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RESUMO

BADIA, Clara da Cruz Vidart, M.Sc., Universidade Federal de Vigosa, fevereiro de 2020.
Genetic diversity and structure among subspecies of Inga subnuda Salzm. ex Benth
(Leguminosae, Mimosoid). Orientador: Jéferson Nunes Fregonezi.

O género Inga (Leguminosae) ¢ caracterizado pela sua rapida e recente diversificagdo e
elevada riqueza, representada por ca. 300 espécies distruibuidas na regido Neotropical.
Dessas, 48 sdo endémicas da Mata Atlantica brasileira. Dentre elas estd Inga subnuda, cuja
circunscri¢ao atual inclui a subespécie subnuda, que ocorre do estado da Paraiba ao Rio de
Janeiro; e a subespécie luschnathiana, que ocorre do Espirito Santo ao estado de Santa
Catarina. Ambas s3o simpatricas na regido sudeste e compartilham caracteres florais e
foliares, o que dificulta a delimitagdo morfologica das mesmas. Tal dificuldade ¢ acentuada
pela coocorréncia de Inga vera subsp. affinis com ambas as subespécies de . subnuda, o que
resulta em morfologias intermediarias entre I. vera subsp. affinis e I subnuda subsp.
luschnathiana. No presente trabalho, aplicamos caracteres morfoldgicos previamente
descritos como distintivos entre as subespécies de /. subnuda a 94 espécimes coletados em 8
populagdes naturais, e outros caracteres foram adicionados apds observacdo em campo.
Utilizamos 84 sequéncias de DNA plastidial (espagador trnD-trnT) e 58 sequéncias nucleares
(ITS 1 e 2) para caracterizar as relacdes filogenéticas entre os taxons. Os resultados obtidos
apontam /. subnuda subsp. subnuda como um tdxon mais estruturado em relagao as demais
subespécies, enquanto 1. subnuda subsp. luschnathiana e 1. vera subsp. affinis apresentaram-
se como um grupo mais proximo. O compartilhamento de haploétipos diferiu entre os
marcadores utilizados, evidenciando que ha retengdo de polimorfismo ancestral entre as
subespécies, dada a recente diversificagdo das mesmas. A presente dissertacdo foi organizada
no formato de artigo cientifico intitulado “MOLECULAR AND MORPHOMETRIC
APPROACHES IN RECENTLY RADIATED SPECIES: Inga subnuda SALZM. EX BENTH
AND Inga vera WILLD. (LEGUMINOSAE, MIMOSOID CLADE)”. O artigo explora
diferentes linhas de evidéncia que contribuem para a delimitacdo das espécies supracitadas.
Possiveis cendrios demograficos e biogeograficos sdo discutidos € um novo status ¢ sugerido

para o taxon atualmente circunscrito como /nga subnuda subsp. Luschnathiana.

Palavras-chave: DNA nuclear. DNA plastidial. Mata Atlantica. Morfometria. Taxonomia

Integrativa.



ABSTRACT

BADIA, Clara da Cruz Vidart, M.Sc., Universidade Federal de Vigosa, February, 2020.
Genetic diversity and structure among subspecies of Inga subnuda Salzm. ex Benth
(Leguminosae, Mimosoid). Advisor: Jéferson Nunes Fregonezi.

The species-rich genus Inga Mill (Leguminosae) presents ca. 300 species widespread
throughout the Neotropics and is recognized by its recent and rapid diversification. Forty-
eight species of Inga are endemic of the brazilian Atlantic Forest. Among them, there is /nga
subnuda currently circumscribed as having two subspecies: subsp. subnuda, which occurs
from the state of Paraiba to Rio de Janeiro; and subsp. luschnathiana, which occurs from
Espirito Santo to the state of Santa Catarina. Both subspecies occur in sympatry in the
southeastern region and share floral and leaf characters, which hampers the morphological
delimitation. The co-occurrence of Inga vera subsp. affinis with both subspecies of 1. subnuda
results in intermediate morphologies between 1. vera subsp. affinis and I. subnuda subsp.
luschnathiana, making the distinction between the latter species even harder. We sampled 94
individuals from 8 natural populations and evaluated morphological characters previously
described as distinctive among the subspecies of 1. subnuda in addition to others not measured
yet. We used 84 plastid (trnD-trnT spacer) and 58 nuclear (ITS 1 and 2) DNA sequences to
characterize the phylogenetic relationships between taxa. The results obtained point out /.
subnuda subsp. subnuda is more structured in relation to the other subspecies, whilst 7.
subnuda subsp. luschnathiana and I. vera subsp. affinis constituted a closer group. The
sharing of haplotypes differed between the markers used, evincing a retention of ancestral
polymorphism between the subspecies, given their recent diversification. This dissertation
was organized in the format of a scientific paper entitled “MOLECULAR AND
MORPHOMETRIC APPROACHES IN RECENTLY RADIATED SPECIES: Inga subnuda
SALZM. EX BENTH AND Inga vera WILLD. (LEGUMINOSAE, MIMOSOID CLADE)”.
This paper explores different lines of evidence that contribute to the delimitation of the
species. Demographic and biogeographic scenarios are discussed, and a new status of for the

taxon currently circumscribed as Inga subnuda subsp. luschnathiana is suggested.

Keywords: Atlantic Forest. Integrated Taxonomy. ITS. cpDNA. Morphometrics.
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1 INTRODUCAO GERAL

A familia Leguminosae ¢ constituida por 770 géneros e ca. 19.500 espécies distribuidos
em todas as regides biogeograficas do mundo (LEWIS; FOREST, 2005; LPWG, 2013). A
ampla diversidade morfoldgica, até entdo dividida em trés subfamilias reconhecidas e muito
utilizadas desde o século XIX (Caesalpinioideae, Mimosoideae e Papilionoideae), encontra-se
atualmente dividida em seis subfamilias distintas, suportadas por uma ampla revisdo
taxondmica e dados moleculares (Cercidoideae, Detarioideae, Duparquetioideae, Dialioideae,

Caesalpinioideae e Papilionoideae)(LPWG, 2017).

A familia possui notdvel importdncia econOmica, visto que diversas espécies sao
utilizadas para produgdo de madeiras, tintas, resinas, medicamentos e alimentagdo (LPWG,
2013). A simbiose entre raizes de leguminosas e bactérias favorece a fixa¢cdo do nitrogénio no
solo, propriedade esta explorada em culturas importantes economicamente na alimentagao,
devido a alta quantidade de proteina vegetal disponivel em suas sementes (e.g. Glycine max
(L.) Merr. ‘Soja’, Phaseolus vulgaris Wall. ‘Feijao’, Pisum sativum L. ‘Ervilha’, Cicer
arietinum L. ‘Grdo de bico’), e em processos de sucessdo ecoldgica e recuperacdo de areas
degradadas (e.g. Acacia mangium Willd., Crotalaria juncea L., C. paulina Schrank,
Hymenaea courbaril L., entre outras; ALVARENGA et al., 1995; FERNANDES et al.,, 2014;
LPWG, 2013; SANTOS et al., 2001; ZUBA JUNIOR et al., 2010). Muitas espécies (e.g. as do
género /nga) sdo utilizadas para sombreamento do gado ou de plantacdes variadas devido a

sua copa ampla (FERNANDES et al., 2014).

O género Inga Mill (Caesalpinioideae; clado Mimosoide; tribo Ingeae) é representado
por 300 espécies de porte arbustivo ou arboreo, distribuidas na regido Neotropical. Sao
abundantes na Floresta Amazonica e Mata Atlantica, e seu porte pode variar em algumas

espécies de acordo com a formagdo vegetacional em que estdo inseridas (GARCIA, 1998).

Muitas espécies apresentam uma copa ampla, e tal caracteristica se deve a configuracao
de suas folhas, que sdo compostas, paripinadas, geralmente com numerosos foliolos (variando
de 1-15 pares) curtamente peciolulados e opostos entre si, formando uma copa relativamente
coesa (GARCIA, 1998). A filotaxia ¢ distica, e as folhas apresentam apéndice geralmente
caduco substituindo o foliolo terminal (GARCIA, 1998). O tamanho, nimero e forma dos

foliolos sdo caracteres utilizados para distinguir as espécies, bem como a forma dos nectarios
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interpeciolares, formato e sec¢ao do fruto e a presenga ou auséncia de ala na raquis, embora
este seja um carater altamente varidvel em algumas espécies (GARCIA, 1998;

PENNINGTON, 1997).

As inflorescéncias de [Inga sdo geralmente axilares, podendo ser solitarias ou
fasciculadas (GARCIA, 1998). Suas flores sdo alvas, actinomorfas, pentameras € a propor¢ao
entre calice e corola também ¢ utilizada para diferenciar as espécies. O fruto de Inga ¢ do tipo
legume e apresenta dois lados denominados margens e outros dois formando as faces. O
desenvolvimento maior das margens ou das faces foi um critério utilizado por Bentham para

determinar as se¢des do género (BENTHAM, 1845, 1876; GARCIA, 1998).

O género constitui um grupo monofilético sustentado por sinapomorfias moleculares e
pela presenga de sarcotesta — polpa branca adocicada comestivel que envolve as sementes
(BROWN, 2008; RICHARDSON et al., 2001). As 300 espécies de Inga estio distribuidas em
14 secdes que ocorrem exclusivamente no Neotropico (PENNINGTON, 1997
RICHARDSON et al., 2001). Com base em dados moleculares estima-se que a especiagdo do
género tenha comecado ha 4,3 milhdes de anos (RICHARDSON et al., 2001). O grande
namero de espécies, somado ao tempo relativamente curto de geracdo e rapida diversificacao,
contribui para a riqueza do Neotropico, bem como para a manutencao da alta diversidade das
florestas tropicais umidas dessa regido, dentre elas, a Mata Atlantica (RICHARDSON et al.,
2001).

A Mata Atlantica abriga diversas espécies de Inga e possui cobertura original de mais de
um milhdo de quilometros quadrados, sendo considerada a segunda maior floresta tropical da
América do Sul e um hotspot de diversidade para conservagao (IBGE, 2012; MYERS et al.,
1998, 2000). A cobertura do dominio fitogeografico foi reduzida a aproximadamente 7,5% de
sua cobertura original e abrange todos os estados litoraneos do Brasil, adentrando em Minas

Gerais na regido sudeste (MYERS et al., 1998, 2000).

A espécie Inga subnuda Salzm. ex Benth. ¢ endémica ao Brasil e possui distribui¢do na
Mata Atlantica brasileira, sendo representada por duas subespécies. Inga subnuda ocorre do
litoral da Paraiba a Santa Catarina e no interior de S3o Paulo e Minas Gerais (GARCIA;
FERNANDES, 2015). A distribuicdo desta espécie € correspondente a de Inga vera subsp.
affinis (DC.) T.D.Penn., subespécie muito abundante e similar morfologicamente a uma das

duas subespécies descritas para 1. subnuda.
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O sul da Bahia, onde ocorre apenas a subespécie subnuda, e todo o estado do Espirito
Santo, onde as duas subespécies de 1. subnuda ocorrem em simpatria, estdo compreendidos no
Corredor Central da Mata Atlantica. Este apresenta grande relevancia biogeografica, uma vez
que abriga area historicamente estavel na regido do Rio Doce, dois centros de endemismo e
elevada riqueza de fitofisionomias (CARNAVAL; MORITZ, 2008; MMA, 2006) o que parece
favorecer a ocorréncia de ambas as subespécies. Os registros de ocorréncia dos materiais
herborizados também apontam sobreposi¢ao das subespécies em Minas Gerais e no Rio de

Janeiro.

Inga subnuda apresenta grande variagdo morfologica ao longo da sua distribuicao
geografica e ¢ caracterizada por foliolos com margem revolutas e &pice cuspidado (Figura 1
(), calice possuindo 3 do tamanho da corola e pélos ondulados no apice da corola. A espécie
Inga vera Willd. possui foliolos com margem nao revolutas, calice 5 a 2 do tamanho da

corola, sendo esta sericea e sem pélos ondulados (GARCIA 1998).

Duas subespécies sao descritas para Inga subnuda: (1) 1. subnuda subsp. subnuda, que
apresenta flores pediceladas, peciolo e raquis foliar geralmente sem alas; frutos com quilhas,
margens estriadas, faces estreitas quando jovens, e de formato cilindrico quando maduro
(Figura 2 C); e (ii) 1. subnuda subsp. luschnathiana (Benth.) T.D.Penn., com flores sésseis a
curtamente pediceladas, raquis alada, frutos sem quilha e de seccdo quadrangular, com
margens estriadas e face aberta mesmo quando maduro (Figuras 3 B, C) (GARCIA, 1998;
PENNINGTON, 1997).

Dentre as espécies de 1. vera, a que desperta particular interesse ¢ Inga vera subsp.
affinis devido a similaridade morfoloégica com 1. subnuda subsp. luschnathiana, similaridade
esta ja reportada em outros trabalhos (GARCIA, 1998; PENNINGTON, 1997). A espécie 1.
vera subsp. affinis ¢ descrita como possuindo flores sésseis a curtamente pediceladas, peciolo
e raquis alados, legume com margens estriadas e expandidas de forma a cobrir parcialmente
as faces; linear e de secgdo cilindrica a quadrangular quando maduro (GARCIA, 1998;

PENNINGTON, 1997).

A ocorréncia registrada para I subnuda subsp. subnuda vai da Paraiba ao Rio de
Janeiro, e para a subsp. luschnathiana, inclui os estados do Espirito Santo, Rio de Janeiro,
Minas Gerais, Sao Paulo, Parana e Santa Catarina (GARCIA; FERNANDES, 2015). Inga
vera subsp. affinis, por sua vez, ¢ distribuida da Colémbia ao Uruguai, ao longo da costa leste

da América do Sul, ocorrendo portanto em simpatria com ambas as subespécies de /. subnuda.
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Por ser muito abundante, muito variavel em caracteres vegetativos e florais, apresentar
distribui¢do ampla e coocorréncia com outras espécies, a distingao entre /. vera subsp. affinis
e outras espécies de I vera ¢ extremamente dificil, bem como a distingdo em relacdo a I
subnuda subsp. luschnathiana (Bentham 1845; Pennington 1997; Garcia 1998). A
diferenciacdo morfologica entre . vera subsp. affinis de I subnuda subsp. luschnathiana ¢é
mais dificil do que entre esta tltima e a conspecifica I. subnuda subsp. subnuda, o que vai de

encontro ao esperado de acordo com a circunscri¢ao atual.

A dificuldade da delimitagdo morfologica e taxonOmica entre as subespécies de I
subnuda e I. vera subsp. affinis se inicia nas diferentes combinacdes de caracteres de variagao
continua que delimitam as espécies do género (PENNINGTON, 1997). O padrdo de variacao
morfologica intra e interespecifico ¢ acentuado pela simpatria entre as subespécies. A ampla
distribuicao de /. vera subsp. affinis dificulta a delimitagdo taxonomica de cada subespécie de
1. subnuda, visto que coocorre com subsp. subnuda ao norte da Mata Atlantica, com ambas as

subespécies na regido sudeste; e com subsp. /uschnathiana no sul do Brasil.

O historico taxondmico do grupo reflete as dificuldades explicitadas anteriormente. O
género foi inicialmente descrito como Mimosa inga L. (LINNAEUS, 1753) e posteriormente
como /nga Miller (MILLER, 1768), apresentando como lectotipo um espécime de Inga vera
coletado na Jamaica. Algumas subespécies foram descritas para Inga vera desde a sua
descrigao em 1806 (WILLDENOW, 1806). Proximamente relacionada a Inga vera, foi
descrita a espécie Inga affinis DC (1825). Essa espécie foi sinonimizada em Inga vera
(PENNINGTON, 1997), sendo atualmente circunscrita como Inga vera subsp. affinis,

apresentando como espécime-tipo material coletado no Brasil (RJ).

Devido as similaridades morfoldgicas intrinsecas ao género, Pennington sinonimizou
alguns taxons a nivel especifico e infraespecifico; dentre eles, Inga subnuda e Inga
luschnathiana. A circunscrigdo original feita por Bentham (1845) considerou as subespécies
atualmente aceitas (/. subnuda subsp. subnuda e subsp. luschnathiana) como duas espécies
distintas. Com base em observacdo de material coletado na Bahia por Salzmann (s.n.),
Bentham descreveu e publicou Inga subnuda e, com base em espécimes coletados no estado
do Rio de Janeiro por Luschnath (s.n.), descreveu e publicou Inga luschnathiana Benth
(BENTHAM, 1845). Tal status permaneceu assim por 32 anos, sendo mantido na obra Flora
Brasiliensis de Martius (BENTHAM, 1876). Em 1997, apds observacdo de caracteres

variaveis de folhas e flores de materiais coletados no Rio de Janeiro, Espirito Santo e Bahia,
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Pennington considerou I. [uschnathiana como subespécie de Inga subnuda, embora a
diferenciagdo morfologica dentro da atual /nga subnuda seja mais conspicua do que entre suas

a subespécie luschnathiana e I. vera subsp. affinis, a depender do material observado.

A fim de compreender melhor a delimitagdo dentro de Inga subnuda, Castro (2018)
utilizou analises morfométricas multivariadas e modelagem de nicho para avaliar as variagdes
morfoldgicas e os dados bioclimaticos referentes as duas subespécies. Os resultados de
morfometria obtidos indicam que os caracteres (i) vegetativos — largura da ala do raquis,
comprimento do peciolo e comprimento da estipula; e (ii) florais — comprimento do pedicelo
floral, da raque floral e comprimento do pedinculo, apresentam suporte estatistico para a
distingdo entre as duas entidades taxondmicas. Dentre esses, o pedicelo floral e a largura da
ala da raque apresentaram maior suporte estatistico e s@o, portanto, mais distintivos para as
subespécies. Nao se sabe, portanto, a relagdo de 1. subnuda com I vera subsp. affinis em

termos morfométricos e bioclimaticos, pois os dados desta ndo foram incluidos na analise.

A modelagem de nicho indicou que I subnuda subsp. subnuda apresenta maior
adequacdo a zona tropical e subsp. luschnathiana, a zona subtropical imida. Esse resultado
corroborou a sobreposi¢do observada nos registros de ocorréncia das espécies, que pode ser
justificada por uma zona climatica de transi¢cdo na regido do Rio Doce ja descrita na literatura
(CARNAVAL et al., 2014; CASTRO, 2018). Os dados bioclimaticos obtidos por Castro
(2018) indicam moderada sobreposi¢do de nicho entre as subespécies. Foi identificada
expansdo nas areas de adequacdo durante o ultimo interglacial para ambas as subespécies; e,
durante o ultimo maximo glacial para subsp. luschnathiana. Em contraste a esta, I. subnuda
subsp. subnuda apresentou contragdo nas areas de adequacao para o mesmo periodo. Ambas
apresentaram, no Holoceno médio, expansdo das areas de adequacdo, assemelhando-se a

distribuicao atual das subespécies.

O padrao de areas de adequacao observado para as subespécies € esperado, baseado em
estudos que descrevem a filogeografia da Mata Atlantica (CABANNE et al, 2007,
GRAZZIONTIN et al, 2006; RIBEIRO et al., 2011). Ademais, a expansdao de areas de
adequagdo para 1. subnuda subsp. luschnathiana no ultimo maximo glacial para a por¢ao sul
do dominio atlantico ¢ consistente com os dados de surgimento das espécies de /nga descrito
por Richardson et al. (2001). A adequacgdo a retracdo de subsp. subnuda no nordeste ¢
coerente com as 4reas historicamente estaveis descritas para a regido da Bahia e Pernambuco,

0 que possivelmente torna esse tdxon mais estdvel na por¢do norte da Mata Atlantica. De
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acordo com as evidéncias obtidas, Castro (2018) sugere que a subespécie luschnathiana deva

ser resgatada ao status de espécie.

A complexidade envolvida em descrever e delimitar espécies vem sendo debatida a luz
do Conceito Unificado de Espécies (“USC”; DE QUEIROZ, 2007), que define espécies como
linhagens de metapopulacdes evoluindo isoladamente. O conceito propde que propriedades
adquiridas ao longo da especiagdo devem ser interpretadas como diferentes linhas de
evidéncia a fim de testar as hipoteses de separacdo das linhagens, em vez de critérios
definitivos para a delimitacdo das mesmas. Posto isso, visamos integrar dados moleculares
aos métodos anteriormente utilizados para auxiliar na delimitagdo das subespécies em estudo,
além de aumentar a amostragem das subespécies nas analises morfométricas realizadas

anteriormente por Castro (2018) e incluir na amostra individuos de 1. vera subsp. affinis.

A utilizagdo de dados moleculares pode constituir uma importante ferramenta para a
determinar a diversidade genética de determinado tdxon, e por consequéncia para a
compreensao de padroes de biodiversidade e conservacao das espécies. Trabalhos utilizando
essa ferramenta em géneros com elevada riqueza de espécies contribuem para a compreensao
e conservacao da Mata Atlantica, e alguns foram realizados para géneros com riqueza de
espécies similar ao de Inga (e.g. Ocotea — LAUTERJUNG et al., 2019; MARTINS et al.,
2014; MONTAGNA et al., 2018; Eschweilera — SANTOS et al., 2019). Nos ultimos anos, a
genética de populagdes apresentou-se como uma evidéncia adicional para a taxonomia, sendo
bastante informativa para a delimitagdo de espécies (AGUIAR-MELO et al., 2019; NEVES et
al., 2019; RAPOSO DO AMARAL et al., 2018; RIBEIRO et al., 2016).

Os dados moleculares de plantas disponiveis para a Mata Atlantica sdo, entretanto,
defasados em relacdo aos dados da fauna do bioma (LEAL et al., 2016). Tal deficiéncia de
dados deve-se a dificuldade de se encontrar marcadores genéticos com variacao suficiente,
fator menos associado a fauna devido a utilizagdo de segmentos mitocondriais (COLEY et al.,
2005; NEWTON et al., 1999; RICHARDSON et al, 2001). Os segmentos mitocondriais
equivalem aos de cloroplasto nas plantas. Ainda que essa regido reflita apenas a heranga
materna (NICHOLLS et al., 2015), quando utilizada em conjunto com marcadores de outras

regides, como a nuclear, pode ser bastante informativa.
Estudos moleculares disponiveis para /nga na literatura sdo majoritariamente voltados
para a filogenia do género ou da tribo Ingeae como um todo. Nao obstante, as relacdes

filogenéticas, padrdes biogeograficos e populacionais sdo pouco resolvidas dado o curto
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tempo de diversificagdo do género (DEXTER et al, 2010; KURSAR et al, 2009;
RICHARDSON et al., 2001). Tais inferéncias sdo dificeis de avaliar, pois os parametros

obtidos nas analises que seguem esta metodologia nem sempre sdo explicativos o suficiente

(NICHOLLS et al., 2015).

Para compreender as relacdes dentro de géneros recentes, os marcadores moleculares
comumente utilizados para grupos mais antigos se aplicam com menor frequéncia, visto que
s30 menos variaveis e, consequentemente, menos explicativos a nivel de espécie (e.g. trnL-
trnF, intron trnL, trnS-trnG, psbA-trnH; SHAW et al., 2005; TABERLET et al., 1991). Para
contornar essa limitagdo, alguns estudos foram desenvolvidos em Mimosoideae utilizando
uma regido do cloroplasto mais sensivel a muta¢des (marcador molecular trnD-trnT; DE
SOUZA et al., 2016; SIMON et al, 2011). Ainda assim, essa abordagem tradicional
utilizando pequenas sequéncias de DNA plastidial pode falhar em explicar os dados de forma
confidvel, especialmente por que o DNA plastidial apenas reflete a heranga materna
(NICHOLLS et al, 2015). Marcadores nucleares apresentam-se como uma importante
ferramenta para acessar eventos de recombinagdo, visto que reflete a heranca biparental. Em
conjunto com os marcadores plastidiais, os nucleares podem revelar possiveis eventos de
introgressao e retencao de polimorfismos ancestrais comumente relatados em géneros de
radiacao recente (GOETZE et al., 2017; KNOWLES; CARSTENS, 2007; NICHOLLS et al.,
2015; SASLIS-LAGOUDAKIS et al., 2008).

Uma abordagem alternativa ¢ abranger maiores sequéncias de DNA a fim de obter
maior resolugdo para estes grupos por meio de sequenciamento de nova geragao (NICHOLLS

et al., 2015), mas este método tampouco aponta resolugao suficiente para o género Inga.

A utilizacdo de dados moleculares a nivel populacional auxiliard na caracteriza¢do da
relacdo entre as duas subespécies, bem como a relagdo destas com 1. vera subsp. affinis. Os
métodos utilizados neste trabalho, em adic¢do as analises multivariadas e modelagem de nicho
realizadas por Castro (2018), buscam contribuir com evidéncias importantes que, integradas a
taxonomia tradicional, podem resultar numa delimitacdo mais acurada das subespécies em

questao.
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2 OBJETIVOS

No presente estudo, utilizamos dados moleculares e morfométricos com o objetivo geral
de caracterizar a estrutura e distribui¢do de populagdes das subespécies de Inga subnuda,

tendo como objetivos especificos:

(1) Estimar o relacionamento genético entre as subespécies de Inga subnuda e Inga vera
subsp. affinis;

(i) Detectar possivel estruturacdo genética e morfoldgica das subespécies nas
populacdes amostradas;

(iii)) Relacionar a estrutura genética observada com os padrdoes morfologicos e

climaticos previamente reportados para as subespécies.

A presente dissertac@o esta organizada em um capitulo que corresponde ao manuscrito a
ser submetido ao periddico Systematic Botany. A bibliografia referente a Introducdo Geral

encontra-se ao final do manuscrito.
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Figura 1 — Prancha de fotos da espécie Inga subnuda subsp. luschnathiana.

A)

A
Fonte consultada: acervo pessoal. A) Habito. A disposi¢do dos foliolos nas folhas compostas
facilita o reconhecimento da subespécie em campo. B) Margem revoluta dos foliolos;
espécimes coletados em Restinga podem apresentar foliolos com apice arredondado a obtuso.

C) Seta: nectério interfoliolar; circulo: apice cuspidado tipico.

\\
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Figura 2 — Prancha de fotos da espécie Inga subnuda subsp. subnuda.

Fonte consultada: acervo pessoal. A) Habitat: as margens do rio em Ilhéus — BA. Pode-se
avistar o manguezal na margem oposta. B) Habito. C) Folha composta com raquis alada
apenas nos ultimos segmentos; fruto jovem e fruto maduro.
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Figura 3 — Prancha de fotos da espécie Inga subnuda subsp. luschnathiana.

\ < y A N ,
Fonte consultada: acervo pessoal. A) Habito. Individuo utilizado para sombreamento de
pastagem. B) Fruto jovem com algumas sementes abortadas e fruto maduro, de sec¢do

quadrangular, com as faces parcialmente cobertas pelas margens. C) Inflorescéncia.



22
BADIA, C.C.V.ET AL.: GENETICS AND MORPHOMETRICS AMONG Inga subnuda AND 1.

vera (LEGUMINOSAE, MIMOSOID)

MOLECULAR AND MORPHOMETRIC APPROACHES IN RECENTLY RADIATED
SPECIES: Inga subnuda SALZM. EX BENTH AND Inga vera WILLD. (LEGUMINOSAE,
MIMOSOID CLADE)

Badia, Clara da Cruz Vidart!, Garcia, Flavia Cristina Pinto!?, Muller, Larissa Areal?,

Fregonezi, Jéferson Nunes'?

! Programa de P6s-graduacdo em Botanica, Departamento de Biologia Vegetal, Centro de
Ciéncias Biologicas e da Saude. Laboratorio de Sistematica e Evolugao de Plantas.
Universidade Federal de Vicosa, Campus Universitario, Vicosa, MG, Brasil, CEP: 36570-

900; clara.badia@ufv.br;

2 Programa de P6s-graduagdo em Botanica, Departamento de Biologia Vegetal, Centro de
Ciéncias Bioldgicas e da Saude, Laboratério de Ecologia e Evolugdo de Plantas.
Universidade Federal de Vigosa, Vigosa, MG, Brasil, CEP: 36570-900;

larissa.muller@ufv.br;

* Authors for correspondence: flaviacpgarcia@gmail.com, jnfregonezi@gmail.com.



mailto:jnfregonezi@gmail.com
mailto:flaviacpgarcia@gmail.com
mailto:larissa.muller@ufv.br
mailto:clara.badia@ufv.br

23

Abstract - The species-rich genus Inga (Leguminosae) presents ca. 300 species
widespread throughout the Neotropics and is recognized by its recent and rapid
diversification. Forty-eight species of Inga are endemic of the Brazilian Atlantic Forest.
Among them, Inga subnuda, with two subspecies: subsp. subnuda, which occurs from the
state of Paraiba to Rio de Janeiro; and subsp. luschnathiana, which occurs from Espirito
Santo to the state of Santa Catarina. Both subspecies occur in sympatry in the
southeastern region and share floral and leaf characters, which hampers the
morphological delimitation. The co-occurrence of Inga vera subsp. affinis. with both L
subnuda subspecies results in intermediate morphologies between L. vera subsp. affinis
and L. subnuda subsp. luschnathiana, making the distinction between the latter species
even harder. We sampled 94 individuals from 8 natural populations and evaluated
morphological characters previously described as distinctive among the subspecies of L.
subnuda in addition to others not measured yet. We used 84 plastid (trnD-trnT spacer)
and 58 nuclear (ITS 1 and 2) sequences to characterize the phylogenetic relationships
between the taxa. The results obtained point out I subnuda subsp. subnuda as a more
structured taxon in relation to the other subspecies, whilst I subnuda subsp.
luschnathiana and I. vera subsp. affinis constituted a cohesive group. The apportionment
of haplotypes differed between the markers used, thus evincing a retention of ancestral
polymorphism between the subspecies, given their recent diversification. This paper
explores different lines of evidence, thus contributing to the delimitation of these
species. Demographic and biogeographic scenarios are also discussed. A new status of

for the taxon currently circumscribed as Inga subnuda subsp. luschnathiana is suggested.

Keywords - Atlantic Forest, Integrated Taxonomy, ITS, cpDNA, morphometrics.
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The legume genus Inga Mill (Leguminosae) is represented by ca. 300 woody
species and is widespread throughout the Neotropics (Richardson et al. 2001). Inga
presents 132 species spread in Brazil, of which 51 are endemic of the Atlantic Forest
(Pennington 1997). The high species richness of Inga, added to its short generation time
contributes to the species richness in the Neotropical rainforests (Richardson et al.
2001).

The speciation of the genus is estimated to have occurred in the past 4.3 million
years, with a major diversification in the last 2 million years, when the Neotropical
climates were less stable (Richardson et al. 2001). The monophyly of the genus is
supported by molecular and morphological synapomorphies (Richardson et al. 2001,
Brown 2008), but its infrageneric phylogenetic relationships remains poorly understood.

Among the endemic species within the brazilian Atlantic Forest there is Inga
subnuda Salzm. ex Benth., which is currently circumscribed as presenting two
subspecies: Inga subnuda Salzm. ex Benth. subsp. subnuda. and Inga subnuda subsp.
luschnathiana (Benth.) T.D.Penn. The first is distributed geographically from Paraiba
State (northeastern Brazil) to Rio de Janeiro State (southeastern Brazil), occurring in
sympatry with subsp. luschnathiana in Espirito Santo, Minas Gerais and Rio de Janeiro
States. The latter subspecies occurs also in Sdo Paulo, Parana and Santa Catarina States
(Garcia and Fernandes 2015).

Sympatrically to I subnuda subspecies there is Inga vera subsp. affinis (DC.)
T.D.Penn, which occurs from Colombia to Uruguay. The distinct combinations of
continuous varying characters defines the delimitation within Inga species (Bentham
1845, Pennington 1997), but in particular cases the delimitation is hampered by

characters that can be shared between distinct taxa (Bentham 1845, Pennington 1997).
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Inga vera subsp. affinis is particularly hard to tell apart from other I. vera subspecies, and
also from I subnuda subsp. luschnathiana (Bentham 1845, Pennington 1997, Garcia
1998). Visually, 1. vera subsp. affinis presents more morphological similarities with L.
subnuda subsp. luschnathiana than between both I. subnuda subspecies.

In order to evaluate the morphological similarities and bioclimatic suitability
areas distributed among I subnuda subspecies, Castro (2018) performed morphometric
analysis and ecological niche modeling for these taxa. Floral and vegetative characters
discriminate both subspecies, which is expected since both subspecies are easily
distinguished visually. Ecological niche overlap was found in the southeastern region for
I subnuda subspecies. Both subspecies presented expansion of its suitability areas
during the last interglacial (LIG). Regarding the last glacial maximum, a retraction of
suitability areas was noticed for I subnuda subsp. subnuda, thus corroborating the
refugia described for Bahia and Pernambuco regions (Carnaval and Moritz 2008). The
interspecific relationships concerning I. subnuda and I. vera subsp. affinis, however,
remains unknown.

The genetic studies performed so far concerning Inga do not include I. subnuda or
I vera subsp. affinis, although other subspecies of I vera are occasionally sampled
(Richardson et al. 2001, Kursar et al. 2009, Neto et al. 2014).

Because Inga constitutes a recently radiated genus (Richardson et al. 2001), some
of the plastid markers traditionally used are not informative at the species level (e.g.
intergenic spacers trnL-trnE trnH-psbA, trnS-trnG and intron trnlL). Also, neither next
generation sequencing methods provide fully resolved phylogenies (Nicholls et al. 2015).

In this study, we used molecular and morphometric approaches in order to

investigate whether I subnuda subspecies are close enough to be considered as
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subspecies. We characterized the diversity and looked for genetic structure between
natural populations of both subspecies sampled along a representative range. Also,
morphometric analysis was performed using characters previously noted as useful to
discriminate both subspecies. We included I vera subsp. affinis as an in-group in both
analysis in order to obtain a higher accuracy of the possible evolutionary relationships
between these taxa. Further discussions concerning morphological similarities,
phylogenetic relationships with sister groups and biogeographic history within L

subnuda are provided in this work.

MATERIALS AND METHODS

Study Area - This study was carried out through field collections of populations
in the Atlantic Forest, from Bahia to Santa Catarina states, between 14°19’S 39°1’W and
26°4’S 48°36’W, along altitudes from 0 to 826 m above sea level (Fig. 1). We accessed
Restinga, Alluvial and Submontane Dense Ombrophilous Forests of Atlantic Domain in
order to collect I. subnuda subsp. subnuda and I. subnuda subsp. luschnathiana, since this
species occurs more often in these vegetal formations. Inga subnuda subsp. subnuda
populations located at Bahia and northern Espirito Santo states are included in Af and
Aw climates respectively, according to Képpen’s climate classification (tropical without
dry season and tropical with dry winter (Alvares et al., 2013). The climatic classification
of the localities of natural populations distributed along Espirito Santo, Minas Gerais, Rio
de Janeiro, Parana and Santa Catarina states are included in the humid subtropical zone

(Cfb, Cwb, Cfb and Cfa, respectively). Specimens sampled in Restinga were only found in
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fragments, evidencing that the anthropic occupation of the coast may be a threat to

populations of both subspecies.

Specimen Sampling - Literature and herbarium specimens occurrence records
were consulted to conduct field excursions aiming to comprise the widest part of the
subspecies distribution, as well as its morphological variation. A total of 94 individuals
from 8 distinct locations were collected, covering a significant part of the species’
distribution. The specifications of localities, codes and respective number of individuals
per population are summarized in Table 1 and detailed in Appendix 1. Fresh leaves of
each specimen were collected and stored in silica-gel, and all sampled specimens were
herborized, identified by comparison with herbarium material and consultation with
specialized literature and with specialists (Pennington 1997, Garcia 1998). Vouchers
were deposited in the VIC Herbarium, Botany Department, Federal University of Vicosa,
Brazil.

The sampled populations comprised typical morphologies of the subspecies
towards north for I subnuda subsp. subnuda and south for I subnuda subsp.
luschnathiana, as well as areas in which both subspecies occurs simpatrically. Therefore,
intermediate morphologies that eventually might occur have also been sampled.
Individuals of Inga vera subsp. affinis (DC.) T.D.Penn. were sampled along the
distribution range covered for both Inga subnuda subspecies and used as in-group in

morphometrics and molecular analyses.

DNA Extration, Amplification and Sequencing - Populations of Inga subnuda

subspecies and Inga vera subsp. affinis, used here as an in-group, were sampled along its
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distribution range for genetic studies (number of individuals and respective populations
are described in table 1). Genomic DNA was extrated from silica gel-dried leaves using
the CTAB method described by Roy et al. (1992) and electrophoresis was performed in
1% agarose gel in order to check DNA integrity. NanoDrop® Spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) were also performed to quantify
concentrations and access the purity of DNA samples. The chloroplast intergenic spacer
trnD-trnT and the nuclear ribosomal internal transcribed spacers (ITS1 and 2) were
chosen with the purpose of investigating genetic diversity and population structure of
Inga subnuda subspecies. These markers presented higher number of polymorphic sites
compared to other genomic regions used in previous studies for Inga species
(Richardson et al. 2001, Coley et al. 2005, Dexter et al. 2010, Simon et al. 2011). In
preliminary tests we also evaluated the utility of the intergenic spacers trnH-psbA, trnS-
trnG and trnL-trnF, as well as intron trnL (Taberlet et al. 1991, Shaw et al. 2005),
commonly used in similar studies, which did not show genetic variation in the sample
set composed for Inga subnuda subspecies and Inga vera subsp. affinis.

The following primers were used for the amplification of trnD-trnT region: trnD?2
(Simon et al. 2011; GTGTACAGCATGCATATTCTTACG) and trnTggu (Simon et al. 2011;
CTACCACTGAGTTAAAAGGG). For ITS region amplification, we used the primers ITS4
(White et al. 1990; TCCTCCGCTTATTGATATGC) and ITS5A (Stanford et al., 2000;
CCTTATCATTTAGAGGAAGGAG). The internal primers ITS2 (White et al, 1990;
GCTGCGTTCTTCATCGATGC) and ITS3 (White et al., 1990; GCATCGATGAAGAACGCAGC)
were used in addition to ITS4 and ITS5A in order to obtain more reliable sequences. PCR
reactions for trnD-T region were conducted in a total volume of 50 pL, in a final

concentration of 1x buffer, 300 uM each dNTP (Promega), 0,2 pM each primer, %2U of
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GoTaq polymerase (Promega) and 10-20 ng of template DNA. The conditions for ITS
marker were conducted in a total volume of 50 pL containing: 1x buffer, 200 pM each
dNTP, 0,2 uM each primer, 2% Dimethyl sulfoxide (DMSO), 1U of Go Taq polymerase and
0.1-10 ng template DNA. Amplification conditions for trnD-T were: 94 °C for 5 min, 30x
94 °C for 45 s, 55 2C for 1 min, 72 °C for 1 min and a final extension of 5 min at 72 °C;
and for ITS: 94 °C for 3 min, 30x 94 2C for 1 min, 55.5 2C for 1 min, 72 2C for 1 min and a
final extension of 10 min at 72 2C. PCR produts were purified using ExoSAP protocol

(provided by ThermoFisher) and sequenced by Macrogen (Seoul, South Korea).

Sequence Analyses and Genetic Diversity - The sequences were analyzed for
both forward and reverse primers using Chromas software v.2.6.6 (available at

https://technelysium.com.au/wp/chromas/). In addition to Inga subnuda subspecies and

Inga vera subsp. affinis sampled for this work, we retrieved Inga capitata Desv., Inga
edulis Mart. and Inga vera Willd. sequences from GenBank database in order to add
sister groups in the dataset. The DNA alignment was generated using Muscle algorithm

(Edgar 2004) in MegaX software (available at https://www.megasoftware.net/; Kumar et

al. 2018) and edited manually. Vouchers and respective GenBank accession numbers are
provided in Appendix 1.

Molecular analyses were performed using 84 sequences for trnD-trnT plastid
marker and 58 sequences for ITS marker. Haplotypes of cpDNA were estimated using
DnaSP v. 6.12.03 software (Rozas et al. 2017). In order to ensure that heterozigous sites
were included correctly in haplotypes reconstruction, nuclear sequences were analysed
using PHASE software version 2.1.1 (Stephens et al. 2001). Genetic diversity parameters

such as haplotype diversity (H) and nucleotide diversity (m) were retrieved from
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Arlequin 3.5.2.2 (Excoffier and Lischer 2010). Polymorphic regions observed in poly-A/T
regions usually found among cpDNA sequences were not included in the analysis, since
its homologies cannot be equatelly accessed (Aldrich et al. 1988). Because adjacent
nucleotides tends to evolve together, insertion/deletion mutational events containing
more than one base pair (bp) were considered as a single mutation (Simmons and

Ochoterena 2000, Hartl and Clark 2010).

Phylogenetic Relationships - Evolutionary relationships among haplotypes were
accessed through median-joining network method, as implemented in Network v.10

software (available at https://www.fluxus-engineering.com/sharenet.htm).

Phylogenetic reconstructions were performed using Bayesian inference in BEAST
v.1.8.0 (Suchard et al. 2018). ITS and cpDNA datasets were treated as independent
partitions, and priors were assigned to each partition separately. A Yule Tree Prior model
was used in BEAST, since it is most suitable for trees describing the relationships
between individuals from different species, considering speciation processes through
birth of new lineages. We adopted the HKY substitution model, as it is the most
appropriate evolution model inferred by Bayesian Information Criteria in JmodelTest
software v.2.1.7 (Darriba et al. 2012). For molecular dating we assumed the lognormal
relaxed molecular clock and nucleotide substitution rates previously used for plastid
and nuclear markers for Inga species (ITS: 2.34 x 10°s/s/y; trnD-trnT: 1.30 x 10° s/s/y;
Richardson et al. 2001). As the standard deviation was not available, we assigned the
value of 0.2 x 10 so that the normal distribution would stay within the expected for the
generation time of Inga. The Markov Chain Monte Carlo (MCMC) was run for 20 million

generation, being 20% of the trees discarded as burn-in. In order to ensure that the
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effective sample size was higher than 200, we checked the results in Tracer software
v.1.7.1 in BEAST package. We accessed the node ages and posterior probabilities in
TreeAnnotator v.1.8, also included in BEAST package. The trees obtained were designed
in FigTree v.1.3.1 (Rambaut 2010).

A second reconstruction was performed in BEAST using a coalescent-based
species-tree analysis, with both molecular markers with unlinked gene-trees. Other
parameters and priors were adjusted as described above. This approach sets species as
priors in order to check for clear distinction between the taxa.

A phylogenetic rescontruction based on Maximum Likelihood method was also
performed in MegaX software, with substitution models and other parameters
determined by jModeltest software as described previously. Branch supports were

obtained by bootstrap method (Felsenstein 1985) with 100 replicates.

Genetic Structure and Demographic Analysis - The effective populations’ size
over time was accessed using Bayesian Skyline Plot analysis (Drummond et al. 2005),
available in BEAST, using the same priors previously described.

In order to evaluate genetic structure between the populations sampled, we
concatenated the individuals sampled for both markers, totaling 34 individuals, being 22
of subsp. subnuda and 12 of subsp. luschnathiana, distributed among 7 populations
(Table 1, detailed in Appendix 1). Since it was not our aim to sample populations of L
vera subsp. affinis, only isolated individuals as an in-group, this species was not included
in this analysis. We analyzed this dataset using the Bayesian Clustering Algorithm
embedded in software BAPS (Bayesian Analysis of Population Structure)(Corander and

Marttinen 2006, Corander et al. 2008, Tang et al. 2009), adopting the admixture
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clustering model and assuming 5 replications for each population. Were tested
hypotheses for the existence of genetic clusters from K= 2 to K=7, without assuming any

previous subspecies or populations as priors.

Morphometric Analysis - Ninety four individuals with fully developed leafs and
flowers or fruits were selected and measured prior to statistical analyses. In this dataset,
35 individuals presented only flowers and 55 individuals presented only legumes. The
remaining specimens (4 individuals) presented both structures when collected. In order
to include a higher number of specimens and to standardize as much as possible the
divergent availability of fertile traits per specimen, we considered the length of the
pedicel of the fruit for the specimens which presented both flowers and fruits. The
individuals of Inga subnuda subsp. subnuda and Inga subnuda subsp. luschnathiana were
distributed between 8 populations and the individuals of Inga vera subsp. affinis were
considered as supplementary data (for more information, see Table 1). Because only the
data of 2 individuals of Inga subnuda subsp. subnuda and 3 of subsp. luschnathiana was
available for the same location, the population “ES”, from Espirito Santo, comprised both
Inga subnuda subspecies. Pennington (1997) and Garcia (1998) were used for initial
determinations, as well as consultation with specialist. We chose 4 morphological traits
that obtained statistically significant results by Castro (2018) (WAW, WE, LE and CP) and
additional 3 vegetative characters (WP, NP and NR) according to personal observation of
what could contribute to separate both subspecies (Table 2). The quantitative
morphological structures were measured using digital caliper (precision 0.01 mm) and
respective descriptions are presented in detail in Table 2. Eventual missing data was

substituted for the mean value of the character of the belonging population of a given
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specimen. Principal Component Analysis was performed in RStudio (Rstudio Team,
2015) using a matrix of qualitative and quantitative characters (considering leaf and
flower/fruit variables) of both I. subnuda subspecies. In order to reduce discrepancy in
measurements, quantitative data was standardized using logarithmic transformation.
The dataset was checked for the assumptions of normality (Shapiro et al. 1968) and
homocedasticity (Levene 1960), and the difference between the unrelated groups were

accessed for PC1 using ANOVA (Kaufmann and Schering 2014)

RESULTS

Genetic Diversity - Considering trnD-trnT plastid marker, 37 sequences were
obtained for subsp. subnuda, 29 for subsp. luschnathiana and 18 of sister groups (I. vera
(11), L capitata (1) and 1. edulis (6)), totaling 84 sequences with 1405 base pairs long
(bp) in the alignment. Twelve haplotypes were identified based on 13 polymorphic sites,
being 4 parcimoniously informative. Haplotype (H) and nucleotide () diversities for this
marker were, respectively, 0.6182 + 0.1643 and 0.0009 + 0.0007 for I vera; 0.4433 +
0.0685 and 0.0006 = 0.0005 for subsp. luschnathiana; and 0.1577 + 0.0802 and 0.0001 +
0.0002 for subsp. subnuda (Table 3).

For the nuclear marker (ITS), a total of 58 sequences were obtained, being 30
sequences of subsp. subnuda, 13 of subsp. luschnathiana and 15 of I. vera, containing 648
base pairs in the DNA alignment. The 9 polymorphic sites observed (5 parcimoniously
informative) were distributed among 13 haplotypes. Four heterozygous sites were
identified within PHASE results. The number of nucleotide substitutions obtained for

both I subnuda subspecies were relatively low, which is consistent for taxa that have
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recently radiations (Richardson et al. 2001). Haplotype (H) and nucleotide () diversities
for this marker were, respectively, 0.8805 + 0.0360 and 0.0030 + 0.0012 for I vera;
0.0769 + 0.0697 and 0.0001 + 0.0003 for subsp. luschnathiana; and 0.4977 + 0.0753 and
0.0016 + 0.0012 for subsp. subnuda (Table 3).

Considering sequences sampled for both markers, 41 sequences were analyzed,
being 23 of subsp. subnuda, 11 of subsp. luschnathiana and 7 of 1. vera, totaling 2053 bp.
Inga vera presented haplotype (H) and nucleotide () diversities of 0.9103 * 0.0485 and
0.0008 * 0.0006 respectively; subsp. luschnathiana obtained 0.4502 * 0.1120 and
0.0004 = 0.0003; and subsp. subnuda, 0.6203 * 0.0800 and 0.0006 + 0.0005 (Table 3).
The difference found between chloroplast and nuclear marker is expected, since the first
only inherit mutations from maternal lineage and the latter can accumulate mutations

from both parental lineages, in addition to suffer recombination events.

Phylogenetic Relationships - Both trnD-T and ITS haplotype networks exhibit
few mutations that separate the subspecies of Inga subnuda, as well as few mutations
between the other species, considered more taxonomically distant. In addition there are
haplotype sharing between species and subspecies in the analyzed samples (Fig. 2A, B).

As Inga is noted as a recently radiated group (Richardson et al. 2001), it is
possible to identify within the trnD-T haplotype network (Fig. 2B) that the central
haplotype H3 from sister group I edulis is separated from I subnuda and I vera
subspecies for one mutational event and the outer group I capitata (H1) for two
mutations. These results highlights that even morphologically distinct and well delimited

species presented little genetic differences between them in plastid haplotype network.



35
Haplotype sharing is observed between I. subnuda subsp. luschnathiana and I. vera (H8
in Figure 2B) as well as between both I. subnuda subspecies (H9 in Fig. 2B).

The ITS haplotype network, in which samples of I edulis and I. capitata were not
included, there is also little genetic distance. Haplotype sharing between I subnuda
subsp. subnuda and I. vera (H2 and H10 in Figure 2A) and between the two subspecies of
I subnuda and I. vera can also be noted (H4 in figure 2A).

In both haplotype networks, generated from plastid and nuclear regions (Figs. 24,
B), several haplotypes are present in few individuals, and they are connected to one
more frequent haplotype, separated by a single mutation each. In ITS network (Fig. 2A)
H4 haplotype is more frequent and is connected by one mutational event to H3, H5, HS,
H11 and H13 haplotypes. Likewise, the H9 haplotype of trnD-T network (Fig. 2B) is more
frequent, connected by one mutation to H10, H11 and H12 haplotypes, present in few
sampled individuals. This “star-like” pattern shown in both networks have peripheral
haplotypes mainly related to individuals belonging to I subnuda subsp. subnuda. The
exception is the H5 haplotype in the ITS network (Fig. 2A), belonging to one individual
from I subnuda subsp. luschnathiana.

Distinct haplotype relationships patterns among I. subnuda subspecies and L.
vera can be observed when comparing the networks from both markers. In ITS network
(Fig. 2A), L vera haplotypes are shared (H2, H10) and more related to haplotypes
belonging to I subnuda subsp. subnuda. On the other hand, the trnD-T network shows
one I vera haplotype (H8) shared with I subnuda subsp. luschnathiana individuals,
which reflects the similar morphology of these taxa.

When haplotypes are marked by sampled locations for two subspecies in both

haplotype networks, there is no clear pattern between haplogroups and populations
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(Figs. 2C, D). However, it can be noted that those peripheral, low frequent haplotypes
present in both networks belong mainly to individuals of I. subnuda subsp. subnuda from
northernmost geographic distribution (BA and ES populations, yellow and green colors
in Figs. 2C, D). The individuals located in central regions of the sampled distribution (R]
and MG populations, purple and light blue colors in Figs. 2C, D) have mainly shared
haplotypes that are in high frequency (H4 in Fig. 2C; H9 in Fig. 2D). The exceptions are
H5 haplotype of ITS (Fig. 2C), and H8 haplotype of trnD-T (Fig. 2D), which belong to
individuals from the south of the sampled distribution (PR population, dark blue color in
Figs. 2C, D).

Phylogenetic reconstructions recovered trees with very low node support values.
The Maximum Likelihood analysis showed low support (<60) for all nodes, while the
Bayesian method indicated only two groups with reasonable support values. Both
reconstructions revealed the same topologies and relationships between individuals.
The tree obtained by Bayesian Method is shown in Fig. 3. The calculated ages for
supported groups, as well as the age for the most recent common ancestor for the entire
sample are also shown in Fig. 3. As expected, the ages for these clusters were very low,
with an average age of about 511.000 years for the common ancestor of I capitata, L.
edulis, I. subnuda and I vera.

Regarding the topology obtained through Bayesian inference, the two supported
groups can be identified (Fig. 3). The first one (posterior probability, PP = 0.636, age of
235.448 years) comprises most part of Inga subnuda subsp. subnuda specimens sampled
in BA, ES and R] populations. The second group (PP = 0.998, age of 64.298 years)
includes three individuals from I subnuda subsp. subnuda, being closest to I vera

samples than to subsp. luschnathiana. Another interesting grouping (wich are not
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supported by PP values) includes mainly individuals of I subnuda subsp. luschnathiana

from MG and PR populations.

Genetic Structure and Demographic Analysis - The results provided by BAPS
(Genetic groups marked by colors in Fig. 4 and indicated by symbols in the phylogenetic
tree of Fig. 3) pointed 4 genetic clusters, of which one gathers both Inga subnuda
subspecies from all the localities, mainly those in which the subspecies occur in
sympatry (cluster 2 marked in green in Fig. 4). Cluster 1 assembled Inga subnuda subsp.
subnuda from BA and ES populations (yellow colors in Fig. 4) whilst cluster 3 presented
only I subnuda subsp. subnuda from Northern Bahia localities (red color in Fig. 4).

Even though I subnuda subsp. luschnathiana seem to be not as structured as L
subnuda subsp. subnuda, the cluster 4 (marked in blue in Fig. 4) grouped individuals of
this subspecies located in central regions of the distribution (MG populations) and
southward locations (PR population).

Three genetic clusters appear to be geographically structured (1, 3 and 4 in Fig.
4), and the individuals of mixed localities comprised in cluster 2 (18 individuals) seem to
lack of a clear pattern that reflects its geographical distribution. I subnuda subsp.
subnuda seems to be more spatially structured if compared with I subnuda subsp.
luschnathiana.

The Bayesian Skyline Plot Analysis indicates that I. subnuda subsp. subnuda may
have slightly increased in effective population size in the last 2 thousand years ago (Kya),
compared to I. subnuda spp. luschnathiana, which did not show changes in the average

population size over time for this analysis. However, this results do not present
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statistical support due to its high confidence intervals displayed in population sizes

plots.

Morphometric Analysis - The PCA results shows strong relationships between
the variables (Fig.5). 79.30% of the morfological variability can be explained by two
principal components. The first principal component (PC1) explains 63.90% of the data
variability, and PC2 explains 15.40%. The variables that contributed the most to PC1
were the lenght of naked portion of proximal rachis (NR; 88.07% of contribution), width
of distal apex wing (WAW; 65.24%) and length of pedicel (LP; 58.50%). The variable that
contributed the most to PC2 was lenght of naked petiole (NP), with 60.32% of
contribution. Out of the three distinctive morphological characters, “lenght of naked
portion of proximal rachis”, “width of distal apex wing” are conspicuous and very useful
to distinguish I subnuda subsp. subnuda visually. Due to the highest level of information
carried by PC1, hereafter we will only refer to this dimension for further discussion,
since this axis seem to be the one that possesses a substantial information. The results
are shown in figure 5.

ANOVA results applied in PC1 shows that two main groups are present in the
dataset, corresponding with the PCA groups. One group contains populations of Bahia,
which comprises only I subnuda subsp. subnuda individuals, and the other group
contains all populations of south and southeastern Atlantic Forest regions, which
includes I. subnuda subsp. luschnathiana and only one individual of I subnuda subsp.

subnuda from Espirito Santo State. Moreover, supplementary individuals of Inga vera

subsp. affinis were grouped with 1. subnuda subsp. luschnathiana’s individuals.
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DISCUSSION

Genetic Nature and Species Proximity in Inga - Estimating genetic properties
within taxa that radiated recently can be challenging. Inga stands out as an example of
rapid and recent diversification taxon comprised among the species-rich rainforests of
the Neotropics (Richardson et al. 2001). That said, inferences concerning the genetic
nature in a species level, such as phylogenetic relationships and populational structure,
can be gruelling and are commonly poorly supported (Richardson et al. 2001, Nicholls et
al. 2015). The genus is estimated to have arisen in the last 4.3 Mya, and more intensively
diversificating in the Pleistocene (ca. 2 Mya)(Richardson et al. 2001). The phylogenies
obtained so far show low resolution between the species, presenting short branches
with low support value, thus presenting poor genetic differentiation between the taxa.

The main drivers of this rapid radiation seem to be ecological and climatic. The
rapid evolution of leaf chemical responses against herbivores is suggested as playing an
important role in competition, therefore contributing to Inga diversity and abundance
among the Neotropical rainforests (Kursar et al. 2009). The climatic oscillations during
the Pleistocene affected mostly the Atlantic Forest species’ distribution (Carnaval and
Moritz 2008). The historically stable areas among the glacial and interglacial periods
seem to have contributed to a higher genetic pool over time (Richardson et al. 2001,
Carnaval and Moritz 2008).

A phenomena commonly found among recent and rapid diversificated taxa is
described as retention of ancestral polymorphism in phylogenetic and populational
analysis. During incomplete lineage sorting, species gene pools share genetic

information from ancestral species after speciation, by retention of ancestral
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polymorphism succeeded by fixation of different alleles in the descendant lineages
(Maddison 1997, Charlesworth et al. 2005). It can result in haplotype sharing among
different recent radiation species, as well as conflicting genealogies when comparing
different genes or genome regions.

This seems to be the most plausible scenario for the subspecies studied in this
work. The phylogeny obtained did not present high support values (Fig. 3). In both
reconstructions (Bayesian, Fig. 3 and Maximum Likelihood analysis, not shown), there
was no high confidence values for the groups found, even though the topologies and the
relationships between the sampled individuals are similar. Besides, the species-tree
phylogenetic reconstruction (data not shown) resulted in low ESS values, indicating that
there are no totally isolated genetic lineages among the sampled individuals when
compared the separate trees for each data set (nuclear and plastid).

The haplotype networks (Fig. 2) present high number of shared haplotypes
between different Inga species, notably among subspecies of I. subnuda and 1. vera subsp.
affinis. Moreover, nuclear haplotype networks relationships (Figs. 2A, C) differed from
those obtained for the plastidial region (Figs. 2B, D), a pattern often described among
other plant species (Rieseberg and Soltis 1991, Soltis and Kuzoff 1995, Tsutsui et al.
2009) which can indicate two possible scenarios: recent radiation or hybridization
between well-established species. It is very difficult to distinguish incomplete lineage
sorting and hybridization because both can give rise to patterns of shared genetic
diversity.

ITS haplotype network points out that I. subnuda subsp. subnuda is closely related
to I vera subsp. affinis instead of I subnuda subsp. luschnathiana, as indicated in the

plastid networks. This incongruence could be explained by hybridization events, in
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which the nuclear DNA was inherited from both I vera subsp. affinis and I subnuda
subsp. subnuda, and the cpDNA uniparentally inherited from I. vera subsp. affinis. Over
the next generations of hybrids, the influence of I. subnuda subsp. subnuda in the nuclear
haplotypes among the hybrids reduced, whereas the frequency of I vera subsp. affinis’
cpDNA was the same since the introgression first occurred. The newly arisen lineage,
currently corresponding to I. subnuda subsp. luschnathiana, would then share plastidial
haplotypes with L vera subsp. affinis and present distinct and/or intermediate
morphologies, closest to I. vera subsp. affinis.

Since the taxa in question are part of a recently radiated genus and the time of
divergence was not enough for the taxa to speciate and generate hybrids, a complete
introgression process is less likely to have occurred. The results obtained here evidences
that the three taxa are recent: low values of nucleotide diversity; lack of population
structure separating both I subnuda subspecies and I vera subsp. affinis; lack of
hypothetical haplotypes (median vectors) among the plastid networks — which would be
an evidence of divergent taxa; and low posterior probability support and short branches

among phylogeny trees.

Morphological and Genetic Relationships - Morphometric analysis results
shows that Inga subnuda subsp. subnuda differs from subsp. luschnathiana and I. vera in
the northern-most populations sampled, which comprises mainly Bahia locations (for
more information, see table 1 and Fig. 5). The Principal Component Analysis (PCA)
evidences that I subnuda subsp. subnuda populations of Bahia presents a clear and
highly supported distinction, indicated by PC1 in Fig. 5, from I subnuda subsp.

luschnathiana and Inga vera subsp. affinis.
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The morphological group obtained for subsp. subnuda is congruent with the
genetic patterns obtained by BAPS genetic clustering and haplotype networks.
Individuals of this morphological group are placed in genetic clusters 1 and 3 defined by
BAPS (Fig. 4 and indications in Fig. 3). Individuals from cluster 1 share the same
haplotype regarding the trnD-T network (Haplotype 9; Fig. 2B, D) and the same two
haplotypes within ITS networks (Haplotypes 2 and 4; Fig. 2A, C). A similar pattern is
represented in the networks for cluster 3, where two out of the three individuals share
the trnD-T haplotype 9. Considering the ITS network, haplotype 10 comprise all the
individuals of this cluster, being one of them also represented within haplotype 11.
These individuals also constitute a cohesive group considering the Bayesian inference, in
which the posterior probability value is the highest observed for all samples (0.998, Fig.
3, indicated by triangles in the terminals).

The genetic cluster 4 defined by BAPS has individuals of I subnuda subsp.
luschnathiana from MG and PR populations, which shared the same trnD-trnT and ITS
haplotypes (H8 and H4 respectively, Fig. 2). Additionally, one sample is represented by
an additional ITS haplotype (H5), differing from the others towards south, where this
individual is located. This clustering is not supported by the phylogenetic tree (Fig. 3),
but is highly supported by Principal Component Analysis (79.30%, Fig. 5), where a clear
distinction is found between southern and southeastern I. subnuda subsp. luschnathiana
and northern I subnuda subsp. subnuda populations.

In the regions in which the three taxa co-occur, the morphological distinction is
not so clear. PCA results points out that southeastern populations (ES and R]) of L
subnuda subsp. subnuda are morphologically mixed with I subnuda subsp. luschnathiana

populations (Fig. 5) and the morphological distribution of I vera subsp. affinis is
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associated with this mixed group. BAPS analysis placed these individuals in genetic
cluster 2, presenting the majority of individuals from BA, R] and ES populations, with
some [ subnuda subsp. luschnathiana individuals from ES population (Figs. 3 and 4).
Among these results, the individuals of I. subnuda subsp. subnuda sampled R] population
were assembled with the northern-most locations above-mentioned for this subpsecies.

Despite this admixture of some individuals in group 2 indicated by BAPS and the
overlapping of morphologies in the central region of the geographical distribution, the
discrimination for northern I subnuda subsp. subnuda populations is quite clear by
morphological (Fig. 5) and genetic results (Figs. 3 and 4).

The subspecies of I subnuda are generally well delimited morfologically from
other species of the genus, but I. subnuda subsp. luschnathiana and I. vera subsp. affinis
are particularly hard to tell apart (Bentham 1845, Pennington 1997, Garcia 1998). Our
results shows that south (PR) and southeastern (MG) populations are genetically related
to I vera subsp. affinis, as shown in trnD-trnT network (Fig. 2B, D). These I subnuda
subp. luschnathiana populations are grouped according to BAPS analysis (cluster 4 in
Fig.4, with indication in Fig. 3) presenting the same distribution as in the PCA plot. PCA
results shows clearly a higher morphological similarity between I subnuda subsp.

luschnathiana and I. vera subsp. affinis than between I. subnuda subspecies.

Demographic and Biogeographic Patterns - Bayesian skyline plot results
suggests that 1. subnuda subsp. subnuda has slightly increased its effective population
size in the last 2 thousands of years (kya). Moreover, the higher number of peripheral
haplotypes observed for I. subnuda subsp. subnuda (represented by a “star-like” pattern

for both genomic regions in haplotype Networks, Fig. 2) and the higher overall haplotype
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diversity in comparison to I subnuda subsp. luschnathiana are also evidences that point
out a recent population expansion. This information is consistent with the results
obtained by Castro (2018), in which ecological niche modeling regarding bioclimatic
data shows an increase in suitability areas for Inga subnuda subsp. subnuda in this time
period.

In contrast, the same pattern cannot be fully applied to I subnuda subsp.
luschnathiana, once there is no star-like pattern or further evidence that there was an
increase in effective population size. In fact, I. subnuda subsp. luschnathiana haplotypes
were more cohesive, presenting only one derived haplotype towards south. The derived
haplotype 5 of ITS network (Figs. 2A, C) might be an evidence that this taxon is also
under expansion, but in a smaller and more recent scale. This isolated haplotype could
represent some sort of populational growth, but may also be a reflect of a subsampled
population.

Both Inga subnuda subspecies were found as spatially structured towards north
and south, and in the southeastern region where both subspecies occur in sympatry the
pattern becomes unclear. The lack of structure within the central Atlantic Forest, as well
as the shared haplotypes between southeastern populations (Fig. 2C, D) and the lack of
mutational events within these locations support the hypothesis that both Inga subnuda
subspecies may have arisen within the southeastern region, therefore expanding their
ranges towards north and south.

Among the Brazilian Atlantic Forest, historically stable areas known as refugia
were described by Carnaval and Moritz (2008). Some of the described refugia are
located in the central corridor comprised in Bahia and Espirito Santo and also in the

State of Pernambuco. The presence of historical forest stability in I subnuda subsp.
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subnuda northern-most occurrence could have contributed to a retention in its
populational range and haplotype diversity in the glacial periods (reflecting cohesive
and well-defined groups, such as clusters 1 and 3 defined by BAPS, in Fig. 4, as well as
the well-supported clade found in the phylogenetic tree in Fig. 3).

In the southern portion of the Brazilian Atlantic forest, unstable climatic stretches
of rainforest are noted instead of small refugia (Leite et al. 2015), a data supported by
the glacial Quaternary environmental conditions predominantly characterized by cooler
climate, significantly lower sea levels and reduced precipitation. The suitability areas
obtained for I subnuda subsp. luschnathiana by Castro (2018) corroborate this
hypothesis, as well as the lower diversity of this subspecies for the southern locations.
The haplotype sharing between I. subnuda subsp. luschnathiana and other taxa from the
southeastern region, in addition to its derived haplotype noted for the southern Atlantic
Forest region, support the scenario that I subnuda subsp. luschnathiana arose in

southeastern region and then differentiated towards south.

Taxonomic Considerations and Conclusions - The taxa currently circumscribed
as subspecies of Inga subnuda were initially defined by Bentham (1845, 1876) as L
subnuda and 1. luschnathiana Benth. Based on observation of specimens from Rio de
Janeiro, Espirito Santo and Bahia States, Pennington (1997) identified intermixed leaf
and floral traits, therefore considering I. luschnathiana as conspecific of I. subnuda. With
this circumscription, I subnuda was regarded occupying two extremes of a range of
variation: pediceled flowers, terete petiole and rachis, legume margins keeled when
immature, faces almost completely covered by the expanded margins and mature

legume more or less cylindrical corresponding to I subnuda subsp. subnuda; and short
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pediceled or sessile flowers, winged rachis, legume margins not keeled, faces exposed
and mature legume more or less quadrangular corresponding to I subnuda subsp.
luschnathiana (Pennington 1997, Garcia 1998).

Although this taxonomic treatment apparently helped to disentangle the
continuous variation of characters commonly observed between Inga species
(Pennington 1997), the difficulty of distinguishing these two subspecies have been
discussed (Garcia 1998, Castro 2018). Aiming to better understand the delimitation
between these taxa, Castro (2018) applied morphometric analysis and ecological niche
modeling to a dataset comprised by herbarium specimens. The morphological leaf traits
found as distinctive between both Inga subnuda subspecies were the length of petiole,
length of stipule and width of apex wing, whilst the distinctive floral characters were the
length of floral rachis, length of stamens, length of peduncle and length of pedicel.

The ecological niche modeling results obtained by Castro (2018) corroborated
the distinction between both subspecies. The southern coastal plain and northeast area
of the Atlantic Forest was identified as suitable for I subnuda subsp. subnuda, whereas
for I subnuda subsp. luschnathiana, suitability areas were found throughout the
southeast coastal region between Rio de Janeiro and northeast Santa Catarina States.
Moderate ecological niche overlap was found in the southeastern region of Atlantic
Forest. Furthermore, expansion in both I subnuda subspecies suitability areas was
described for the last interglacial (LIG). During the last glacial maximum (LGM),
expansion was recorded for the suitability areas of I subnuda subsp. luschnathiana,
whereas I subnuda subsp. subnuda presented retraction in its suitability areas for the

same period.
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Despite the distinction between Inga subnuda subspecies became clearer after
Castro (2018) results, no studies regarding the difficulties discussed by authorities of the
genus (Bentham 1845, Pennington 1997, Garcia 1998) in distinguishing morphologically
Inga subnuda subsp. luschnathiana from Inga vera subsp. affinis was performed until
now.

The morphological distinction within I. subnuda subspecies is quite clear. Inga
subnuda subsp. luschnathiana is easily distinguished from I. subnuda subsp. subnuda by
its faces exposed and margins striate, length of naked portion of proximal rachis and
length of pedicel. The conundrum is that I subnuda subsp. luschnathiana is frequently
confused with I vera subsp. affinis when one come across an intermediate morphology,
even though they are described under distinct taxonomic entities. When analyzing
typical morphologies, the calix open in bud, narrower and smaller tube calix, and shorter
lobes calyx presented in I. subnuda subsp. luschnathiana make this distinction possible.
In spite of that, intermediate morphologies of the latter two subspecies are almost
impossible to place (Bentham 1845, Pennington 1997, Garcia 1998).

In this work, we assembled a new dataset comprised of specimen sampled along
the distribution range including natural populations of both I subnuda subspecies and
some individuals of along the distribution range I vera subsp. affinis, so that the
morphological and genetic relationships between these taxa could be enlightened. We
accessed the same morphological traits previously described as exploitative to
distinguish 1. subnuda subspecies (Castro 2018) and added some other characters (Table
2) to check which ones would better explain the similarities and differences between

those groups.
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We found that the morphological similarities between I vera subsp. affinis and 1.
subnuda subsp luschnathiana observed in field collections and described among other
works (Bentham 1845, Pennington 1997, Garcia 1998) are statistically supported (Fig.
5). Therefore, a closer phylogenetic relationship between these taxonomic entities is
evinced (Figs. 2, 3, 4 and 5; see Results section for details). These results indicate that
the current taxonomic treatment proposed by Pennington (1997) is not accurate, since it
does not reflect the relationship between the taxa.

Both morphological and genetic evidences (Figs. 2, 3, 4 and 5; see previous
sections for more details) point out that I subnuda subsp. subnuda constitutes a more
cohesive and well delimited group in comparison to I subnuda subsp. luschnathiana and
L vera subsp. affinis, even though the results show a possible scenario of retention of
ancestral polymorphism commonly observed among recently radiated genus (Steiner et
al. 2012, Goetze et al. 2017).

To confirm this pattern, sampling of the northern-most part of I subnuda subsp.
subnuda distribution, spread above Bahia state, would be required. Furthermore,
throughout the field excursions and observations of herborized material, we perceived
that the trichome density is different between I. vera subsp. affinis and 1. subnuda subsp.
luschnathiana. Trichomes are a very informative character among Leguminosae (Cildir et
al. 2012, Grohar et al. 2016) and other taxa (Ndukwu and Agbagwa 2006, Tschan and
Denk 2012, Seyedi and Salmaki 2015). Although studies regarding this character are not
performed very often for Inga species, after careful study of several specimens we
believe that it could contribute to distinguish more accurately these two taxa.

Chemocoding proved to be useful to understand the taxonomic relationships

within the genus Inga, specially when neither morphology or DNA sequencing are able to
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answer how the species are related to each other (Endara et al. 2018). Accordingly,
further studies using this method would contribute to the understanding concerning the
species of this work.

Hence, according to results found in this study, we reinforce the circumscription
proposed by Castro (2018), in which he suggest to retrieve the circumscription made by
Bentham (1845, 1876). In this way, each subspecies of I. subnuda would return to the

status of species.
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TABLE 1. Population codes (POP.CODES), number of individuals sampled for genetic
analysis (TrnD-trnT, ITS and concatenated markers TrnD-trnT + ITS), number of
individuals used in morphometric analyses (MORPHO.ANALYSIS) and locations of Inga
subnuda subsp. subnuda (ISS), subsp. luschnathiana (ISL) and Inga vera subsp. affinis
(IVA) natural populations sampled. Geographical coordinates of populations are
provided in Appendix 1.

TrnD-
POP. MORPHO. TrnD-
SPECIES/SUBSPECIES CODES ANALYSISHRT ITS f;‘réT+ LOCATIONS
Areia (PB), [Ilhéus,
[nga subnuda subsp. BA-North 23 20 9 9 Serra Grande and
subnuda ,
Itacaré
BA-South 15 5 12 4 [1héus, Canavieiras
and Una
Nova Vicosa, Italinas
ES-North 0 4 4 4 and Sio Mateus
Domingos Martins
ES 2 3 0 0 and Santa Teresa
R] 5 5 5 5 Buzios
Inga subnyda subsp. ES 3 4 1 1 Santa Teresa
luschnathiana
MG-Brig 12 4 4 4 A.raponga, Ervalia and
Vicosa
Juiz de Fora, Lima
Duarte and Santa
MG-JF 6 > 1 0 Barbara do Monte
Verde
Guaratuba, Itapoa
PR 18 16 7 7 (SC), Matinhos and
Morretes
Inga vera subsp. affinis BA-South 1 0 0 0 Una
. Araponga and Sdo
MG-Brig 3 1 1 1 Gongalo do Rio Preto
R] 2 2 2 2 Petrépolis
PR 4 3 1 1 Guaratuba, Itapoa

(SC) and Morretes

OVERALL 94 72 47 38
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TABLE 2. Morphological characters used for morphometric analyses of the two
subspecies of Inga subnuda Salzm. ex Benth and Inga vera subsp. affinis and respective
descriptions.

CHARACTER  DESCRIPTION

WP Winged petiole (presence/ absence)

NP Lenght of naked petiole (mm)

NR Lenght of naked portion of proximal rachis (mm)
WAW Width of distal apex wing (mm)

WE Width of stipules (mm)

LE Lenght of stipules (mm)

LP Lenght of pedicel (mm)
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TABLE 3. Haplotype (H) and nucleotide () diversities and respective standard deviation (%)
of each species considering plastid and nuclear markers. The diversities for concatenated
sequences from both markers is provided as “overall”. IV = Inga vera; ISS = Inga subnuda
subsp. subnuda; ISL = Inga subnuda subsp. luschnathiana.

HAPLOTYPE DIVERSITY (H) NUCLEOTIDE DIVERSITY (n)
SPECIES

PLASTIDIAL
IV 0.6182 +£0.1643 0.0009 = 0.0007
ISS 0.1577 £ 0.0802 0.0001 = 0.0002
ISL 0.4433 + 0.0685 0.0006 £ 0.0005
SPECIES NUCLEAR
IV 0.8805 + 0.0360 0.0030 £ 0.0012
ISS 0.4977 = 0.0753 0.0016 = 0.0012
ISL 0.0769 = 0.0697 0.0001 = 0.0003
SPECIES OVERALL
IV 0.9103 * 0.0485 0.0008 = 0.0006
ISS 0.6203 + 0.0800 0.0006 £ 0.0005
ISL 0.4502 +0.1120 0.0004 + 0.0003
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APPENDIX 1. Table providing Specimens Codes (SP. CODE). “ISS” refers to Inga subnuda
subsp. subnuda, “ISL’ to I subnuda subsp. luschnathiana, “IVA” to I. vera subsp. affinis,
“IV” to Inga vera, “IE” to Inga edulis and “IC” to Inga capitata. The population codes
(“POP.CODES”), Herbarium Vouchers (“VOUCHER”) Location (“LOCATION”) and
Geographical Coordinates (“LAT/LONG” = latitude and longitude) are also provided for
the specimens sampled in this work. Sequences retrieved from GenBank (IV, IE and IC
codes) were not assigned to any population. Specimens without vouchers are indicated
with the collection number. The black squares indicates which methods was applied to
which specimen. “MORPHO” = Morphometric Analysis; “D-T” = trnD-trnT analysis; “ITS”
= ITS analysis. * indicates samples to be deposited in GenBank.

SP. POP. VOUCHER GEN MORPHO TrmD-ITS LOCATION LAT/LONG
CODE CODES BANK trnT
CODE
ISS076 BA- EAN13138 * Areia - PB 6°58'13.85"S
North u 35°42'57.24"W
ISS077 BA- EAN12389 * Areia - PB 6°58'13.85"S
North u 35°42'57.24"W
ISS001 BA- EAN12439 * Areia - PB 6°58'13.85"S
North u 35°42'57.24"W
ISS002 BA- VIC52345  * Ilhéus - Bahia 14°43'8.72"S
North u u 39° 4'6.89"W
ISS003 BA- VIC52346  * I1héus - Bahia 14°33'9.33"S
North u u 39° 2'40.65"W
ISS004 BA- VIC52347 * Ilhéus - Bahia 14°33'9.42"S
North u H N 39° 2'40.69"W
ISS005 BA- VIC52348 * Ilhéus - Bahia 14°33'9.35"S
North u H N 39° 2'40.71"W
ISS006 BA- VIC52349 * I1héus - Bahia 14°33'08.8"S
North u H N 39°02'40.0"W
ISS007 BA- VIC52350 * I1héus - Bahia 14°33'08.8"S
North u u 39°02'40.0"W
ISS008 BA- VIC52351 * I1héus - Bahia 14°33'08.8"S
North u H N 39°02'40.0"W
ISS009 BA- VIC52352  * I1héus - Bahia 14°33'08.1"S
North u H N 39°02'40.1"W
ISS010 BA- VIC52353 * I1héus - Bahia 14°33'08.1"S
North u H N 39°02'40.1"W
ISS011 BA- VIC52354  * I1héus - Bahia 14°33'08.1"S
North u u 39°02'40.1"W
ISS012 BA- VIC52355 * Serra Grande 14°33'08"S
North u | - Uruguca - 39°02'40.1"W
Bahia
ISS013 BA- VIC52356  * Serra Grande 14°28'45.8"S
North u H N Urucuca - 39°05'54.9"W

Bahia



I1SS014 BA-
North

ISS015 BA-
North

ISS016 BA-
North

ISS017 BA-
North

ISS018 BA-
North

ISS019 BA-
North
I1SS020 BA-
North
ISS021 BA-
North
I1SS022 BA-
South
1SS023 BA-
South
1SS024 BA-
South
ISS025 BA-
South
I1SS026 BA-
South
I1SS027 BA-
South
1SS028 BA-
South
I1SS029 BA-
South

ISS030 BA-
South

ISS031 BA-
South

ISS032 BA-
South

ISS033 BA-
South

I1SS034 BA-
South

VIC52357

VIC52358

VIC52359

VIC52375

VIC52376

VIC52377

VIC52378

VIC52379

VIC52360

VIC52361

VIC52362

VIC52363

VIC52364

VIC52365

VIC52366

VIC52367

VIC52368

VIC52369

VIC52370

VIC52371

VIC52372

Serra Grande
- Urucuca -
Bahia

Serra Grande
- Uruguca -
Bahia

Serra Grande
- Urucuca -
Bahia

Serra Grande
- Uruguca -
Bahia

Serra Grande
- Urucuca -
Bahia
Itacaré -
Bahia
Itacaré -
Bahia
Itacaré -
Bahia
Canavieiras -
Bahia
Canavieiras -
Bahia
Canavieiras -
Bahia

Una - Bahia

Una - Bahia
Una - Bahia
Una - Bahia

Una - Bahia

Una - Bahia

Una - Bahia

Una - Bahia
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14°27'46.2"S
39°02'41.6"W

14°27'46.37"S
39° 2'43.50"W

14°28'14.3"S
39°02'05.5"W

14°28'25.9"S
39°02'12.3"W

14°28'17.4"S
39°02'05.7"W

14°19'27.01"S
39°1'27.09"W
14°19'27.01"S
39°1'27.09"W
14°19'27.01"S
39°1'27.09"W
15°33'48.66"S
39° 0'7.89"W
15°27'52.0"S
38°59'33.8"W
15°27'52.0"S
38°59'33.8"W
15°23'04.2"S
39°00'03.5"W
15°21'45.1"S
39°01'22.6"W
15°20'15.42"S
39° 2'31.06"W
15°10'53.3"S
39°0021.3"W
15°10'53.3"S
39°0021.3"W
15°10'53.3"S
39°0021.3"W

15°10'53.3"S
39°0021.3"W
15°10'12.3"S
39°00'16.9"W

Ilhéus - Bahia 15°05'16.2"S

38°59'55.2"W

Ilhéus - Bahia 15°05'16.2"S

38°59'55.2"W



ISS035 BA- VIC52373  *
South
ISS036 BA- VIC52374  *
South
ISS037 ES- Garcia, F.C.P.*
North  s/n
ISS039 ES- Dutra, V. 177 *
North
I1SS040 ES- Dutra, V. 178 *
North
ISS041 ES- Dutra, V. 179 *
North
ISS045 ES- Dutra, V. 166 *
North
ISS052 ES VIES40841 *
ISS056 ES VIES40509 *
ISS060 ES VIES40502 *
ISS062 ES VIES40501 *
ISS067 ES VIES40499 *
ISS071 RJ Garcia, F.C.P.*
1116
ISS072 RJ Garcia, F.C.P.*
1117
ISS073 RJ Garcia, F.C.P.*
1115
ISS074 RJ VIC50914  *
ISS075 RJ Garcia, F.C.P.*

1119
ISL002 MG-Brig VIC37605

ISL0O05 MG-Brig VIC052031
/TS5

ISL006 MG-Brig VIC052032
ISL007 MG-Brig VIC052033
ISLO08 MG-JF VIC052024

ISL009 MG-JF VIC052025

3k
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I1héus - Bahia 15°05'16.2"S

38°59'55.2"W
I1héus - Bahia 15°05'16.2"S

38°59'55.2"W
Nova Vigosa -17°58271'S
Bahia 39°28407'W
Itatnas - 18°25'12.99"S
Espirito Santo39°42'35.57"W
Itatnas - 18°25'12.99"S

Espirito Santo39°42'35.57"W
Itatnas - 18°25'12.99"S
Espirito Santo39°42'35.57"W
Sdo Mateus - 18°43'8.96"S
Espirito Santo39°51'24.16"W
Domingos  20°22'2.03"S
Martins - 40°39'27.04"W
Espirito Santo

Santa 19°58'18.44"S
Leopoldina - 40°32'53.38"W
Espirito Santo

Santa Teresa - 19°54'17.82"S
Espirito Santo40°33'3.46"W
Santa Teresa - 19°54'17.82"S
Espirito Santo40°32'42.96"W
Santa Teresa - 19°54'48.42"S
Espirito Santo40°38'34.73"W
Blzios - Rio 22°45'29.06"S

de Janeiro 41°54'10.66"W
Blzios - Rio 22°45'31.01"S
de Janeiro  41°54'2.18"W
Buzios - Rio 22°45'34.91"S
de Janeiro 41°53'59.01"W
Buzios - Rio 22°45'40.76"S
de Janeiro 41°54'11.69"W
Buzios - Rio 22°45'38.32"S
de Janeiro 41°53'51.08"W
Araponga - 20°43'12.11"S

Minas Gerais 42°28'45.54"W
Ervalia - 20°49'41.20"S
Minas Gerais 42°39'43.60"W

Ervalia - 20°49'41.26"S
Minas Gerais 42°39'43.62"W
Ervalia - 20°49'41.25"S

Minas Gerais 42°39'43.63"W
Lima Duarte -20°39'20.7"S
Minas Gerais 41°00'23,6"W
Lima Duarte -20°39'20.7"
Minas Gerais 41°0023.6W



ISL010 MG-JF

ISLO11 MG-JF

ISLO012 MG-JF

ISLO13 MG-JF

ISL014 MG-JF

ISL049 MG-JF

ISL020 PR

ISLO21 PR

ISL022 PR

ISL0O23 PR

ISL024 PR

ISLO25 PR

ISLO26 PR

ISL0O27 PR

ISL028 PR

ISL029 PR

ISLO30 PR

ISLO31 PR

ISL032 PR

ISLO33 PR

ISL034 PR

ISLO35 PR

ISLO50 PR

VIC052026

VIC052027

VIC052028

VIC052029

VIC052030

VIC50733

VIC52329

VIC52330

VIC52331

VIC52332

VIC52333

VIC52334

VIC52335

VIC52336

VIC52337

VIC52338

VIC52339

VIC52340

VIC52341

VIC52342

VIC52343

VIC52344

VIC52566
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Santa Barbara 21°54'12.5"S
do Monte 43°40'30.5"W
Verde - Minas

Gerais

Lima Duarte -21°48'30.7"S
Minas Gerais 43°49'15.4W
Lima Duarte -21°48'30.7"S
Minas Gerais 43°49'15.5W
Lima Duarte -21°48'30.7"S
Minas Gerais 43°49'15.6W
Lima Duarte -21°48'30.7"S
Minas Gerais 43°49'15.7W
Juiz de Fora - 21°41'47.14"S

Minas Gerais 43° 8'34.90"W
Morretes -  25°50'07.5"S
Parana 48°32'54.8"W
Morretes -  25°50'01.7"S
Parana 48°31'44.5"W
Itapoa - Santa 26°04'01.9"S
Catarina 48°36'59.8"W
[tapoa - Santa 26°02'12.3"S
Catarina 48°36'59.8"W
Itapoa - Santa 26°01'52.1"S
Catarina 48°36'32.2"W
[tapoa - Santa 26°01'39.2"S
Catarina 48°36'31.6"W
Itapoa - Santa 26°01'13.3"S
Catarina 48°36'32.3"W
[tapoa - Santa 26°01'15.9"S
Catarina 48°36'35.0"W
Itapoa - Santa 26°01'04"S
Catarina 48°36'25.2"W
Itapoa - Santa 25°59'15.55"S
Catarina 48°38'35.4"W
Guaratuba - 25°57'2.21"S
Parana 48°36'56.10"W
Guaratuba - 25°57'05.1"S
Parana 48°36'29.3"W
Guaratuba - 25°55'49"S
Parana 48°35'10.2"W
Guaratuba - 25°55'49"S
Parana 48°35'10.2"W
Guaratuba - 25°55'49.0"S
Parana 48°35'15.4"W
Guaratuba - 25°55'44"S
Parana 48°35'10.8"W
Guaratuba - 25°57'02.3"S
Parana 48°36'54.3"W



ISLO51 PR

ISLO36 ES

ISLO37 ES

ISLO38 ES

ISLO39 ES

Badia, C.C.V.*
240

VIES40496 *
VIES40498 *
VIES40497 *

VIES40500 *

ISL041 MG-BrigBadia, C.C.V.*

322

ISL042 MG-BrigBadia, C.C.V.*

332

ISL043 MG-BrigBadia, C.C.V.*

330

ISL044 MG-BrigBadia, C.C.V.*

325

ISL045 MG-BrigBadia, C.C.V.*

320

ISL046 MG-BrigBadia, C.C.V.*

344

ISL047 MG-BrigBadia, C.C.V.*

340

ISL048 MG-BrigBadia, C.C.V.*

341

IVAO3 MG-Brig VIC50727  *

IVAO1 MG-BrigBadia, C.C.V.*

2

IVAO2 MG-BrigBadia, C.C.V.*

IVAO4 RJ

IVAOS5 RJ

IVAO6 PR

IVAO8 PR

IVAO9 PR

IVA10 PR

3
Badia, C.C.V.*
226

Badia, C.C.V.*
227

Badia, C.C.V.*
232
Badia, C.C.V.*
248
VIC 52634 *

Badia, C.C.V.*
265

H B Parana
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Guaratuba - 25°48'41.99"S
48°32'9.89"W
Santa Teresa - 19°55'29.46"S
Espirito Santo40°37'30.04"W
Santa Teresa - 19°55'22.80"S
Espirito Santo40°37'33.13"W
Santa Teresa - 19°55'22.80"S
Espirito Santo40°37'33.13"W
Santa Teresa - 19°54'35.33"S
Espirito Santo40°38'39.12"W

Ervalia - 20°45.635'S
Minas Gerais 42°37.010'W
Ervalia - 20°49.723'S
Minas Gerais 42°39.685'W
Ervalia - 20°49.723'S
Minas Gerais 42°39.685'W
Ervalia - 20°45.635'S
Minas Gerais 42°37.010'W
Ervalia - 20°45.915'S

Minas Gerais 42°37.271'W
Vigosa - 20°45'18.04"S
Minas Gerais 42°49'12.10"W
Vigosa - 20°45'18.04"S
Minas Gerais 42°49'12.10"W
Vigosa - 20°45'18.04"S
Minas Gerais 42°49'12.10"W
Sao Gongalo 18°4'34.91"S
do Rio Preto -43°20'50.43"W
Minas Gerais

Araponga - 20°40'49.53"S
Minas Gerais 42°27'50.20"W
Araponga - 20°40'49.53"S
Minas Gerais 42°27'50.20"W

Petropolis -  22°30'40.00"S
Rio de 43°10'40.85"W
Janeiro

Petropolis -  22°30'40.00"S
Rio de 43°10'40.85"W
Janeiro

Morretes -  25°28'05.9"S
Parana 48°49'30.1"W
Itapoa - Santa 26°01'14.1"S
Catarina 48°36'28.1"W
Guaratuba -  25°57'2.21"S
Parana 48°36'56.10"W
Guaratuba - 25°54'06.2"S
Parana 48°34'37.3"W
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IVA11 BA- VIC52568 * Una - Bahia 15°21'45.2"S
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FIG. 1. Geographical distribution of Inga subnuda subsp. subnuda and Inga subnuda
subsp. luschnathiana in Brazil based on herbarium records (coloured ellipses). Sampling
localities (coloured dots) and corresponding population codes are also indicated.
FIG. 2. Haplotype median-joining network obtained for ITS and TrnD-trnT markers. Each
circle represents a haplotype, and circle sizes are proportional to the overall frequency
of the haplotypes. The colors within each circle indicates taxonomic entities or
populations. The cross marks represent mutational differences between haplotypes. The
ougroups Inga vera, Inga edulis and Inga capitata are represented in grey tones and are
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not included in the population analysis since sequences were retrieved from GenBank
(Appendix 1). A) Network obtained for ITS marker representing Inga subnuda
subspecies and the sister groups. B) Network obtained for trnD-trnT marker
representing Inga subnuda subspecies and the sister groups. C) ITS network
representing the distribution of haplotypes within and between the sampled
populations. D) TrnD-trnT network representing the distribution of haplotypes within
and betweem the sampled populations.
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FIG 3. Bayesian phylogenetic tree indicating evolutionary relationships between Inga
subnuda subspecies considering the morphological groups by morphometric analysis
(colored by morphological groups). The posterior probabilities (PP>0.6) are represented
below branches and ages (in years) are indicated above branches. A temporal scale is
represented below the phylogenetic topology. The genetic structure provided by BAPS
are indicated by distinct symbols beside each individual. The sister groups Inga vera,
Inga edulis and Inga capitata are indicated in grey.



71

75°W 70°W 65°W 60°W 55°W 50°wW 45°W 40°wW 35°W 30°W

5°N

5°S

10°S

15°S

20°S

25°S
Genetic structure:

) (] Cluster 1
Datum: J [ Cluster2
30cs | SAD6G9 /,X M Cluster 3
N B Cluster4
0 455 910 Km
Pt

FIG. 4. Result provided by BAPS (Bayesian Analysis of Population Structure) using
Bayesian Clustering Algorithm. Each color represents one of the four genetic clusters
defined by the analysis. Pie charts colored according to the proportion of each genetic
clustering within and between populations. Populations names are indicated beside each
pie chart.
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BA-North
BA-Soutr
ES
MG-Brig
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]
M-

0
Dim1 (63.9%)

FIG. 5. Graphic derived from Principal Component Analysis considering principal
components 1 (“Dim1” in the PCA plot) and 2 (“Dim2”). The individuals of Inga subnuda
subspecies included in the analysis are described by their populations codes (Table 1,
Appendix 1). Inga vera subsp. affinis was included as supplementary data and is
represented by blue dots. The bigger symbols centralized in the ellipses indicates the
mean value that represents each population.
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3 CONCLUSOES GERAIS E PERSPECTIVAS

Estudos previamente realizados em Inga subnuda apontaram que as duas subespécies
atualmente descritas para este tdxon sdo divergentes entre si, tanto em termos morfométricos
quanto bioclimaticos (CASTRO, 2018). No entanto, a relagdo entre Inga subnuda subsp.
luschnathiana e Inga vera subsp. affinis, cuja distingdo morfoldgica ¢ extremamente dificil,
ainda ndo havia sido avaliada. O presente estudo contribuiu com evidéncias adicionais para a
distingdo entre as subespécies de Inga subnuda, além de apresentar as relagdes entre estas e

Inga vera subsp. affinis.

Aqui, utilizamos os caracteres previamente reportados como estatisticamente
explicativos para separar ambas as subespécies de Inga subnuda pela morfometria (CASTRO,
2018) a um novo conjunto de dados composto por espécimes coletados em campo.
Adicionamos alguns outros caracteres numa tentativa de distinguir /. subnuda de Inga vera
subsp. affinis apos observacdes em campo ¢ estudos dos materiais herborizados utilizados por
Castro (2018). Os resultados obtidos indicam que dois caracteres distinguem Inga subnuda
subsp. subnuda das demais subespécies; e, entre Inga subnuda subsp. luschnathiana e Inga
vera subsp. affinis nenhum trago morfoldgico apresentou suporte estatistico que possibilitasse

uma delimitacdo confiavel.

A fim de compreender a relagdo entre essas entidades taxonomicas de forma integrativa,
utilizamos dados moleculares para acessar a diversidade e estruturagdo genética entre as trés
subespécies amostradas. As diversas evidéncias obtidas apontam [Inga subnuda subsp.
subnuda como um taxon mais coeso morfologicamente e bem estruturado geneticamente,
sendo distinto de Inga subnuda subsp. luschnathiana e Inga vera subsp. affinis. Os dados

moleculares coincidiram, portanto, com os dados obtidos pela morfometria.

A proximidade morfoldgica entre as espécies Inga subnuda subsp. luschnathiana e Inga
vera subsp. affinis previamente reportada por especialistas do género (BENTHAM, 1845;
GARCIA, 1998; PENNINGTON, 1997) foi corroborada neste trabalho. De acordo com os
resultados obtidos, sugerimos o resgate de Inga subnuda subsp. luschnathiana ao status de
espécie, assim sendo circunscrita novamente como /nga luschnathiana. O resgate deste tdxon
a nivel de espécie ird refletir melhor a relagdo filogenética do grupo, desvinculando-o da

proximidade morfoldgica que a atual circunscrigdo sugere.
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A dificuldade em quantificar eventos mutacionais em um género de recente
diversificacdo foi evidenciada pelo baixo valor de suporte obtido em alguns resultados (e.g.
padrdes demograficos e inferéncias filogenéticas). Estudos utilizando um maior conjunto de
dados e métodos mais robustos, como o sequenciamento de nova geragdo, aumentariam um
pouco a resolugdo entre estas populagdes, embora ainda assim seja desafiador trabalhar com
um género tdo recente (NICHOLLS et al, 2015). Estudos morfoanatdmicos considerando a
densidade do indumento foliar e o tipo de tricomas também podem contribuir para um melhor
entendimento da proximidade morfologica entre Inga subnuda subsp. luschnathiana e Inga

vera subsp. affinis.
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