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INTRODUCAO

Caracterizacao geral

As algas coralindceas pertencem ao filo Rhodophyta e apresentam como principal
caracteristica a presenca de impregnacdo de carbonato de célcio na forma de calcita nas
paredes celulares, o que ndo é observado nos demais grupos de algas vermelhas, e isso Ihes
confere textura rigida (Chamberlain, 1983; Bailey & Chapman, 1998).

As algas coralinaceas estdo distribuidas dos tropicos aos pdlos, desde a zona de
entremarés até os limites inferiores da zona fotica, mais de 200 m de profundidade (Foster,
2001).

Morfologicamente as algas coralinaceas podem ser divididas em dois grupos
artificiais principais: as algas coralinaceas geniculadas ou articuladas — consistem em
segmentos ndo calcificados e calcificados alternados, chamados, respectivamente, de
geniculo e intergeniculo; e as algas coralinaceas incrustantes, também chamadas de nédo
geniculadas ou ndo articuladas — sdo integralmente calcificadas, resultando em formas
incrustantes do talo (Harvey et al., 2005).

As algas coralinaceas incrustantes podem se desenvolver aderidas a um substrato
continuo ou desprendidas destes, formando estruturas denominadas de rodolitos que sdo
nodulos calcarios de vida livre (Harvey et al., 2005).

Por muito tempo a forma articulada foi separada da incrustante, sem levar em
consideracdo as caracteristicas anatbmicas ou reprodutivas. Cabioch (1988) apresentou
pela primeira vez a presenca de conexbes celulares secundérias (“pit-
connections”Secundarias) e/ou de células fusionadas como caracteristicas
filogeneticamente mais relevantes do que a presenca ou ndo de geniculo, o que foi
confirmado posteriormente com os estudos moleculares (Bailey & Chapman, 1998; Bailey,
1999).

As formas incrustantes desempenham papel fundamental na constru¢cdo e na
ocupacdo do substrato nos recifes coralineos em todo o mundo, protegendo esse
ecossistema contra a acdo erosiva das ondas e possibilitando a manutencéo e crescimento
dos recifes (Steneck & Testa, 1997). Também podem formar bancos de rodolitos, que
compdem um ecossistema unico onde abriga grande diversidade de algas, invertebrados e
vertebrados associados direta ou indiretamente a eles (Steller et al., 2003; Litter & Litter,
2008; Riul et al., 2008).
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A maior extensdo de bancos de rodolitos estd na costa brasileira, onde estdo
distribuidos de forma descontinua desde a plataforma continental do Amapé até Santa
Catarina, havendo uma concentracdo relevante na regido do alargamento da plataforma
continental que vai do sul da Bahia ao norte do Espirito Santo (Amado Filho et al., 20123;
Moura et al., 2016; Horta et al., 2016). Recentemente, foi descoberto o0 maior banco de
rodolitos do mundo na regido da Plataforma Continental de Abrolhos (Amado Filho et al.,
2012a). Este banco ocupa uma area de mais de 20.000 kmz, e tem uma importancia global
na producdo de carbonato de calcio comparavel aos recifes coralineos do Caribe e a
Grande Barreira de Corais da Australia (Amado Filho et al., 2012a; Moura et al., 2013).
Outra descoberta recente foi o recife carbonatico de aproximadamente 10.000 km?2 na
regido entre a Guiana Francesa e o Brasil, que compreende a regido da Foz do Rio
Amazonas, sendo este o primeiro recife descoberto sob a pluma de um grande rio (Moura
et al., 2016).

A taxonomia das algas coralinaceas incrustantes tem sido considerada a mais
complexa do filo Rhodophyta, devido a incrustacdo do carbonato de célcio na parede
celular destas algas, as diferentes formas de desenvolvimento e a similaridade dos
morfotipos entre taxons filogeneticamente distintos (Chamberlain, 1983; Woelkerling,
1998; Harvey et al., 2003).

Inicialmente a taxonomia das algas coralinaceas incrustantes esteve baseada em
caracteres vegetativos (p. e. Cabioch, 1972) e posteriormente foram incorporados
caracteres reprodutivos (Woelkerling, 1988). Todavia, a classificacdo destas algas tem
estado sob constante mudanca (Harvey et al., 2003). O valor de alguns dos caracteres
originais utilizados para fins taxondmicos foi testado e, principalmente os vegetativos,
foram descartados e substituidos por caracteres reprodutivos (Woelkerling, 1985; Harvey
& Woelkerling, 2007).

No entanto, a alta plasticidade fenotipica e a sobreposicdo de muitos caracteres
taxondmicos entre espécies e géneros dificulta a delimitacdo dos tdxons (Maneveldt &
Keats, 2008; Vidal et al. 2003). A incorporagdo de novas técnicas de observacdo, como a
microscopia eletronica de varredura (MEV), tem proporcionado avancos na busca e na
interpretacdo dos caracteres anatébmicos dos talos (Woelkerling, 1988; Riosmena-
Rodriguez et al., 1993).

Novas abordagens utilizando a analise molecular tem propiciado um crescente
avanco no conhecimento da diversidade das algas coralinaceas nas Gltimas décadas, muitas

vezes confirmando antigas circunscricbes baseadas em dados anatdmicos e também
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trazendo novidades em todos os niveis de classificacdo (Bailey & Chapman, 1996; Kato et
al., 2011; 2013; Hind & Saunders, 2013). Este tipo de estudo viabiliza a identificacdo de
espeécies cripticas, espécies estas que possuem aspecto morfologico ndo diferenciado, mas
que guardam em seu DNA uma variacdo genética importante para a manutencdo e
adaptacdo da biodiversidade de determinada populacdo (Thorpe & Solé-Cava, 1994;
Maggs et al., 2007).

Classificacdo

Inicialmente, Linnaeus (1767), classificou as algas coralinAceas como corais
hermatipicos, formadores de recifes, baseado na natureza calcéria e na existéncia de
pequenos poros. A familia Corallinaceae foi proposta em 1812 por Lamouroux, mas ainda
seguia a classificacdo proposta por Linnaeus. Em 1816, Lamouroux prop6s uma familia
chamada Corallinés, que incluia algas ndo calcérias, coralinaceas articuladas e coralinaceas
ndo articuladas. Kutzing (1843) revisou as publicagfes de Lamouroux e separou as algas
coralinaceas das demais algas, e essas passaram a pertencer a duas familias: Spongitae
(algas ndo geniculadas) e Corallinae (algas geniculadas). Inicialmente a ordem Corallinales
foi proposta por Funk (1927) e Hylander (1928), mas estes ndo apresentaram justificativas
para a nova ordem. Entdo, Silva e Johansen (1986), com base em estudos bioquimicos,
ultraestruturais, anatémicos e do desenvolvimento, estabelecerem definitivamente a ordem
Corallinales. Na citada ordem foram incluidas algas de talo calcificado, que cresciam sobre
diversos tipos de substratos; apresentando meristema intercalar recoberto por uma camada
de células; e forma das conexdes celulares primarias apresentando “plug” com a camada
mais externa em forma de domo.

A primeira filogenia molecular de Corallinales foi publicada por Bailey e Chapman
(1996, 1998), onde foi confirmado o cenéario evolutivo hipotetizado por Cabioch (1988) de
que as formas geniculadas teriam evoluido independentemente em linhagens distintas na
citada da ordem. Desde entdo, as abordagens moleculares tem elucidado as relacGes
filogenéticas das algas coralinaceas (Bailey, 1999; Harvey et al., 2003; Broom et al., 2008;
Le Gall & Saunders, 2007; Le Gall, 2010; Bittner et al., 2011; Kato et al., 2011; Hind &
Saunders, 2013; Nelson et al., 2015; Rosler et al., 2016).

Até recentemente, as algas coralinaceas foram classificadas em uma Unica ordem
(Corallinales) constituida de trés familias: Corallinaceae, Hapalidiaceae e Sporolithaceae.
Esta classificagdo se baseava em uma combinacdo de dados morfolégicos, anatdmicos,

bioquimicos, ultraestruturais e moleculares (Harvey et al., 2003).
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Le Gall e Saunders (2007) publicaram a filogenia supraordinal de Florideophyceae e
propuseram a criacdo da subclasse Corallinophycideae para agrupar os membros das
ordens Corallinales e Rhodogorgonales, formando um grupamento monofilético. A citada
subclasse € caracterizada por precipitacdo de calcita na parede celular, entretanto, os
membros de Rhodogorgonales precipitam este mineral apenas em células vegetativas
especificas, enquanto que os membros de Corallinales o fazem por todo o talo (Le Gall &
Saunders, 2007; Le Gall, 2010).

Le Gall et al. (2010), com base em estudos moleculares, propuseram a mudanca de
status da familia Sporolithaceae, elevando-a a uma nova ordem: Sporolithales, que
compreende uma Unica familia com dois géneros (Sporolithon Heydrich e Heydrichia
R.A.Townsend, Y.M.Chamberlain & Keats). Foram utilizadas como caracteristicas para
separar a nova ordem, a presenca de tetrasporangios cruciados produzidos em
compartimentos calcificados que geralmente estdo agrupados em soros e apresentam
tampéo apical.

A ordem Corallinales passou, entdo, a englobar duas familias Corallinaceae e
Hapalidiaceae que produzem tetrasporangios divididos zonadamente (Harvey &
Woelkerling, 2007). A familia Corallinaceae é caracterizada por possuir conceptaculos
tetra/bisporangiais uniporados sem plug apical (Harvey et al., 2003) e é composta, hoje em
dia, de sete subfamilias (Bittner et al., 2011; Kato et al., 2011). A familia Hapalidiaceae
engloba tdxons que possuem conceptaculos tetra/bisporangiais multiporados com plug
apical (Harvey et al., 2003) e possui trés subfamilias (Harvey et al., 2003; Bittner et al.,
2011).

Nelson et al. (2015), através de analises moleculares concatenadas com taxons da
Nova Zelandia, revisaram a posicao filogenética de Hapalidiaceae e, baseados nos mesmos
critérios que Le Gall et al. (2010), propuseram a elevacdo desta familia a ordem
Hapalidiales.

A ordem Corallinales, atualmente, & composta apenas por uma familia —
Corallinaceae — e seis subfamilias: Corallinoideae, Hydrolithoideae, Lithophylloideae,
Mastophoroideae, Metagoniolithoideae e Neogoniolithoideae (Rosler et al., 2016). No
entanto, o status taxondmico de alguns taxons ainda é polémico (Bailey & Champan, 1998;
Kato et al., 2013; Nelson et al.,, 2015). A sintese da atual classificacdo das algas
coralindceas é encontrada na tabela 1 e as principais caracteristicas morfologicas e

anatémicas utilizadas na classificacdo atual encontram-se na tabela 2 e Figuras 1 a 3.
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Tabela 1: Classificacdo das algas coralindceas incrustantes até o nivel de subfamilia.

Filo Rhodophyta Wettstein 1901
Subfilo Eurodophytina Saunders & Hommersand 2004
Classe Florideophyceae Cronquist 1960
Subclasse Corallinophycidae Le Gall & Saunders 2007
Ordem Corallinales Silva & Johansen 1986 Hapalidiales Nelson et al. 2015 Sporolithales Le Gall et al. 2010
Familia Corallinaceae Lamouroux 1812 Hapalidiaceae Gray 1864 Sporolithaceae Verheij 1993
Subfamilia Corallinoideae Foslie 1908 Austrolithoideae Harvey & Woelkerling 1995 N&o se aplica

Hydrolithoideae Kato et al. 2011

Lithophylloideae Setchell 1943

Mastophoroideae Setchell 1943
Metagoniolithoideae (Johansen) Résler et al. 2016
Neogoniolithoideae (Kato et al.) Rosler et al. 2016

Choreonematoideae Woelkerling 1987
Melobesioideae Bizzozero 1885
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Tabela 2: Caracteres considerados diagnosticos para as algas coralindceas com base na classificacdo atual (Referéncias: Harvey et al., 2003;
Harvey et al., 2005; Harvey & Woelkerling, 2007; Le Gall et al., 2010; Kato et al., 2011; Hind et al. 2016; Rosler et al. 2016).
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A B C
Corallinales - conceptaculo uniporado Hapalidales - conceptaculo multiporado Sporolithales - compartimentos calcificados

poro placa de poros poros

i I
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(divis@o cruciada)
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Figura 1. Caracterizacdo esquematica das estruturas reprodutivas das algas coralinaceas.
A. Conceptaculo tetrasporangial de Corallinales. B. Conceptaculo tetrasporangial de
Hapalidiales. C. Compartimentos tetrasporangiais calcificados de Sporolithales. Adaptado
de Farr et al. (2009).
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Figura 2. Caracterizacdo esquematica das estruturas reprodutivas das algas coralinaceas.
A. Conceptaculo tetrasporangial uniporado, evidenciando estruturas utilizadas para a
identificacdo dos taxons. B. Conceptéaculo espermatangial com filamentos espermatangiais
ndo ramificados. C. Conceptaculo espermatangial com filamentos espermatangiais
ramificados. Adaptado de Farr et al. (2009).

908 b0

Figura 3. Tipos de ligacéo celular encontradas nas algas coralinaceas. A. Somente ligacdes

A

primérias (Pit-connections) entre células de um mesmo filamento. B. Pit-connections
secundarias entre células de filamentos adjacentes. C. Fusdo celular entre células de

filamentos adjacentes. Adaptado de Farr et al. (2009).
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Estudos no Brasil

Até a decada de 70 os estudos no Brasil sobre algas coralinaceas incrustantes se
limitaram a algumas citacfes de espécies (Martens, 1870; Taylor, 1931; Oliveira Filho et
al., 1979). Yamaguishi-Tomita (1976) realizou o primeiro estudo taxondémico no Brasil,
entretanto, este estudo foi restrito ao género Sporolithon, onde foram descritas oito
espécies para o litoral brasileiro. Apds mais de duas décadas sem que fossem realizados
trabalhos taxondmicos com algas coralindceas incrustantes no litoral brasileiro, Horta
(2000) ao estudar as algas marinhas do infralitoral das Regides Sul e Sudeste do Brasil,
descreveu oito espécies de coraliniceas incrustantes. Horta (2002) apresenta um
levantamento historico sobre os estudos taxondmicos em coralinaceas incrustantes
realizados na costa brasileira e as bases para identificacdo deste grupo.

No Brasil, somente na ultima década as algas coralinaceas incrustantes ganharam
destaque com o aumento do numero de estudos publicados, apresentando enfoque tanto
ecologico guanto taxonémico (Horta et al., 2016). Até a presente data 26 espécies de algas
coralindceas incrustantes pertencentes a ordem Corallinales foram reconhecidas na flora
brasileira (Tabela 3).

O aumento no numero de estudos neste campo tem possibilitado a descoberta de
novas espécies da ordem Corallinales, como: Lithophyllum depressum Villas-Boas,
Figueiredo & Riosmena-Rodriguez no estado do Espirito Santo (Villas-Boas et al., 2009);
Lithophyllum atlanticum T. Vieira-Pinto, M. C. Oliveira & P. A. Horta no litoral Sul do
Brasil (Vieira-Pinto et al., 2014); e Neogoniolithon atlanticum Tamega, Riosmena-
Rodriguez, Mariath & M. Figueiredo no Arquipélago de Abrolhos, Bahia (Tamega et al.,
2014).
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Tabela 3: Espécies de algas coralinaceas incrustantes descritas para o litoral brasileiro,
com sua distribuicdo e referéncias. Cddigo das localidades: AL= Alagoas; AM = Foz do
Rio Amazonas; AR = Atol das Rocasl; BA= Bahia; CE= Ceara; ES= Espirito Santo; FN =
Fernando de Noronha; IT = llha de Trindade; PE= Pernambuco; RJ= Rio de Janeiro; RN=
Rio Grande do Norte; SC= Santa Catarina; SP= Sdo Paulo; SPSP = Arquipélago de Sao
Pedro e Sdo Paulo. *Estudos que incluiram anélise molecular.

Taxons | Distribuicéo | Referéncia

ORDEM CORALLINALES

Familia Coralinaceae

Hydrolithon boergesenii (Foslie) BA Figueiredo & Steneck (2000), Jesionek et al.

Foslie (2016)*

Hydrolithon breviclavium (Foslie) IT Henriques et al. (2014b)

Foslie

Hydrolithon farinosum (J.V. RJ, SP Taylor (1960), Oliveira Filho (1977), Horta

Lamouroux) D. Penrose & Y.M. (2000)

Chamberlain

Harveylithon rupestre (Foslie) AR, BA, ES, | Villas-Boas (2008), Amado-Filho et al. (2012

A.R6sler, Perfectti, V.Pefia & FN, IT, SPSP | a,b), Pereira-Filho et a. 2012, Crespo et al.

J.C.Braga (2014), Bahia (2014), Villas-Boas et al.
(2015), Amado Filho et al. (2016), Moura et
al. (2016)

Harveylithon samoénse (Foslie) RJ Tamega & Figueiredo (2005)

A.R6sler, Perfectti, V.Pefia &

J.C.Braga

Lithophyllum atlanticum Vieira- AL, RJ, RS, | Vieira-Pinto et al. (2014)*, Torrano-Silva

Pinto, Oliveira & Horta SC, SP (2015)*, Henriques (2016)*

Lithophyllum corallinae (P.L. AL, BA ES, | Villas-Boas (2008), Villas-Boas et al. (2009),

Crouan & H.M. Crouan) Heydrich FN, RJ Amado-filho et al. (2012b), Bahia (2014),
Henriques et al. (2014b), Torrano-Silva
(2015)*

Lithophyllum depressum Villas-Boas, | ES, BA, IT | Villas-Boas et al. (2009), Torrano-Silva

Figueiredo & Riosmena-Rodriguez (2015)*

Lithophyllum johansenii Woelkerling ES Villas-Boas et al. (2009)

& Campbell

Lithophyllum kaiseri (Heydrich) BA Figueiredo & Steneck (2000), Jesionek et al.

Heydrich (2016)*

Lithophyllum margaritae (Hariot) AL, ES, RJ, | Horta (2000), Pascelli et al. (2013), Vieira-

Heydrich SC, SP Pinto et al. (2014)*, Torrano-Silva (2015)*,
Henrigues (2016)*

Lithophyllum rugosum (Foslie) SC Pascelli et al. (2013)

Me.Lemoine

Lithophyllum stictaeforme BA, SC, RJ, | Nunes et al. (2008), Villas-Boas et al. (2009),

(Areschoug) Hauck ES, PE Burgos (2011), Amado-Filho et al. (2012a),
Pascelli et al. (2013), Bahia (2014), Costa et
al. (2014b), Henrigues et al. (2014b)

Neogoniolithon accretum (Foslie & BA Figueiredo & Steneck (2000)

Howe) Setch & Mason

Neogoniolithon atlanticum Tamega, BA Tamega et al. (2014)

Riosmena-Rodriguez, Mariath &

Figueiredo

Neogoniolithon brassica-florida BA, ES Villas-Boas (2008), Amado-Filho et al.

(Harvey) Setchell & Mason

(2012a), Villas-Boas et al. (2015)
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Continuacao da tabela 3.
Taxons | Distribuicdo | Referéncia
ORDEM CORALLINALES
Familia Coralinaceae
Neogoniolithon fosliei (Heydrich) BA, SP Taylor (1960), Oliveira Filho (1977), Bahia
Setchell & Mason (2014)
Pneophyllum conicum (Dawson) BA Mariath et al. (2012), Jesionek et al. (2016)*
Keats, Chamberlain & Baba
Pneophyllum fragile Kutzing BA, AR, ES, | Taylor (1960), Oliveira Filho (1977), Bahia
FN, RJ, SP | (2014)
Porolithon improcerum (Foslie & IT Bahia et al. (2014c)
Howe) Lemoine
Porolithon onkodes (Heydrich) BA, FN, IT | Taylor (1960), Oliveira Filho (1977),
Foslie Henriques et al. (2014b), Jesionek et al.
(2016)*
Spongites fruticulosa Kiitzing ES, IT, SPSP | Crespo et al. (2014), Bahia (2014), Henriques
et al. (2014b)
Spongites yendoi (Foslie) BA, ES Henriques et al. (2011), Costa et al. (2014a)
Chamberlain
Titanoderma prototypum (Foslie) BA, IT Pereira Filho et al. (2012), Bahia (2014),
Woelkerling, Y.M. Chamberlain & Torrano-Silva (2015)*, Jesionek et al.
P.C. Silva (2016)*
Titanoderma pustulatum (J.V. BA, ES, FN, | Taylor (1960), Oliveira Filho (1977), Horta
Lamouroux) Négeli SP, SPSP | (2000), Crespo et al. (2014), Bahia (2014),

Henriques et al.
(2015)*

(2014b) Torrano-Silva

JUSTIFICATIVA

As algas coralinaceas incrustantes sdo consideradas construtoras de ecossistemas,

produzindo importantes depositos sedimentares, promovendo mudancas no ambiente,

aumentando a heterogeneidade do habitat e disponibilidade de nichos, o que resulta em

maior diversidade de espécies. O Atlantico Sul € notavel por ter extensas areas de recifes

coralineos. Apesar da grande importancia deste grupo de algas para a resiliéncia da

biodiversidade e considerando que muitas espécies de algas coralinaceas incrustantes

conhecidas para o Atlantico Sul ainda ndo foram devidamente estudadas segundo o0s

caracteres taxonémicos atuais, faz-se necessaria a realizacdo de um grande esforco

amostral com analise concatenada entre os dados morfoldgicos, anatdbmicos e moleculares

para que as lacunas existentes na taxonomia do grupo sejam resolvidas. Desta forma, o

presente estudo visa ampliar o conhecimento das algas coralindceas incrustantes

pertencentes a ordem Corallinales que ocorrem na costa brasileira.
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OBJETIVO GERAL

O presente estudo tem por objetivo contribuir para o conhecimento da taxonomia das
espécies de algas coralinaceas incrustantes, pertencentes a ordem Corallinales, no Atlantico

Sul, baseado em estudos morfoanatdmicos e moleculares.

OBJETIVOS ESPECIFICOS

e Investigar a diversidade de espécies incrustantes pertencentes a ordem Corallinales
no litoral brasileiro, através da combinacdo de dados morfoanatdbmicos e

moleculares.

e Estabelecer critérios taxondmicos para melhor delimitacdo das espécies estudadas
atraves da selecdo de caracteristicas consistentes para a taxonomia do grupo a luz de

dados morfoanatdmicos.

e Auvaliar a aplicacdo de distintos marcadores moleculares (COI-5P, psbA, rbcL-3P,

SSU rDNA, no reconhecimento de espécies de algas coralinaceas incrustantes.
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METODOLOGIA GERAL

Coleta e Preservagdo das Amostras

Foram realizadas 25 saidas de campo, entre os anos de 2011 e 2016, que abrangeram
75 localidades da costa brasileira, estendendo-se desde o Maranh&o até o Rio Grande do
Sul. A amostragem incluiu desde as por¢@es do mediolitoral durante as marés baixas de
sizigia, até o infralitoral (2-25m de profundidade) em marés de quadratura através de
mergulho SCUBA. As esta¢des de coleta foram georeferenciadas com o auxilio do GPS de
campo (Garmin eTrex Legend® HCx) e estdo dispostas na figura 4 e tabela 4,
respectivamente.

As amostras foram limpas e secas ao ar livre durante no minimo 24 horas e
armazenadas em silica-gel. Na identificacdo de cada amostra foram incluidos, além de
informacBes gerais sobre a coleta, dados especificos como a cor, textura e tipo de
substrato.

Em laboratério, as amostras foram examinadas utilizando estereomicroscépio
(Leica® Zoom 2000) para a separacdo dos fragmentos para analise molecular e
morfoanatbmica. O material utilizado na analise molecular foi mantido em silica-gel e os

fragmentos utilizados na analise morfoanatémica foram preservados em formaldeido 4%.

Analise morfoanatomica

Para a identificacdo morfoanatbmica foram retirados fragmentos das porcdes
vegetativas e reprodutivas (quando presentes). As técnicas histoldgicas para a microscopia
Optica foram utilizadas seguindo método adaptado de Horta (2002):

e Descalcificacdo: as amostras foram submergidas em acido nitrico (HNO3) a 0,6 M
por um periodo maximo de 24 horas; a comprovacdo de descalcificacdo do material foi
realizada através da perfuracdo com agulha hipodérmica visando verificar se a rigidez do
talo diminuiu; as amostras foram lavadas em agua corrente para a retirada do agente

descalcificante.
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e Desidratacdo: utilizacdo de série gradual de etanol - C2HsOH (30, 50, 70, 90 e
100%), mantendo-se a amostra durante 20 minutos em cada concentragdo, em temperatura
ambiente.

e Pré-infiltracdo: insercdo da amostra na mistura que contém a solucdo de
infiltracdo (50 ml de 2-hidroxietil metacrilato acrescida de 0,5g de benzoilo perdxido) e
etanol 100%, mantendo-se o frasco em geladeira, por um periodo de 1-2 horas ou até o
material afundar.

¢ Infiltracdo: colocacdo da amostra na solucdo de infiltracdo pura (sem etanol) e
manutencdo em geladeira por cerca de 12 horas.

¢ Inclusdo: as amostras foram colocadas em moldes de polietileno, levando-se em
consideracdo a orientacdo desejada, adicionando-se sobre esta a mistura de inclusdo (15 ml
de solucdo de infiltracdo + 1 ml de dimetilsulféxido - endurecedor) até cobri-la.

e Polimerizacdo: inser¢do do molde contendo a amostra imersa em resina em estufa
a 40° C (cerca de 1-2 horas) ou em temperatura ambiente (cerca de 5-6 horas).

e ApoGs a polimerizacdo o material foi retirado do molde e fixado no suporte de
madeira (cubo de cerca de 1,5 cm?3) com cola de secagem rapida, levando em consideracao
a orientacao desejada para 0 seu seccionamento.

e Cortes histoldgicos: os blocos foram seccionados em 4-10 pum de espessura no
micrétomo rotativo Thermo Cientific (modelo HM 325). Utilizou-se a navalha de aco da
marca Leica perfil D para o corte.

e Os cortes foram distendidos, um a um, com pincel e pinca em laminas
histoldgicas contendo um filme de agua destilada com detergente (30 ml de 4gua com 3
gotas de detergente dermatoldgico) para quebrar tensdo superficial desta.

e As laminas foram colocadas em placa aquecedora a 42-44° C para adesao dos
cortes (cerca de 5 minutos) e levadas a estufa a 35-40° C (1-2 horas) até secagem
completa;

e A coloracdo das laminas foi realizada empregando-se azul de toluidina acidificado
com &cido boérico (0,16 g de toluidina e 1,6 g &cido bérico diluido em 100 ml de &gua). O
tempo da coloracdo foi de cerca de 1 — 3 minutos a temperatura ambiente.

e Ap0s a coloracdo as ldaminas foram lavadas com agua destilada para a retirada do
excesso do corante e secas ao ar livre.

e As laminas foram mantidas em dessecador para melhor visualizagdo dos cortes

histolégicos.
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A observacdo das laminas com cortes histologicos foi realizada através de
microscopio binocular éptico de captura (Olympus — CX 31) equipado com camera
acoplada (Q Imaging - Go Series) na qual a captura de imagens foi realizada via software
(Q Imaging - QCapture PRO 7). As medidas foram realizadas utilizando-se o software
AxioVision Rel. 4.8, onde a altura das células foi considerada como a distancia entre as
conexdes celulares primérias e o didmetro a distancia perpendicular das mesmas. Para a
altura dos conceptaculos, foi considerada a distancia entre o assoalho e o teto da camara do
conceptaculo e o diametro a distancia entre as paredes internas laterais da camara do
conceptéculo (Chamberlain, 1983).

Para a utilizagdo da técnica de microscopia eletronica de varredura (MEV) o material
armazenado em formol a 4%, foi transferido para uma solucdo de alcool 70% e seco em
estufa a aproximadamente 50°C por 48 horas (Horta, 2002). Com a utilizacdo de
estereomicroscopio de rotina (Leica — Zoom 2000) foram selecionados espécimes que
apresentavam margens e/ou conceptaculos. Ainda sob o referido estereomicroscopio,
utilizando-se alicates de tamanhos variados, o respectivo material foi fraturado,
devidamente posicionado em suporte (stubs) com o auxilio de fitas adesivas dupla face e
metalizado em ouro, com atmosfera estabilizada em 50 mTor de Argbnio (Denton Vacuum
- Desk 1V), com tempo de exposigdo de cinco minutos, a uma corrente de 50 mA, com a
voltagem de 12-25 KV, para se obter uma maior resolucdo. O microscopio eletronico de

varredura utilizado para captura de imagens foi 0 modelo JEOL - JSM 6390 LV.

Identificacdo Taxonémica

Foram observadas as seguintes caracteristicas para as algas coralinaceas incrustantes:

Caracteristicas vegetativas (morfologia externa e interna):

e Coloracdo do talo na alga viva;

e Forma de crescimento;

e Conexoes citoplasmaticas secundarias (tipos “pit” ou fusdo);
e Células epitaliais (forma e nimero de camadas);

e Células subepitaliais (tamanho);

¢ Organizacdo do talo (dimero ou monémero);

e Tricocitos (presenca e localizacéo).
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Caracteristicas reprodutivas:

e Conceptaculos tetra / bisporangiais (uni ou multiporado);

¢ Posicdo do conceptaculo no talo (elevados, nivelados ou afundados na superficie);
e Forma do conceptaculo (dimens@es das cavidades, presenca de anéis e columela).
e Caracteristicas do teto dos conceptéculos tetrasporangiais (numero e formato das

células).

Herborizagdo

As amostras identificadas foram acondicionadas tanto em laminas definitivas
devidamente etiquetadas com nimero de herbario, em silica gel e acondicionadas em potes
plasticos foscos etiquetados com os dados pertinentes.

Todo o material acima citado foi depositado no Herbario Alexandre Leal Costa
(ALCB) da Universidade Federal da Bahia e Herbario da Universidade de Feira de Santana
(HUEFS).

Extracéo e Amplificacdo de DNA

O DNA total foi extraido a partir de fragmentos oriundos de amostras secas
acondicionadas em silica-gel, utilizando-se o protocolo de extracdo com resina Chelex
(Goff & Moon, 1993) ou método CTAB (Cetyl Trimethyl Ammonium Bromide) de Doyle e
Doyle (1987) modificado. O DNA foi extraido dos mesmos espécimes utilizados na anélise
morfoldgica (Tabela 3).

Quatro marcadores moleculares (SSU rDNA, psbA, rbcL-3P e COI-5P) foram
amplificados por PCR nas seguintes condig¢des: 1x tampéo de PCR, MgCI2 1,5 mM, dNTP
0,2 mM cada, primer de 0,2 uM, 5 ng de DNA e 1,25 U de Taq DNA polimerase
(Invitrogen), num volume total de 25 pL. Para as reagdes de amplificagdo e
sequenciamento de cada marcador, foram utilizados pares de iniciadores especificos: para
0 mitocondrial COI-5P, GazFl e GazR1 (Saunders, 2005); para o plastidial rbcL-3P,
F1150cor (Sissini et al., 2014) e R1460cor (Hernandez-Kantun et al. 2016) ou e RrbcS
(Freshwater et al., 1994); para o plastidial psbA, psbAF1 e psbAR2 (Yoon et al., 2002); e
para o nuclear SSU rDNA, 18S5 'e 1055R, e 1055F e 18S3' (Milstein e Oliveira 2005).
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A PCR para COI-5P foi conduzida com uma desnaturagéo inicial a 94°C seguida por
40 ciclos a 94°C durante 1 min. (desnaturacdo), 45°C durante 1 min. (anelamento) e 72°C
(extensd@o) durante 1 min. seguido por uma extenséo final a 72°C durante 5 min.

A PCR para rbcL-3P foi realizada com uma desnaturacao inicial de 94°C durante 4
min. seguida de 2 ciclos a 94°C durante 1 min. (desnaturacdo), 40°C durante 1 min.
(anelamento) e 72°C (extensdo) para 2 min. depois 40 ciclos a 94°C durante 1 min.
(desnaturacao), 42°C durante 1 min. (anelamento) e 72°C (extensdo) durante 2 min.
seguido de uma extensdo final a 72°C durante 5 min.

A PCR para psbA foi realizada uma desnaturacéo inicial a 94°C durante 2 min.
seguido de 35 ciclos a 94°C durante 30 segundos (desnaturacdo), 47°C durante 1 min.
(anelamento) e 72°C durante 2 min. (extensdo) seguido de uma extensdo final a 72°C
durante 7 min.

A PCR para SSU rDNA foi realizada com uma desnaturagéo inicial de 94°C durante
4 min. sequida de 35 ciclos a 94°C durante 30 segundos (desnaturacédo), 60°C durante 1
min. (recozimento de iniciador) e 72°C (extensdo) para 2 min. seguido por uma extensao
final a 72°C durante 7 min. As reac6es foram realizadas no termociclador Vertic® 96-Well
Thermal Cycler (Applied Biosystems, Foster City, California, EUA). As purificacdes e
reacOes de sequenciamento dos produtos de PCR foram realizadas pela empresa GeneWiz

(Cambridge, Massachusetts, EUA, http://www.genewiz.com/).



http://www.genewiz.com/
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Figura 4: Mapa do litoral do Brasil mostrando os pontos de coleta e os respectivos estados
amostrados: MA — Maranhdo, Pl — Piaui, CE — Cear4, RN — Rio Grande do Norte, AR — Atol das
Rocas, FN — Fernando de Noronha, PB — Paraiba, PE — Pernambuco, AL — Alagoas, BA — Bahia,
ES — Espirito Santo, RJ — Rio de Janeiro, SP — S&o Paulo, PR — Parand, SC — Santa Catarina, RS —
Rio Grande do Sul.
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Tabela 4: Pontos de coleta com respectivas coordenadas geograficas.

Estado Municipio Pontos de Coleta Coordenadas
Maranhio Séo Luis _ Olhos I_D’Agua 2°28'16.83"S x 44°13'40.49"W
Sé&o José do Ribamar Aracagi 2°28'00.75"S x 44°12'17.19"W
Luis Correia Praia do Coqueiro 2°54'19.64"S x 41°34'31.25"W
Piaui Lu!'s C_:orreia _ Praia do Farol 2°54'8.75"S x 41°33'49.78"W
Cajueiro da Praia Barra Grande 2°54'22.70"S x 41°24'25.16"W
Cajueiro da Praia Cajueiro da Praia 2°55'33.10"S x 41°20'10.42"W
Caucaia Pacheco 3°41'9.18"S x 38°37'57.19"W
Ceard Trairi Flecheiras 3°1325.99"S x 39°15'00.63"W
Cascavel Caponga 4°2'17.88"S x 38°11'35.68"W
Rio Grande Atol das Rocas 3°52'26.8"S x 33°48'13.5"W
do Norte Nisia Floresta Pirambuzios 6°00'44.62"S x 35°6'26.48"W
Jodo Pessoa Ponta do Seixas 7°8'47.05"S x 34°47'52.01"W
Paraiba Conde Carapibus 7°17'59.56"S x 34°47'55.34"W
Conde Coqueirinho 7°19'40.62"S x 34°47'43.42"W
Fernando de Noronha 3°85'9.89"S x 32°44'18.85"W
Goiana Ponta das Pedras 7°37'47.9"S x 34°48'31.2"W
Pernambuco  Cabo de Santo Agostinho Enseada dos Corais 8°18'50.3"S x 34°56'47.8"W
Cabo de Santo Agostinho Gaibu 8°18'49.5"S x 34°56'48.4"W
Recife Pina 8°05'25.52"S x 34°52'46.59"W
Maceid Ponta Verde 9°39'47.86"S x 35°41'42.84"W
Alagoas Maceid Pajl_Jgara 9°40'50.49"S x 35°43'14.79"W
Marechal Deodoro Praia do Francés 9°46'13.62"S x 35°50'19.52"W
Paripueira Praia Brava 9°28'01.64"S x 35°32'10.88"W
Entre Rios Sitio do Conde 11°51'11"S x 37°33'49"W
Entre Rios Subaiima 12°14'10"S x 37°46'05"W
Mata de S&o Jodo Imbassai 12°30'11"S x 37°57'36"W
Mata de S&o Jodo Praia do Forte 12°34'42"S x 38°00'06"W
Camacari Arembepe 12°44'25"S x 38°08'58"W
Camagari Jaud 12°49'38"S x 38°13'22"W
Salvador Stella Maris 12°56'22"S x 38°19'41"W
Salvador Pedra do Sal 12°57'06"S x 38°20'42"W
Salvador Itapud 12°57'22"S x 38°21'31"W
Salvador Pituba 13°0024.2"S x 38°27'17.5"W
Salvador Barra 13°00'11"S x 38°32'01"W
Bahia Vera Cruz (llha de Itaparica) Mar Grande 12°58'00"S x 38°36'30"W
Vera Cruz (llha de Itaparica) Penha 12°59'08"S x 38°37'02"W
Cairu Tassimirim (Boipeba) 13°34'49.01"S x 38°54'50.84"W
Caird Garapua 13°29'13.14"S x 38°54'25.5"W
Caird Morro de S&o Paulo 13°22' 44"S x 38°54' 46"W
Caird 2% Praia Morro de S. Paulo  13°22'44"S x 38°54'46"W
Cairl Ilha do Caita 13°22'53.31"S x 38°54'14.22"W
Marad Taipu de Fora 13°56'18.1"S x 38°55'40.7"W
Marad Ponta do Muta 13°52'45.61"S x 38°56'50.79"W
Marad Trés Coqueiros 13°52'55.16"S x 38°56'32.35"W
Maral Praia do Francés 13°56'18.1"S x 38°55'40.7"W
Itacaré Havaizinho 14°15'45"S x 38°59'56"W
Guarapari Praia das Castanheiras 20°40'19.64"S x 40°29'46.01"W
Guarapari Pontal de Guaibura 20°43'40.86"S x 40°31'19.32"W
Espirito Guara}pari Pra?a de Setiba 20°38'05.08"S x 40°26'24.5"W
Santo Anch!eta Pra!a dos Castelhanos 20°50'05.08"S x 40°37'24.84"W
Anchieta Praia de Ubu 20°48'49.36"S x 40°36'42.45"W
Anchieta Praia de Parati 20°48'19.28"S x 40°36'07.45"W

Serra

Praia da Curva da Baleia

20°38'06.1"S x 40°26'24.7"W
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Estado Municipio Pontos de Coleta Coordenadas
Espirito Aracruz Praia de Santa Cruz 19°57'13.1"S x 40°09'08.44"W
Santo Aracruz Praia do Coqueiral 19°56'34.7"S x 40°08'30.6"W
Buzios Praia Rasa 23°02'34.4"S x 43°3029.1"W
Buzios Manguinhos 22°46'07.8"S x 41°54'44.5"W
Rio de Cabo Frio Praia das Conchas 22°52'16.8"S x 41°53'51.2"W
Janeiro Cabo Frio Ilha do Japonés 22°45'47.8"S x 41°53'51.2"W
Rio de Janeiro Recreio dos Bandeirantes 23°02'32.48"S x 43°30'27.3"W
Rio de Janeiro Praia do Pontal 23°01'57.92"S x 43°28'51.35"W
Séo Paulo Ubatuba Ilha Rapada 23°51'76.79"S x 45°04'10.72"W
Paranagué (llha do Mel) Ponta de Nha Pina 25°33'59.0"S x 48°17'59.0"W
Paranagué (llha do Mel) Praia do Miguel 25°33'43.8"S x 48°18'05.4"W
Parana Paranagué (llha do Mel) Para da Pontinha 25°33'43.58"S x 48°19'08.84"W
Paranagué (llha do Mel) Praia Grande 25°33'18.8"S x 48°17'56.8"W
Paranagué (Ilha do Mel) Ponta do Joaquim 25°32'46.9"S x 48°17'33.7"W
Santa Florianc?polis Praia dos Ingleses 27°26'33.88"S x 48°22'11.24"W
Catarina Flor|a|_10polls Ponta das Canas 27°23'39.59"S x 48°26'08.08"W
Bombinhas Ilha Deserta 27°27'54.22"S x 48°35'91.44"W
Torres Praia Grande 29°20'27.1"S x 49°43'24.7"W
Rio Grande  Torres Prainha 29°20'41.5"S x 49°43'35.6"W
do Sul Torres Praia do Cal 29°20'41.5"S x 49°43'35.8"W
Torres Paria da Guarita 29°21'31.1"S x 49°44'05.3"W

Continuacao tabela 4.

Esta tese estd estruturada em trés capitulos, onde cada capitulo constitui um

artigo, sendo os dois primeiros ja submetidos para publicacdo e o ultimo a ser submetido.

No Capitulo 1, tratamos da diversidade especifica do género Harveylithon no Atlantico

Sul Tropical e Temperado Quente, incluindo a descri¢do de trés novas espécies a partir da

combinacdo de andlise morfoanatdbmica, evidéncias filogenéticas e métodos de

delimitacdo especifica; no Capitulo 2, trazemos o primeiro estudo de espécies de

Neogoniolithon para o Atlantico Sudoeste, baseado em caracteres moleculares e

morfoanatdémicos, onde trés espécies foram identificadas, incluindo uma nova espécie e

uma nova ocorréncia para o Atlantico Sul; e no Capitulo 3, tratamos das relacfes

filogenéticas entre as espécies brasileiras de algas coralinaceas incrustantes da ordem

Corallinales.
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ABSTRACT

The South Atlantic is notable for having extensive reef areas cemented by coralline red
algae. The current study constitutes an advancement in the knowledge of the specific
diversity of Harveylithon in Tropical and Warm Temperate South Atlantic, one of the most
important reef builders in tropical and temperate environments. The combination of
morphological analysis, phylogenetic evidence and specific delimitation methods (mBGD,
ABGD, SPN and PTP), the latter using four molecular markers, resulted in the
circumscription of three new species for the scientific community: H. catarinense sp. nov.,
H. maris-bahiensis sp. nov. and H. riosmenum sp. nov. In addition, SSU rDNA, COI-5P,
psbA and rbcL-3P regions are discussed as promising markers to be used in specific

delimitation studies of coralline algal reef builders.

Key index words: Crustose coralline algae; Corallinales; Metagoniolithoideae; Single-
Marker Delimitation Methods; Taxonomy.

Abbreviations: ABGD, Automated Barcode Gap Discovery; BP, Bootstrap percentage;
CCA, crustose coralline algae; COI-5P, the standard DNA barcode region of the
mitochondrial cytochrome ¢ oxidase 1 gene (coxl); dNTP, triphosphate
deoxyribonucleotide; mBGD, Manual Barcode Gap Discovery; MCMC, Markov Chain
Monte Carlo; ML, maximum likelihood; PP, Bayesian Posterior probability; PSH, Primary
Species Hypothesis; psbA, gene encoding the D1 protein of photosystem II; PTP, Poisson
Tree Processes; rbclL, gene encoding the large subunit of RuBisCo; SPN, Statistical
Parsimony Network; SSH, Secondary Species Hypothesis; UPA, Universal Plastid
Amplicon 23S rRNA gene.
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INTRODUCTION

The South Atlantic is notable for having extensive reef areas. Such areas have been
studied with focus on different algal groups; the subject of the studies were the origin of
biodiversity, evolutionary relationships, and connectivity (e.g. Costa et al. 20144, b, Sissini
et al. 2014, Jesus et al. 2015, 2016, Horta et al. 2016, Lyra et al. 2016). Many of these reefs
are mostly made of crustose coralline algae (CCA); an example is Atol das Rocas, the only
atoll in the South Atlantic (Gherardi & Bonsence 2001). Even coastal areas have their coral
and rocky reefs cemented and covered by CCA which mitigate erosion and elevate both
substrate stability and niche complexity. Among these CCA, the most frequent and
abundant genera of Corallinaceae are: Hydrolithon, Mastophora, Metamastophora,
Neogoniolithon, Porolithon, Pneophyllum, and Spongites. All these taxa are formerly
known as Mastophoroideae, and are now circumscribed by the family Corallinaceae (Kato
etal. 2011).

Rosler et al. (2016) analyzed the phylogenetic relationships of these genera and
proposed the genus Harveylithon as the most suitable placement for species of the genus
Hydrolithon sensu Penrose (1996). These authors re-circumscribed the subfamily
Metagoniolithoideae in order to include three genera: Metagoniolithon, Porolithon and
Harveylithon. Metagoniolithoideae was then characterized as having geniculate thalli with
conspicuous mucilaginous caps; genicula, when present, have many-celled untiered
filaments (Johansen 1969), or non-geniculate thalli with monomerous organization and
lateral cell fusions present; secondary connections absent; trichocytes occurring singly or
in horizontal fields; tetrasporangial uniporate conceptacle roofs are formed by filaments
peripheral to the fertile area and interspersed among tetrasporangial initials; and
spermatangia developed on the floor of the male conceptacle (Rosler et al. 2016).

Harveylithon presents monomerous thallus organization and a plumose ventral core;
trichocytes usually occur singly on the surface or buried in the thallus; and cells lining the
pore canal of tetrasporangial conceptacle are oriented perpendicular to the thallus surface.
This genus is typified by H. rupestre and is further represented by H. munitum; H.
samoénse; and H. canariense. The first three species had previously been described as
Hydrolithon, while the latter was initially described as Goniolithon accretum f. canariense
by Foslie (1906). The form canariense was raised to the category of species by Rosler et

al. (2016), standing out, until now, as an endemic species of Canary Islands.
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Rosler et al. (2016) sequenced only the type material of Goniolithon accretum f.
canariensis. Harveylithon munitum, H. rupestre, H. samoénse had their circumscription
based on materials from the Indo-Pacific, which were analyzed by morpho-anatomical and
molecular characterization. The representatives of the genus listed for the South Atlantic
had their determination based only on morpho-anatomical characters, lacking molecular
basis: H. rupestre (Amado Filho et al. 2012a, b, Crespo et al. 2014, Villas-Boas et al.
2015), H. samdense (Tamega & Figueiredo 2005), and H. munitum (Woelkerling 1998).
Such a lack is relevant considering the distinct macro-ecological conditions of the taxa
areas of occurrence (Spalding et al. 2007) and their potential biogeographic isolation
because distance or ecophysiological barriers (Sanches et al. 2016). Additionally, it should
be highlighted that important examples of cryptic species can be found among the
representatives of CCA in the South Atlantic (Sissini et al. 2014, Vieira-Pinto et al. 2014).

The insufficiency of anatomical characters to segregate taxa has been revealed for
different groups of coralline algae considering different molecular markers (Hernandez-
Kantun et al. 2004, Kato et al. 2013, Pefia et al. 2014, Sissini et al. 2014, Hind et al. 2015).
Thus, new approaches using molecular analysis have been providing a better understanding
of the phylogenetic relationships of coralline algae. Occasionally, such analyses confirm
ancient circumscriptions based on anatomical data and bring novelty at all classification
levels (Bailey & Chapman 1996, Kato et al. 2011, 2013, Hind & Saunders 2013, Hind et
al. 2016).

A large part of these studies has used the nuclear marker SSU rDNA to analyze
relationships at the levels of orders, families and subfamilies (Bailey & Chapman 1996,
Bailey 1999, Harvey et al. 2003, Broom et al. 2008, Vidal et al. 2008, LeGall et al. 2010,
Nelson et al. 2015, Hind et al. 2016). For analysis at the generic and specific level, most
molecular studies have used less conserved markers, such as the plastidial psbA (Sissini et
al. 2014, Torrano-Silva et al. 2014, Hind et al. 2015, Maneveldt et al. 2015, Hernandez-
Kantun et al. 2016, Hind et al. 2016), the rbcL (Sissini et al. 2014, Torrano-Silva et al.
2014, Hind et al. 2015, Hernandez-Kantun et al. 2016, Hind et al. 2016), and the
mitochondrial COI-5P (Vieira-Pinto et al. 2014, Hind et al. 2015, Hind et al. 2016).

The only existing nucleotide sequences for the species of the genus Harveylithon
were produced by Rosler et al. (2016) for the LSU rDNA, SSU rDNA, psbA and UPA
markers; with the exception of the SSU rDNA, sequence attributed to H. samdense (as

Hydrolithon samdéense) from South Australia by Bailey et al. (2004).
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The present study aims to characterize morphological and molecularly the
representatives of Metagoniolithoideae in the Tropical and Warm Temperate South
Atlantic. Additionally, we will discuss the taxonomic and biogeographic implications
related to the presence of Harveylithon on this region. For this, in addition to the morpho-
anatomical characters, four molecular markers were evaluated: the nuclear SSU rDNA, the
plastidial psbA and rbcL-3P, and the mitochondrial COI-5P. This work contributes to
filling an important gap in the distribution of the genus Harveylithon, and complementing
the knowledge of its diversity with three new species (H. catarinense sp. nov., H. maris-
bahiensis sp. nov. and H. riosmenum sp. nov.). Finally, this study provides a careful
analysis of the advantages and disadvantages of the use of each marker in taxonomic
studies on CCA.

MATERIALS AND METHODS

Sampling, morphological and anatomical observations

Twenty samples were collected at nine localities on the Brazilian coast (Table 1).
Sampling took place at intertidal region during syzygy low tides and at infralittoral (2-5m
deep) in quadrature tides by scuba diving. Samples were cleaned and dried outdoors for at
least 24 hours and then stored on silica gel. All samples were examined using a
stereomicroscope (Leica® Zoom 2000, Wetzlar, Germany) for the separation of the
fragments for molecular and morpho-anatomical analysis. Materials for morpho-
anatomical observations were subsequently preserved in formaldehyde 4%.

For optical microscopy analysis, a fragment was decalcified with 0.6M HNO3 for 24
hours, followed by dehydration in an ethanol series (30, 50, 70, 90 and 100%) and by
infiltration and inclusion in “Historesin embedding Kit” (Leica, Heidelberg, Germany)
according to the instructions provided by the manufacturer. The sectioning (4-10 um
thickness) was performed with a Thermo Scientific microtome (model HM 325, Walldorf,
Germany), stained with toluidine blue acidified with borax (Riosmena-Rodriguez 1993,
Moura et al. 1997). Identifications and photomicrographs were performed using a
photomicroscope (Olympus trinocular CX31RTS5®, Tokyo, Japan) coupled with digital
camera (QImaging GO-3). The specimens were deposited in the Herbarium Alexandre
Leal Costa (ALCB) of the Universidade Federal da Bahia (UFBA/Brazil).

DNA extraction, PCR and sequencing
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The total DNA was extracted from fragments of dry samples using the Chelex resin
extraction protocol (Goff & Moon 1993) or the CTAB method (Cetyl Trimethyl
Ammonium Bromide), modified from Doyle and Doyle (1987). The DNA was extracted
from the same specimens used in the morphological analysis. Fifteen samples were
sequenced for the four markers used in this study (SSU rDNA, psbA, rbcL-3P and COI-5P)
(Table 1).

Molecular markers were PCR-amplified in a final volume of 25 uL: 1x PCR buffer,
1.5 mM MgCly, 0.2 mM dNTP, 0.2 uM primer, 5 ng DNA, and 1.25 U Taq DNA
polymerase (Invitrogen, S&do Paulo, SP, Brazil). For the amplification and sequencing
reactions of each marker, specific primer pairs were used. For the plastidial psbA and the
mitochondrial COI-5P, the PCR were conducted following Sissini et al. (2014) and Jesus et
al. (2016), respectively. For the plastidial rbcL-3P, the PCR was performed with an initial
denaturation at 94° C for 4 min, 2 cycles at 94° C for 1 min (denaturation), 40° C for 1 min
(annealing), and 72° C (extension) for 2 min; then, 40 cycles at 94° C for 1 min
(denaturation), 42°C for 1 min (annealing), and 72°C (extension) for 2 min; and a final
extension at 72° C for 5 min, using the primers F1150cor (Sissini et al. 2014) and
R1460cor (Hernandez-Kantun et al. 2016) or RrbcS (Freshwater et al. 1994). For the
nuclear SSU rDNA, the primers 18S5' and 1055R, and 1055F and 18S3' (Milstein &
Oliveira 2005) were used. The PCR was performed with an initial denaturation at 94°C for
4 min, 35 cycles at 94°C for 30 sec. (denaturation), 60°C for 1 min (primer annealing), and
72° C (extension) for 2 min; and a final extension at 72° C for 7 min. Reactions were
performed on the Vertic® 96-Well Thermal Cycler (Applied Biosystems, Foster City,
California, USA). The purifications and sequencing reactions of the PCR products were
carried out by the company GeneWiz (Cambridge, Massachusetts, USA,

http://www.genewiz.com/).

Molecular analyses

Electropherograms were manually assembled using the Staden package (Staden et al.
2003) and edited in BioEdit 5.0.6 (Hall 1999). For each marker, a multiple alignment was
generated with the Clustalw tool (Thompson et al. 1994), available in BioEdit 5.0.6
(sequences of the PCR primers were excluded from alignment). In addition to the
sequences generated in this study, sequences of other species of Corallinaceae available

from GenBank were used and included in the analyses (www.ncbi.nlm.nih.gov/genbank/,



http://www.ncbi.nlm.nih.gov/genbank/

Algas coralinaceas incrustantes da ordem Corallinales (Corallinophycidae — Rhodophyta) no Atlantico Sul

35

searched in January 2017 - Supplementary Table S1). Unalignable regions of the SSU
rDNA gene were removed before analysis.

We analyzed each marker individually for species delimitation and phylogenetic
analyses. The concatenated data were used for better presentacion of the delimitacion
results. To concatenated alignment, 43 partial sequences of the markers were obtained (12
SSU rDNA, 12 psbA, 11 rbcL-3 P, and 8 COI-5 P) and combined with 30 sequences
available at GenBank (11 SS U rDNA, 7 psbA, 6 rbcL, and 6 COI-5 P). The final SSU
rDNA alignment included 23 sequences of 1,544 bp. For psbA, the final alignment counted
on 19 sequences of 760 bp. For the rbcL-3P, the final alignment had 17 sequences of 247
bp. For COI-5P, the final alignment included 14 sequences of 534 bp. For the individual
analysis of the SSU r DNA marker, we added 88 sequences from the GenBank, in order to

observe the relationship between our species studied and other species of Corallinaceae.

Methods for species delimitation

Four different specific delimitation methods were used for each marker (SSU rDNA,
psbA, rbcL and COI-5P): (1) manual Barcode Gap Discovery (mBGD), described by
Freshwater et al. (2010); (2) Automated Barcode Gap Discovery (ABGD), by Puillandre et
al. (2012); (3) Poisson Tree Process model (PTP) by Zhang et al. (2013), with the
implementation of Maximum Likelihood; and (4) the analysis of Statistical Parsimony
Network (SPN) developed by Templeton et al. (1992).

To assess the level of variation in the data set, estimates of divergence values within
and between species were calculated using MEGA 6.0 (Tamura et al. 2013). The mBGD
estimates how many times the minimum divergence of species diversity is greater than the
maximum value found in internal divergence for one species (Freshwater et al. 2010). The
barcode gap is present when the calculated value is greater than 1, when the values are
equal to or less than 1 it indicates overlapping of genetic divergence (Tables 2 to 5). The
ABGD infers the number of groups present (as preliminary hypotheses of species) by
verifying the barcoding gap of the peer-to-peer differences for a given data set (Puillandre
et al. 2012). The estimate was made through the available online platform:

http://wwwabi.snv.jussieu.fr/public/abgd; where a fasta-like alignment was used as input

file, with the standard parameters from ABGD (pmin = 0.001, pmax = 0.1, number of
compartments = 20, X (relative width of the range) = 1.5). The Genetic distances JC69
(Jukes-Cantor 1969) and K2P (Kimura 1980) were tested. The PTP takes into account the
length of the branches (the number of substitutions) for estimating the boundary between
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species (Zang et al. 2013). For the implementation of this analysis, Max Likelihood tree
files were used (obtained in the same way as for phylogenetic analyses). The analysis was

done on the online platform: http://species.h-its.org/ptp. An analysis of the Statistical

Parsimony Network (SPN) was performed using the TCS software version 1.21 (Clement
et al. 2000). The TCS calculates the minimum number of mutational steps by which
sequences of the same species can be associated with> 95% confidence. In this analysis,
different species are presented as unconnected sequences or networks because of their
greater evolutionary distinction measured by mutations.

The results of the specific delimitation of each marker were compared with the
results of the detailed phylogenetic and morpho-anatomical analyses of the studied
specimens, including a large bibliographical survey. This approach allowed to transform
preliminary hypotheses of species (PSHSs) into secondary concluding hypotheses (SSHs)

and to extract taxonomic conclusions.

Phylogenetic Analyses

The analyses of Maximum Parsimony (MP), Maximum Likelihood (ML), and
Bayesian Inference (BI) were performed to infer phylogenetic relationships. The analyses
were based on the data set of each of the markers (COI-5P, psbA, rbcL-3P and SSU
rDNA), and on the dataset of all four markers (concatenated). The outgroup included were
Sporolithon ptychoides (psbA: KC870927 / COI-5P: HQ422711 / SSU rDNA: DQ629014)
and Sporolithon durum (rbcL: KM369122). The MP trees were constructed on PAUP*
4.0b.10 (Swofford 2002), using a heuristic search algorithm with the following definitions:
initial tree(s) obtained by stepwise addition; tree-bisection-reconnection (TBR) as branch-
swapping algorithm and 10 trees retained by replication. All characters were given equal
weights, their states were considered unordered, and the character-optimization criterion
was ACCTRAN (Accelerated Transformation). Branches with a maximum length of zero
collapsed to produce polytomies. The strict consensus analysis was calculated and the
bootstrap values were accessed using 1.000 replicates with random addition of terminals.
The consistency index (CI), retention index (RI), and rescaling consistency index (CR)
resulting from MP analysis were calculated (Supplementary Table S2).

The most suitable evolutionary model was selected using the software MrModeltest
2.3 (Nylander 2008), using the Akaike Information Criterion (AIC), as recommended by
Posada and Buckley (2004). ML analysis was conducted using RAXML (Randomized
Axelerated Maximum Likelihood, version 7.0.4; Stamatakis 2006) with the GTR+I+G
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model. The best ML tree score and 500 bootstrap trees were obtained using a fast scale
algorithm (Stamatakis et al. 2008).

The Bayesian analysis was carried out using the software Mr. Bayes 3.1 (Ronquist &
Huelsenbeck 2003) using the Marcov - Monte Carlo (MCMC) method with the selected
model for each data set: GTR+I+G (COI-5P, psbA, rbcL-3P, SSU rDNA, and
concatenated). Five million generations in two independent races with four chains each
were carried out, saving one tree every 100 generations. The burn-in was identified
graphically to determine the period in which the likelihood values had reached a plateau.

The trees sampled after stabilization were used to infer the posterior Bayesian probability.

RESULTS

Specific Delimitation Methods

The final SSU rDNA alignment had variable sites at 92 positions (6%) and 171
positions (11%) were parsimoniously informative. The final psbA alignment had variable
sites at 61 positions (8%) and 140 positions (18%) were parsimoniously informative. The
final rbcL-3P alignment had with variable sites at 23 positions (9%) and 58 positions
(23%) were parsimoniously informative. The final COI-5P alignment had variable sites at
80 positions (15%) and 112 positions (21%) were parsimoniously informative. Intra- and
interspecific genetic variations, and barcode gaps for the markers used in this study are
shown in Tables 2 to 5.

The results of the species delimitation methods (mBGD, ABGD, PTP and SPN) are
shown in Figure 1, together with the tree topology of maximum likelihood from all four
concatenated markers (SSU rDNA, psbA, rbcL-3P and COI-5P). Most of the methods
presented similar results for all markers, separating the taxa Harveylithon catarinense, H.
maris-bahiensis, and H. riosmenum as distinct entities from other already-described
species of Harveylithon.

The psbA and COI-5P markers were highly congruent in all used methods (mBGD,
ABGD, PTP and SPN) and recovered the taxa Harveylithon catarinense, H. maris-
bahiensis, and H. riosmenum (with the exception of the taxon H. catarinense for the COI-
5P marker, for which it was not possible to generate sequences). The SPN analysis also
recovered H. riosmenum as a distinct species, but evidenced the existence of different

haplotypes depending on the marker (Table 6).
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The marker rbcL-3P recovered the three taxa - here proposed as taxonomic novelty -
only for the SPN analysis. This analysis revealed high diversity for the taxon Harveylithon
riosmenum, which was evidenced by the existence of five haplotypes (Table 6). The PTP
method, joined H. riosmenum and H. maris-bahiensis as a single taxon. Additionally, the
same method considered H. catarinense a distinct entity, although with low support (0.21).
The mBGD and ABGD methods, however, recovered H. riosmenum as three distinct and
biogeographically separated entities (group 1: Santa Catarina - south of Brazil; group 2:
Pernambuco - northeastern Brazil; and group 3: Rio de Janeiro and Espirito Santo -
southeast of Brazil) (see ranges of divergences in Table 4).

The SSU rDNA marker presented inconsistent results among the different
delimitation methods used in the present study. The PTP method considered the taxa. H.
catarinense, H. maris-bahiensis, and Harveylithon riosmenum sp. nov as a single PSH,
although with low support (0.55). The mBGD and SPN methods recovered the taxa as
three distinct entities, the SPN having identified five haplotypes within the taxon H.
riosmenum (Table 6). The ABGD method, however, recovered the taxa H. riosmenum and
H. catarinense as distinct entities. The same method grouped H. maris-bahiensis and H.
samoense as a single taxon. The latter two presented divergence rates of 0.53-0.66% (8-10
bp) (Table 2).

Phylogenetic Analysis

The phylogenetic tree of SSU rDNA reinforced the robustness of main taxa of
Corallinaceae (Fig. 2) and clusters the species of the genus Harveylithon as a distinct clade,
presenting high support only in Bayesian Inference (PP: 0.99) within the subfamily
Metagoniolithoideae (PP: 0.93 and MP: 85%). Our Southern Tropical and Warm
Temperate species have grouped with the Indo-Pacific species, including the generitype H.
rupestre. H. samdense differs from H. maris-bahienis by 0.53-0.66% and H. riosmenum by
0.73-0.99%. On the other hand, H. rupestre differs from H. catarinense from 1.39% (Table
2).

All phylogenetic analyses revealed the clades Harveylithon catarinense, H. maris-
bahiensis, and H. riosmenum as distinct and well-supported species. The different
phylogenetic analyses for the SSU rDNA marker showed the H. samdense branch with
low-resolution. The divergence analyses (Table 2) showed that this taxon is closely related
to H. maris-bahiensis, diverging by only 0.53-0.66%. The topologies of ML, MP and Bl
for concatenated data and SSU rDNA identified three distinct groups, with moderate to
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high support and strictly related to the other species of the genus Harveylithon (Fig 1 and
2).

Morphological and Anatomical Analysis
CORALLINALES Silva and Johansen (1986: 250)
Corallinaceae Lamouroux (1812: 185)
Metagoniolithoideae (H.W. Johansen) emend. A. Rosler, Perfectti, V. Pefia & J.C. Braga
(2016)

Harveylithon A. Rosler, Perfectti, V. Pefia & J.C. Braga

DESCRIPTION: Thallus nongeniculate, monomerous organization and a plumose ventral
core (Fig. 3A). Trichocytes usually occur singly and/or buried within the thallus (Fig. 3B
and 3C). Spermatangial conceptacles small, with spermatangia restricted to the conceptacle
chamber floor (Fig. 3D). Carposporangial conceptacles with carposporangia supported for
gonimoblast filaments that arise peripherally to surface of the continuous fusion cell (Fig.
3E). Cells lining the pore canal of tetrasporangial conceptacles are oriented perpendicular
to the thallus surface (Fig. 3F).

Harveylithon catarinense 1.0. Costa, P.A. Horta & J.M.C. Nunes sp. nov. (Fig. 4 and 5)
HOLOTYPE: Brazil, Santa Catarina State, Bombinhas, Ilha Deserta, 27°16'30"S,
48°19'83"W; coll. P.A. Horta s.n. 02 Mar 2016; ALCB 125627; GenBank accessions:
rbcL-3P — MF966182 / pshA — MF966195.

ISOTYPE: Brazil, Santa Catarina State, Bombinhas, Ilha Deserta, 27°16'30"S,
48°19'83"W; coll. P.A. Horta s.n. 02 Mar 2016; ALCB 125628; GenBank accessions:
rbcL-3P — MF966181 / pshA — MF966194 / SSU rDNA — MF611675.

ETYMOLOGY: The epithet refers to the place of occurrence of the species, until then
restricted to the coast of Santa Catarina, Brazil.

DISTRIBUTION: Brazil: Santa Catarina State.

DIAGNOSIS: With the characteristics of Harveylithon, differing from other species of the
genus in having trichocytes common, single at the surface and buried in the thallus.
Tetrasporangial conceptacles elliptical, measure 82-174 pum long and 127-250 pm in
diameter; conceptacle roof 4-8 cells thick, with similar-shapped. rbcL-3P, psbA and SSU
rDNA sequences unique.

Figures: 4A-C and 5A-F.
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DESCRIPTION: Thallus encrusting and smooth; pink color (Fig. 4A and 4B).
Monomerous and medullary region consists of a central plumose core (Fig. 5A). Epithallial
cells single, squat to elliptical to spherical, 2.7-4.7 um long and 4.3-7.7 um in diameter
(Fig. 5B). Subepithallial initials (3.3-7.9 pum long and 3.4-8 pum in diameter) as long or
longer than the cells immediately subtending them (Fig. 5B). Cells of the perithallial
filaments, 5.9-18.6 um long and 4.5-7.1 pm in diameter. Cells of the hypothallial
filaments, 4.9-20 um long and 5-10.8 um in diameter. Trichocytes rectangular to bottle-
shaped to elongate, single at the surface and buried in the thallus, and measure 8.5-18.3
pm long and 8-12.3 pum in diameter (Fig. 5B and 5C). Cells of the adjacent filaments
joined by cell fusions (Fig. 5C). Secondary pit-connections not observed. Gametangial
thalli dioecious. Carposporangial conceptacle, measure 94.8 um long and 237.5 um in
diameter (Fig. 5D). Carposporangia measure 21.4-25.6 um long and 30-31.2 pm in
diameter. Uniporate tetrasporangial conceptacles flush in the thallus surface, chambers
elliptical, measure 82-174 pum long and 127-250 pum in diameter (Fig. 5E). Central
columella absent. Conceptacle roofs 4-8 cells thick, with similar-shapped cells. A ring of
enlarged, domed cells lines the base of the pore canal and is oriented more-or-less
perpendicular (vertically orientated) to the roof surface; these cells do not project into the
pore canal (Fig. 5E and 5F). Zonately divided tetrasporangia, 25.5-71.7 um long and 18-
26 um in diameter (Fig. 5F). Spermatangial thallus not observed.

MATERIAL EXAMINED: BRAZIL. SANTA CATARINA: Bombinhas, Ilha Deserta,
27°16'30"S, 48°19'83"W, coll. P.A. Horta s.n. 02 Mar 2016, (ALCB 125627 and
1256289).

Harveylithon maris-bahiensis 1.0. Costa, P.A. Horta & J.M.C. Nunes sp. nov. (Fig. 6)
HOLOTYPE: Brazil, Bahia State, CairG, Morro de S&o Paulo, 13°23'16.8"S,
38°54'18.6"W; coll. 1.O. Costa et al. s.n.,, 06 Oct 2013; ALCB 125620; GenBank
accessions: COI-5P — MF966174 / rbcL-3P — MF966185 / psbA — MF966197 / SSU rDNA
- MF611672.

ISOTYPE: Brazil, Bahia State, Cairt, Morro de S&o Paulo, 13°23'16.8"S, 38°54'18.6"W;
coll. 1.O. Costa et al. s.n., 06 Oct 2013; ALCB 125622; GenBank accessions: rbcL-3P —
MF966183 / pshA — MF966196 / SSU rDNA — MF611674.

ETYMOLOGY: The epithet refers to the place of occurrence of the species, until then

restricted to the coast of Bahia, Brazil.
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DISTRIBUTION: Brazil: Bahia State.

DIAGNOSIS: With the characteristics of Harveylithon, differing from other species of the
genus in having trichocytes common, single at the surface of the thallus. Tetrasporangial
conceptacles spherical; conceptacle roof 2-3 cells thick, comprising a single squat to
elliptical to spherical epithallial cell, a single elliptical meristematic cell that is 1.5 times
the length of the epithallial cell, and a small inner cell. COI-5P, rbcL-3P, psbA and SSU
rDNA sequences unique.

Figure: 6A-G.

DESCRIPTION: Thallus encrusting and smooth; pink color (Fig. 6A and 6B).
Monomerous and medullary region consists of a central plumose core (Fig. 6C). Epithallial
cells single, squat to elliptical to spherical, 4.3-7.5 um long and 4.8-8.5 um in diameter
(Fig. 6D). Subepithallial initials (4.3-9.4 um long and 4.2-7.9 um in diameter) as long or
longer than the cells immediately subtending them (Fig. 6D). Cells of the perithallial
filaments, 4.6-10 um long and 4.4-8.6 um in diameter. Cells of the hypothallial filaments,
4-12 pum long and 8-10 um in diameter. Trichocytes rectangular to bottle-shaped to
elongate, single at the surface of the thallus, and measure 10-15.4 pm long and 7-11.6 um
in diameter (Fig. 6D). Cells of the adjacent filaments joined by cell fusions (Fig. 6E).
Secondary pit-connections not observed. Uniporate tetrasporangial conceptacles flush in
the thallus surface, chambers spherical, measure 50-71.6 um long and 70-111.1 um in
diameter (Fig. 6F). Central columella absent. Conceptacle roofs 2-3 cells thick, comprising
a single squat to elliptical to spherical epithallial cell, a single elongated meristematic cell
(of elliptical shape) that is 1.5 times the length of the epithallial cell, and a small inner cell.
A ring of enlarged cells lines the base of the pore canal and is oriented more-or-less
perpendicular (vertically orientated) to the roof surface, these cells do not project into the
pore canal (Fig. 6F). Zonately divided tetrasporangia, 30—69.3 pum long and 12-27.6 pum in
diameter (Fig. 6G). Gametangial thalli not observed.

MATERIAL EXAMINED: BRAZIL. BAHIA: Cairl, Morro de Sao Paulo, 13°23'16.8"S,
38°54'18.6"W, coll. 1.0. Costa et al. s.n., 06 Oct 2013, (ALCB 125620, 125621 and
125622).

Harveylithon riosmenum 1.O. Costa, P.A. Horta & J.M.C. Nunes sp. nov. (Fig. 7 and 8)
HOLOTYPE: Brazil, Espirito Santo State, Anchieta, Praia de Ubu, 20°48'49,36”S x
40°36'42,45"W; coll. 1.0. Costa et al. s.n.,, 21 Aug 2013; ALCB 125617; GenBank
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accessions: COI-5P — MF966170 / rbcL-3P — MF966177 / psbA — MF966189 / SSU rDNA
— MF611668.

PARATYPE: Brazil, Pernambuco State, Cabo de Santo Agostinho, Enseada dos Corais,
08°18'50.3"S, 34°56'47.8"W, coll. 1.O. Costa et al. s.n., 26 April 2014; ALCB 125624;
GenBank accessions: rbcL-3P — MF966176 / psbA — MF966187 / SSU rDNA -
MF611670.

ETYMOLOGY: The epithet is a tribute to the phycologist Rafael Riosmena-Rodriguez, a
specialist in coralline algae and the first to suggest that the taxon could be a new species
for science.

DISTRIBUTION: Brazil: States of Pernambuco, Espirito Santo, Rio de Janeiro and Santa
Catarina.

DIAGNOSIS: With the characteristics of Harveylithon, differing from other species of the
genus in having trichocytes common, single and in small vertical rows at the surface or
buried in the thallus. Gametangial thalli monoecious. Tetrasporangial conceptacle roof 2—4
cells thick, comprising a single squat to elliptical to spherical epithallial cell, a single
collunar meristematic cell that is 2-4 times the length of the epithallial cell, and a small
inner cell. COI-5P, rbcL-3P, psbA and SSU rDNA sequences unique.

Figures: 7A-F and 8A-H.

DESCRIPTION: Thallus encrusting and smooth; pink color (Fig. 7). Monomerous and
medullary region consists of a central plumose core (Fig. 7E). Epithallial cells single, squat
to elliptical to spherical, 2.6-6.5 pum long and 7.5-9 pm in diameter. Subepithallial initials
(3.2-8 um long and 3.3—7 um in diameter) as long or longer than the cells immediately
subtending them (Fig. 7F). Cells of the perithallial filaments, 2.4-14.5 um long and 3.5-
8.5 um in diameter. Cells of the hypothallial filaments, 4.1-12.8 um long and 8-11 pm in
diameter. Trichocytes rectangular to bottle-shaped to elongate, single and in small vertical
rows at the surface or buried in the thallus, and measure 9-20.7 pm long and 5.2-18 pm in
diameter (Fig. 8A and 8B). Cells of the adjacent filaments joined by cell fusions (Fig. 7F).
Secondary pit-connections not observed. Gametangial thalli monoecious (Fig. 8C).
Carposporangial conceptacles with 48-66.1 um long and 90-125 pm in diameter.
Carposporangial conceptacle roofs 2-4 cells thick, comprising a single squat to elliptical to
spherical epithallial cell, a single collunar meristematic cell that is 2—4 times the length of
the epithallial cell, and a small inner cell. Carposporangia with 22-33 um long and 24—

32.5 um in diameter, supported for gonimoblast filaments that arise peripherally to surface
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of the continuous fusion cell (Fig. 8D). Spermatangial conceptacles small and
inconspicuous, chambers measure 24.4-26 um long and 46-54 pum in diameter. Simple
spermatangial systems restricted to the conceptacle chamber floor (Fig. 8E). Uniporate
tetrasporangial conceptacles flush in the thallus surface, chambers elliptical to spherical,
measure 43-126 pum long and 72-164.8 um in diameter (Fig. 8F). Central columella
absent. Conceptacle roofs 2-4 cells thick, comprising a single squat to elliptical to spherical
epithallial cell, a single collunar meristematic cell that is 2—4 times the length of the
epithallial cell, and a small inner cell (Fig. 8H). A ring of enlarged cells lines the base of
the pore canal and is oriented more-or-less perpendicular (vertically orientated) to the roof
surface, these cells do not project into the pore canal. Zonately divided tetrasporangia,
11.5-89 um long and 8-34 um in diameter. Old tetrasporangial conceptacles discarded on
the surface of the thallus (Fig. 8G).

MATERIAL EXAMINED: BRAZIL. PERNAMBUCO: Cabo de Santo Agostinho,
Enseada dos Corais, 08°18'50.3"S, 34°56'47.8"W, coll. 1.0. Costa et al. s.n., 26 April 2014,
(ALCB 125624); Recife, Praia de Boa Viagem, 08°05'25.52"S, 34°53'46.59"W, coll. 1.0.
Costa et al. s.n., 29 April 2014, (ALCB 125625 and 125626); ESPIRITO SANTO:
Guarapari, Pontal de Guaibura, 20°43'40.86"S, 40°31'19.32"W, coll. 1.0. Costa et al. s.n.,
20 Aug 2013, (ALCB 125612, 125613, 125614 and 1256159); Anchieta, Praia de Ubu,
20°48'49.36"S, 40°36'42.45"W, coll. 1.0. Costa et al. s.n., 21 Aug 2013, (ALCB 125616
and 125617); RIO DE JANEIRO: Rio de Janeiro, Recreio dos Bandeirantes,
23°02'32.48"S, 43°30'27.3"W, coll. 1.O. Costa et al. s.n., 24 May 2013, (ALCB 125623);
Buzios, Praia Rasa, 23°02'34.4"S, 43°30'29.1"W, coll. 1.0. Costa et al. s.n., 25 May 2013,
(ALCB 25618 and 125619); Cabo Frio, Praia das Conchas, 22°52'16.8"S, 41°53'51.2"W,
coll. 1.O. Costa et al. s.n., 26 May 2013, (ALCB 123210 and 1256113%); SANTA
CATARINA, Bombinhas, Ilha Deserta, 27°27'54.22"S, 48°35'91.44"W, coll. P.A. Horta
s.n., 02 Mar 2016, (ALCB 123166).

DISCUSSION

Phylogenetic (Fig. 1 and 2) and morpho-anatomical analyses (Fig. 3 to 8)
corroborate the circumscription of Harveylithon (Rosler et al. 2016) and attest its
occurrence in tropical and warm temperate regions of the South Atlantic’s west coast. This
integrated approach has been favoured in the scientific community because it makes

concomitant use of the broadest range of independent data types, improving taxonomic
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robustness (Puillandre et al. 2012, Hind et al. 2015, 2016, Jesus et al. 2016, Lyra et al.
2016).

Comparison of methods of species delimitation

The concatenated analysis, considering the congregation of all four markers (SSU
rDNA, psbA, rbcL-3P and COI-5P), with all the main representatives of the subfamily,
showed well supported clades for Harveylithon catarinense, H. maris-bahiensis and H.
riosmenum. These observations corroborated the results of the different methods of
specific delimitation and of the anatomical analyses.

Among the four delimitation methods used, the mBGD and SPN methods recovered
the same PSHs for the markers SSU rDNA, psbA and COI-5P, corroborating
circumscription of Harveylithon maris-bahiensis and H. riosmenum. The methods mBGD,
ABGD and SPN recovered H. catarinense as a distinct entity for SSU rDNA, psbA and
rbcL-3P.

The SSU rDNA is the only marker for which there is a published sequence of the
taxon Harveylithon samdense. Despite the morphological similarity between H. samdense,
H. maris-bahiensis and H. riosmenum (Table 2), the values are within the range considered
as interspecific (0.53-2.90%) for SSU rDNA in other groups of CCA (Bailey 1999, Bailey
et al. 2004).

For the rbcL-3P marker, the mBGD and ABGD methods evidenced the
biogeographic separation between the specimens of Harveylithon riosmenum. Both
methods are based on differences between intra and interspecific divergences; therefore,
such separation was due to the high genetic divergence (Table 4). This high divergence, in
addition to being explained by the geographic distance between the collected specimens
(Table 4).In the current study, the PTP method incorporated more than one morphological /
phylogenetic group into a single PSH for SSU rDNA and rbcL-3P, although poorly
supported. These results are in agreement with those found by Kozak et al. (2015) and
Jesus et al. (2016), while Zhang et al. (2013) and Modica et al. (2014) considered that the
PTP can overestimate the number of species when the taxa sampling is uneven among the
species.

The mBGD, ABGD and SPN methods were more efficient for species delimitation in
our data set, and showed that the results may vary according to the marker that is used.

According to Muangmai et al. (2014), the incongruent results obtained between the
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delimitation methods for different markers can be influenced by different evolutionary

markers rates.

Phylogenetic Analysis

In our broader phylogenetic analyses, based on SSU rDNA, Metagoniolithoideae and
Lithophylloideae were resolved as sister subfamilies (PP: 1.0, ML: 90%, and MP: 93%).
Hydrolithon and Spongites clade were resolved as sisters with high support only in the ML
(91%). Our result was in agreement with that found by Bailey et al. (2004), Broom et al.
(2008), and Hind et al. (2016). In the study by Rosler et al. (2016) Lithophylloideae was
sister of the Spongites group, with moderate support (see Rosler et al. 2016) what now was
presented in a much more clear perspective.

The phylogenetic tree of SSU rDNA, the Harveylithon genus had strong support only
in Bayesian Inference (Fig 2). The species of this genus, however, had moderate to strong
support in all phylogenetic analyses. The SSU rDNA has been successful in the specific
and generic delimitation of coralline algae (Harvey et al. 2002, Vidal et al. 2008, Pefia et
al. 2011, Vieira-Pinto et al. 2014, Hernandez-Kantun et al. 2015). However, some studies
(e.g., Torrano-Silva et al. 2014, Hind et al. 2016) reported that this marker was
unsuccessful to delimit species, because it is considered very conserved (Bailey &
Chapman 1996, Bailey 1999, Vidal et al. 2003, Bailey et al. 2004, Le Gall et al. 2010,
Bittner et al. 2011, Nelson et al. 2015).

In our psbA tree, Harveylithon catarinense, H. maris-bahiensis and H. riosmenum
were very strong supported as distinct species (PP: 1.0, ML and MP: 100%) (Fig. S1). Our
values of interspecific divergence, for psbA, (Table 2) were in accordance with that found
by Mateo-Cid et al. (2014) and Van der Merwe et al. (2015). The psbA marker has been
also widely used in phylogenetic analyses for coralline algae, as well as the SSU rDNA.
psbA presents better resolution at the genus and species levels, identifying taxa that have
diverged more recently, which couldn’t be identified with more conserved markers (Broom
et al. 2008, Pefia et al. 2011, Torrano-Silva et al. 2014, Hernandez-Kantun et al. 2015,
2016).

Phylogenetic analyses for the COI-5P marker showed high support for the taxa
Harveylithon riosmenum and H. maris-bahiensis (Fig. S2). Unfortunately, we did not
succeed in sequencing H. catarinense specimens for this marker. COI-5P has been widely

used for species separation in several groups in Rhodophyta and, more recently, for
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coralline algae, presenting greater variation than SSU rDNA and psbA (Bittner et al. 2011,
Hind & Saunders 2013, Carro et al., 2014, Torrano et al. 2014, Vieira-Pinto et al. 2014).

Phylogenetic analyses for the marker rbcL-3P showed high support for the taxa
Harveylithon maris-bahiensis and H. catarinense. However, the sequence of Porolithon
onkodes (as Hydrolithon onkodes - Nelson et al. 2015) was positioned within the clade of
the genus Harveylithon, as a sister of H. maris-bahiensis. The cited sequence of a
specimen collected in New Zealand needs revision, as it is probably an erroneously
identified species of Harveylithon.

The taxon Harveylithon riosmenum was shown as paraphyletic for the marker rbcL-
3P (Fig S3), with high rates of genetic divergence between the specimens of different
geographical locations (Table 4). According to Leliaert et al. (2014), lineages of recent
divergence go through stages where individuals of one species are paraphyletic before
becoming monophyletic, which is caused by incomplete lineage separation. Freshwater et
al. (2010) considered any value > 2% of divergence for rbcL as an interspecific
divergence. However, they used the complete rbcL gene (1,356 bp) while in the current
study we used only a variable fragment (247 bp) corresponding to 18% of the complete
gene, which may explain the high values of divergence we found.

The rbcL gene is widely used for phylogenetic inference in Florideophyceae
(Freshwater et al. 1994, Gurgel & Fredericq 2004, Jesus et al. 2016, Lyra et al. 2016).
Saunders and Moore (2013) proposed the possibility of using the 3' portion of this gene
(rbcL-3P) in the DNA barcoding technique (using a small DNA sequence from a
designated region of the genome as a diagnostic tool for species-level identification). Our
results corroborate previous studies (Sissini et al. 2014, Adey et al. 2015, Hernandez
Kantun et al. 2016, Hind et al. 2016) where rbcL-3P was successful for analyses of species
delimitation, in our study it even recovered biogeographic groups.

The morphological similarity between Harveylithon riosmenum, H. maris-bahiensis,
and H. samoénse, and the low genetic divergence between them, reveals the existence of
cryptic species under the epithet of H. samoénse. It is necessary to analyze in depth the
specimens from different localities that are attributed to H. samoénse, as well as their
synonyms so that we can understand the real distribution and diversity of taxa existing
under this epithet. Putative species, discovered through delimitation methods, are the first
step in arriving at the calculation of true species diversity (Muangmai et al. 2014).

Harveylithon riosmenum presented a wide distribution along the Brazilian coast,

occurring from the northeast to the southern region of the country. Nevertheless, the
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species H. maris-bahiensis and H. catarinense presented restricted distribution to the type
localities.

There is a scarcity of molecular data available in the databases for the species of the
genus Harveylithon. Additionally, there is a limited number of analyzed specimens, which
represent a real problem in the phylogenetic reconstruction of this group. H. rupestre has
only one sequence for each of the two different markers (SSU rDNA and psbA - as
Hydrolithon rupestre), H. samoénse has one sequence for SSU rDNA (as Hydrolithon
samoénse), while H. munitum (as Hydrolithon munitum) and H. canariense (as
Neogoniolithon  accretum) have only one sequence each for  psbA
(https://www.ncbi.nlm.nih.gov/). More molecular data for specimens morphologically

attributed to this genus are essential to better understand the evolutionary history of the
group and to solve systematic problems.

The record of occurrence of Harveylithon in the South Atlantic is rare and limited to
morpho-anatomic analyses (as Hydrolithon - Tamega and Figueiredo 2005, Amado Filho
et al. 2012 a, b, Crespo et al. 2014, Villas-Boas et al. 2015). Despite the fact that this group
of algae belong to the main reef-building in shallow waters (Steneck 1986), there is a
scarcity in efforts to identify them. The current study constitutes an important advance in
the knowledge of the specific diversity of this genus in a tropical and still underestimated
region (Nunes & Guimarades 2008, Nunes et al. 2011, 2014, Jesus et al 2015). However, it
is still necessary to revisit the sites where the specimens identified as H. samoénse and H.
rupestre were collected so that the taxonomic status of these entities is confirmed by
molecular analyses; as well as a re-evaluation of other taxa identified as Hydrolithon in the
South Atlantic.

Anatomical delimitation of the species

The genus Harveylithon is characterized by presenting: 1) monomerous thallus
organization; 2) plumose ventral core; 3) trichocytes usually occurring single on the
surface or buried in the thallus; 4) tetrasporangial conceptacle pore canal cells
perpendicularly oriented to the surface of the thallus (Rosler et al. 2016). The species
studied here are in accordance with the diagnostic characters of this genus, and we added
the description of characteristics of the male and carposporangial conceptacle (Fig. 3).

Initially, the taxa Harveylithon riosmenum was characterized as H. samodense
because they presented anatomical characteristics very similar to those described for the

latter species (Table 7). The morphological differences between two species often only
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appear after a long time since the lineage divergence and, therefore, the recently divergent
species will probably remain undetected morphologically (Leliaert et al. 2014), thus
dealing with cryptic species. Phylogenetic molecular data have revealed numerous cases of
closely related species that are morphologically indistinct (Kato et al. 2013, Sissini et al.
2014, Jesus et al. 2011, Lyra et al. 2016).

Maneveldt et al. (2015) performed a taxonomic review on Harveylithon samdense
(as Hydrolithon samdense) based on morpho-anatomical analysis of the type material and
on comparison with other closely related specimens. In this study, the taxa Neogoniolithon
caribeum, N. erosum, and N. rugulosum were synonymized with Harveylithon samoense,
in addition to being evidenced that this taxon presents dioecious gametangial thalli. The
authors comment on the need for molecular analysis to support these synonyms, but
emphasize that while this is not possible, efforts should be made to revise the diagnostic
characteristics of the type material for the advancement of taxonomic knowledge.

Harveylithon riosmenum differs from H. samoense only because it presents
monoecious gametangial thalli (Fig. 8C). On the other hand, H. maris-bahiensis differs
from H. riosmenum and H. samdense by the size and shape of the meristematic cells of the
roof of the tetrasporangial conceptacle (Table 7) and by presenting trichocytes only on the
surface of the thallus (Fig. 6E). H. catarinense consists of a more divergent species,
differentiating from the previously mentioned taxa because it does not presents the roof of
the tetrasporangial conceptacle with elongated meristematic cells, having 4-8 cells in the
roof of the tetrasporangial conceptacle with similar shape between them (Table 7); besides,
presenting isolated trichocytes buried in the thallus (Fig. 5C). H. catarinense differs still
from H. rupestre and H. canariense because it presents differences in the diameter of the
tetrasporangial conceptacle (Table 7) and presence of isolated trichocytes buried in the
thallus; and of H. munitum by the presence of the central columella in the latter and
absence in H. catarinense.

The morphological and anatomical characters used for the delimitation of the new
species were: location of the trichocytes; size of tetrasporangial conceptacles; shape and

quantity of the cells that make up the roof of the tetrasporangial conceptacle (Table 7).

CONCLUSION
The combination of morphological analysis, phylogenetic evidence and specific
delimitation methods with molecular data confirmed the occurrence of Harveylithon in

both Tropical and Warm Temperate South Atlantic. Consequentially, it resulted in the
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circumscription of three new species for the scientific community: H. catarinense, H.
maris-bahiensis and H. riosmenum. Despite the limitation of some markers, the
combination of multiple methods support delimitation among reef builder species. Our
findings evidenced the need for a worldwide effort to produce new sequences of different
Harveylithon species based on multiple standard molecular markers for the taxonomy and
systematics of Metagoniolithoideae. Our study is in agreement with the previous
researches, where COI-5P, psbA and rbcL-3P markers were successful for the delimitation
of species, while ratifying that the use of SSU rDNA at deeper levels (phylogenetic
studies) seems to be the most appropriate, and should be used with caution for the
delimitation of genera and species.
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Table 1. Sequences generated in this study, with voucher information, herbarium accession numbers and GenBank accession numbers for each DNA

marker. (=) no molecular data was produced.

) Markers ] ) Collection
Species Voucher Locality Coordinate
18S pshA Col rbcL date
) ) ALCB Praia das Conchas, Cabo Frio,
Harveylithon riosmenum MF611664 MF966193 MF966173 MF966180 ) ) 22°52'16.8”S x 41°53'51.2"W 26/05/2013
123210 Rio de Janeiro, Brazil
) ) ALCB Praia das Conchas, Cabo Frio,
Harveylithon riosmenum - - - - ) ) ) 22°52'16.8”S x 41°53'51.2"W 26/05/2013
125611 Rio de Janeiro, Brazil
) ] ALCB Pontal de Guaibura, Guarapari,
Harveylithon riosmenum MF611665 MF966192 - - _ _ 20°43'40.86™S x 40°31'19.32"W  20/08/2013
125612 Espirito Santo, Brazil
) ) ALCB Pontal de Guaibura, Guarapari,
Harveylithon riosmenum - - - - - ] 20°43'40.86”S x 40°31'19.32”W  20/08/2013
125613 Espirito Santo, Brazil
) ] ALCB Pontal de Guaibura, Guarapari,
Harveylithon riosmenum MF611666 MF966191 MF966172 MF966179 . ) 20°43'40.86”S x 40°31'19.32”W  20/08/2013
125614 Espirito Santo, Brazil
) ] ALCB Pontal de Guaibura, Guarapari,
Harveylithon riosmenum MF611667 MF966190 MF966171 MF966178 ) ) 20°43'40.86”S x 40°31'19.32”W  20/08/2013
125615 Espirito Santo, Brazil
ALCB Praia de Ubl(, Anchieta,
Harveylithon riosmenum - - - - ) ] 20°48'49,36”S x 40°36'42,45"W  21/08/2013
125616 Espirito Santo, Brazil
) ) ALCB Praia de Ubu, Anchieta,
Harveylithon riosmenum MF611668 MF966189 MF966170 MF966177 ) ) 20°48'49,36”S x 40°36'42,45"W  21/08/2013
125617 Espirito Santo, Brazil
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) Markers ) ) Collection
Species Voucher Locality Coordinate
18S psbA Col rbcL date
) ] ALCB Praia Rasa, Buzios, Rio de
Harveylithon riosmenum - - - - ) ) 23°02'34.4”S x 43°30'29.1"W 25/05/2013
25618 Janeiro, Brazil
) ) ALCB Praia Rasa, Buzios, Rio de
Harveylithon riosmenum MF611669 MF966188 MF966169 ] ) 23°02'34.4”’S x 43°30'29.1"W 25/05/2013
125619 Janeiro, Brazil
Prainha do Recreio dos
. . ALCB . . .
Harveylithon riosmenum 125623 - - - - Bandeirantes, Rio de Janeiro, 23°02'32.48”S x 43°30'27.3”W  24/05/2013
Brazil
ALCB Enseada dos Corais, Cabo de
Harveylithon riosmenum 125624 MF611670 MF966187 - MF966176 Sdo Agostinho, Pernambuco, 08°18'50.3”S x 34°56'47.8”W 26/04/2014
Brazil
) ) ALCB Praia de Boa Viagem, Recife,
Harveylithon riosmenum - - - - ] 08°05'25.52"S x 34°53'46.59"W  29/04/2014
125625 Pernambuco, Brazil
) ) ALCB Praia de Boa Viagem, Recife,
Harveylithon riosmenum - - MF966168 - ) 08°05'25.52"S x 34°53'46.59"W  29/04/2014
125626 Pernambuco, Brazil
) ) ALCB Ilha Deserta, Bombinhas, Santa
Harveylithon riosmenum MF611671 MF966198 MF966175 MF966186 27°27'54.22"S x 48°35'91.44"W  28/03/2016
123166 Catarina, Brazil
Harveylithon maris- ALCB Morro de Sao Paulo, Caird,
T MF611672 MF966197 MF966174 MF966185 ) ) 13°23'16.8"S x 38°54'18.6"W 06/10/2013
bahiensis 125620 Bahia, Brazil
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) Markers ) ) Collection
Species Voucher Locality Coordinate
18S psbA Col rbcL date
Harveylithon maris- ALCB Morro de Sao Paulo, Caird,
T MF611673 - - MF966184 ) ) 13°23'16.8"S x 38°54'18.6"W 06/10/2013
bahiensis 125621 Bahia, Brazil
Harveylithon maris- ALCB Morro de Sao Paulo, Caird,
T MF611674 MF966196 - MF966183 ) ) 13°23'16.8"S x 38°54'18.6"W 06/10/2013
bahiensis 125622 Bahia, Brazil
) ) ALCB Ilha Deserta, Bombinhas, Santa
Harveylithon catarinense - MF966195 - MF966182 ] ) 27°27'54.22"S x 48°35'91.44"W  28/03/2016
125627 Catarina, Brazil
) ) ALCB Ilha Deserta, Bombinhas, Santa
Harveylithon catarinense MF611675 MF966194 - MF966181 ] ) 27°27'54.22"S x 48°35'91.44"W  28/03/2016
125628 Catarina, Brazil

Table 2. Levels of intraspecific genetic variation (diagonal in gray), interspecific variation (in percentage, under the diagonal) and DNA

barcode gaps (over the diagonal) for SSU rDNA sequences, based on uncorrected p-distances between studied taxa. ( ), number of

sequences/species analyzed; -, absent values.

H. riosmenum H. maris-bahiensis H. catarinense H. samoense H. rupestre

. riosmenum (7) 0-0.4

. maris-bahiensis (3) 1.06-1.46
. catarinense (1) 1.85-2.12
. samoense (1) 0.73-0.99
. rupestre (1) 1.52-1.79

I T T T T

2.65X

0.13-0.26
1.72-1.85
0.53-0.66
0.93-1.06

6.6X
4.6X
1.59
1.39

2X 3.8x
1.8x 3.6x
0.99 -
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Table 3. Levels of intraspecific genetic variation (diagonal in gray), interspecific variation (in percentage, under the diagonal) and DNA
barcode gaps (over the diagonal) for psbA DNA sequences, based on uncorrected p-distances between studied taxa. ( ), number of

sequences/species analyzed; -, absent values.

H. riosmenum H. maris-bahiensis H. catarinense H. rupestre H. munitum H. canariense
H. riosmenum (8) 0.0-0.39 15.5x 21.5x 19.5x 23.2x 21.2x
H. maris-bahiensis (2) 6.05 - 6.45 0.79 9x 8.2x 9.65x 10.2x
H. catarinense (2) 8.42 - 8.55 7.11-7.63 0 - - -
H. rupestre (1) 7.63-7.89 6.45 - 6.97 4.47 - - -
H. munitum (1) 9.08-9.34 7.63-7.89 6.05 4.21 - -
H. canariense (1) 8.29 - 8.42 8.03-8.29 2.5 4.61 6.45 -

Table 4. Levels of intraspecific genetic variation (diagonal in gray), interspecific variation (in percentage, under the diagonal) and DNA
barcode gaps (over the diagonal) for rbcL-3P DNA sequences, based on uncorrected p-distances between studied taxa. ( ), number of

sequences/species analyzed; -, absent values.

H. riosmenum SC  H. riosmenum PE  H. riosmenum PE H. maris-bahiensis  H. catarinense P. onkodes
H. riosmenum SC (1) - - 6.1x - - -
H. riosmenum PE (1) 4.05 - 4x - - -
H. riosmenum ES e RJ (4) 2.43-2.83 1.62-2.02 0-0.4 14.2x 23.3x 12.1x
H. maris-bahiensis (3) 6.07 6.07 5.67-6.07 0.0 - -
H. catarinense(2) 8.91 9.72 9.31-9.72 10.12 0.0 -

P. onkodes (1) 6.48 4.86 4.86-5.26 4.45 9.31 -
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Table 5. Levels of intraspecific genetic variation (diagonal in gray), interspecific variation (in percentage, under the diagonal) and DNA
barcode gaps (over the diagonal) for COI-5P DNA sequences, based on uncorrected p-distances between studied taxa. ( ), number of

sequences/species analyzed; -, absent values.

H. riosmenum H. maris-bahiensis P. gardineri

H. riosmenum (7) 0.0-1.13 7.5x 13.1x
H. maris-bahiensis (1) 8.44 - 8.63 - -
P. gardineri 14.82 13.13 -

Table 6. Number of haplotypes of the studied taxa for the different markers used, based on SPN analysis.

SSU rDNA psbA  rbcL-3P COI-5P

H. riosmenum 5 3 5 2
H. maris-bahiensis 3 2 1 1

H. catarinense 1 1 1 -
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Table 7: Morphological comparison between Harveylithon taxa (- = absent; ND = not disclosed; SS = singly surface; V = in small vertical rows; H = in
horizontal rows; B = buried within the thallus).* Maneveldt et al. (2015)* — as Hydrolithon saméense; Penrose (1996)2 — as Hydrolithon rupestre e

Hydrolithon munitum; Foslie (1906)3 — as Goniolithon accretum f. canariensis.

Characters Lectotype? " , H. H. H. maris- H.
. > H. sambense!  H. rupestre?  H. munitum? - . L .
(measured in pum) H. sambense canariense? riosmenum bahiensis catarinense
Organization Monomerous Monomerous Monomerous Monomerous Monomerous Monomerous Monomerous Monomerous
Height of epithallial cells 4-6 2-7 4-6 3-4 ND 2.6-6.5 4.3-7.5 2.7-4.7
Diameter of epithallial cells 5-7 3-10 5-10 3-6 ND 7.5-9 4.8-8.5 4.3-71.7
Height of perithallial cells 3-15 3-15 2-17 8-20 ND 2.4-14.5 4.6-10 5.9-18.6
Diameter of perithallial
3-9 3-13 2-6 3-6 7-9 3.5-85 4.4-8.6 45-7.1
cells
Height of hypothallial cells 5-19 4-31 6-19 ND ND 4.1-12.8 4-12 4.9-20
Diameter of hypothallial ND ND
3-17 3-17 5-11 8-11 8-10 5-10.8

cells
Trichocytes arrangement SS,V,B SS,V,B SS,H - SS SS,V,B SS SS,B
Height of trichocytes 16 - 31 7-31 9-12 ND ND 9-20.7 10-15.4 8.5-18.3
Diameter of trichocytes 7-10 5-16 6-8 ND ND 5.2-18 7-11.6 8-12.3
Height of tetrasporangial ND

31-60 30-80 77-82 117-164 43-126 50-71.6 43-174
conceptacles
Diameter of tetrasporangial

56 - 130 55-185 82-96 178-232 250 — 400 72-164.8 70-111 127-250

conceptacles
Height of tetrasporangia 18-60 40-55 45-85 - 11.5-89 30-69.3 25.5-71.7



Algas coralinaceas incrustantes da ordem Corallinales (Corallinophycidae — Rhodophyta) no Atlantico Sul

64
Characters Lectotype? _ H. H. H. maris- H.

) H. sambense!  H. rupestre?  H. munitum? ) ) o )
(measured in pm) H. sambense canariense? riosmenum bahiensis catarinense
Diameter of tetrasporangia 6-35 15-35 27-61 - 8-34 12-27.6 18-26
Cells number in the roof of

) 2-4(3) 2-4(3) 3-4 4-6 6-7 2-4(3) 2-3 4-8
tetrasporangial conceptacle
Typo of meristematic cells
in the roof of Non
) Columnar
tetrasporangial conceptacle  Columnar Non Non Non columnar Non
) ) Columnar (10.5-15)
(um) and number of times it 2.5-5x columnar columnar columnar » (6.6-9.9) columnar
-4x

is greater than the epithallial 1.5x
cell
Gametangial thalli Dioecious Dioecious - - - Monoecious - Dioecious
Height of carposporangial

25-30 16-30 - - - 48-66.1 - 94.8
conceptacles
Diameter of
carposporangial 56-80 35-84 - - - 90-125 - 237.5
conceptacles
Height of spermatangial

19-29 15-30 - - - 24.4-26 - 21.4-25.6
conceptacles
Diameter of spermatangial

37-62 32-71 - - - 46-54 - 30-31.2

conceptacles
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Supplementary table S1. List of taxa available in GenBank and included in our analyses.

Species Locality GB access GB access GB accessn® GB access n°
n° 18S n° psbA COl rbcL
Amphiroa sp. Fiji GQ917416 - - -
Amphiroa sp. Guadeloupe GQ917380 - - -
Corallina officinalis Scotland FM180104 - - -
Crusticorallina adhaerens Canada KU983205 - - -
Crusticorallina muricata Canada KU983206 - - -
Crusticorallina painei Canada KX036713 - - -
Ellisolandia elongata South Africa U60946 - - -
Harveylithon canariense (as Neogoniolithon accretum) Canary Island - KM407560 - -
Harveylithon munitum (as Hydrolithon munitum) Australia - KM407531 - -
Harveylithon rupestre (as Hydrolithon rupestre) Australia KMO073303 KM407535 - -
Harveylithon samoénse (as Hydrolithon samoénse) South Australia AY234236 - - -
Hydrolithon reinboldii Hawaii DQ628999 - - -
Hydrolithon reinboldii Japan AB576017 - - -
Hydrolithon reinboldii Hawaii DQ629003 - - -
Hydrolithon cf. reinboldii Hawaii DQ629001 - - -
Hydrolithon cf. reinboldii Hawaii DQ629000 - - -
Jania crassa South Africa U62113 - - -
Jania rubens Brazil KM044029 - - -
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Lithophyllum atlanticum
Lithophyllum cf. bamleri
Lithophyllum cf. bamleri
Lithophyllum dentatum
Lithophyllum incrustans
Lithophyllum incrustans
Lithophyllum incrustans
Lithophyllum incrustans
Lithophyllum incrustans
Lithophyllum insipidum
Lithophyllum insipidum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum margaritae

Lithophyllum pygmaeum

Brazil
Fiji
Fiji

Spain

Spain

Spain

Spain
UK

France

Hawaii

Japan

Hawaii

Australia

Japan

Hawaii

Japan

Japan
Fiji

Japan

Brazil

New Caledonia

KP192390
GQ917406
GQ917417
KMO073281
KMO073283
KMO073285
KMO073284
AF093410
GQ917385

AB576007
KMO073287
AB576009
DQ628974
AB576008
AB576010
u62117
AB576011
KP192392
GQ917403

HQ423075

KM407548 HQ423072

JQ896253
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Lithophyllum racemus
Lithophyllum sp.

Lithophyllum sp.

Lithophyllum stictaeforme
Mastophora pacifica
Mastophora pacifica
Mastophora pacifica
Mastophora rosea
Mesophyllum erubescens
Mesophyllum lichenoides
Mesophyllum lichenoides
Metagoniolithon chara
Metagoniolithon radiatum
Metagoniolithon stelliferum
Metamastophora flabellata
Metamastophora flabellata
Neogoniolithon brassica-florida
Neogoniolithon brassica-florida
Neogoniolithon brassica-florida
Neogoniolithon fosliei

Neogoniolithon fosliei

Spain
Fiji
Vanuatu
Spain
Japan
Japan
French Polynesi
Japan
Brazil
Spain
France
Australia
Australia
Australia
South Australia
South Australia
Hawaii
Hawaii
Hawaii
Australia

Moorea

KMO073292
GQ917413
GQ917397
KMO073293
AB576026
AB576025
GQ917430
AB576024
KP142819
GQ917384
U60743
U61250
U61251
AY234239
AY234240
DQ629008
DQ629007
DQ629009
KMO073294
KMO073297

KP142728

KJ592709

KP050698
KP142772
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Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon megalocystum
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon sp.
Neogoniolithon spectabile
Pneophyllum confervicola
Pneophyllum cf. conicum
Pneophyllum cf. conicum

Pneophyllum conicum

Japan
Japan
Japan
Japan
Japan
Japan
Spain
Spain
New Caledonia
Vanuatu
New Caledonia
New Caledonia
New Caledonia
Fiji
New Caledonia
Vanuatu
Bahamas
Spain
Hawaii
Hawaii

Hawaii

AB576020
AB713916
AB576019
AB713914
AB576018
AB576021
KMO073298
KMO073300
GQI17424
GQ917396
GQ917425
GQ917426
GQ17434
GQI17410
GQ917402
GQ917387
AY234238
KMO073305
DQ628989
DQ628994
DQ628985
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Pneophyllum conicum

Pneophyllum conicum

Pneophyllum conicum

Pneophyllum conicum

Pneophyllum conicum

Porolithon gardineri (as Hydrolithon gardineri)
Porolithon onkodes (as Hydrolithon cf. onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon pachydermum (as Hydrolithon
pachydermum)

Porolithon sp. (as Hydrolithon sp.)

Spongites decipiens

Spongites fruticulosa

Spongites hyperellus

Spongites tumidum

Hawaii
Japan
Fiji
Fiji
Vanuatu
Hawaii
Hawaii
Indonesia
Japan
Australia
New Zealand
New Caledonia
New Caledonia
New Caledonia

Japan

Hawaii
South Africa
Spain
Australia
South Africa

DQ628983
AB576022
GQO17414
GQ917408
GQ917389
DQ628996
KMO073275
AB576013
AY234237
AY234237
GQ917372
GQ917373
GQ917371
AY234235

KMO073306
GQ917431

HQ423069

HQ422713

KM369154

KT184838

KT184841
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Spongites yendoi South Africa u60948 - - -
Sporolithon durum New Zealand - - - KM369122
Sporolithon ptychoides Hawaii DQ629014 KC870927 HQ422711  HQ420971
Titanoderma prototypum Hawaii DQ628981 - - -
Titanoderma pustulatum UK AF093409 - - -
Titanoderma sp. Fiji GQ917421 - - -

Supplementary table S2. Summary of parsimony analysis for four genes and concatenated data sets.

SSU psbA rbcL-3P COI-5P Concatenated
Number of taxa 104 19 17 14 18
Number of nucleotide (bp) 1,544 760 247 534 3,083
included in analysis
Number of parsimony 171 140 58 112 406
informative characters
Tree length 1,584 389 143 363 1.091
Consistency index (CI) 0.4438 0.6170 0.7203 0.7355 0.7635
Retention index (RI) 0.8580 0.7140 0.7790 0.6811 0.7410

Rescaled consistency index (RC) 0.3808 0.4405 0.5611 0.5009 0.5657
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FIGURE 1: Optimal maximum likelihood (ML) topology inferred from the concatenated data set of SSU rDNA, psbA, rbcL-3P and COI-5P,
with results of single-marker species delimitation methods. Only bootstrap values in MP and ML > 70% and Bayesian posterior probability
(PP) > 90% were plotted. New sequences produced in this study are in bold, others are from GenBank. Asterisks mark clades that are
supported at 100% in all three analyses. Vertical thick lines indicate PSHs delineated with mBGD, ABGD, PTP and SPN methods based on
SSU rDNA, psbA, rbcL-3P and COI-5P (dark gray). Conclusive SSHs obtained from congruent results of delimitation methods (light gray)

are presented at the right edge of the tree.
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FIGURE 2: The optimal maximum likelihood (ML) topology based on the SSU rDNA data
set. Values above each clade refer to Bayesian posterior probabilities, ML bootstrap values
and MP (maximum parsimony), respectively. Only bootstrap values in MP and ML > 70%

and Bayesian posterior probability (PP) > 90% were plotted. New sequences produced in
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this study are in bold. Asterisks mark clades that are supported at 100% in all three

analyses.

IO SAGATSRER v i e 007
FIGURE 3 A-D: Diagnostic characters of Harveylithon. A. Longitudinal section through
the thallus showing monomerous construction (ALCB 125613 — H. riosmenum). B.
Longitudinal section through the thallus showing trichocytes (t) at the thallus surface
(ALCB 125621 — H. maris-bahiensis). C. Longitudinal section through the thallus showing
trichocytes (t) in small vertical rows (ALCB 125613 — H. riosmenum). D. Male
conceptacle (S) showing unbranched spermatangial filaments across the chamber floor
only (ALCB125611 — H. riosmenum). E. Carposporangial conceptacle showing central
fusion cell (arrow) and peripheral gonimoblast filaments bearing terminal carposporangia
(C) (ALCB125611 — H. riosmenum). F. Longitudinal section through tetrasporangial
conceptacle showing pore canals lined by cells orientated perpendicularly to the thallus
surface (arrows), and sporangium zonately divided (T) (ALCB 125628 — H. catarinense).
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300 pum

FIGURE 4 A-C: Harveylithon catarinense (ALCB125628). A. Encrusting growth-form on
rock. B. Detail of uniporate conceptacle. C. Longitudinal section through the thallus

showing old conceptacle buried in the thallus.
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. A. Longitudinal section
through the thallus showing monomerous construction. B. Longitudinal section through the
thallus showing epithallial cells (¢) more or less elliptical, subepithallial initial cells (s)
longer than subtending ones, and trichocytes (t) at the thallus surface. C. Longitudinal
section through cells of adjacent filaments linked by lateral cell fusions (arrow) and
trichocytes (t) in small vertical rows. D. Longitudinal section through carposporangial
conceptacle showing central fusion cell (arrow) and peripheral gonimoblast filaments
bearing terminal carposporangia (C). E. Longitudinal section through tetrasporangial
conceptacle showing pore canals lined by cells orientated perpendicularly to the thallus
surface (black arrows) and remaining of filaments surrounding and interspersed among
sporangial initials (white arrow). F. Longitudinal section through tetrasporangial
conceptacle showing elongate cells forming the pore canal (white arrow), and sporangium
zonately divided (black arrow).
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form on rock. B. Detail of uniporate conceptacle with distinct white aureole around
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(arrow). C. Longitudinal section through the thallus showing monomerous construction. D.
Longitudinal section through the thallus showing epithallial cells () more or less elliptical,
subepithallial initial cells (s) longer than subtending ones, and trichocytes (t) at the thallus
surface. E. Longitudinal section through cells of adjacent filaments linked by lateral cell
fusions (arrow). F. Longitudinal section through tetrasporangial conceptacle showing pore
canals lined by cells orientated perpendicularly to the thallus surface (black arrows), and
conceptacle roof filaments comprising an epithallial cell, sustended by a characteristic
elliptic cell and usually a smaller basal cell (white arrow). G. Longitudinal section through

tetrasporangial conceptacle showing sporangium zonately divided (arrow).
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FIGURE 7 A-F: Harveylithon riosmenum. A. Encrusting growth-form on rock
(ALCB125617). B. Very thin encrusting growth-form on rock (ALCB123166). C and D.
Detail of uniporate conceptacle with distinct white roof (arrow) (ALCB125617). E.
Longitudinal section through the thallus showing monomerous construction. F.
Longitudinal section through the thallus showing epithallial cells (€) more or less elliptical,
subepithallial initial cells (s) longer than subtending ones, and cells of adjacent filaments

linked by lateral cell fusions (arrow).
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FIGURE 8 A-H: Harveylithon riosmenum (ALCB125617). A. Longitudinal section
through the thallus showing trichocytes (t) at the thallus surface. B. Longitudinal section
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through the thallus showing trichocytes (t) in small vertical rows. C. Longitudinal section
through monoecius thallus with spermatangial and carposporangial conceptacles
(ALCB125611). D. Carposporangial conceptacle showing central fusion cell (arrow) and
peripheral gonimoblast filaments bearing terminal carposporangia (C). E. Male
conceptacle (S) showing unbranched spermatangial filaments across the chamber floor
only. F. Longitudinal section through tetrasporangial conceptacle showing pore canals
lined by cells orientated perpendicularly to the thallus surface, and sporangium zonately
divided (arrow) (ALCB125612). G. Old and empty conceptacles are outpours from the
thallus. H. Detail of the conceptacle roof filaments comprising an epithallial cell, sustended
by a characteristic columnar cell and usually a smaller basal cell.
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Harveplithon riosmenm sp. nov. (ALCB123210, RJ, Brazil)

Harveylitivn riosmenum sp. nov. (ALCB125619, RJ, Brazil)
Harveylithon riosmenitin sp. nov. (ALCB125615, ES, Brazil)

Harveylithon viesmenum sp. nov. (ALCB125612, ES, Brazil)

Harveylithon riosmeninn sp. nov, (ALCB125624, PE, Brazil)
Harveylithon riosmenum sp. nov, (ALCB125617, ES, Brazil)

Harveplithon riesmenunz sp. nov, (ALCB125614, ES, Brazil)

Harveylithon riosmenum sp. nov. (ALCB123166, SC, Brazil)

@ Harveylithon maris-hakiensis sp. nov. (ALCB125620, BA, Brazil)

Harvevlithon maris-baliensis sp. nov. (ALCB125622, BA, Brazil)

_i Harvevlithon munitum (Australia)
H

arveylithon rupestre (Australia)

1 04/89
98/98

Harveylithon canariensis (Spain)

Harveylithon catarinense sp. nov. (ALCB125627, SC, Brazil)

Harveylithon catarinense sp. nov. (ALCB125628, SC, Brazil)

ﬁl.fﬂmphrﬂum margaritae (Mexico)
98/75

Lithaphvilim koischyarmm (Ausiralia)

Mesophylium lichenoides (Spain)

Sporolithon piychoides (Brail)

003
FIGURE S1: The optimal maximum likelihood (ML) topology based on the psbA data set.
Values above each clade refer to Bayesian posterior probabilities, ML bootstrap values and
MP (maximum parsimony), respectively. Only bootstrap values in MP and ML > 70% and
Bayesian posterior probability (PP) > 90% were plotted. New sequences produced in this

study are in bold. Asterisks mark clades that are supported at 100% in all three analyses.
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Harveylithon riosmenum sp. nov. (ALCB123166, SC, Brazil)

Harveylithon riosmenum sp. nov. (ALCB125615, ES, Brazil)

Harveylithon riosmenum sp. nov. (ALCB125623, RJ, Brazil)

1
99/82

Harveylithon riosmenum sp. nov, (ALCB125617, ES, Brazil)

Harveylithon riesmenum sp. nov, (ALCB125614, ES, Brazil)

Harveylithon riosmenum sp. nov. (ALCB125624, PE, Brazil)

Harveylithon maris-bahiensis sp. nov. (ALCB125620, BA, Brazil)
L Harveylithon maris-bahiensis sp. nov. (ALCB125621, BA, Brazil)
Harveylithon maris-bahiensis sp. nov. (ALCB125622, BA, Brazil)

Porolithon onkodes (New Zealand)

1
99/100

* | Harveylithon catarinense sp. nov. (ALCB125627, SC, Brazil)

| Harveylithon catarinense sp. nov. (ALCB125628, SC, Brazil)
—T Spongites decipiens (EUA)
/82
74/82 Spongires timidum (EUA)
0.99 Mesaphyllum lichenoides (Spain)
99/85 .
Mesophyvilum erubescens (Brazil)

Sporolithon durum (New Zealand)

0.04

FIGURE S2: The optimal maximum likelihood (ML) topology based on the rbcL-3P data
set. Values above each clade refer to Bayesian posterior probabilities, ML bootstrap values
and MP (maximum parsimony), respectively. Only bootstrap values in MP and ML > 70%
and Bayesian posterior probability (PP) > 90% were plotted. New sequences produced in
this study are in bold. Asterisks mark clades that are supported at 100% in all three

analyses.
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Harveylithon riosmennm sp. nov. (ALCB123210, RJ, Brazil)

Huarveylithon rivsmenum sp. nov. (ALCB125619, RJ, Brazil)
96:h
Harveylithen riosmenum sp. nov. (ALCB123166, SC, Brazil)

1
98100

Harveylithon riosmenuim sp. nov, (ALCB125617, LS, Brazil)
Harveylithon riesmenum sp. nov, (ALCB125614, ES, Brazil)

Hurveylithon rivsmenivn sp. nov. (ALCB125615, ES, Brazil)

0.96
93/91
Huarveplithon riosmenum sp. nov. (ALCB125624, PE, Brazil)
Harveylithen maris-bahicnsis sp. nov, (ALCB125620, BA, Brazil)
Paorofithon gardineri (Australia)
0.99
99/97
Porolithon sp. {Australia)

Lithophyllum kotschyanum (Hawaiiy

99788
Lithophyliem Insipidum (Hawaii)
Mesophvltum lichenoides (Spain)
Spowolif ivehoides (Hawaii)
0.03

FIGURE S3: The optimal maximum likelihood (ML) topology based on the COI-5P data
set. Values above each clade refer to Bayesian posterior probabilities, ML bootstrap values
and MP (maximum parsimony), respectively. Only bootstrap values in MP and ML > 70%
and Bayesian posterior probability (PP) > 90% were plotted. New sequences produced in
this study are in bold. Asterisks mark clades that are supported at 100% in all three

analyses.
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ABSTRACT

This is the first study on Neogoniolithon species from the Southwestern Atlantic based on
both molecular (COI-5P, psbA and SSU rDNA) and morpho-anatomical characters. We
identified three species of this genus including one new species: Neogoniolithon crypticum
sp. nov., which has molecular particularities and the conceptacle diameter as diagnostic
character. We also described one new record for this region, N. rhizophorae. Ours results
provided the first reference of carposporangial conceptacles in N. rhizophorae, and
registered the occurrence of N. cf. brassica-florida on the South Atlantic. Our study
contributes to the taxonomy of this challenging group and defines as important characters
to distinguish between species: branched versus unbranched thalli, disposition of
trichocytes, interior dimensions of carposporangial conceptacles, and number of cells

comprising the conceptacle roof.

Key words: Crustose coralline algae; Corallinales; DNA sequences; Neogoniolithoideae;

Taxonomy.

Abbreviations: BP, Bootstrap percentage; COI-5P, the standard DNA barcode region of
the mitochondrial cytochrome ¢ oxidase 1 gene (coxl); dNTP, triphosphate
deoxyribonucleotide; MCMC, Markov Chain Monte Carlo; ML, maximum likelihood; PP,
Bayesian Posterior probability; psbA, gene encoding the D1 protein of photosystem II.
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INTRODUCTION

Foslie (1898) described the genus Goniolithon by having monostromatic sterile frond
structure and circumscribed G. papillosum as its type species. In 1900, Foslie rejected the
original description and proposed an entirely new Goniolithon distinguished by the
tetrasporangia distributed on the floor of the conceptacle and by the presence of
heterocysts scattered through the perithallus (Setchell & Mason 1943). Setchell and Mason
(1943) concluded that Goniolithon Foslie (1900) was the later homonym of Goniolithon
Foslie (1898), thus replacing Goniolithon Foslie (1900) with Neogoniolithon and
designating N. fosliei as the type species; originally based on specimens collected on the
Gulf of Suez, Egypt.

Until recently, Neogoniolithon was formally assigned to the subfamily
Mastophoroideae (Harvey et al. 2003), which includes 41 species (Guiry & Guiry 2017) of
nongeniculate coralline algae with non-endophytic thallus; gonimoblast filaments derived
from the entire dorsal surface of a fusion cell; spermatangia formed on both floor and roof
of male conceptacle chambers; and tetrasporangia present across the floor chamber of the
conceptacle (Penrose 1992, Iryu & Matsuda 1994).

In the previous molecular phylogeny for Mastophoroideae, Kato et al. (2011)
proposed the segregation of Neogoniolithon to the new subfamily Neogoniolithoideae.
Mateo-Cid et al. (2014) reviewed the taxonomy of Neogoniolithon on the Atlantic coast of
Mexico based on both DNA sequences and morpho-anatomical characters. These authors
identified nine species of the genus and described a new species N. siankanensis Mateo-
Cid, Mendonza-Gonzaléz & P.W. Gabrielson, based on a distinctive branched thallus,
apical tetrasporangial conceptacles and molecular particularities. Rosler et al. (2016)
proposed the amendment of Neogoniolithoideae based on molecular phylogeny with five-
markers, and included Pneophyllum confervicola (Kutzing) Y.M.Chamberlain and
Spongites fruticulosus Kitzing in this subfamily.

All representatives of Neogoniolithon cited for the South Atlantic have been sampled
in Brazil and were identified based only on morpho-anatomical characters: N. accretum
(Foslie & Howe) Setch & Mason (Bahia state - Figueiredo & Steneck 2002); N. brassica-
florida (Harvey) Setch & Mason (Bahia state - Amado-Filho et al. 2012); and the new

specie N. atlanticum Tamega, Riosmena-Rodriguez, Mariath & Figueiredo (Bahia state -
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Tamega et al. 2014). N. accretum and N. brassica-florida were only mentioned in a list of
species, without any characterization being present.

Molecular studies including representatives of Neogoniolithon are still rare.
Additionally, current studies revealed the diversity within this genus to be underestimated,
especially due to a wide plasticity of morphological characters (Kato et al. 2011, 2013,
Mateo-Cid et al. 2014, Rosler et al. 2016). Scarcity of morpho-anatomical diagnostic
features can hide the presence of cryptic species produced by speciation processes related
with physiological and oceanographical barriers (Sissini et al. 2014).

This paper is the first register of Neogoniolithon species in the Southwestern
Atlantic, based on both DNA sequences (COI-5P, psbA and SSU rDNA) and morpho-
anatomical characters. In this study, we described a new species: Neogoniolithon
crypticum sp. nov.; we expanded the record of occurrence of N. rhizophorae, presenting

for the first time carposporophytic specimens of N. rhizophorae.

MATERIALS AND METHODS

Sampling, morphological and anatomical observations

We collected twelve samples at nine localities along the Brazilian coast (Table 1);
sampling took place on intertidal regions during syzygy low tides. After cleaned, samples
were air dried for at least 24 hours and then stored on silica gel. Samples were examined
using a stereomicroscope (Leica® Zoom 2000, Wetzlar, Germany) for the separation of the
fragments for molecular and morpho-anatomical analysis. All samples were preserved in
4% formaldehyde.

For optical microscopy analysis, fragments were decalcified with 0.6M HNO3 for
24 hours, followed by dehydration in an ethanol series (30, 50, 70, 90 and 100%), and by
infiltration and inclusion in “Historesin embedding Kit” (Leica, Heidelberg, Germany,
following the instructions provided by the manufacturer). Sectioning (4-10 um thickness)
was performed with a Thermo Scientific microtome (model HM 325, Walldorf, Germany).
Cuts were then stained with toluidine blue acidified with borax (Riosmena-Rodriguez
1993, Moura et al. 1997). Images were obtained using a microscope (Olympus trinocular
CX31RTS5®, Tokyo, Japan) coupled with a digital camera (Qlmaging GO-3). For
scanning electron microscopy (SEM), dry specimens were fractured to allow the search for

diagnostic features and placed in stubs using carbon tapes, following the procedures
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described by Chamberlain (1993). The specimens were deposited in the Herbarium
Alexandre Leal Costa (ALCB) of Universidade Federal da Bahia (UFBA/Brazil).

DNA extraction, PCR and sequencing

Total DNA was extracted from fragments of dry samples (preserved on silica gel)
using the Chelex resin extraction protocol (Goff & Moon 1993) or the CTAB method
(Cetyl Trimethyl Ammonium Bromide) modified from Doyle and Doyle (1987). Ten
samples were sequenced for COI-5P, psbA and SSU rDNA (Table 1).

Molecular markers were amplified by PCR under the following conditions: 1x PCR
buffer, 1.5 mM MgClz, 0.2 mM dNTP, 0.2 uM primer, 5 ng DNA, and 1.25 U Taq DNA
polymerase (Invitrogen, Sdo Paulo, SP, Brazil), making a total volume of 25 uL. Specific
primer pairs were used for amplification and sequencing reactions of each marker: the
mitochondrial markers COI-5P, GazF1 and GazR1 (Saunders 2005); the plastidial markers
psbA, psbAF1 and psbAR2 (Yoon et al. 2002); and the nuclear markers SSU rDNA, 18S5'
and 1055R, and 1055F and 18S3' (Milstein & Oliveira 2005).

For the mitochondrial COI-5P and the plastidial psbA, the PCR was conducted
following Jesus et al. (2016) and Sissini et al. (2014), respectively. For the nuclear SSU
rDNA, the PCR was performed with an initial denaturation at 94°C for 4 min, 35 cycles at
94°C for 30 sec. (denaturation), 60°C for 1 min (primer annealing), 72° C (extension) for 2
min, and a final extension at 72° C for 7 min. Reactions were performed on the Vertic®
96-Well Thermal Cycler (Applied Biosystems, Foster City, California, USA). The
company Genewiz (Cambridge, Massachusetts, USA, http://www.genewiz.com/) carried

out both purification and sequencing reactions of PCR products.

Molecular analyses

Electropherograms were manually assembled using the Staden package (Staden et al.
2003) and edited in BioEdit 5.0.6 (Hall 1999). For each marker, a multiple alignment was
generated with Clustalw tool (Thompson et al. 1994), available in BioEdit 5.0.6
(sequences of the PCR primers were excluded from alignment). In addition to the
sequences generated in this study, sequences of other species of Corallinaceae available at

GenBank were used and included in the analyses (www.nchi.nlm.nih.gov/genbank/,

searched in April 2017 - Supplementary Table S1).

Phylogenetic Analyses


http://www.genewiz.com/
http://www.ncbi.nlm.nih.gov/genbank/
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Analyses of Maximum Parsimony (MP), Maximum Likelihood (ML), and Bayesian
Inference (BI) were performed to infer phylogenetic relationships among Neogoniolithon
species and their relatives. The analyses were based on single-marker COI-5P, psbA and
SSU rDNA datasets and included Sporolithon ptychoides Heydrich as outgroup (psbA:
KC870927 / COI-5P: HQ422711 / SSU rDNA: DQ629014).

MP trees were constructed on PAUP* 4.0b.10 (Swofford 2002) using an heuristic
search algorithm with the following definitions: initial tree(s) obtained by stepwise
addition; tree-bisection-reconnection (TBR) as branch-swapping algorithm and 10 trees
retained per replication. All characters were given equal weights, their states were
considered unordered, and the ACCTRAN (Accelerated Transformation) character-
optimization criterion was used. Branches with a maximum length of zero collapsed to
produce polytomies. Strict consensus analysis was calculated and the bootstrap values were
accessed using 1.000 replicates with random addition of terminals.

The most suitable evolutionary model was selected using the Akaike Information
Criterion (AIC) in the software MrModeltest 2.3 (Nylander 2008), as recommended by
Posada and Buckley (2004). ML analysis were conducted using RAXML (Randomized
Axelerated Maximum Likelihood, version 7.0.4; Stamatakis 2006) with the GTR+I+G
model. The best ML tree score and 500 bootstrap trees were obtained using a fast scale
algorithm (Stamatakis et al. 2008).

Bayesian analysis was carried out using the software Mr. Bayes 3.1 (Ronquist &
Huelsenbeck 2003) using the Marcov-Monte Carlo (MCMC) method with the selected
model for the individual data sets, GTR+I+G (COI-5P, psbA and SSU rDNA). Five
million generations in two independent races with four chains each were carried out,
saving one tree every 100 generations. The burn-in was identified graphically to determine
the period in which the likelihood values had reached a plateau. The trees sampled after

stabilization were used to infer the posterior Bayesian probability.

RESULTS

Molecular Analysis

We obtained 24 partial sequences (nine psbA, seven SSU rDNA and eight COI-5P)
that were combined with 81 sequences downloaded from GenBank (35 psbA, 23 SSU
rDNA and 23 COI-5P). Our psbA final alignment comprised 44 sequences of 760 base

pairs (bp), with 12 (1.6%) variable characters, and 262 (34%) parsimoniously informative
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characters. Thirty SSU rDNA sequences were aligned using 1,503 bp, with 133 (9%)
variable characters, and 190 (13%) parsimoniously informative characters. Thirty-one
COI-5P sequences were aligned using 564 bp, with 16 (3%) variable characters, and 230
(41%) parsimoniously informative characters. Tables 2 to 4 show levels of intra and
interspecific genetic variation among samples of Neogoniolithon species used in this study
for psbA, SSU rDNA and COI-5P.

For the psbA marker, intraspecific genetic divergence varied from 0 to 10.17% (O-
76bp) and the interspecific genetic divergence varied from 0.4 to 18.6% (3-139bp) (Table
2). For the SSU rDNA marker, intraspecific genetic divergence varied from 0 to 0.28% (0-
4bp) and interspecific genetic divergence varied from 0.28 to 3.78% (4-54bp) (Table 3).
For the COI-5P marker, intraspecific genetic divergence varied from 0 to 11% (0-58bp)
and interspecific genetic divergence varied from 7.6 to 21.4% (40-113bp) (Table 4). In all
phylogenetic analyses based on psbA and SSU data, Neogoniolithon was monophyletic
with high support in relation to the outgroup (Fig. 1 and 2). All markers analyzed revealed
three distinct and well-supported clades among members of Neogoniolithon, which
correspond to our species circumscriptions: Neogoniolithon cf. brassica-florida, N.
rhizophorae, and N. crypticum sp. nov. (Figs. 4-6, respectively).

In the psbA phylogeny, Neogoniolithon cf. brassica-florida specimens from Brazil
grouped with N. brassica-florida species from New Zealand and Spain. This grouping
showed strong support (100% for ML, 98% for MP and 1.0 for PP) and a genetic
divergence of 0.4-1.07% (3-8 bp) (Table 2). In the COI-5P trees, N. cf. brassica-florida
clade was sister with N. brassica-florida from France, with genetic divergence of 7.56%
(40 bp) (Table 3). In the SSU rDNA tree, N. cf. brassica-florida did not form a resolved
clade (Fig. 3).

Sequences of Neogoniolithon rhizophorae specimens collected from Bahia and
Pernambuco states (northeast Brazil) revealed a minor difference of only 01 bp in psbA
and COI-5P data; and had a difference of 04 bp (0.28%) in SSU. The Brazilian N.
rhizophorae clade was resolved with strong support for all analyses with psbA and COI-
5P markers (100% for ML and MP; and 1.0 for PP) and moderate support for SSU rDNA
(74% for ML, 82% for MP and 1.0 for PP). These sequences clustered with N. rhizophorae
sequences from Mexico for psbA data (0-1 bp, 0-0.13%), which was supported by high
bootstrap values in all analyses (100% for ML and MP; and 1.0 for PP — Fig. 1).

Neogoniolithon crypticum specimens were previously identified as N. accretum due

to similar morphological characters. However, it presented a large interspecific genetic
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divergence varying from 15 to 18% (113-134bp) for psbA (Table 2); from 2.4 to 4% (35-
54bp) for SSU rDNA (Table 3); and from 14.2 to 19% (75-100bp) for COI-5P (Table 4).
N. crypticum sp. nov. presented strong support for psbA and SSU rDNA (100% for ML
and MP; and 1.0 for PP — Fig. 1 and 2), and weak to moderate support on COI-5P analyses
(55% for MP and 75% for ML — Fig. 3).

Morphological and Anatomical Analysis
CORALLINALES Silva and Johansen (1986: 250)
Corallinaceae Lamouroux (1812: 185)
Neogoniolithoideae A. Kato & M. Baba emend. A.R0sler, Perfectti, V.Pefia & J.C.Braga
(2016)

Neogoniolithon cf. brassica-florida (Harvey) Setchell & L.R. Mason

BASIONYM: Melobesia brassica-florida Harvey

TYPE LOCALITY: Algoa Bay, South Africa

DISTRIBUTION: Western Australia (Barry & Woelkerling 1995), Queesland
(Ringeltaube & Harvey 2000), South-eastern Australia (Harvey et al. 2006), southward and
eastward across southern Australia, Indian Ocean, Red Sea and Pacific Ocean (Penrose
1996).

Figures: 4A-F.

DESCRIPTION: Thallus encrusting to warty to fruticose (Fig. 4A), with branch apices
often terminate in conical to dome-shaped conceptacles (Fig. 4B). The crustose portion is
monomerous (Fig. 4C). Epithallial cells occurring in one layer, rounded to flattened, 4.2—
11.3 um long and 7.5-16.5 um in diameter. Subepithallial initials (16-26 um long and 11—
18.4 um in diameter) as long or longer than the cells immediately subtending them (Fig.
4D). Cells of the perithallial filaments, 5.2—22 um long and 7-20 pm in diameter. Cells of
the hypothallial filaments, 25-48 um long and 9-15 um in diameter. Trichocytes
rectangular to bottle-shaped to elongate, single and in vertical rows at the surface or buried
in the thallus, and measure 27-55 pum long and 19-26.1 um in diameter (Fig. 4D). Cells of
the adjacent filaments joined by cell fusions (Fig. 4D). Secondary pit-connections not
observed. Gametangial thalli dioecious. Carposporangial conceptacles, apiculate (Fig. 4E),
measure 140-632 pm long and 390— 708 pm in diameter. Carposporangia, measure 26—

64.1 pum long and 34-75 pum in diameter, supported for short gonimoblast filaments that
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arise across the dorsal surface of the discontinuous fusion cell (Fig. 4F). Conceptacle roofs
6-13 cells thick (including ephithallial cell) (Fig. 4F). The pore canal measures 40-70 pum
in diameter, were lined with cells oriented more or less parallel to the roof surface and
project into the canal (Fig. 4F). Tetrasporangial and spermatangial conceptacles not found.
MATERIAL EXAMINED: BRAZIL. ESPIRITO SANTO: Guarapari, Castanheiras,
20°40'16.64"S, 40°29'46.01"W, coll. 1.0. Costa et al. s.n., 20 Aug 2013, (ALCB 125631
and 1256329); Anchieta, Castelhanos, 20°50'05.08"S, 40°37'24.84"W, coll. 1.0. Costa et
al. s.n., 21 Aug 2013, (ALCB 125633%).

Neogoniolithon rhizophorae (Foslie & M. Howe) Setchell & L.R. Mason

BASIONYM: Goniolithon rhizophorae Foslie & M. Howe

TYPE LOCALITY: Bahamas, Stoking Island, Great Exuma

DISTRIBUTION: Colombia (Diaz-Pulido & Diaz-Ruiz 2003) and Mexico (Mateo-Cid et
al. 2014).

Figures: 5A-G.

DESCRIPTION: Thallus encrusting sometimes with protuberances terete to 10 mm, once
or twice branched (Fig. 5A and B). The crustose portion is monomerous. Epithallial cells
occurring in one or two layers, rounded to flattened, 5-11 um long and 8-19 pm in
diameter. Subepithallial initials (14-20 pum long and 8-17 um in diameter) as long or
longer than the cells immediately subtending them (Fig. 5D). Cells of the perithallial
filaments, 8-27 um long and 6-17.7 pm in diameter. Cells of the hypothallial filaments,
20-27.5 um long and 15-18 um in diameter. Trichocytes rectangular to bottle-shaped to
elongate, single and in vertical rows at the surface or buried in the thallus, and measure 23—
58.1 um long and 11.5-33 um in diameter (Fig. 5E). Cells of the adjacent filaments joined
by cell fusions (Fig. 5D). Secondary pit-connections not observed. Gametangial thalli
dioecious. Carposporangial conceptacles, measure 313-537.1 pum long and 448-527.3 pum
in diameter (Fig. 5F and G). Carposporangia, measure 62—152 pm long and 17.6-49 um in
diameter, supported for gonimoblast filaments that arise across the dorsal surface of the
discontinuous fusion cell (Fig. 5G). Conceptacle roofs 12-20 cells thick (including
ephithallial cell) (Fig. 5G). The pore canal measures 50-81 um in diameter, were lined with
cells oriented more or less parallel to the roof surface and project into the canal (Fig. 5G).

Tetrasporangial and spermatangial conceptacles not found.
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MATERIAL EXAMINED: BRAZIL. PERNAMBUCO: Cabo de Santo Agostinho, Gaibu,
08°18'49.5"S, 34°56'48.4"W, coll. 1.0. Costa et al. s.n., 27 April 2014, (ALCB 125638 and
1256399); BAHIA: Cair(, Morro de Séo Paulo, 13°23'16.8"S, 38°54'18.6"W, coll. 1.0.
Costa et al. s.n.,, 06 Oct 2013, (ALCB 125635, 125636 and 125637%); Garapua,
13°29'13.14"S, 38°54'25.5"W, coll. 1.0. Costa et al. s.n., 03 July 2015, (ALCB 1256409);
Marau, Ponta do Muta, 13°52'45.61"S, 38°56'50.79"W, coll. 1.O. Costa et al. s.n., 04 Oct
2013, (ALCB 125634%).

Neogoniolithon crypticum 1.0. Costa, P.A. Horta & J.M.C. Nunes sp. nov.

HOLOTYPE: Brazil, Rio de Janeiro State, Cabo Frio, Praia das Conchas, 22°52'16.8"S,
41°53'51.2"W; coll. 1.O. Costa et al. s.n., 26 May 2013; ALCB 125630; GenBank
accessions: psbA — XXXXXXXX [/ SSU rDNA — XXXXXXXX [/ COI-5P -
XXXXXXXX.

ETYMOLOGY: The epithet refers to the cryptic nature of the new species with N.
accretum.

DISTRIBUTION: Brazil: State of Rio de Janeiro.

DIAGNOSIS: Thallus nongeniculate encrusting; monomerous construction; trichocytes
common, single at the surface or buried in the thallus. Carposporangial conceptacles
conical to dome-shape, measure 110-244 pm long and 283-380 um in diameter;
carposporangia, measure 42-59 um long and 13-15 um in diameter, supported for three
gonimoblast filaments that arise across the dorsal surface of the continuous fusion cell;
conceptacle roof 7-12 cells thick.

Figures: 6A-F.

DESCRIPTION: Thallus encrusting (Fig. 6A and 6B), with monomerous construction
(Fig. 6C). Epithallial cells occurring in one layer, rounded to flattened, 5.5-7.6 um long
and 8.2-13.9 um in diameter. Subepithallial initials (9.5-24.5 pm long and 6.4-12.6 pm in
diameter) as long or longer than the cells immediately subtending them (Fig. 6D). Cells of
the perithallial filaments, 12-16.4 pum long and 8-16 um in diameter. Cells of the
hypothallial filaments, 18-32.4 um long and 8.5-14.8 pum in diameter. Trichocytes
rectangular to bottle-shaped to elongate, single at the surface or buried in the thallus, and
measure 14.6-47 um long and 14.2-25.6 pum in diameter (Fig. 6E). Cells of the adjacent
filaments joined by cell fusions (Fig. 6E). Secondary pit-connections not observed.

Gametangial thalli dioecious. Carposporangial conceptacles, conical to dome-shape (Fig.
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6B), measure 110-244 um long and 283-380 um in diameter. Carposporangia, measure
42-59 pum long and 13-15 pm in diameter, supported for three gonimoblast filaments that
arise across the dorsal surface of the continuous fusion cell (Fig. 6F). Conceptacle roofs 7-
12 cells thick (including ephithallial cell) (Fig. 6F). The pore canal measures 40-50 pm in
diameter, were lined with cells oriented more or less parallel to the roof surface and project
into the canal. Tetrasporangial and spermatangial conceptacles not found.

MATERIAL EXAMINED: BRAZIL. RIO DE JANEIRO: Cabo Frio, Praia das Conchas,
22°52'16.8"S, 41°53'51.2"W; coll. 1.0. Costa et al. s.n., 26 May 2013, (ALCB 125629 and
1256309).

DISCUSSION

Our molecular results based on psbA, SSU rDNA and COI-5P (Fig. 1 to 3) were
combined with morpho-anatomical analyses (Fig. 4 to 6), which pointed out the occurrence
of three distinct species of Neogoniolithon in the South Atlantic: N. cf. brassica-florida, N.
rhizophorae and N. crypticum.

Harvey (1849) described specimens collected on Algoa Bay (South Africa) as
Neogoniolithon brassica-florida (originally Melobesia brassica-florida) based on the
following characters: thallus with growth-form warty; numerous trichocytes singly and in
vertical rows; spermatangial conceptacles chambers with 355-519 um in diameter, with
spermatangia borne on both floor and walls of male conceptacles. Several authors
considered this species as presenting various gross morphologies, many synonyms, and
with cosmopolitan distribution (Woelkerling et al. 1993, Verheij 1994, Penrose 1996,
Ringeltaube & Harvey 2000, Harvey et al. 2006, Kato et al. 2011, Amado-Filho et al.
2012; Villas-Boas et al. 2015). Kato et al. (2013), based in SSU and COI-5P sequences,
showed that N. brassica-florida is polyphyletic. These authors showed that N. fosliei and
N. frutescens, both synonyms of N. brassica-florida, were not resolved as a single clade.
Hence, they concluded that crustose species with protuberances or branches belong to N.
brassica-florida or N. frutescens, while species lacking any protuberances belong to N.
fosliei . In addition, these authors have shown that under the epithet of N. fosliei there are
three genetically different clades (which were named as clades A, B and C).

Some Brazilian specimens presented morpho-anatomical characters compatible with
descriptions of N. brassica-florida (Table 5). The psbA sequences generated from our

study formed clades with sequences from New Zealand and Spain (0.4-1.07%), and formed
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a sister clade with sequences from France based on the COI-5P data (Fig. 1 and 2,
respectively). In our study, we identified N. brassica-florida as Neogoniolithon cf.
brassica-florida because it is considered polyphyletic (Kato et al. 2013) and because of the
absence of sequences of type material to corroborate the molecular identification.
Sequencing the type or topotype material of N. brassica-florida and of its probable
synonyms is necessary for correctly applying the epithet.

Neogoniolithon rhizophorae was originally described based on specimens from the
Bahamas (Foslie & Howe 1906, as Goniolithon rhizophorae), with records only for
Colombia (Diaz-Pulido & Diaz-Ruiz 2003), Gulf of Mexico and the Caribbean Sea
(Mateo-Cid et al. 2014). Unfortunately, sequences of the type material of this species are
not available for comparisons. Confirmation of the identification on the analyzed
specimens was based on congruency with the N. rhizophorae clade from Mexico (Mateo-
Cid et al. 2014) and shared morphological diagnostic characters with the former species
(Foslie & Howe 1906). Such confirmation allowed us to recognize the taxa from Brazil as
belonging to N. rhizophorae. Morpho-anatomical features that allowed the identification of
the South Atlantic specimens were: Thallus adherent, with terete protuberances to 10 mm;
trichocytes present, occurring in vertical rows; carposporangial conceptacle with
carposporangia supported by gonimoblast filaments that arise across the dorsal surface of
the discontinuous fusion cell; and carposporangial conceptacle roof with a thickness of 7-
12 cells (Table 5).

Foslie & Howe (1906) described Neogoniolithon rhizophorae (as Goniolithon
rhizophorae) using only vegetative anatomical characters (measurements of the branches,
perithallus and hypothallus) and superficial views of the conceptacles (without
distinguishing it as asexual or sexual). Mateo-Cid et al. (2014) characterized N.
rhizophorae using vegetative characters and measurement of the tetrasporangial
conceptacle (Table 5). Regarding the SSU marker, N. rhizophorae was sister of N. fosliei
from French Polynesia, N. frutescens from Japan, and N. brassica-florida from Hawaii; the
sequences, however, diverged from 0.28 to 0.56% (4-8bp) — see Table 4. The present study
extends the description of N. rhizophorae by presenting characters of the carposporangial
conceptacles, which will allow a better characterization of this species. In addition, we
presented the first record of N. rhizophorae for the South Atlantic.

Our phylogenetic analyses and both intra and interspecific divergence clearly show
that Neogoniolithon crypticum constitutes a new taxonomic entity. N. crypticum psbA

sequences diverged in 17.14% (128bp) from N. accretum from Mexico, despite their
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morphological similarities. N. crypticum is morphologically similar to N. accretum Foslie
& Howe (1906 - as Goniolithon accretum from Florida, USA), and to N. accretum from
Mexico (Mateo-Cid et al. 2014) (Table 5). This divergence is considered high enough for
segregating species in this group (Kato et al. 2011, Sissini et al. 2014, Adey et al. 2015).
Recent molecular studies have shown that some groups of algae can be divided into many
species, often with severely reduced geographic ranges. Even though these groups include
species described as unique and with pantropical or even worldwide distributions. These
algae have been determined as genetically distinct by one or more genes, even though they
had no obvious morphological or anatomical differences; and have been therefore labeled
"cryptic species” (Sissini et al. 2014, Araujo de Azevedo et al. 2016, Hind et al. 2016,
Schneider et al. 2017).

COI-5P and psbA have been largely used to infer relationships on generic and
specific levels in Corallinales. Both regions are also useful for identifying recently
diverged taxa that could not be identified with more conserved markers (Broom et al. 2008,
Bittner et al. 2011, Pefia et al. 2011, Hind and Saunders 2013, Carro et al. 2014, Richards
et al. 2014, Torrano-Silva et al. 2014, Vieira-Pinto et al. 2014, Hernandez-Kantun et al.
2015, 2016). Neogoniolithon was highly supported as monophyletic only on Bl analysis
based on COI-5P (Fig. 3). This result is in accordance with the evidence that COI-5P does
not generate well-resolved phylogenies by itself, and that it could increase resolution and
support of phylogenies if analyzed simultaneously with others markers (Jesus et al. (2016).
SSU rDNA has been widely used in phylogenetic analyses and, as it is more conserved,
presented better resolution at orders, families and subfamilies levels (Bailey & Chapman
1996, Bailey 1999, Harvey et al. 2003, Broom et al. 2008, Vidal et al. 2008, LeGall et al.
2010, Nelson et al. 2015). In this study, we obtained high support for the deeper branches
based on the SSU marker, hence we would like to recommend the use of this marker in
more robust phylogenies.

Among our samples we only observed Neogoniolithon carposporophytic specimens,
which is considered rare for some coralline algae groups (Bahia et al. 2015). This genus
has been characterized as having the following reproductive features: uniporate
tetrasporangial conceptacles formed by filaments to the fertile area; spermatangia borne on
the floor and walls in male conceptacles; and gonimoblast filaments that arise from the
dorsal surfaces of the fusion cell (Penrose 1992). The present study expanded the
characterization of Neogoniolithon species by describing the presence of carposporophytic

specimens for N. cf. brassica-florida, N. crypticum and N. rhizophorae.
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Morpho-anatomical studies carried out whit Neogoniolithon reported carposporangial
conceptacles only for N. accretum (Mateo-Cid et al. 2014), N. atlanticum (Tamega et al.
2014), N. brassica-florida (Penrose 1996), N. fosliei (Penrose 1992), and N. trichotomum
(Heydrich) Setchell & L.R. Mason (Kato et al. 2013). The Brazilian N. atlanticum was,
until this study, the only representative of the genus in the South Atlantic with the
description of carposporangial conceptacles. This species was recently described based
only on morpho-anatomical characters and presented great similarity with N. brassica-
florida in the shape and size of tetrasporangial conceptacles (Tamega et al. 2014). Since N.
brassica is known to be polyphyletic (Kato et al. 2013), sequencing of the type material of
both species is needed to determine if N. atlanticum is a distinct and valid species.

We are in agreement with the recommendation of Sissini et al. (2014) about the use
of morpho-anatomical analysis linked to the molecular evaluation of the type material, as
well as the broader biogeographic taxonomic characterization of the representatives, to
strengthen the knowledge about the phylogeny of this group.

CONCLUSION

Our study indicated the occurrence of three distinct species of Neogoniolithon on the
Brazilian coast by combining molecular and morpho-anatomical data. We described a new
species: Neogoniolithon crypticum; the first record of carposporangial conceptacle of N.
rhizophorae, its first occurrence in the South Atlantic. We identified the following
characters as useful for segregating Neogoniolithon species: branched versus unbranched
thalli, disposition of trichocytes, interior dimensions of carposporangial conceptacles, and
number of cells forming the conceptacle roof. The current study constitutes an important
advance in the knowledge of the specific diversity of this genus in a tropical and still
underestimated region, as the South Atlantic. Our results emphasize the need of
investments in sequencing type or topotype materials in Corallinales in order to confirm
identifications and guarantee the correct use of species names. We recommend an
integrated approach of molecular and morpho-anatomical analysis for the correct

identification of already existing taxa and for those yet to be discovered.
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Table 1. Sequences generated in this study, with voucher information, herbarium accession numbers and GenBank accession numbers for each DNA

marker. (=) no molecular data was produced, (+) generated sequences.

Markers )
_ ) ) Collection
Species Voucher SSuU Locality Coordinate
COl  psbA date
rDNA
Neogoniolithon cf. brassica- ALCB Castanheiras, Guarapari, Espirito
) + + - _ 20°40'16.64"S x 40°29'46.01"W  20/08/2013
florida 125631 Santo, Brazil
Neogoniolithon cf. brassica- ALCB Castanheiras, Guarapari, Espirito
+ + + 20°40'16.64"S x 40°29'46.01"W  20/08/2013
florida 125632 Santo, Brazil
Neogoniolithon cf. brassica- ALCB Castelhanos, Anchieta, Espirito
) - - - _ 20°50'05.08"S x 40°37'24.84"W  21/08/2013
florida 125633 Santo, Brazil
o ) ALCB Praia das Conchas, Cabo Frio,
Neogoniolithon crypticum - + + ) ) ) 22°52'16.8"S x 41°53'51.2"W 26/05/2013
125629 Rio de Janeiro, Brazil
o ) ALCB Praia das Conchas, Cabo Frio,
Neogoniolithon crypticum + + - ) ) _ 22°52'16.8"S x 41°53'51.2"W 26/05/2013
125630 Rio de Janeiro, Brazil
o ) ALCB Gaibu, Cabo de St° Agostinho,
Neogoniolithon rhizophorae + + + ) 08°18'49.5"S x 34°56'48.4"W 27/04/2014
125638 Pernambuco, Brazil
o ) ALCB Gaibu, Cabo de St° Agostinho,
Neogoniolithon rhizophorae + + + _ 08°18'49.5"S x 34°56'48.4"W 27/04/2014
125639 Pernambuco, Brazil
o ) ALCB Morro de Sdo Paulo, Caird,
Neogoniolithon rhizophorae - - - _ _ 13°23'16.8"S x 38°54'18.6"W 06/10/2013
125635 Bahia, Brazil
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Markers )
_ ] ) Collection
Species Voucher SSU Locality Coordinate
COl  psbA date
rDNA
o ) ALCB Morro de S&o Paulo, Caird,
Neogoniolithon rhizophorae + + + _ _ 13°23'16.8"S x 38°54'18.6"W 06/10/2013
125636 Bahia, Brazil
o ) ALCB Morro de S&o Paulo, Caird,
Neogoniolithon rhizophorae + + + _ _ 13°23'16.8"S x 38°54'18.6"W 06/10/2013
125637 Bahia, Brazil
o ) ALCB Garapud, Cairu, Bahia, Brazil
Neogoniolithon rhizophorae + + - 13°29'13.14"S x 38°54'25.5"W  03/07/2015
125640
o ) ALCB Ponta do Muta, Marad, Bahia,
Neogoniolithon rhizophorae + - + _ 13°52'45.61"S x 38°56'50.79"W  03/07/2015
125634 Brazil
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Table 2. Levels of intraspecific genetic variation (diagonal in gray), interspecific variation (in percentage, under the diagonal) and pairwise
distance (over the diagonal) for psbA sequences, based on uncorrected p-distances between studied taxa. Intraspecific variation values are

presented in bold. (), number of sequences/species analyzed; -, absent values.

"N. brassica- N. cf. brassica- o o o N. )
] ] "N. fosliei”  "N. fosliei” A "N. fosliei" C ] N. crypticum
florida" florida rhizophorae
_ _ 0.65% (0-
"N. brassica-florida" (03) 5bp) 3-8bp 115-132bp 120-121bp 128-129bp 104-109bp 120-122bp
p
N. cf. brassica-florida (02)  0.40-1.07% 0.0% 119-131bp 124bp 128bp 104-105bp 124bp
o 10.17%
"N. fosliei" (02) 15.39-17.67% 15.93-17.54% (76bp) 126-129bp 127-130bp 122-139bp 132-134bp
Y
o 16.87-
"N. fosliei” A (02) 16.06-16.2% 16.6% 17 979 0.4%(3bp) 50-53bp 127-129bp 113-116bp
. 0
"N. fosliei" C (01) 17.14-17.27% 17.14% 17-17.4% 6.7-7.1% - 129-130bp 117bp
: 0.0-0.13% (0-
N. rhizophorae (07) 14-14.6% 13.93-14.06%  16.3-18.6% 17-17.27% 17.27-17.4% 1bp) 119-120bp
p

N. crypticum (02) 16-16.3% 16.6% 15.1-17.9% 15.13-15.53% 15.66% 15.93-16.07% 0.0%
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Table 3. Levels of intraspecific genetic variation (diagonal in gray), interspecific variation (in percentage, under the diagonal) and pairwise
distance (over the diagonal) for SSU rDNA sequences, based on uncorrected p-distances between studied taxa. Intraspecific variation values

are presented in bold. (), number of sequences/species analyzed; -, absent values.

N. cf.
"N. brassica- _ o "N. fosliei”  "N. fosliei"  "N. fosliei" N. _
) brassica-  "N. fosliei" _ N. crypticum
florida™ _ A B C rhizophorae
florida
"N. brassica-florida” (02) 0.07% (1bp)  14-15bp 3-37bp 33-34bp 35-37bp 36-37bp 6-8bp 42-43bp
N. cf. brassica-florida (01) 0.98-1.05% - 15-45bp 36bp 44-45bp 43bp 13-17bp 41bp
"N. fosliei" (01) 0.21-0.28% 1.05% - 35bp 35-36bp 36bp 4bp 54bp
"N. fosliei" A (02) 2.31-2.38% 2.52% 2.45% 0.14% (2bp)  42-43bp 39bp 37-38bp 35-37bp
"N. fosliei" B (02) 2.45-2.6%  3.08-3.15% 2.45-2.52% 3.01% 0.07% (1bp) 7-8bp 39-40bp 57-58bp
"N. fosliei" C (02) 2.52-2.6% 3.01% 2.52% 2.73% 0.49-0.56% 0.0% 39-40bp 54bp
_ 0.0-0.28%
N. rhizophorae (05) 0.42-0.56%  0.9-1.2% 0.28% 2.6-2.67%  2.66-2.8%  2.73-2.8% (0-4bp) 42-46bp
-4bp
N. crypticum (01) 2.9-3% 2.89% 3.08% 2.45-2.6% 4-4.06% 3.78% 2.9-3.2% -
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Table 4. Levels of intraspecific genetic variation (diagonal in gray), interspecific variation (in percentage, under the diagonal) and pairwise

distance (over the diagonal) for COI-5P sequences, based on uncorrected p-distances between studied taxa. Intraspecific variation values are

presented in bold. (), number of sequences/species analyzed; -, absent values.

“N. N. cf. N N N
) ] ~ "N.fosliei" "N. fosliei" "N. fosliei" N. N.
brassica- brassica-  "N. fosliei"” _ )
_ _ A B C rhizophorae crypticum
florida™ florida
"N. brassica-florida™ (01) - 40bp 99bp 79bp 91-106bp 96-107bp 85-86bp 81bp
N. cf. brassica-florida (02) 7.56% 0.0% 101bp 81bp 102-104bp  95-113bp 86-87bp 90bp
"N. fosliei” (01) 18.7% 19.1% - 100bp 77-88bp 82-87bp 94bp 99bp
"N. fosliei" A (01) 14.9% 15.3% 18.9% - 84-92bp 96-103bp 89-90bp 75bp
"N. fosliei" B (02) 17.2-18.1% 19.1-19.7% 14.6-16.6% 15.9-17.4% 11% (58bp) 82-88bp 93-101bp 94-95bp
8.3%
"N. fosliei" C (02) 18.1-20.2%  18-21.4%  15.5-16.4% 18.1-19.5% 15.5-16.6% 4p) 96-109bp  99-100bp
p
) 16.07- 0.0-0.2%
N. rhizophorae (05) 16.3-16.5% 17.8% 16.8-17% 17.6-19.1% 18.1-20.6% 92bp
16.26% (0-1bp)
N. crypticum (01) 15.3% 17% 18.7% 14.2% 17.8-18%  18.7-18.9% 17.4% -
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Table 5: Morphological comparison between Neogoniolithon taxa (- = absent; ND = not disclosed; B = branched; E = Encrusting; S = single;

V =in vertical rows; H = in horizontal rows).

,C"? —~ — [ —~ o
s o > S S £ > 3 O T S
S d S ~ =] v O v & S 9 2 L P = ®
e S © N c - c o o S © 2 ~ g g 2 < s
—~ o = o o —_ o~ = ” Q 3 8 = s o = o> (S 5 >
S = © = o 3 e g 2 = 8 8 L & S 4 8 s O e 3 ©
= © @ @ ~ ] =3 g [= N g 5 = 4 = g 2 ®© o 2 s = s 2
= 22| 28| 8| 8T | 8=z | &8 |2 ¢ E~- | 23| 82| 8 a2l &2
o o 8 £ 8 9 . S | £ =8| 332 |8 2 2% | R g | E2 | €2 5 2
T o = s £ | 2 2 S € 0 2 2 | 2 3 8 s 8 | 5 F E £ =
S 37 s 2| 8¢ Bl 22| 2g |23 |g*T S - z =
5 8 Z2 g | 2 = 2 s | 23|z s i
c & 2 = is = Z =
Growth form B E B E E E E B E
Trichocytes \ VIH \% ND \% \% ND S - \% \% S
Long of trichocytes ND ND 6-27 ND 40-45 7-29 20-25 35-50 - 27-55 23-58.1 14.6-47
Diameter of trichocytes ND ND 14-22 ND 25-30 12-29 ND 25-35 - 19-26.1 11.5-33 | 14.2-25.6
Long of epithallial cells ND ND 6-10 ND 5-7 3-8 ND 12.5-15 4 4.2-11.3 5-11 5.5-7.6
Diameter of epithallial cells ND ND 7-15 ND 10-13 7-14 ND 6-9 6-7 7.5-16.5 8-19 8.2-13.9
Long of perithallial cells 10-40 10-40 6-16 24 18-21 8-15 10 18-24 6 5.2-22 8-27 12-16.4
Diameter of perithallial cells 8-19 10-20 5-13 8-15 11-13 5-13 4-9 6-20 5 7-20 6-17.7 8-16
Long of hypothallial cells ND ND 17-49 12-30 20-25 9-40 14-27 15-30 7-12 25-48 20-27.5 18-32.4
Diameter of hypothallial cells ND ND 11-20 8-15 15-17 5-16 8-14 9-13 15-29 9-15 15-18 8.5-14.8
Long of tetrasporangial - - 140-380 ND 250-320 | 110-150 ND - - - - -
conceptacles
Diameter of tetrasporangial - - 760-1040 | 800-1000 | 600-700 | 600-760 | 300-400 - - - - -

conceptacles
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Long of carposporangial - 500-710 - - - - 140-200 | 276-515 | 140-632 313- 110-244
conceptacles 537.1
Diameter of carposporangial - 460-630 - - - - 200-380 | 570-890 | 390-708 448- 283-380
conceptacles 527.3
Long of carposporangia - 56-90 ND - ND 90-100 47-113 26-64.1 62-152 42-59
Diameter of carposporangia - 25-85 ND - ND 40-60 20-55 34-75 17.6-49 13-15
Long of  spermatangial ND 350-380 ND 150-250 - ND 80-110 - - - -
conceptacles
Diameter of spermatangial | 355-519 295-335 ND 350-450 - ND 210-310 - - - -
conceptacles
Cells number in the roof of 8-15 10-25 ND 15-18 15-29 ND 6-7 11-18 6-13 12-20 7-12

conceptacle
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Supplementary table S1. List of taxa available in GenBank and included in our analyses.

Species Locality GBoaccess GB access GB access n°
n° 18S n° psbA COl

Harveylithon rupestre (as Hydrolithon rupestre) Australia KMO073303 KM407535 -
Hydrolithon boergesenii Brazil - KY485316 -
Hydrolithon boergesenii (as Hydrolithon reinboldii) Hawaii - - HQ422709
Hydrolithon boergesenii (as Hydrolithon reinboldii) Japan AB576017 - -
Mastophora pacifica New Zealand - FJ361461 -
Mastophora rosea Japan - AB576041 -
Mastophora rosea USA - - KP224298
Mesophyllum erubescens Hawaii DQ629012 - HQ422718
Mesophyllum erubescens Brazil - KY485315 -
Metagoniolithon radiatum Australia U61250 - -
Neogoniolithon accretum Mexico - KJ637660 -
Neogoniolithon acropetum Mexico - KJ637663 -
Neogoniolithon brassica-florida Hawaii DQ629008 - -
Neogoniolithon brassica-florida Hawaii DQ629007 - -
Neogoniolithon brassica-florida France - - KM392368
Neogoniolithon fosliei French Polynesia KMO073297 - -
Neogoniolithon fosliei Japan AB576020 - AB713922
Neogoniolithon fosliei Japan AB713916 - AB713924
Neogoniolithon fosliei Japan AB576019 - AB713919
Neogoniolithon fosliei Japan AB713914 - AB713921
Neogoniolithon fosliei Japan AB576018 - AB713920
Neogoniolithon frutescens Japan AB713917 - AB713926
Neogoniolithon frutescens Japan - - AB713925
Neogoniolithon megalocystum Japan AB576021 - AB713927
Neogoniolithon mamillare Mexico - KJ637664 -
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Neogoniolithon propinquum

Neogoniolithon rhizophorae

Neogoniolithon rhizophorae

Neogoniolithon siankanensis

Neogoniolithon solubile

Neogoniolithon sp.

Neogoniolithon sp.

Neogoniolithon sp

Neogoniolithon sp

Neogoniolithon sp

Neogoniolithon sp

Neogoniolithon spectabile

Neogoniolithon strictum

Neogoniolithon spectabile

Neogoniolithon trichotomum

Pneophyllum conicum

Porolithon gardineri (as Hydrolithon gardineri)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Spongites fruticulosa

Spongites yendoi

Sporolithon ptychoides

Sporolithon ptychoides

Mexico
Mexico
Mexico
Mexico
Mexico
Spain
Spain
Guadeloupe
Panama
Guadeloupe
Guadeloupe
Mexico
Mexico
Bahamas
Japan
Hawaii
Hawaii
Indonesia
Brazil
Australia
France
South Africa
Brazil
Hawaii

KMO073298
KMO073300

AY234238

DQ628983

KMO073275

u60948

DQ629014

KJ637665
KJ637670
KJ637672
KJ637675
KJ637679

KJ637682
KJ637684

KY485318

KC870927

KM392369
KM392370
KM392372
KP682495

AB713928
HQ422716
HQ423069

KM392359
KM392374

HQ422711
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FIGURES
* Preophyifum conicum (KY485312, Brazil)
JN’eug(JniufithonMsp (KM407557, Australia)
Harveviithon rupestre (KM407535, Australia)
: Spongites yendoi (DQ167869, New Zealand)
= Hydrolithon boergesenii (KY485316, Brazil)
Parolithon onkodes (KY485318, Brazil)
* Neogoniolithon sp. (KJI637689, Mexico)
Ex’\*'eogonmlirhon sp. (KP682501, Guadeloupe)
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FIGURE 1: The optimal maximum likelihood (ML) topology based on the psbA data set.
Values above each clade refer to Bayesian posterior probabilities (PP) and the ones below
each clade refer to ML and MP (maximum parsimony) bootstrap values, respectively. Only
bootstrap values for ML and MP > 70% and PP > 0.9 were plotted. New sequences
produced in this study are in bold. Asterisks mark clades that are supported at 100% in all

three analyses.



Algas coralinaceas incrustantes da ordem Corallinales (Corallinophycidae — Rhodophyta) no Atlantico Sul

117

Metagoniolithon radiatum (U61250, Australia)
06/83 Porolithon onkodes (KMO73275, Indonesia)
! Harveylithon rupestre (KM073303, Australia)
86 Preophyllum conicum (DQ628983, Hawaii)
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Hydrolithon boergesenii (AB576017, Japan)
\—_S;)c)ngffas‘ yendor (U60948, South Africa)
Neogoniolithon sp. (KMO73300, Spain)
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N. rhizophorae (ALCB125638, Brazil)
N. rhizophorae (ALCB125639, Brazil)
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N. rhizophorae (ALCB125636, Brazil)
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FIGURE 2: The optimal maximum likelihood (ML) topology based on the SSU rDNA data
set. Values above each clade refer to Bayesian posterior probabilities (PP) and the ones
below each clade refer to ML and MP (maximum parsimony) bootstrap values,
respectively. Only bootstrap values for ML and MP > 70% and PP > 0.9 were plotted. New
sequences produced in this study are in bold. Asterisks mark clades that are supported at

100% in all three analyses.
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98!90 Neogomiofithon sp. (KM392372, Guadeloupe)
' 00 89/100| Neagoniolithon sp. (KM392369, Guadeloupe)
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N. brassica-florida (KM392368, France)
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1
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N. rhizophorae (ALCB125637, Brazil)
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—|: Mastophora rosea (KP224298, USA)
Pneophyilim conicum (LIQ422716, Hawaii)
Porolithon gardineri (HQ423069, Hawaii)
Porolithon onkodes (KM392359, Australia)
Mesophyifum erubescens (HQ422718, Hawaii)
Sporolithon ptvchoides (HQ422711, Hawaii)
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FIGURE 3: The optimal maximum likelihood (ML) topology based on the COI-5P data

set. Values above each clade refer to Bayesian posterior probabilities (PP) and the ones
below each clade refer to ML and MP (maximum parsimony) bootstrap values,
respectively. Only bootstrap values in ML and MP > 70% and PP > 0.9 were plotted. New
sequences produced in this study are in bold. Asterisks mark clades that are supported at

100% in all three analyses.
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FIGURE 4 A-F: Neogoniolithon cf. brassica-florida. A. Encrusting growth-form with
protuberances. B. Detail of the branch with conical uniporate conceptacles on the apice. C.
Longitudinal section through the thallus showing monomerous construction. D.
Longitudinal section through the thallus showing epithallial cells (¢), rounded to flattened;
subepithallial initial cells (s) longer than subtending ones; cells of adjacent filaments linked
by lateral cell fusions (arrows); and trichocytes (t). E. Carposporangial conceptacle
uniporate in surface view, SEM. F. Longitudinal section through carposporangial

conceptacle showing carposporangia (c) scattered across conceptacle floor.
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FIGURE 5 A-G: Neogoniolithon rhizophorae. A. Encrusting growth-form with
protuberances. B. Detail of the branch with conical uniporate conceptacles on the apice. C.
Longitudinal section through branch with carposporangial conceptacles. D. Longitudinal
fracture, SEM, showing epithallial cells (e) occurring in one or two layers, rounded to
flattened; subepithallial initial cells (s) longer than subtending ones, and cells of adjacent
filaments linked by lateral cell fusions (arrow). E. Longitudinal section through the thallus
showing trichocytes (t) in vertical rows. F. Longitudinal fracture, SEM, showing
carposporangial conceptacles with carposporangium (c). G. Longitudinal section through
the carposporangial conceptacle showing carposporangia (c) supported for gonimoblast
filaments that arise across the dorsal surface of the discontinuous fusion cell (arrow).
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FIGURE 6 A-F: Neogoniolithon crypticum sp.nov. A. Encrusting growth-form. B. Detail
of the conical uniporate conceptacles. C. Longitudinal fracture, SEM, showing
monomerous construction. D. Longitudinal fracture, SEM, showing epithallial cells (e),
rounded to flattened; subepithallial initial cells (s) longer than subtending ones. E.
Longitudinal section through the thallus showing trichocytes (t) single at the surface of the
thallus, and cells of adjacent filaments linked by lateral cell fusions (arrows). F.
Longitudinal section through the carposporangial conceptacle showing carposporangia (c)
supported for gonimoblast filaments that arise across the dorsal surface of the continuous
fusion cell (arrow), and detail of the carposporangium supported by three-celled filaments

of gonimoblast.
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CAPITULO 3
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Abstract

The taxonomy of the Corallinales has been under constant revision, due to the variability
of the morphological characters frequently used to distinguish among genera and species.
The incorporation of new approaches, such as molecular analysis, has provided an advance
in knowledge of the diversity of coralline algae in recent decades. In this study, we
analyzed two distinct markers (psbA and SSU rDNA) and morpho-anatomical analysis to
establish the phylogenetic relationships between Brazilian species of non-geniculate
Corallinaceae. We identified thirteen taxa and proposed the amendment of
Metagoniolithoideae that now contains Tomitolithon gen. nov., with T. deniquerum sp.

nov. and T. polistratum sp. nov.

Keywords: Brazil, Tomitolithon gen. nov., Non-geniculate coralline algae, psbA, SSU
rDNA.



Algas coralinaceas incrustantes da ordem Corallinales (Corallinophycidae — Rhodophyta) no Atlantico Sul

125

1. Introdution

More than 100 years ago, Foslie and Heydrich proposed around 700 coralline red
algae species (Corallinophycidae, Rhodophyta), all circumscribed based on morphological
features (Woelkerling, 1988; Irvine and Chamberlain, 1994; Horta 2002). However, the
first molecular phylogeny of Corallinales was proposed by Bailey and Chapman only in
1996 (updated in 1998). Since then, the diversity of these cosmopolitan, economic and
ecologically important group has received new incites due the utilization of molecular
approaches. New species (Vieira-Pinto et al., 2014; Bahia et al., 2014, 2015; Hernandez-
Kantun et al., 2016), genera (Hind et al., 2016; Rosler et al., 2016), subfamilies (Kato et
al., 2011), orders (Le Gall et al., 2010; Nelson et al., 2015) or even a sub class (Le Gall and
Saunders, 2007) were described based on molecular data accomplished of
morphoanatomical characterization.

The high phenotypic plasticity and the overlapping of many taxonomic characters
among species and genera made difficult delimit taxa in Corallinophycidae (Maneveldt and
Keats, 2008; Vidal et al., 2003). Despite the high morphological variation, this type of data
keep being a precious tool to systematic of coralline algae. Johansen (1969) recognized
three subfamilies of geniculate corallines (Amphiroideae, Corallinoideae and
Metagoniolithoideae), arguing the fundamental importance of the presence of genicula to
classify corallines algae. Cabioch (1971) emphasized the importance of cellular
connections (secondary pit-connections vs. cell fusions) to group geniculate and non-
geniculate taxa in the same tribes and subfamilies. Recent molecular studies shown, in
agreement with Cabioch (1971), that genicula evolved independently in the three
subfamilies recognized by Johansen and that each geniculate subfamily likely arose from
different non-geniculate ancestors (Bailey and Chapman, 1998; Hind et al., 2013; Rosler et
al., 2016).

Two decades ago, the order Corallinales was composed of two families:
Corallinaceae, with eight subfamilies, and Sporolithaceae (Woelkerling, 1996). The
relationships within Corallinales has undergone significant changes. Bailey (1999), using
nuclear SSU rDNA, merged the subfamily Amphiroideae (geniculate) into the
Lithophylloideae (non-geniculate). Harvey et al. (2003) resurrected Hapalidiaceae, and
transferred to it three subfamilies previously classified under of Corallinaceae
(Austrolithoideae, Choreonematoideae, Melobesoideae). The family Corallinaceae had,

then, four subfamilies: Corallinoideae, Lithophylloideae, Masthophoroideae and
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Metagoniolithoideae (Harvey et al. 2003). Bailey et al. (2004) and Broom et al. (2008),
based on SSU rDNA and psbA, showed that, while three of these subfamilies were
monophyletic, Mastophoroideae was polyphyletic.

Molecular studies have confirmed ancient circumscriptions or sometimes, resigned
new taxa to marine and freshwater environments (Bailey and Chapman, 1996; Bailey.
1999; Kato et al., 2011, 2013; Hind and Saunders, 2013; Zuljevic et al., 2016). Kato et al.
(2011) reviewed Mastophoroideae proposing the amendment of this subfamily and the
establishment of three new subfamilies: Hydrolithoideae, Neogoniolithoideae and
Porolithoideae. More recently, Rosler et al. (2016) proposed the amendment of
Metagoniolithoideae and Neogoniolithoideae, and the rejection of Porolithoideae as an
independent subfamily. Thus, Metagoniolithoideae now includes geniculate and non-
geniculate taxa, inclusive with representatives of the former Porolithoideae.

Currently, Corallinales includes one family — Corallinaceae — and six subfamilies:
Corallinoideae, Hydrolithoideae, Lithophylloideae, Mastophoroideae,
Metagoniolithoideae, and Neogoniolithoideae (Rosler et al., 2016). However, the
taxonomic status of some coralline taxa is still polemic (Bailey and Champan, 1998; Kato
et al. 2013, Nelson et al. 2015).

To date, 30 valid species of non-geniculate Corallinaceae have been recorded to the
Brazilian coast (Horta, 2000; Figueiredo and Steneck, 2000; Villas-Boas et al., 2005;
Tamega and Figueiredo, 2005; Nunes et al., 2008; Villas-Boas et al., 2009; Amado-Filho et
al., 2012a,b; Henriques et al., 2012, 2014; Mariath et al., 2012; Pereira Filho et al., 2012;
Bahia et al., 2014; Costa et al., 2014a,b; Crespo et al., 2014; Tamega et al., 2014; Torrano-
Silva et al., 2014; Vieira-Pinto et al., 2014; Villas-Boas et al., 2015; Jesionek et al., 2016;
Moura et al., 2016), including the description of new species (Villas-Boas et al., 2009;
Henriques et al., 2014; Tamega et al., 2014; Vieira-Pinto et al., 2014; Costa et al., 2017 a, b
— submitted). Despite the great attention that the Brazilian coast has received in recent
years, there are still few studies combining morpho-anatomical and molecular data to
assess the biodiversity of non-geniculate Corallinaceae (Torrano-Silva et al., 2014; Vieira-
Pinto et al., 2014; Jesionek et al., 2016; Costa et al., 2017 a, b - submitted), which probably
remains underestimated (Rosler et al., 2016).

The present study contributes to the knowledge of the taxonomy and systematic of
non-geniculate Corallinaceae from the Brazilian coast. For this, we evaluated two
molecular markers (SSU rDNA and psbA) and performed a morpho-anatomical

characterization. The inclusion of the Brazilian sequences improves the understanding of



Algas coralinaceas incrustantes da ordem Corallinales (Corallinophycidae — Rhodophyta) no Atlantico Sul

127

the relationship between species, within the distinct subfamilies of Corallinaceae. Herein,
we propose the amendment the Metagoniolithoideae, with the description of Tomitolithon
gen. nov. to accommodate two news species: T. deniquerum sp. nov. and T. polistratum sp.

nov.

2. Materials and Methods
2.1. Sampling

We collected 52 samples at 19 localities along the Brazilian coast (Table 1), on
intertidal regions during syzygy low tides, and from the subtidal zone (3—11m depth) by
SCUBA diving and Petersen dredge. Cleaned samples were air dried for at least 24 hours
and then stored on silica gel. Samples were examined using a stereomicroscope (Leica®
Zoom 2000, Wetzlar, Germany) for the separation of the fragments for molecular and
morpho-anatomical analysis. Materials for morpho-anatomical observations were

subsequently preserved in formaldehyde 4%.

2.2. Morphological and anatomical observations

Fragments were decalcified with 0.6M HNO3 for 24 hours, followed by dehydration
in an ethanol series (30, 50, 70, 90 and 100%) and by infiltration and inclusion in
“Historesin embedding Kit” (Leica, Heidelberg, Germany), following the instructions
provided by the manufacturer. Sectioning (4-10 pum thickness) was performed with a
Thermo Scientific microtome (model HM 325, Walldorf, Germany), stained with toluidine
blue acidified with borax (Riosmena-Rodriguez, 1993; Moura et al., 1997). Images were
obtained using a photomicroscope (Olympus trinocular CX31RTS5®, Tokyo, Japan)
coupled with a digital camera (Qlmaging GO-3). For scanning electron microscopy
(SEM), dry specimens were fractured for the observation of diagnostic features and placed
in stubs using carbon tapes, following the procedures described by Chamberlain (1993).
Specimens were deposited at the Herbarium Alexandre Leal Costa (ALCB) of the
Universidade Federal da Bahia (UFBA/Brazil).

2.3. DNA extraction, PCR and sequencing

Total DNA was extracted from fragments of dry samples using the Chelex resin
extraction protocol (Goff and Moon, 1993) or the CTAB method (Cetyl Trimethyl
Ammonium Bromide), modified from Doyle and Doyle (1987). 52 samples were
sequenced for psbA and SSU rDNA (Table 1).
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Molecular markers were PCR-amplified in a final volume of 25 pL: 1x PCR buffer,
1.5 mM MgClz, 0.2 mM dNTP, 0.2 uM primer, 5 ng DNA, and 1.25 U Taq DNA
polymerase (Invitrogen, Sdo Paulo, SP, Brazil). For the amplification and sequencing
reactions of each marker, specific primer pairs were used. For plastidial psbA, PCR was
conducted following Sissini et al. (2014). For nuclear SSU rDNA,we used the primers
18S5' and 1055R, and 1055F and 18S3' (Milstein and Oliveira, 2005). PCR was performed
with an initial denaturation at 94°C for 4 min, 35 cycles at 94°C for 30 sec. (denaturation),
60°C for 1 min (primer annealing), and 72° C (extension) for 2 min; and a final extension
at 72° C for 7 min. Reactions were performed on the Vertic® 96-Well Thermal Cycler
(Applied Biosystems, Foster City, California, USA). The company GeneWiz (Cambridge,
Massachusetts, USA, http://www.genewiz.com/) carried out the purifications and

sequencing reactions of the PCR products.

2.4. Molecular analyses

Electropherograms were manually assembled using the Staden package (Staden et
al., 2003) and edited in BioEdit 5.0.6 (Hall, 1999). For each marker, a multiple alignment
was generated with ClustalW tool (Thompson et al., 1994), available in BioEdit 5.0.6
(sequences of the PCR primers were excluded from alignment). In addition to the
sequences generated in this study, sequences of other species of Corallinales available

from GenBank were used and included in the analyses (www.ncbi.nlm.nih.gov/genbank/,

searched in April 2017 - Supplementary Table S1).

Analyses of Maximum Parsimony (MP), Maximum Likelihood (ML), and Bayesian
Inference (BI) were performed to infer phylogenetic relationships. Analyses were based on
the data set of each marker (psbA and SSU rDNA), and on the dataset of the two markers
(concatenated). Outgroup taxa for the psbA and SSU rDNA analyses were chosen from
Sporolithales and Hapalidiales (Table S1). For the concatenated analyses, the outgroup
chosen was Sporolithon ptychoides (Sporolithales - Table S1).

MP trees were constructed on PAUP* 4.0b.10 (Swofford, 2002), using a heuristic
search algorithm with the following definitions: initial tree(s) obtained by stepwise
addition; tree-bisection-reconnection (TBR) as branch-swapping algorithm and 10 trees
retained by replication. All characters were given equal weights, their states were
considered unordered, and the character-optimization criterion was ACCTRAN
(Accelerated Transformation). Branches with a maximum length of zero collapsed to

produce polytomies. Strict consensus analysis was calculated and the bootstrap values were


http://www.ncbi.nlm.nih.gov/genbank/

Algas coralinaceas incrustantes da ordem Corallinales (Corallinophycidae — Rhodophyta) no Atlantico Sul

129

accessed using 1,000 replicates with random addition of terminals. The consistency index
(CI), retention index (RI), and rescaling consistency index (CR) resulting from MP
analysis were calculated (Supplementary Table S2).

The most suitable evolutionary model was selected using the software MrModeltest
2.3 (Nylander, 2008), using the Akaike Information Criterion (AIC), as recommended by
Posada and Buckley (2004). ML analysis was conducted using RAXML (Randomized
Axelerated Maximum Likelihood, version 7.0.4; Stamatakis, 2006) with the GTR+I+G
model. The best ML tree score and 500 bootstrap trees were obtained using a fast scale
algorithm (Stamatakis et al., 2008).

Bayesian analysis was carried out using the software Mr. Bayes 3.1 (Ronquist and
Huelsenbeck, 2003) using the Marcov - Monte Carlo (MCMC) method with the selected
model GTR+I+G. Five million generations in two independent races with four chains each
were carried out, saving one tree every 100 generations. The burn-in was identified
graphically to determine the period in which the likelihood values had reached a plateau.

Trees sampled after stabilization were used to infer the posterior Bayesian probability.

3. Results

Based on an extensive sampling along the Brazilian coast and a combination of
morpho-anatomical (Figs. 1, 2 and S1; Table 2) and molecular (Figs. 3, S2 and S3) data,
we identified 13 Corallinaceae species. These species were distributed in three subfamilies:
Lithophylloideae — Lithophyllum atlanticum, L. margaritae and Lithophyllum sp.;
Metagoniolithoideae — Harveylithon catarinense, H. maris-bahiensis, H. riosmenum,
Pneophyllum conicum, Porolithon onkodes, Tomitolithon deniquerum sp. nov. and T.
polistratum sp. nov.; Neogoniolithoideae — Neogoniolithon cf. brassica-florida, N.

crypticum and N. rhizophorae.

3.1. Taxonomic and morphological results
CORALLINALES Silva and Johansen (1986: 250)
Corallinaceae Lamouroux (1812: 185)
Metagoniolithoideae (H.W. Johansen) emend. 1.O. Costa, P.A. Horta et J.M.C. Nunes
DESCRIPTION: Thallus either geniculate with conspicuous mucilaginous caps,
genicula of many-celled untiered filaments, or non-geniculate with monomerous or
dimerous construction, lateral cell fusions present, secondary pit-connections restricted to

basal filaments in dimerous thallus, trichocytes present or absent. Tetrasporangial



Algas coralinaceas incrustantes da ordem Corallinales (Corallinophycidae — Rhodophyta) no Atlantico Sul

130

uniporate conceptacle roofs are formed by filaments peripheral to the fertile area and
interspersed among tetrasporangial initials. Carpogonial filaments 2-celled, carposporangia
terminating short gonimoblast filaments arising from the margins of a thin basal fusion
cell. Spermatangia develop on the floor of male conceptacle.

Type genus: Metagoniolithon Weber-van Bosse 1904: 86, 101.

Tomitolithon 1.0. Costa, P.A. Horta et J.M.C. Nunes gen. nov.

ETYMOLOGY: The name is in honor of Noemi Tomita, a pioneer in studies of
crustose coralline algae in Brazil.

DIAGNOSIS: Thallus encrusting and smooth; dimerous construction; consisting of
a single ventral layer of branched filaments of non-palisade cells and multicellular simple
or branched filaments arising perpendicularly from the ventral layer. Cells of the basal
filament with quadratic to rectangular shape. Cells of the adjacent filaments joined by cell
fusions. Secondary pit connections only in basal filaments. Trichocytes presented or
absent. Spermatangial conceptacles small, with spermatangia restricted to the conceptacle
chamber floor. Carposporangial conceptacles with carposporangia supported for
gonimoblast filaments that arise peripherally to surface of the continuous fusion cell.
Tetrasporangial conceptacle roof 2—4 cells thick, with a single collunar meristematic cell.

TYPE SPECIES: Tomitolithon deniquerum 1.O. Costa, P.A. Horta et J.M.C. Nunes
sp. nov. We chose T. denigquerum as the generitype of Tomitolithon based on the
availability of numerous specimens for the analyses.

COMMENTS: Specimens of this genus have been sampled in the Northeastern
region of the Brazilian coast. Thin sections are required to observe the suite of characters

that define the genus, but these characters are rarely sufficient to differentiate species.

Tomitolithon deniquerum 1.0. Costa, P.A. Horta et J.M.C. Nunes sp. nov.

HOLOTYPE: Brazil, Pernambuco State, Goiana, Ponta das Pedras, 07°37'47.9"S,
34°48'31.2"W, coll. 1.0. Costa et al. s.n.,, 30 April 2014; ALCB 125644; GenBank
accessions: pshA — XXXXXXXX / SSU rDNA — XXXXXXXX.

ISOTYPE: Brazil, Pernambuco State, Goiana, Ponta das Pedras, 07°37'47.9"S,
34°48'31.2"W, coll. 1.0. Costa et al. s.n.,, 30 April 2014; ALCB 125647; GenBank
accessions: pshA — XXXXXXXX / SSU rDNA — XXXXXXXX.

ETYMOLOGY: The epithet refers to the characteristic thin nature of the vegetative

thallus.
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DIAGNOSIS: Thallus encrusting and smooth; dimerous construction; consisting of
a single ventral layer of branched filaments of non-palisade cells and multicellular simple
or branched filaments arising perpendicularly from the ventral layer, up to 20 cell layers
thick. Secondary pit connections only in basal filaments. Trichocytes single at the surface
of the thallus. psbA and SSU rDNA sequences unique.
Figure: 1A-F.

DESCRIPTION: Thallus encrusting and smooth; pink color (Fig. 1A). Structure
pseudoparenchymatous; construction dimerous (up to 20 cell layers), consisting of a single
ventral layer of branched filaments of non-palisade cells and multicellular simple or
branched filaments arising perpendicularly from the ventral layer (Fig. 1B and 1C).
Epithallial cells in one or two layers, squat to elliptical to spherical, 3.2-9 um long and
3.6-7.9 um in diameter (Fig. 1B). Subepithallial initials (3.8-11.8 pum long and 4-8 pm in
diameter) as long or longer than the cells immediately subtending them (Fig. 1B). Cells of
the perithallial filaments, 3.6-7.9 um long and 3.6-12.5 um in diameter. Cells of the
hypothallial filaments, 3.2-9.2 um long and 3.9-11.2 um in diameter. Trichocytes
rectangular to bottle-shaped to elongate, single at the surface of the thallus, and measure
10.9-23.5 um long and 6.6-10 pum in diameter (Fig. 1B). Cells of the adjacent filaments
joined by cell fusions (Fig. 1B). Secondary pit connections were observed only in basal
filaments (Fig. 1C). Spermatangial conceptacles small and inconspicuous, chambers
measure 39-47 pm long and 53-55 pm in diameter. Simple spermatangial systems
restricted to the conceptacle chamber floor (Fig. 1D). Female conceptacles, with 41.5-87.9
um long and 74.2-111.9 um in diameter, containing a fusion cell across the chamber floor
with gonimoblast filaments occurring at the margins and bearing terminal carposporangia
(Fig. 1E). Uniporate tetrasporangial conceptacles flush in the thallus surface, chambers
elliptical to spherical, measure 41.4-100.2 um long and 60.8-120.1 pm in diameter (Fig.
1F). Central columella absent. Conceptacle roofs 2-4 cells thick, comprising a single squat
to elliptical to spherical epithallial cell, a single collunar meristematic cell that is 2—4 times
the length of the epithallial cell, and a small inner cell (Fig. 1F). Zonately divided
tetrasporangia, 20.7-45.7 um long and 5.7-15.3 um in diameter (Fig. 1F).

MATERIAL EXAMINED: BRAZIL. PERNAMBUCO: Goiana, Ponta das Pedras,
07°37'47.9"S, 34°48'31.2"W, coll. 1.0. Costa et al. s.n., 30 April 2014, (ALCB 125643,
ALCB 125644, ALCB 125645, ALCB 125646 and ALCB 125647).
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Tomitolithon polistratum 1.O. Costa, P.A. Horta et J.M.C. Nunes sp. nov.

HOLOTYPE: Brazil, Cear4 State, Caucaia, Praia do Pacheco, 03°41'09.18"S,
38°37'57.19"W, coll. 1.O. Costa et al. s.n., 26 March 2013; ALCB 125641; GenBank
accessions: pshA — XXXXXXXX / SSU rDNA — XXXXXXXX.

ETYMOLOGY: The epithet refers to the multiple layers of cells that compose the
vegetative thallus.

DIAGNOSIS: Thallus encrusting and smooth; dimerous construction; consisting of
a single ventral layer of branched filaments of non-palisade cells and multicellular simple
or branched filaments arising perpendicularly from the ventral layer, more than 20 cell
layers thick. Secondary pit connections only in basal filaments. Trichocytes absent. pshA
and SSU rDNA sequences unique.

Figure: 2A-H.

DESCRIPTION: Thallus encrusting and smooth; pink color (Fig. 2A and 2B).
Struture pseudoparenchymatous; construction dimerous (Fig. 2C), consisting of a single
ventral layer of branched filaments of non-palisade cells and multicellular simple or
branched filaments arising perpendicularly from the ventral layer (Fig. 2D). Epithallial
cells single, squat to elliptical to spherical, 3.9-6.5 um long and 3.6-6 pum in diameter.
Subepithallial initials (3.2-5.3 um long and 3.9-5.7 um in diameter) as long or longer than
the cells immediately subtending them (Fig. 2E). Cells of the perithallial filaments, 3.2-5.3
pum long and 3.9-5.7 um in diameter. Cells of the hypothallial filaments, 6.4—7.8 pm long
and 4.1-6.5 um in diameter. Trichocytes not observed. Cells of the adjacent filaments
joined by cell fusions (Fig. 2D). Secondary pit connections were observed only in basal
filaments (Fig. 2D). Gametangial thalli monoecious (Fig. 2C). Spermatangial conceptacles
small and inconspicuous, chambers measure 25.5-57.6 um long and 35.9-56.1 pum in
diameter. Simple spermatangial systems restricted to the conceptacle chamber floor (Fig.
2F). Carposporangial conceptacles with 41.5-87.9 pum long and 74.2-111.9 pm in
diameter, and carposporangia (19.4-36.1 pum long and 6.6-18 pum in diameter) supported
for gonimoblast filaments that arise peripherally to surface of the continuous fusion cell
(Fig. 2G). Uniporate tetrasporangial conceptacles flush in the thallus surface, chambers
elliptical to spherical, measure 42.8-86.3 um long and 66.3-118.3 um in diameter (Fig.
2H). Central columella absent. Conceptacle roofs 2-4 cells thick, comprising a single squat

to elliptical to spherical epithallial cell, a single collunar meristematic cell that is 2—4 times
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the length of the epithallial cell, and a small inner cell (Fig. 2H). Zonately divided
tetrasporangia, 30.6-67.2 um long and 7.9-30.7 pum in diameter.

MATERIAL EXAMINED: BRAZIL. CEARA: Caucaia, Praia do Pacheco,
03°41'09.18"S, 38°37'57.19"W, coll. 1.0. Costa et al. s.n., 26 March 2013, (ALCB 125641
and ALCB 125642).

3.2. Phylogenetic datasets

We obtained 66 partial sequences (37 psbA and 29 SSU rDNA) that were combined
with 201 sequences downloaded from GenBank (122 psbA and 79 SSU rDNA). A multiple
alignment was generated to each individual dataset: psbA included 159 sequences of 760
bp, with 12 (1.6%) variable, and 276 (36%) parsimoniously informative characters; SSU
rDNA included 108 of 1,496 bp, with 95 (6%) variable, and 367 (25%) parsimoniously
informative characters. Single datasets did not showed enough resolution or strong support
(Figs. S2 and S3, respectively) to clarify phylogenetic relationships among the sampled
groups. A concatenated dataset of the two gene regions resulted in better resolution and
robust support, which we used to discuss the relationships among the group (Fig. 3).

Inconsistencies found in analyzes of isolated data are also discussed below.

3.2.1. Analyses of combined plastidial and nuclear data.

We presented the topology of the most likelihood tree (Fig. 3), with ML and MP
bootstrap and PP values plotted above each clade. The final alignment of the concatenated
data set comprised 64 sequences for the two gene regions (psbA and SSU rDNA) of 2,269
base pairs (bp), with 148 (6.5%) variable, and 546 (24%) parsimoniously informative
characters.

The six subfamilies within Corallinaceae also were resolved as monophyletic (Fig.
3). Corallinoideae, Lithophylloideae, Mastophoroideae were strongly supported (ML and
MP=100%, PP=1.0); Neogoniolithoideae had moderate to strong support (ML=74%,
MP=90% and PP=0.99); Metagoniolithoideae had strong support only in ML (94%) and Bl
(PP=1.0); while Hydrolithoideae had weak support in all analyses (ML=43%, MP=56%
and PP=0.56).

Despite Lithophylloideae being high resolved, its internal relationships remain
unclear. The members assigned to the genus Lithophyllum were polyphyletic with well-

supported sub-clades. The Brazilian Lithophyllum species (L. atlanticum, L. margaritae,



Algas coralinaceas incrustantes da ordem Corallinales (Corallinophycidae — Rhodophyta) no Atlantico Sul

134

and Lithophyllum sp.) were monophyletic with strong support (ML and MP=100%,
PP=1.0).

In Neogoniolithoideae, the Brazilian Neogoniolithon (N. cf. brassica-florida, N.
crypticum and N. rhizophorae) were monophyletic with moderate to strong support (ML
and MP=100%, PP=1.0). Genbank sequences identified as Pneophyllum confevicola and
Spongites fruticulosus grouped with Neogoniolithon, but the relationship of Spongites
fruticulosus was poorly supported in all analyses.

Metagoniolithoideae was composed of five monophyletic groups: Metagoniolithon,
“Pneophyllum conicum”, and Porolithon onkodes, both with strong support (ML and
MP=100%, PP=1.0); Harveylithon with weak support, although formed by several well-
supported species clusters; and Tomitolithon gen. nov. with strong support (ML and

MP=99%, PP=1.0), and formed by two well-resolved species.

3.2.2. Analyses of individual psbA and SSU rDNA datasets.

Both psbA and SSU rDNA phylogeny, recovered Corallinaceae as monophyletic
with moderate to strong support (psbA — ML=74% and PP=0.97; SSU — PP=0.91). All the
six subfamilies of Corallinaceae were resolved as monophyletic lineages, with moderate to
strong support in all analyses (Figs. S2 and S3). Some species attributed to Spongites and
Pneophyllum formed a clade with uncertain positioning (Figs. S2 and S3). Here we
discussed the inconsistencies between the two markers.

Lithophylloideae: For psbA, L. atlanticum was sister of Lithophyllum sp. from
Panama, with divergence of 3.88 to 4.34% (25-28bp). The Brazilian L. margaritae was
grouped with L. margaritae from Mexico, diverging in 2.17% (14bp). Our Lithophyllum
sp. specimens form a well-supported clade with Lithophyllum sp. from Abrolhos (Brazil),
diverging in only 0.16% (1bp), and were sister of L. neocongestum from Panama
(ML=86%). For SSU, L. atlanticum was sister of L. kotschyanum from Australia and
Japan, with divergence of 2.75% (35bp). Our Lithophyllum sp. formed a cluster with L.
kotschyanum from Fiji, Hawaii and Japan, diverging in 1.25-1.33% (16-17bp). We did not
obtain SSU rDNA sequences for the species L. margaritae.

Neogoniolithoideae: For psbA, the Brazilian Neogonioltihon cf. brassica-florida
formed a cluster with N. brassica-florida from Spain and New Zealand (ML=97%,
MP=99%, PP=0.98). N. rhizophorae was strongly supported (ML and MP=100%, PP=1.0),
and was a sister of Neogoniolithon species from Mexico. For SSU rDNA, the Brazilian

Neogonioltihon cf. brassica-florida was grouped with N. brassica-florida, N. foslie, N.
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spectabile, N. rhizophorae and Neogoniolithon sp. in the same clade with moderate to
strong support (ML=80%, MP=85% and PP=1.0).

Metagoniolithoideae: For psbA, Harveylithon formed two distinct clades with
moderate to strong support. The Brazilian Harveylithon species (H. catarinense, H. maris-
bahiensis, and H. riosmenum) were monophyletic and had strong support. For SSU rDNA,
Harveylithon was monophyletic with strong support for BI (PP=0.98). Tomitolithon had
strong support for the two individual markers. Sequences of T. deniquerum and T.
polistratum showed interspecific divergence of 2.79% (18bp) for psbA marker, and of only
0.31% (4bp) for SSU rDNA.

4. Discussion

Investigating the diversity of non-geniculate Corallinales, we found taxa with
similarities in reproductive characters to species of the genus Harveylithon, but with
distinct vegetative characters. Tomitolithon is distinct from all other taxa in the subfamily
Metagoniolithoideae, by presenting thallus with dimerous construction, and the presence of
secondary pit connections restricted to the basal filaments. Intergeneric sequence
divergence values indicate Tomitolithon as distinct genus. In all analyses and for all
markers Tomitolithon was well-supported as monophyletic. This new genus was closely
related to the genus Harveylithon, forming a sister clade. Based on these data, we amended
here the concept and circumscription of Metagoniolithoideae.

Only vegetative characters, such as presence or absence of trichocytes, and thallus
thickness distinguish Tomitolithon deniquerum and T. polistratum. Comparing the two
markers used in our analyses, SSU rDNA presented low genetic divergence between T.
deniquerum and T. polistratum (0.31%). Despite this, these species were clearly
distinguished on psbA analyses (2.79%). Some studies have shown that SSU has not been
efficient to segregate species and its use is more efficient for the delimitation of orders,
families and subfamilies (Hind and Saunders, 2013; Adey et al., 2015; Hind et al., 2016).
The psbA has been largely used to infer relationships on generic and specific levels in
Corallinales. This region is also useful for identifying recently diverged taxa that could not
be identified with more conserved markers (Broom et al., 2008; Bittner et al., 2011; Hind
and Saunders, 2013; Torrano-Silva et al., 2014; Hernandez-Kantun et al., 2015, 2016; Hind
etal., 2016).

Our phylogenetic analyses based on independent and combined psbA and SSU

rDNA datasets confirmed the monophyletism of Corallinaceae, corroborating previous
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findings (Broom et al., 2008; Bittner et al., 2011; Nelson et al., 2015; Rosler et al., 2016).
Our data recovered the six current subfamilies of Corallinaceae as monophyletic lineages.
This result is consistent with the phylogenies inferred by Résler et al. (2016).

Our phylogeny based on the combined dataset, recovered Corallinoideae as sister of
Neogoniolithoideae, but with weak to moderate support depending on the method used to
infer the trees. The relationship between these two subfamilies has already been pointed
out in previous studies (Bailey et al., 2004; Kato et al., 2011; Hernandez-Kantun et al.,
2015; Hind et al., 2016). Members of these two subfamilies share some reproductive
characters: spermatangia born on the floor and walls of male conceptacles; gonimoblast
filaments arising from dorsal and/or marginal surfaces of the fusion cell; and
tetrasporangial conceptacles formed by filaments peripherical to the fertile area (Bailey et
al., 2004; Bittner et al., 2011; Hind and Saunders, 2013; Hind et al., 2016).

Neogoniolithoideae was proposed by Kato et al. (2011) to include only the genus
Neogoniolithon. Rosler et al. (2016) emended this subfamily and proposed the inclusion of
Spongites fruticulosus (generitype of Spongites) and Pneophyllum confervicola in
Neogoniolithoideae. In our analyses Pneophyllum confervicola cluster with
Neogoniolithon, with moderate to strong support. Spongites fruticulosus cluster with
Neogoniolithon and Pneophyllum confevicola, but with weak support. In the single
analyses of the SSU rDNA marker, the position of Spongites fruticulosus was uncertain.
Thus, we recommend the maintenance of only Neogoniolithon in the subfamily
Neogoniolithoideae until additional molecular data related to the species Pneophyllum
confevicola and Spongites fruticulosus are accessed. Costa et al. (2017b, submitted)
discussed the relationships between the Brazilian Neogoniolithon species, and presented
detailed description with illustrations.

Phylogenetic trees based on single markers and on the combined dataset recovered
Lithophylloideae as sister of Metagoniolithoideae, with support values depending on the
method used to infer the trees. The relationships between the representatives of these two
subfamilies was evidenced in previous studies (Harvey et al., 2003; Bailey et al., 2004;
Broom et al., 2008; Hernandez-Kantun et al., 2015; Hind et al., 2016). However, the
analyses performed by Rosler et al. (2016) recovered Lithophylloideae as sister of a clade
formed by species of Spongites and Pneophyllum, but with weak support.

In our analyses, Lithophylloideae was represented by four genera (Amphiroa,
Lithophyllum, Paulsilvella and Titanoderma). In all analyses, Lithophyllum was not

resolved as monophyletic. This genus formed at least three distinct lineages, and one of
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them was strictly close to the genera Amphiroa, Paulsilvella and Titanoderma. This result
was in agreement with previous phylogenetic analyses (Bittner et al., 2011; Hernadez-
Kantun et al., 2015; Nelson et al., 2015). Brazilian Lithophyllum species were
monophyletic with strong support. L. atlanticum is morpho-anatomically similar to L.
margaritae, differing only in the number of cells of the tetrasporangial conceptacle roof. In
addition, these two species showed high interspecific genetic divergence. Lithophyllum sp.
formed a clade well-supported in all analyses performed here. For psbA, Lithophyllum sp.
was placed as sister of L. neocongestum from Panama. In SSU rDNA, Lithophyllum sp.
was sister of L. kotschyanum from Hawaii and Japan, with high interspecific genetic
divergence. This suggests that Lithophyllum sp. corresponds to a new species. However, no
fertile specimens were found in our research. Future investigations, including analyses of
more specimens, are required before proposing Lithophyllum sp. as a new species.
Sequences attributed to L. kotschyanum occurred in different clades, indicating that they
are not the same species.

Metagoniolithoideae was represented by five different lineages: Metagoniolithon,
Porolithon, “Pneophyllum conicum”, Harveylithon, and the new genus Tomitolithon.
Metagoniolithon was sister of Porolithon; and “Pneophyllum conicum”Was sister of
Harveylithon and Tomitolithon. In Résler et al. (2016), “Pneophyllum conicum”Was sister
of Harveylithon. Tomitolithon formed a clade monophyletic well-supported, and was sister
of Harveylithon in concatenated and single SSU rDNA phylogenies. Costa et al. (2017a,
submitted) discussed the relationship between the Brazilian Harveylithon species, and
presented detailed description with illustrations. The inclusion of the Brazilian sequences

improved the understanding of the relationship between species of Metagoniolithoideae.

5. Conclusion

This is the first analysis of the phylogenetic relationships within Corallinales that
included non-geniculate representatives of the Southwestern Atlantic. The inclusion of the
Brazilian sequences improves the understanding of the relationship between species,
within the distinct subfamilies of Corallinaceae. Our analyses confirmed the
monophyletism of Corallinaceae, and their respective current subfamilies. The subfamily
Metagoniolithoideae was amended, with the inclusion of the new genus Tomitolithon with
two news species. We emphasize the need for revision of specimens and type materials of

species from the genera Spongites and Pneophyllum for the formal definition of this clade.
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Table 1. Sequences generated in this study, with voucher information, herbarium accession numbers and GenBank accession numbers for each

DNA marker. (=) no molecular data was produced, (+) generated sequences.

. Markers i . Collection
Vouch Local
Species oucher osbA 185 ocality Coordinate date

Harveylithon catarinense  2ECB 4 Mha  Deserta, Bombinhas, Santa ,zo)7i54 9oug  48°35'91.44"W 02/03/2016
125627 Catarina

Harveylithon catarinense  2ECB 4 Mha  Deserta, Bombinhas, Santa ,zo)7:54 9oug x 48°35'91.44"W 02/03/2016
125628 Catarina

Harveylithon maris- ALCB +  Morrode Sao Paulo, Cair(l, Bahia ~ 13°22' 44"S x 38°54'46"W  06/10/2013

bahiensis 125620

Harveylithon maris- ALCB +  Morrode Sao Paulo, Cair(l, Bahia ~ 13°22' 44"S x 38°54'46"W  06/10/2013

bahiensis 125621

Harveylithon maris- ALCB +  Morrode Sio Paulo, Cair, Bahia ~ 13°22' 44"S x 38°54'46"W  06/10/2013

bahiensis 125622

Harveylithon riosmenum LGB . Praia de Pina, Boa Viagem, ganging song y 3495046 59"W  20/04/2014
125625 Pernambuco

Harveylithon riosmenum ~ AECB . Praia de Pina, Boa Viagem, gaqgig song y 3495046 59"W  20/04/2014
125626 Pernambuco

Harveylithon riosmenum ~ AECB 4  Ens. dos Corais, C. St AQOstinhO, go1a5 gug y 345647.8"W  26/04/2014
125624 Pernambuco

Harveylithon riosmenum ~ AECB y  Pontal - de Guaibura, —Guarapari, ,no4s.0 ggus x 40°31'19.32"W 20/08/2013
125612 Espirito Santo

. . ALCB Pontal de Guaibura, Guarapari, n~o o " 0ma "

Harveylithon riosmenum 195613 - - Espirito Santo 20°43'40.86"S x 40°31'19.32"W 20/08/2013

Harveylithon riosmenum ~ 2ECB y  Pontal - de Guaibura, Guarapari, ,no4s.0 ggus x 40°31'19.32"W 20/08/2013
125614 Espirito Santo

Harveylithon riosmenum ~ AECB y Pontal - de Guaibura, Guarapari, ,no4s.0 ggns x 40°31'19.32"W 20/08/2013
125615 Espirito Santo

Harveylithon riosmenum ALCB - - Praia de Ubd, Anchieta, Espirito Santo  20°48'49.36"S x 40°36'42.45"W 21/08/2013

125616
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. Markers : . Collection
Vouch Local
Species oucher osbA  18S ocality Coordinate date
Harveylithon riosmenum féggﬁ + + Praia de Ubd, Anchieta, Espirito Santo 20°48'49.36"S x 40°36'42.45"W 21/08/2013
Harveylithon riosmenum ~ AECB 4 Praia da Conchas, Cabo Frio, Rio de )opog gng y 4195351 2"W  26/05/2013
123210 Janeiro
Harveylithon riosmenum ~ “2E¢B . . Praia da Conchas, Cabo Frio, Rio de po5y6 gug y 4105351, 2"W  26/05/2013
125611 Janeiro
Harveylithon riosmenum SE(G:FS + + Praia Rasa, Buzios, Rio de Janeiro 23°02'34.4"S x 43°30'29.1"W  25/05/2013
Harveylithon riosmenum Slggg - + Praia Rasa, Buzios, Rio de Janeiro 23°02'34.4"S x 43°30'29.1"W  25/05/2013
Harveylithon riosmenum ~ AECB 4 Nha  Deserta, Bombinhas, Santa ,;o)7i5 9oug  48°35'91.44"W 02/03/2016
123166 Catarina
Lithophyllum atlanticum  IBC1527 + - Ilha da Rapada, Ubatuba, S&o Paulo 23°51'76.79"S x 45°04'10.72"W 12/01/2012
Lithophyllum atlanticum Slggfl + + Praia do Miguel, llha do Mel, Parand  25°33'43.8"S x 48°18'05.4"W  15/05/2014
Lithophyllum atlanticum 1'055%52 + + Praia do Miguel, llha do Mel, Parand  25°33'43.8"S x 48°18'05.4"W  15/05/2014
Lithophyllum atlanticum Slg?g% + + Praia do Miguel, llha do Mel, Parand  25°33'43.8"S x 48°18'05.4"W  15/05/2014
Lithophyllum atlanticum Slgg; - - Praia do Miguel, llha do Mel, Parand  25°33'43.8"S x 48°18'05.4"W  15/05/2014
Lithophyllum atlanticum SE%EZ + + Praia do Miguel, llha do Mel, Parand  25°33'43.8"S x 48°18'05.4"W  15/05/2014
Lithophyllum atlanticum 12;5:585 + + Praia do Miguel, llha do Mel, Parand  25°33'43.8"S x 48°18'05.4"W  15/05/2014
Lithophyllum atlanticum  2cSB 4 +  Praiado Miguel, llhado Mel, Parand  25°33'43.8"S x 48°18'05.4"W  15/05/2014

125757
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. Markers . Collection
Species Voucher osbA 185 Coordinate date
. . ALCB Praia do Forte, Mata de S80 JO80, ,-0nigqn oAAIAAn

Lithophyllum margaritae 195648 + - Bahia 12°34'41"S x 38°00'06"W 25/07/2013
Lithophyllum margaritae  1BC1726 + - Coroa, Ilha de Itaparica, Bahia 13°00' 35.30"S x 38°38' 27.4"W 24/05/2013
Lithophyllum sp. 1@2(7:56 + + Morro de Séo Paulo, Cairl, Bahia 13°23'04.4"S x 38°54'00.1"W  23/03/2014
Lithophyllum sp. IBC1872  + i 'S'Zr?ttg de Ubd, Anchieta, ESPIMto ,noqya4 gaus y 40°50'88.26"W 08/09/2014
Lithophyllum sp. IBC1873  + i 'S'Zr?ttg de Ubu, Anchieta, ESpirito ,noq0q3 gens v 40°59'88.26"W 08/09/2014
Neogoniolithon cf. ALCB Praia das Castanheiras, Guarapari, n~o,n: " onnt "
brassica-florida 125632 * * Espirito Santo 20°40°19.64°5 x 40°29°46.01"W 20/08/2013
Neogoniolithon cf. ALCB Praia das Castanheiras, Guarapari, n~o,n: " onnt "
brassica-florida 125631 * i Espirito Santo 20°40°19.64"5 x 40°29'46.01"W  20/08/2013
Neog_onlollthon ALCB N N Prala_t da Conchas, Cabo Frio, Rio de 99°52'16.8"S X 41°5351 2"W  26/05/2013
crypticum 125629 Janeiro
Neog_onlollthon ALCB N i Prala_t da Conchas, Cabo Frio, Rio de 99°52'16.8"S X 41°5351 2"W  26/05/2013
crypticum 125630 Janeiro
Ne_ogonlollthon ALCB N N Praia do Cabo, C. St° Agostinho, 8°18'49 5"S x 34°56'48.4"\W 97/04/2014
rhizophorae 125638 Pernambuco
Ne_ogonlollthon ALCB + + Praia do Cabo, C. St° Agostinho, 8°18'49 5"S x 34°56'48.4"\W 27/04/2014
rhizophorae 125639 Pernambuco
Neogoniolithon ALCB +  Morrode Sio Paulo, Cairg, Bahia  13°22 44"S x 38°54' 46"W  06/10/2013
rhizophorae 125635
Neogoniolithon ALCB Morro de S3o Paulo, Cairl, Bahia ~ 13°22' 44"S x 38°54' 46"W  06/10/2013
rhizophorae 125636
Neogoniolithon ALCB +  Morro de Sio Paulo, Caird, Bahia 13°22' 44"S x 38°54' 46"W  06/10/2013
rhizophorae 125637
Neogoniolithon ALCB +  Garapua Caird, Bahia 13°29'13.14"S x 38°54'25.5"W  03/07/2015
rhizophorae 125640
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. Markers . . Collection
Species Voucher osbA 185 Locality Coordinate date
Neogoniolithon ALCB +  Pontado Muté, Maradi, Bahia 13°5245.61"S x 38°56'50.79"W 04/10/2013
rhizophorae 125634
Pneophyllum conicum 1A2|§g§8 ¥ - Praiade Itapud, Salvador, Bahia 12°57' 22"S x 38°21' 31"W  29/09/2011
Porolithon onkodes ALCB -, Praia de Parati, Anchieta, ESpirito ,040119 5gug x 40°36'07.45"W 21/08/2013
125642 Santo

Tomitolithon deniquerum fﬁlg(@:fg, + - Ponta das Pedras, Goiana, Pernambuco 7°37'47.9"S x 34°48'31.2"W 30/04/2014
Tomitolithon deniquerum S;gﬂ + + Ponta das Pedras, Goiana, Pernambuco 7°37'47.9"S x 34°48'31.2"W 30/04/2014
Tomitolithon deniquerum S;gﬁs - - Ponta das Pedras, Goiana, Pernambuco 7°37'47.9"S x 34°48'31.2"W 30/04/2014
Tomitolithon deniquerum Slggz + + Ponta das Pedras, Goiana, Pernambuco 7°37'47.9"S x 34°48'31.2"W 30/04/2014
Tomitolithon deniquerum Slggf? + + Ponta das Pedras, Goiana, Pernambuco 7°37'47.9"S x 34°48'31.2"W 30/04/2014
Tomitolithon polistratum S;gﬁ + + Praia do Pacheco, Caucaia, Ceara 3°41'09.18"S x 38°37'57.19"W  26/03/2013
Tomitolithon polistratum ALCB - - Praia do Pacheco, Caucaia, Ceara 3°41'09.18"S x 38°37'57.19"W  26/03/2013

125642
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Table 2: Morphological comparison between Tomitolithon and Harveylithon taxa (- = absent; += present; D=Dimerous; M=Monomerous).
Maneveldt et al. (2015), 2Costa et al. (2017a — submitted), 3this study.

Characters Lectotype H. H. H. maris- H. T. T.
(measured in pm) H. samfense!  sambense!  riosmenum?  bahiensis?  catarinense? polistratum® deniquerum?

Organization M M M M M D D
Height of epithallial cells 4-6 2-7 2.6-6.5 4.3-71.5 2.7-4.7 3.9-6.5 3.2-9
Diameter of epithallial cells 5-7 3-10 7.5-9 4.8-8.5 4.3-7.7 3.6-6 3.6-7.9
Height of perithallial cells 3-15 3-15 2.4-14.5 4.6-10 5.9-18.6 3.2-53 3.6-7.9
Diameter of perithallial cells 3-9 3-13 3.5-8.5 4.4-8.6 45-7.1 3.9-57 3.6-12.5
Height of hypothallial cells 5-19 4-31 4.1-12.8 4-12 4.9-20 6.4-7.8 3.2-9.2
Diameter of hypothallial cells 3-17 3-17 8-11 8-10 5-10.8 4.1-6.5 3.9-11.2
Presence of trichocytes + + + + + - +
Height of tetrasporangial conceptacles 31 - 60 30-80 43-126 50-71.6 43-174 42.8-86.3 41.4-100.2
Diameter of tetrasporangial
conceptacles 56 - 130 55-185 72-164.8 70-111 127-250 66.3-118.3  60.8-120.1
Height of tetrasporangia 18-60 11.5-89 30-69.3 25.5-71.7 30.6-67.2 20.7-45.7
Diameter of tetrasporangia 6-35 8-34 12-27.6 18-26 7.9-30.7 5.7-15.3
Cells number in the roof of
tetrasporangial conceptacle 2-4(3) 2-4(3) 2-4(3) 2-3 4-8 2-4(3) 2-4(3)
Gametangial thalli Dioecious Dioecious ~ Monoecious - Dioecious Monoecious Monoecious
Height of carposporangial conceptacles  25-30 16-30 48-66.1 - 94.8 41.5-87.9 41.5-87.9
Diam. of carposporangial conceptacles  56-80 35-84 90-125 - 237.5 74.2-111.9 74.2-111.9
Height of spermatangial conceptacles 19-29 15-30 24.4-26 - 21.4-25.6 25.5-57.6 39-47
Diameter of spermatangial conceptacles 37-62 32-71 46-54 - 30-31.2 35.9-56.1 53-55
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Supplementary table S1. List of taxa available in GenBank and included in our analyses.

Species Locality GB accessn®18S  GB access n° pshA
Amphiroa fragilissima Brazil KM044027 KMO044017
Amphiroa sp. Brazil KM044030 KM044020
Amphiroa sp. Fiji GQ917416 -
Amphiroa sp. Guadeloupe GQ917380 -
Arthrocardia corymbosa Canada - JQ917408
Bossiella plumosa Canada - KT782167
Corallina officinalis Scotland FM180104 -
Crusticorallina adhaerens Canada KU983205 -
Crusticorallina muricata Canada KU983206 -
Crusticorallina painei Canada KX036713 JQ422241
Ellisolandia elongata South Africa U60946 JQ422231
Haliptilon roseum New Zealand EF628229 -
Harveylithon canariense (as Neogoniolithon accretum) Canary Island - KM407560
Harveylithon munitum (as Hydrolithon munitum) Australia - KM407531
Harveylithon rupestre (as Hydrolithon rupestre) Australia KMO073303 KM407535
Harveylithon samoénse (as Hydrolithon samoénse) South Australia AY234236 -
Hydrolithon boergesenii Guadeloupe KMO073301 KM407536
Hydrolithon boergesenii Guadeloupe KP030741 KM407537
Hydrolithon boergesenii Brazil - KY485316
Hydrolithon boergesenii(as Hydrolithon reinboldii) Hawaii DQ628999 -
Hydrolithon boergesenii (as Hydrolithon reinboldii) Japan AB576017 -
Hydrolithon boergesenii (as Hydrolithon reinboldii) Hawaii DQ629003 -
Hydrolithon boergesenii (as Hydrolithon cf. reinboldii) Hawaii DQ629001 -
Hydrolithon boergesenii (as Hydrolithon cf. reinboldii) Hawaii DQ629000 -
Hydrolithon pachydermum Caribe AY?234235 -
Jania crassa South Africa U62113 -
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Jania rubens

Lithophyllum acrocamptum

Lithophyllum atlanticum
Lithophyllum atlanticum
Lithophyllum cf. bamleri
Lithophyllum cf. bamleri
Lithophyllum byssoides
Lithophyllum byssoides
Lithophyllum carpophylli
Lithophyllum carpophylli
Lithophyllum corallinae
Lithophyllum dentatum
Lithophyllum dentatum
Lithophyllum dentatum
Lithophyllum hibernicum
Lithophyllum hibernicum
Lithophyllum hibernicum
Lithophyllum hibernicum
Lithophyllum hibernicum
Lithophyllum hibernicum
Lithophyllum incrustans
Lithophyllum incrustans
Lithophyllum incrustans
Lithophyllum incrustans
Lithophyllum incrustans
Lithophyllum insipidum
Lithophyllum johansenii
Lithophyllum johansenii

Brazil
Australia
Brazil
Brazil
Fiji
Fiji
Spain
Croatia
New Zealand
New Zealand
New Zealand
Spain
Spain
Spain
Ireland
Ireland
Ireland
France

United Kingdom

Spain
Spain
Spain
Spain

United Kingdom

France
Japan
New Zealand
New Zealand

KM044029
KMO73277
KP192386
KP192390
GQ917406
GQO17417

KMO073283
KMO073286
KMO073284
AF093410
GQ917385
AB576007

KM407538

Q896252
KX130631
DQ167984
FJ361555
FJ361544
Q896255
KP030737
KP708613
KR708594
KR708598
KR708600
KR708612
KR708615
KR736256
KM407543
KMA407546
Q896236
JQ896256
KR708601
DQ167963
F1361549
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Lithophyllum kaiseri
Lithophyllum kaiseri
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum kotschyanum
Lithophyllum margaritae
Lithophyllum margaritae
Lithophyllum neocongestum
Lithophyllum orbiculatum
Lithophyllum pustulatum
Lithophyllum pustulatum
Lithophyllum pustulatum
Lithophyllum pygmaeum
Lithophyllum racemus
Lithophyllum riosmenae
Lithophyllum sp.
Lithophyllum sp.
Lithophyllum sp.
Lithophyllum sp.
Lithophyllum sp.
Lithophyllum sp.
Lithophyllum sp.
Lithophyllum sp.

Madagascar
Brazil
Hawaii
Australia
Japan
Hawaii
Japan
Japan
Fiji
Japan
Brazil
Mexico
Panama
France
New Zealand
New Zealand
Spain
New Caledonia
Spain
New Zealand
Fiji
Vanuatu
Ireland
Panama
USA
New Zealand
Ireland
Spain

KMO073296
KMOQ73287
AB576009
DQ628974
AB576008
AB576010
u62117
AB576011
KP192392
JQ896280

KM073290
GQ17403
KM073292
GQ17413
GQ917397

KX020445
KY485306
KM407548
KM407547
AB576030
AB576029
AB576031

JQ896253
KX020466
KR708609
DQ167872
FJ361746
KM407551
KM407552
FJ361615

KC819247
KJ418411
KJ418415
DQ167958
JQ896239
KR736254
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Lithophyllum sp.
Lithophyllum sp.
Lithophyllum stictaeforme
Lithophyllum stictaeforme
Lithophyllum stictaeforme
Lithophyllum stictaeforme
Lithophyllum stictaeforme
Lithophyllum stictaeforme
Lithophyllum stictaeforme
Lithophyllum stictaeforme
Lithophyllum stictaeforme
Lithophyllum yemenense
Lithothamnion corallioides
Lithothamnion crispatum
Mastophora pacifica
Mastophora pacifica
Mastophora pacifica
Mastophora rosea
Mastophora rosea
Mesophyllum engelhartii
Mesophyllum erubescens
Mesophyllum erubescens
Mesophyllum erubescens
Mesophyllum erubescens
Mesophyllum lichenoides
Mesophyllum lichenoides
Metagoniolithon chara
Metagoniolithon radiatum

France
Brazil
Spain
New Zealand
New Zealand
New Zealand
Greece
Italy
Italy
Italy
Italy
Yemen
France
New Zealand
New Zealand
Japan
FrenchPolynesi
Japan
Japan
South Africa
Spain
USA
Brazil
Brazil
Spain
France
Australia
Australia

KMO073293

JQ896261
FJ361365
AB576026
GQ917430
AB576024
U61256
JQ896273
DQ629012

KP142819
GQ917384
U60743
U61250

KR736255
KY485308
KM407553
DQ167970
FJ361442
FJ361446
KX020442
KX020443
KX020444
KX020464
KX020465
KP976408
KC963420
FJ361461
AB576041
AB576041
AB576042

KM983046
KY485315
KP142728

GQ917496
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Metagoniolithon stelliferum
Metamastophora flabellata
Metamastophora flabellata
Neogoniolithon accretum
Neogoniolithon accretum
Neogoniolithon acropetum
Neogoniolithon brassica-florida
Neogoniolithon brassica-florida
Neogoniolithon brassica-florida
Neogoniolithon brassica-florida
Neogoniolithon brassica-florida
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon fosliei
Neogoniolithon frutescens
Neogoniolithon megalocystum
Neogoniolithon mamillare
Neogoniolithon propinquum
Neogoniolithon propinquum
Neogoniolithon rhizophorae
Neogoniolithon rhizophorae
Neogoniolithon siankanensis
Neogoniolithon solubile

Australia
SouthAustralia
SouthAustralia

Mexico
Mexico
Mexico
Hawaii
Hawalii
Hawaii
New Zealand
Spain
Australia
Australia
Moorea
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico

U61251
AY234239
AY234240

DQ629008
DQ629007
DQ629009

KMO073294
KMOQ73297
AB576020
AB713916
AB576019
AB713914
AB576018
AB713917
AB576021

KJ637660
KM407560
KJ637663

FJ361401
JQ896257
KMA407555
KMA407556

AB576034

AB576033
AB576032
AB576038
KJ637664
KJ637665
KJ637667
KJ637670
KJ637672
KJ637675
KJ637679
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Neogoniolithon spectabile

Neogoniolithon sp.

Neogoniolithon sp.

Neogoniolithon sp.

Neogoniolithon sp.

Neogoniolithon sp.

Neogoniolithon sp.

Neogoniolithon sp.

Neogoniolithon sp.

Neogoniolithon sp.(as Uncultured Corallinales)
Neogoniolithon sp. (as Uncultured Corallinales)
Neogoniolithon sp. (as Uncultured Corallinales)
Neogoniolithon sp. (as Uncultured Corallinales)
Neogoniolithon sp. (as Uncultured Corallinales)
Neogoniolithon sp. (as Uncultured Corallinales)
Neogoniolithon sp.(as Uncultured Corallinales)
Neogoniolithon sp.(as Uncultured Corallinales)
Neogoniolithon spectabile

Neogoniolithon spectabile

Neogoniolithon strictum

Neogoniolithon strictum

Neogoniolithon spectabile

Paulsilvella huveorum

Paulsilvella huveorum

Phymatolithon calcareum

Phymatolithon lenormandii

Pneophyllum confervicola

Pneophyllum cf. conicum

Mexico
Mexico
Mexico
Mexico
Mexico
Spain
Spain
Guadeloupe
Hawaii
Vanuatu
New Caledonia
Vanuatu
New Caledonia
New Caledonia
New Caledonia
Fiji
New Caledonia
Mexico
Mexico
Mexico
Mexico
Bahamas
Brazil
Brazil
United Kingdom
Ireland
Spain
Hawaii

JQ896267

KMO073298
KMO073300
DQ629009
GQ917387
GQ917424
GQ917396
GQ917425
GQ917426
GQ917434
GQ917410
GQ917403

AY234238
KM044031

JQ896258

KMO073305
DQ628989

KJ637686
KJ637687
KJ637688
KJ637689
KM407558
KM407559
KP682501

JQ896240
KJ637682
Q896254
KJ637684
KMO044018
KMO044021
JQ896249
KP030738
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Pneophyllum cf. conicum

Pneophyllum conicum

Pneophyllum conicum

Pneophyllum conicum

Pneophyllum conicum

Pneophyllum conicum

Pneophyllum conicum(as Uncultured Corallinales)
Pneophyllum conicum(as Uncultured Corallinales)
Pneophyllum conicum(as Uncultured Corallinales)
Pneophyllum conicum

Pneophyllum conicum

Pneophyllum coronatum

Pneophyllum coronatum

Pneophyllum fragile

Pneophyllum fragile

Pneophyllum sp.

Porolithon gardineri (as Hydrolithon gardineri)
Porolithon onkodes (as Hydrolithon cf. onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)
Porolithononkodes (as Hydrolithon onkodes)
Porolithon onkodes (as Hydrolithon onkodes)

Porolithon onkodes (as Uncultured Corallinales)
Porolithon onkodes (as Uncultured Corallinales)
Porolithon onkodes (as Uncultured Corallinales)

Hawaii
Hawali
Hawaii
Australia
Brazil
Japan
Fiji
Fiji
Vanuatu
Hawaii
Hawalii
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
Hawaii
Hawalii
Indonesia
Indonesia
Japan
Japan
Australia
Brazil
New Zealand

New Caledonia
New Caledonia
New Caledonia

DQ628994
DQ628985
DQ628983

AB576022
GQO17414
GQ917408
GQ917389
DQ628983
DQ628985

DQ628996
KMO073275

AB576013

AY234237

AY234237

GQ917372
GQ917373
GQ917371

KM407561
KY485312
AB576040
GQ917464

DQ168007
DQ168008
DQ167967
DQ167969
F1361545

KM407532
KM407534
AB576037
AB576037
KM407532
KY485318

GQ917480
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Porolithon pachydermum (as Hydrolithon pachydermum)
Serraticardia macmillanii

Spongites fruticulosa

Spongites hyperellus (as Uncultured Corallinales)
Spongites yendoi

Spongites yendoi

Spongites yendoi

Spongites yendoi

Spongites yendoi

Spongites yendoi

Spongites yendoi

Spongites yendoi

Spongites yendoi

Sporolithon durum

Sporolithon cf. ptychoides

Sporolithon ptychoides

Sporolithon ptychoides

Sporolithon ptychoides

Sporolithon tenue

Titanoderma prototypum

Titanoderma pustulatum

Titanoderma sp. (as Uncultured Corallinales)
Titanoderma sp.

Titanoderma sp.

Japan
USA
Spain
Australia
South Africa
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
New Zealand
Brazil
Hawalii
Brazil
Brazil
Brazil
Hawaii
UK
Fiji
USA
USA

AY234235
u62114
KMO073306
GQ917431
u60948
EF628234

KP142840
DQ629014

KP142838
DQ628981
AF093409
GQI917421

DQ167869
DQ167903
DQ167905
DQ167907
DQ167952
DQ167982
FJ361440
FJ361459

KC870926
KY485313
KC870927
KP142751

KJ418412
KJ418413

Supplementary table S2. Summary of parsimony analysis for four genes and concatenated data sets.
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SSUrDNA  psbA  Concatenated

Number of taxa 107 159 64
Number of nucleotide (bp) included in analysis 1,496 760 2,269
Number of parsimony informative characters 365 276 546
Tree length 1,675 3,342 2,787
Consistency index (CI) 0.4263 0.1553 0.38
Retention index (RI) 0.8377 0.7439 0.7237
Rescaled consistency index (RC) 0.3571 0.1155 0.2750
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FIGURES

FIGURE 1 A-F: Tomitolithon deniquerum sp.nov. (ALCB125644). A. Encrusting growth-

form. B. Longitudinal section through the thallus showing epithallial cells (e), rounded to
squat; subepithallial initial cells (s) longer than subtending ones; trichocytes (t) single at
the surface of the thallus; and cells of adjacent filaments linked by lateral cell fusions
(arrows). C. Longitudinal section through the thallus showing dimerous construction,
consisting of a single ventral layer of branched filaments of non-palisade cells and
multicellular simple or branched filaments arising perpendicularly from the ventral layer,
with primary and secondary pit connections in basal filaments (arrows). D. Longitudinal

section through male conceptacle (S) showing unbranched spermatangial filaments across
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the chamber floor only. E. Longitudinal section through female conceptacle showing
central fusion cell and gonimoblast filaments (arrow). F. Longitudinal section through
uniporate tetrasporangial conceptacle, showing pore canals lined by cells orientated

perpendicularly to the thallus surface, and sporangium zonately divided (arrow).
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e o

FIGURE 2 A-H: Tomitolithon polistratum sp.nov. (ALCB125641). A. Encrusting growth-
form. B. Superficial view of the uniporate conceptacles (arrow). C. Longitudinal section

through monoecius thallus. D. Longitudinal section through the thallus showing dimerous
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construction, consisting of a single ventral layer of branched filaments of non-palisade
cells and multicellular simple or branched filaments arising perpendicularly from the
ventral layer, with primary and secondary pit connections in basal filaments (black
arrows). E. Longitudinal fracture, SEM, showing epithallial cells (e), rounded to squat;
subepithallial initial cells (s) longer than subtending ones; and cells of adjacent filaments
linked by lateral cell fusions (arrow). F. Longitudinal section through male conceptacle (S)
showing unbranched spermatangial filaments across the chamber floor only. G.
Longitudinal section through the carposporangial conceptacle showing central fusion cell
(arrow) and peripheral gonimoblast filaments bearing terminal carposporangia (C). H.
Longitudinal section through uniporate tetrasporangial conceptacle, showing pore canals
lined by cells orientated perpendicularly to the thallus surface, and sporangium zonately

divided (arrow).
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FIGURE 3: The optimal maximum likelihood (ML) topology inferred from the concatenated data set of SSU rDNA and psbA. Values above
each clade refer to Bayesian posterior probabilities (PP) and the ones below each clade refer to ML and MP (maximum parsimony) bootstrap
values, respectively. Only bootstrap values in MP and ML > 70% and Bayesian posterior probability (PP) > 0.9 were plotted. New sequences
produced in this study are in bold, others are from GenBank. Asterisks mark clades that are supported at 100% in all three analyses.
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form. B.
Longitudinal section through the thallus showing dimerous construction, and cells of
adjacent filaments linked by secondary pit connections. C. Longitudinal section through
uniporate tetrasporangial conceptacle with collumela. Lithophyllum margaritae
(ALCB125648). D. Encrusting growth-form. E. Longitudinal section through the thallus
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showing dimerous construction, and cells of adjacent filaments linked by secondary pit
connections. F. Longitudinal section through uniporate tetrasporangial conceptacle.
Lithophyllum sp. (ALCB125756). G. Encrusting growth-form. H. Longitudinal section
through the thallus showing dimerous construction, and cells of adjacent filaments linked
by secondary pit connections. I. Longitudinal section through epithallial cells, rounded,
subepithallial initial cells longer than subtending ones. Pneophylum conicum
(ALCB125758). J. Encrusting growth-form. K. Longitudinal fracture, SEM, showing
trichocytes occurring in horizontal fields, and cells of adjacent filaments linked by cell
fusions. L. Longitudinal fracture, SEM, showing uniporate tetrasporangial conceptacle.
Porolithon onkodes (ALCB125642). M. Encrusting growth-form. N. Longitudinal section
through the thallus showing trichocytes occurring in horizontal fields, and cells of adjacent
filaments linked by cell fusions. O. Longitudinal section through tetrasporangial

conceptacle with sporangium zonately divided.
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FIGURE S2: The optimal maximum likelihood (ML) topology based on the psbA data set.
Values above each clade refer to Bayesian posterior probabilities (PP) and the ones below
each clade refer to ML and MP (maximum parsimony) bootstrap values, respectively. Only
bootstrap values for ML and MP > 70% and PP > 0.9 were plotted. New sequences
produced in this study are in bold. Asterisks mark clades that are supported at 100% in all

three analyses.
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FIGURE S3: The optimal maximum likelihood (ML) topology based on the SSU rDNA
data set. Values above each clade refer to Bayesian posterior probabilities (PP) and the
ones below each clade refer to ML and MP (maximum parsimony) bootstrap values,
respectively. Only bootstrap values for ML and MP > 70% and PP > 0.9 were plotted. New
sequences produced in this study are in bold. Asterisks mark clades that are supported at

100% in all three analyses.
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CONSIDERACOES FINAIS

Este estudo abordou as algas coralindceas incrustantes pertencentes a ordem
Corallinales na costa brasileira, combinando dados morfoanatdmicos e moleculares. A
grande plasticidade fenotipica dos membros desta ordem torna a sua taxonomia complexa e
a incorporacdo de novas abordagens, como anélises moleculares, tem proporcionado um
crescente avango no conhecimento da diversidade de algas coralinaceas incrustantes nas
ultimas décadas, nesse sentido o presente estudo traz uma consideravel contribuicéo.

No primeiro capitulo, apresentamos a confirmacdo da ocorréncia de espécies do
género Harveylithon no Atlantico Sul. Dado que se trata de um género com espécies
cripticas, utilizamos diversos testes para a delimitacdo especifica (ABGD, mABGD, PTP e
SPN) com base em quatro marcadores moleculares (COI-5P, psbA, rbcL-3P e SSU rDNA).
A andlise conjunta dos dados morfoanatdmicos e moleculares resultou na descricdo de trés
espécies novas para a Ciéncia: H. catarinense, H. maris-bahiensis e H. riosmenum.

No segundo capitulo, 0 nosso estudo se concentrou no género Neogoniolithon. As
andlises de dados morofoanatdmicos e moleculares indicaram a ocorréncia de trés espécies
distintas do referido género na costa brasileira. Identificamos pela primeira vez a
ocorréncia de exemplares carposporofiticos de N. rhizophorae e o primeiro registro deste
taxon para o Atlantico Sul. Confirmamos o polifiletismo de Neogoniolithon brassica-
florida, e a ocorréncia de espécimes morfologicamente semelhantes a este taxon na costa
brasileira. Descrevemos uma nova espécie — N. crypticum — que apresenta caracteristicas
morfoanatdmicas similares a N. accretum mas com alta taxa de divergéncia genética.

As relacdes filogenéticas entre os membros de Corallinales foram analisadas no
capitulo 3. A analise combinada de dois marcadores moleculares (psbA e SSU rDNA),
juntamente com a analise morfoanatbmica de amostras coletadas ao longo da costa
brasileira, resultou na confirmagdo do monofiletismo da familia Corallinaceae e de suas
respectivas subfamilias (Corallinoideae, Hydrolithoideae, Lithophylloideae,
Mastophoroideae, Metagoniolithoideae e Neogoniolithoideae). Foi proposta, ainda, uma
nova circunscrigdo da subfamilia Metagoniolithoideae e outras novidades taxonémicas:
Tomitolithon foi descrito como novo género com ocorréncia registrada para a costa
nordeste do Brasil, incluindo duas novas espécies, T. deniquerum e T. polistratum. Além

disso, ressaltamos a necessidade da revisdo das espécies atribuidas aos géneros
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Pneophyllum e Spongites que ainda se encontram como incertae sedis dentro de
Corallinaeceae.

Neste trabalho os quatro marcadores testados (COI-5P, psbA, rbcL-3P e SSU
rDNA) mostraram-se eficazes para a delimitacdo de géneros e espécies. Mas ressaltamos,
que a regido nuclear SSU rDNA deve ser utilizada com cautela, por ser mais eficiente em
niveis de ordens, familias e subfamilias. Em grupos que divergiram recentemente 0 SSU
rDNA pode ndo apresentar variabilidade suficiente para objetivos de delimitacdo
especifica.

Os caracteres morofanatdbmicos consistentes para a identificagdo dos téxons
estudados foram: tipo de crescimento do talo, tipos de conexdes celulares entre células de
filamentos adjacentes, forma e tamanho do conceptaculo tetrasporangial, forma e nimero
de células do teto do conceptaculo tetrasporangial, localizacdo dos espermatangios no
conceptaculo masculino, e a posi¢do dos carposporangios em relacdo a célula de fusdo no
conceptaculo carposporangial. Os citados caracteres mostraram maior eficiéncia para a
delimitacdo dos taxons ao nivel de subfamilia e género. Para a separacdo de espécies 0s
caracteres morfoanatbmicos foram imprecisos, principalmente devido a existéncia de
espécies cripticas no grupo estudado, necessitando do auxilio da biologia molecular para a
confirmacéo dos taxons.

Nossos resultados demonstraram que a diversidade de Corallinales no litoral do
Brasil ainda é subestimada. Estudos anteriores referiram para o Brasil 26 espécies nao-
geniculadas pertencentes a esta ordem, mas apenas dez foram analisadas por meio de
técnicas biomoleculares. Neste estudo, foram gerados dados moleculares para 13 diferentes
espécies pertencentes a Corallinales, sendo seis destas espécies novas para a Ciéncia, além
e uma nova adicdo para o Atlantico Sul. Harveylithon riosmenum é a espécie com
distribuicdo mais ampla, ocorrendo de Pernambuco a Santa Catarina. H. catarinense esta
restrita ao litoral de Santa Catarina, H. maris-bahiensis ao litoral da Bahia, Neogoniolithon
crypticum ao litoral do Rio de Janeiro, Tomitolithon deniquerum ao litoral de Pernambuco
e T. polistratum ao litoral do Ceard. Registramos pela primeira vez a ocorréncia de
Neogoniolithon rhizophorae no Atlantico Sul, ocorrendo nos estados da Bahia e
Pernambuco. Confirmamos a presenca de espécies morfologicamente semelhantes a N.
brassica-florida no litoral brasileiro. Referimos pela primeira vez Lithophyllum margaritae
para o litoral da Bahia.

Salientamos que, apesar dos recentes esforcos e interesse no conhecimento desse

complexo grupo de algas, ainda ha grande dificuldade na concatenagéo dos dados gerados.
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Grande parte das informagOes geradas sobre a diversidade e relagOes entre as algas
coralinaceas incrustantes do Brasil estd na forma de dissertacbes ou teses e a
disponibilizacdo de sequéncias nos bancos de dados digitais ainda ndo foi realizada.
Quando for possivel ter acesso a estes dados, poderemos ter um melhor entendimento
sobre a diversidade do grupo no Atlantico Sul.

Enfatizamos ainda a necessidade da obtencdo de sequéncias dos tipos ou topotipos
das espécies ja descritas para o melhor entendimento das relagdes dentro da ordem. Porém,
nem sempre € possivel a revisitacdo das localidades de ocorréncia das espécies e muitas
vezes 0 estado de conservagdo dos tipos impossibilita a obtencéo de sequéncias viaveis. A
disponibilidade dos tipos por Herbarios e tramites burocraticos como: impedimento de
entrada do material no pais e extravio do material, tem dificultado que alguns tipos sejam
examinados através de técnicas modernas.

Por meio de ampla amostragem da distribuicdo das espécies e com a combinacéao de
dados morfoanatdmicos e moleculares, contribuimos para o inicio do desvendamento da
diversidade de espécies de Corallinales no litoral brasileiro. Os resultados obtidos
enfatizam a importancia da realizacdo de pesquisas na costa brasileira no intuito de
conhecer a real biodiversidade das algas coralinaceas nesta area, bem como a compreensao

das relacgdes evolutivas desse complexo grupo de algas.
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RESUMO

A ordem Corallinales ¢, atualmente, composta por uma Unica familia — Corallinaceae — que
apresenta  seis subfamilias:  Corallinoideae, Hydrolithoideae, Lithophylloideae,
Mastophoroideae, Metagoniolihoideae e Neogoniolithoideae. As algas coralindceas
incrustantes construtoras de recifes sdo representadas principalmente por taxons da familia
Corallinaceae. Estas algas produzem importantes depositos sedimentares, aumentando a
heterogeneidade do habitat e disponibilidade de nichos, o que resulta em maior diversidade
de espécies. A costa brasileira é notavel por ter extensas areas de recife. Apesar da grande
importancia deste grupo de algas para a resiliéncia da biodiversidade, muitas espécies de
algas coralinaceas incrustantes conhecidas para o Atlantico Sul, como os representantes de
Metagoniolithoideae e Neogoniolithoideae, precisam ser amplamente revisadas, alem da
necessidade de revisdo a luz da biologia molecular. Diante disto, o presente estudo teve por
objetivo contribuir para o conhecimento da taxonomia das espécies de algas coralinaceas
incrustantes pertencentes a ordem Corallinales no Atlantico Sul, baseado em estudos
morfoanatdmicos e moleculares. Foram realizadas coletas em 75 localidades ao longo da
costa brasileira. Os tdxons foram descritos e identificados com base em caracteristicas
morfoanatbmicas, por meio de observacdes em microscopia Optica e eletrnica de
varredura, e com o uso de dados moleculares baseados em quatro marcadores (COI-5P,
psbA, rbcL-3P e SSU rDNA). Foram identificados 13 taxons infragenéricos pertencentes a
trés subfamilias de Corallinaceae. A subfamilia Lithophylloideae foi representada por trés
espécies (Lithophyllum atlanticum, L. margaritae e Lithophyllum sp.). Neogoniolithoideae
foi representada também por trés espécies (Neogoniolithon cf. brassica-florida, N.
rhizophorae e N. crypticum sp. nov.), sendo uma nova espécie (N. crypticum sp. nov.) e
uma nova ocorréncia para o Atlantico Sul (N. rhizophorae). Foi proposto o novo género
Tomitolithon, classificado em Metagoniolithoideae, incluindo duas novas espécies (T.
deniquerum e T. polistratum); trés novas espécies foram descritas e classificadas no género
Harveylithon (H. catarinense, H. maris-bahiensis e H. riosmenum), além da identificacéo
das espécies Porolithon onkodes e Pneophyllum conicum. Ademais, uma nova
circunscricdo da subfamilia Metagoniolithoideae foi proposta. Os quatro marcadores

testados mostraram-se eficazes para a delimitacdo de géneros e espécies na ordem
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estudada. No entanto, a regido nuclear SSU rDNA deve ser utilizada com cautela para fins
de delimitacdo especifica, uma vez que é mais eficiente em niveis maiores, como ordens,
familias e subfamilias. Estes resultados representam uma importante contribuicdo para o

conhecimento da diversidade desse grupo de algas coralindceas incrustantes.

Palavras chaves: Algas ndo-geniculadas, Brasil, Corallinaceae, COI-5P, psbA, rcbL, SSU
rDNA, Taxonomia.
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ABSTRACT

Corallinales currently includes a single family — Corallinaceae — which presents six
subfamilies: Corallinoideae, Hydrolithoideae, Lithophylloideae, Mastophoroideae,
Metagoniolihoideae and Neogoniolithoideae. The reef-building crustose coralline algae are
mainly represented by taxa classified in Corallinaceae. These algae produce important
sedimentary deposits, increasing the habitat heterogeneity and availability of niches, which
results in a greater diversity of species. The Brazilian coast is notable for having extensive
reef areas. Despite the great importance of this group of algae for the resilience of
biodiversity, many species of crustose coralline algae referred for the South Atlantic, as the
representatives of Metagoniolithoideae and Neogoniolithoideae, need to be extensively
reviewed, besides the need for revision in the light of molecular biology. The present study
aimed to contribute to the knowledge of the taxonomy of non-geniculate species of
Corallinales in the South Atlantic, based on morpho-anatomical and molecular studies.
Sampling was carried out in 75 localities along the Brazilian coast. Taxa were described
and identified based on morpho-anatomical characteristics, using optical and scanning
electron microscopy observations, and molecular data based on four markers (COI-5P,
psbA, rbcL-3P and SSU rDNA). Thirteen infrageneric taxa belonging to three subfamilies
of Corallinaceae were identified. The subfamily Lithophylloideae was represented by three
species  (Lithophyllum atlanticum, L. margaritae and Lithophyllum sp.).
Neogoniolithoideae was also represented by three species (Neogoniolithon cf. brassica-
florida, N. rhizophorae and N. crypticum sp. nov.), including one new to Science (N.
crypticum sp. nov.), and one new occurrence for the South Atlantic (N. rhizophorae). We
described a new genus, Tomitolithon, classified in Metagoniolithoideae including two new
species (T. deniquerum and T. polistratum); three new species were described and
classified in the genus Harveylithon (H. catarinense, H. maris-bahiensis and H.
riosmenum); and we also identified the species Porolithon onkodes and Pneophyllum
conicum. In addition, a new circumscription of the subfamily Metagoniolithoideae was
proposed. The four markers tested were effective for the delimitation of genera and
species. However, the nuclear region SSU rDNA should be used with caution for species

delimitation, as it is more efficient at higher levels such as orders, families and subfamilies.
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These results represent an important contribution to the knowledge of the diversity of this

group of crustose coralline algae.

Keywords: Nongeniculate algae, Brazil, Corallinaceae, COI-5P, psbA, rcbL, SSU rDNA,

Taxonomy.



