenetic trees (Figs 1 & 2).
The absence of a visual relationship between
fungal sequence variation and geographical
location of R. sinensis within Manitoba (Fig.
1) is consistent with that reported for R.
menziesii (Werth & Sork 2008) and Evernia
mesomorpha (Piercey-Normore 2006). Low
resolution of the Manitoba samples might
be improved with a more variable gene or
more distantly collected specimens. How-
ever, the phylogenetic position of three more
broadly distributed individuals suggested that
there may be a relationship between geo-
graphical distance and fungal diversity for
individuals in larger geographical regions.
Therefore, R. sinensis may undergo wide-
spread dispersal by sexually produced asco-
spores. The presence of apothecia on all
specimens of R. sinensis supports this inter-
pretation. Local dispersal is also possible
after gut passage of fragments or spores by
mites (Boch ez al. 2011) or snails (Meier ez al.
2002).

The fungal phylogeny does not disagree
with that from Stocker-Worgotter et al. (2004)
or LaGreca (1999). Ramalina americana forms
a well-supported clade in this study even
though two specimens were collected from
distant locations. It was included in this study
because of its morphological and chemical
similarity with specimens of R. sinensis and is
present in the study areas. Ramalina ameri-
cana produces few secondary metabolites,
often only usnic acid (LaGreca 1999). In
this study, R. sinensis produced usnic acid
alone and R. americana produced usnic acid
with traces of several unknown compounds
(Table 1). The production of additional
compounds in R. americana was interpreted
as a display of classical chemical variation
(LaGreca 1999). The presence of usnic acid
alone differentiates these species from other
closely related species such as R. culbersonio-
rum, which has multiple compounds present
(LaGreca 1999). Although the morphologi-
cal characters of R. americana may overlap
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[ 9477E SWPP \
[ 7319B SPF
[ 7334B SPF
7319A SPF
[~ 5491C WPP
5491G WPP
5491K WPP
9477C SWPP
7334A SPF
5491L WPP
5491D WPP
5491E WPP
5491] WPP
|1 0477F SWPP
9477G SWPP
_| 5491A WPP
9477A SWPP
5491 H WPP
[~ 5491B WPP
| 9477D SWPP
54011 WPP
68 9477B SWPP
5491F WPP j

89

R. sinensis

60

| AF249905 R. sinensis
DQO001299 R. sinensis

DQ383646 R. sinensis

4358B SPF
AF109237
AF109235 R. americana

4358A SPF
7328B SPF

98

DQO087986 Evernia mesomorpha

10 changes

Fic. 1. One of 763 most parsimonious trees based on the nuclear I'TS rDNA showing an evolutionary hypothesis of

Ramalina sinensis collected from three localities in Manitoba with reference to three additional specimens retrieved

from GenBank and five sequences amplified from R. americana. Evernia mesomorpha is assigned as the outgroup.

Bootstrap proportions >70% are shown above the branches, and thickened branches represent posterior probabilities

>95%. CI10-9109 and RI 0-8393. The collection number refers to specimens that were collected from the same tree
or neighbouring trees. The letter immediately following the number refers to different specimens.

with those of R. sinensis, making the two spe- Photobiont identity: T. potteri and
cies difficult to separate, they were clearly T. smpressa
distinguished by the I'TS rDNA sequences

i ivis sy, The photobiont ITS sequences of R.

sinensts and R. americana are most similar
to those of Trebouxia impressa and T. pottert
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7319B SPF

AF242469 T. potter
4358A from R. americana SPF
9477B SWPP

9477E SWPP

5401A WPP

5491] WPP

4358B from R. americana SPF
7328 from R. americana SPF
AF345891 T. impressa
9477A SWPP

—9477D SWPP

9477G SWPP

5491B WPP

9477C SWPP

7334B SPF

5491C WPP

——5491D WPP

5491G WPP

5491H WPP

54911 WPP

[ O4TTFSWPP
5491K WPP

5491L WPP

62

98

64

— 1 change

Fic. 2. One of 231 most parsimonious trees based on
the nuclear I'TS rDNA showing an evolutionary hypo-
thesis of the algal partner associated with Ramalina
stnensis and R. americana collected from three localities
in Manitoba. Two sequences have been retrieved from
Genbank that represent known species of Trebouxia
for reference. The tree is unrooted. Bootstrap propor-
tions >70% are shown above the branches, and thick-
ened branches represent posterior probabilities >95%.
CI0-8889 and RI 0-8939.

(Fig. 2). Trebouxia tmpressa and T. potter:
are sister species and were shown to form
a highly-supported clade in Hauck er al
(2007) and Guzow-Krzeminska (2006), based
on nucleotide sequence data. Morphological
evidence placed them in two different groups
(‘Takeshita 2001) based on types of life cycles.
Takeshita (2001) showed that both species
produced zoospores, aplanospores, and auto-
spores, but in 7. smpressa the three types of
reproductive cells were compartmentalized
within ‘sporangia complexes’ surrounded by
mother cell walls. Trebouxia impressa is known
to associate with a large number of lichen
fungi in the genera Parmeha, Melancha
(Kroken & Taylor 2000), and Physcia (Beck
er al. 2002). Other species of Ramalina have
been shown to associate with divergent spe-
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cies of Trebouxia where those from Brazil are
more similar to 7. arboricola, T. galapagensis,
and T. higginsiae (Cordeiro ez al. 2005). The
photobiont associated with R. menziesu from
California was determined to be T. decolorans
(Werth & Sork 2010).

Photobiont diversity

The algae associated with R. simensis did
not cluster with geographical region in this
study, suggesting that the photobiont is
widely dispersed. The photobiont may dis-
perse by symbiotic propagules from another
lichen fungus (Ohmura ez al. 2006) or as a
free-living alga (Mukhtar ez al. 1994; Friedl
& Budel 2008), since R. sinensis does not
produce any vegetative propagules. Knowl-
edge of photobiont selection by the fungal
partner in different geographical locations
and habitats has been growing (Kroken &
Taylor 2000; Piercey-Normore 2004; Yahr
et al. 2006; Nelsen & Gargas 2008; Muggia
et al. 2010; Peksa & Skaloud 2011), but little
is known about the photobiont diversity
within species of Ramalna. Werth & Sork
(2010) showed that 72 samples of R. menziesi
from California associated with the same
species of alga, 7. decolorans. It is not surpris-
ing that most R. sinensis individuals from a
larger geographical region in Manitoba also
associated with a single or closely related
algal species. Additional diversity may be
present as suggested by the more divergent
samples, 9477F, 5491K, and 5491L (Fig. 2).
The photobiont of Tephromela atra (Muggia
et al. 2010) was shown to segregate with
climatic differences between Mediterranean
and temperate climates. A broader geograph-
ical investigation of R. sinensis may reveal a
similar pattern.

This study covered sample sites approxi-
mately 400 km apart, a much larger geo-
graphical region than the studies with R
menziestt (2 km; Werth & Sork 2010) and
Evermia mesomorpha (Piercey-Normore 2006),
but less than the study of 7. arra (Muggia ez al.
2010). The study on R. menziesit showed more
sequence polymorphism in the algal I'TS than
was present in this study. Photobionts asso-
ciated with R. menziesiz had 104 polymorphic
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VI
o AT
g
11
I T impressa (AF345891) 11 VI
73198, 43584 T gotrert (AF2ATA6)

477B, 9477E, 5491

0477A,9477G, 54918, 9477C
7334B, 5491C, 54913, 54917] VHI X1 XTI
54911 94778 5491K

.

¥V, VIIL X, XI

Fic. 3. Map of southern portion of Manitoba, Canada, showing location of collection sites, distance between sites
with scale bar, and the algal haplotypes in roman numerals for each collection site. The insert above the map is a
haplotype network of the 23 lichen samples, showing the similarity among algal haplotypes.
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sites in 72 samples reported (1-4 polymor-
phisms per site in 2 km) (Werth & Sork
2010). The photobionts associated with R.
sinensis had 63 polymorphic sites in 26 sam-
ples (2-4 polymorphisms per site in 400 km)
in the same gene (ITS rDNA) (Fig. 2). In
addition, the number of algal haplotypes
reported for R. menziesii was 32 haplotypes
in a total of 72 samples (44%) (Werth & Sork
2010), and for R. stwensis it was 12 haplotypes
in a total of 23 samples (48%). The level
of ITS variation, for polymorphic nucleotide
sites and for haplotypes, is lower in the R.
menziestt photobiont than in the R. sinensis
photobiont, but the geographical distances
and sample sizes were very different from
one another, making comparison of studies
difficult.

In conclusion, this study suggests that
the diversity in each of the symbionts of R.
sinensis would not be a limiting factor for
adaptation to changing environmental con-
ditions, despite the absence of vegetative
propagules. The inferred photobiont identity
was limited to two species but questions were
raised concerning the geographical distribu-
tion of algal haptotypes. Sexual reproduction
by the fungal partner, inferred from abun-
dance of apothecia, may account for its wide-
spread distribution. However, the absence of
vegetative propagules of the lichen may ac-
count for small local population sizes and
the apparent rarity of the species in local
areas of Manitoba.
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and Manitoba Conservation for collection permits
WPB20417 and WPB20429. Financial support was re-
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and Engineering Research Council of Canada (NSERC).
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ANEXO III

DECLARACAO

Declaro para os devidos fins que o conteldo de minha dissertagdo de Mestrado/tese de Doutorado
intitulada * Caracterizacao de populagdes naturais de Rhizophora mangle, Rhizophora racemosa e
de Rhizophora harrisonii (Rhizophoraceae) de manguezais do litoral brasileiro e analise de zona de
hibridagzo utilizando marcadores microssatélites” :

() n&o se enquadra no § 4° do Artigo 1° da Informagdo CCPG 002/13, referente a bioética e
biosseguranca.

Tem autorizagéo da(s) seguinte(s) Comissao(ées):
( X)) CIBio — Comiss&o Interna de Biosseguranca , projeto No14/2003, Instituicao: Instituto de
Biologia, UNICAMP;

() CEUA - Comissao de Etica no Uso de Animais , projeto No. , Instituicao:

() CEP - Comissao de Etica em Pesquisa, protocolo No. , Instituico:

* Caso a Comisséo seja externa ao IB/UNICAMP, anexar o comprovante de autorizagédo
dada ao trabalho. Se a autorizagéo ndo tiver sido dada diretamente ao trabalho de tese
ou dissertacdo, devera ser anexado também um comprovante do vinculo do trabalho do
aluno com o que constar no documento de autorizagéo apresentado.
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