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The Orchidaceae seems to be a family in a stadetofe evolution.

Robert Dresller



RESUMO:

A compreensdao dos efeitos da paisagem sobre atcot@de e divergéncia genética de
populacdes naturais € essencial para o entendinuEstgpadroes biogeograficos de
distribuicdo da diversidade bioldgica. Esse conhento € particularmente importante
para regides como Quadrilatero Ferrifero, um cedéraliversidade e endemismo das
areas de altitude do leste da América do Sul. Mgatélites nucleares foram utilizados
para averiguar a estrutura genética espacial, @stindiversidade genética e explorar a
relacdo entre diversidade genética, diversidaddahdgica e investimento reprodutivo
em sete populagcbes naturais @atteya liliputana (Orchidaceae). A modelagem
Bayesiana de agrupamento espacial revelou um patbdestruturacdo genético de
acordo com a divisdo pré-estabelecida de populatdtesais. O algoritmo de maxima
diferenciacdo de Monmonier e modelagem Bayesiangpmgrama STRUCTURE
identificaram uma barreira genética localizadaeeatSerra do Caraca e o vale do Rio
das Velhas. Andlises populacionais revelaram urtratesacdo espacial moderada(

= 0.138, p<0.001) e alta diversidade genética eogandia He = 0.733+0.03;Fis =
0.308+0.04). A relacdo genética entre populacOéssees de Mantel indicaram um
padrdo biogeografico para distribuicdo da varidade genética e morfolégica. Foi
encontrado uma correlacdo positiva entre diversidgeinética e morfolégica entre
populacdes. PopulacBes pertencentes aos gruposcgenéentificados apresentaram
estratégias de investimento reprodutivo diferenigsis grupos genéticos distintos
foram encontrados ef@attleya liliputana cada um representa uma unidade evolutiva,
merecendo atencdo no manejo e conservacdo daespépresente estudo demonstra
como a descontinuidade de afloramentos rochosaaraeteristicas do relevo atuam
sobre a estruturacdo genética, diferenciacdo nagifd e variagdo no investimento
reprodutivo. O isolamento genético ao longo do ippde acarretar em diferenciacéo
morfolégica com capacidade de limitar a reprodusdioe populacdes de. liliputana
Esses processos em conjunto com alta heterogepesabiental podem ser um fator

importante na irradiacdo evolutiva @attleyasect.Parviflorae.

Palavras chave:Quadrilatero Ferrifero, genética da paisagem,idackeae, campo
rupestre, microssatélites, morfometria, estratégpaodutiva.
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ABSTRACT:

Knowledge of the role of landscapes in shaping giemennectivity and divergence is
essential for understanding patterns of biogeograid diversity. This is particularly
relevant for the highly heterogeneous Iron Quadeamggion, a major biodiversity
hotspot in eastern South America highlaridisclear microsatellites were used to assess
the landscape genetics, estimate genetic diveasitiyexplore genetic relationships with
morphological variability and reproductive stragsgifor seven natural populations of
Cattleya liliputana (Orchidaceae) Spatial Bayesian clustering suggested genetic
structuring in accordance with pre-established na&typopulations. Monmonier’s
maximum difference algorithm and Bayesian analgsisSTRUCTURE identified an
major discontinuity between Serra do Caraca amddas Velhas valley. Population-
based analyses revealed moderate genetic strugtffiign = 0.138, p<0.001) and high
genetic diversity and inbreedingl¢ = 0.733+0.03Fis = 0.308+0.04). Interpopulation
relationships and Mantel tests supported a bioggancal pattern to the distribution of
the genetic and morphological variability. We fousignificant correlation for genetic
and morphological diversity among populations. Rajons from of the two main
genetic and morphological groups also exhibitetetght investment in the production
of flowers. Two distinct groupings were identifiagthin C. liliputana. Each comprises
an evolutionarily significant unit, warranting cengation considerations. The current
study illustrates that landscape discontinuity esigenetic structuring, morphological
divergence and reproductive trade-offs. Isolatigrrdime may lead to morphological
changes that can limit reproduction between pojuuat of C. liliputana These
processes in conjunction to high landscape hetemtyecan be an important driver of
Cattleyasect.Parviflorae species diversification.

Keywords: Iron Quadrangle, landscape genetics, orchidaceagpo rupestre
microsatellites, morphometrics, reproductive stygte
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INTRODUCAO GERAL

A FAMILIA ORCHIDACEAE

Orchidaceae é considerada uma das familias deaplandis diversas e amplamente
distribuidas. A maior riqueza de espécies da fanedita concentrada nos tropicos, em
especial em regides montanhosas (Dressler, 199g0ade variabilidade de caracteres
florais e diversificados mecanismos de polinizatgo atraido a atencdo de bidlogos
evolutivos desde os tempos de Darwin. Robert Rnesscreve em seu lividhe
Orchids: Natural History and Classificatioque ‘“The Orchidaceae seems to be a family
in a state of active evolution.” De fato, encontramos na familia uma ampla gaena d
espécies “boas”, variedades, complexos de espédmridos naturais sem definicao
taxondmica clara. A sistematica de Orchidaceae @afrentado grandes desafios na
classificacdo de espécie e na proposicdo de mewasisvolutivos que expliguem os
padrées de diversidade da familia (e.g. Chiron &t@aNeto, 2002; C van den Berg et
al., 2000; Cassio van den Berg et al., 2009). boiapte, portanto, que se tenha cautela
na leitura de filogenias. As classificacfes atuligem ser vistas como hipoteses de
trabalho a serem testadas com incorporacdo de rdadss e, idealmente, como um

guia na procura de novas informacdes que ajudelareser os padrdes evolutivos do

grupo.

Segundo Cameron et al., (1999), Orchidaceae padéisdida em cinco subfamilias
(Apostasioideae, Cypripedioideae, Epidendroideaehi@oideae e Vanilloideae),sendo
Epidendroideae a mais diversa, com cerca de 65€rg€r 18.000 espécies. A subtribo
Laeliinae (dentro de Epidendroideae) é a terceis@omde Orchidaceae, possuindo
aproximadamente 40 géneros e mais de 2000 espdisiedbuidas no Neotropico
(Pridgeonet al, 2005). Laellinae inclui alguns dos mais imporangéneros de plantas
ornamentais, combaelia e Catlleya, e géneros representativos da flora de orquideas
neotropicais, com&pidendrum Encycliae Prostechegvan den Berget al, 2000). O
grande numero de espécies, grupos genéricos gentacos indicam que essa subtribo
constitui um grupo em processo de irradiacdo atlepteecente, atraindo interesse em

relacéo a seus padrbes de diversificacéo (van deyeBal, 2009).
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Segundo (Barros, 1990D"génerd_aeliacom 7 sec¢des das quais 5 ocorrentes no Brasil
, (hoje reconhecidas confoattleyg, apresenta caracteristicas evolutivas interessant
principalmente a secRarviflorae, que ocorre predominantemente em Minas Gerais e

que representa um exemplo de "evolucéo explosimdaam andamento.”

A secdo Parviflorae possui 36 espécies e varios hibridos naturais, retas
principalmente em campos rupestres de Minas Gaais,algumas poucas espécies na
Bahia, Espirito Santo e Rio de JaneBegundo (Pabst & Dungs, 1975), as montanhas
de Minas Gerais representam um dos locais nolBm@si o0 maior numero de espécies
de OrchidaceaeQuando comparada com as demais se¢fes do génesecda
Parviflorae apresenta algumas caracteristicas muito peculiaygmssui mais espécies
que todas as demais secdes juntas; b) quase todasespasies sao rupicolas,
contrariamenteas outras secdes onde as espécies sao exclusieamgifitas; c)
apresenta alta incidéncia de poliploidia; d) vagapécies apresentam flores amarelas,
alaranjadas ou vermelhasnquanto nas demais sec¢0es, as cores predomisdotes
lilas e o roxo; e) asspécies sao de reconhecimento relativamentel didicehne 1952),
devido a grande semelhanca entre si e a gravatgabilidade morfolégica entre
populacdesf) suas flores sdo sempre menores que nas dengaisssgcom excecata
secaoMicrolaelia); g) hibridos naturais sé@o relativamente comuns eniasespécies.
(Barros, 1990). A situacao da secao Parvifloragpaltto de vista do taxonomista, € a
deum grupo muito complexo, devido a variabilidadeargspecifica e ao aparecimento

de individuos com caracteristicas intermediaridseesis espécies previamenteeitas
(Fig. 1).

SISTEMATICA E PROBLEMAS TAXONOMICOS EM  CATTLEYA:!

As espécies d€attleyasect.Parviflorae foram primeiramente descritas e por mais de
um século classificadas como pertencentes ao géaelia. O génerd.aeliafoi criado
formalmente por Lindley, tendo como espécie timelia grandiflora presente no
México. A primeira proposta de classificacdo pargémeroLaelia, elaborada por
Lindley, separava as espécies em dois gru@eandiflorag expécies mexicanas
Parviflorae, espécies brasileira8s principais caracteristicas utilizadas para esta
classificacdo foram pecas do perianto, apresentpatidas maiores que as sépalas no

primeiro grupo, e sépalas e pétalas do mesmo tamamkegundo. Desde entéo, varias
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propostas de classificacdo vém sendo sugeridase(bodr, 1917; Brieger, 1960, 1961;
Pabst & Dungs, 1975; Withner, 1990; van den Brgl, 2000, 2009; Chiron & Castro
Neto, 2002).

Figura 1. Variabilidade morfologica do complex de espécies Adianca Liliputana.(A)
Cattleya ghilanyj (C) Cattleya liliputana (G) Cattleya fournieri (I) Cattleya longipes.
(B,D,E,F andH) Intermediarios morfoldgicos entre as espécies.

Pabst & Dungs (1975) fizeram uma tentativa de iflaagéo infragenérica, propondo a
estruturacéo do génet@elia em quatro sec¢des, sendo efastleyodesHadrolaelig

Microlaelia e Parviflorae. A secdoParviflorae foi estabelecida para acomodar as
espécies rupicolas e com pseudobulbos obclavagoac@rdo com o autor, a secao foi
subdividida em cinco aliancas, levando em consgdera altura do escapo floral em

relacdo as folhas e coloracao das flores (Fig. 2)
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O géneroHoffmannseggelliH. G. Jones (Jones, 1968) foi criacmmo uma tentativ
para acomodar as espécies rupicolas brasileirdenpentes anteriormente a se
Parviflorae (Pabst & Dungs, 197, tendo como espécie tijo cinnabarini Batem. ex
Lindl. A utilizacdo deHoffmannseggel é controvérsia, em razao de sua aceitlevar
a divisdo do atual género Cattleya em uma grandetiglade de géneros proximamel
relacionados aHoffmannseggell mas de dificil circunscricdo morfologice baixa
identificabilidade.No entanto, essa é a taxonomia adotada pela Léstasgécies d
Flora do Brasil (de Barrost al, 2013).

A Alianca Liliputana é um complexo de espécda secadParviflorae proposto por
Pabst (Pabst & Dungs, 1975) e Withi((Withner, 1990).0 complexo é reconhecic
pelo tamanho diminuto das inflorescéncias e reduritmero delores (Fig. 2) Todas
as espeécies do complexo esentam distribuicdo geografica restrita. Cinc@eigs sa
endémicas do Quadrilatero Ferrifero (QC. liliputana, C. kettieana, C. fournieri, !
reginaee C. longipe} e outras duasC.duveniie C. ghillany) possuem distribui¢é
deslocada ao norte, r@mgendcregido daSerra do Cipo e regido do Pico do Itan

municipio de Diamantina, M (Verola, 2008; Antonelliet al, 201(; dados néo

publicados).

Figura 2. Variacdo na ltura do escapo floral enCattleya sect. Parviflorag, caractere
taxondmico importante para separacdo das espém Aliancas segundcPabst & Dungs
(1975) e Withner, 1990(A) C. cinabarina,representante da Alianca Parviflorae. Esp
apresenta escapoofbl grande, aproximadamente trés vezes o tamanhofaihas.(B) C.
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ghillanyi, representante da Alianca Liliputana. Espécie smma escapo flor
aproximadamente do mesmo tamanho das f

7z

Cattleya liliputana (Past) Van den Berg é uma espécie rua encontrada el
afloramentos rochosos entre 1400 a 2070m de adtiticespécie pode ser identifice
em campo pela presenca de folhas avermelhadas doed#2.5 mm, pedunculo flor
diminuto medindo 23.4+15.9mm e labelo magenta dmdto arredondado mindo
aproximadamente 10 x10 mm com guias de néctar &ax de grande destagina parte
interna do lobo medial do labe(Fig. 3).Individuos produzem de 1 a 5 inflorescéna

que abrigam de 1 a 3 flores de Julho a Out

O géneroCattleyaainda carec«de umarevisdo infragenérica detalhada reflita o
processo de diversificac@las espécies. Entretantoaises genéticas eCattleyasect.
Parviflorae tém sido dificultads pelo baixo polimorfismo encontrado em sequén
plastidiais, levando a conscdo de arvores filogenéticas de baixo sup(van den
Berg et al, 2009; Antonelli et al, 2010; Gustafssoret al, 2010. A baixa
informatividade de sequéncias plastidiais tem cometido o tes' de hipéteses
filogeograficas que poderiam esclarecer a evolig@opadrao de diversificacdo ¢

espécies.

Figura 3. Habito e variabilidade morfolégica (Cattleya liliputana
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DESAFIOS PARA CONSERVAGAO:

Os afloramentos rochosos do Quadrilatero Ferrif€®&) habitat de uma grande
diversidade de espécies diattleya sect. Parviflorae apresentam também grande
heterogeneidade estrutural, dando origem a um aeb@culiar formado por rochas
ferriferas (canga), quartziticas e graniticas (Sgtieal, 2003; Jacobi & Carmo, 2008;
Carmo, 2010). Cerca de 50% do minério de ferroileres € extraido no QF em
aproximadamente 50 minas em atividade na regiad?(®N2005). Os afloramentos do
QF se encontram sob crescente pressao econdomicantimha pelo interesse em
investimentos para extracdo de minério. A degramapabiental direta, causada pela
remocao dos afloramentos para abertura de lavrag]ireta, causada pela crescente
urbanizacdo e especulacdo imobilidria, tém colocawho risco de extingdo grande
guantidade de espécies. Por exemplo, dados preliesin sugerem que
aproximadamente 34% da area de ocorréncia Clattleya liliputana foi
irreversivelmente perdida e o restante apresersadgr fragmentacdo e perda da

gualidade ambiental (B. Leles, dados nao publicados

Muitas espécies d€attleya sect. Parviflorae em especial as endémicas do QF, se
encontram ameacadas. Algumas espécies ja constdastaaVermelha da Flora de
Minas Gerais, publicada em 2007 (Tabela 1). Enitetapouco se conhece sobre
distribuicdo geogréafica, diversidade morfologicajetsidade genética, mecanismo de
reproducdo, polinizadores, taxonomia e relacaogdih@tica de espécies da secao
Parviflorae com outras espécies do género. A caréncia de iafgfioncontrasta com a
rapida perda de habitat e a grande vulnerabilidizdeespécies, o que vem tornando o

risco de extingdo uma ameaca real.

Apesar da acelerada degradacdo ambiental, ha @aréacdados que sustentem a
proposicdo de estratégias de manejo que minimizenimpactos ambientais para
plantas de campo rupestre. Portanto, a producaddadi®s de histéria natural,
diversidade genética e reproducédo sao de grareléralia para o inicio da aplicacao de
abordagens orientadas para conservacéo. A jungie denhecimento com o trabalho
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de licenciamento ambiental e resgate de florazaadi pelas operadoras de minas

QF aumentaria 0 sucesso de projetoconservagao.

Tabelal Orguidaceas dogénero Jarisya ameagadas de extinsio
segundo Lista vVermelha daFlora de RMinas Gerais, 2007

iZategoriade End&mico  Goorrente

Espeis Ameaa do GF no CF
COTTiE s ey ll,,_C.'L,.'l"fLHIC.”'C.' F "
Cormisya auvseni R
Corneyq Fourmien R " *
TS SO G E
Carneyd rong hean R "
Carmlepaidaging iF " "
COTTE N e R ; "
CoToEyQ QuITaIa R
COTmEyd eIy s Togia s R
COTIE i prerinl R
CorTieyd et E
Cormleva bioas! Er
CormiEyn e fJ'EI"I: Er
CQrmisyd calisioen: EM "
Cormisyaloqoig sl EM
CRrnisys AR erinag El
CRTTS Y0 A ETTTEN El
Carnlsya cocoinsn El
COTTSYE SR El "
Cormspa oo EM
CRTTE Y IR A aaE El
Cormisya pEaaui EM
Cornispd pumia EM
Cormleya cinnabaring Wl §
Corrisya snaifeinai Y
Cormieyn ghiicng WL
CoTniEyd icoion WL "

CRoriticamente amesagadoe BN em perige. WU vulnerave|

A producdo de dados ecoldgicos, em conjunto comagliaacdo em estratégias

manejo, sensibilizacdo de setores empresariaighemento de estudantes, educa
ambiental, integracdo da gesde RPPNs, maior fiscalizacdo governaml e estimulo
a investimentos serd o caminho mais prospero parsecvacdo da biodividade do

Quadrilatero Ferrifero.
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OBJETIVOS

Objetivo geral:

Avaliar a estrutura genética deattleya liliputanae suas relacbes com variabilidade

morfologica e investimento reprodutivo.

Objetivos especificos:

)] Transferir marcadores microssatélites @attleya coccinegpara Cattleya
liliputana.
i) Determinar estrutura genética espacial @attleya liliputana testar

ocorréncia de barreiras genéticas entre populag@sterminar indices de

diversidade genética.

1)) Avaliar variabilidade morfologica de caracteresdls e vegetativos.

iv) Determinar investimento reprodutivo na producdo idlorescéncias e

flores.

V) Testar correlacdo entre indices de diversidade tigane& diversidade

morfologica.
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CAPITULO 1

Genetic structure is associated with phenotypi@mgnce in floral traits
and reproductive investment in a high altitude @cfrom the Iron

Quadrangle, southeastern Brazil
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Abstract

Tropical mountains are interesting models to tpsices radiations and the effects of
landscape properties on genetic structure and @calo characters of natural
populations. Because of their disconnected geograpture, mountain tops and rock
outcrops are frequently compared with oceanic ddaras most of them display a
marked ecological isolation from the surroundingaarKnowledge of the role of
montane landscapes in shaping genetic connectuitiylocal adaptation is essential for
understanding evolutionary patterns and developroémfficient conservation plans.
Nuclear microsatellites were used to assess thdsdape genetics, estimate genetic
diversity and explore genetic relationships with rpimlogical variability and
reproductive strategies in seven natural populatioof Cattleya liliputana
(Orchidaceae) Spatial Bayesian clustering and population-basealyaes revealed
significant genetic structuring=¢r = 0.138, P<0.001) and high genetic diversity and
inbreeding He = 0.733+0.03;Fis = 0.308+0.04). Strong differentiation was found
between populations over short spatial scalescatitig substantial periods of isolation.
Monmonier’'s maximum difference algorithm and Bagasanalysis on STRUCTURE
identified one major genetic discontinuity betwgmpulations. Significant correlation
was found for genetic and morphological diversitmoag populations. Divergent
genetic groups showed phenotypic divergence indtawaits and different reproductive
strategies, suggesting local adaptations. The teesughlight the importance of
restricted gene flow, genetic drift and local adéiph as drivers of plant diversification

in montane islands such as high altitude rock optr

Keywords: campo rupestrelron Quadrangle, Espinhaco Range Region, landscape

genetics, microsatellites, morphometrics, Orchidacereproductive strategy.

22



Introduction

Tropical mountains play an unquestionable role ronmting regional and global
biodiversity (Burke, 2003). Montane ecosystems aionsome of the world’s richest
plant communities (Gentry, 1982; Hendersbral, 1991; Barthlotet al, 1996) but our
knowledge about species distribution, genetic stirecand evolutionary pattern of plant
diversity in these regions is still fragmentary (8g, 1995; Safford, 2007; Rapiet al,
2008; Echternachet al, 2011). The risk of habitat loss under climatengeapredicts
high extinction rates for plants and animals instheegions (Thuilleet al, 2005;
Ohlemdlleret al, 2008; Dirnboclet al, 2011; Gottfriecet al, 2012).

Tropical mountains are important models to testcigseradiations and the
effects of landscape properties on genetic stractdirnatural populations (Hughes &
Eastwood, 2006; Antonelkt al, 2009, 2010; Palma-Silvat al, 2011; Amaroet al,
2012; Gutiérrez-Pintet al, 2012; Carcet al, 2013; Pinheircet al, 2014). Describing
how landscapes and historical changes in landsgapperties shape the genetic
diversity, gene flow and local adaptation is edgsémbr understanding the patterns of
present-day diversity and project future respomsdace of increasing climate change
(Jump & Penuelas, 2005; Byasal, 2007; Storfeet al, 2007; Manel & Holderegger,
2013).

Tropical montane landscapes combine discontinuastsibdition with edapho-
climatic variations resulting from altitudinal giadts. Because of their disconnected
geographic nature, mountain tops and rock outciames frequently compared with
oceanic islands, since most of them display a noheeplogical isolation from the
surrounding areaA growing number of population genetic studies haxplored the
effect of landscape on genetic parameters of sgetiearchipelagos of terrestrial
islands’ (Tréneket al, 2008; Barbar#&t al, 2009; Palma-Silvat al, 2011; Gutiérrez-
Pinto et al, 2012; Caroet al, 2013; Pinheircet al, 2014; Chaves et al., in press).
Indeed, geographic isolation on islands has praeehe a useful model system for
studies of species’ radiations (Darwin, 1859; MabAr & Wilson, 1967; Emerson,
2002; Stuessyet al, 2006). The basic concept and tools developed istand
biogeography and new methodological developmentsirftegration of spatial and
temporal data on population genetics and genomacshbe applied for evolutionary
studies providing insights on mechanisms and pattef species diversification (Manel
et al, 2003; Storferet al, 2007, 2010; Sork & Waits, 2010; Manel & Holderegg
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2013). Understanding the pattern of genetic connectiviggne flow and local
adaptations are crucial, not only for improving legal knowledge, but also for
managing properly the genetic diversity of threatenpopulations (Segelbachetral,
2010; Manel & Holderegger, 2013).

The Espinhaco Range Region (ERR) is an orograiimdtion that runs north-
south over 1000 km in the Eastern Tropical SoutheAca with high numbers of rock
outcrop formations. Espinhaco mountains separatesritant biomes like the Atlantic
Rain Forest, Cerrado and Caatinga. The Iron QuagtiaihQ) composes the southern
end of the ERR and covers an area of approxima20@knf at Minas Gerais state,
southeastern Brazil (Fig. 1). The IQ is known fgrhigh geological heterogeneity and
represents one of the most important and well-etudeological sites in South America
(Spieret al, 2003; Knauer, 2007), being responsible for arobd®h of Brazilian iron
ore production (DNPM, 2005). Quartzite and ironkramutcrops occur interspersed
throughout the 1Q mountain tops. Outcrops typicdligrbor rupicolous vegetation
embedded within a landscape composed of contraptangf communities. Studies of
plant community at iron outcrops revealed that mos$t the species present
discontinuous distribution highly structured by firesence of outcrops and availability
of specific microhabitat conditions resulting irghiindices ot andp diversity (Jacobi
et al, 2007). The 1Q is recognized as one of the regwitis higher floristic diversity
and endemism in South America highlands, having 80epercent of endemic species,
most of which are associated with rock outcropsrenments (Jacobi & Carmo, 2008;
Echternachet al, 2011).

The isolation of rock outcrops species is expettedonstrain the gene flow,
enhancing the effects of genetic drift, selectind population divergence (Hutchison &
Templeton, 1999; Willet al, 2007). Indeed, genetic studies of inselberg gsekave
provided support for these expectations (Sartbbwal, 2001; Barbarét al, 2007,
2009; Palma-Silvat al, 2011; Pinheireet al, 2014). Divergent natural selection based
on contrasting environments can promote phenotgpdt genetic differentiation among
populations (Schluter, 2000; Crispo, 2008), resglin local adaptative radiation. The
edaphic structure (occurrence of iron and quartzdek outcrops) and climatic
heterogeneity of the 1Q makes it an interesting ehad test whether contrasting
landscape and evironmental factors influence pdjpunlagenetic and ecological

parameters in eastern South American tropical regio
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In the present study, we examined the landscapetigen morphological
variation and reproductive investment @éttleya liliputana(Pabst) van den Berg, a
rupicolous orchid restricted to high altitude romktcrops at the Iron Quadrangle. The
objectives were: (i) to test in which extent larejse factors affect genetic structure and
the degree of isolation among disjoint populatidii¥ito test whether genetic structure
is correlated with divergence in floral and vegjeea morphological traits and
reproductive investment; (iii) to test whether gememorphological and reproductive
differentiation is associated with climatic and jglia factors (iron or quartzite
outcrops) and (iv) to analyze the implications donservation based on the genetic and
ecological data. The results showed that genetiergence is associated with landscape
and edaphic factors. The genetically differentigtegulations exhibited morphological
and reproductive divergence, suggesting the effegenetic drift and local adaptation.
These genetic and ecological divergences are lilceipfluence the long-term success
of conservation projects and may be the basisridetstanding evolutionary processes

in montaneCattleyaradiation.
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Material and Methods

Study species and population sampling

Cattleya liliputana(Pabst) van den Berg (van den Bexgal, 2009) is a rupiculous
orchid with its distribution restricted to the IrcQuadrangle. The species can be
identified in the field by small reddish leafs (9%2nm) and small round lip (around
10x10 mm) with a yellow mid lobe (Fig. S1 and SRalgst & Dungs, 1975; Withner,
1990). Individuals produce usually 1 — 5 infloresoes bearing 1 — 3 flowers from July
to October. Flowers usually last for several damsut 20% of flowers are pollinated
and usually less than 5% of individuals producetdr(B. Leles, unpublished data).
Fruits open around November—December and seeddradalispersed.

Samples of leaves for DNA extraction and pseudmbblearing inflorescences
for morphological measures were collected from sepepulations in all major
mountain ranges at the Iron Quadrangle (IQ) (Fig. Studied populations o€.
liliputana are found in iron and quartzite rock outcrops fro#83 to 2055m a.s.l. Five
populations (CAL, MOE, OBR, CAP and GAN) are foumcbund the Rio das Velhas
river valley forming an U-shaped distribution. Tigjion is characterized by large iron
ore deposits and intensive mining activities. Papohs grow predominantly on iron
outcrops, being rarely found on small quartzitecoapis imbedded in iron deposits.
Two other populations (CRP and PSL) are locate@ iperipheral mountain named
Serra do Caraca (Fig. 1, Table 1). This regionhigracterized by large and massive
quartzite outcrops reaching the highest altitudesEBR mountains. A minimum

distance of five meters between individuals wasiseing population sampling.

DNA extraction, PCR and Genotyping
Total DNA was extracted following the protocol delsed by Doyle and Doyle (1987).
Seven microsatellite markers isolated @attleya coccineglLeal, 2013; Novellcet al,
2013) were used to analyze genetic diversity amdideape genetics dfattleya
liliputana (Table S1).

The amplification reactions were carried out ing@%inal volume containing 1
unit of Taq polymerase (Phoneutria), 1 x IB Phonaudiuffer with 1.5 mM MgCJ, 0.2
mM dNTP, 0.04 to 0.1@M primers, 0.16.M HEX or FAN-labeled M13 primers and
10 ng of genomic DNA. Reverse amplification primeositained a M13 sequence used
for fluorescent label according to Shuelke (20@)pplemental Table 1). PCR cycles
followed premelting at 94°C for 5 min, 10 cyclediwilenaturing at 95 °C for 30 sec, an
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annealing phase at 56 to 60 °C (depending on iheepy for 1 min, an extension phase
at 72°C for 1 min, followed by 25 cycles with dematg at 89 °C for 30 sec, an
annealing phase at 53° C for 1 min, an extensics@hat 72°C for 1 min a final
extension at 72°C for 45 min. Genotyping was penst on a MegaBACE 1000
automated sequencer, using 0.1% Tween 20 and ROX$%Pe standard (GE
Healthcare). Alleles were identified using MegaBA€Egment Profiler version 1.2
software (GE Healthcare). Presence of null allales$ scoring errors at each locus were
tested using MICRO-CHECKER version 2.2.3 (van Ootstet et al, 2004) For

microsatellite primers and amplification conditicgee Supplemental Table 1.

Genetic diversity and landscape genetics
Observed () and expected (¥ heterozygosities, number of alleles and deviation
from Hardy — Weinberg equilibrium were estimateddach locus and each population
using the software Arlequin version 3.1 (Excoffegral, 2005). Allelic richness (&)
with rarefaction andF;s estimatesvere performed in FSTAT 2.9.3 (Goudet, 1995).
Population structure and landscape geneticse vegralysed with several
methods. Arlequin 3.1 was used to perform Analg§islolecular Variance (AMOVA).
Three AMOVAs were performed. One considered only twerarchical levels and
analyzed the partition of total genetic diversityang and within populations. Two
AMOVASs tested for barriers to gene flow. One AMOWésted differentiation between
two groups according to software STRUCTURE 2.B4dt¢hardet al, 2000): the Serra
do Caraca populations (CRP and PSL) and core IQilabpns (CAL, MOE, OBR,
CAP and GAN). Other AMOVA tested for groupings attog to neighbor-joining
analysis, considering three groups: Serra do Cagpagalations and division of core
populations in a west group (CAL, MOE and OBR) anceast group (CAP and GAN).
Bayesian analysis of population structure was peréd using the
STRUCTURE (Pritcharekt al, 2000), and models consisted of ten independers
for each K, set from K=1 to K=10, consisting of Q0000 Markov chain Monte Carlo
(MCMC) iterations, with initial burn-in of 50,00@&llowing admixture and assuming
correlated alleles frequencies. To infer the beshlmer of clusters, we calculated the
average likelihood of each K, ‘log of probabilityLnP(D)), through all runs as
suggested by Pritcharet al (2000) and theAK statistic according to Evannet al.

(2005). The occurrence of barriers between pomratiwas tested using the
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Monmonier’s maximum difference algorithm implemehbs Alleles in Space (Miller,
2005)

The number of populations and the occurrencesogtic discontinuities among
them were also inferred by a spatial explicit Bégresnodel based on simulations of
microsatellite data and geographic information iedriout in Geneland (Guillagt al,
2005, 2012). MCMC simulations consisted of 20.000.Mteractions with a thinning of
2000, with correlated alleles frequencies and ctioe for null alleles. At least ten
independent runs were performed and the best nwalelselected based in posterior
probability with burn-in of 1000. In order to chaterize the spatial distribution of
genetic populations defined by Bayesian simulationgps of population membership
probability for each designed cluster were gendrate

Cavalli-Sforza & Edwards pair-wise genetic dises¢Dc) were obtained in the
software FreeNA (Chapuis & Estoup, 2007). Neighjoaring clustered dendrogram
based on Dc distances was constructed in Mega Tafindraet al, 2011). 1000
bootstrap replicates of the Dc matrix were condlicteMSA (Dieringer & Schlétterer,
2003) (Dieringer & Schlétterer, 2003) and used afcualate bootstrap support using
PHYLIP 3.69 package (Felsenstein, 2006).

Morphological and reproductive investment analyses

Flowering pseudobulbs were collected in the fiefdd goreserved in 70% ethanol.
Flowers were dissected under a stereo microscopented on plastic cover slips with
reference scale and scanned at 600dpi. Disseceudpisulbs were measured with
digital caliper. Digitalized images of flower paritsere measured with software
ImageTool 3.0. Thirty two continuous characters fladal and 8 vegetative (Fig. S2),
were measured. Measurements were Ln-transformed¢@melation analysis was used
to identify autocorrelation between variables. ¥hles with autocorrelation higher than
85% were excluded from analysis. A discriminant Iggia was conducted for 26
remaining characters performed with populationn@sdategorical variable (individuals
were grouped according to the population to whieytbelonged). Cluster analysis of
the populations was carried out using the Mahalesngéneralized distance calculation
from the pooled residual covariance within grouptrimaand clustered with paired
group and Manhattan similarity algorithm. Bootstrsypport was obtained by 1000
replicates of the distance matrix. Data were amalyssing PAST 1.91(Hammet al,
2001) and Statistica (StatSoft, 2003).
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The reproductive investment of eadbattleya liliputana population was
estimated in the field through establishment of5k2m plots along a transect at the
center of studied populations and six 5x4m plotsloanly distributed along population
area, totalizing 240mper population. The number of pseudobulbs and eunadb
inflorescence of each individual inside the plotsrevcounted during 2012 flowering
season. The number of flowers per inflorescencedggesrmined on randomly collected
pseudobulbs used in the morphometric analysis.efieets of size and genetic clusters
identified by STRUCTURE on inflorescence productwere tested using a General
Linear Model (GLM) on R software.

Correlation Analyses

The correlations between the matrices of genetic) (Bistances) and geographic
distances, between the matrices of genetic and hotwgical distances, and between
matrices of morphological and geographical distaneere estimated using the Mantel
test with 10,000 randomizations in PASSaGE (Rosenl#& Anderson, 2011). A

Spearman rank correlation analysis between the motwgical (D2m) and genetic

(HeandAg) variability was carried out using Statistica 6.1.

Climatic Analyses

Random points were created on studied areas al@@@ni a.s.l. using ArcGis 10.0.
Minimum distance between points was set to 500majizing 438 points. Points were
separated according to geographic regions: wegimrd@AL and MOE), south region
(OBR), east region (CAP and GAN) and Caraca rediORP and PSL). Six low
correlated climatic variables and altitude wereaoted from WorldClim data: altitude;
annual mean precipitation; annual mean temperatoezn diurnal temperature range;
minimum temperature of the coldest month; predicedapotranspiration; and
vegetation index at July, the dry season. Climsttiacture of areas was analyzed using
principal component analysis on Statistica 6.1t(81#, 2003).
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Results:

Genetic diversity and landscape genetics

All loci were polymorphic with the number of allslearying from 15 to 39 per
locus (Table S1). MICROCHEKER analysis did not shewdence of stuttering or
allele dropout for any loci, but suggested the gmes of null alleles. Populations
showed high diversity with expected heterozigosanging from 0.712 to 0.793 and
allelic richness ranging from 6.66 to 11.47. Popaies GAN and CAP had the highest
genetic diversity (Table 2). All populations shalvdeviations of Hardy-Weinberg
equilibrium, withFis ranging from 0.250 to 0.35; at least part of thiesevalues may be
due to null alleles.

Analysis of molecular variance (AMOVA) indicated gsificant genetic
differentiation among population&4=0.138, p<0.001; Table 3). MCMC simulations
on Geneland consistently retrieved seven diffegametic populations (Fig. 2a). Maps
of population membership probability suggested adenate genetic differentiation
among populations even at close proximity (Figh2bThe Mantel test relating genetic
and geographical distances between populationsnetasignificant ( = 0.371,p =
0.071), suggesting that isolation by distance isaroimportant factor to explain the
genetic divergence between populations.

Monmonier analysis revealed one barrier separ&erga do Caraca populations
(CRP and PSL) from the remaining populations ogegraround Rio das Velhas valley
(core 1Q populations) (Fig.3a). Bayesian simulaiearried out on STRUCTURE also
suggested a strong differentiation between Serr&a@ca and core 1Q populations,
consistent with the genetic barrier revealed by Monier algorithm (Fig. 3b and 3d).
AK statistics (Evanno et al., 2005) suggested tlmimmence of three genetic clusters
(Fig. 3c) split on two geographic groups. A secdhdOVA clustering the populations
in two groups according to STRUCTURE and Monmoiaigorithms resulted in 15%
of total variation between groups and 6.3% amonmufations within groups (Table 3).

The neighbor-joining dendrogram based on Cavabrs pairwise distance
showed that the Caraca populations constitut@apgrstrongly differentiated from the
remaining populations with strong bootstrap supp@@.6%), in accordance with
previous analysis (Fig. 4A). Additionally, the deogram suggested that core 1Q
populations could be further split in two geograpbroups: a west group, including
CAL, MOE and OBR populations, and an east groududiog CAP and GAN
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populations, with moderate boostrap support, suggea possible other barrier at the
Rio das Velhas valley (Fig 1). The AMOVA considgrithese three genetic groups
according to the neighbor-joining dendrogram shoved 7.6% of total variation was

found among groups and 7.7% among populations mnvgroups P<0.001, Table 3).

Morphological divergence

The scatterplot of individual scores in the canahwiariance analysis (CVA)
involving 26 morphological characters revealedhie first axis the separation of the
core 1Q and Serra do Caraca populations (Fig.4BBL population was seen to be
separated from CRP population on the second caalosxis. There was an overlap of
most of the core 1Q populations, with exceptiontttd GAN. CVA showed that the
first four axis were statistically significant. THiest axis accumulated 56.2% of total
variance and was mainly correlated to variables2Z®and 30 (Supplemental Fig.2).
The second axis accumulated 16.2% of variance asdcarrelated with variables 8, 10,
15 and 31.

The paired group dendrogram of Mahalanobis gerecldistance of population
centroids revealed a topology of morphological afaitity consistent with the genetic
findings (Fig. 4c). The Mantel test between genatid morphological distances was
near to significancer & 0.422,P = 0.053). The median of the generalized Mahalanobis
distance from individuals to their population cems (D2m), a measure of
morphological diversity, ranged from 14.73 (OBR)30.92 (GAN). Population GAN
had the highest morphological diversity, consisteith genetics results (Table 2).
Genetic diversity was positively correlated witke tmorphological diversity (Spearman
correlation forHe and D2m, r = 0.306P < 0.05; and foMN, and D2m, r = 0.285P<
0.05). Like genetic distance, morphological diseanwas not correlated with
geographical distance between populations (Maestrt= -0.267,P=0.195).

The adnation of the lip base to the column andbtreding of the lateral lobe of
Cattleya species form a tubular chamber where the pollmatost get access to
efficiently pollinate the flower. Density plots ofolumn and lip morphometric
characters revealed a phenotypic shift. Plants fiteenSerra do Caraca group produce
flowers with wider and taller chambers than coredQup (Fig. 4d). Plants from the
Serra do Caracga exhibited a larger size for medabe base width (MLBL), column
width (CW) and lateral lobe height (LLH) than thiaqts from the core 1QP<0.01).
Column length (CL) is shorter in the Serra do Canalants (alP<0.01).
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Reproductive investment

General linear model (GLM) analysis indicated ansigant positive correlation
between individual size (hnumber of pseudobulbs) #red number of inflorescences
produced during a flowering season (Table S2). lean individual size of Serra do
Caraca and core 1Q groups was significantly difier@<0.001, Table S2). Serra do
Caraca individuals bear fewer pseudobulbs than Ereopulations (size = 56.89 *
8.97, N=87 for Caraca, and 160.0 = 17.05, N=137 dore IQ individuals). GLM
analysis pointed out a strong interaction betweadividual size (number of
pseudobulbs) and genetic group<(0.001, Table S2) on the number of inflorescences
suggesting that Serra do Caraca populations proahace inflorescence per individual
plant size than core IQ (Fig. 5a). Furthermorew#o production per inflorescence was
significantly higher for Serra do Caraca in comgami with 1Q populationsH=5.068,
P<0.001) (Fig. 5b). Altogether, these results sugtied Serra do Caracga genetic group
have a reproductive trade-off with higher investmen inflorescence and flower

production.

Climatic niche analysis

In order to test whether climatic differences magaant for the genetic, morphological
and reproductive investment differences betweena¢arand core IQ groups, we
compared WorldClim data of major 1Q mountain ran(fég 6). Principal component
analysis of randomly seeded points at areas ab®9eém a.s.l., the occurrence area of
Cattley liliputana, revealed a climatic differentiation among 1Q rewo(Fig. 6a).
However, this differentiation is not consistentiwihe genetic differentiation. Serra do
Caraca region showed a large overlap with CAP aAdl Greas (Fig 6b). The current
macroclimatic differences do not support a climahgpothesis for population
divergence. Other microclimatic and edaphic factaesy contribute to differentiation

between Serra do Caraca and other 1Q regions.
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Discussion

Genetic diversity and structure
Genetic studies of montane species can providghtssiinto the combined effects of
genetic drift, restricted gene flow and local ad#ph on evolution of lineages
restricted to disjunct populations (Hughes & Eastha?006; Palma-Silvat al, 2011;
Pinheiroet al, 2014). The Bayesian modeling of population mesitierprobability of
C. liliputuna and AMOVA results showed a significant geneticfaténtiation in
accordance with outcrop and mountain discontinslitgiggesting that landscape
contribute to genetic isolation at high altitudeviemnments even at short distances. A
Mantel test did not support isolation by distanogoag populations. Phylogeographic
studies of rock outcrop species have indeed corfirsome hypotheses associated with
such isolated habitats, such as low levels of dlemeand strong genetic drift (Byrne &
Hopper, 2008; Collevatst al, 2009; Barbosat al, 2012; Pinheiret al, 2014).

The most outstanding pattern recovered by the tiseanossatelite markers was
the deep population differentiation between Serm @araca and core 1Q. A
combination of genetic analyses retrieved similapylation structure. Bayesian
modeling of microsatellite data using STRUCTURE, rvimnier's maximum
difference algorithm and neighbor-joining tree lthea pairwise genetic differentiation
identified one major barrier separating populatiohgjuartzite outcrops of Serra do
Caraca from the core 1Q populations predominarttiyosm outcrops. A less remarkable
barrier separating west from east populations @€ d® was detected by neighbor-
joining tree, suggesting that Rio das Velhas valtap constitute a partial barrier to
gene flow. AMOVA corroborated these analyses, shgwa high differentiation
between Serra do Caraca and the core 1Q groups €0.15), and moderate
differentiation (ker= 0.076) among the three groups, Serra do Caragst,and east 1Q.
Populations CAP and GAN, in the transition zoneMeein Serra do Caraca and core 1Q
genetic clusters, showed the highest diversity admixture, suggesting that gene flow
may take place through these locations in a stepwiay before reach western
mountains. The significant pairwise genetic différ@ion among populations and the
absence of a pattern of isolation by distance stgdpat genetic drift, as observed in
other rock outcrop species (Levy & Neal, 1999; By& Hopper, 2008; Palma-Silvet
al., 2011; Mayolet al, 2012; Pinheir@t al, 2014), has been an important force shaping
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genetic variation inC. liliputana. In finite populations, such as those inhabiting
continental and oceanic islands, genetic drift rhaythe predominant force governing
allele frequencies of neutral loci (Hutchison & T@eton, 1999).

Nuclear genetic differentiation of orchids tendl® low when compared with
other plant taxa (Phillipst al, 2012). The genetic structure at landscape staleex
by C. liliputuna can be considered high£{fE0.138) in comparison with other orchid
species at Neotropical mountains. Studies Wi#ttleyaspecies in larger spatial scales
resulted in similar (Cruet al, 2011; Leal, 2013) and lower (Borbgal, 2007) fixation
indices. Genetic structure 6f. liliputanais also considerably higher than the one found
for Laelia and Epidendrum(Pinheiroet al, 2011, 2014; Kartzineét al, 2013) and
higher than the overalFst values found for the myophilouBulbophyllum and
Aciantheraspecies at the northern Espinhaco mountains (B@@@Ll; Azevedet al,
2007).

The limited gene flow across mountain tops showe@ bliliputana can be due
to low pollinator movementC. liliputana is the smallest species {Dattleyagenus,
what restrict the pollinator size to get accessh® flower chamber formed by the
bending of the lip towards the colunt@. liliputanaflowers are visited by small solitary
bees (Verola, 2008). Small bees are known to hawe movement dispersion
(Gathmann & Tscharntke, 2002). Moreover, the higeenism exhibited by most of
Cattleya sect.Parviflorae species suggests strong constrains in seed geromrend
recruitment, possibly associated with local mictutet demands, what may limit the

species dispersion capabilities, reinforcing tHeat$ of isolation.

Morphological divergence and reproductive trade-of§

Pollinator-mediated divergent selection is thougintpromote speciation in several
specialized plant groups (Armbruster & MuchhalaD20 However, generalized food-
deceptive pollination systems usually attract aen@hge of occasional pollinators that,
after a few trial visits, avoid the rewardless feo® and switch to rewarding ones
(Gumbert, 2000). This insect behavior is foundxereonly weak selective pressure on
floral traits (Salzmanmt al, 2007; Juillet & Scopece, 2010; Zitat al, 2012) that is
unlikely to produce effective premating incompdiileis between species. However,
this may not be the case for montane food-decepfiattleya species, which are

pollinated by one or a few pollinators. In this Ip@tor system, morphometric changes
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in flower traits was found to be an important prénw barriers for reproductive
isolation of sympatric species (Smattal, 2006; Silva-Pereirat al, 2007)

Morphometric analysis of. liliputana flower and vegetative traits retrieved a
similar grouping pattern to that found with genetitarkers, with a remarkable
separation of Serra do Caraca from the remainimpglations (Fig 4a-c). PSL and CRP
populations showed phenotypic shifts in morphornetiraits that define the size of
flower chamber, a change with potential ecolog@maaptation. The wider and taller
pollinator chambers (Fig. 4d) results in a largetrance to pollinators. This phenotypic
shift may allow these populations to exploit newlipators. Indeed, changes in the
column length are known to change the site of patla deposition and avoid
hybridization between sympatriCattleyaspecies (Silva-Pereirat al, 2007). Similar
changes found fo€. liliputanacould reduce gene flow and enhance genetic dinesge
between Serra do Caraca and IQ populations.

Serra do Caraca populations exhibited higher iddi& investment in
production of inflorescences and number of flowges inflorescence. The increase of
sexual reproductive effort can be a response tdotlwer mean individual size (Fig. 6),
that suggests adverse conditions to growth andtatyge reproduction. Investment in
reproduction is related to population ability ta\8ue under strong selective pressures.
For example, population colonizing new environmeate selected for increased
reproductive effort (Burtort al, 2010), because even small increases in repregucti
rate are able, over time, to result in substantlaliger population growth. The variation
in reproductive strategy and flower traits suggleat local adaptation could be involved
in the observed genetic differentiation.

Our results are consistent with an adaptive scenlaut as with many other field
studies, we acknowledge that the morphological asproductive variations we
observed could be the result of phenotypic plagtend not of evolutionary adaptation.
However, flower size was shown to be highly hetédh some plant species and it can
thus respond to natural selection (Ashman & Maje2@06; Kaczorowsket al, 2008;
Gomezet al, 2009; Krizek & Anderson, 2013). The genetic badifiowering and the
balance of growing and reproduction have also lesaked to single genes and QTLs
in model plants (Bendahmaret al, 2013; Friedman & Willis, 2013; Gastaet al,
2013), but no information on the genetic basislofvér morphology or reproductive

investment is available for our study species. Matadies of QTL mapping,

35



reproductive biology and transplantations experim@mne needed to clarify the role of

phenotypic plasticity and local adaptatiorCnliliputanapopulation divergence.

Are populations of C. liliputana undergoing speciation?

Population differentiation has long been perceias@n early step during the speciation
process (Givnish, 2010). The genetic, morphologacal reproductive differences found
here open the debate about the degree of diverdestegeen these groups, raising the
question whethet. liliputanapopulations are undergoing speciation.

From a broader perspective, the relationship betvpepulation divergence and
speciation is not always obvious. Indeed, someigparan maintain high population
differentiation without necessarily splitting inteeveral lineages (Magurran, 1998).
Conversely, speciation can sometimes emerge inptesence of gene flow (Nosil,
2008; Pinho & Hey, 2010), in particular when theelging populations become highly
adapted to their respective habitats (Nailal, 2005; Papadopulost al, 2011;
Osborneet al, 2013).C. liliputana populations from Serra do Caraca was referred as
Cattleya aff. kettiangby some plant taxonomists (Mota, 2006). Althoughr&elo
Caraca populations are genetically and morpholbgiggerentiated, our data does not
support that these populations are reproductiveiyated, although the shift in floral
traits could represent a beginning of pre-matirgdaisng mechanism. Further research
on reproductive biology and reciprocal crossingezipents will help understanding

the mechanisms driving speciation in this orchiedige.

Environmental landscape

We investigated some putative environmental fadtwas could cause different selective
pressures in the 1Q landscape (Fig. 6). 1Q higldanthke up most of the climatic
gradient that separates Cerrado biome at west dladtik Rain Forest biome at east.
The climatic analysis of high altitude areas in iQerevealed that mountain ranges are
heterogeneous and substantially different among e#ter. However, the genetic and
ecological divergence of Serra do Caraca populaticemnot be fully explained by
landscape climatic differences. Microclimatic difaces and edaphic factors could play
an important role as selective pressii@ instance, the regions vary greatly in outcrop
composition. Iron outcrops are mostly found arotimel Rio das Velhas valley being
almost absent at Serra do Caraca region. Quaaduziteops at Serra do Caraca are large

massive rocks that extend over several kilometéigevnost of iron outcrop around the
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Rio das Velhas valley are small and intercalateghdighes of forest and grassland. In
accordance witlC. liliputana genetic differentiation oVellozia compactavas also
found to be associated with the disjunct distritmutof populations at different rocky
types (iron vs. quartzite) (Lousada et al 2013ygesting that common environmental
factors such as rock type, low gene flow and gergiit could act broadly in outcrop

vegetation community.

Implications for conservation

One environment particularly threatened by climateange is the high altitude
mountain area (Benistagt al, 1997; Dirnboclet al, 2011; Gottfriecet al, 2012). This
environment is locally variable as small changealiitude can lead to large changes in
temperature, humidity and exposure and other enwiemtal factors. It is not yet clear
whether the majority of plant species are ablevtwve to maintain current distributions
under global climate change (Jump & Penuelas, 20@5yeover there is very little
information on adaptive potential in Neotropical umtains. The findings from this
study suggest that. liliputana populations are genetically variable and able toy va
reproductive traits under contrasting environmentahditions. The genetic and
ecological divergence df. liliputanais likely to influence the long-term success of
managing efforts, as the genetic differentiatiod ktal adaptation might aid or hinder
the survival and reproduction of the plants. Takimjo account the genetic,
morphological and reproductive divergenceGofliliputana we recommend that Serra

do Caraca and core 1Q populations should be maragesolutionary significant units.
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FIGURE LEGENDS:

Figurel. Sampled populations @attleya liliputanaoccurring at the Iron Quadrangle,
southeast Brazil.(A) Mountain ranges above 1000m at Espinhaco R&teggon. (B)
Altitude map of the Iron Quadrangle wiattleya liliputanapopulations included in

the study

Figure 2. Bayesian clustering analysis conducted in GENELA(HDillot et al 2005).
(a) Distribution of posterior probability of a nuerbof K genetic clusters. (b - h) Maps
of population membership probabilities to belongotte of K = 7 clusters for 160

individuals ofCattleya liliputana

Figure 3. Genetic structure oCattleya liliputana populations. (a) Genetic barrier
(dotted line) estimated by Monmonier's maximum eai#hce algorithm. (b)
Representation of Bayesian clustering analysis efeis populations ofCattleya

liliputana based on seven microssatelite loci K6r2. (c) DeltaK graphic of average
likelihood for eachK based on ten runs. (d) Representation of Bayedisstering

analysis of seven populations @attleya liliputanafor K=3. Different colors represent
different genetic clusters. Populations are sd¢pdray vertical bars. For population

names see Table 1.

Figure 4. Morphological and genetic divergenceGixttleya liliputanapopulations. (a)

Dendrogram of Cavalli-Sforsa pairwise genetic diseawith supporting values based
on 1000 bootstrap replicates. (b) Representationthef scores of first and second
canonical axes of CVA using 18 floral and 8 vegegatcontinuous characters. (c)
Dendrogram of phenetic relationships constructethgusMahalanobis generalized
distance clustered with paired group and Manhasiamlarity algorithm. Bootstrap

support was obtained by 1000 replicates. Cophegetielation = 0.9703. (d) Density
plots of morphometric measurements@fliliputanaindividuals grouped according to
genetic analysis in Serra do Caraca group (backediabne) and core 1Q group (grey
solid line) for MLBL, medium lobe base width; CWhlamn width; CL, column lenth;

LLH, lateral lobe high. These characters corresptmchumbers 3, 26, 25 and 7,

respectively, in Supplemental figure 2. For pogalahames see Table 1.
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Figure 5. Reproductive investment @fattleya liliputanaindividuals grouped according
to genetic analysis. (a) Number of inflorescenaassize and General Liner Model of
inflorescence production for Serra do Caraca grflpck) and core 1Q group (gray).
(b) Mean number of flowers per inflorescence. FeMGnalysis see Supplemental
Table 2.

Figure 6. Climatic structure of mountain areas above 130temea.s.l. at the Iron
Quadrangle, Brazil. (a) Random points sampled lioratic variables colored according
to geographic region; Red, west region; Red, segion; Blue, east region; Pink, Serra
do Caraca region. (b) Principal component analysizased on annual mean
precipitation; annual mean temperature; mean didenaperature range; minimum
temperature of the coldest month; predicted evapspiration; vegetation index at July

and altitude.

Supplemental Figure 1 Representative habitat and individualsGattleya liliputana
(a) Iron outcrop and (b) quartzite outcrop at hadfitude areas of the Iron Quadrangle.
(c) Representative€. liliputana individual growing on iron outcrop. (d) Represdivia

C. liliputanaindividual growing on quartzite outcrop.

Supplemental Figure 2. Outline of flower and vegetative parts indicatinige

morphological characters used in the morphometatysis.
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Figure 5
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Figure 6
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Supplemental Figure 1
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Supplemental Figure 2
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Table 1. Population code, location, type of suistrsample size and voucher information of studied

populations ofCattleya liliputana(N = 160 individuals) from the Iron Quadrangle nd$ Gerais state,

southeastern Brazil.

Code Mountain Range MunicipalitCoordinates Rock outcrofltitude Ngentics Nmorph, VOUCher

CAL Serra da Calcada Brumadinl2®°05'S/43°56'Wron
MOE Serra da Moeda Moeda 20°20'S/43°56Mh
OBR Serra de Ouro Branaduro Branca20°29'S/43°52"WQuartzite
CAP Serra de Capanema Ouro Preto 20°12'S/43°3dwW
GAN Serra da Gandarela Rio Acima 20°05'S/43°41r'ov
CRP Serra do Caraca Catas Altas 20°04'S/43°2QW\drtzite

PSL Serra do Caraca Catas Altas 20°06'S/43°ZJ0Afrtzite

1483 24
1530 24
1513 24
1807 24
1611 28
1637 20
2055 16

13 BHCB64807

23 B. Leles 002

7 B. Leles 082

17 BHCB112460

19 B. Leles 001

11 B. Leles 057

21 BHCBA47268

Vouchers are deposited in the herbarium BHCB
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Table2. Parameters of genetic diversity and moguical variability of seven

populations ofCattleya liliputana occurring in the Iron Quadrangle, southeastern

Brazil, based on seven microsatellite loci and @&iouous floral and vegetative
characters.

Populations ARr(£SD) Ho(xSD) He(£SD) D2m

CAL 9.09 (3.16) 0.488 (+0.243) 0.753 (+0.210) 1.4
MOE 6.66 (+2.70) 0.537 (+0.227) 0.712 (+0.150) B7.0
OBR 8.23 (+3.25) 0.488 (+0.209) 0.742 (+0.226) B4.7
CAP 9.52 (+3.73) 0.563 (+0.221) 0.781 (+0.189) $9.0
GAN 11.48 (£3.86)  0.534 (+0.175) 0.793 (+0.167) 9&7.
CRP 6.93 (+1.75) 0.535 (+0.179) 0.714 (+0.138) 27.0
PSL 7.02 (£3.47) 0.479 (+0.187) 0.714 (+0.169) 21.5

Ag,allelic richness; bl observed heterozigozity;eHexpected heterozigozity,
D2m, median of the squared Mahalanobis distancexlofiduals to the

population centroid. See Table 1 for populationgeco
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Table 3. Analysis of Molecular Variance (AMOVA)rfdifferent hierarchical levels of

seven populations @attleya liliputanaoccurring in the Iron Quadrangle, Minas Gerais

state, southeastern Brazil.

Sum of  Variance
Source of variation Df

% Total P-

squares components variance value

Cattleya liliputanas.l.
Among populations 6 996455 32.09
Within populations 31362524.20 199.76
Two groups according to Barrier and STRUCTURE:
(1) Serra do Caraca group (CRP and PSL) and (Il)

core IQ (CAL, MOE, OBR, CAP and GAN)

Among groups 1 5091.65 38.18
Among populations within groups 5 4763.39 16.07
Among individuals within populations 3182633.70 200.11

Three groups according to neighbor-joining
dendrogram: (1) Serra do Caraca group (CRP and
PSL) and (Il) east 1Q (CAP and GAN) and (lll) west

IQ (CAL, MOE and OBR)

Among groups 2 573055 18.06
Among populations within groups 4 412450 18.10
Among individuals within populations 3182633.70 200.10

13.8 <0.001

86.2 <0.001

15.0 <0.001

6.3 <0.001
78.7 0.035
7.6 <0.001
7.7 <0.001
84.6 0.07

For groups see Table 1 and Fig. 1
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Suplemental Table 1. Microsatellite primers, anigdifion conditions and allele richness of 160 iidlirals ofCattleya liliputana

Ta Size

Locus Primer sequence (5'-3") Repeat motif (°C) (bp) Ar Source

Cac01 F: M13-TACAACGCCCAATTTGAATG (GA)17 60.0 108 13 Novelloet al, 2013
R: CCATCATTTGCCTTTTCACA

Cac02 F: M13-CAGGATTTCTCCTCGTGCTC (AG)18 60.0 173 9 2Novelloet al, 2013
R:GCAGAGCGGAACAAGGATAG

Cacll F: M13-TCAAGGCCTGCACATAGAGA (AG)8 60.0 167  15\ovelloet al, 2013
R: AAGAGGAAGGCTTCGTTGC

Cacl6 F: M13-AACAGGCATTTGGAGCTTTT (AG)23 60.0 250 93 Novelloet al, 2013
R: CCTCATTTCTCTCACCCTCTTT

Cacl8 F: M13-CTGGTGAGGGAGAAGAAAAACA (GA)11IN(AG)26 (05]0] 224 28 Novelloet al, 2013
R: CCCTCTCCCTCTCTTTTCCA

Cac26 F: M13-TGGCTTGGTGTTGCATTTAT (GA)6(GT)6 56.0 674 28 Leal, 2013

R: TGTGAGCCTCAATAAGCCAAT

Cac27 F:MI13-TGGATCTTACCTTGGGCTTCTA (GT)7GC(GT)4(EA  62.0 209 30 Leal, 2013

R: CCCTGCTCTCTTTCTCACTCAT

M13-Tail: TTTTCCCAGTCACGAC;

Ta temperature of annealingg,allelic richness
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Supplemental Table 2. General Linear Model for sizé number of inflorescence of

seven populations @attleya liliputana occurring in the Iron Quadrangle,

southeastern Brazil.

Devianc Residual Residual
Variable Df F p
e Df Deviance
Size
58.5 <0.00
1 3971.2 156 9376.6
Genetic group 2 1
Number of
inflorescence
47.6 <0.00
1 27.452 156 129.31
Size 9 1
0.507
1 0.253 155 129.06 0.44
Genetic group 8
Size XGenetic 18.1 <0.00
1 10.472 154 118.56
group 9 1
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CONSIDERACOES FINAIS:

ATUALIZACAO DO ESTADO DE CONSERVAGAO DA CATTLEYA LILIPUTANA DE ACORDO

COM CRITERIOS DA IUCN.

A Lista Vermelha da Flora de Minas Gerais (Mendofdans, 2000, 2007), uma boa
compilacdo de dados para conservacdo de espédésieas de Minas Gerais, indica
que 27 espécies atualmente classificadas no g8atleyase encontram sob ameaca.
Cattleya liliputanando pdde ser enquadrada em nenhuma categoria madgzacao
em razao de deficiéncia de dados de historia Hatlistribuicdo geogréfica e estrutura

populacional.

De acordo com critérios da IUCN, a definicdo dagatia de ameaca requer dados de
tamanho populacional, avaliacdo da reducdo pomuratie suas causas; distribuicdo

geografica, fragmentacdo e singularidade do hati@abcorréncia e probabilidade de

extingdo na natureza (IUCN, 2012a; b).

Os dados deste projeto permitem enqua@sdtleya liliputanacomo Em Perigo (EN)

em razao de (i) estimativas de reducdo populaciworal perda irrecuperavel de habitat
maior que 34%, com possibilidade de atingir 50% préximas décadas, (ii) espécie
com &rea de ocorréncia menor que 500 kr(B.Leles, dados ndo publicados) e (iii)
severa fragmentacdo de habitat e perda da qualdiadebitat em afloramentos de

canga (Carmo, 2010). De acordo com a nomeclatwwpopta pela IUCNCattleya

62



RECOMENDAGOES PARA CONSERVAGAO E MANEJO DE CATTLEYA LILIPUTANA!

Apesar da intensa perda de habitat, as populaedemescentes deattleya liliputana
apresentam boa variabilidade genética. Esse fatmijgeque a espécies responda
melhor a estratégias de manejo. Algumas populagi®sp as presentes na Serra do
Caraca, Serra de Capanema e Serra de Ouro Branenceatram em unidades de
conservagdo. Entretanto, na préatica apenas asgudiesl da Serra do Caraca estédo de

fato protegidas.

Os principais riscos para extincao@attleya liliputanaséo:

)] Perda de habitat
i) Queimadas
1)) Coleta ilegal

iv) Baixo sucesso reprodutivo
As principais medidas para conservagao da esp&aie s

)] Ampliacdo de wunidades de conservacdo abrangendocigaimente
afloramentos de canga e populacdes da espécie.

i) Monitoramento e controle de focos de incédio deranestacao seca.

1)) Restricdo de acesso.

iv) Recuperacdo demografica (polinizacdo situpropagacaoin vitro e
reintroducado de resgates de flora).

V) Educacdo ambiental e conscientizacdo da populagie & flora tipica de
Minas Gerais.

Sugestdes para Conservacao:

Primeiramente, sugerimos que populacbes do eixa@ala/Capanema, presentes na
area proposta pelo ICMBio para criacdo do ParqueioNal Aguas do Gandarela,
devem se tornar o foco principal de estratégiasamservacdo da espécie. Isso ocorre

em razéo de (i) altos indices de diversidade geméti morfolégica, (ii) localizacao
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central na zona de contato entre duas unidades evol, (iii) bons indices d
reproducdo e estrutura demogré (dados ndo publicados). Esses d demonstram
como a criagdo do Parque Nacional € de grande impo&édpaia conservacada
espécie. Além dissoesaltamos queéé importante manter o perimetro original
proposta de criacdo do Parque Nacional, incluiralaftoramentos da regido Noroe
da serra onde se localizam as maiores populacdesspécie. A pea desses
afloramentos acestaria na extingdo de uma mais importanteg bem conservas

populacdes d€attleya liliputan:.

Figura 1. Registros de queimadas em areas de ocorréncCattleya liliputana (A)
Afloramento de ferro na Serra de Capanema atingadancéndio diante seca de 201
(B) Linha de fogo de incéndio préximo a campo rupestieSerra da Moeda durat
seca de 2013C) Area de campo rupestre queimada durante seca @r20%erra d
Calcada.(D) Detalhe para individuo dC. liliputana queimado durante i€ndio. (E)
Detalhe para arvore queimada que continha espéeiesjuides epifitas.

As popuacdes da Serra de Ouro Branco, Serra da M e Serra da Calgcacttambém
devem ser foco de estratégias de conservacdo. Estestégias devem vis
principalmete o combate aos focos de incéndio, monitoramempulpcional €
controle de acess& comum a ocorréncia de coletores ilegais e queimad Serra ¢
Ouro Branco, apesar do local ser tombado como Bd&gqtadual e teoricamente ger
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pelo IEF. A conserva@p da populacdo da Serra de Ouro Branco é de g
importancia taxonémica em razde ser a localidade tipo da espécie. A manutengé
populacdesia localidade tipo de sua descricdo pode forneermacdes importante
para revisdes taxondmicas CattleyaSect. Parviflorae.

De acordo com as caracteristicas de cada localidagderimos a seguinte orienta

para manejo d€attleya liliputank

Figura 2. Estratégias de manejo para conservacéCattleya liliputana
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CONCLUSOES FINAIS:

Apartir da andlise de estruturacao genética, doaie morfolégica e investimento

reprodutivo concluimos que:

1-

As populacdes apresentaram alta diversidade garesstruturacdo espacial
moderada.

Existem dois grupos genéticos separados por unii@ordg baixo fluxo génico
entre as populacdes da Serra do Caraca e as pogsikag redor do Vale do Rio
das Velhas.

Os dois grupos genéticos apresentam estratégtagalsde investimento
reprodutivo. Populagdes com menor capacidade deisrento apresentam
aumento no investimento em producéo de infloresagmcflores.

indices de diversidade genética e morfologicagpsaiivamente
correlacionados.

As distancias genética e morfoldgica entre po@@acao positivamente
correlacionadas e ndo podem ser explicadas panigwito por distancia,

sugerindo efeito de deriva genética e adaptacadb. loc
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