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Resumo

Aechmea é reconhecido como o maior e mais problematico género (taxonomicamente) dentro
da subfamilia Bromelioideae (Bromeliaceae), apresentado grande variabilidade morfoldgica,
reprodutiva e vegetativa. Um recente estudo envolvendo as espécies de Aechmea subgénero
Ortgiesia detectou um hibrido putativo entre Aechmea comata (Gaudich.) Baker e A. caudata
Lindm. No mesmo estudo, A. comata e A. Kkertesziae Reitz demonstraram um
compartilhamento de hapldtipos plastidiais, o que pode ser devido a retencdo de
polimorfismo ancestral, a ocorréncia de hibridagéo, ou mesmo ao fato dessas espécies serem
um unico taxa, ja que a delimitagdo usando morfologia é desafiadora. Estas trés espécies
sobrepdem periodo de floracdo, compartilham um polinizador e sdo encontradas em
simpatria (A. comata e A. caudata) (A. comata e A. kertesziae) na llha de Santa Catarina.
Portanto, o objetivo deste estudo foi investigar a delimitacdo taxondmica e a hibridacao entre
essas trés espécies. Para isso, foram utilizados dez marcadores de microssatélites nucleares
(nuSSR) e seis plastidiais (cpSSR), dados morfolégicos e ecoldgicos, bem como
experimentos de polinizacdo controlados. Foram amostrados 244 individuos pertencentes as
trés espécies, oriundos de quatro populacfes alopatricas e quatro populagdes simpatricas. As
analises bayesianas indicaram que cada espécie apresenta um perfil genético distinto, embora
hibridos tenham sido identificados pelas analises moleculares. Aechmea comata demonstrou
a maior diversidade genética ja relatada para bromélias. Os hibridos identificados pelas
analises bayesianas ndo apresentaram morfologia intermedidria, dificultando sua
identificacdo na natureza. Os dados morfoldgicos e ecoldgicos apoiam os dados moleculares
de que A. comata, A. caudata e A. kertesziae sdo entidades distintas. Aechmea kertesziae
apresentou sobreposicdo de caracteristicas morfoldgicas com A. comata e A. caudata, devido
a grande variabilidade intraespecifica. A analise ecol6gica demonstrou que as trés espécies
tém diferentes preferéncias de microhabitat. Dados de cruzamentos artificiais confirmaram a
compatibilidade reprodutiva de A. comata com A. caudata e A. kertesziae. E provavel que
um conjunto de barreiras pré-zigéticas, como isolamento fenoldgico e etoldgico,
autocompatibilidade e talvez barreiras pos-zigéticas, como baixa viabilidade ou esterilidade
dos hibridos (incompatibilidades pds-zigoticas de Bateson-Dobzhanky-Muller) estejam

envolvidas na manutencédo da integridade de A. comata, A. caudata e A. kertesziae.
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Abstract

Aechmea is recognized as the largest and most problematic taxonomically genus within
subfamily Bromelioideae (Bromeliaceae), presenting great morphological, reproductive and
vegetative variability. A recent study involving species of Aechmea subgenus Ortgiesia
detected a putative hybrid between Aechmea comata (Gaudich.) Baker and A. caudata
Lindm. In the same study, A. comata and A. kertesziae Reitz showed plastid haplotype
sharing, which could be due to retention of ancestral polymorphism, occurrence of
hybridization or even due the fact that these species are the same taxa, as the delimitation
using morphology is challenging. These three species overlap in flowering time, share one
pollinator, and are found in simpatry (A. comata and A. caudata) (A. comata and A.
kertesziae) in the Santa Catarina Island. Therefore, the objective of this study was to
investigate the taxonomic delimitation and hybridization among these three species. To do
so, we used ten nuclear (nuSSR) and six plastid (cpSSR) microsatellite markers,
morphological and ecological data, as well as controlled pollination experiments. We
sampled 244 individuals belonging to the three species from four allopatric populations and
four sympatric populations. Bayesian analyses indicated that each species present a distinct
genetic profile, although hybrids have been identified by molecular analyzes. Aechmea
comata has demonstrated the highest genetic diversity already reported for bromeliads. The
hybrids identified by Structure analyses did not show intermediate morphology, making
difficult their identification in nature. The morphological and ecological data support the
molecular data that A. comata, A. caudata, and A. kertesziae are distinct entities. Aechmea
kertesziae presents overlapping morphological features with A. comata and A. caudata, due
to great intraspecific variability. Ecological analysis has demonstrated that the three species
have different preferences of microhabitat. Artificial crosses data confirmed the reproductive
compatibility between A. comata with A. caudata and with A. kertesziae. It is likely that a set
of prezygotic barriers as phenological and ethological isolation, self-compatibility, and
perhaps postzygotic barriers, as low viability or sterility of hybrids, postzygotic Bateson-
Dobzhanky-Muller incompatibilities are involved in maintaining species integrity of A.
comata, A. caudata, and A. kertesziae.
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Capitulo 1

Introducéo Geral

Aechmea comata
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Introducéo Geral

1 Familia Bromeliaceae

Bromeliaceae é uma das grandes familias de angiospermas monocotiledéneas quase
exclusivamente neotropical, estendendo-se desde o sul da América do Norte, passando pela
América Central até chegar a Patagbnia (Argentina) na América do Sul (Smith & Downs,
1979; Wanderley & Martins, 2007). Apenas uma espécie, Pitcarnia feliciana (A. Chev.)
Harms & Mildbr. ocorre no oeste da Africa. Os membros dessa familia sdo ervas ou
raramente arbustos perenes (Deuterocohnia Mez), terrestres, saxicolas ou epifitas, de poucos
centimetros de comprimento (Tillandsia L.) até lenhosas de grande porte, podendo
ultrapassar 10 m de altura (Puya Molina). Apresentam caule curto encoberto pelas folhas em
roseta ou mais raramente caule desenvolvido (Orthophytum Beer), estoldo algumas vezes
presente; raizes absorventes nas plantas terrestres ou fixadoras nas epifitas, raramente ausente
(Tillandsia usneioides L.) (Smith & Downs, 1974, 1979; Wanderley & Martins, 2007). S&o
conhecidas popularmente como bromélias ou por designacbes de origem indigena,
dependendo da regido do Brasil como: caraguata, caraguatai, caraguatatuba (sudeste),
gravatazinho, gravata-acu (nordeste), gravatai (sul), gravata, gravatal, gravatas (nordeste,
sudeste e sul) (Reitz, 1983).

As bromélias sdo ecologicamente diversas, podendo ser encontradas em uma grande
variedade de habitats, como florestas, margens de rios, afloramentos rochosos e areas
arenosas. Embora a familia Bromeliaceae concentre-se mais em habitats aridos do que
umidos, um substancial nimero de espécies terrestres sdo sujeitas a inundagdes sazonais
(espécies redfitas). Espécies dos géneros Guzmania Ruiz & Pav., Pitcairnia L’Her. e Dyckia
Schult. f. ja foram identificadas como espécies reofitas (Smith & Downs, 1979; Benzing,
2000). Devido a essa abrangente variedade de habitats, os membros dessa familia
desempenham um importante papel ecolégico com a fauna local, servindo como fonte de
alimento (brotos, frutos carnosos, folhas, polen, néctar, escapo da inflorescéncia), agua
(acumulada nos tanques formados pelas folhas), abrigo, local para alimentacdo e/ou desova
para diversas espécies de animais (anfibios, insetos, pequenos mamiferos, répteis, aracnideos
e crustaceos) (Benzing, 2000).

Diversas espécies de bromélias séo apreciadas para varias finalidades de interesse
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humano, tais como: plantas alimenticias: Ananas comosus (L.) Merr. (abacaxi), bagas de

algumas espécies (Aechmea nudicaulis var. cuspidata Baker, Aechmea kertesziae Reitz e
Aechmea comata Baker) sédo consumidas por comunidades locais e conhecidas popularmente

como chupa-chupa; plantas medicinais: Bromelia antiacantha Bertol. (banana-do-mato),

Tillandsia usneioides (barba-de-velho), T. stricta Sol. ex Sims (cravo-do-mato), A. comosus

(abacaxi); cerca vivas divisorias contra 0 gado: Ananas bracteatus Schult. f., Ananas

fritzmuelleri Camargo, B. antiantha, Aechmea ornata Baker, Dyckia encholirioides

(Gaudich.) Mez. e var. rubra (Wittm.) Reitz; plantas ornamentais e decorativas: varias

espécies sdo de interesse econdémico devido ao apelo ornamental (Aechmea distichantha
Lem., Alcantarea imperialis Harms, Vriesea gigantea Gaudich.), e outras possuem utilidades
especificas, como por exemplo, B. anticantha da qual extrai-se 6tima fibra para muitos fins
industriais como cordoaria e T. usneiodes da qual produz-se crina vegetal propria para
acolchoados. Ja espécies dos géneros Aechmea Ruiz & Pav., Catopsis Griseb., Pitcairnia,
Tillandsia e Vriesea Lindl. sdo utilizadas em rituais misticos, funerais e ceriménias de
casamento em alguns paises da América do Sul (Reitz, 1983; Benzing, 2000).

Atualmente Bromeliaceae conta com 3510 espécies distribuidas em 59 géneros
(Gouda cont. atual.). No Brasil, essa familia € amplamente distribuida, sendo uma das dez
familias mais diversas do pais. Estima-se que cerca de 70% dos géneros e 40% das espécies
ocorram no territorio brasileiro, com uma taxa de endemismo de 85,3%, além de ser a terceira
familia mais diversa do dominio fitogeografico da Mata Atlantica (Wanderley & Martins,
2007; Forzza et al., 2010). A familia apresenta quatro centros de diversidade em regides
montanhosas, incluindo América Central, os Andes, os Tepuis no Escudo das Guianas € a
Serra do Mar, além das faixas costeiras do Escudo Brasileiro na América do Sul (Wanderley
& Martins, 2007; Givnish et al., 2011). No checklist realizado por Martinelli et al. (2008), os
estados da regido sudeste e o sul da Bahia abrigaram mais da metade das espécies
inventariadas (407 espécies), ficando evidente que esta regido é o principal centro de
diversidade e endemismo da familia no dominio da Mata Atlantica. Nesse dominio foi
registrado um total de 31 géneros, 803 espécies e 150 taxons infraespecificos. Dez géneros
(Andrea Mez, Canistropsis (Mez) Leme, Canistrum E.Morren, Edmundoa Leme, Fernseea
Baker, Lymania Read, Nidularium Lem., Portea K.Koch, Quesnelia Gaudich. e Wittrockia

Lindm.) e 653 espécies sdo endémicos da Mata Atlantica brasileira (Martinelli et al., 2008).
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1.1 Evolucéo e Filogenia da Familia Bromeliaceae

Estudos realizados por Givnish et al. (2004, 2007, 2011, 2014), indicam que a familia
Bromeliaceae surgiu no Escudo das Guianas no norte da América do Sul, hd 100 milhdes de
anos (Ma), em regides com altitude inferior a 500 m. O ancestral das bromélias
provavelmente tinha um habito terrestre, ndo formador de tanque, polinizado por insetos,
sementes aladas, via fotossintética C3 e foi adaptado a condigdes de varzea Umida em areias
ou arenitos inférteis no Escudo das Guianas.

A presenca de tricomas exclusivos nas folhas capazes de absorver agua, e o
desenvolvimento de vérias estratégias para lidar com o estresse hidrico (suculéncia, presenca
de tanque, fotossintese CAM - metabolismo &cido das crassulaceas), sdo caracteristicas
responsaveis pela diversificacdo das linhagens em Bromeliaceae e pela grande versatilidade
ecologica da familia (Benzing, 2000; Horres et al., 2007; Heller et al., 2015). Hechtia
Klotzsch e representantes da subfamilia Tillandsioideae representam as primeiras invases
de bromélias na regido neotropical fora do Escudo das Guianas (Givnish et al., 2007).

As linhagens modernas de bromélias (subfamilias existentes) apenas comegaram a
divergir umas das outras ha aproximadamente 19 Ma, com subsequentes invasdes de areas
periféricas mais secas na América Central e no norte da América do Sul. O surgimento da
maioria da diversidade atual de bromélias, incluindo, Tillandsioideae, Bromelioideae e os
grandes géneros Pitcairnia, Navia Schult. f., Hechtia, Dyckia, e as linhagens modernas de
Puya, surgiram ha 15 Ma. A dispersdo & longa distancia para o oeste da Africa tropical (P.
feliciana) foi relativamente recente, em torno de 10 Ma. O longo periodo entre o surgimento
de Bromeliaceae e a divergéncia das linhagens modernas a partir de outras, implica que
muitas espécies foram extintas ao longo da histéria evolutiva dessa familia (Givnish et al.,
2004, 2007, 2011).

A monofilia da familia Bromeliaceae e sua coeséo taxonémica tem sido fortemente
suportada, tanto por dados morfologicos como moleculares (Terry et al., 1997; Crayn et al.,
2004; Givnish et al., 2004, 2007, 2011). A familia foi tradicionalmente dividida em trés
subfamilias baseado em caracteristicas morfoldgicas: Bromelioideae, Pitcairnioideae e
Tillandsioideae (Smith & Downs, 1974, 1977, 1979). Entretanto, a subfamilia Pitcairnioideae
apresentava-se amplamente parafilética em estudos filogenéticos, apesar da monofilia de
Bromelioideae e Tillandsioideae (Terry et al., 1997; Crayn et al., 2004; Givnish et al., 2004,

|9
Dissertacdo de Mestrado — Lais Mara Santana Costa



Hibridacgao de trés espécies de pétalas amarelas de Aechmea subgénero Ortgiesia (Bromeliaceae)

2007), evidenciando a classificacdo artificial tradicionalmente adotada para as subfamilias
de Bromeliaceae. Baseado na reconstrucdo filogenética para a familia utilizando o gene
plastidial ndhF (NADH desidrogenase F) Givnish et al. (2007), propuseram que a subfamilia
Pitcairnioideae fosse subdividida em cinco novas subfamilias, todas sendo linhagens
monofiléticas e morfologicamente distintas de Bromelioideae e Tillandsioideae.
Posteriormente, Givnish et al. (2011), através de um consoércio internacional, produziram a
filogenia mais abrangente e fortemente suportada para Bromeliaceae até 0 momento, com
oito marcadores plastidais e 46 géneros dos 59 descritos, confirmando a monofilia das
subfamilias propostas por Givnish et al. (2007), estabelecendo assim oito subfamilias dentro
de Bromeliaceae: Bromelioideae, Puyoideae, Pitcairnioideae, Navioideae, Hechtioideae,
Tillandsioideae, Lindmanioideae e Brocchinioideae.

1.2 Subfamilia Bromelioideae

A subfamilia Bromelioideae contém 33 géneros e 936 espécies (Luther, 2012), tendo
como centro de diversidade o leste e sudeste do Brasil (Horres et al., 2007). Compreende
ervas na maioria epifitas, geralmente acaules com raizes em geral funcionando apenas como
fixadoras, folhas rosuladas ou fasciculadas, comumente serrilhadas, fruto tipo baga muitas
vezes seco, indeiscente e sementes nuas (Smith & Downs, 1979). Os membros da subfamilia
sdo encontrados em toda a regido neotropical, existindo em todos os tipos de biomas
tropicais, das dunas de areias abertas a florestas tmidas de altitude (Sass & Specht, 2010).

Dentro de Bromelioideae as espécies sdo atribuidas aos géneros principalmente com
base em caracteristicas florais, com uma grande divisdo feita entre espécies que possuem
sépalas simétricas vs assimétricas (Smith, 1988 apud Sass & Specht, 2010). Varios caracteres
sdo unicos dessa subfamilia, incluindo a presenca de espinhos nas margens das folhas,
ovarios inferiores ou quase inferiores e frutos carnosos e indeiscentes (Smith & Downs,
1979). Entretanto, estudos que usam apenas a analise morfologica ndo tém sido suficientes
para resolver os relacionamentos infragenéricos dentro de Bromelioideae (Evans et al.,
2015).

Smith & Downs (1979), separaram muitos géneros dentro de Bromelioideae usando
a presenca ou auséncia de apéndices de pétalas, e notaram explicitamente que sua

classificacdo dos géneros foi artificial. Schulte & Zizka (2008), atraves da abordagem de
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reconstrucdo da evolucdo desse caracter, demonstraram que os apéndices nas pétalas tiveram
varias origens independentes dentro da familia, bem como dentro de Bromelioideae,
evidenciando que o caracter é homoplasico, e assim, inapropriado para delimitacdo genérica
dentro da subfamilia. Isto ocorre, em grande parte, devido a alta variacdo existente na
morfologia, ecologia e fisiologia da subfamilia, tornando o reconhecimento de homoplasias
dificil (Schulte & Zizka, 2008).

A delimitacdo genérica dentro da subfamilia é considerada como especialmente
problematica porque geralmente depende de poucos caracteres de valor sistematico incerto.
Frequentemente as caracteristicas morfologicas utilizadas na taxonomia exibem altos niveis
de homoplasia, falhando em delimitar grupos naturais, pois varios sdo 0s géneros que sdo
definidos por combinag@es Unicas de caracteres, em vez de sinapomorfias tradicionais (Faria
et al., 2004a; Horres et al., 2007; Schulte & Zizka, 2008; Schulte et al., 2009). Embora
urgentemente necessario, um conceito genérico atualizado para a subfamilia ndo esta
disponivel, principalmente devido as incertezas sobre o valor taxondmico de caracteres
morfologicos (Schulte & Zizka, 2008).

1.3 Evolucao e Filogenia da subfamilia Bromelioideae

Depois que Bromeliaeceae originou-se no Escudo das Guianas, o ancestral de Puya/
Bromelioideae espalhou-se a oeste do norte dos Andes e a partir desse local para o sul ao
longo da Cordilheira dos Andes. Essas plantas eram terrestres, adaptadas a condi¢cGes Umidas
e possuiam via fotossintética C3. Uma separacdo inicial na linha central Andina levou ao
género Greigia Reg. No sul dos Andes, linhagens de plantas terrestres, adaptadas a habitats
mais Umidos e com sombra, também com via fotossintética C3, e sem a presenca de tanque,
foram capazes de colonizar habitats abertos, semiaridos e aridos, dando origem aos géneros
chilenos endémicos Fascicularia Mez e Ochagavia Phil. e também aos géneros
Deinacanthon Mez e Bromelia L. Do sul dos Andes, Bromelioideae alcancou o leste do
Brasil, onde a radiacdo levou ao recente centro de diversidade da subfamilia, especialmente
na Mata Atlantica (Schulte et al., 2005).

A monofilia de Bromelioideae com Puya Molina como grupo irmdo vem sendo
demonstrada em varios trabalhos (Terry et al., 1997; Crayn et al., 2004; Givnish et al., 2004,
2007, 2011; Schulte et al., 2005, 2009; Horres et al., 2007; Schulte & Zizka, 2008; Silvestro
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etal., 2014; Evans et al., 2015; Heller et al., 2015). Givnish et al. (2007, 2011), hipotetizaram
que o ancestral comum de Puya e Bromelioideae surgiu ha cerca de 13,4 Ma nos Andes, e a
divergéncia dessas duas linhagens ocorreu ha aproximadamente 10 Ma, com Puya
diversificando ao longo dos Andes e Bromelioideae invadindo o Escudo Brasileiro logo ap6s
a divergéncia, via disperséo a partir dos Andes. Jabaily & Sytsma (2010), hipotetizaram a
origem da subfamilia Bromelioideae no Chile Central, baseado na distribuigdo chilena de
ambas linhagens basais de Bromelioideae e os primeiros clados divergentes de Puya.

A filogenia dos géneros da subfamilia ainda apresenta uma baixa resolucdo, mas
pode-se identificar as linhagens basais Bromelia, Greigia, Fascicularia, Ochagavia,
Deinacanthon, formando o clado Eu-Bromelioideae. Um segundo clado, “core bromelioids”
¢ observado, que compreende a maioria das espécies da subfamilia, sendo quase
exclusivamente composto por espécies de habito epifito, formadoras de tanque e com a via
fotossintética CAM (Schulte et al., 2005, 2009; Schulte & Sizka, 2008; Givnish et al., 2011;
Evans et al., 2015). Schulte et al. (2005), sugerem que o clado “core bromelioids” teve uma
rapida radiacdo devido a baixa variacdo em marcadores plastidiais, que provavelmente foi
favorecida pela invasdo bem sucedida em habitats epifitos.

O clado “core bromelioids” ¢ bastante jovem, com uma idade estimada de cerca de 7
Ma, que corresponde ao final do Mioceno (Silvestro et al., 2014). Este clado passou por uma
rapida diversificacdo, especialmente dentro da Mata Atlantica do sudeste do Brasil, sendo
que o tipo de mudanca ciclica na distribuicdo de habitat 6timo, como ocorreu no Plioceno,
poderia explicar a homoplasia morfoldgica nesse clado, levando as atuais dificuldades
taxondmicas (Givnish et al., 2004, 2007; Schulte et al., 2009; Sass & Specht, 2010). As
relages filogenéticas dentro do “core bromelioids” sdo ainda pobremente entendidas, e
revisdes taxonémicas, bem como estudos moleculares baseados em uma amostragem
robusta, sdo necessarios, especialmente para os grandes géneros. Varios desses nao sdo
monofiléticos, particularmente Aechmea e géneros proximos. Isto ocorre principalmente
devido ao alto nivel de homoplasia morfoldgica observada, que torna o reconhecimento de
grupos naturais, baseado em caracteres morfologicos, dificil. Sendo assim, até 0 momento,
estudos moleculares forneceram apenas conhecimentos limitados das relagdes inter e
infragenéricas no “core bromelioids™, devido a limitada amostragem e baixa resolugédo de
reconstrucdes filogenéticas (Schulte et al., 2005, 2009; Horres et al., 2007; Schulte & Zizka,
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2008; Sass & Specht, 2010; Heller et al., 2015).

1.4 Género Aechmea e sua problematica taxonémica

Aechmea é o maior género da subfamilia Bromelioideae, possuindo grande
variabilidade morfoldgica, reprodutiva e vegetativa (Faria et al., 2004b). Atualmente esse
género possui 282 espécies (Gouda et al., cont. atual.), distribuidas desde o México e Antilhas
até o Uruguai e Norte da Argentina (Reitz, 1983). Apesar da ampla distribuicdo, Aechmea
apresenta dois importantes centros de diversidade na Mata Atlantica. O primeiro em
Pernambuco e Alagoas e outro entre a Bahia e 0 Rio de Janeiro (Martinelli et al., 2008). O
Brasil conta com cerca de 160 espécies que ocorrem nos mais diversos ambientes, desde as
florestas pluviais até os mais aridos, como as caatingas nordestinas (Wanderley & Martins,
2007).

As espécies do género Aechmea sdo ervas perenes, na maior parte acaules, de estatura
meédia, frequentemente propagando-se por rizomas basais. Folhas em roseta densa ou
fasciculadas, com as bainhas formando tanques, geralmente espinhoso-serradas (Smith &
Downs, 1979; Reitz, 1983). Smith & Downs (1979), propuseram oito subgéneros para
Aechmea: Aechmea Mez, Chevaliera (Gaudich. ex Beer) Baker, Lamprococcus (Beer) Baker,
Macrochordion (de Vriese) Baker, Ortgiesia (Regel) Mez, Platyaechmea (Baker) Baker,
Podaechmea Mez e Pothuava Baker (Baker), baseados principalmente nas caracteristicas de
tipo de inflorescéncia (simples ou composta), tipo de flores (sésseis ou pediceladas), simetria
das sépalas e morfologia dos apéndices petalineos. Essas caracteristicas ndo sdo muito
consistentes, tornando os limites entre esses subgéneros nem sempre muito evidentes.
Observam-se algumas vezes espécies mal posicionadas no respectivo subgénero ou mesmo
no proprio género Aechmea (Wanderley & Martins, 2007). Como tal, Aechmea e seus oito
subgéneros atualmente reconhecidos sdo centros de grandes desacordos a respeito da
delimitacdo genérica e infragenérica dentro de Bromelioideae (Canela et al., 2003; Faria et
al., 2004b).

Muitos dos caracteres usados para atribuir espécies dentro de Aechmea sdo 0s
mesmos utilizados para especificar espécies pertencentes a outros géneros, confundindo as
delimitaces taxonémicas (Faria et al., 2004a). Estes caracteres incluem ramificacdo da

inflorescéncia, caracteristicas de sépala e pétala, tipo de abertura do grdo de pdlen, presenca
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ou auséncia de pedicelos e morfologia da bractea floral (Schulte & Zizka, 2008; Sass &
Specht, 2010). A sistematica infragenérica do género € considerada artificial e pobremente
entendida. As discordantes classificaces no género tém surgido porque os taxonomistas tém
enfatizado apenas poucos caracteres e 0 conhecimento de muitos dados diagnosticos
potencialmente Gteis, como por exemplo: morfologia do fruto, semente e floral é limitado, e
frequentemente estdo inacessiveis em material de herbario e, assim, a variabilidade é
pobremente entendida. A maioria dos caracteres tradicionalmente enfatizados em
tratamentos taxondmicos de Aechmea mostram considerdavel homoplasia e frequentemente
falham na delimitacdo de grupos naturais (Faria et al., 2004a; 2010).

A maioria dos subgéneros de Aechmea ndo correspondem a grupos monofiléticos.
Dados de DNA plastidial ndo suportam a monofilia de qualquer um dos subgéneros de
Aechmea (com excecao de Podaechmea que ndo foi analisado até o momento) (Evans et al.,
2015). Aechmea com seus oito subgéneros representa quase um terco das espécies em
Bromelioideae e incorpora uma porcéo substancial das dificuldades taxonémicas dentro da
subfamilia (Evans et al., 2015). Smith & Downs (1979), reconheceram que 0 género €
provavelmente polifilético, mas a falta de caracteres morfologicos confidveis dentro do grupo
e entre seus subgéneros segregados tem impedido o progresso da sistematica (Evans et al.,
2015).

Aechmea é reconhecido como 0 maior e mais problematico género em Bromelioideae
e dentro do clado ““core bromelioids”, sendo que varios estudos filogenéticos evidenciam sua
natureza polifilética (Faria et al., 2004a; Schulte et al., 2005, 2009; Horres et al., 2007;
Schulte & Zizka, 2008; Sass & Specht, 2010; Givnish et al., 2011; Silvestro et al., 2014;
Evans et al., 2015, Heller et al., 2015). O género tem uma significante contribuicdo para
politomia dentro de Bromelioideae. Espécies de Aechmea sdo encontradas em clados
contendo elementos de numerosos outros géneros, incluindo Billbergia Thunb., Canistrum,
Hohenbergia Schult.f., Quesnelia e Ronnbergia E.Morren & André (Evans et al., 2015). A
grande problematica taxondmica presente em Aechmea indica que sua definicdo atual €
altamente polifilética e necessitara ser extensivamente redefinida (Faria et al., 2004a; 2010;
Horres et al., 2007; Evans et al., 2015).

1.5 Subgénero Ortgiesia
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O subgénero Ortgiesia € composto por 20 espécies de distribuicéo restrita a Ameérica
do Sul. A maioria das espécies desse subgénero ocorre nas regides sul e sudeste do Brasil,
no dominio da Mata Atlantica, com apenas duas espécies ocorrendo também no leste da
Argentina (Aechmea calyculata (E. Morren) Baker) e no noroeste do Uruguai e regido leste
da Argentina e Paraguai (Aechmea recurvata (Klotzsch) L. B. Sm.) (Smith & Downs, 1979;
Goetze et al., 2016). As caracteristicas utilizadas para estabelecer os membros desse
subgénero sdo: bracteas florais decorrentes, flores sésseis, sepalas conadas de 1/3 até metade
de seu comprimento, com mucron tdo longo quanto o lobo livre e pétalas com apéndices
distintos (Smith & Downs, 1979). A maior riqueza de espécies de Ortgiesia € encontrada
entre as latitudes 26° e 27°S (estado de Santa Catarina), que corresponde a fitofisionomia de
floresta ombrofila, localizada principalmente na costa brasileira, evidenciando que o sul da
Mata Atlantica é o centro de diversidade do subgénero. O nimero de espécies pertencentes
a Ortgiesia encontradas em outras fitofisionomias diminui com o aumento da distancia a
partir da linha da costa devido possivelmente ao fato de serem areas que recebem uma menor
quantidade de chuva (Goetze et al., 2016).

Dentro do “core bromelioids”, sdo encontrados varios clados altamente suportados,
como por exemplo o clado unificando os representantes de Aechmea subgénero Ortgiesia.
Em alguns estudos Aechmea subgénero Ortgiesia € recuperado como monofilético (Horres
et al., 2007; Schulte & Zizka, 2008; Silvestro et al., 2014) e em outros moderadamente
suportado (Schulte et al., 2009) ou parafilético (Sass & Sepcht, 2010; Evans et al., 2015).
Recentemente, Goetze et al. (2016), analisaram as relag¢bes infragenéricas de Ortgiesia
utilizando marcadores AFLP (Amplified Fragment Length Polymorphism) e abrangendo 14
espécies do subgénero. Os autores concluem que Ortgiesia é um grupo natural, embora
apenas trés das 14 espécies incluidas foram recuperadas como linhagens monofiléticas, e
somente A. recurvata recebeu suporte estatistico nas filogenias. Até o momento, as relagdes
filogenéticas dentro do subgénero permanecem incertas, devido principalmente a recente
diversificacdo das espécies e da ocorréncia de retencdo de polimorfismo ancestral e
hibridacdo (Goetze et al., 2016).

Silvestro et al. (2014), através de uma reconstrucdo filogenética para subfamilia
Bromelioideae utilizando marcadores plastidiais e uma regido nuclear, demonstraram que a

diversificacdo de Aechmea subgénero Ortgiesia comecou ha aproximadamente 2,5 Ma, que
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corresponde a época do Plioceno/Pleistoceno. Goetze et al. (2016), sugerem um cenario de
recente diversificagdo para o subgénero no sul da Mata Atlantica, baseado no fato de que a
maioria das espécies ocorrem no sul, bem como muitas sdo endémicas ou estritamente
endémicas dessa regido. Devido a recente diversificacdo de Ortgiesia, sugere-se que as
oscilagbes climaticas do Pleistoceno, que afetaram a distribuicdo de espécies da Mata
Atlantica, restringindo sua ocorréncia a pequenas areas de reflgio, poderiam ter fragmentado
a distribuicdo das espécies do subgénero, explicando o atual padrdo de distribuicéo
geografico encontrado (Goetze et al., 2016).

A maioria das espécies de Aechmea subgénero Ortgiesia possuem pétalas amarelas
(sete espécies) ou pétalas azuis (seis espécies). Aechmea recurvata possui pétalas rosa e A.
candida E. Morren ex Baker pétalas brancas. Na taxonomia do subgénero, as caracteristicas
florais sdo principalmente enfatizadas, em particular o tipo de inflorescéncia (simples ou
composta, laxa ou densa), cor das pétalas (amarela, azul, rosa ou branca) e sépalas (vermelha,
azul, amarela, rosa, purpura ou branca), tamanho das flores, bracteas florais, sépalas e pétalas,
forma da inflorescéncia (elipsoide, paniculada, piramidal, bipinada, subpiramidal ou
cilindrica), cor, tamanho e tipo de ovéario. Observa-se que a maioria das espécies desse
subgénero possuem sépalas assimétricas (Smith & Downs, 1979).

Apesar das caracteristicas taxondmicas atribuidas por Smith & Downs (1979), a
principio delimitarem as espécies de Ortgiesia, ocorre uma grande variacdo morfolégica
dessas caracteristicas na natureza, principalmente na coloracdo das sépalas, forma e tipo de
inflorescéncia, dificultando as delimitacdes taxondémicas (L. M. S. Costa, observacao
pessoal; Abondanza, 2012; Goetze, 2014). A sobreposic¢do de caracteres tais como tipo de
inflorescéncia, comprimento das flores, comprimento e largura das folhas e plasticidade
morfologica dentro de uma mesma populacdo, além da sobreposi¢cdo do periodo de
florescimento, foram evidenciados por Abondanza (2012) como fatores limitantes para a
delimitacdo taxondmica de trés espécies do complexo Aechmea coelestis (A. coelestis (K.
Koch) E. Morren, A. gracilis Lindm. e A. organensis Wawra), pertencentes ao subgénero
Ortgiesia.

Goetze et al. (2016), avaliaram a utilidade de trés caracteres morfol6gicos
tradicionalmente empregados nas delimitacfes taxonémicas de Ortgiesia, cor da pétala

(amarela, azul, rosa ou branca), tipo de inflorescéncia (simples ou composta) e forma da
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inflorescéncia (elipsoide, subcilindrica, cilindrica ou piramidal) através da abordagem de
reconstrugdo de caracter na filogenia desse subgénero, demonstrando que os trés caracteres
sdo de limitado valor taxondmico devido a homoplasia. Altos niveis de homoplasia em
caracteres usados para distinguir espécies de Aechmea foram previamente observados nos
estudos filogenéticos baseados em caracteres morfoldgicos por Faria et al. (2004a, 2004b), o
que pode ser considerado uma consequéncia da rapida diversificagdo tanto do clado “core

bromeliods” quanto do proprio subgénero Ortgiesia (Silvestro et al., 2014).

1.6 Aechmea comata, A. caudata e A. kertesziae

Morfologicamente dois grandes grupos de espécies podem ser identificados em
Ortgiesia: um de flores com pétalas amarelas, com distribuicdo geografica restrita ao sul do
Brasil, com excecdo de A. caudata Lindm. que ocorre também no estado de Sdo Paulo; e
outro de flores com pétalas azuis. As espécies do subgénero Ortgiesia com pétalas amarelas
sdo: Aechmea blumenavii Reitz, A. calyculata, A. caudata, A. comata, A. kleinii Reitz, A.
kertesziae e A. winkleri Reitz (Smith e Donws, 1979). Dessas espécies, trés foram

investigadas no presente trabalho:

Aechmea comata

E uma erva epifita, rupicola ou terrestre de cerca de 50 cm de altura, estolonifera com
poucas folhas dispostas em roseta tubular. Possui inflorescéncia densa, simples (cilindrica ou
elipsoide) multifloral, um pouco mais alta do que as folhas, flores sésseis com sépalas roseas
e pétalas citrinas (Figura 1). Quanto ao habito lembra A. blumenavii e A. kertesziae
(sobretudo as formas heliéfilas) com as quais vegetativamente pode ser confundida (Smith
& Downs, 1979; Reitz, 1983). A distribuicdo dessa espécie € descrita como irregular e
descontinua nos estados de Santa Catarina e Rio Grande do Sul, onde ocorre como rupestre
ou terricola na restinga e geralmente, como epifita, no interior das florestas. Encontra-se
praticamente desde o nivel do mar (restinga) até 400 m de altitude nas florestas das encostas,
situadas proximas a costa (Reitz, 1983). Entretanto, de acordo com registros atuais de
herbario (speciesLink: http://www.splink.org.br), a espécie € encontrada somente na ilha de
Santa Catarina e regifes continentais proximas. Aechmea comata possui registros de

florescimento para os meses de julho, setembro e novembro (Reitz, 1983), entre 0s meses de
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agosto e novembro (Lenzi et al., 2006; Dorneles et al., 2011), além da segunda quinzena de
janeiro até a primeira de fevereiro, segunda quinzena de maio, junho e julho (Lenzi et al.,
2006).

Lenzi et al. (2006), relataram que A. comata apresenta padrdes fenologicos distintos
conforme o ambiente que se encontra, possivelmente associados a adequagdes ambientais. A
estratégia de floracdo de A. comata em area de baixa intensidade luminosa (sub-bosque) é do
tipo disponibilidade regular, logo existe uma producéo de poucas flores por dia durante um
longo periodo (Lenzi et al., 2006; Dorneles et al., 2011). Contudo, a floracdo nos
agrupamentos heliofilos (restinga herbacea) pode ser enquadrada como do tipo “multiple
bang”, pois apresenta multiplos periodos de floragcdo ao longo de todo o ano (Lenzi et al.,
2006). Abelhas da espécie Bombus morio Swederus (Apidae) e do género Euglossa Latreille
(Apidae), além das borboletas do género Heliconius Kluk (Heliconiidae), sdo consideradas
potenciais polinizadores para A. comata. Entretanto, beija-flores das espécies Amazilia
fimbriata Elliot (Trochilinae) e Thalurania glaucopis Gmelin (Trochilinae) sdo polinizadores
frequentes e efetivos (Lenzi et al., 2006; Dorneles et al., 2011). Aechmea comata foi descrita
com distintos sistemas de cruzamento. De acordo com Lenzi et al. (2006), A. comata é

autocompativel, enquanto que Dorneles et al. (2011), a descreveram como autoincompativel.

\Za:"\"( /=

Figura 1. A) Dois individuos de Aechmea comata em periodo reprodutivo. B) Detalhe da

inflorescéncia da espécie. Fotos: Christian Rohr e Renata Ruas, respectivamente.

Recentes estudos observaram que A. comata apresenta variacdo morfologica no
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tamanho e forma do corpo conforme a intensidade luminosa a qual é exposta. As folhas séo
mais curtas, largas e coriaceas nos individuos heliéfilos (expostos a alta intensidade
luminosa), enquanto nos individuos esciofilos (expostos a baixa intensidade luminosa)
apresentam-se mais alongadas, estreitas e membranaceas (Lenzi et al., 2006; Voltolini,
2009). Além da plasticidade morfologica encontrada no corpo vegetativo dessa espécie de
acordo com a incidéncia solar, Voltolini (2009), relatou que o comprimento da folha
apresenta-se distinto entre diferentes formas de vida (terricola, rupicola e epifita). Apesar
dessa grande variacdo morfologica no corpo vegetativo de A. comata dependente do ambiente
onde cresce, as caracteristicas reprodutivas como comprimento da inflorescéncia, tamanho
do bot&o floral, comprimento e largura da corola, comprimento do célice e nimero de flores
por inflorescéncia ndo variam nos ambientes de alta e baixa luminosidade solar (Lenzi et al.,
2006).

Aechmea caudata

E uma planta epifita ou rupicola de 25 a 75 cm de altura, com poucas folhas dispostas
em uma roseta funiliforme. Possui inflorescéncia paniculada em forma de cone com flores
sésseis de pétalas amarelas e sépalas vermelhas (Figura 2). Caracteristica e exclusiva da
floresta pluvial da encosta atlantica onde apresenta uma vasta distribuicdo. E uma espécie
esciofita ou de luz difusa, mais raramente heliofita, onde desenvolve-se no interior das
florestas primarias preferencialmente fixada em troncos de arvores. Ocorre praticamente
desde o nivel do mar (50 m) até 800 m de altitude em florestas de terreno bastante
movimentado. Aechmea caudata apresenta uma distribuicdo ampla, ocorrendo desde os
estados de S&o Paulo até o Rio Grande do Sul (Goetze, 2010). O florescimento da espécie foi
registrado para os meses de dezembro e janeiro (Reitz, 1983), entre 0s meses de marco e
junho e entre agosto e outubro (Kamke, 2009). Aparentemente, individuos heliéfilos da
espécie ndo apresentam um periodo definido de floracédo, diferentemente do observado para
individuos escidfilos. A espécie de abelha Bombus morio representa o Unico agente
polinizador efetivo de A. caudata, apesar de existirem varios visitantes florais como, beija-
flores e outras espécies de abelhas, que ndo promovem a formacéo de frutos com sementes.
Aechmea caudata é uma espécie de fecundagdo cruzada obrigatoria, sendo autoincompativel
(Kamke et al., 2011).
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Figura 2. A) Individuo de Aechmea caudata. B) Detalhe da inflorescéncia. Pode-se verificar

a variacdo morfoldgica da inflorescéncia encontrada nessa espécie. Fotos: Christian Rohr.

Aechmea kertesziae

E uma erva epifita ou rupicola, estolonifera de 40 a 80 cm de altura ou mais, com
cerca de 20-25 folhas dispostas em uma densa roseta funiliforme. A inflorescéncia é em
forma de espiga simples, elipsoide até cilindrica, multifloral, com 40 a 100 flores sésseis com
pétalas amarelas e sépalas réseas (Figura 3). Caracteristica e exclusiva da zona da Floresta
Pluvial Atlantica, onde apresenta restrita e pouco expressiva dispersdo. E uma espécie
helidfila ou de luz difusa que ocorre principalmente na vegetagéo arbustiva da restinga como
rupicola ou epifita, frequentemente como rupestre nos costdes rochosos e menos
frequentemente como epifita no interior das florestas das encostas, em altitudes
compreendidas entre 5 a 350 m sobre o nivel do mar. Aechmea kertesziae apresenta
distribuicéo restrita ao estado de Santa Catarina, ocorrendo desde o Vale do Itajai até Laguna,
ndo chegando até o estado do Rio Grande do Sul (Reitz, 1983). O florescimento da espécie
foi relatado para os meses de abril e entre julho e novembro (Reitz, 1983). Aechmea
kertesziae € polinizada por insetos (M. Buttow, comunicagdo pessoal) e é autoincompativel
(Capra, 2012).
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Figura 3. A) Individuo de Aechmea kertesziae. B) Detalhe da inflorescéncia. Fotos: Christian
Rohr.

2 Conceitos de espécie

A questdo da delimitacdo de espécies tem sido confundida por um problema
envolvendo o préprio conceito de espécie. Atualmente, diferentes subgrupos de bidlogos
defendem diferentes, e no minimo parcialmente incompativeis, conceitos de espécie,
podendo conduzir a diferentes conclusfes sobre os limites e nimero destas (de Queiroz,
1998, 1999, 2005a, 2005h, 2005c, 2007). A razdo para essas incompatibilidades decorre das
diferentes propriedades bioldgicas sobre as quais varios dos conceitos alternativos de espécie
sdo baseados, por exemplo, o isolamento reprodutivo intrinseco no caso do conceito
bioldgico; ocupacéo de um nicho distinto ou zona adaptativa no caso do conceito ecolégico;
grupos fenéticos distintos sob o conceito fenético, diferencas de estado de caracteres fixos
no caso da versao diagnosticavel do conceito filogenético de espécie e outros conceitos
adotam, ainda, outras propriedades secundarias (de Queiroz, 1998, 1999, 2005a, 2007).

No conceito unificado de espécie, espécies sdo definidas como linhagens de
metapopulacédo evoluindo separadamente, ou mais especificamente, como segmentos de tais
linhagens. O termo linhagem refere-se a uma série ancestral-descente, enquanto o termo
metapopulacéo refere-se a uma populagéo inclusiva composta de subpopulagdes conectadas
(de Queiroz, 1998, 1999, 2005a, 2005b, 2005c, 2007). Todas as outras propriedades que tém

| 21
Dissertacdo de Mestrado — Lais Mara Santana Costa



Hibridacgao de trés espécies de pétalas amarelas de Aechmea subgénero Ortgiesia (Bromeliaceae)

sido previamente consideradas propriedades adicionais de espécie sdo reinterpretadas como
contingentes ao invés de propriedades necessarias de espécie, isto €, como propriedades que
uma espécie pode ou ndo adquirir durante o curso de sua existéncia. Nem todas as espécies
possuem todas as propriedades, embora muitas delas sdo adquiridas por numerosas espécies
durante o processo de especiacdo. Assim, algumas espécies sdo reprodutivamente isoladas,
algumas sdo monofiléticas, outras ocupam diferentes zonas adaptativas e muitas possuem
varias combinacdes dessas e outras propriedades (de Queiroz, 1999; 2005c). No contexto de
um conceito unificado de espécie qualquer propriedade que fornece evidéncia da separacédo
de linhagem é relevante para inferir os limites e nimero de espécies (de Queiroz, 2007).

Mesmo uma Unica propriedade relevante fornece tal evidéncia, embora seja
necessario multiplas linhas de evidéncias para corroborar essa hipétese. Por outro lado, a
auséncia de qualquer uma ou mais das propriedades em questdo ndo constitui evidéncia
contradizendo uma hipdtese de separacéo de linhagens. A razao disso € que a linhagem pode
simplesmente néo ter evoluido ainda as propriedades, como esperado se ela ainda esta nos
estagios iniciais da divergéncia (de Queiroz, 2007).

Uma consequéncia da ado¢do do conceito unificado de espécie é que todas as
linhagens no nivel populacional evoluindo separadamente séo espécies. Assim, ndo apenas
linhagens isoladas reprodutivamente, diferenciadas ecologicamente, diagnosticaveis ou
apenas distinguiveis fenotipicamente sdo espécies. Mesmo linhagens indiferenciadas e nédo
diagnosticaveis sdo espécies (de Queiroz, 2005a).

Linhagens podem ser separadas por muitos fatores diferentes, incluindo barreiras
extrinsecas (ex.: geogréaficas). Uma consequéncia disso € que existe muito mais espécies na
Terra do que os bidlogos estdo preparados para aceitar sob o ponto de vista tradicional.
Muitos dos taxons que tem sido reconhecidos sob os conceitos tradicionais de espécie sao

provavelmente compostos de multiplas espécies (de Queiroz, 2005a).

3 Delimitagdo Taxonémica

As espécies sdo unidades fundamentais nos estudos sistematicos, ecoldgicos,
evolutivos, e a delimitacdo de espécies esta cada vez mais importante devido ao fato de que
a biota mundial est& cada vez mais reduzida e ameacada (Wiens & Servedio, 2000; Hausdorf

& Henning, 2010). A delimitacdo taxonémica representa o primeiro passo nos estudos de
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enguadramento de conservacao, ecologia, evolucdo, filogenética e genética de populagdes
(de Queiroz, 2005c; Barret et al., 2011). Por razbes préaticas e historicas, a maioria das
espécies tém sido primariamente descritas com base na morfologia. Como principal
vantagem, 0s caracteres taxonémicos frequentemente servem para alocar individuos a
espécies imediatamente por inspecdo visual, e s@o aplicaveis tanto a espécimes vivos quanto
a especimes preservados e fosseis (Wiens, 2007; Duminil & Di Michele, 2009; Padial et al.,
2010; Duminil et al., 2012). No entanto, individuos diferentes da mesma espécie podem
apresentar uma variacdo em sua morfologia, quer naturalmente ou em conexdao com
adaptacdes locais. Essa variagdo morfoldgica intraespecifica pode ser a origem de uma
delimitacdo inflada de espécie. Teoricamente existe uma estreita relacdo entre um gendtipo
e um fendtipo. Uma notavel excec¢do € relacionada a plasticidade fenotipica em plantas no
qual a expressdo do genoma difere em funcéo das condi¢bes ambientais levando a diferentes
morfologias (Duminil & Di Michele, 2009).

A identificacdo de espécies pode ser problematica devido a falta de caracteres
morfoldgicos diagnosticos claros e visiveis, especialmente nos tropicos. As causas das
dificuldades na delimitacdo taxonémica em alguns grupos de tdxons dos tropicos sdo pouco
compreendidas, e alguns processos evolutivos podem explicar esse problema, incluindo
divergéncia filogenética recente, introgressao, alta plasticidade morfoldgica, diferenciacdo
genética em andamento e barreiras parciais ao fluxo génico entre ec6tipos (Duminil et al.,
2012). A corroboracdo dos limites de espécies via linhas independentes de evidéncia € muito
importante para o diagnostico de espécie (de Queiroz, 1998, 1999, 2005a, 2005b, 2005c,
2007; Knowles & Carstens, 2007; Barret et al., 2011). Nas Ultimas décadas o uso de
marcadores moleculares como ferramenta para delimitacdo de espécies tem aumentado
drasticamente. Em plantas, os genomas plastidial e nuclear sdo os mais utilizados (Duminil
& Di Michele, 2009). Pode-se integrar dados de multiplos loci para determinar os limites de
espécies, sem ter esses limites definidos a priori. Portanto, tal metodologia permite estimar
a base estatistica para as decisfes em nivel de espécie (Wiens, 2007; Petit & Excoffier, 2009).

Quanto maior o fluxo génico intraespecifico, menor fluxo génico interespecifico é
esperado. 1sso apoia a ideia de que marcadores com altas taxas de fluxo génico intraespecifico
parecem mais adequados para 0 uso em delimitacdo taxonémica (Petit & Excoffier, 2009).

Marcadores organelares herdados maternalmente (DNA plastidial - cpDNA) que séo apenas
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dispersos por sementes, devem ser mais frequentemente introgredidos e assim de valor
taxondémico mais limitado do que marcadores nucleares (Petit & Excoffier, 2009). Ao
delimitar as espécies com base em marcadores moleculares, uma validagdo dos limites de
espéecies é geralmente necessaria a partir da informacdo fornecida pelos marcadores
morfologicos (Duminil & Di Michele, 2009).

Marcadores genéticos neutros ndo sdo afetados por condi¢cBes ambientais, e devem
ser informativos sobre as barreiras de espécies, seja qual for a heterogeneidade de condi¢des
ambientais sobre a area de distribuicdo das mesmas (Duminil & Di Michele, 2009). Os
microssatélites sdo marcadores moleculares altamente polimorficos e com altas taxas de
mutacdo. Em principio esses marcadores devem ser muito informativos para caracterizagao
da diversidade genética, sobre as barreiras de espécies, mesmo em caso de recente
especiacdo, além de fornecerem informacao sobre a ocorréncia potencial de hibridagéo entre
espécies (Duminil et al., 2006; Duminil & Di Michele, 2009). Juntamente com os métodos
de atribuicdo (ex.: método Bayesiano de atribui¢do), eles classificam os individuos em grupos
que podem corresponder as espécies parentais e sdo capazes de detectar genotipos
intermediarios que sao provavelmente hibridos. Mas a principal desvantagem destes séo as
altas taxas de mutagdo, o que os torna marcadores homoplasicos. No entanto, o estudo de
multiplos loci de microssatélites pode controlar esse efeito (Duminil & Di Michele, 2009;
Duminil et al., 2012).

Alguma ambiguidade em hipoteses de limites de espécies que divergiram
recentemente podem permanecer devido a separacdo incompleta de linhagens, retencdo de
polimorfismo ancestral, introgressao secundaria, deficiéncias de amostragem ou desacordo
sobre a importancia de caracteres relevantes para delimitagdo (Minder & Widmer, 2008;
Hausdorf & Henning, 2010; Ross et al., 2010). Para minimizar essa problematica, varios
estudos recentes utilizam uma abordagem integrada na delimitacdo de espécies, fazendo o
uso de dados moleculares, morfolégicos e ecoldgicos (Jargensen et al., 2008; Shaffer &
Thomson, 2007; Leaché et al., 2009; Edwards et al., 2009; Ross et al., 2010; Weisrock et al.,
2010; Barret et al., 2011; Pettengill & Neel, 2011; Pessoa et al., 2012), a fim de obter

melhores evidéncias da distincdo das mesmas.

4 Hibridagao
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Os padrdes de fluxo génico ao longo do processo de especiacdo de uma espécie
dependem especificamente do modo de especiacdo, podendo variar de totalmente ausente,
como no caso da especiacdo alopatrica, que ocorre quando populagdes divergentes séo
fisicamente isoladas e ndo trocam genes entre si; ou presente, no caso de especiacao
simpatrica, na qual a especiacao prossegue sem um isolamento espacial e com a divergéncia
ocorrendo sob condi¢cBes de cruzamentos aleatdrios; e com padrdes intermediarios na
especiacdo parapatrica, visto que moderados niveis de fluxo génico persistem durante o
processo de divergéncia devido a parciais mas incompletas barreiras ao cruzamento (Coyne
& Orr, 2004; Abbott et al., 2008).

Hibridacdo refere-se ao cruzamento entre espécies, populacBes geneticamente
diferentes ou ragas dentro de uma espécie (Soltis & Soltis, 2009). A hibridacdo pode ocorrer
em contextos espaciais muitos diferentes, assim como também pode diferir em contexto
temporal, por exemplo, contato secundario depois de um periodo de evolugdo independente
vs contato continuo com selecdo divergente (Abbott et al., 2013). Uma significante porcéo
dos eventos de especiacdo em plantas envolve hibridacdo, em contraste com a maioria de
outros clados, nos quais a especiacéo € divergente (Soltis & Soltis, 2009).

Wu (2001), propés a visao génica de especiacao, na qual especies sdo definidas como
grupos que séo diferencialmente adaptados, e em contato, ndo sdo capazes de compartilhar
genes que controlam estes caracteres adaptativos através de trocas diretas ou através de
populacdes hibridas intermediarias. A visao génica de especiacdo propde que o isolamento
reprodutivo é uma consequéncia de diferencas na adaptacdo, controlada por um moderado
namero de genes individuais em vez de todo o genoma. Embora alelos desses genes nao
podem mover-se entre espécies, é possivel ocorrer fluxo génico interespecifico em outros
loci que s@o neutros para o efeito da selecdo natural (Wu, 2001).

Alguma porcdo do pool génico de cada tdxon envolvido na hibridacdo deve
permanecer constante e incontaminada, de tal forma que podemos reconhecer que dois pools
génicos existem. Os genes que definem esses dois pools génicos e os fazem distintos sdo
aqueles que compreendem o limite de espécies. Alguns autores caracterizam os limites de
espécies como semipermedveis, com a permeabilidade variando em fungdo da regido do

genoma. Um limite semipermeavel entre espécies (Figura 4) implica que a introgressao
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diferencial € o resultado de um processo seletivo, com alelos em alguns loci capazes de cruzar
o limite, enquanto alelos de outros loci ndo podem (Harrison & Larson, 2014).

A divergéncia em face a algum fluxo génico é possivel, especialmente onde a sele¢céo
é forte. Isolamento reprodutivo de todo genoma nédo € necessario para manter diferencas
significativas entre o que, por qualquer razoavel definicdo, sdo entidades consideradas como
espécies distintas. Isso significa que a hibridagdo é provavelmente comum entre espécies
animais bem como entre muitas espécies de plantas, e alguns tragos hibridos podem auxiliar

0 processo de especiacdo em ambos animais e plantas (Abbott et al., 2008).

i 1D
i) I I

AN YAt
0

u *
+—Tempo desde a divergéncia

A

Figura 4. Natureza semipermeavel do limite de espécies baseado em Wu (2001). Cada par
de barras horizontais representam cromossomos de duas linhagens divergindo. Espécies que
divergiram muito recentemente (par |) podem ter poucos genes contribuindo para o
isolamento reprodutivo (indicado por *). Essas regioes podem permanecer diferenciadas
(regides pintadas), enquanto a troca de genes pode ocorrer em outras partes do genoma
(regides brancas). Com o aumento da divergéncia genética (pares de cromossomos Il e I11),
tem um aumento do ndmero de loci que contribuem para barreiras reprodutivas, restringindo
assim o fluxo génico para uma grande propor¢cdo do genoma. Modificado: Harrison &
Larson, 2014.

Pouco é conhecido sobre a natureza dos limites de espécies entre espécies
estreitamente relacionadas que hibridizam ap06s contato secundario. Se 0s genomas de tais

especies agem como unidades coesivas, a hibridacdo pode ser esperada como um fendmeno
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efémero e local, com pouca ou nenhuma consequéncia evolutiva. Por outro lado, se as
diferentes espécies tém uma base génica, genomas podem ser esperados para serem
permedveis e abertos & introgressdo génica. Essa diferenca pode ter importantes
consequéncias evolutivas e ecologicas (Minder & Widmer, 2008).

Nesse contexto, uma questdo ainda ndo resolvida é como algumas espécies que
hibridizam podem manter seus fenotipos distintos fora das zonas hibridas, apesar da
introgressdo génica, enquanto outras se fundem e formam taxons hibridos. Uma possivel
explicacdo é que em algumas espécies em hibridacdo com adaptacGes diferenciais, a selecéo
divergente age em genes particulares e assim previne a introgressdo em torno de regies
gendmicas. A selegéo divergente poderia assim neutralizar a forga do fluxo génico e manter
os limites de espécie na presenca de introgessdo génica (Minder & Widmer, 2008).

Em alguns casos os padrfes de introgressdo parecem ser diferentes quando os dados
estdo disponiveis para multiplos transectos ao longo de uma mesma zona hibrida. 1sso sugere
que o limite de espécie pode variar geograficamente, talvez como um resultado de adaptacéao
local em ambientes heterogéneos. Regides gendmicas que consistentemente mostram
introgressdo reduzida entre pares de taxons em hibridacdo provavelmente abrigam genes que
contribuem para barreiras que sdo independentes da variacdo ambiental (Harrison & Larson,
2014).

5 Problematica do estudo

Aechmea comata, A. caudata e A. kertesziae sdo espécies de pétalas amarelas
pertencentes ao subgénero Ortgiesia que apresentam probleméatica de delimitagdo
taxondmica e suspeita de hibridagdo na natureza. Aechmea comata é encontrada
principalmente na ilha de Santa Catarina com poucos registros da espécie em outras regides
(speciesLink: http://www.splink.org.br). Ja A. Kkertesziae apresenta uma distribuicdo
geografica mais ampla, ocorrendo desde a regido norte (Itajai) até o sul (Laguna) do estado
de Santa Catarina (Smith & Downs, 1979; Reitz, 1983). Ambas ocorrem na regido litoranea
e apresentam grande plasticidade morfoldgica, o que muitas vezes também dificulta a
separagdo taxondmica, além de ocorrerem em simpatria na ilha de Santa Catarina, onde
individuos com morfologia intermediaria sdo observados (Reitz, 1983; Goetze,

2014).Também, apresentam sobreposicéo do periodo de floragdo, principalmente nos meses
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de julho, agosto, setembro e novembro (Smith & Downs, 1979; Reitz, 1983; Lenzi et al.,
2006), além de compartilharem polinizadores (mamangavas; Lenzi et al., 2006, M.V.
Buttow, comunicagéo pessoal).

Aechmea caudata apresenta ampla distribuicdo geografica, ocorrendo ao longo da
Mata Atlantica, desde o estado de Sao Paulo até o Rio Grande do Sul (Goetze, 2010). Ela é
observada ocorrendo em simpatria com outras espécies de pétalas amarelas do subgénero
Ortgiesia em algumas regies ao longo da &rea de ocorréncia. Na ilha de Santa Catarina,
populacgdes simpatricas de A. caudata e A. comata sao encontradas (Goetze, 2014). Aechmea
caudata floresce preferencialmente em janeiro (Reitz, 1983; Goetze, 2014), enquanto
individuos de A. comata podem ser observados em floracdo ao longo de todo o ano (Lenzi et
al., 2006). As duas espécies apresentam sobreposic¢do do periodo de floragdo nos meses de
janeiro, junho e agosto (Smith & Downs, 1979; Reitz, 1983; Lenzi et al., 2006; Kamke et al.,
2011). Assim como A. comata e A. kertesziae compartilham polinizadores, A. caudata e A.
comata também compartilnam um polinizador, a abelha B. morio (Lenzi et al., 2006; Kamke,
2009).

Dados moleculares oriundos do sequenciamento de duas regides intergénicas
plastidiais (rpl32-tnL e rps16-trnK), indicaram um compartilhamento de haplo6tipo entre A.
comata e A. kertesziae, na area de simpatria, ndo tendo sido possivel identificar se esse padréo
é devido a retencdo de polimorfismo ancestral, hibridacdo, e/ ou ao fato de elas ndo serem
taxa distintos (Goetze, 2014). Além disso, no mesmo estudo citado anteriormente, foi
observado um individuo morfologicamente identificado como A. comata mas com perfil
molecular do genoma plastidial de A. caudata, indicando um possivel evento antigo de
hibridacdo entre essas duas espécies, com captura de cloroplasto. Porém, a ocorréncia de
hibridacdo entre A. caudata e A. comata precisa ser confirmada, uma vez que somente um

individuo possivelmente hibrido foi identificado no estudo citado.

6 Objetivo Geral
O objetivo geral da presente proposta é investigar os limites taxondmicos entre A.
comata, A. caudata e A. kertesziae e a ocorréncia de hibridos entre elas, utilizando dados

morfoldgicos, moleculares e ecolégicos em uma abordagem integrada.
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6.1 Objetivos Especificos

I.  Estimar a diversidade genética de A. comata, A. caudata e A. kertesziae a partir de
microssatélites nucleares e plastidiais;
Il.  Identificar pools génicos especificos para cada uma das espécies através de analises
Bayesianas com microssatélites nucleares ou entdo a ocorréncia de hibridagéo entre
A. comata — A. caudata e A. comata — A. kertesziae.
I1l.  Acessar avariabilidade morfoldgica de A. comata, A. caudata e A. kertesziae e avaliar
a contribuicao dos caracteres morfoldgicos utilizados na separacdo dessas especies;
IV. Identificar e caracterizar dados ecoldgicos de fina escala que auxiliem na separacdo
das espécies;
V. Avaliar o isolamento reprodutivo de A. comata — A. caudata e A. comata — A.

kertesziae através de experimentos controlados de polinizacao.
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Capitulo 11

Hybridization in sympatric bromeliad species
(Aechmea spp.): The maintenance of the species
boundary in A. comata

Artigo a ser submetido a Annals of Botany

Aechmea caudata
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Hybridization in sympatric bromeliad species (Aechmea spp.): The maintenance of the

species boundary in A. comata

Lais Mara Santana Costa, Marcia Goetze, Sidia M. Callegari-Jacques and Fernanda Bered*

Universidade Federal do Rio Grande do Sul, Instituto de Biociéncias, Departamento de
Geneética, Avenida Bento Gongalves 9500, P.O. Box 15053, 91501-970, Porto Alegre, RS,
Brazil. *Author for correspondence: (fernanda.bered@ufrgs.br). Telephone: +55 51 3308-

6742

Background and Aims Aechmea comata, A. caudata and A. kertesziae present
problems of taxonomic delimitation and we hypothesized that these species may
hybridize in nature. This study aimed to explore the extent of morphological,
ecological and molecular variation, levels of reproductive isolation and interspecific
gene flow among these species.

Methods A total of 244 individuals were genotyped for ten nuclear microsatellites,
and 231 for six plastid microsatellites, collected from four allopatric and four
sympatric areas. Bayesian genetic assignments were used to detect hybrids between
A. comata and A. caudata and with A. kertesziae. Estimates of genetic diversity for
each species and population were also obtained. Principal component analysis was
performed based on floral morphology, and correspondence analysis to detect
microhabitat preferences. The reproductive compatibility of these species was tested
through artificial crosses.

Key Results Hybridization between A. comata with A. caudata and A. kertesziae was
confirmed by molecular analyses, and the hybrids identified did not present
intermediate  morphology between the parental species. Aechmea comata
demonstrated reproductive compatibility with A. caudata and A. kertesziae, and has
higher interspecific gene flow with A. kertesziae than with A. caudata. Floral
morphology clearly differentiated A. comata and A. caudata, although A. kertesziae
overlapped with both species. The three species exhibit different preferences of
microhabitat, and A. comata has demonstrated the highest genetic diversity already
reported for bromeliads, despite being a rare species restricted to the Santa Catarina
Island.

Conclusions The patterns of genetic, morphological, and ecological variation are
coincident with species delimitation. Hybrids can not be identified solely based on
morphology, which demonstrate the care that must be taken when considering this
group of species. It is likely that a set of prezygotic barriers as phenological and
ethological isolation, self-compatibility, and perhaps postzygotic barriers, are
involved in maintaining species integrity of A. comata.

Key words: Aechmea comata, A. caudata, A. kertesziae, Bromeliaceae, Hybridization,
microsatellites, pre- and postzygotic barriers, rare species.
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INTRODUCTION

Hybridization in plants is considered a creative force, not only an important source of new
variation, but it also plays a more diverse role in promoting speciation. It may provide the
raw material for adaptive divergence, or initiate new hybrid populations, potentially leading
to speciation (Harrison, 1993; Abbott et al., 2013). For pairs or groups of species that are
products of recent divergence or that continue to exchange genes, species boundaries can be
difficult to define, not only because there is little differentiation, but also because there may
be discordance among character sets. Discordance can reflect differential levels of
introgression, but it is also expected because of retention of ancestral polymorphism, random
lineage sorting, and long periods required for many or most loci to achieve reciprocal

monophyly (Harrison and Larson, 2014).

Barriers to gene exchange might accumulate through time, when gene flow does not occur
due to spatial isolation or physical obstacles to dispersal. However, it is common for
populations that have not yet developed complete reproductive barriers to be in contact at
some stage of divergence, often due to range changes, allowing gene flow between them
(Abbott et al., 2013). While reproductive isolation and barriers to gene exchange are
potentially incomplete, the species boundaries can be considered semipermeable. A
semipermeable boundary between species implies that differential levels of introgression are
the result of a selective process, where alleles at some loci are able to cross the boundary,

whereas alleles at other loci cannot (Rieseberg et al., 2004; Harrison and Larson, 2014).

Compatibility between sexual taxa declines as a result of two distinct processes, during or
after speciation. First, mating behavior or gametic recognition may diverge and reduce the
rate of interpopulation fertilization, causing “prezygotic isolation”. Second, genetic changes
between taxa may cause hybrid sterility or inviability, or “postzygotic isolation” (Mayr,
1963; Dobzhansky, 1970). According to Rieseberg and Willis (2007), multiple reproductive
barriers isolate most plant species: prezygotic barriers (e.g. ecogeographical, mechanical,
temporal, pollinator isolation, advantage of conspecific pollen in fertilizing eggs compared
with non-conspecific pollen), and postzygotic barriers (e.g. hybrid inviability, sterility, and
the failure or reduction in successful reproduction in subsequent generations - hybrid

breakdown).
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Interspecific hybridization is widely considered to be an important evolutionary mechanism
in plants and this is also true for the highly diverse family Bromeliaceae. Hybridization is
commonly put forward as explanation for the challenges of species description and
identification in this family (Palma-Silva et al., 2016). Although reports on natural hybrids
in Bromeliaceae are not very frequent, it can be expected that hybridization has been an
important force in the diversification of the family, especially in the very rapidly diversifying
lineages as Puyoideae and Bromelioideae (Schulte et al., 2010). Presumably, the extent of
natural hybridization in Bromeliaceae is currently underestimated due to the difficulties in

recognizing hybrids based on morphological characters (Schulte et al., 2010).

Aechmea is the largest genus of the subfamily Bromelioideae, comprising 282 species (Reitz,
1983; Gouda et al., cont. updated). It is composed of several species complexes with many
taxonomic challenges because of extensive morphological variability, homoplasy in
characters traditionally used in taxonomy, and uncertainties about the taxonomic value of
morphological characters (Faria et al., 2004, 2010; Evans et al., 2015). Aechmea is
subdivided into eight subgenera based mainly on floral characters (Smith and Downs, 1979).
Aechmea subgenus Ortgiesia comprises about 20 species, most of which are endemic to the
Atlantic rainforest (Smith and Downs, 1979). The crown diversification of Ortgiesia was
estimated to have started during the late Pliocene, at around 2.5 million years ago (mya)
(Silvestro et al., 2014). Goetze et al. (2016), suggest a scenario of recent diversification for
the subgenus in southern Atlantic Forest. Morphologically, two main groups of species can
be identified in Ortgiesia: one possess flowers with yellow petals, and the other has flowers
with blue petals. The yellow-flowered group of species is geographically restricted to the
south of Brazil, with the exception of A. caudata, which also occurs further north (Smith and
Donws, 1979).

Aechmea comata, A. caudata and A. kertesziae are yellow petaled species that present
problems of taxonomic delimitation and are hypothesized to hybridize in the wild. Aechmea
comata is a rare species found mainly in the Santa Catarina Island with few records in other
regions (speciesLink: http://www.splink.org.br). Aechmea kertesziae presents a larger
geographical distribution, occurring from latitudes of 26° to 28° S, in Santa Catarina state

(Smith and Downs, 1979; Reitz, 1983). Both species occur in the coastal region and present
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great morphological plasticity. They can be found in sympatry in the Santa Catarina Island,
where individuals with intermediate morphology are observed (Reitz, 1983; Goetze, 2014).
Aechmea caudata presents a wide geographical distribution, occurring along the Atlantic
Forest, from latitudes of 20° to 33° S (Goetze, 2010). It is observed to occur in sympatry with
other species with yellow petals of the subgenus Ortgiesia in some regions along the area of
occurrence. Sympatric populations of A. caudata and A. comata can be found in the Santa
Catarina Island (Goetze et al., 2016).

A recent study involving species of Aechmea subgenus Ortgiesia of yellow petals detected a
putative hybrid between A. comata and A. caudata. In the same study, A. comata and A.
kertesziae showed plastid haplotype sharing in the area of sympatry, and it was not possible
to identify whether this pattern was due to the retention of ancestral polymorphism,
hybridization, and/or the fact that they are not distinct taxa, as the delimitation using

morphology is challenging (Goetze, 2014).

In this study, we analysed morphological, ecological and molecular (both nuclear and
chloroplast - cpDNA) data, from allopatric and sympatric populations of the three Aechmea
species to explore the extent of morphological, ecological and molecular variation, levels of
reproductive isolation and interspecific gene flow among them. Specifically, we aimed: (i)
to investigate if A. comata hybridize with A. caudata and A. kertesziae in the wild. (ii) If
hybridization occurs, to characterize the hybrid zones, assessing the magnitude of admixture
and the degree of intra- and interspecific genetic variation in allopatric and sympatric
populations. (iii) To identify potential barriers (pre- and/or postzygotic) for the maintenance
of species boundaries. (iv) To investigate how the genetic admixture relates to the degree of
morphological and ecological differentiation among species. (v) To examine the species
reproductive compatibility through manual crossing experiments. Additionally, in light of

our results we discuss some conservation remarks for the species.

MATERIAL AND METHODS

Plant species and population sampling
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Aechmea comata, A. caudata and A. kertesziae can be terrestrials, rupicolous or epiphytic
species that occur in dense ombrophilous forest in the Brazilian Atlantic Forest, and in
‘restinga’ vegetation in the Brazilian sandy coastal plains, in southeastern and southern Brazil
(Reitz, 1983). These three species have overlapping flowering phenologies, share one
pollinator (the bee Bombus morio Swederus (Apidae); Lenzi et al., 2006; Kamke et al., 2011;
M. Bittow, unpubl. res.), and are found in sympatry in Santa Catarina Island (Smith and
Downs, 1979; Reitz, 1983; Goetze et al., 2016). Despite A. comata is described with
flowering peak between July and November (Reitz, 1983), this species presents distinct floral
phenology patterns, varying accordingly to the environment in which it is found, high
luminosity (restinga) or low luminosity (understory). The flowering in environments of low
luminosity is steady state, while in environments of high luminosity can be classified as
multiple bang, because it has multiple flowering periods throughout the year (Lenzi et al.,
2006; Dorneles et al., 2011). Aechmea caudata shows flowering peak between December
and January and A. kertesziae between April, July and November (Reitz, 1983).

These species have similar floral morphology. Aechmea comata and A. kertesziae have
simple inflorescence (cylindric or ellipsoid), which can be multifloral with sessile flowers.
The flowers present tubular corolla, yellow petals and pink sepals. Aechmea caudata has a
compound inflorescence, generally pyramidal with sessile flowers. Tubular corolla, and
flowers with yellow petals and red sepals (Smith and Downs, 1979; Reitz, 1983; Fig. S1,
Supplemental Information). Aechmea comata and A. kertesziae present a great morphological
plasticity associated with shaded versus sunny environments, making the taxonomic
delimitation difficult (Reitz, 1983; Lenzi et al., 2006). Allied to this, individuals with
intermediate morphology are observed between them in sympatric populations (Fig. S2,
Supplemental Information; Reitz, 1983; Lenzi et al., 2006; Goetze, 2014). Aechmea comata
was described as self-compatible by Lenzi et al. (2006), and as self-incompatible by Dorneles
et al. (2011). Aechmea caudata and A. kertesziae are both self-incompatible species (Kamke
etal., 2011; Capra, 2012).

All sampled populations were collected in Santa Catarina state (latitudes of 26° to 28° S). We
collected young leafs from 14 to 53 individuals per population, from four allopatric and four

sympatric areas (two sympatric areas for each pair of species, A. comata and A. caudata, and
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A. comata and A. kertesziae; Fig. 1). We sampled a total of 244 individuals in eight areas.
Names, sample sizes, geographical coordinates and voucher information for each area are
given in Supplemental Information Table S1. The sampling was randomly conducted, with a
minimum of 5 m of distance between plants to avoid the collection of individuals resulting
from vegetative reproduction (individuals growing in clusters). Only individuals with flowers
or fruits were collected to avoid misidentification. Fresh leaves of each sample were stored
in silica gel for drying and total genomic DNA was extracted using the

cetyltrimethylammonium bromide (CTAB), protocol described by Doyle and Doyle (1990).
Nuclear and plastid microsatellite markers

In this study we used ten nuclear microsatellite markers, four isolated from Ananas comosus
(Acom 12.12, Acom 78.4, Acom 82.8, and Acom 91.2; Wohrmann and Weising, 2011), two
from Orthophytum ophiuroides (Op77 and Op92; Aoki-Gongalves et al., 2014), two from A.
caudata (Ac01 and Ac25; Goetze et al., 2013), one from A. organensis (Ao6; Abondanza,
2012) and one from Fosterella rusbyi (NgFos22; Wohrmann et al., 2012). We choose these
polymorphic markers based on cross-amplification tests performed in this study. A total of
244 individuals were genotyped. Six plastid microsatellite loci from Dyckia marnier-
lapostollei var. estevesii (N05, N10, N16, N18, LO1, L04; Krapp et al., 2012) were used for
identifying and characterizing plastid DNA haplotypes from 231 individuals.

Nuclear microsatellite loci were amplified by using polymerase chain reaction (PCR)
performed in a Veriti 96-well termal cycler (Applied Biosystems) according to Zanella et al.
(2012a), and a standard touchdown-cycling program following Palma-Silva et al. (2007). For
plastid microsatellite loci, all PCR amplifications were performed in 10 pl reactions
containing 10 ng DNA template, 1 x Tag DNA polymerase buffer, 1.5 mM MgCl,, 0.2 mM
dNTPs, 0.04 pmol forward primer, 1.6 pmol of each reverse primer and universal M13
primer, and 0.5 U Tag DNA polymerase (Promega), following cycling program described by
Krapp et al. (2012). The nuclear and plastid alleles were resolved on an ABI 3500 DNA
analyser sequencer (Applied Biosystems) and sized against the GS500 L1Z molecular size

standard (Applied Biosystems) using Genemarker demo version 1.97 (SoftGenetics, USA).

Data analysis
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Nuclear admixture analysis for hybrids identification

The classification of putative hybrids based on morphological characters in sympatric
populations was difficult because of the extensive morphological variability found in the
three species (Fig. S2, Supplemental Information). Thus, to identify hybrid individuals and
estimate the level of hybridization in sympatric areas, we performed admixture analysis with
a Bayesian clustering approach implemented in the software Structure 2.3.4 (Pritchard et al.,
2000), using nuclear molecular markers. Allopatric populations of each species were used as
reference samples of pure individuals of A. comata, A. caudata and A. kertesziae. Analyses
were performed separately for each pair of species and sympatric zone, in each case including
the specimens from the allopatric populations as reference samples for each species. Structure
analysis for A. comata and A. caudata were carried out under the admixture model, assuming
correlated allele frequencies, using a burn-in period of 100 000 and run length of 500 000,
10 replicates per K, ranging from one to seven with all populations in the data set (sympatric
areas and allopatric populations). For A. comata and A. kertesziae we used a burn-in period
of 250 000 and run length of 1 000 000 with the same specifications mentioned above. We
determined the most probable number of genetic groups (K), using Structure Harvester (Earl
and von Holdt, 2012) according to the method described by Evanno et al. (2005). We then
performed analyses for each sympatric zone using the K = 2 model and ten replicates per K,
because we assumed that the two species contributed to the gene pool of the samples, for

each pair of species.

Structure was used to classify individuals among the two parental species and hybrids in each
pair of species, using a threshold of q < 0.10 to classify pure individuals of A. comata, q >
0.90 to classify pure individuals of A. caudata or A. kertesziae, and 0.10 < q < 0.90 to classify
hybrids. These values of threshold for Structure were choose based in simulations performed
by Vaha and Primmer (2006) and Burgarella et al. (2009). All subsequent analyses with

hybrids were performed with individuals identified by Structure.

Nuclear and plastid genetic diversity
The nuclear microsatellite loci were characterized in A. comata, A. caudata, A. kertesziae,
and their hybrids based on the number of alleles (A), number of private alleles (Ap), allelic

richness (Rs), observed (Ho) and expected (He) heterozygosities, and inbreeding coefficient
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(Fis; Weir and Cockerham, 1984). These parameters were estimated for each population and
locus using the programs FSTAT 2.9.3 (Goudet, 1995) and MSA (Dieringer and Schlétterer,
2003). The software GENEPOP on the Web (Raymond and Rousset, 1995) was used to test
departures from Hardy-Weinberg equilibrium (HWE) for each population and locus, within
each species and hybrids. We assessed nuclear genetic differentiation among the pair of
species using estimates of Fst (Weir and Cockerham, 1984) and G’st (Hedrick, 2005)
calculated in FSTAT, considering only pure individuals of A. comata, A. caudata and A.
kertesziae. Partitioning of genetic diversity within and among pure individuals of A. comata,
A. caudata and A. kertesziae was examined by analysis of molecular variance (AMOVA)
implemented in Arlequin 3.11 (Excoffier et al., 2005). The significance of the model was
tested using 10 000 permutations. Pairwise effective migration rates (Nem) were estimated
among A. comata, A. caudata and hybrids and among A. comata, A. kertesziae and hybrids
in the sympatric areas, following a coalescent theory and maximum-likelihood based
approach using the software Migrate 3.0.3 (Beerli and Felsenstein, 1999). The computations

were carried out under the stepwise mutation model (Kimura and Ohta, 1978).

Plastid microsatellite loci were used to identify and characterize plastid DNA haplotypes.
Diversity was evaluated for all populations, using number of haplotypes observed in each
population (NH) and haplotype diversity (HD) using the software Haplotype Analysis 1.05
(Eliades and Eliades, 2009). A haplotype network was built based on plastid DNA haplotypes
for each pair of species using the software Network 4.6.1.5, applying median-joining option
(Bandelt et al., 1999). The haplotype networks were post-processed with a maximum
parsimony algorithm (Polzin and Daneshmand, 2003) implemented in Network to remove
unnecessary links and median vectors. As for nuclear DNA, AMOVA in Arlequin was used
to asses patterns of plastid DNA differentiation in hierarchical models, using 10 000

permutations to test the significance of each model.
Compatibility and Fertility Estimates

Genome compatibility and fertility of A. comata with A. caudata and with A. kertesziae were
estimated by testing seed viability of interspecific artificial crosses. Manual crossing
experiments were performed at the green house of the Botanical Department (UFRGS, Rio
Grande do Sul, Brazil). Artificial crosses were conducted as described in Cafasso et al.
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(2005). The treatments used were: (i) intraspecific cross-pollination — control, and (ii)
interspecific cross-pollination of A. comata with A. caudata and with A. kertesziae. In total
57 flowers from 12 plants were used. The procedures of seed asepsis and germination tests
were conducted according to Rios et al. (2016) with few modifications. A maximum of 32
seeds per fruit was analyzed in the germination tests. Seed germination was monitored daily,
and after 21 days, the number of seedlings was counted to evaluated hybrids viability.
Viability of seeds between intraspecific and interspecific crosses were compared using the
Mann-Whitney test with the WinPepi 11.65 software (Abramson, 2004).

Since parthenocarpy in the genus Aechmea is a common event (Lenzi et al., 2006; Buttow,
2012), seedless fruits were excluded from the following analysis. Fruits that formed seeds
and seed viability were evaluated to estimate the degree of two postmating isolation indices,
based on interspecific crosses: one prezygotic (pollen-stigma incompatibility affecting fruit
formation — Rlprezygotic), and one postzygotic (embryo mortality affecting seed viability —
Rlpostygotic), according to Scopece et al. (2007). Because all crosses were bidirectional (each
species was used both as pollen receiver and donor), reciprocal indices were averaged to

provide a mean isolation index for each treatment.

The pollen-stigma incompatibility isolation index was calculated as Rlprezygotic = 1 - (mean %
number of fruits in bidirectional interspecific crosses / mean % number of fruits in
bidirectional intraspecific crosses). The embryo mortality isolation index was calculated as
Rlpostzygotic = 1 - (mean % seed viability in bidirectional interspecific crosses / mean % seed
viability in bidirectional intraspecific crosses). All values of isolation may vary between 0

(no isolation) and 1 (complete isolation).
Morphological and ecological analyses

In the field, we examined the floral morphology of 236 individuals, measuring four
characters: the total number of flowers, the height of the rachis (cm), the width of floral bract
(mm) of a flower at the base of the inflorescence, and the lower width of the rachis (cm) (Fig.
S3, Supplemental Information). A standard ruler and digital caliper were used. These traits
were described to be different among the three species (Smith and Downs, 1979; Reitz,

1983). For multivariate analyses, the variables total number of flowers, and the lower width
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of rachis were transformed using Napierian logarithm (LN). We used a principal component
analysis (PCA) to determine whether the three species and hybrids could be distinguished by
these four morphometric variables. Aditionally, the Kruskal-Wallis test was used to compare
the four variables among the parental species and hybrids. Discriminant analysis of principal
components (DAPC) was used to verify the proportion of individuals correctly or incorrectly
classified to each species in the field, according to morphological classification. Hybrids
were also included in the analysis because they do not present intermediate morphology

between the parental species (see results and discussion).

Additionally, aiming identify microhabitat preferences for each species and hybrids, we
recorded two microhabitat features: habitat (terrestrial, rupicolous or epiphytic), and
environment of occurrence (high or low solar luminosity) for 239 individuals. We performed
correspondence analysis (CA) for microhabitat data. Details of populations used in
morphological and ecological analyses are given in Supplemental Information Table S2. All
analyses (morphological and ecological) were conducted using the program SPSS 18.0
(SPSS Inc., Chicago, IL, USA).

RESULTS
Genetic composition of sympatric areas

Genomic admixture analysis performed with a Bayesian clustering approach identified K =
2 as the most likely number of genetic clusters for both pairs of species (Fig. S4,
Supplemental Information), clearly discriminating A. comata, A. caudata, and A. kertesziae
genetic clusters. Results for each sympatric area of A. comata and A. caudata, considering
two genetic clusters, indicated that most of the samples were purebreds, and only three
individuals showed genetic mixtures between both clusters, in both sympatric areas: one
individual from PMLL sympatric area and two individuals from Mogambique (Fig. 2). In
contrast, results from sympatric areas of A. comata and A. kertesziae indicated that
hybridization is more common in this pair of species, with a total of 17 samples with
intermediate g-values (0.10 < g <0.90), in both sympatric areas: three individuals from MLC
and 14 individuals from UCAD (Fig. 3). Therefore, hybridization between A. comata and A.

caudata occurred in a rate of 2.04% in PMLL and of 6.06% in Mogambique. For A. comata
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and A. kertesziae the percentage of hybridization varied from 21.4% in MLC to 22.22% in
UCAD, considering the total sympatric individuals sampled in each population (Structure
threshold of 0.10 < g < 0.90). Considering both sympatric areas of each pair of species, the
hybridization rate between A. comata and A. caudata was 3.66% and for A. comata and A.

kertesziae 25%.
Nuclear genetic diversity and differentiation

All ten nuclear microsatellite loci were polymorphic for the two pairs of species. For A.
comata, A. caudata and hybrids the number of alleles per locus ranged from two to 16.
Aechmea comata showed 95 alleles (5-16 per locus), A. caudata 42 alleles (2-8 per locus),
and the hybrids 28 alleles (2-4 per locus). The mean allelic richness was 3.39 for A. comata,
2.49 for A. caudata, and 2.80 for hybrids (Table 1). The total observed and expected
heterozygosities were 0.644 and 0.722 for A. comata, 0.316 and 0.519 for A. caudata, and
0.600 and 0.613 for hybrids, respectively. The inbreeding coefficient (Fis) was low, and did
not depart significantly from HWE for most of the loci for A. comata and hybrids. For A.
caudata Fis values were high and departed significantly from HWE at almost all loci (P <
0.001; Table 1). Hybrids, on average, exhibited higher genetic diversity indices when
compared to A. caudata (Table 1).

For A. comata, A. kertesziae, and hybrids the number of alleles ranged from two to 14 per
locus. Aechmea comata showed 86 alleles (4-14 per locus), A. kertesziae 71 alleles (2-14 per
locus), and the hybrids 62 alleles (3-11 per locus). The mean allelic richness was 6.23 for A.
comata, 5.83 for A. kertesziae, and 6.04 for hybrids (Table 2). The total observed and
expected heterozygosities were 0.674 and 0.717 for A. comata, 0.561 and 0.630 for A.
kertesziae, and 0.642 and 0.699 for hybrids, respectively. The inbreeding coefficient (Fis)
was low, and did not depart significantly from HWE at almost all loci (P < 0.001; Table 2).
Hybrids, on average, demonstrated similar genetic diversity indexes to that of purebred

species (Table 2).

In both pairs of species analyzed, the genetic diversity levels were higher in A. comata than
in A. caudata and A. kertesziae, across all sympatric and allopatric populations (Tables 3 and

4). Aechmea comata and A. caudata from the sympatric area PMLL, A. caudata from
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Caminho do Rei, A. kertesziae from Laguna, and from the sympatric area UCAD displayed
significant departures from HWE because of heterozygote deficits. The sympatric areas of A.
comata and A. kertesziae exhibit higher genetic diversity indices when compared to the

sympatric areas of A. comata and A. caudata (Tables 3 and 4).

Aechmea comata and A. caudata showed moderate levels of nuclear genetic differentiation,
Fst = 0.199 and G’st = 0.207. The AMOVA results from the nuclear data set showed that
15.83% of genetic variation was among species, with Fct= 0.158 (P < 0.001; Table 5). On
the other hand, A. comata and A. kertesziae showed low levels of nuclear genetic
differentiation, with Fst = 0.089 and G’st = 0.090. The AMOVA results from the nuclear
data set showed that only 5.15% of the genetic variation was among species, with Fct = 0.052
(P <0.01; Table 6).

Maximume-likelihood based estimates of migration rates (Nem ‘gene flow’) for sympatric
areas of A. comata and A. caudata (PMLL and Mogambique), and for A. comata and A.
kertesziae (MLC and UCAD), were extremely low and similar, indicating restricted gene
flow between these pairs of species (Nem < 1). However, estimates of migration rates were
higher in A. comata and A. kertesziae than A. comata and A. caudata. PMLL and
Mogambique sympatric areas demonstrated equal interspecific migration between A. comata
and A. caudata, while MLC and UCAD demonstrated asymmetric migration towards A.
comata from A. kertesziae. In both pairs of species, Nem values were asymmetric towards

hybrids, with higher effective migrants from A. comata to hybrids (Figs. 4 and 5).
Plastid genetic diversity and haplotype network

We identified fifty-two haplotypes for A. comata and A. caudata based on six plastid
microsatellite markers. Two major groups could be recognized in the haplotype network (Fig.
6), one of which contained ten haplotypes typical of A. caudata (individuals with g>0.90 in
Structure analysis), whereas the other one was composed of forty-one haplotypes typical of
A. comata (individuals with q <0.10). Haplotype sharing between species was not observed.
Haplotype diversity in populations ranged from 0.000 (one haplotype) to 1.000 (four
haplotypes). In general, populations of A. comata exhibited higher haplotype diversity (Table

3). Hybridization between A. comata and A. caudata was unidirectional (A. comata acting as
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female parent and A. caudata acting as male parent) because the haplotypes observed in
hybrids are typical of A. comata (Fig. 6).

Aechmea comata and A. kertesziae showed sixty-two haplotypes, of which one was shared
among A. comata, A. kertesziae and hybrids (H9b), four were shared between A. comata and
A. kertesziae (H17b, H19b, H29b, and H37b), four between A. comata and hybrids (H33b,
H44b, H57b, and H62b), and three between A. kertesziae and hybrids (H53b, H54b, and
H61b; Fig. 7). Haplotype diversity in populations ranged from 0.476 (two haplotypes) to
1.000 (three haplotypes). Populations of A. comata showed higher haplotype diversity when
compared with populations of A. kertesziae (Table 4). Hybridization between A. comata and
A. kertesziae occurred in both directions (with both species acting as male and female
parental) because typical haplotypes of A. comata and A. kertesziae could be observed in
hybrids individuals (Fig. 7).

AMOVA results from the plastid data set showed that 28.6% of the genetic variation for A.
comata and A. caudata was found among species with Fct = 0.286 (P < 0.01; Table 5). In
contrast, the genetic differentiation between A. comata and A. kertesziae in the plastid DNA
is lower than nuclear data set, with only 2.81% of variation among species (Fct = 0.025, not
significant; Table 6).

Compatibility and Fertility Estimates

All intraspecific and interspecific artificial crosses showed high percentage of viable seeds,
except for the interspecific cross between A. comata (female parental) and A. caudata (male
parental) in which only 52.59% of seeds were viable (Table 7). According to these results,
interspecific crosses of A. comata with A. caudata and with A. kertesziae could occur in both

directions.

Seed viability of intraspecific crosses for A. comata and A. caudata ranged from 73.33 to
100%, with a mean of 84.62% for A. comata and of 88% for A. caudata. The seed viability
of the interspecific crosses between these two taxa ranged from 0 to 100%. For the
intraspecific crosses of A. comata and A. kertesziae the seed viability ranged from 73.33 to
100%, with a mean of 84.62% for A. comata and of 92.31% for A. kertesziae. The seed
viability of the interspecific crosses between A. comata and A. kertesziae ranged from 90 to
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100%. Comparisons between seed viability of intraspecific and interspecific crosses for A.
comata and A. caudata (U =74, P = 0.770), and for A. comata and A. kertesziae (U =49, P
= 0.02) showed that there is no statistical difference between intra- and interspecific crosses

for these pairs of species at the P < 0.01 level.

We calculated reproductive isolation indexes from 38 interspecific crosses (Table 7). The RI
for both A. comata x A. caudata, and for A. comata x A. kertesziae was incomplete. The
results showed that RI between A. comata and A. kertesziae is almost totally incomplete, with
Rlprezygotic (fruit formation, 0.07) and Rlpostzygotic (Seed viability, 0.00), compatible with the

high percentage of viable seeds in the interspecific crosses between these species (Table 7).
Morphological and ecological variation in parental species and hybrids

The first two axes of PCA explained 82.74% of the total variance among groups (Fig. 8). The
first axis most effectively separated the three species, despite the large overlap of A.
kertesziae with A. comata and the small overlap with A. caudata. Hybrids could not be
distinguished from their respective parental species, because they were morphologically
similar to one of them (adjusted P > 0.165, Kruskal-Wallis test, data not shown; Fig. 8). The
variation observed in the morphological characters for the species and hybrids used for the
analyses are presented in Supplemental Information Table S3. The variables that most
positively contributed to the first axis were the total number of flowers, the height of the
rachis, and the lower width of the rachis. Width of floral bract negatively affected the first
axis (Table S4, Supplemental Information). Separation among species and hybrids was not
clear, and only a gradient of variation was observed associated with the second principal
component (y-axis) (Fig. 8). On the second axis the variables that most contributed were

width of floral bract and height of the rachis (Table S4, Supplemental Information).

Statistically significant differences among A. comata compared with A. caudata and A.
kertesziae was observed for all four morphological characters measured in this study
(adjusted P < 0.01, Kruskal-Wallis test, data not shown). Considering the field classification
of species based on morphological characteristics, 88.6% of the individuals would be
classified within the expected species, with the remaining individuals being classified within

another. Most of the incorrect classifications were for A. kertesziae, where 26.7% of
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individuals were attributed to A. comata and 8.3% to A. caudata (Table S5, Supplemental
Information). The variation observed in the morphological characters for each of the
populations and hybrids used for the analyses are presented in Supplemental Information
Table S6.

The correspondence analysis revealed that the three species exhibit different preferences of
microhabitat, based on habitat and environment. Aechmea comata was associated with
terrestrial and rupicolous habitats in environments of high or low solar luminosity. Aechmea
caudata with rupicolous and epiphytic habitats in environments of low solar luminosity, and
A. kertesziae with terrestrial habitat in environments of high solar luminosity. Hybrids
between A. comata and A. caudata showed preference for terrestrial habitat and environments
of high or low solar luminosity, while hybrids between A. comata and A. kertesziae were
more associated with rupicolous and epiphytic habitat in environments of low solar

luminosity (Fig. 9).
DISCUSSION
Hybridization of A. comata with A. caudata and A. kertesziae

In this study, we aimed to investigate the occurrence of hybridization of A. comata with two
related species: A. caudata and A. kertesziae. We combined molecular markers,
morphological and ecological characters, and reproductive compatibility among these
species to provide a perspective on the nature of species boundaries. Our molecular data from
microsatellite markers suggest the occurrence of hybridization among these species in the
four sympatric areas analyzed (Figs. 2, 3, 6, and 7), confirming the previous hypothesis
postulated by Goetze (2014). Different hybridization patterns were observed between these
two pair of species. Aechmea comata has higher gene flow with A. kertesziae than A. caudata,
and in all sympatric areas this species showed higher migration rates towards hybrids, when

compared to the others two species (Figs. 4 and 5).

We observed 17 hybrids between A. comata and A. kertesziae and only three between A.
comata and A. caudata (Figs. 2 and 3). This difference and the asymmetric gene flow towards
hybrids (Figs. 4 and 5) could be explained in part by the overlap of flowering time among
these species. Both A. comata and A. kertesziae have the flowering peak in the same period,
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while the overlaping of the flowering time between A. comata and A. caudata only occurs
because A. comata presents multiple shorts flowering periods throughout the year (Lenzi et
al., 2006; Dorneles et al., 2011). The multiple bang flowering pattern of A. comata also would
allow a greater overlap of flowering with the hybrids, explaining the higher gene flow

towards these individuals.

Experimental crosses performed between these pairs of species confirm the genome
compatibility of A. comata with A. caudata and A. kertesziae. According to these results,
interspecific gene flow could occur in both directions for the two pairs of species (Table 7).
In contrast to the molecular nuclear results, haplotype sharing for maternally inherited plastid
DNA between A. comata and A. caudata was not observed, while the opposite occurred for
A. comata and A. kertesziae. Hybrids between A. comata and A. caudata showed haplotypes
typically of A. comata, whereas hybrids between A. comata and A. kertesziae showed

haplotypes typically found in both species (Figs. 6 and 7).

Incomplete reproductive isolation pre- (pollen-stigma incompatibility affecting fruit
formation) and postzygotic (embryo mortality affecting seed viability) were observed among
these species, but the lower RI was observed between A. comata and A. kertesziae (Table 7).
Reproductive isolation between species may be incomplete, particularly in groups that have
recently undergone multiple speciation events or those that have long generation times, in
agreement with the recent diversification in the subgenus Ortgiesia and long generation times
in the species studied (Rieseberg and Willis, 2007; Silvestro et al., 2014; Goetze et al., 2016).

Prezygotic isolation for both pairs of species was stronger than postzygotic isolation in this
study. Scopece et al. (2007) suggest that in some food-deceptive orchids the prezygotic
isolation can evolve faster than postzygotic isolation, as is typically observed in animals.
These insights have led to the perception that in animals prezygotic barriers are controlled
by few major genes and are important during early stages of speciation, whereas postzygotic
barriers are controlled by numerous genes of minor effect, which accumulate more gradually
(Coyne and Orr, 2004).

Studies indicate that the strength of postzygotic barriers increases with increasing genetic

distance among taxa, which suggests slow evolution of postzygotic barriers (Scopece et al.,
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2007, 2008). Higher postzygotic isolation was observed among A. comata and A. caudata
(0.14) when compared to A. comata and A. kertesziae (0.00) (Table 7). This is in line with
the closer phylogenetic relationship between A. comata and A. kertesziae when compared
with A. caudata (Goetze et al., 2016). Therefore, the lower seed viability in the interspecific
cross of A. comata (female parental) and A. caudata (male parental) and the low amount of
hybrids between these species (Fig. 2) could also be explained by postzygotic isolation
mechanisms together with the prezygotic mechanism mentioned above (flowering pattern).
Intrinsic postzygotic isolation may be caused by chromosomal rearrangements or different
alleles that do not function properly when brought together in hybrids (Bateson-Dobzhansky-
Muller - BDM - classic model of genic incompatibilities; Coyne and Orr, 1998; Rieseberg
and Willis, 2007). Recent hybridization studies suggest that postzygotic (BDM)
incompatibilities may contribute to the isolation in plants (Pinheiro et al., 2010, 2015; Palma-
Silva et al., 2011). Further studies involving other approaches such as cytogenetic analyses
are needed to confirm this hypothesis.

Few studies using molecular markers to identify hybrids in Bromeliaceae are observed
(Schulte et al., 2010; Palma-Silva et al., 2011; Zanella et al., 2016). The hybridization rate
between A. comata and A. kertesziae (25%) was similar to Pitcairnia albiflos and P. staminea
(23.31%; Palma-Silva et al., 2011), while hybridization rate between A. comata and A.
caudata (3.66%) was lower than observed for Vriesea carinata and V. incurvata (8.29%;
Zanella et al., 2016) and Chilean Puya species (10.09%; Schulte et al., 2010). Important
prezygotic isolation mechanisms for these bromeliads are geography, phenology, isolation
driven by different pollinators, and divergent mating systems (Schulte et al., 2010; Palma-
Silvaetal., 2011; Zanella et al., 2016).

Morphological and ecological variation

Using the multivariate PCA method, the floral morphology clearly differentiated A. comata
and A. caudata, but there was great overlap between A. comata and A. kertesziae (Fig. 8).
Aechmea kertesziae exhibits wide morphological variation (Table S2, Supplemental
Information), and 34% of the individuals were classified with a floral morphology that was
inconsistent with its classification at the species level, based on the attribution in the field
(Table S5, Supplemental Information). Although the univariate analyses showed that the
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analyzed morphological characters differentiated the three species, the great intraspecific
variability of A. kertesziae makes it overlap with A. comata and A. caudata in the multivariate

analysis (Fig. 8).

In the field, identification of putative hybrids based on morphological characters between A.
comata and A. caudata was not possible because we did not find individuals with
intermediate morphology between these species. We observed individuals that we thought
initially were of intermediate morphology between A. comata and A. kertesziae in the UCAD
sympatric area. However, it turns out that actually A. kertesziae possess great morphological
variability at this place. Therefore, based solely on morphological characters, it was not
possible to confirm whether such individuals from UCAD were hybrids or not (Fig. S2,
Supplemental Information), emphasizing the importance of molecular analysis for the

identification of hybrids.

All hybrids between A. comata and A. caudata showed similar morphology to A. comata. In
contrast, hybrids between A. comata and A. kertesziae showed similar morphology to both
parental species. Ten hybrids were identified with similar morphology to A. comata, while
seven hybrids were identified with similar morphology to A. kertesziae (Figs. 8 and S5,
Supplemental Information). Individuals with intermediate morphology between A. comata
and A. kertesziae observed in the UCAD sympatric zone were identified as purebred

individuals of A. kertesziae in Structure analysis.

Hybrids identified by the molecular analyses in this study did not present intermediate
morphology between the parental species. One of the most common misconceptions is that
hybrids are typically morphologically intermediate between their parental. The expression of
parental vs intermediate character states in hybrids will depend on the nature of the genetic
control of a particular character, as well as interactions with the environment (Rieseberg,
1995).

These results highlight the difficulty in recognizing hybrids based on morphological
characters solely, especially in groups that exhibit considerable morphological variability
(Schulte et al., 2010). The results also demonstrate the inconsistency of morphology for the

identification of hybrids based in characters that are subject to environmental influence (Leal
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et al., 2016). Recent hybridization studies in bromeliads have demonstrated that hybrids may
have no intermediate morphology considering their parental species (Schulte et al., 2010;
Zanella et al., 2016). Presumably, the extent of natural hybridization in Bromeliaceae is
currently underestimated due to the difficulties in recognizing hybrids. To elucidate the role
of natural hybridization in this family, detailed studies of sympatric congeneric species are
needed, especially including molecular evidence (Schulte et al., 2010).

Microhabitat analysis has demonstrated that the three species and hybrids have different
preferences of microhabitats (Fig. 9). However, A. comata presents microhabitat preferences
that are also found, at least in part, in the other two species here investigated. It can be
terrestrial or rupicolous (as A. kertesziae and A. caudata, respectively) and it either thrives in
environments with high or low luminosity. These results showed that A. comata is less
rigorous concerning microhabitat than the other two species. Hybrids between A. comata and
A. caudata showed microhabitat preferences similar to A. comata, which was a pattern
already highlighted by morphological and plastid molecular markers (hybrids resemble A.
comata). An interesting fact was found for the hybrids between A. comata and A. kertesziae.
They showed microhabitat preferences (rupicolous or epiphytic habitat and occurrence in
environments with low luminosity) similar to what was observed for A. caudata. This may
imply that these hybrids between A. comata and A. kertesziae could thrive in A. caudata
preferred microhabitat. More studies would be very helpful to understand this pattern.
Although ecological factors are clearly important in determining the spatial distribution of
species, in many taxa, non-ecological barriers may be key to the long-term maintenance of

species boundaries (Larson et al., 2014).
Genetic diversity and gene flow in sympatric populations

Aechmea comata is a species that invests in both sexual and asexual reproductive
mechanisms (Lenzi et al., 2006), and is restricted to the Island of Santa Catarina, in which it
presents great abundance with few records in other regions. Comparing levels of genetic
diversity of A. comata with A. caudata, and A. kertesziae (Tables 1 and 2), and others
bromeliads also evaluated using microsatellite markers, this species displays one of the
highest diversity values, despite being an island endemic species, while others species are
widespread taxa (Zanella et al., 2012b; Goetze et al., 2015). Plants with restricted distribution
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are expected to exhibit low genetic diversity when compared with closely related species
widely distributed (Cole, 2003). However, the generalization that rare species have low levels
of genetic variability is only part of the truth, and not always rare species present low levels

of genetic diversity (Gitzendanner and Soltis, 2000).

Several ecological factors may be important determinants of plant genetics: mode of
reproduction, life cycle, successional stage, and geographic range. Short-lived perennials,
species that are widespread, plants in late successional or those that reproduce both sexually
and vegetatively have the highest intraspecific diversity. Low intraspecific diversity is found
in sexually reproducing species, long-lived perennials, regionally distributed species, and
species in mid-successional stages (Loveless and Hamrick, 1984). Rare and restricted species
with high genetic diversity have already been observed in other plant species: e. g., A.
winkleri (Rs = 3.57 and Ho = 0.559; Goetze et al., 2015) and Petunia secreta (Rs = 5.91 and
Ho = 0.24; Turchetto et al., 2016).

Even comparing the levels of variability between A. comata and other narrow endemics
Aechmea, as A. winkleri (Goetze et al., 2015), allelic richness and observed heterozygosity
values were higher for A. comata (Rs = 6.23 and Ho = 0.674). Corroborating the high
diversity found in this species, only two loci deviated from HWE, indicating low levels of
endogamy at species level. These results can be used as a clue to determine the mating system
of A. comata. The occurrence of mixed mating system (a percentage of selfing and other of
outcrossing) could explain its high genetic diversity. Lenzi et al. (2006) reported that A.
comata is a self-compatible species in a population in the southern region of the Santa
Catarina Island. On the other hand, Dorneles et al. (2011) reported that A. comata from
UCAD population is an outcrossing. More studies are needed to confirm this hypothesis of
A. comata as a mixed mating system species. The high levels of genetic variation observed
in A. comata could also be explained by the occurrence of hybridization with A. caudata and
A. kertesziae. In rare species, genetic variability can be increased by interspecific gene flow
(Stebbins, 1942).

Most of the populations evaluated in this study do not departed from HWE, in contrast with
what is observed in other bromeliad species, which exhibited an excess of homozygote
genotypes using microsatellite markers (Tables 3 and 4; Palma-Silva et al., 2009; Goetze et
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al., 2015; Zanella et al., 2016). The levels of heterozygosity found in the populations here
avaluated probably occur due to random mating among individuals.

According to nuclear and plastid divergence results, A. comata and A. caudata showed
moderate levels of genetic differentiation (nuclear: Fst = 0.199; G’st = 0.207 and 28.60% of
genetic variation among species - AMOVA plastid results), while A. comata and A. kertesziae
showed low levels of nuclear genetic differentiation (Fst = 0.089; G’st = 0.090 and 2.81%
of genetic variation among species - AMOVA plastid results). These patterns are probably a
consequence of higher interspecific gene flow between A. comata and A. kertesziae and
retention of ancestral polymorphism due to the closer genetic relationship between these
species (Minder and Widmer, 2008; Goetze et al., 2016). Additionally, nuclear and plastid
microsatellite sharing may also be explained by homoplasy (alleles are identical-in-state (11S)
without being identical-by-descent (IBD); Jarne and Lagoda, 1996). The determination of
the percentage of variation that occurs due to hybridization, ancestral polymorphism or

homoplasy is a challenging task (Zanella et al., 2016).

Similarly, low levels of interspecific gene flow as reported here (Nem = 0.10-0.59; Figs. 4
and 5), have also been found for other sympatric bromeliads species: Pitcairnia albiflos and
P. staminea (Nem = 0.15-0.35; Palma-Silva et al., 2011), Vriesea carinata and V. incurvata
(Nem = 0.13-0.32; Zanella et al., 2016) and a complex of Alcantarea species (Nem = 0.071-
0.322; Lexer et al., 2016).

Maintenance of species boundaries in A. comata: pre- or postzygotic barriers?

Exactly what the species boundary represents is not always so clear. We might consider the
species boundary to be defined by the phenotypes/genes/genome regions (or some subset
thereof) that remain differentiated in face of potential hybridization and introgression, when
the entities in question are locally sympatric (Harrison and Larson, 2014). The existence of
species in sexual taxa could depend on both distinct adaptive peaks (adaptation to distinct
niches) and reproductive isolation. Several isolating mechanisms act together to both prevent
gene flow in sympatry and allow coexistence (Coyne and Orr, 1998; Rieseberg and Willis,
2007).
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Two or more congeneric species with overlapping blooming periods is common in the
Bromeliaceae family (Wendt et al., 2001, 2002, 2008; Matallana et al., 2010, 2016; Palma-
Silvaetal., 2011; Zanella et al., 2016) and, probably, this sympatric occurrence may increase
pollinator abundance. However, associated with the increased pollinator service in mixed
populations, there is the potential for increased interspecific pollen transfer. Therefore, the
existence of effective isolation barriers between sympatric species of Bromeliaceae should
be expected (Wendt et al., 2008).

Previous evidence suggested inefficient prezygotic isolation mechanisms (phenological,
spatial, microhabitat differences and pollinator specificity) for some bromeliad species,
including the genus Aechmea (Wendt et al., 2001, 2008; Matallana et al., 2010). Artificial
hybrids are easily created between bromeliad species through hand pollination (Wendt et al.,
2011; 2002; Wagner et al., 2015; Matallana et al., 2016). This fact suggests that postzygotic

reproductive isolation barriers are also potentially weak (Wendt et al., 2008).

The three Aechmea species studied here overlap flowering times, share one pollinator (the
bee B. morio; Lenzi et al., 2006; Kamke et al., 2011; M. Buttow, unpubl. res.) and are found
in sympatry in Santa Catarina Island. Despite an overlapping in flowering time for the three
species, A. comata and A. kertesziae present the blossom peak at the same time. The different
phenologies between A. comata and A. caudata may play a role in prezygotic isolation, while

between A. comata and A. kertesziae this prezygotic isolation does not exist.

Despite the three species have similar floral morphology and share one pollinator, A. comata
presents two effective non-shared pollinators, the hummingbirds Amazilia fimbriata Elliot
(Trochilinae) and Thalurania glaucopis Gmelin (Trochilinae) (Lenzi et al., 2006; Dorneles
et al., 2011). These pollinators can promote large intraspecific gene flow in A. comata and
limit interspecific gene flow with A. caudata and A. kertesziae (Lenzi et al., 2006; Dorneles
et al., 2011). This characteristic could also be a potential prezygotic isolation between these

species.

The evolution of self-compatibility in part occurs because self-incompatibility alleles are lost
by genetic drift in small populations (Frankham et al., 2010). Self-compatibility has been

described as a potential prezygotic barrier in bromeliads, restricting gene flow and
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hybridization among populations/species (Wendt et al., 2002; Matallana et al., 2010; Palma-
Silva et al., 2015). Although our results did not show an excess of homozygote genotypes
for A. comata (Tables 3 and 4), self-compatibility could contribute to the reproductive
isolation for this species. This become particularly interesting because populations of A.
comata located in the southern portion of Santa Catarina Island, and thus close to the PMLL
sympatric area evaluated here, are described as self-compatible (Lenzi et al., 2006).
Therefore, this could also act as a prezygotic barrier between A. comata and A. caudata,
explaining why only one hybrid was identified by Structure analysis in this area (Fig. 2). On
the other hand, populations of A. comata from UCAD were identified as self-incompatible
(Dorneles et al., 2011), and thus may be more sensitive to interspecific gene flow.

As discussed above, it is likely that a set of prezygotic barriers, as phenological and
ethological isolation, self-compatibility, and perhaps postzygotic RI barriers, as low viability
or sterility of hybrids, postzygotic Bateson-Dobzhanky-Muller incompatibilities are involved
in maintaining species integrity of A. comata, A. caudata, and A. kertesziae. The presence of
reproductive isolation mechanisms allows coexistence of these species in sympatry, ensuring
the maintenance of species boundary in A. comata despite of interspecific gene flow with A.
caudata and A. kertesziae. Species boundaries among these Aechmea species are
semipermeable with some gene flow in sympatric areas. According to a genic view of
speciation (Wu, 2001), reproductive isolation is a consequence of differences in adaptation,
controlled by a moderate number of individual genes, rather than the whole genome.
Although alleles at these loci will not move between species, it is feasible that there will be

interspecific gene flow at other loci.
Conclusions and conservation implications

The patterns of genetic (nuclear and cpDNA), morphological, and ecological (microhabitat)
variation found here are coincident with species delimitation. Although gene flow was
observed in the sympatric areas, and A. comata demonstrated reproductive compatibility with
A. caudata and A. kertesziae in artificial crosses, it is likely that a set of barriers both pre-
and postzygotic, are responsible for maintaining the integrity of the species. However, for A.
kertesziae, our morphological analyses revealed a great variation in the four characters here
evaluated. It was also revealed that misidentifications for this species are higher than for the
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other two. Therefore, an urgent morphological review, especially for A. kertesziae is needed
to better understand the morphological polymorphisms presented by this species. Allied to
this, hybrids can not be identified solely based on morphology, which demonstrate the care

that must be taken when considering this group of species.

Although A. comata is a rare species, restricted to the Santa Catarina Island, it has
demonstrated the highest genetic diversity already reported for bromeliads. Aechmea caudata
showed low levels of genetic diversity and this species was recommended to be included in
the Official List of Endangered Brazilian Flora Species by Goetze et al. (2013), due small
population sizes and few populations in nature. Aechmea kertesziae is an endemic species of
Santa Catarina (Reitz, 1983) and was considered in danger of extinction by the Red Book of
Brazilian Flora (Forzza et al., 2013). Nevertheless, these species deserve special attention
from the agencies involved with the implementation of conservation programs of the

Brazilian Atlantic Forest because they are rare or in danger.

Hybridization processes can represent a risk to the maintenance of parental species,
especially when the hybrids possess higher fitness. It was not possible in the presented study
to evaluate if introgression is going on, and if so, in what extent, due to the low genetic
differentiation levels found among species. Therefore, more studies using a higher number
of microsatellites or other kind of markers, as SNPs, should be carried out to understand the
threat that the hybridization process here identified might cause to A. comata, A. caudata,

and A. kertesziae.
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Table 1. Genetic variability at ten nuclear microsatellite loci in Aechmea comata, A. caudata and hybrids, including locus name, number of alleles

(A), allelic richness (Rs), observed (Ho) and expected (He) heterozygosities, and inbreeding coefficient (Fis) for each locus.

A. comata Hybrids A. caudata

Locus A Rs Ho He Fis A Rs Ho He Fis A Rs Ho He Fis
Acom 91.2 10 3.95 0.804 0.802 -0.003 2 200 0.667 0.533 -0.333 5 299 0630 0.676 0.070
Acom 82.8 16 459 0.634 0.888 0.286* 4 400 0.667 0.867 0.273 8 360 0366 0.767 0.526*
Ac01 9 412 0761 0.844  0.099 2 200 0.333 0.333 0.000 4 311 0519 0.713 0.275*
Acom 78.4 6 291 0645 0.667 0.033 3 3.00 0.667 0733 0.111 6 328 0453 0.735 0.387*
Op92 13 3.61 0462 0.762 0.396* 3 300 0.333 0.600 0.500 4 263 0434 0577 0.249
Acom 12.12 6 253 0467 0597 0.219 2 200 0.333 0.333 0.000 3 142 0115 0.146 0.209
Op77 12 319 0.685 0.651 -0.052 4 400 0.667 0.867 0.273 4 222 0170 0.457 0.630*
Ao006 5 267 0587 0618 0.051 3 3.00 1.000 0.800 -0.333 2 197 0.093 0.49 0.815*
NgFos22 7 258 0684 0602 -0.137 2 200 0.333 0.333 0.000 2 106 0.019 0.019 0.000
Ac25 11 371 0.707 0.787  0.103 3 3.00 1.000 0.733 -0.500 4 261 0365 0.608 0.402*

Overall/Mean 95 3.39 0.644 0.722 0.099* 28 2.80 0.600 0.613 -0.001 42 249 0316 0.519 0.356*

Inbreeding coefficients (Fis) that departed significantly from the Hardy—Weinberg equilibrium (HWE) are indicated by asterisks (*P < 0.001).
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Table 2. Genetic variability at ten nuclear microsatellite loci in Aechmea comata, A. kertesziae and hybrids, including locus name, number of alleles

(A), allelic richness (Rs), observed (Ho) and expected (He) heterozygosities, and inbreeding coefficient (Fis) for each locus.

A. comata Hybrids A. kertesizae

Locus A Rs Ho He Fis A Rs Ho He Fis A Rs Ho He Fis
Acom 91.2 10 838 0.791 0.822 0.038 8 764 0.824 0.818 -0.007 7 641 0604 0689 0.124
Acom 82.8 14 9.62 0.794 0.883 0.101 11 10.60 0.765 0.886 0.141 14 1210 0.891 0.922 0.033
Ac01 8 6,57 0746 0.833 0.105 7 686 0.647 0.804 0.200* 11 882 0571 0.856 0.335*
Acom 78.4 4 376 0565 0.630 0.104 5 487 0824 0.674 -0.231 6 507 0776 0.744 -0.043
Op92 11 777 0464 0.711 0.349* 4 387 0294 0401 0.273 6 426 0250 0.364 0.315*
Acom 12.12 6 417 0.687 0.650 -0.057 4 399 0647 0.686 0.059 5 372 0510 0.556 0.084
Op77 12 737 0.677 0.692 0.021 9 9.00 0.600 0.825 0.280 7 6.13 0540 0.657 0.179*
Ao006 5 397 0.603 0.600 -0.006 3 288 0412 0540 0.243 2 200 0440 0.389 -0.134
NgFos22 8 432 0.78 0.597 -0.320 3 288 0.647 0544 -0.197 5 311 0280 0337 0.171
Ac25 8 6.36 0623 0.754 0.174 8 775 0.765 0.809 0.057 8 6.69 0745 0.791 0.059

Overall/Mean 86 6.23 0.674 0.717 0.051* 62 6.04 0.642 0.699 0.082* 71 583 0561 0.630 0.112*
Inbreeding coefficients (Fis) that departed significantly from the Hardy—Weinberg equilibrium (HWE) are indicated by asterisks (*P < 0.001).
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Table 3. Genetic characterization of populations of Aechmea comata, A. caudata and hybrids, with ten nuclear microsatellite markers and six plastid

microsatellite markers, including number of alleles (A), number of private alleles (Ap), allelic richness (Rs), observed (Ho) and expected (Hg)

heterozygosities, inbreeding coefficient (Fis), sample size (N), number of haplotypes (NH), and haplotype diversity (HD).

Nuclear microsatellites

Plastid microsatellites

Species/populations (sample size) A Ap Rs Ho He Fis N Haplotypes (frequency) NH HD
Allopatric
A. comata — Daniela-SC (23) 64 6 2.68 0.692 0.713 0.016 23 Hla (1), H2a (1), H6a (1), H7a (1), H8a (5), 15 0.941
H9a (1), H10a (1), H11a (1), H12a (1), H13a
(1), H14a (3), H15a (2), H16a (1), H17a (1),
H34a (2)
A. comata — Praia dos Ingleses-SC (23) 54 3 237 0621 0.611 -0.041 20  H34a(5), H35a (3), H36a (1), H37a (2), H38a 10 0.916
(2), H39a (1), H40a (2), H41a (1), H42a (1),
H43a (2)
A. caudata — Caminho do Rei-SC (24) 29 2 194 0.348 0.454 0.226* 24 H19a (12), H20a (6), H21a (1), H32a (3), 6 0.696
H33a (1), H50a (1)
Sympatric zones
PMLL -SC
A. comata (22) 61 9 262 0632 0.687 0.079* 21  H18a (1), H44a (3), H45a (1), H46a (7), H47a 7 0.829
(4), H48a (4), H49a (1)
A. caudata (26) 28 0 181 0.293 0.405 0.222* 26 H19a (10), H20a (9), H21a (1), H50a (3), 5 0.732
H51a (3)
Hybrid (1) 18 0 180 0.800 0.800 0.000 1 H47a (1) 1 0.000
Mogambique-SC
A. comata (27) 66 9 252 0.634 0663 0.038 25 H3a(l), H4a (7), H5a (1), H13a (1), H17a (1), 13 0.913
H24a (2), H25a (3), H26a (4), H27a (1), H29a
(1), H30a (1), H34a (1), H31a (1)
A. caudata (4) 17 0 153 0.342 0.293 -0.033 4 H20a (1), H22a (1), H23a (1), H52a (1) 4 1.000
Hybrids (2) 21 0 210 0.500 0.483 -0.050 2 H25a (1), H28a (1) 2 1.000

Overall = 152 individuals

Overall = 146 individuals

Inbreeding coefficients (Fis) that departed significantly from the Hardy—Weinberg equilibrium (HWE) are indicated by asterisks (*P < 0.001).

PMLL: Parque Municipal Lagoinha do Leste, SC: Brazilian Federal state of Santa Catarina.
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Table 4. Genetic characterization of populations of Aechmea comata, A. kertesziae and hybrids, with ten nuclear microsatellite markers and six

plastid microsatellite markers, including number of alleles (A), number of private alleles (Ap), allelic richness (Rs), observed (Ho) and expected (Hg)

heterozygosities, inbreeding coefficient (Fis), sample size (N), number of haplotypes (NH), and haplotype diversity (HD).

Nuclear microsatellites

Plastid microsatellites

Species/populations (sample size) A Ap Rs Ho He Fis N Haplotypes (frequency) NH HD
Allopatric
A. comata — Daniela-SC (23) 64 5 2.68 0.692 0.713 0.016 23 H3b (1), H4b (1), H6b (1), H7b (1), H8b (5), 15 0.941
H9b (1), H10b (1), H11b (1), H12b (1), H13b
(1), H14b (3), H15b (2), H16b (1), H17b (1),
H29b (2)
A. comata — Praia dos Ingleses-SC (23) 54 3 237 0621 0611 -0.041 20 H29b (5), H30b (2), H31b (1), H32b (2), H33b 20 0.916
(2), H34b (1), H35b (2), H36b (1), H37b (2),
H38b (2)
A. kertesziae — Laguna-SC (25) 51 4 223 0505 0531 0.148* 22 H17b (1), H19b (1), H22b (4), H23b (5), H24b 11 0.887
(5), H25b (1), H26b (1), H27b (1), H28b (1),
H29b (1), H37b (1)
Sympatric zones
MLC -SC
A. comata (3) 34 0 274 0833 0730 -0.207 3 H5b (1), H19b (1), H39b (1) 3 1.000
A. kertesziae (8) 28 0 196 0563 0448  -0.217 7 H9 (5), H18 (2) 2 0.476
Hybrids (3) 32 0 264 0633 0.713 0.095 3 H9b (1), H20b (1), H21b (1) 3 1.000
UCAD -SC
A. comata (21) 65 4 263 0.690 0.701 0.008 21 H32b (2), H40b (1), H41b (1), H42b (3), H43b 15 0.962
(1), H44b (1), H47b (1), H49b (1), H50b (1),
H51b (1), H57b (2), H58Db (3), H59b (1), H60b
(1), H62b (1)
A. kertesziae (18) 50 4 245 0.633 0.640 0.007* 16  Hib (1), H46b (1), H52b (1), H53b (3), H54b 8 0.800
(7), H55b (1), H56b (1), H61b (1)
Hybrids (14) 57 1 264 0645 0.699 0.086 13 H2b (1), H33b (1), H44b (1), H45b (1), H48b 10 0.962

(1), H53b (2), H54b (1), H57b (2), H61b (1),
H62b (2)

Overall = 138 individuals

Overall = 128 individuals

Inbreeding coefficients (Fis) that departed significantly from the Hardy-Weinberg equilibrium (HWE) are indicated by asterisks (*P < 0.001). MLC:
Morro da Lagoa da Conceicdo; UCAD: Unidade de Conservacdo Ambiental Desterro; SC: Brazilian Federal state of Santa Catarina.
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Table 5. Analysis of molecular variance (AMOVA) for ten nuclear microsatellites (nuSSR) and six plastid

microsatellites (cpSSR), including only pure individuals of Aechmea comata and A. caudata.

Source of variation Percentage of variation  F statistics P-value
NUSSR
Among species 15.83 Fcr=0.158 <0.001
Among populations within species 12.68 FsT=0.285 <0.001
Within populations 71.49 Fsc=0.150 <0.001
CpSSR
Among species 28.60 Fcr=0.286 <0.01
Among populations within species 34.42 FsT=0.630 <0.001
Within populations 36.98 Fsc=0.482 <0.001
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Table 6. Analysis of molecular variance (AMOVA) for ten nuclear microsatellites (nuSSR) and six plastid

microsatellites (cpSSR), including only pure individuals of Aechmea comata and A. kertesziae.

Source of variation Percentage of variation  F statistics P-value
NUSSR
Among species 5.15 Fcr=0.052 <0.01
Among populations within species 11.09 Fst=0.162 <0.001
Within populations 83.76 Fsc=0.117 <0.001
CpSSR
Among species 2.81 Fcr=10.025 n.s.
Among populations within species 4493 Fst=0.453 <0.001
Within populations 52.26 Fsc=0.439 <0.001
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Table 7. Results obtained from intraspecific and interspecific cross-pollination experiments of Aechmea
comata, A. caudata, and A. kertesziae, including the number of pollinated flowers, number and percentage
of fruits produced with seed (FP%), seed viability, and estimates of the strength of different stages of

prezygotic (fruit formation) and postzygotic isolation (embryo mortality).

Pollen recipient Pollen donor Flowers Fruits FP % Number Seed viability Prezygotic Postzygotic

of seeds (%) Isolation Isolation
Intraspecific cross-pollination
A. comata A. comata 6 6 100 182 84.62 - -
A. caudata A. caudata 5 5 80 75 88 - -
A. kertesziae A. kertesziae 8 7 87.5 52 92.31 - -
Interspecific cross-pollination
A. comata A. caudata 11 10 91 135 52.59 0.30 0.14
A. caudata A. comata 12 6 50 186 95.7 ' '
A. kertesziae A. comata 12 9 75 98 95.92 0.07 0.00
A. comata A. kertesziae 3 3 100 70 97.14 ' '
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Figure 1. Map showing the geographical distribution of the four allopatric populations and four sympatric
areas sampled of Aechmea comata, A. caudata and A. kertesziae. UCAD: Unidade de Conservacdo

Ambiental Desterro, PMLL: Parque Municipal Lagoinha do Leste; MLC: Morro da Lagoa da Conceigéo.
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Figure 2. Posterior probabilities (g) for PMLL (Parque Municipal Lagoinha do Leste) and Mogambique
sympatric areas analyzed with Structure. The proportion of colors in each bar represents the assignment
probability of an individual, corresponding to Aechmea comata (green, g < 0.10), A. caudata (red, g > 0.90)
and hybrids (0.10 < g < 0.90) in the sympatric areas.
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Figure 3. Posterior probabilities (q) for MLC (Morro da Lagoa da Concei¢do) and UCAD (Unidade de
Conservacdo Ambiental Desterro) sympatric areas analyzed with Structure. The proportion of colors in each
bar represents the assignment probability of an individual, corresponding to Aechmea comata (green, g <
0.10), A. kertesziae (blue, g > 0.90) and hybrids (0.10 < g < 0.90) in the sympatric areas.
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Figure 4. Bidirectional migration rates (effective number of migrantes, Nem) between Aechmea comata, A.

caudata, and hybrids from two sympatric areas, PMLL (Parque Municipal Lagoinha do Leste) and
Mocambique.
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Figure 5. Bidirectional migration rates (effective number of migrantes, Nem) between Aechmea comata, A.

kertesziae, and hybrids from two sympatric areas, MLC (Morro da Lagoa da Conceicao) and UCAD

(Unidade de Conservacdo Ambiental Desterro).
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Figure 6. Median-joining network among plastid DNA haplotypes for Aechmea comata and A. caudata
based on six plastid microsatellite markers. The haplotypes are indicated by the circles, the size of each
circle being proportional to the observed frequency of each haplotype. The colors indicate the individuals
classified as pure parental species and hybrids. Lines draw between haplotypes represent mutation events

and the numbers identify how many mutations were observed.
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Figure 7. Median-joining network among plastid DNA haplotypes for Aechmea comata and A. kertesziae
based on six plastid microsatellite markers. The haplotypes are indicated by the circles, the size of each

circle being proportional to the observed frequency of each haplotype. The colors indicate the individuals
classified as pure parental species and hybrids. Lines draw between haplotypes represent mutation events

and the numbers identify how many mutations were observed.
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Species and hybrids
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Figure 8. Scatterplot of scores derived from principal component analysis (PCA). PC1 vs. PC2 separated by
species and hybrids (identified based on Structure results) based on four morphometric characters for
Aechmea comata, A. caudata, A. kertesziae, and hybrids. Hybrids with similar morphology to one of the

parental species are indicated by the first parental of the crossing. Var: variance.
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Figure 9. Correspondence analysis (CA) for three species of Aechmea (A. comata, A. caudata, and A.

kertesziae) and hybrids (identified based on Structure results). Microhabitat preference was based on the
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habitat (T: terrestrial, R: rupicolous, E: epiphytic) and environment (high or low solar luminosity, L: Light

and S: Shadow, respectively). Hybrids with similar morphology to one of the parental species are indicated

by the first parental of the crossing.
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Supplemental Information

Table S1. Details for all areas sampled in this study, including population names, species, sample sizes, geographical coordinates and voucher information.

Population Species Sample Size  Latitude (S) Longitude (W) Voucher
Allopatric
Daniela-SC A comata 23 26°26° 48°31° ICN 184897
Praia dos Ingleses - SC ' 23 27°26’ 48°22’
Laguna-SC A. kertesziae 25 28°30° 48°45’ ICN 167498
Caminho do Rei - SC A. caudata 24 27°26° 48°24’ ICN 187561
Sympatric zones
MLC-SC A comata— A. kertesziae 14 27°35° 48°28° ICN 184898
UCAD-SC ' ' 53 27°31° 48°30° ICN 165256
PMLL-SC A comata— A. caudata 49 27°45° 48°29’ INC 186502/ICN 186503
Mocambiqgue - SC ' ' 33 27°28’ 48°23’ ICN 187560

Total 244

Notes: MLC: Morro da Lagoa da Concei¢do, UCAD: Unidade de Conservacdao Ambiental Desterro, PMLL: Parque Municipal Lagoinha do Leste, SC:

Brazilian Federal state of Santa Catarina, ICN: Herbarium of Instituto de Ciéncias Naturais.
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Table S2. Details for all populations used in morphological and ecological analyses, including names,

species and sample sizes.

Population Species Sample Size analysis
Allopatric Morphological Ecological
Daniela-SC A. comata 31 31
Laguna-SC A. kertesziae 35 35
Caminho do Rei-SC A. caudata 31 33
Sympatric zones
UCAD-SC A. comata — A. kertesziae 56 57
PMLL-SC A. comata — A. caudata >0 >0
Mocambique-SC ' ' 33 33

Total 236 239

UCAD: Unidade de Conservacdo Ambiental Desterro, PMLL: Parque Municipal Lagoinha do Leste, SC:

Brazilian Federal state of Santa Catarina.
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Table S3. Morphological characters used in morphometric analyses separated by species and hybrids,
including means and standard deviations. Hcc (hybrids between A. comata and A. caudata with similar
morphology to A. comata), Hck (hybrids between A. comata and A. kertesziae with similar morphology to A.

comata) and Hkc (hybrids between A. kertesziae and A. comata with similar morphology to A. kertesziae).

Morphological Species and hybrids (Sample size)
characters
A. comata A. caudata Hcc (3) A. kertesziae Hck (8) Hkc (6)
(104) (61) (54)
Total number of 52.74+£22.80 142.10+67.66 42.33+12.01 92.83+81.23 60.00+37.80 126.50 +55.52
flowers

Height of rachis 6.83 +2.66 15.82 +4.92 4.83+0.76 15.52 + 5.69 5.88 + 2.56 13.17 +5.05

Lower width of 577 +1.33 8.23+2.62 2.83+0.76 4,39 +2.37 3.63+0.52 4.83+3.82
rachis

Width of lower floral 3.38 +1.80 297 +0.78 405+1.18 494 +1.05 6.02 +0.97 3.90+0.98
bract
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Table S4. Correlation among variables and each principal component. LN (Napierian logarithm).

Variables Principal Components
PC1 PC2 PC3 PC4
LN_Total number of flowers 0.872 0.066 0.013 0.485
Height of the rachis 0.820 0.361 -0.395 -0.202
LN_Lower width of the rachis 0.854 0.159 0.445 -0.217
Width of floral bract -0.682 0.717 0.099 0.105
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Table S5. Morphological classification of the A. comata, A. caudata and A. kertesziae. Proportion of
individuals classified correctly or incorrectly according to the morphology expected for each species. The

first column lists the species based on field classification and the first row provides the predicted group
membership.

Predicted Group Membership
Species (N) A. comata (%) A. caudata (%) A. kertesziae (%)

A.comata (115) 112 (97.4) 1 (0.90) 2(1.7)
A. caudata (61) 1(1.6) 58 (95.1) 2 (3.3)
A. kertesziae (60) 16 (26.7) 5 (8.3) 39 (65.0)
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Table S6. Morphological characters used in morphometric analyses of A. comata, A. caudata, A. kertesziae and hybrids separated by populations, including
means and standard deviations. Hybrids with similar morphology to one of the parental species are indicated by the first parental of the crossing.

Species/populations (sample size) Morphological characters
Total number of flowers Height of rachis Lower width of rachis ~ Width of lower floral bract
Allopatric
A. comata - Daniela (31) 51.58 +20.40 6.68 £1.78 3.88 £3.10 6.32 £1.65
A. caudata — Caminho do Rei (31) 139.71 £+ 54.11 14.42 £5.28 7.18 +1.52 2.66 +0.72
A. kertesziae — Laguna (35) 54.20 + 15.84 16.20 + 5.83 4.03+£0.48 5.42 +0.63
Sympatric zones
PMLL
A. comata (23) 54.96 +29.03 8.80 +3.61 3.65 +0.66 6.06 +0.76
A. caudata (26) 143.35 +81.06 1754 +£4.22 9.25 £3.20 3.40 £0.71
Hybrid (1) 43.00 5.00 3.50 5.07
Mocambique
A. comata (27) 49.04 +1851 6.09 £2.15 2.61 £0.40 4.61 +0.90
A. caudata (4) 152,50 +85.41 1550 £3.24 9.75 £2.40 2.68 £0.36
Hybrids (2) 42.00 + 16.97 4.75 + 1.06 2.50 £0.71 3.55 +1.12
UCAD

A. comata (23) 56.43 £ 24.10 5.93+2.17 3.34£0.53 6.13+0.85
A. kertesziae (19) 164 + 103. 46 14.27 + 5.36 5.06 + 3.93 407 £1.12
Hybrids A. comata x A. kertesziae (8) 60.00 = 37.80 5.88 £ 2.56 3.63+£0.52 6.02 £ 0.97
Hybrids A. kertesziae x A. comata (6) 126.50 £ 55.52 13.17 £5.05 4.83 + 3.82 3.90 + 0.98
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Fig. S1. (A) Aechmea comata, (B) A. caudata and (C) A. kertesziae.
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Fig. S3. Morphological characters measured in this study.
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Fig. S4. Magnitude of AK from Structure analysis of K (mean = SD over 10 replicates), calculated by
following the method proposed by Evanno et al. (2005), for A. comata and A. caudata (A), and for A.
comata and A. kertesziae (B), based on nuclear microsatellite data. The model values of these distributions

indicate the true K or the uppermost level of structure is two “genetic clusters”.
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hybrids with similar morphology to A. comata (H-L).
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Capitulo 111

Considerac6es Finais

Aechmea kertesziae
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Considerac0es Finais

A presente dissertacdo visa contribuir para a area de evolucdo de plantas
Neotropicais e principalmente para uma melhor compreensdo dos processos envolvidos
na especiacao de plantas, fluxo génico interespecifico e barreiras reprodutivas pre e pos-
zigoticas. Aechmea comata, A. caudata e A. kertesziae, as espécies abordadas nesse
estudo, pertencem a um subgénero de recente diversificagdo em Aechmea: subgénero
Ortgiesia (Silvestro et al., 2014; Goetze et al., 2016). A motivagdo para estudar essas
espécies partiu de evidéncias que mostravam um possivel processo de hibridacdo de A.
comata com A. caudata e com A. kertesziae, baseadas em dados moleculares. Juntamente
com dados da literatura e observacdes a campo, nosso grupo de pesquisa decidiu realizar
um estudo envolvendo essas trés espécies a fim de testar essa hipotese. Nesse estudo nos
optamos por uma abordagem integrada de dados moleculares (marcadores de
microssatélites nucleares e plastidiais), morfoldgicos, ecologicos (microhabitat) e
cruzamentos artificiais, para fornecer uma perspectiva da natureza do limite das espécies.

Os resultados desse estudo comprovaram as suspeitas de hibridacéo de A. comata
com A. caudata e com A. kertesziae, baseado nos dados moleculares e de compatibilidade
reprodutiva dessas espécies pelos cruzamentos artificiais. Os dados plastidiais indicaram
que o fluxo génico interespecifico entre A. comata e A. caudata ocorreu via polen em vez
de sementes, e com A. kertesziae o fluxo génico interespecifico ocorreu tanto via pélen
como via sementes. Os dados ecoldgicos demonstraram que as trés espécies e os hibridos
apresentam diferentes preferéncias de microhabitat baseado no habito e ambiente.
Morfologicamente, A. comata e A. kertesziae apresentaram grande sobreposicdo de
caracteres florais, enquanto que A. comata e A. caudata foram claramente distinguidas
baseado nas variaveis analisadas nesse estudo.

Os hibridos entre esses dois pares de espécies ndo apresentaram morfologia
intermediaria quando comparado aos parentais. Estes resultados evidenciaram a
dificuldade em reconhecer hibridos baseados apenas em caracteres morfologicos,
especialmente em grupos que apresentam consideravel variabilidade morfologica
(Schulte et al., 2010) e a inconsisténcia da morfologia para a identificacdo de hibridos
baseados em caracteres sujeitos a influéncia ambiental (Leal et al., 2016).

Os dados moleculares demonstraram que A. comata hibridiza em maior frequéncia
com A. kertesziae (17 hibridos) do que com A. caudata (3 hibridos). Entre essas espécies,

observou-se isolamento reprodutivo incompleto, tanto pré- (incompatibilidade do
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estigma-polen que afeta a formacgdo do fruto) quanto pdés-zigético (mortalidade do
embrido que afeta a viabilidade das sementes), mas 0 menor isolamento reprodutivo foi
observado entre A. comata e A. kertesziae. Provavelmente isso se deve a relacdo
filogenética mais proxima entre A. comata e A. kertesziae quando comparada com A.
caudata (Goetze et al., 2016).

Aechmea comata apresentou a maior diversidade genética ja relatada para
bromeélias, apesar de ser uma espécie rara, restrita a llha de Santa Catarina. Os processos
de hibridacdo com A. caudata e A. kertesziae poderiam representar um risco para A.
comata devido ao fato de ser uma espécie rara e restrita. Nesse estudo néo foi possivel
identificar o nivel de introgressdo entre essas espécies, 0 que permitiria estimar o risco
que a hibridacdo pode representar para essas bromélias. Uma das possives consequéncias
da hibridacdo com espécies raras é o enriquecimento do pool génico através do fluxo
génico interespecifico que poderia ter acontecido com A. comata (Stebbins, 1942). Mais
estudos s&o necessarios para confirmar essa hipotese.

Os padrdes de variacdo genética (nuclear e cpDNA), morfologica e ecoldgica
(microhabitat) sdo coincidentes com a delimitacdo das espécies. Embora algum fluxo
génico tenha sido observado nas areas simpatricas e A. comata tenha demonstrado
compatibilidade reprodutiva com A. caudata e A. kertesziae, € provavel que um conjunto
de barreiras tanto pré- (isolamento fenoldgico e etoldgico, autocompatibilidade) quanto
pos-zigdticas (baixa viabilidade e/ou esterilidade dos hibridos) sejam responsaveis pela
manutencdo da integridade dos limites das espécies. Mais estudos sdo necessarios para
confirmar as provaveis barreiras pds-zigoticas entre essas espécies e identificar a extensao

da introgressdo dentro de A. comata.
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