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RESUMO

A regido Neotropical é reconhecida poa grandeliversidade biolégigano entanto,
0S mecanismos gulevaram a essa alta diversificacdo ainda ndo sdo bem compreendidos. Neste
trabalho, realizamos o estudo filogeografico das duas espécies Neotropicais diNgphéeo
a fim de contribuir para a compreensdo dbferentesprocessos que influenciaram a
diversificacdo de eggies Neotropicais, e apresentamos os resultados em dois manusoritos.
primeiro, APhyl ogeogr aephipclavibegAraneae: Arandidas) mr e a d
South America reveals geological and climate diversification, andt®tene connections
bet ween Amazon and Atlantic Forest o, busc
climaticos afetaram a diversificég deespécis adaptadaa florestasimidas. Utilizando um
marcador mitocondrial (COIl) e dois nucleares (H3BES2), detectamos cinco linhagens
geograficamente informativas. A linhagem que se encontra a oeste da Cordilheira Central dos
Andes colombianos divergiu das demais no final do Mioceno/Plioceno, concomitantemente ao
soerguimento final dessa Cordilheira. As demalsagens datam do Pleistoceno, o que sugere
uma diversificacdo devido aos eventos climaticos do QuaterAatistribuicdo geografica das
linhagens, e o teste de modelos feito por Approximate Bayesian Computation (ABC) indicam
um isolamento prévio entre bmas, com posterior contato secundario entre as linhagens no
altimo maximo glacial (LGMi ha 21 mil anos), provavelmente devido a mudanca na
distribuicdo dos biomas de acordo com as flutuacfes climéticas do Quatekndiagonal
seca parece ter atuadomo uma fonte de migrantes para Amazonia e Mata Atlantica, e nossos
dados corroboram uma via de conexao entre as florestas pelo meio do Q¢¥oradgundo
ma n u s cRhylogemgraphy of the dry vegetation endemic speNieghila sexpunctata
(Araneae: Araneidae) suggests recent expansion of the Neotropical Dry Diagidizaimos
populacdes dilephila sexpunctatpara realizar inferéncias sobre a histéria recente da diagonal
seca. Utilizamos dois marcadores mitocondriais (COIl e-ND16S) eum nuclear (CHP2), e
detectamos uma linhagem associada ao Cerrado e uma ao Chaco, com alguma mistura. A
modelagem de paleodistribuicdo realizada indicou uma expanséo do nicho da espécie a partir
do Holoceno Médio (cerca de 6 mil anos atras), o que comecardm a recente expansao
demografica inferida com os dados genéticos. O teste de modelos feito com ABC indicou que
a espeécie passou por um severo gargalo populacional no LGM (que se reflete na baixa
variabilidade genética encontrada), com uma expansaogiéfita posterior ao glacial,
contrariando o que seria esperadmpébdelodos Refigios Pleistocénicos, evidenciando que
o glacial pode ter apresentado condicdes climaticas severas demais até mesmo para espeécies

adaptadas a ambientes abertdesso trablho evidenciou que os estudos com espécies de



ampla distribuicdo sdo fundamentais para a melhor compreensdo da histéria evolutiva de
regides altamente diversas. Os dois trabalhos sugerem que a regido Neotropical possui uma
historia bastante complexa, e qog padrdes evolutivos sdo fortemente influenciados por
caracteristicas biologicas da espécie. Estudos com organismos menos representados como as
aranhas devem ser encorajados pois sao capazes de revelar padrdes interessantes da histor
biogeografica daagido Netropical.



ABSTRACT

The Neotropical region is knowhy its greatbiological diversity however, the
mechanisms that drove this diversification are yet not well understood. In this work, we
performed the phylogeographical study of the two Neotropisghila species aiming to
contribute to the comprehension different processes that influead the diversification of
Neotropical species, and we present the results in two manuscripts. In the first one,
APhyl ogeogr aphy of Nephilaeclawpeqdrareger Aeanaidaey ip Sadith r
America reveals geological and climate diversificatimmg Pleistocene connections between
Amazon and Atweasought o elicidateehew geological and climate events
affected the diversificatioof rainforestadapted species. Using one mitochondrial (COI) and
two nuclear (H3a and ITS2holecular makers, we detected five geographically informative
lineages. The lineage present westwards of the Colombian Central Andean Cordillera has
diverged from the others in the late Miocene/Pliocene, concomitantly with the final uplift of
this Cordillera.The othe lineages emerged in the Pleistocene, what suggests a diversification
guided by the Quaternary climate events. The geographical distribution of the lineages and the
Approximate Bayesian Computation (ABC) model testinttjcated a previous isolation among
biomes, with posterior secondary contact among lineages in the Last Glacial Maximum (LGM
i 21kya), probably due to the changes in biome distribution according to the Quaternary climate
fluctuations.The Dry Diagonal seems to have provided migrdot both Amazon and the
Atlantic Forest, and our data corroborate a connection route between the rainforests through the
center of Cerrado. In the second manusciiphylogeography of the dry vegetation endemic
speciedNephila sexpunctatgiraneae: Araneidae) suggests recent expansion of the Neotropical
Dry Di avg asediNépbila sexpunctatpopulationsto make inferences on the recent
history of the Dry Diagonal. We used two mitochondri@a®{ and ND1L1-16S)and one
nuclear (CHP2nolecular markers, and detected one lineage associated with Cerrado and one
with Chaco, with some admixturélhe palaeodistribution modelling indicated a niche
expansion for this species in the middle Holocene (around 6 kya), what agrees with the recent
demogaphic expansion inferred from the genetic data. The ABC model testing indicated a
severe bottleneck in the LGM (which agrees with the low genetic diversity in the species), with
a postglacial demographic expansion, against what was expected by theddeesRefugia
Model, evidencing that the glacial may have presented harsh climate conditions even for species
adapted to open environments. Our work evidenced that studies willy distelbuted species
are fundamental to a better comprehension of thieieeoary history of highly diverse regions.

Both works suggest that the Neotropical region has a complex history, and that evolutionary



patterns are strongly affected by biological peculiarities from each species. Studies with less
represented taxa as @prs must be encouraged as they may unveil interesting patterns about

the biogeographical history of the Neotropical region.
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INTRODUCAO GERAL

A regido Neotropical

Dentre as regides biogeograficas, os Neotrogicgse se estendedo sul daFlorida
até a Argentina se destacam por apresentardavados indices de diversidadl@riosbiomas
nesta regidgao consideram$ prioridades mundiais para conservacao, deagddias taxas @
endemismoe avancado estagio de degrada@édgers et al, 2000).A regido constitui um
mosaico de diferentes tipos de vegetaqée,incluiflorestas tropicais imidas (como Amazénia
e Mata Atlantica), formacoesecag pr i nci pal mente na chamada Al
a Caatinga, no nordeste brasileiro; o Cerrado, na regido central do &msthaco, no norte
da Argentina Paraguai e Bolivia florestas montanas (nas encostas de grandes cadeias de
montanhas, como o0s Andes), vegetacOes subtropatai§ A b 6 $ &9GF7e Carvalho &
Almeida 2011).

A paisagem do comtente swHamericancfoi intensamente transformada nos ultimos
milhdes de anosAnteriormenteem periodos quentes e umidos como o EocBfca(33,9
milhdes de anos athasas formacgfes vegetais Umidas se estendiam ao longo de todo o
continente, constituindama granderea continua de florestas tropicasAmérica do Sul
(Morley, 2000).A partir de entdo, eventos em diferentes escalas afetaram a paisagem da regiao,
influenciando diretamente na diversificacdo dos organismos que a habitBvamtos
geoldgicos, datados principalmente do Nedgeno, parecem ter tido papel importaate ness
processo; dentre eles, 0 soerguimento da cadeia montanhosa dos Andes (entre o Mioceno e o
Plioceno), além de funcionar como evento vicariante, provocou alteracdes drasticas no clima,
regime de chuvas e sistemas hidrigésornet al, 2019 Rull, 2011). Ofechamento do Istmo
do Panamd, tandéin estimado entre final do Mioceno e o Plioceno (Winstost al, 2017)
promoveu o intercambio entre as biotas da América do Sul e das Américas Central e do Norte,
além dealterar a dinAmica das correntes maritimasag,qonseguinte, afeto clima da regido.
As mudancas locais no clima ocasionadas por esses eventos, aliadas a uma diminui¢ao global
da precipitagdo e da temperatura, propiciatmmaumentma ocorénciadas grarmeas G,
principalmente na regido central do Brasil (Sinsbral, 2009;Potter & Szatmari, 2009)A
Diagonal Seca emergia partir dessa expais das paisagens $ewncas, e provocou uma
marcantalisjuncdono grande cinturdo de florestas tropicais Umidasdo origem a Amazonia
e a Mata AtlanticaApos a sua formacédo, a Diagonal Seca também sofreu a acdo de eventos

geoldgicos que influenciaram a diversificacdo nessa regiao, como o soerguimento do Planalto
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Brasileiro no Mioceno (com o concomitante rebaixatoelo Chaco e outras regides baikas
Silva, 1995 Carvalhoet al, 2013), e recorrentes transgressdes maritimas no Chaco ao longo do
Mioceno (Ruskiret al, 2011).

Além dos eventos geoldgicogventos climaticos do Quaternario também sao
frequentemente ehcados como potenciais promotores de diversificacdo na regiao Neotropical
Desde a proposicdoadTeoria dos Refugios Pleistocénicos (Haffer, 1988@nzolini &
Williams, 1981) a alternancia entre periodos quentes e umidos com periodos frios e secos,
bastante pronunciadaessa épocafoi estabelecida como promotora d@mlamento entre
diferentes fragmentos de um mesbiama As populagdes isoladas em cada fragmento, entéo,
evoluriam independentementéCarnaval & Moritz, 2008) o0 que poderia acarretar em
diferenciacdo de linhagens e até especiacdo. Com o aumento do numero de trabalhos na
América do Sul que mostram gheuve intensaliversificacdo de linhagens no Quaternario
(revisalo por TurchetteZoletet al, 2013) a influéncia de eventos climéticos na diversificacéo
de organismos da regido parece ter ganhado nova Awr¢mituacdes climaticas, também, séo
atribuidasas alterac6es na distribuicdo geografica dos biomas ao longo do Pleistoceno, que
teriam acompanhadas mudancas na temperatura e pluviosidade (S8brataet al, 2015).

Dessa maneira, a histdria dos biomas Neotropicais ao longo do Pleistoceno teria sid@dina

e conexdes entre Amazonia e Mata Atlantica, mesmo depois do estabelecimento da Diagonal
Seca, sao hipotetizadpsr diversos autorg®.g.Por, 1992 Costa, 2003BatalhaFilho et al,

2013 Prateset al, 2016.

Embora um conjunto de trabalhos tepinapostohipdteses acerca da diversificacao da
regido Neotropical, o numero de estudos que efetivamente testou essas hipGteses ainda é
pequeno, tendo em vista a complexidade dos padrbes obseriBelosregaray 2008
TurchetteZoletet al, 2013)

A Filogeografia aplicadaao estudo da diversificagdo Neotropical

A filogeografia surgiu ao final da década de 1980, numa tentativa de aplicar os métodos
e conhecimentos filogenéticos ao nivel microevolutivo, estudando espécies ou pares de espécies
(Avise et al, 1987).Usando como base a teoria da coalescéncia, a filogeografia permite inferir
eventos demograficos do passado que tenham influencatdaldistribuicdo de linhagens ou
grupos génicos dentro de espéci{@wise, 2009). Dessa maneira, a extragab desses
resultados possibilita procurar eventos comuns que tenham afetado diretamente um grupo de

espécies de distribuic&imilar, e até mesmo que tenham afetado todo um bioma.
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Apesar de a filogeografia teuas bases em analises com DNA mitocondrgaéstudos
filogeograficos tem cada vez maimiscadousar marcadores nucleas uma vezque as
tecnologiasatuaisde sequenciamentmermitema obtencaoelativamente rapidde um grande
namero de marcadores moleculai@srricket al, 2015)e, em consequéngcimferéncia mais
robusta dos parametros demograficddiado a isso, o grande avanco nas metodologias de
andlise de dados e a disseminacdo de técnicas como a modelagem de paleodistribuicdo
(revisado emLima-Ribeiro & Diniz-Filho, 2013, conjuntamente com o conhecimento da
historia geoldgica e climatica da regido, permitiram que novas hip&epesri fossem
criadas. O surgimento da filogeografia estatisfit@owles & Maddison, 2002foi de suma
importanciaparaaumentar aobustezdas inferénciashistoricas pois as diversas hipoteses
evolutivaspassaram aer testadas e o grau de incerteza das anphsssu &er estimadoA
integracdo de todos esses métquErsnite uma avaliacdo edtdica de modelos que levam em
conta as peculiaridades biolégicisorganismo estudagemoposicdo anera comparacae
modelos genéricd® que consideram a estocasticidade inerente dos processos evolutivos que
moldaram a distribuicdo da variabilidadengtica em cada espécie (Knowdesl, 2007).

Na regido Neotropical, os estudilegeograficosainda sdg@oucosem comparagcao a
outroscontinentesembora em @nstanteascensdo. Revisados em 2013 por Turchéttet et
al, ostrabalhogrevelaram unforte viés em estudos comertebrados (69% dos trabalhas),
organismos que ocorraem apenas uma regido climética (89%), em apenas um bioma
(47%),e utilizando apenas o DNA mitocondrial (58%ssim, ha uma grande necessidade de
gue diferentes orgamigs, como 0s invertebrados, também sejam utilizados nesse tipo de
estudo, uma vez que podem elucidar diferentes aspectos da historia evolutiva dos biomas. Além
disso, a utilizacdo de organismos amplamente distribuidos pode contribuir para uma
visualizagdamnais acurada dos processos evolutivos de biomas que tem uma historia intricada.
Por fim, a utilizacdado DNA mitocondrial conjuntamente com auclearpermite avaliar

diferentes aspectos da historia evolutiva das espécies.

As aranhas como modelos de estuddilogeograficos

As aranhagArachnida: Araneaejonstituemuma das mais diversas ordens dentre os
invertebrados terrasls com 46762 espécies descritas atualmente, divididas etfdrhilias
(World Spider Catalog, 201 7ssa grande diversidadersflete em caracteristicas biologicas
de diferentes grupo&lém dagrande variacadquanto a tolerancia ambiental, ha uma grande

variacdonos modos de dispersdo: algumas espécies dispersam pouco tanto na fase juvenil
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quanto na adulta, e geralmentmstroem as teias proximasda méae (e.gAglaoctenus lagotis
-Santos & Brescovit, 2001), enquanto outras
aérea, na fase jovem (Bell al, 2005)i quando os juvenis sdo carregados pelo vento através
defios de teia e podem se deslocar por diversos quilometrodN@pbila pilipesi Leeet al,
2015).

A ordem Araneae tem sido utilizada como modelo filogeografico em todos os
continentes (e.g. Africa Kuntner & Agnarsson, 201 Asia e Oceania Suet al, 2007 Europa
i BidegarayBatistaet al, 2016; América do Norté¢ Crews &Gillespie 2014) Na América do
Sul, entretanto, o numero de trabalfilmgyeogréaficosenvolvendo esse grupo ainda é reduzido.
Os estudos delagalhdeset al, 2014 e Perest al, 2015,foram os primeiros atilizar aranhas
como modelos naegida Ambos trabalhos implementaram uma abordagem estatistica e
contrastarantom sucesso diferentes modelos demografimmsseguindaealizarinferéncias
sobre o impacto das mudancas climaticas lést®ceno em diferentes partes do continente.
Esses trabalhos evidenciam quealizacao de estudos com aranhas amplamente distribuidas
nos Neotrépicos pode ser essencial para a melhor comprelersaentos biogeodficos dessa

regiéo.

As espécies dblephilada América do Sul

A classificacdo taxonémica déephilae seus géneros proximdSlifaetra, Herenniag
NephilengysNephilingig tem sido amplamente debatida na ultima década. Em 2006, Kuntner
estabeleceu a familia Nephilidateavés de alises ablogicas e de morfologi@omposta pelos
géneros acima citadoa éxcecado dé&lephilingis que foi separado déephilengygpor Kuntner
et al, 2013) anteriormenteertencentea familia Tetragnathidadzntretanto, desde a elevacéo
de Nephilidaeicategoria de familia, a relagdesse clado com as familias proximas nunca foi
devidamente suportada. As principais hipéteses indicavam que Nephilidae poderia ser o grupo
irm&o de Araneidag<untner, 2006; Set al, 2011) ou de Araneidae+Tetragnathidddvarez
Padillaet al, 2009).Dimitrov et al, 2016, utilizando seis marcadores moleculares e dados de
arquitetura da teidransferiuos cinco géneros nefilideparaa familia Araneidae, recriando a
subfamilia Nephilinae. NOs optamos por seguir essaifitagsio mais recente nos trabalhos
desenvolvidos.

O géneroNephilaé pantropical e possui 23 espécies reconhechiias Américas, ha
ocorréncia de apenas duas espédieghila clavipesdistribuida ao longo de toda a regiéo

Neotropical, dos Estados Unidag\rgenting e Nephila sexpunctataestritaa por¢cao central
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do Brasi| Paraguai, Bolivia norte da Argentind&spécies do génerontesido utilizadas com
sucesso commodelo para eatos sobre avolugéo da vida em grupo (Hodge & Uetz, 1992)
comportamento sexual (Quifioresbron et al, 2016), realocacdo e estrutura désias
(Blamires et al, 2010), além de trabalhos corbiogeografiae filogeografia em outros
continentegSuet al, 2007, 201). No entanto, o conhecimento de aspectos biogeograficos e de
variabilidade genética das espéciedldphilana América do Sul, sobretudo Mesexpunctata

€ praticamente inexistente.
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OBJETIVOS

Esta tese teve como objetivo principal compreender os processos histéricos e evolutivos
que afetaram a diversificacdo de organismos da regido Neotrgpicameio da analise
filogeografica dasluas espéciedo génerdNephila(Araneae Araneidaeda Améria do Sul

Os dois manuscritos que compde essa tese abordam diferentes aspectos da
diversificagcdo na regido: eventos geoldgicos e climéticos que influenciaram a histéria evolutiva
de organismos que ocorrem em florestas umidas, com énfase em conexdes Pleistotti@énicas en
Amazobnia e Mata Atlanticgdo discutidos nManuscrito l,a partirdos padrdes filogeograficos
deNephila clavipese a histérialemograficaecente derganismogla diagonal de vegetaes
secas, com énfase no Cerrado e Chéaaw foco ddVlanuscrito || comNephila sexpunctata
As duas abordagens, em conjungpresentam um panorama mais preciso dos processos
responsaveis pela diversificacdo recente na regiao.

Dentre os objetivos especificos dos trabalhos, estéo:

- Quantificar a variabilidade genétida cada espécie e avaliar como ela esta estrufurada

- Verificar a presenca de linhagens genéticas geograficamente informativas

- Estimar o tempo de divergéncia entre tais linhagens, relacionando a eventos climaticos ou
geoldgicos caracteristicos da regia

- Inferir eventos demograficos nas espécies estugdadas

- Testar hipéteses que auxiliem no melhor entendimento da evolu¢do dos organismos da regiao

Neotropical.
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MATERIAL E METODOS

Organismos de estudo

As espéciedo génerdNephilatecemgrandegeias orbiculares, que podem chegar a até
1,5m de diametro (Kuntne2p06).0s fios possuem coloracao dourada, responsavel pelo nome
popular deigolden orb web spideds

Nephila clavipegLinnaeus, 1767§ a espécie do género mais amplamente distribuida
nos Neotropicos, ocorrendo desue Estados Unidos até o norte da Argentina. E abundante
principalmente nas formacgfes florestais Umidas, como Amazodnia e Mata Atlantica, mas
também pode ocorrer em enclakesestais e matas de galerias em vegetacdes mais secas,
como o CerradApresentaiclo de vidaanwal (Moore, 197Y, em que as fémeas tecem as teias
perto de estradas, trilhas ou c ¢Rygstrasl98%6 8§ g u.
Moore, 1977;Robinson & Mirick, 1971). A espécie apresenta uatentudo diformismo
sexual, sendas fémeas muito maiores que os maréstes, na vida adulta, ndo constroem teia

prépria e vivem nas teias das fémeamle se alimentam e reproduz@vtoore, 1977).

~

Matheus Svolenski

Figura 1: Fémea de Nephila clavipegesquerda) &lephila sexpunctatédireita).

Nephila sexpunctatéGiebel, 1867)possui uma distribuicdmais reduzida, estando
restritaaregido sudoeste diagonal Secacomposta pelo Cerrado, Chaco e outras formacées
xéricas adjacentes, englobando a regido central do Brasil, Paraguai, norte da Argentina e sul da
Bolivia. Detalhes da biologia da espécie sdo profundamente desconhecidos, visto que trabalhos
anteriores com a espécie sdo quase inexistehespécie apresenta caracteristicas corauns
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todas espécies dgénero como o ciclo de vida anual, o marcante dimorfismo sexual e as grandes
teias douradaecidasem arvores ou camadas arbustivas altas (observagfes pessoais).

Ambas espécies, assim coamdemais componentes do género, sdo consideradas boas
dispersoras Kuntner & Agnarsson, 20)1 Diversos trabalhos com espécies asiaticas
demonstraram auséncia de estruturacao genética entre individuos separados por distancias de
mais de seis mil guimetros ou por grandes cadeias montanhosasef{Tap2002 Leeet al,

2004 Su et al 2007 Su et al 2011) o que sugere boa manutencdo de fluxo génico
Recentememt foi empiricamente constatado o comportamentoattnismo enjuvenis deN.
pilipes(Leeet al, 2015) o que refoga que as espécies do género devem ser capazes de dispersar
por longas distanciadla fase adultaps machogarecem ser responsaveis por uma maior
manutencao de fluxo génico, uma vez gée capazes de se mover de teia eéande acordo

com o sucesso alcancado no acasalamento (Rittschof, 20X8gnor movimentacdo das
fémeas pode gerar padrbes de alta estruturacdo do DNA mitocondrial, como observado por
Cooperet al, (2011) e Crouchest al, (2011)

Apesar de sere as duas micas espécies do género na regido NeotropNal,
sexpunctata N. clavipesndo sdo espécies irmas, e representam distintas linhagens do género
Nephila que teriam chegado ao continente americano através de eventos independentes de
disperséo a longa distancia a partir da Africa, Asia ou Oceania no Mioceno/PliDeeomrdo
com a filogenia proposta por Kuntnet al, 2013, baseada em marcadores mitodarsde
nucleares, morfologia e comportamemephila clavipepossui como espécies mais proximas
as africana$l. senegalensi®N. fenestrataN. inauratg N. turneri N. komacie N. sumptuosa
JaNephila sexpunctatpossui divergéncia mais recente coméesgs da Asia e Oceania, como
N. edulis N. plumipesN. antipodianae N. clavata

“Nephila” sexpunctata

“Nephila” edulis
“Nephila” plumipes
“Nephila” antipodiana
“Nephila” clavata
“Nephila” senegalensis
“Nephila” fenestrata
“Nephila” clavipes
“Nephila” inaurata
“Nephila” turneri
“Nephila” komaci
“Nephila” sumptuosa

21-26 Ma

Figura 2: Filogenia parcial para o génelephilareconstruida por Kuntnest al 2013, indicando os principais

clados dentro do género e o continente em que cada espécie ocorre.
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Desenho amostral

As coletas para as duas espécies foram planejadas de modo que amostrassemos
amplamente distribuicdo conhecida, partirde dados de nseus e de banco de dados como
specieslink ittp://splink.cria.org.by/e gbif http://www.gbif.org). ParaN. sexpunctataforam
amostrados pontos no Cerrado brasileiro, além de pontos no Chaco seco e Chaco umido na
Argentina. Par&l. clavipesforam amostdos pontos nas partes Norte e Sul da Mata Atlantica,
nas florestas de galeria no CerradoAn@azonia e em quatro localidades na Colémbia (sendo
duas a Leste da Cordilheira Cenirahmazonia Colombiana e Valle del Magdalpaaluas a
Oeste da Cordilheira CentralValle del Cauca e proximo a costa Oceano &cifico). As
coletas foram realizadas entre 2009 e 2016, preferencialmente nos meses iniciais do ano (entre
Janeiroe Maio), pois nos meses mais chuvosos ha maior aburadde individuos adultos. O

detalhamento do desenho amostral encesdgraa Figura 2.

B Nephila clavipes
m Nephila sexpunctata
m Auséncia

Cerrado e Chaco
3 Amazonia e
Mata Atlantica

Figura 3: Desenho amostral mostrando as localidaatesque forantoletados individuos d. clavipes(em

vermelho) e\. sexpunctatéem azul).
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Tabela 1: Localidades de coleta, com ndmero iddividuos utilizados nas analisesaraN. clavipese N.

sexpunctata
N. clavipes N. sexpunctata

Localidade Localidade N
1 | Alcobaca/BA Argentinai Basail 8
2 | Alta Floresta/MT Argentinai Mercedes 8
3 | Aracruz/ES Argentinai Parana 3
4 | Belém/PA Argentinai PN del Chaco 7
5 | Belo Horizonte/MG Argentinai Santa Maria 8
6 | Braganca/PA Argentinai Villa Federal 8
7 | Brasilia/DF Campo Grande/MS 4
8 | Campo Grande/MS Cataldao/GO 3
9 | Catalao/GO Pirenopolis/GO 8
10 | Colombiai Amazon Tupd/SP 8
11 | Colombiai V. del Magdalena Total 65

12 | Colombiai Pacific

13 | Colombiai V. del Cauca

14 | Florestépolis/PR

15 | Foz do Iguagu/PR

16 | Goiania/GO

17 | Gramado/RS

18 | Ibirama/SC

19 | Ibitinga/SP

20 | Ilha do Cardoso/SP

21 | ItaguaGu/ES

22 | Juiz de Fora/MG

23 | Jundiai/SP

24 | Linhares/ES

25 | Macapa/AP

26 | Manaus/AM

27 | Mata de Sao Joao/BA

28 | Moju/PA

29 | Monte Alegre do Sul/SP

30 | Paraty/RJ

31 | Passa Quatro/MG

32 | Pinhalzinho/SP

33 | Piren6polis/GO

34 | Pocos de Caldas/MG

35 | Porangatu/GO

36 | Porto Velho/RO

37 | Recife/PE

38 | RioBranco/AC

39 | Rio Claro/SP

40 | Rio Preto do Eva/AM

41 | Santa Teresa/ES

42 | Santarém/PA

43 | Santos/SP

44 | Sao Carlos/SP

45 | Sapiranga/RS

46 | Silva Jardim/RS

47 | Teodoro Sampaio

48 | Uberlandia/MG

49 | Vicosa/MG

N |00|00|00|~|[00|Co|00|CO| | |00|00|W|O|00|00|00|00[00(~|00|00|00[00|L|00|00|00(W|C0|00|00[(C0(W|CO|O|N|W|D|F|F|—|00|co|o|||co|n|Z

w
o

Total
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Marcadores molecularese anélises

Nos dois manuscritos presentes neste trabalho, obtivemos sucesso ao usar
conjuntamente marcadores mitocondriais e nucleares, que revelam em diferentes profundidades
aspectos da histéria evolutiva das espécies estu@dasg & Hewitt, 2003)Utilizamos o
marcador mitocondrial Citocronfoxidasec subunidade | (COJ)que vem sendo amplamente
utilizado em estudos filogeogréficos, inclusive com diferentes grupos de aranhas Neotropicais
(e.g. Magalhaest al, 2015 Pereset al, 2015). No manuscrito I, coi. clavipes utilizamos
ainda duas regides nuclearegene codificante da subunidadéa histona H3 (H3a), @n do
espaceor interno transcrito Il (ITS2)e DNA ribossémico. Ambas regifes ja haviam sido
amplificadas com sucesso pasa clavipes(Kuntner et al, 2013) eutilizadas em estudos
filogeograficoscom aranha@H3a- Magalhae®t al, 2015 ITS2 - Perest al, 2015) em que se
provaram bastante informativoda no manuscrito 1l, conN. sexpunctata utilizamos
adicionalmentea regidao de DNA mitocondrial composta pelo gene da subunidade grande de
rRNA 16S, o RNA transportador de Leucina e o gene da enzina NAIXinona
oxidoredutas¢16SL1-NAD1); e uma redio inttbnica de DNA nuclear prospectada em nosso
laborabrio, denominada CHP2.

Em ambos manuscritos realizamos andlises de diversidade e estruturacao genética,
fizemos inferéncias filogenéticas Bayesianas multilocus com estimativas de tempo de
divergéncia entre as principais linhagens, construimos redes de haplidtio todos os
marcadores e realizamos inferéncias demografd@asnanuscrito I, conN. clavipestambém
inferimos a &rea ancestral das principais linhagens mitocondriais a fim de entender possiveis
mudancas na distribuicdo de cada uma delas. No maoudcdom N. sexpunctatafizemos
uma modelagem de paleodistrildng a fim de reconstituir a area de distribuicdo da espécie ao
longo do ultimo ciclo glacial (Ultimo Interglacial, ~120 mil anos attigmo Méaximo Glacial,
~21 mil anos atradHoloceno Medio, ~6 mil anos atrag presente) e, assim, dispor de mais
informacdes relevantes para a formulacdo de hipoteses demograficas. Pardiras pluas
espécies também implementamos uma abordagem de teste de modelos, em que contrastamos
asdiferentes hipd@ses demograficas para cada espécie e selecionamos a que melhor explica os
nossos dados genéticos através de Approximate Bayesian Computation @d0mont,

2010; Csilléeryet al, 2010; Sunnakeet al, 2013).
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MANUSCRITO |

Phylogeography ofthe widespread spidemMephila clavipes
(Araneae: Araneidae) in South America reveals geological
and climate diversification, and Pleistocene connections

between Amazon and Atlantic Forest

(Manuscrito submetido ao periodidournal of Biogeography
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ABSTRACT

Aim The SoutkAmerican rain forests share a common biogeographic origin and have an
interconnected history that includes the drier biomes between them. It is not clear the degree of
isolation promoted by the establishment of the Neotropical Dry Diagonal @ednections
between the forests have occurred after this event. We sought to elucidate aspects on these
bi omesd biogeography t hr oNeaplilacavipedayaindoegt o g r a |
dweller spider.

Location South America.

MethodsWe col |l ected 320 individuals from 49 si
one mitochondrial and two nuclear DNA regions. We performed analyses on genetic diversity
and structure, demography, phylogenetic inferences and estimation of divergease t
inferred ancestral areas and applied a mbdsked approach in order to test competitive
hypot heses on the speciesd evolution.

ResultsAn ancient split, coincident with the Central Cordillera final uplift, segregated a-Trans
Andean Colombian lineageom the others. Four geographically informative lineages occur in
Brazil, with a Pleistocene divergence. The biogeographical analysis indicated that some
lineages have expanded their ranges towards other biomes along Pleistocene.

Main ConclusionsThe dstribution of lineages, as well as the model testing results, corroborate

a rain forest connection through the central part of Cerrado taking place at the Last Glacial
Maximum. Our data corroborates that geological and climate events have affectedibidotrop
diversification, and reinforces that studying widely distributed species is primordial to unveil
evolutionary patterns in regions with an entangled and intricate history.

Keywords Amazon, Atlantic Forest, Cerrado, Pleistocene climate fluctuationstrdyécs,

phylogeography
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INTRODUCTION

The Neotropics harbor two large tropical forests, Amazon (AM) and Atlantic Forest
(AF), acknowledged by high species richness and endemism. These forests, once continuous
during the wet and warmer Eocene, are curyeadparated by a large corridor of drier
environments, called Dry Diagonal (DD)ormed by Caatinga, Cerrado and Chacavhich
emerged after events of cooling and dryness along Oligocene and Miocene (Morley, 2000);
however, the underlying biogeographieats are still not completely understood.

Some of the major diversification events in South America are attributed to Neogene
geologic/orogenic activities, such as the final uplift of the Andean Cordilleras (Fo@in
2010), estimated around the MioedRliocene. The formation of this massive mountain range
caused great impact in the regionb6s eca i mat
2010), promoting vicariance and diversification. Alternatively, Quaternary climate fluctuations
are incrasingly been cited as a strong source of intraspecific variation in the Neotropics
(TurchetteZoletet al, 2013).

Several studies show that DD settlement has affected the Neotropical biota evolution,
isolating previously widespread forest taxa also promoting lineage diversification (Por, 1992;
Costa, 2003). DD has possi bl y siog andpgopuasonsa b a
in each side have thus evolved independently. Some groups (such as amphibians and birds)
present sister species in AM and AF with divergence times estimated in the Miocene or earlier
(BatalhaFilho et al, 2013; Fouquegt al, 2014), einforcing this idea. Other works, however,
suggest putative rain forests connections after DD emergence, since sister lineages in each
biome diverged in the Pliocene or Pleistocene (Costa, 2003; Béidtllozet al, 2013; Prates
et al, 2016; Perest al, 2017). Such connections have probably occurred due to shifts on biome
distribution according to climate cycles (Sob&uzaet al, 2015). Moreover, preseday
patches of humid vegetation within the DD form a net of gallery forests (Olivédira &

Rater, 1995), which preserve suitable habitats for rainfarestlers, possibly maintaining
current connections between AM and AF.

Phylogeography has been increasingly employed to study the evolution of megadiverse
regions, as the Neotropics. However, nmmestearches focus on already well studied groups such
as birds, anurans and plants (reviewed by Turclitetet al, 2013), while few have used less
represented invertebrate taxa, despite they being abundant, highly diverse and suitable to unveil
evolutionary patterns worldwide (Moritet al, 2001). Spiders, notably, have received more

attention in other continents, but few studies in the Neotropics have addressed
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phylogeographical questions using this group (Magalleeal 2014; Perest al 2015;
Bartoletiet al, 2017; Perest al, 2017). Spiders exhibit a wide range of environmental resilience
(e.g. tolerance to dryness or low temperatures) and dispersal abilities (some species lack
ballooning behaviof when spiderlings are pulled by the wind throwgk threadsi, while

others have been reported to float for large distances); in a context of dynamic connections
between rain forests, these disparities may affect differently how species can handle harsh
conditions in an inhospitable matrix and how ifadividuals can get when connections are
established.

Nephila clavipegLinnaeus, 1767) is a widespread Neotropical araneid, abundant in rain
forests and in humid patches within open environments as Cerrado. As evidenced for other
Nephila species (Leeet al, 2015),N. clavipesis supposed to successfully perform aerial
dispersal. The species likely arrived in the Neotropics in the Miocene/Pliocene through a long
distance dispersal event from Africa (Kuntregral, 2013), and diversified in the continent.
Given its wide distribution, ancient history in South America and biological peculialiies,
clavipesis a suitable candidate for a phylogeographical study focusing on the history of
Neotropical forests.

In this work we investigated the historical biogesqzhy of Neotropical rain forests
through a phylogeographical studyMfclavipes We used one mitochondrial and two nuclear
markers and coupled population genetic analyses, divergence times estimation and-a model
testing framework to clarify how histodtevents affected diversification in this region. We
proposed to test specific n@xclusive hypotheses concerning Neotropical evolution: (i)
geological events from the Neogene shaped the diversification; (ii) patterns of diversification
were caused by ichate events along Quaternary. In addition, we sought to test whether
connections among Brazilian biomes have occurred and when they took place. Therefore, we
tested if these connections (a) happened due to Pleistocene climate fluctuations, mainly in the
Last Glacial Maximum (LGM ~21 ka) or (b) these connections are still active in the present
through the gallery forests within DD. Testing these hypotheses may contribute to a better
understanding of the dynamics experienced by Neotropical forests thatedaneersification

in the continent.

MATERIALS AND METHOD S

Sample collection
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The sampling design covered most of t he
through AM (66 individuals from 10 localities), DD (69 individuals from 11 localities), AF
(173 individuals from 24 localities), including ecotones and transitional areagst\&ampled
individuals from four localities in Colombia [in the Northern portion of the Andes, which are
split into three Cordilleras [EasteinEC, Centrali CC and Westerii WC (Cooperet al,

1995)]: i) Amazonian Colombia, in the border with Brazil (andividual); ii) Magdalena
Valley, in the eastern slopes of CC (six individuals); iii) Cauca Valley, between CC and WC
(two individuals); iv) Pacific Colombia, close to the Pacific Ocean (three individuals) (Fig. 1).
For some analyses, we grouped popatetiaccording to the biome where they occur, following

the classification of IBGE (Brazilian Institute of Geography and Statistics): AM, DD, Northern
Atlantic Forest (NAF) and Southern Atlantic Forest (SAF). We used the Doce River (~20°S) to
distinguish NA- and SAF as this region is frequently invoked as a place of species turnover in
this biome (Carnavadt al 2014) and it also marks a transition between two different climate
regimes (Cheng@t al, 2013). In locations where the official classification vdabious (i.e.
transitional areas), we used field observations to assign biomes. Colombian samples were also
separated in groups: Amazonian Colombia and Magdalena Valley, in the eastern side of CC,
were included in the group AM (see Results); Cauca Valtey Racific Colombia, in the
western side of CC, constituted a group of TrAnslean populations (TAC).

DNA extractionamplification, sequencing and alignment

Genomic DNA was extracted from-8L legs using the Wizard Genomic DNA
Purification kit (Promega) ol | owi ng t he manufacturerodos proc
female genitalia or male palps. Vouchers were deposited in the Colecdo Cientifica de
Aracnideos e Miriapodes of Instituto Butantan (Sao Paulo, Brazil).

We used the cytochromeOxidase subunl (COI) as mitochondrial marker, and two
nuclear regionghe coding portion of the Histone 3 subunit a (H3a) and the Internal Transcribed
Spacer 2 (ITS2). For the mitochondrial marker, we obtained sequences for all sampled
individuals, while for the ntlear markers we amplified a representative subsample (123
individuals for H3a and 99 for ITS2 Table 1, Fig. S1). Amplifications were obtained using
the sets of primers: LCO1490 and HC0O2198 (Foletexl, 1994) for COIl; H3aF2 and H3aR2
(Colganet al, 198) for H3a; and 5.8S and ITS4 (Whéeal, 1990) for ITS2.

PCR conditions varied for each marker: a denaturation stegadd3 at 94 UC, 30
94UC f o-61°CAf@d56 086 and -Z&@JUCahdralfinal extens,]
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100. Thred sP@Rdreaction consisted of 1elL of
Polymerase (Thermbi sher ), 2. 5¢lL of -FisbeR, 2BCI5 eBLu foffer 2(¢
MgCl, (ThermaFisher), 0.51 e L o f 10mM dAdNTP mi x0O. 6GHR Hdalet:
forwardandre er se pri merO10e M hanwolddme of 25¢L.
in an automatic capillary sequencer ABI PRISM 3700 DNA Analyzer (Applied Biosystems).

We performed the alignment in MEGA 7.0 (Kunedral, 2016), using th&lusclealgorithm

(Edgar,2004), visually inspecting each sequence.

Genetic diversity, population structure and haplotype reconstruction

We calculated standard genetic diversity indices for each marker, assessed population
structure within species throughand performed an AMOVA using biomes as geographic
groups in ARLEQUIN 3.5 (Excoffier & Lisher, 2010). We used DnaSP (Librado & Rozas,
2009) to infer gametic phases from the nuclear markers, with a minimum posterior probability
threshold of 0.9. We also uw8APS 6.0 (Corandest al, 2008) to determine the most likely
number of genetic clusters within our sequences (testing from 1 to 20). We performed separate
analyses for the mitochondrial and nuclear datasets, using two replicates to ensure the reliability
of the results.

We built mediarfoining networks (Bandekt al, 1999) on POPARTLEigh & Bryant,

2015)to assess relationships among haplotypes.

Phylogenetic inferences and divergence times

Substitution models that best fitted each datasee definedaccording to the Akaike
Information Criterion (AIC) on JMODELTEST 2.0 (Darribet al 2012). We conducted a
multilocus species tree Bayesian phylogenetic analysis (*BEAST) in BEAST v1.8.0 (Heled &
Drummond, 2010). We used lognormal relaxed clocks, adettefor the molecular clock
performed on MEGA 7.0 rejected the strict clock hypothesis. For the mitochondrial dataset, we
used a substitution rate of 0.0112 substitutions/site/million ydmsed on a geological
calibration for the Dysderidae family ing Mediterranean basin (BidegaiBgtista & Arnedo,
2011) ancconsidered an adequate estin@tenitochondrial evolution for nephilids based on a
fossil calibration for this group (Kuntnet al, 2013). For the nuclear data, we used an estimate
of 0.0013 substitutions/site/million yeargBidegarayBatista & Arnedo, 2011) for H3a
substitution rategs there is no rate information available for ITS2 evolution on spid¥es).

chose as outgroup the African spediesnauratg the species closesthb clavipesaccording
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to the phylogeny proposed Byintneret al, 2013 (GenBank accession numbers: KC849085.1,
KC849044.1and JF835932 for COH3a,and ITS2 respectively).

We grouped the sequences in five mitochondrial lineages inferred by BAPS (see
Results) angerformed 1 billion MCMC simulations (storing 10,000 trees). We checked the
convergence with a stationary distribution in TRACER v1.5 (Raméiaalk 2014), discarded
the first 10% of the trees as bumand determined the best MCC species and genevitées
TREEANNOTATOR v1.8.0, visualized and edited in FIGTREE v1.3.1 (Rambaut, 2012). To
access uncertainty among different gene trees, we built a density tree in DENSITREE
(Bouckaert & Heled, 2014).

Demographic patterns

We inferred demographic patterns through neutrality {@siigma, 1989fu, 1997) and
analyses of mismatch distribution performed in ARLEQUIN 3.5, separately for each marker
and for each mitochondrial group (see Results). We also conducted ExtendedB8ighne
Plot analyses (EBSP) on BEAST v1.8.0 to detect demographic fluctuations over time in this
species. We performed analyses for the whole dataset, as well as for each mitochondrial group,
with the same nucleotide substitution rates as in the *BE&®&ilysis. We followed the tutorial
for the analysis found in the BEAST website.

Reconstruction of ancestral areas

We considered each biome (AM, DD, NAF, SAF and TAC) as discrete units and
performed the reconstruction Nf clavipesancestral areas ugj a Bayesian Stochastic Search
Variable Selection (BSSVS) on BEAST v1.8.0. The analysis was performed with the mtDNA
dataset using only one sequence per haplotype per population (154 individuals). We followed
the steps on the BEAST tutorial for this arsédy nucleotide substitution model and COI
substitution rate were the same as the used in the phylogenetic tree analysis, and we applied the
lognormal relaxed molecular clock. The coalescent tree prior was set to a constant population
size, and inferencef @ancestral areas was performed using a symmetric substitution model
under a strict clock. We performed a run with 30 million generations (sampling every 3,000
generations) and checked stationarityT&®ACER v1.5. Steps to generate a MCC tree were
similarto those used in the *BEAST analysis.

Model Testing
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We used an Approximate Bayesian Computation framework (ABC) to perform the
model testing. We separated the individuals in geographic groups (TAC, AM, DD and AF) and
constructed demographic models thatresent biogeographical hypothesis concerning the
evolutionary history of the Neotropical region (Fig. 2). We grouped similar models (which
represent alternatives for the same hypothesis) in scenarios and performed the model testing
hierarchically (as ifPereset al, 2015; Bartoletet al, 2017) to ultimate select which hypothesis
was the best overalbcenario 1 represents a single panmictic population; Scenario 2 represents
a Neogene split between TAC and the other samples, coincident with the C(pfittdsae
Discussion), and a large panmictic population in the Brazilian sankdescenarios-5 we
considered that, after the Neogene TAC split, climate fluctuations promoted diversification
among Brazilian biomes during Quaternaiyor Scenario 3 we considered that AM samples
diverged from the panmictic population constituted by AF+DD in the Pleistocene; in Scenario
4, AF and DD had the most recent divergence in the Pleistocene; in Scenario 5, all Brazilian
biomes diverged due tofeagmentation event at the same time in the Pleistocene. In scenarios
3-5, we tested for i) current multidirectional migration; ii) current-narform migration; iii)

LGM multidirectional migration; iv) LGM nofuniform migration. We performed the analyses
jointly for all markers. More details in the models, scenarios and the methodology can be
assessed in the Appendix S1.

RESULTS
Genetic diversity

We obtained a 594bp COI segment, and HKY+G was the best fitting substitution model
for this dataset. We fowaha high number of haplotypes (63), high haplotype and nucleotide
diversity (0.937 and 0.0111, respectively Table 2). Nucleotide diversity decreased
substantially within biomes while haplotype diversity remained high for most of them. DD and
SAF had higler diversity indices, attributable to the high admixture between different genetic
groups (se&enetic Structursection).

The H3a dataset presented sequences of 243bp and had K2+G+l as the best substitution
model. Diversity levels were lower than thosed m C O (24 haplotypes,
0.0089 Table 3 and were similar among biomes, except for TAC populations which presented
a unique haplotype for all individuals.

The ITS2 dataset spanned 211bp and GTR+I was the most fitting substittoks.

While haplotype diversity and number of haplotypes were lower than H3a (Hd = 0.6132, H =
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7)., nucl eoti de di ver d9iTdblg 9. wsafar H3a,chaplotype diversity ( -
was similar in the overall dataset and within each biome; fontickeotide diversity, levels
were lower within biomes. TAC populations presented a single haplotype for all its individuals.

Details on diversity within each population are presented on Tabl82S1

Genetic Structure

The BAPS analysis identified fiveitachondrial groups (Fig. 1): Group | is composed
by all NAF samples, most of SAF and DD; Group Il encompasses AM and Colombian samples
in the eastern side of CC; Group lll is composed by samples widespread from southern AM,
through DD, reaching the southenost SAF, but occurs mostly in the SBIP transition zone;
Group IV occur predominantly in DD, but some individuals were found in southern AM and in
SAF; Group V is found exclusively in the western side of CC in Colombia. Individuals from
Group V are sewated from the others by a minimum of 32 mutational steps (5.8% of
divergence; average = 1.1%), while the other groups bare a closer relatiogsfopJOI was
very high (0.751) and decreased when calculated within each biome (Table 2). Pairwise F
values were mostly high, and TAC populations were responsible for the maximum values
(Table S3). AMOVA using biomes as groups showed that nearly 50% of the genetic variability
is organized among them (Table 3); when TAC populations were excluded from lyssana
the amonegroups variation was reduced to ~38%.

H3a sequences presented lower genetic structgre=(6.243), but the value for ITS2
was also high (& = 0.716). These datasets did not recover the groups evidenced by the
mitochondrial marker: foH3a, all TAC individuals presented the same exclusive haplotype,
separated from the others by only one mutational step. For ITS2, TAC individuals also
presented an exclusive haplotype separated from the others by 11 mutations (5.2% of
divergence; average®2%). For both nuclear markers, the remaining haplotypes were mostly
shared among biomes. BAPS analysis for the nuclear dataset also evidenced that TAC
represents a group distinct from the other biomes, showing a weaker structure in Brazilian
samples. AMDVA results highlighted this trend, with about 10% of H3a variability found
among biomes, while the majority was present within populations. For ITS2, most of the
variability was present among biomes (70%); when TAC populations were not considered in
the AMOVA, the amoneggroups variation strongly decreased in both datasetsdigaificant
values- Table 3). Pairwisedrvalues for the nuclear markers were low, but also presented TAC

comparisons as the maximum values (Tables S4 and S5).
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Phylogenetic infeneces and divergence times

Divergence betweenN. clavipes and N. inaurata was estimated in the
Pliocene/Miocene, around 5.6 Ma (95%HPD = 20906, Fig. 3). TAC divergence from
Brazilian and eastern Colombia samples was estimated around 3.39 Ma (95%HP3 64,78
Fig. 3). All lineages that occur in Brazil diverged in the ftsene, in a short period of time
(~ 0.3 Ma, from 0.342 to 0.045 Ma, Fig. 3). Groups indicated by BAPS are strongly supported
in the mitochondrial tree (Fig. 3butthe relationships among groups are dubious as posterior
probabilities are low. NAF indidiuals are disposed intertwined with SAF and DD individuals
in Group I. SAF and DD individuals occur in groups |, lll and 1V, while AM individuals occur
almost exclusively in Group II, with few individuals in Groups Il and IV. TAC individuals
belong exclusely to Group V. In the nuclear trees, the only widfined group is TAC, while
the clustering of the other individuals was not geographically informative (data not shown).
The multilocus species tree (Fig. 3, left) show the great uncertainty amongriberges,

mainly among the four Brazilian lineages.

Demographic patterns
Neutrality tests and mismatch distribution analyses for the mitochondrial marker
presented signals of recent demographic expansion in the overall dataset, Grodijis and
the biomes AM and SAF. Nuclear markers did not present significant results (Table 2, Fig. S2).
The multilocus EBSP analyses detected demographic changes for Groups | and IV, with

evidence of recent expansion around 200 ka and 10 ka, regpe(fig. 4).

Reconstruction of ancestral areas

We could not infer with high posterior probability an ancestral location for all the
individuals. Brazilian samples seem to coalesce somewhere between DD (43%) and SAF
(35%), while TAC sampledifferentiated in western Colombia (95%). In Brazil, the ancestral
area inferred for each lineage was the biome where they occur more fregBaftlpr Group
| (65%), AM for Group Il (99%) and DD for Groups Il and IV (50 and 79%, respectively
Fig. 3, Table S6).

Model Testing
When performed among scenarios, the model selection held model 10 as the best fit for

our empiric data, with a strong posterior probability (0.7493). Therefore, the best demographic
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scenario for our data comprises a split betw€AC and the other samples around the time of

CC final uplift (~106 Ma), a more ancient split between AM and AF+DD, and a final and more
recent split between AF and DD. It also corroborates an exchange of migrants mainly between
DD and each forest alorije LGM (Table 4).

DISCUSSION

Our genetic data and coalescebased model testing revealed a scenario in which
Neogene geological events and Quaternary climate fluctuations are responsible for
diversification in the Neotropics. Moreover, our data supfite occurrence of connections
bet ween AM and AF during LGM, possibly cau
climate changes in this period. DD seems to play an important role in this process, providing
migrants for both forests. AF and DD presa closer relationship, possibly due to the exchange
of individuals represented by a zone of secondary contact between the states of Sdo Paulo and
Minas Gerais (Fig. 1a, lower detail), as described for other organisms in the same region
( D6 Hetalt2d 1, Dantaset al, 2015).

Phylogeographical patterns dfephila clavipes

The molecular markers presented adequate levels of genetic variation to unvell
interesting patterns of diversification in this species. These levels are compatible with previous
studies usingNephilain other continentsSuet al, 2007; Swet al, 2011), bt strongly contrast
with what was found for the other Neotropical species in the geéveshila sexpunctata
(Bartoletiet al, 2017). However, low diversity levels fol. sexpunctatavere associated with
demographic events that decreased diversity, which are not likely to have occurid for
clavipes For both species, the diversification patterns in the mitochondrial dataset were not
entirely reflected in neither nuclear marker. THescrepancies between nuclear and
mitochondrial markers may be caused @¥ferences in effective population size and
evolutionary ratesjincomplete lineage sorting, mtDNA introgression and/or differential
dispersal between sex@oews & Brelsford, 2012)

Even thoughN. clavipesand N. sexpunctataare the onlyNephila species in the
Neotropics, they represent distinct lineages of the genus with independent evolutionary
histories, as their ancestors supposedly arrived in South America through distirdistance
dispersal events from Africa, Asia or Oceania (Kunttal, 2013). The estimated divergence

betweenN. clavipesand the AfricariN. inauratain the Miocene/Pliocene supports the idea of
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dispersal to the Neotropics (Kuntretral, 2013), previosly corroborated foN. sexpunctata
(Bartoletiet al, 2017). These results endorse that THatigntic exchange of biota was common
in the Neogene (Renner, 2Q08hristenhusz & Chase, 2013). The fordateller Nephila
lineage from whichN. clavipeswould energe arrived in South America after DD settlement

and established itsedjnce then, experienced several events that shaped its genetic structure.

The Northern Andes as a driver for diversification

We detected a conspicuous distinction betwigramsAndean populations and the other
samples through our data. All markers presented only exclusive haplotypes for TAC
populations, showing great genetic divergence from the other haplotypes, and the high indices
of genetic structure seems to tae to he large difference between TAC and the other
populations.

The Northern Andes, region where our Colombian populations were sampled, are
characterized by three Cordilleras with distinct geological histories: CC and WC had a more
ancient final uplift in theMiocene, while EC reached its current height more recently, in the
Pliocene (GregoryWodzicki, 2000). This asynchronous uplifting seems to have affected the
genetic structure of vertebrate species, isolating different phylogroups in WC+CC and EC (e.g.
Valderramaet al 2014); howeverthe diversification time is not always congruent among
studiesRheobatefrogs from CC and EC seem to have diverged in the Miocene (MOJinz
et al, 2014). For the more vagiMetallura hummingbirds, divergence between W@@3-@nd
EC dated to Pleistocene (Benhatral, 2015).

The divergence betweéh clavipegopulations from both sides of the CC (Pacific and
Cauca Valley in the west, and Magdalena Valley and Amazon in the east) was estimated in the
Miocene/Pliocene, consgsit with CC final uplift (as reinforced by the ABC), suggesting that
it may be a barrier to dispersion in this species. This finding differs from a previous study with
Nephila pilipesin southeastern Asia, in which the authors found that the Central Mounta
Range (CMR) in Taiwan does not prevent gene flow between populations from different sides
of the mountains (Leet al, 2004). However, the CC in Colombia has an average height of
almost 4,000 meters and several peaks above that height, while CRMigecainly lower,
what may explain the diminished gene flow in this case.

Despite the high elevations of EC, it does not seem to be a barriér ¢tavipes The
population from the Magdalena Valley is genetically similar to the others from Colombian and

Brazilian Amazon. In a similar manner, solRbeobatesrogs from the eastern and western
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slopes of EC are closely relataghat suggests that individuals may have crossed EC after the
diversification of this lineage, dated to Pleistocene. The authors inferred that this crossing might
have happened through the Paso de Andalucia, a depression in the southern portion of EC as
low as 2,000m, possibly facilitated by Pleistocene climate fluctuations (MbDfiazet al,

2014).N. clavipesmight have dispersed similarly, as the lineage that reached the Magdalena
Valley (Group Il) dates back to ~170 ka, in the Pleistocene.

Pleistocene diversification in Brazilian biomes

Mitochondrial data forN. clavipesrevealed the existence of four geographically
associated lineages in Brazilian biomes (Fig. 1), with divergence times estimated in the
Pleistocene. Therefore, the receatlescence of our data indicates that DD settlement (~10
Ma) was not a vicariant event for the species, suggesting some degree of connectivity between
AM and AF up to the Quaternary. Divergences occurred mainly in the MRidistocene
(=300 ka), markedybintense climate oscillations with increased amplitude (Head & Gibbard,
2005). In this scenario, shifts in biome distribution (SoBw@lizaet al, 2015) might have
isolatedN. clavipegpopulations in disjoint stable areas that would allow populationgdive
independently (Carnaval & Moritz, 2008), originating the mitochondrial lineages. Moreover,
three of the Brazilian lineages (Groups I, lll and IV) seem to have emerged somewhere between
DD and SAF in soutltentral Brazil, a region severely affecteddhiynate fluctuations during
Pleistocene (Morley, 2000).

Even though these lineages occur together in some sampling locations, they present
great genetic divergence and different ancestral areas, what suggests moments of isolation
during the Quaternary wit r ecent secondary contact caus
ability. ABC results also supported differentiation among biomes with posterior migration
among previously isolated populatioi®ecent works with widely distributed spiders in the
Neotropicshave also found geographically informative lineages with a Pleistocene divergence
(Pereset al, 2017), suggesting that climate fluctuations may be responsible by the recent
diversification.

Demographic events for foredtvellers Neotropical species haveen discussed since
the Refugia Theory (Haffer, 196%anzolini & Williams, 1981), which suggested that wet
forests would have retracted during glacial periods and expanded during interglacials. Even
though some organisms present this expected pattgrnde.Réet al, 2014), recent works

have challenged this concept as several organisms display population stability (e.g- Batalha
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Filho et al, 2012) or prd.GM expansion (e.g. Pereg al 2015). ForN. clavipes analyses
evidenced demographic expansiontha lineages that preferably inhabit rain forests (Groups |
and Il, AF and AMi Fig. 4, Table 2). No dataset presented evidence of population retraction.
The EBSP estimated a subtle demographic expansion for Group | (the most associated with AF)
around 20kka, before the LGM. This suggests that this lineage expanded or at least remained
stable during the last glacial cycle, in opposition to the expected by Refugia Theory. The
possibility of AF range expansion towards the continental shelf during the LGiké @teal,

2016), together withN. clavipescapability of building webs in several different habitats
(Moore, 1977) and handling a wide range of environmental conditions, might help explaining
the demographic stability found throughout our data, as regspawsclimate fluctuations

depend heavily on the speciesd eetall20l§).i c al a

Putative connections between AM and AF

There is substantial evidence supporting the existence ofARMPleistocene
connections includig palaeopalynogical, geological and phylogeographical data (Bedtling
al, 2000; Auleret al, 2004; Batalhd&ilho et al 2013 Pereset al 2017. Hypothesized
connections routes include i) a corridor through the north of Caatinga, linking eaAbteim
NAF; ii) a path linking weste#AM and SAF through Chaco and Cerrado; iii) a connection
through central Brazil, as forest fragments can be currently found in Cerrado (Por, 1992; Costa,
2003;BatalhaFilho et al, 2013).

The distribution oN. clavipedineages is not restricted to biome boundaries, with three
lineages (Groups I, Ill and IV) occurring in more than one biome. According to the ancestral
area reconstruction, Group | was likely originated in SAF and then expanded to DD and NAF,
while GroupdlIl and IV were formed in the DD and reached SAF and AM (Figs. 1 and 3, Table
S6) . These data corrobor at e ; QOlihegaFifh€ & Ratter, a | Ci
1995 following a corridor through the central part of Cerrado, reaching both AM\Er{&ig.

1). The model testing also supported this hypothesis, showing that previously isolated biomes
have exchanged migrants during LGM, with DD being the main source for both forests. Climate
simulations have shown that central Brazil was more humiagll.GM due to an expansion

of SAF climate towards DD (Sobr&8louzaet al, 2015), which may have created intermittent
corridors connecting SABD-AM. This pattern was presumably recurrent along the
Quaternary as glacial cycles repeatedly changed clinoagitons in central Brazil (Chergt

al, 2013). As a species with high dispersal ability and environmental resilience, capable of
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building webs at the borders of forest fragments (Moore, 19Y7)lavipesmight have
expanded its range through theseidoms when climate conditions were adequate.

Studies with several organismBatalhaFilho et al, 2013; Rodriguet al, 2014;
Pratest al, 20169 , including widespread rain forediveller spiders (Peres al, 2017), support
a close relationship beter eastenAM and NAF. This connection would have been
established through the expansion of AM climate towards NAF (S8 aet al, 2015), and
is corroborated by the existence of the dAbr
highlands However,N. clavipesdid not presented haplotype sharing nor t@csurrence
between these biomes. All haplotypes present in NAF were also present in SAF. Studies
encompassing NAF and SAF recurrently report the existence of different lineages in each
counterpart, what has been associated with a region of climate turnover near of the Doce River
(Chenget al, 2013;SobratSouzaet al, 2015 Pereset al, 2017). The great similarity between
NAF and SAF haplotypes in this study indicates bhatlavipegpopuations in the AF maintain
a great level of gene flow, therefore no phylogeographical breaks could be inferred for this

biome.

CONCLUSIONS

Our data support that both geological (Andean CC uplift) and climate (Pleistocene
fluctuations) events were responsible for Neotropical diversification at different time frames
(Neogene x Quaternary). We also elucidated that DD settlement was not anvieaeiat for
N. clavipes as the coalescence of Brazilian samples took place in the Pleistocene, suggesting
Quaternary connectivity between AF and AM. ABC results supported the hypothesis that AM
AF connections happened during LGM with DD as a major saefrogigrants, and our data
seem to fit the fACentr al Cerr ado 0N.rclavipds e |, f
data do not support a northern connection through Caatinga, nor present exclusive lineages in
NAF and SAF. Our findings indicate thaithough common events might have affected the
dynamics of rain foresiwellers through the glacial cycles, the responses to these events are
intrinsic of each species and strongly depends on environmental and ecological tolerances.
Studying widely distbuted species, which occur in more than one biome, has proven to be

pivotal to a better understanding of diversification in highly complex regions.
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TABLES

Table 1. Sampling locations ofNephila clavipeswith details on biome and number of
sequences obtained for each marker, per population.

Location Biome | COI | H3a | ITS2
Alcobaca/BA (ALC) NAF 8 10 10
Alta Floresta/MT (AFL) AM 8 12 12
Aracruz/ES (ARC) SAF 8 10 4
Belém/PA (BLM) AM 8 - -
Belo Horizonte/MG (BHR) DD 8 16 14
Braganca/PA (BRG) AM 8 - -
Brasilia/DF (BRS) DD 8 14 14
Campo Grande/MS (CGD) DD 1 - -
Cataldo/GO (CTL) DD 1 - -
Colombiai Amazon (CLA) AM 1 2 2
Colombiai V. del Magdalena (CLM)| AM 6 12 12
Colombiai Pacific (CLP) TAC 3 6 6
Colombiai V. del Cauca (CLC) TAC 2 4 4
Florestépolis/PR (FLO) SAF 8 - -
Foz do Iguacu/PR (FDI) SAF 8 8 8
Goiania/GO (GOI) DD 3 - -
Gramado/RS (GRA) SAF 8 14 12
Ibirama/SC (IBM) SAF 8 - -
Ibitinga/SP (IBT) DD 8 - -
Ilha do Cardoso/SP (IDC) SAF 8 - -
Itaguacgu/ES (ITG) SAF 3 - -
Juiz de Fora/MG (JDF) SAF 8 16 12
Jundiai/SP (JDI) SAF 8 - -
Linhares/ES (LNH) SAF 8 - -
Macapa/AP (MAC) AM 3 - -
Manaus/AM (MAN) AM 8 10 6
Mata de S&o Jodo/BA (MSJ) NAF 8 10 6
Moju/PA (MOJ) AM 8 10 8
Monte Alegre do Sul/SP (MON) SAF 8 - -
Paraty/RJ (PTY) SAF 7 10 2
Passa Quatro/MG (PQT) SAF 8 - -
Pinhalzinho/SP (PIN) SAF 8 14 12
Piren6polis/GO (PRN) DD 8 10 8
Pocos de Caldas/MG (PDC) SAF 8 - -
Porangatu/GO (PRG) DD 8 10 2
Porto Velho/RO (PVL) AM 6 - -
Recife/PE (RCF) NAF 3 - -
Rio Branco/AC (RBC) AM 8 10 8
Rio Claro/SP (RCL) DD 8 -

Rio Preto do Eva/AM (RPE) AM 1 - -
Santa Teresa/ES (STE) SAF 1 - -
Santarém/PA (STM) AM 8 - -
Santos/SP (STO) SAF 8 - -
S&o Carlos/SP (SCA) DD 8 - -
Sapiranga/RS (SPG) SAF 8 - -
Silva Jardim/RS (SJD) SAF 7 - -
Teodoro Sampaio (TDS) SAF 8 8 8
Uberlandia/MG (UBE) DD 8 16 12
Vicosa/MG(VIC) SAF 8 14 16
Total 320 | 246 | 198
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Table 2: Genetic diversity indices fddephila clavipescalculated according to genetic
groups and biome#l = number of sequences; h = number of haplotypes; ss = number of
segregating sites; He haplotype diversity: = nucleotide diversity; §= F @D F

T aj i masé=sfixablon index, sd = standard deviation. * p < 0.05; ** p < 0.02.

COl

Location | N h ss | Hd (sd) " (sd) Fs D Fst
Group | 140 | 27 | 30 | 0.7955 (0.0302)| 0.0026 (0.0017) | -23.56** | -2.1045* | -
Group Il 68 |15 | 16 | 0.8292 (0.0296)| 0.0028 (0.0018) | -7.464** | -1.4973* | -
Group lll |58 |9 |11 0.7114 (0.0341)| 0.0035 (0.0022) | -0.7814 | -0.3577 | -
Group IV |49 |10 |9 | 0.7185 (0.0575)| 0.0023 (0.0016) | -3.8365 | -0.9371 | -
GroupV |5 2 |3 |0.6000 (0.1753)| 0.0030 (0.0024) | 2.4290 1.5727 -
AM 73 |19 | 30| 0.8516 (0.0272)| 0.0044 (0.0026) | -7.686** | -1.8148* | 0.349
DD 69 | 23 | 25| 0.9224 (0.0155)| 0.0093 (0.0050) | -4.7852 | 0.2064 | 0.344
NAF 19 |4 |3 |0.7076 (0.0739)| 0.0014 (0.0012) | -0.3321 | 0.0967 0.571
SAF 154 | 31 | 40 | 0.8848(0.0157) | 0.0069 (0.0038) | -10.63** | -1.2593 | 0.540
TAC 5 2 |3 |0.6000 (0.1753)| 0.0030 (0.0024) | 2.4290 1.5727 0.500
Total 320 | 63 | 88| 0.9375 (0.0068)| 0.0111 (0.0058) | -24.50** | -1.5578* | 0.751
H3a

Location | N h ss | Hd (sd) " (sd) Fs D Fst
Group | 68 |13 | 10| 0.7204(0.0480) | 0.0092 (0.0057) | -3.1941 | 0.17883 | -
Groupll |48 |11 |7 | 0.7739 (0.0519)| 0.0091 (0.0057) | -2.4119 | 1.06402 | -
Grouplll |46 |6 |6 | 0.6300 (0.0633)| 0.0081 (0.0052) | 0.9730 1.14741 | -
GrouplV |74 |9 |8 |0.6716(0.0341)| 0.0071 (0.0046) | -1.1094 | 0.14073 | -
GroupV |10 |1 |0 |O 0 - 0 -
AM 56 |12 |7 | 0.8071 (0.0419)| 0.0093 (0.0058) | -2.7395 | 1.26448 | 0.071
DD 66 |8 |6 | 0.6653(0.0367)| 0.0073 (0.0047) | -0.4626 | 0.97257 | -0.038
NAF 20 |4 |5 |0.7211 (0.0653)| 0.0092 (0.0059) | 2.13121 | 1.78515 | 0.080
SAF 94 |17 | 12| 0.6882 (0.0431)| 0.0084(0.0053) | -6.702** | -0.34514 | 0.134
TAC 10 |1 |0 |O 0 - 0 0
Total 246 | 24 | 14 | 0.7428 (0.0224)| 0.0089 (0.0055) | -10.01** | -0.14754 | 0.243
ITS2

Location | N h ss | Hd (sd) " (sd) Fs D Fst
Group | 48 |5 |3 |0.6144 (0.0524)| 0.0039 (0.0031) | -0.6915 | 0.4445 -
Groupll |40 |5 |4 | 0.609(0.0662) | 0.0034 (0.0029) | -1.2205 | -0.568 -
Grouplll |40 |5 |3 |0.5936 (0.0724)| 0.0038 (0.0031) | -0.9054 | 0.3125 -
GrouplV |60 |5 |4 |0.5158 (0.0515)| 0.0029 (0.0026) | -1.2442 | -0.5985 | -
GroupV |10 |1 0 |0 0 - 0 -
AM 48 |5 |4 |0.5895 (0.0592)| 0.0032 (0.0028) | -1.1846 | -0.5555 | 0.111
DD 50 |6 |4 | 0.591(0.0579) | 0.0035 (0.003) |-1.9206 | -0.3628 | -0.025
NAF 16 |4 |3 | 0.675(0.0853) | 0.0043 (0.0035) | -0.4728 | 0.0136 0.099
SAF 74 |5 |3 |0.5424(0.0494)| 0.0034 (0.0029) | -0.6647 | 0.3368 -0.106
TAC 10 |1 |0 |O 0 - 0 0
Total 198 | 7 | 14| 0.6132 (0.0294)| 0.0090 (0.0057) | 1.8787 | -0.5131 | 0.716
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Table 3: Results of the Analysis of Molecular Variance (AMOVA) féephila clavipesfor
each molecular marker. We performed two analysme consideringhe five biomes (TAC,
AM, DD, SAF and NAF), in the left column; other excluding TAC individuals from the
analysis. * p < 0.05.

% of Variation

Source of variation With TAC  W/o TAC
COl

Among biomes 49.15* 38.62*
Among populations within biomes 22.43* 27.09*
Within populations 28.42* 34.29*
H3a

Amongbiomes 10.50* -1.21
Among populations withiliomes 10.19* 11.55*
Within populations 79.31* 89.65*
ITS2

Amongbiomes 69.49* -2.5
Among populations withiliomes 2.37* 7.97*

Within populations 28.13* 94.53*
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Table 4: Results of the model selection performed through ABC. We present the Posterior
Probability (PP) for each model within scenarios (third column), except for Scenarios 1 and 2,
each presenting only one model. The best model in each scenario (in bold) waspestam

the analysis Among Scenarios (fourth column). The model with highest PP in this analysis (in
bold) was considered the bdgting model for our data.

_ Within Among
Scenario | Model , .
scenarios| scenarios
1 1 - 0.0000
2 2 - 0.0000
3 0.6435 0.0001
3 4 0.0081 -
5 0.3484 -
6 0.2275 -
7 0.0072 -
4 8 0.2538 -
9 0.2146 -
10 0.2969 0.7493
11 0.1876 -
12 0.0019 -
5 13 0.0317 -
14 0.2239 -
15 0.5549 0.2506
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FIGURE LEGENDS

Figure 1: (a) Map withNephilaclavipessampling locations in Brazil and Colombia. The two
boxes in the right show details in Colombia [abowdisplaying the sampling sites according

to each of the three Cordilleras: Western Cordillera (WC), Central Cordillera (CC) and Eastern
Cordillera (EC)] and in the Brazilian Southeastern Region (bélavwransition zone between

SAF and DD). Light gray areas in the map represent humid forests (highlighting AM and AF),
and the hatched area represents Cerrado. Pie charts represent the frequoetomhohdrial
lineages in each location. Circle size is proportional to the number of individuals in each
location. (b) Haplotype networks for each molecular marker: COI (left), H3a (middle) and ITS2
(right). In the COI network, colored polygons show tive mitochondrial lineages inferred by
BAPS. The dashed line shows the distinction between #&xadsan Colombia samples and

the others. Circle size is proportional to the frequency of each haplotype, and dashes represent
mutational events. Haplotypes hetnetworks are colored according to their occurrence in each

biome.

Figure 2: Demographic scenarios simulated for the evolutionary histoNephila clavipesn

South America. Scenario | presumes panmixia among all populations (mo8ekeRario
assimes an ancient split from TAC samples coincident with the final uplift of the Andean
Central Cordillera (model 2); In Scenario 1, besides TAC separations, we also tested a recent
divergence between AM and a supposedly panmictic population comprisinGDAFend

tested for absence of gene flow (model 3), current (model 4) or LGM migration (model 5); for
Scenario 1V, we considered that all biomes have diverged, with a more recent split between AF
and DD, and tested for absence of gene flow (model 6), ¢wngiorm migration (model 7),
current noruniform migration (model 8), uniform migration in the LGM (model 9), and-non

uniform migration in the LGM (model 10); in Scenario 5, we tested the emergence of three
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Brazilian lineages at the same time, and tekiedbsence (model 11), current uniform (model
12), current nofuniform (model 13), LGM uniform (model 14) and LGM raniform (model

15) migration.

Figure 3: Bayesian phylogenetic inferences fdephila clavipesndividuals. In the box, the
multilocus species tree showing the level of uncertainty among the three markers, mainly in the
more recent Brazilian branches. In red, the most frequently recovered consensus tree. In the
COl tree, we display the five mitochondrial lineages inferred by BAPS, paisterior
probabilities for the main nodes. In the Group I, NAF individuals are highlighted with black
lines in front of the tips. The circles show results from the biogeographical analysis of ancestral

area reconstruction, representing the most likebmie of origin from each mitochondrial

group.

Figure 4: Results for the Extended Bayesian Skyline Plot analysetNéphila clavipes
Analyses were performgdintly for the three markers. Continuous lines represent the medians,

and the gray shadings displ@§% HPD for each analysis.
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