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Resumo

A diversidade de tragos florais atrai diferentes grupos de polinizadores. Essa
premissa embasa a teoria das sindromes de polinizagdo. No género Petunia, as
diferentes sindromes de polinizagdo estdo relacionadas a rdpida diversificacdo das
espécies do género, tornando-o um potencial modelo para estudos sobre as respostas
genéticas e morfoldgicas das trocas de polinizadores. Nessa tese o objetivo central foi
descrever os processos de especiagdo no género Petunia através da caracterizacdo das
sindromes florais em hibridos interespecificos de primeira geracdo entre as espécies
Petunia axillaris, P. exserta e P. secreta que apresentam sindromes florais distintas. Para
atingir nossos objetivos utilizamos diversas metodologias para avaliar diferentes tracos
florais atrativos aos polinizadores. Nos capitulos 1 e 2 realizamos analises in silico
utilizando sequéncias gendmicas de genes relacionados a determinagdo da cor visivel,
resposta sob luz ultravioleta, producio de aroma e néctar. A comparacao filogenética de
multiplas espécies da familia Solanaceae recuperou as relagdes filogenéticas das
espécies dentro de cada género. A analise das regides regulatorias demonstrou forte
atuacdo do componente filogenético na distingdo dos cis-elementos entre os clados de
tubo longo e tubo curto de Petunia. No capitulo 3, analisamos os tragos florais dos
hibridos F1 e das espécies canonicas mediante medi¢des, morfologia, analise de
coloragdo, resposta a luz UV, caracterizagdo do néctar, contagem de polen e
receptividade estigmatica. Chegamos a sindromes diferentes para os hibridos
envolvendo P. axillaris e os hibridos entre P. exserta e P. secreta. No capitulo 4,
analisamos a expressdo dos genes relacionados aos fenotipos atrativos tanto nos
hibridos quanto nas espécies canonicas € concluimos que a presenca de polimorfismos
naturais nos individuos parentais promoveu elevada variabilidade na expressdao dos
genes dificultando a associa¢dao aos fendtipos. No capitulo 5, realizamos anélises in
silico de aprendizado de maquina e arvores de decisdo a partir de dados fenotipicos. Os
resultados obtidos foram semelhantes aos encontrados no capitulo 3, comprovando a
utilidade das andlises in silico para a identificagdo das sindromes florais, norteando
novos experimentos na natureza. Em conjunto, nossos dados mostraram a complexidade
da interagdo planta-polinizador sobre os processos de especiagdo no género Petunia,
destacando a importancia da investigagdo interdisciplinar para elucidar os mecanismos

de evolucgao das sindromes florais.



Abstract

The diversity of floral traits attracts different groups of pollinators. This premise
supports the pollination syndromes theory. In the genus Petunia, the different
pollination syndromes are related to the rapid species diversification, making the genus
a potential model for studies on the genetic and morphological responses to pollinator
shifts. In this thesis, the main objective was to describe the speciation processes in the
genus Petunia through the characterization of floral syndromes in first-generation
interspecific hybrids between the species Petunia axillaris, P. exserta, and P. secreta,
which present distinct floral syndromes. To achieve our objectives, we use different
methodologies to evaluate floral traits attractive to pollinators. In Chapters 1 and 2, we
performed in silico analyses using genomic sequences of genes related to the
determination of visible color, response to ultraviolet light, aroma, and nectar
production. Phylogenetic comparisons in the Solanaceae family recovered the
phylogenetic relationships of species within each genus. The analysis of regulatory
regions demonstrated the phylogenetic component’s crucial role in distinguishing the
cis-elements between the long-tube and short-tube clades of Petunia. In Chapter 3, we
analyzed the floral traits of F1 hybrids and canonical species through morphology
measurements, color analysis, response to UV light, nectar characterization, pollen
amount, and stigmatic receptivity. We observed different floral syndromes for hybrids
following the parental species. In Chapter 4, we analyzed the expression of genes
related to attractive phenotypes in both hybrids and canonical species and concluded
that the presence of natural polymorphisms in parental individuals promoted high
variability in gene expression, making association with phenotypes difficult. In Chapter
5, we perform in silico machine learning and decision tree analysis from phenotypic
data. The results obtained were similar to those found in Chapter 3, proving the
usefulness of in silico analyses for identifying floral syndromes, guiding new
experiments in nature. Taken together, our data showed the complexity of
plant-pollinator interactions on speciation processes in the genus Petunia, highlighting
the importance of interdisciplinary research to elucidate the mechanisms of evolution of

floral syndromes.



Introducio Geral

Sindrome de poliniza¢ao: do gene ao fenotipo e efeitos da atracio

As flores desempenham um papel fundamental na comunicagdo entre plantas e animais
polinizadores nas Angiospermas. A diversidade de caracteristicas florais reflete uma
adaptacdo complexa guiada por agentes polinizadores, antagonistas florais e fatores
abioticos (Strauss and Whitall, 2006; Harder and Johnson, 2009; van der Niet et al.,
2014; Gervasi and Schiestl, 2017; Campbell et al., 2018; Caruso et al., 2018; Dellinger,
2020).

Para garantir a polinizagdo bem-sucedida, as plantas utilizam uma variedade de
sinais florais, como morfologia, cor visivel, resposta a luz UV, aroma e tamanho da flor
para atrair e guiar os polinizadores. Como recompensa pelo gasto energético, néctar,
polen, 6leo ou resina sdo oferecidos aos polinizadores (Wester and Lunau 2017). Cada
conjunto de tracos florais atrai diferentes grupos de polinizadores com base em seus
atributos sensoriais, preferéncias alimentares, comportamento, morfologia e atividade
(Fenster et al., 2004; Dellinger, 2020), fendmeno conhecido como sindrome de
polinizagdo. Esta teoria postula que as flores se adaptam ao seu grupo de polinizadores
funcionais mais eficientes que selecionam a combinagao de tracos florais mais atrativa e
recompensadora (Fenster et al., 2004). Atualmente sdao reconhecidos 11 grupos
funcionais: abelhas, passaros, morcegos, moscas, vespas, mariposas, borboletas, moscas
de lingua longa, besouros, moscas varejeiras e mamiferos ndo voadores
(Rosas-Guerrero ef al., 2014; Ashworth et al., 2015; Dellinger, 2020).

O conjunto de tragos florais que atraem mariposas noturnas sdo: flores cuja
corola absorvam luz no comprimento de onda de UV (que a destaca contra as folhagens
durante a noite), coloragdo branca ou pastel, tubo longo que abriga néctar volumoso e
pouco concentrado, emissdo de aromas doces e fortes durante a noite que facilitam a
localizagdo pelas mariposas a longas distancias (Faegri and Pijl 1979; Willmer, 2011;
Neto, 2013; Sheehan et al., 2016; Albuquerque-Lima et al., 2020). Para polinizadores
diurnos como beija-flores e abelhas as flores mais atraentes possuem cores vibrantes e
corolas reflexivas a UV. Além disso, beija-flores preferem flores tubulares, sem aroma,
com néctar volumoso € pouco viscoso, cujas cores normalmente variam de vermelho a
laranja (Castellanos et al., 2004; Wilson et al., 2007), enquanto abelhas visitam flores
de tons de amarelo, rosa, violeta, padrdes UV formando guias de néctar e odor doce

com néctar viscoso e pouco volumoso (Prance, 1985).



Claramente, a previsibilidade das sindromes de polinizacdo ¢ maior em espécies
dependentes de polinizadores. Portanto, plantas dioicas, monoicas e hermafroditas
autoincompativeis polinizadas por animais estdo sujeitas a selecdo mais consistente de
caracteristicas florais do que espécies autocompativeis (Rosas-Guerrero et al., 2014). A
distribuigdo geografica também influencia a relagdo entre plantas e polinizadores.
Espécies cuja polinizacdo estd relacionada a todos os tipos de moscas, vespas e
mamiferos ndo voadores sdo encontradas principalmente em regides extratropicais,
enquanto espécies de plantas quiropterofilas (polinizadas por morcegos) sao quase
exclusivas de regides tropicais (Rosas-Guerrero et al., 2014). Além disso, as sindromes
de polinizagdo que ocorrem em diferentes partes do mundo como as dependentes de
morcegos € passaros apresentam diferentes combinagdes de caracteristicas (Fleming et
al., 2009; Dellinger, 2020). Por exemplo, a cor vermelha de flores polinizadas por
passaros e abelhas, que tém mudangas na reflectancia que afeta a maneira como a flor é
vista pelos polinizadores no Velho Mundo e no Novo Mundo. Isso faz com que as flores
do Novo Mundo sejam mais especializadas para a visdo de beija-flores e passaros,
tornando-se “invisiveis” para as abelhas (Chen et al., 2020).

De fato, a maioria das flores ¢ visitada por varios grupos funcionais de
polinizadores (por exemplo, Waser et al., 1996; Ollerton et al., 2007). Durante a busca
por alimento, os polinizadores tendem a explorar flores, mesmo aquelas que ndo
atendem suas preferéncias, durante o processo de forrageamento. Quando um animal
visita uma flor e transfere uma grande quantidade de pdlen, ¢ considerado o polinizador
eficaz da espécie (Fenster et al., 2004). Quando a transferéncia de pdlen ¢ limitada,
esses animais sdo conhecidos como polinizadores secundarios (Rosas-Guerrero et al.,
2014). No entanto, também existem visitantes antagonistas, que sao atraidos para a flor
pelos mesmos atributos que os polinizadores, mas atuam como florivoros e ladrdes de
néctar, ndo contribuindo para a polinizagdo, mas exercendo pressdo sobre o
estabelecimento dos tragos florais (Bartkowska and Johnston 2012; Gélvez-Zuniga et al.
2018).

Os polinizadores secundérios das plantas pertencem a grupos de polinizadores
que se originaram mais cedo na histdria evolutiva do que o grupo de polinizadores
primarios previsto pela sindrome. Algumas das transigdes mais comuns em sistemas de
polinizagdo de abelha para mariposa, de abelha para péassaro e de passaro para morcego
(van der Niet and Johnson, 2012). Isso implica uma troca de sindrome de polinizagdo ao

longo da evolugdo das angiospermas. Portanto, tracos florais tém o potencial de se



adaptar mediante novas condi¢des de polinizacdo seletiva (Kay et al., 2005; Whittall
and Hodges, 2007; Rosas-Guerrero et al., 2014).

Petunia Juss. ¢ um género da familia Solanaceae com uma histéria de
diversificacao recente (Lorenz-Lemke ef al., 2010; Sarkinen et al., 2013), relacionada a
diferentes sindromes de polinizag¢do e isolamento geografico (Fregonezi et al., 2013),
sendo um género endémico da América do Sul (Stehmann ef al., 2009). O comprimento
do tubo da corola delimita dois grupos de espécies nesse género (Reck-Kortmann et al.,
2014). As espécies do clado de tubo curto sdo roxas e polinizadas por abelhas coletoras
de néctar e pdlen, enquanto as espécies de tubo longo tém corola de cores variadas e
sindromes de polinizagdo diferentes (Reck-Kortmann et al., 2014). O segundo grupo ¢
composto por trés espécies, P. axillaris (Lam.) Britton, Sterns & Poggenb., P. exserta
Stehmann e P. secreta Stehmann & Semir e a espécie P. occidentalis R.E. Fr. (endémica
da regido subandina na Argentina e cujas caracteristicas morfoldgicas a aproximam das
espécies de tubo curto) (Reck-Kortmann et al., 2014).

Petunia axillaris ¢ descrita como polinizada por mariposas noturnas, sendo a
espécie Manduca sexta sua polinizadora efetiva (Ando et al., 1995; Venail et al., 2010;
Klahre ef al., 2011), embora existam relatos de vespas e abelhas como visitantes florais
relativamente frequentes (Ando, 2001; Hoballah et al., 2007). A corola é branca e
absorve a luz ultravioleta (Sheehan et al., 2016). As flores produzem forte aroma ao
anoitecer (Oyama-Okubo et al., 2005; Klahre et al., 2011) e tém grande volume de
néctar quando comparado com as espécies polinizadas por abelhas (Stuurman et al.,
2004; Galliot et al., 2006). Petunia secreta ¢ uma espécie que divergiu recentemente a
partir de P, axillaris (Reck-Kortmann et al., 2014). Como caracteristicas apresenta a flor
com corola rosa e nao-perfumada (Stehmann and Semir, 2005), que reflete luz UV
(Rodrigues et al. 2018); o néctar produzido tem volume e concentragdo de aglcar
menores que os observados em P. axillaris (Gleiser et al., 2014; Rodrigues et al., 2018).
Essa espécie ¢ polinizada por abelhas solitarias do género Pseudagapostemun, embora o
conjunto de tragos florais seja atrativo também a outros visitantes florais com potencial
de polinizadores como beija-flores (Rodrigues et al., 2018). Petunia exserta ¢é a espécie
do género de corola vermelha e reflexiva a luz UV (Esfeld et al. 2018), com estames e
estigmas excertos (Stehmann, 1987; Lorenz-Lemke et al., 2006), grandes quantidades
de néctar e que ndo produz aromas florais (Stehmann, 1987; Stehmann et al., 2009;

Segatto et al., 2014). Esses atributos correspondem a flores polinizadas por beija-flores,



os quais ja foram documentados visitando as flores de P. exserfa na natureza e em
cultivo.

Alteragdes nas caracteristicas florais de Petunia t€ém sido associadas a mudancas
na sindrome floral. Cor e aroma floral sdo caracteristicas bastante estudadas, o que torna
Petunia um organismo modelo para estudos da genética e evolugdo das sindromes de
poliniza¢do (Gubitz et al., 2008; Vandenbussche et al., 2016).

A cor visivel da corola e a resposta a luz UV sdo dadas por metabolitos
secundarios da classe dos flavonoides e incluem antocianinas e flavonois
(Winkel-Shirley, 2001). Os ultimos substratos comuns entre antocianinas e flavondis
sdo diidroflavondis. A acdo da enzima flavonol sintase (FLS) produz flavonois,
enquanto a diidroflavonol-4-redutase (DFR) produz antocianinas em cores
laranja-vermelho, magenta ou azul (Winkel, 2006). Fatores de transcri¢ao que ativam a
producdo de flavondis e antocianinas sdo responsaveis pelo equilibrio dos caminhos e
acumulagdo de metabolitos.

A cor branca em P. axillaris ocorre devido a auséncia de antocianina promovida
pela inativacdo do fator de transcricdo AN2, que ativa os genes biossintéticos DFR e de
antocianina “downstream” (Quattrocchio et al., 1999). A cor roxa retorna a corola de P.
secreta devido a ressurreicdo de AN2 por uma muta¢do restauradora de um unico
quadro de leitura (Esfeld et al., 2018). A cor vermelha de P. exserta ¢ mais complexa,
pois o gene DFR nao reconhece diidrocaempferol, o intermedidrio que da origem a
antocianina vermelha (pelargonidina) (Johnson ef al., 2001) e o gene AN2 ndo ¢
funcional. No entanto, o pardlogo do AN2, DEEP PURPLE (DPL), restaura a
biossintese de antocianinas que, juntamente com outros genes, cria a cor vermelha a
partir do equilibrio entre cianidina e delphinidina (Berardi et al., 2021).

O MYB-FL ¢ um fator de transcricdo que ativa FLS e genes biossintéticos de
flavonol a jusante (Sheehan et al., 2016). Este inico gene pode influenciar as diferencas
nos niveis de flavonol e, consequentemente, a resposta a luz UV em espécies de
Petunia. A regulagdo positiva de MYB-FL determina o acimulo de flavonol e
caracteristicas de absor¢do de UV em P. axillaris. A regulagdo negativa em P. secreta e
a inativacdo em P, exserta determinam o traco de corola refletora de UV, ja que o gene ¢
ndo funcional e o acumulo de flavonoides ¢é prejudicado (Sheehan et al., 2016; Esfeld et
al., 2018). A diferenca na expressao de MYB-FL entre P. axillaris e P. secreta foi

associada a uma mutagao cis-regulatoria (Esfred ef al., 2018).
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A emissdo de aromas pela ativagdo dos  volateis florais
benzenoides/fenilpropanoides (do inglés, FVBP) é uma caracteristica-chave para atrair
mariposas noturnas em P axillaris (Amrad et al., 2016). Existe uma maquinaria
regulatéria da emissdo de volateis por fatores de transcri¢ao. O gene Odorant 1 € o
principal ativador da via, ligando-se ativamente a varios genes (Verdonk et al., 2005;
Boersma et al., 2022). Os genes Emission of Benzenoid 1 e 11 (EOBI e EOBII) ativam
conjuntamente a transcricdio do gene ODOI1 durante a noite € o Late Elongated
Hypocotyl (LHY) inativa a expressao de ODO1 durante o dia (Colquhoun et al., 2011;
Spitzer-Rimon et al., 2010, 2012; Fenske et al., 2015; Chopy et al., 2023). Portanto, o
pico de emissdo de volateis coincide com o hordrio de forrageamento maximo da
mariposa Manduca sexta a noite (Fenske et al., 2015).

A perda de aromas florais em P. exserta durante a transi¢ao para a polinizagao
por beija-flores deve-se a redug¢do na expressao do gene ODO1 e a inativacdo do gene
Cinnamate:CoA Ligase (CNL), um gene intermediario (Amrad et al., 2016). Relata-se
que as flores de P. secreta sdo inodoras (Stehmann and Semir, 2005), mas os volateis
emitidos pelo pdlen sdo atrativos para abelhas (Rodrigues et al., 2018). Em P. inflata,
uma espécie de tubo curto polinizada por abelhas, a biossintese volatil ¢ bloqueada pela
inativagao de genes de final de via, como a
Benzoyl-CoA:Benzylalcohol/2-Phenylethanol =~ Benzoyltransferase (BPBT) e a
S-Adenosyl-1-Methionine:Benzoic Acid/Salicylic Acid Carboxyl Methyltransferase
(BSMT) (Amrad et al., 2016).

O género Petunia oferece dois tipos de recompensas florais, néctar e pélen. A
atratividade do néctar depende ndo apenas da quantidade de néctar produzida, mas
também da concentracdo de acucar e da composicao quimica (Vandelook et al., 2019).
O agucar que faz parte do néctar pode ser derivado do floema por translocacdo ou
originar-se da hidrdlise do amido acumulado nos nectarios (Pacini and Nepi, 2007; Heil,
2011). A proteina Nectary 1 (NECI), identificada como SWEET9 em outros trabalhos,
funciona como um transportador de agucar especifico do néctar e ¢ crucial para a
producao de néctar, influenciando a concentracao e a viscosidade do néctar (Lin et al.,
2014).

As espécies de Petunia ndo apresentam barreiras reprodutivas de
pos-polinizagdo exibindo diferentes sindromes de polinizagdo como uma barreira

pré-zigotica. Por isso, Petunia ¢ um modelo interessante para investigar a divergéncia
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impulsionada pelos polinizadores e de como as principais caracteristicas florais afetam

o comportamento dos polinizadores.

Hibridacao em Petunia

A hibridagdo sempre foi reconhecida como um processo significativo na diversificacao
das plantas e pode ocorrer em uma regido continua de simpatria das espécies (Milne et
al., 1999) ou em zonas de contato secundario entre as espécies parentais (Abbott, 2017).
Em Petunia, a hibridacao entre P. axillaris, do clado de tubo longo, e P. integrifolia
(Stehmann et al., 2009), P. interior (Segatto et al., 2014) ou P. inflata (Bombarely et al.,
2016), todas do clado de tubo curto, deu origem as diversas variedades comerciais de P.
hybrida que estdo presentes em diferentes paises. Adicionalmente, a hibridagdo
interespecifica natural tem sido relatada entre diferentes espécies do género
(Lorenz-Lemke et al. 2006; Giudicelli et al. 2019; Pezzi et al., 2022).

Petunia axillaris ¢ amplamente encontrada nos campos do Pampa no Brasil (Rio
Grande do Sul), Argentina e Uruguai, e em campos do Paraguai e Bolivia (Ando et al.,
2001). Em varias localidades, a distribui¢ao de P. axillaris se sobrepde com a de outras
espécies do género, como P. exserta. Petunia exserta ¢ endémica da localidade
denominada Guaritas, uma formacdo rochosa na Serra do Sudeste, no sul do Brasil.
Embora cresgam em simpatria, P. exserta e P. axillaris estdo parcialmente isoladas em
micro-habitats adjacentes, enquanto as plantas de P. exserta crescem apenas dentro dos
abrigos (fendas sombreadas) das torres de arenito, onde estdo protegidas da chuva direta
e da luz solar, os individuos de P. axillaris crescem em habitats abertos e ensolarados
(Turchetto et al., 2015). A aproximadamente 30 km das Guaritas, na Pedra do Segredo
ocorre a Petunia secreta, outra espécie endémica, que cresce em areas abertas em torres
de arenito (Turchetto et al., 2015; Rodrigues et al., 2018).

Na regido onde P. axillaris e P. exserta co-ocorrem, plantas com flores com
caracteristicas morfoldgicas intermedidrias entre os tipos candnicos dessas espécies tém
sido encontradas todos os anos desde 2002, compartilhando o mesmo micro-habitat com
P exserta. A cor atipica da flor, variando de rosa escuro a levemente rosado, ¢ o
principal traco distintivo para os individuos intermediarios (Teixeira et al., 2019).
Alguns trabalhos baseados em marcadores moleculares e morfologia sugeriram
hibridizag¢do interespecifica, € com base na germinabilidade e no desenvolvimento de
plantas com individuos de cor intermediaria, estas sao férteis e viaveis (Lorenz-Lemke

et al., 2006; Turchetto et al. 2015; 2019; Teixeira et al., 2020). Esta nova linhagem
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aumentou ao longo de mais de duas décadas de observagdes, mostrando estabilidade
populacional com hibridos de segunda geracao e retrocruzamentos e tem sido associada
a introgressdo nas espécies parentais (Teixeira et al., 2020; Schnitzler et al., 2020;
Caballero-Villalobos et al., 2021; Pezzi et al., 2022).

Recentemente, uma nova populacdo na Serra do Sudeste, proxima a rodovia
BR-290, exibiu uma intrigante varia¢do na cor das flores, que variava de roxo claro a
escuro, sugerindo tratar-se de uma hibridagdo entre uma espécie com corola branca e
outra com flores roxas (Pezzi et al., em preparacdo). Também ha relatos de individuos
com caracteristicas morfologicas intermediarias entre P. exserta e P. secreta na Pedra do
Segredo, dos quais ha poucas informagdes (Backes et al., 2024).

A hibridagdo ¢ mais provavel de ocorrer em populagdes autocompativeis, como
¢ o caso de P. secreta (Stehmann and Semir, 2005), P. exserta testado em estufa, dados
ndo publicados) e P. axillaris (quando em simpatria com outras espécies; Kokubun et
al., 1997). Embora diferentes sindromes de polinizacdo atuem como uma barreira
pré-zigdtica (Lorenz-Lemke et al., 2006; Fregonezi et al., 2013; Segatto et al., 2014;
Hermann et al., 2015; Amrad et al., 2016; Esfeld et al., 2018), existem relatos de
visitacdo de abelhas coletoras de pdlen e beija-flores em P. axillaris (estes Ultimos em
populacdes do Uruguai), e borboletas em P. secreta. Além disso, na Pedra do Segredo,
onde ocorre P. secreta, é relatado a presenca de grandes populagdes mariposas noturnas,
e na regido das Guaritas as populagdes de P. exserta sdo pequenas e espagadas, o que
pode influenciar os beija-flores a buscar recursos além das flores ornitofilas.

Individuos hibridos podem atrair os mesmos polinizadores que seus parentais
repetindo as sindromes de polinizagdo, e adotando alguma barreira pré- ou pds-zigdtica,
ou atrair novos polinizadores alterando a dindmica de interagdo com os visitantes florais
jé existentes. Para hibridos homoploides, mecanismo que gera novas espécies e aumenta
a biodiversidade sem qualquer alteragdo no niimero de cromossomico (Abbott et al.
2013), como em Petunia, a atragdo de uma nova guilda de polinizadores favorece a
especiagdo (Marques et al., 2016) por estabelecer barreiras pré-zigoticas. Entretanto,
pouco se sabe sobre os provaveis polinizadores € mantenedores das populagdes hibridas
naturais entre as espécies P. axillaris, P. secreta e P. exserta.

Diferentes estratégias sdo utilizadas para estabelecer e validar o polinizador
efetivo de uma espécie. As mais cldssicas envolvem observacdes a campo,
estabelecendo frequéncia de visitacdo, remocao de polen e deposicdo destes nos

estigmas, identifica¢do e quantificacdo de pdlen no corpo dos polinizadores e aplicagao
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das sindromes florais (Stehmann and Semir, 2001; Dafni et al., 2005; Solis-Montero and
Vallejo-Marin, 2017). Durante os anos de monitoramento das populagdes hibridas,
poucas visitagdes de polinizadores foram registradas. Além disso, as espécies de
Petunia de tubo longo tem polen amarelo com poucas ou nenhuma diferenca estrutural
entre elas (Stehmann, 1999), o que dificulta a distingdo das espécies baseado no pdlen.
Uma vez que o fendtipo ¢ resultado da interacdo entre a expressdo dos genes € o
ambiente, entende-se que as modificagdes dos fenotipos atrativos aos polinizadores
encontrados nas espécies de Petunia t€ém bases genéticas. Alguns genes sao apontados
como chave nas transi¢des de sindromes de polinizacdo por promoverem modifica¢des
nos tragos morfoldgicos. Todo o processo, desde a sequéncia genética, passando pela
regulacdo genética até a expressdo do fendtipo, ¢ complexo e envolve muitas variaveis.
Por esses motivos aplicamos diferentes metodologias, desde a genética até a morfologia,
para investigar as sindromes de polinizagdo dos hibridos interespecificos F1 entre P.
axillaris, P. secreta e P. exserta. Os experimentos foram realizados em casa de

vegetacao a fim de maximizar a homogeneidade nas analises.
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Objetivos

Contribuir para o entendimento dos processos de especiagdo no género Petunia através

da caracterizagdo das sindromes florais das espécies Petunia axillaris, P. exserta e P.

secreta e seus hibridos de geragdo F1.

Objetivos especificos:

1.

Verificar se genes relacionados a atracao de polinizadores sdo conservados entre
as espécies de Solanaceae devido a convergéncia ou se a historia evolutiva
reflete a ancestralidade comum de cada género.

Encontrar pistas que expliquem a ocorréncia de sindromes florais divergentes
entre espécies que conservam sequéncias de codificagdo ou que indiquem
adaptagdo convergente a um determinado tipo de polinizador.

Investigar as caracteristicas morfologicas dos hibridos entre espécies de Petunia
que ocorrem na mesma area geografica e que hibridam naturalmente.

Analisar a expressao génica nas espécies canonicas de Petunia e os seus hibridos
F1 interespecificos e identificar a correlacdo entre a expressdo de genes e o
fenotipo observado nos hibridos.

Inferir o polinizador mais plausivel para os hibridos F1 entre espécies de
Petunia utilizando modelagem in silico da combinagao entre fendtipo observado
e a hipdtese de correspondéncia de tragos inerente ao conceito de sindrome de

polinizagao.
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Apresentacao da tese

A presente tese estd dividida em cinco capitulos de forma a abordar os objetivos
estabelecidos no projeto.

Os capitulos 1 e 2 envolvem andlises in silico a partir de sequéncias gendmicas
de genes cruciais no estabelecimento de fendtipos atrativos e recompensadores para
polinizadores. No capitulo 1, analisamos as sequéncias de quatro genes das rotas de
producdo de pigmentos responsaveis pela cor visivel e resposta sob luz ultravioleta,
produ¢do de aroma e néctar em espécies da familia Solanaceae com diferentes
sindromes florais. A comparagdo das multiplas espécies intentou identificar sequéncias
€ motivos proteicos convergentes entre espécies que compartilham os mesmos fenotipos
e, por outro lado, identificar aqueles que possam explicar as transigdes entre
polinizadores nestas espécies.

No capitulo 2, partimos para uma analise detalhada das regides regulatorias dos
mesmos genes estudados no capitulo 1, adicionando mais dois importantes genes na
biossintese de aromas, agora apenas comparando as quatro espécies do género Petunia
que tem seus genomas sequenciados. Duas destas espécies compartilham o mesmo
grupo funcional de polinizadores, enquanto que as outras duas tem sindromes florais
diversas. Novamente partimos da premissa de convergéncia entre espécies com
fendtipos compartilhados e buscamos por divergéncias regulatdrias para explicar a
transi¢do entre polinizadores.

No capitulo 3, realizamos cruzamentos interespecificos ¢ medimos os diferentes
aspectos que constituem as sindromes florais, comparando hibridos e parentais
candnicos em ambientes controlados.

No capitulo 4, analisamos a expressao dos genes estudados nos capitulos 1 e 2
nos hibridos caracterizados no capitulo 3 e seus parentais usando como ferramenta
analises de qRT-PCR na tentativa de identificar o impacto de tais genes no fenotipo dos
hibridos.

Por fim, no capitulo 5, realizamos andlises in silico integrando os resultados do
capitulo 3 em uma abordagem de aprendizado de méquina com trés modelos de
combinacdo de tragos. Este capitulo visou inferir, a partir do conhecimento das
sindromes florias dos parentais, quais os polinizadores mais provaveis dos hibridos

interespecificos.
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Capitulo 1
Phylogenetic analyses of some key genes provide information on pollinator
attraction in Solanaceae
Aléxia G. Pereira, Sebastidan Guzman-Rodriguez, Loreta B. Freitas

Artigo publicado no periddico Genes
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Resumo

As sindromes florais s3o conhecidas pelas caracteristicas morfologicas conservadas nas
flores associadas com atracdo de polinizadores, como formato e cor da corola, emissdo e
composi¢do de aroma, e recompensas, principalmente o volume de néctar e a
concentragdo de agucar. Aqui, empregamos uma abordagem filogenética para investigar
sequéncias de genes envolvidos nas vias biossintéticas responsaveis por alguns
fenotipos atrativos para polinizadores usando genomas de espécies da familia
Solanaceae. Incluimos genes envolvidos na determinagdo da cor visivel, resposta a luz
UV, emissdo de aroma e produgdo de néctar para testar a hipotese de que esses genes
essenciais evoluiram por convergéncia sob a selecdo de polinizadores. Nossos
resultados refutaram esta hipdtese, pois todos os genes estudados recuperaram as
relagdes filogenéticas das espécies em cada género, embora alguns sitios tenham sido
selecionados positivamente. Encontramos diferencas nos motivos proteicos entre os
géneros estudados de Solanaceae que ndo estavam necessariamente associadas a mesma
sindrome floral. Embora tenham um papel crucial na diversificagdo das plantas, a
interacdo planta-polinizador ¢ complexa e ainda precisa investigagdes mais
aprofundadas, incluindo genes evoluindo ndo apenas sob a influéncia de polinizadores,
mas pela soma de diversas forcas evolutivas ao longo do processo de especiacdo em

Solanaceae.
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Abstract: Floral syndromes are known by the conserved morphological traits in flowers associated
with pollinator attraction, such as corolla shape and color, aroma emission and composition, and
rewards, especially the nectar volume and sugar concentration. Here, we employed a phylogenetic
approach to investigate sequences of genes enrolled in the biosynthetic pathways responsible for some
phenotypes that are attractive to pollinators in Solanaceae genomes. We included genes involved
in visible color, UV-light response, scent emission, and nectar production to test the hypothesis that
these essential genes have evolved by convergence under pollinator selection. Our results refuted
this hypothesis as all four studied genes recovered the species” phylogenetic relationships, even
though some sites were positively selected. We found differences in protein motifs among genera
in Solanaceae that were not necessarily associated with the same floral syndrome. Although it has
had a crucial role in plant diversification, the plant—pollinator interaction is complex and still needs
further investigation, with genes evolving not only under the influence of pollinators, but by the sum
of several evolutionary forces along the speciation process in Solanaceae.

Keywords: Solanaceae; molecular evolution; plant-pollinator interaction; ODO1; MYB-FL; NEC1; DFR

1. Introduction

The plant—pollinator interaction occurs through a set of floral traits attractive to
pollinators that are determined by genes in association with the environment, which
favor specific or general interactions. The classic characterization for floral syndromes
involves specific interactions that would occur by the convergent evolution of floral traits
to the preferences of groups of effective pollinators, which in turn would increase the
reproductive success of flowering plants [1,2]. However, this concept is often based on
datasets that frequently include qualitative traits, such as flower color, scent, size, symmetry,
and orientation, as well as the timing of anthesis, the position of sexual organs, UV-light
response, and rewards. Rarely, quantitative characteristics, such as the corolla shape and
the length of the corolla tube, are also included. For this reason, there is a recent debate
encouraging the exploration of new areas of phenotypic evolution, mainly considering the
(post-)genomic era [3].

In Solanaceae, some species have served as models for the identification of genes
involved in the transition of floral traits during the pollinator shifts [4-8]. In the genus
Petunia, the transition from purple to white-flowered species is due to a premature stop
codon in the anthocyanin 2 (AN2; an anthocyanin pathway gene) that makes the protein
non-functional [9]. Likewise, an extra single-point mutation in the same gene leads to the re-
functionalization of a functional protein, which re-introduces the pink-colored flowers [10].
These changes promote the transition from bee pollination observed in short-corolla-tube,
pink-colored species, to hawkmoth pollination in long-corolla-tube, white-flowered species
and, again, to bee pollination in long-corolla-tube, pink-flowered ones. In Nicotiana, the
later activation of di-hidroflavonol-4-reductase (DFR; an anthocyanin pathway early gene)
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during floral development decreases anthocyanidin accumulation, and the interaction
between DFR and other genes in the anthocyanin and flavonoid pathways promotes
the transition from white to dark-pink flowers and their respective pollinators [11]. The
upregulation of the flavonol synthesis pathway due to the changes in the promoter of
the transcription factor R2R3 MYB (MYB-FL) promoted the gain of UV absorbance that
attracts nocturnal pollinators in Petunia species [5], and the loss of this characteristic by
the inactivation of MYB-FL was related to the transition to hummingbird pollination [10].
Moreover, changes in the pollinating agent are related to changes in the floral odor emission.
The increase in bouquet complexity during the shift from bee to hawkmoth pollination in
Petunia species involved the modulation of the benzoic acid /salicylic acid methyltransferase
(BSMT) and benzoyl-CoA:benzyl alcohol/phenylethanol benzoyltransferase (BPBT) genes
in the benzene/phenylpropanoid (FVBP) metabolic pathway, and the loss of function
of the cinnamate-CoA ligase (CNL) gene and the reduction in the ODORANT1 (ODO1)
expression culminated in the loss of bouquet emission during the shift from the hawkmoth
to hummingbird pollination [12].

The analysis of evolutionary changes at DNA and protein levels can allow for the under-
standing of the evolution of convergent phenotypic traits throughout the floral syndromes and
their transitions [13]. The natural selection exerted by the plant—pollinator interactions can act
even in convergent adaptive substitutions at diverse taxonomic scales [9,14-16]. Phylogenetic
relationships among genes rescue the evolutionary history of the sequences, revealing
evolutionary pressures, duplications or losses [17], and punctual changes, sometimes
producing trees with different topologies when compared with the species trees.

To better understand the evolutionary history of floral syndromes and some genes
related to phenotypes considered attractive to pollinators in Petunia, we selected the gene
DER from the pigment biosynthesis [18]; the bidirectional sugar transporter (NEC1) which is
a crucial component of nectar production in Petunia [19]; the MYB-FL, a transcription factor
involved in the UV-light response [5]; and the ODO1, which regulates the biosynthesis of
floral scent [20]. We obtained the nucleotide sequences of DFR, ODO1, MYB-FL, and NEC1
from available the genomes of Solanaceae species and reconstructed the phylogenetic tree
of each gene’s copies. We also tested for the presence of positive selection in each gene.
Therefore, we aimed to verify whether genes related to pollinator attraction are conserved
among Solanaceae species due to convergence or if their evolutionary history reflects the
common ancestry of each genus.

2. Materials and Methods
2.1. Acquisition and Characterization of Plant Coding Sequences

We conducted a comprehensive homology search based on the BLAST method [21] to
obtain the amino acid, genomic, and coding DNA sequences (CDS) of DFR, ODO1, MYB-
FL, and NEC1 from the online database National Center for Biotechnology Information
(NCB]I) (https:/ /www.ncbinlm.nih.gov/; accessed on 17 October 2022), and Sol Genomics
Network (https:/ /solgenomics.net/; accessed on 17 October 2022). We obtained the Petunia
secreta genome from NCBI JAFBXY000000000 project PRINA674325 and the Petunia exserta
draft genome from DNAZoo (https:/ /www.dnazoo.org/assemblies/Petunia_exserta; ac-
cessed on 17 October 2022).

We used the P. secreta MYB-FL (KT962949) and Petunia hybrida DFR (X79723.1) and
ODO1 (AY705977) gene sequences as queries to carry out BLASTn and BLASTp to ob-
tain CDS and proteins, respectively, and P. hybrida NEC1 gene (AF313914.1) to carry out
tBLASTx and BLASTp for NEC1 CDS and protein sequences. We selected sequences with a
cutoff e-value > 2 x 10740 in BLASTn and BLASTp, and e-value = 1 x 10770 in tBLASTn.
We selected a new query for each genus when the sequences did not reach such values
(Table S1), improving the sequences’ filtering. All identical, redundant, partial, and incom-
plete sequences were visually identified and manually eliminated, and only the full-length
coding sequences were retained in the final data set.
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2.2. Multiple Alignments and Gene Structure

To obtain the intron-exon number and size, we aligned the CDSs per gene using the
MUSCLE algorithm in MEGA-XI [22] with default settings. When the sequence differed
from the expected pattern based on the query genes, we aligned the complete gene sequence
and CDS to identify 5'-UTR and 3/-UTR regions and possible issues in genome montage.
To check for dubious sequences, we used BLAST in NCBI and removed the doubtful
parts if BLAST results matched with a different species than expected or did not match
with any species. After that, we evaluated the open reading frame (ORF) in Expasy Web
Server (https://web.expasy.org/translate/; accessed on 17 October 2022) using FASTA
format and default parameters. We used HMMER (https://www.ebi.ac.uk/Tools/hmmer/
search/hmmscan; accessed on 17 October 2022) to find the protein domains for each gene.
The secondary structure of such domains was predicted using the amino acid sequences
in PSIPRED 4.0 (http:/ /bioinf.cs.ucl.ac.uk/psipred/; accessed on 17 October 2022). The
transmembrane regions of NEC1 were predicted using the web TMHMM Server v. 2.0
(https:/ /services.healthtech.dtu.dk/service.php? TMHMM-2.0; accessed on 17 October
2022) with FASTA format and default parameters.

The conserved protein motifs of each gene were investigated in Multiple Em for Motif
Elicitation (MEME) v.5.3.3 (http:/ /meme-suite.org/tools/meme; accessed on 17 October
2022) with default parameters, changing the number of motifs until the best sequence
coverture was achieved. We generated the multiple protein sequence alignments using
GenomeNet Sequence Analysis CLUSTALW (https://www.genome.jp/tools-bin/clustalw;
accessed on 17 October 2022) with default parameters. We used these alignments to
highlight the conserved amino acid in a BOXSHADE analysis (http://sourceforge.net/
projects/boxshade/; accessed on 17 October 2022).

2.3. Gene Trees Reconstruction

We reconstructed the phylogenetic tree for each gene using both CDS and protein
sequences to explore the evolutionary relationships for DFR, ODO1, MYB-FL, and NEC1
throughout the Solanaceae species. We used Arabidopsis thaliana sequences retrieved from
The Arabidopsis Information Resource (TAIR; https:/ /www.arabidopsis.org/; accessed on
17 October 2022) as an outgroup. The dataset was filtered by alignment confidence scores
(0.003, 99.6% remaining columns) with GUIDANCE [23] using Guidance Web Server (http:
/ /guidance.tau.ac.il/; accessed on 17 October 2022). Maximum likelihood phylogenetic
analyses were performed using IQ-TREE [24] as implemented in IQ-TREE Web Server
(http:/ /igtree.cibiv.univie.ac.at; accessed on 17 October 2022). We ran 1000 bootstrap
(BS) replicates with ultrafast bootstrapping [25] and considered only the branches with
BS > 80% as well-supported. The best evolutionary substitution model was set to auto-
determination with the ModelFinder option [26] in IQ-TREE. For CDS, the best model based
on the Bayesian information criterion (BIC) for each gene was MGK+F1X4_G4 for DFR;
GY+F1X4+G4 for ODO1 and NEC1; and TIM3+P+G4 for MYB-FL. For protein sequences,
the best BIC-selected models were JTT+G4 for DFR; FLU+G4 for ODO1 and MYB-FL; and
CpREV+G4 for NEC1. We used FigTree v.1.4.3 (http:/ /tree.bio.ed.ac.uk/software/figtree/;
accessed on 17 October 2022) to visualize the trees and the branch support.

2.4. Molecular Evolutionary Analyses

To test for natural selection signatures in genes related to pollinator attraction, we
estimated the ratio (w) between non-synonymous (dN) and synonymous nucleotide sub-
stitutions (dS). We used the alignments and respective phylogenetic trees as inputs to
investigate natural selection in maximum-likelihood models using CODEML [27] software
implemented in EasyCodeML (https:/ /github.com/BioEasy/EasyCodeML; accessed on 17
October 2022). The w values are a useful measurement for estimating positive selection
(advantageous changes if w > 1), purifying selection (deleterious mutations if w < 1), or
neutral shifts (if w = 1). We used codon-based models considering variable rates of selection
between sites and compared three pairs of site-specific models [28]. The models M3, M2a,
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and M8 consider the occurrence of positive selection sites (w > 1), whereas models M0, M1,
and MY are their respective null models. We used the likelihood ratio test (LRT) between
the pairs of models to verify which of them better fits our data. We obtained the LRT by
calculating twice the log-likelihood difference between pairs of models (2AL), with the
chi-square (x?) distribution and the number of freedom degrees equal to the number of
additional parameters in the more complex model [29]. We considered the w values not
uniformly distributed, and selection could be discussed if the LTR was significant (p < 0.01)
when comparing M0 vs. M3. A significant LTR could indicate a positive selection when
comparing the other model pairs. In these cases, we employed the I Empirical Bayes (NEB)
and Bayes Empirical Bayes (BEB) approaches to identify the amino acids that would be
under positive selection (posterior probability, PP > 0.9). If the LTR was not significant
when comparing M1la vs. M2a, it could indicate that sites were under purifying selection.

3. Results
3.1. Identification of Gene Sequences in Solanaceae

We obtained the sequences of DFR, ODO1, MYB-FL, and NEC1 genes from 17 complete
Solanaceae genomes, P. hybrida, and A. thaliana (Tables S1 and S2). We found a single copy
for most genes per species, with a few exceptions (Table 1). The two Nicotiana attenuata
MYB-FL protein sequences differed by 35.2%; Nicotiana tomentosiformis had two MYB-FL
identical protein sequences, whereas CDS differed in 25% of sites. The two A. thaliana ODO1
proteins differed in 55.6% of amino acids. The two allotetraploid species, Nicotiana. tabacum
and Nicotiana benthamiana, displayed two copies for each gene, except N. benthamiana MYB-
FL. However, we did not find MYB-FL sequences in P. hybrida and Solanum melongena or
NEC1 in Capsicum annuum var. glabriusculum and var. zunla.

Table 1. Solanaceae species with complete genomes available at Sol Genomics and NCBI, highlighting
the species ploidy and number of sequences recovered per species for the genes di-hydroflavonol-4-
reductase (DFR) and nectar 1 (NEC1), and the transcription factors odorant 1 (ODO1) and MYB-FL.

Speci Ploid Copy Number

peaes “Y DR 0DO1 MYBFL NECT olmater
Petunia axillaris 2n 1 1 1 1 Ha
Petunia exserta 2n 1 1 1 1 Hu
Petunia hybrida 2n 1 1 0 1 B
Petunia inflata 2n 1 1 1 1 B
Petunia secreta 2n 1 1 1 1 B
Capsicum annum 2n 1 1 1 1 B
Capsz.cum annum var. on 1 1 1 0 B
glabriusculum
Capsicum annuum var. zunla 2n 1 1 1 0 B
Nicotiana attenuata 2n 1 1 2 1 Ha/Hu
Nicotiana benthamiana 4n 2 2 1 2 X
Nicotiana sylvestris 2n 1 1 1 1 Ha
Nicotiana tabacum 4n 2 2 2 2 Hu
Nicotiana tomentosiformis 2n 1 1 2 1 B
Solanum lycopersicum 2n 1 1 1 1 B
Solanum melogena 2n 1 1 0 1 B
Solanum pennellii 2n 1 1 1 1 B
Solanum pimpinellifolium 2n 1 1 1 1 B
Solanum tuberosum 2n 1 1 1 1 B
Arabidopsis thaliana 2n 1 2 1 1 -

Total 21 22 20 19

2n—diploid; 4n—allotetraploid; Ha—hawkmoth; Hu—hummingbird; B—bee; X—N. benthamiana is autogamous.

The gene domains identified in HMMER corresponded to those predicted for each
gene. For example, all DFR sequences showed a conservative epimerase domain. The
NAD(P)H-binding site was highly conserved, except in A. thaliana, N. benthamiana, and

22



Genes 2022, 13, 2278

50f 15

C. annuum, the last one with an incomplete sequence. We detected an aspartate (instead of
asparagine) at the 143rd site as a conserved site in Solanaceae, except for in N. benthamiana
(Figure S1). At the 154th site, we found glutamine (instead of the conserved glutamate) in
the Petunia species.

Two R2R3 domains were observed in most MYB-FL and ODO1 genes (Figure S2).

However, only one of these domains was retrieved from ODOL1 in P. inflata and MYB-FL in
C. annum varieties. The ODO1 gene had a more conserved R2R3 domain among Solanaceae
species than MYB-FL. For the ODO1 R2R3 domain in the Petunia species, asparagine at the
27th site and alanine at the 83rd site were replaced by serine residues. In Capsicum, alanine

at the 19th position was replaced by threonine, and leucine at the 77th site by methionine.

In Solanum species, we detected the substitution of an aspartate residue by glutamate at the
72nd site. At the 20th site, we observed the conserved glutamate, except in some Nicotiana
species that had an aspartate in this position. All sequences of NEC1 presented the two
MtN3/saliva domain (Figure S3), except P. secreta and C. annuum var. zunla, which had
only one domain (Table S2).

The search for conserved motifs in each gene using MEME revealed that DFR (Figure 1)
and ODO1 (Figure 2B) were more conserved among the species than other sequences. For
example, in the DFR gene, we identified six motifs (Figure S4) shared among genera, and
only S. lycopersicum and S. pimpinellifolium lost motif 4. Motifs 2 to 6 corresponded to the
epimerase domain. In the ODO1 gene, we identified ten motifs (Figure S5); only P. inflata
lost motifs 4 and 5, and S. tuberosum lost motif 5. All ODO1 motifs were observed in all
genera, with motifs 1 and 2 corresponding to the R2R3 domain in this gene.

Epimerase
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Figure 1. Conserved motifs of DFR protein sequences. The motifs are indicated by a numbered box
and different colors; gray lines indicate non-conserved sequences. The motifs’ length is proportional

to the sequence size. The epimerase domain is indicated on top by a black line.
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Figure 2. Conserved motifs of (A) MYB-FL and (B) ODO1 protein sequences. Both genes are part of
the MYB family. The motifs are indicated by a numbered box and different colors; grey lines indicate
non-conserved sequences. The motifs” length is proportional to the sequence size. The R2R3 domain
is indicated on top by a black line.

The MYB-FL gene displayed 13 motifs (Figures 2A and S6), 8 of them observed in
the Petunia species, except for P. exserta, in which only 4 motifs were found. Among the
Nicotiana species, we found seven motifs in N. tabacum and N. tomentosiformis, which lost
motif 8, and 8 motifs in the remaining species, except for in N. benthamiana, which had an
incomplete gene with only three motifs (motifs 1-3). The Solanum species had seven motifs,
two of which were exclusive (motifs 9 and 12). No species displayed all the observed
13 MYB-FL motifs. Motifs 1 and 2 corresponded to the R2R3 domain, and only motifs 1 to
3 were shared among all Solanaceae species. Solanum and Capsicum species shared motif 10,
and motif 8 was observed in the Petunia, Nicotiana, and Solanum species. However, only the
Solanum species did not differ regarding the number of motifs.

The NEC1 gene had ten motifs (igures 3 and S7), none of which were exclusive. Motifs
2 and 3 corresponded to the MtN3/saliva domain. The Petunia species had nine motifs, all
observed in P. axillaris and P. inflata, and P. secreta displayed three motifs, losing motifs 5 to
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10. C. annuum var. zunla had four motifs in the NEC1 gene, and Solanum species revealed
an inverted order regarding motifs 7, 8, and 10 compared with Petunia.

MiN3
Petunia hybrida I 1 I 1 0 | Motif 1
doti
Petunia axillaris | NN | [ N =
Petunia exserta _NNNN | [ I Motif 2

Petunia secreta
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|

Capsicum annuum var. zunla T . |
Nicotiana attenuata _ I _-_ Motif 4
Nicotiana benthamiana | _| ENGTzN | I | 1 [
Nicotiana benthamiana 2 __:”:_-_ Motif 5
Nicotiana sylvestris _ || _-_ I:l
Nicotiana ta‘bacum i @ 00 | ) | - 1 Motif &
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Figure 3. Conserved motifs of NEC1 protein sequences. The motifs are indicated by a numbered box
and different colors; grey lines indicate non-conserved sequences. The motifs’ length is proportional
to the sequence size. The MtN3 domain is indicated on top by a black line.

3.2. Phylogenetic Relationships

We explored the evolutionary relationships of the DFR, ODO1, MYB-FL, and NEC1
genes through their CDS and protein sequences obtained from Solanaceae species. Se-
quences from each genus were grouped with high support (Figures 4-7), and we ob-
served that all genes more closely reflected the infrageneric evolutionary position than
other relationships, with clades corresponding to the Petunia, Nicotiana, Capsicum, and
Solanum genera.

P axillaris X * 3 3 %  Pexsena 9
A Pexserta fp % <, 3 * € P axillais B
P hybrida @ § g [ ] P. hybrida
Psecreta €9 @ 2 g & ® T P secreta
P.inflaa W @ 2 ® ¥ P inflaia
C. annuum Y g, !Ez * N sylvestis 114 30
C_annuum var glabriusculum' = @ i% 2 3 * v N tabacum I
C. annuum var. zunla [ ] o] }f: = N. benthamiana I
S. Iycopersicum o | B * * N. tabacum 2
S. pimpinellifolium [ ] g g .ﬁ N tomentosiformis
S. pennellii [ ] £ Z k% * N attenuata ).
— S. tuberosum ﬂ'* [ ] _E N benthamiana 2
S. melongena * @ @ 3 [ ] S. Iycopersicum j 94
941 N. sylvestis * = [ S. pimpinellifoliuml]9s
Nitabacum.1 1:‘ * 8 g @ S. pennellii < |99 7
N benthamiana 1 = § 0,3. ?g S. tuberosum
A N attenuata {3 % % Ag - S. melongena
N. benthamiana 2 g 33 ® C. annuum
N. tabacum 2 * * Z ’%% e C. annuum var. glabriusculum
1000 N tomentosiformis ﬁ, ® & L] C. annuum var. zunla
\—/J——————— Anmabidopsis thaliana Arabidopsis thaliana /!
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Figure 4. Phylogenetic relationships of DFR gene sequences retrieved from 19 complete Solanaceae
species genomes. Maximum likelihood phylogenetic tree based on CDS sequences (A) and protein
sequences (B). Only bootstraps > 80% are shown above the branches. The dark symbols indicate the
pollination syndrome and colored flower cartoons represent each species’ visible flower color. The
absence of pollination syndrome symbol in N. benthamiana indicates autogamy in this species.
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Figure 5. Phylogenetic relationships of ODO1 gene sequences retrieved from 19 complete Solanaceae
species genomes. Maximum likelihood phylogenetic tree based on CDS sequences (A) and protein
sequences (B). Only bootstrap > 80% are shown above the branches. The dark symbols indicate the
pollination syndrome and the absence of pollination syndrome symbol in N. benthamiana indicates
autogamy in this species.
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Figure 6. Phylogenetic relationships of MYB-FL gene sequences retrieved from 19 complete
Solanaceae species genomes. Maximum likelihood phylogenetic tree based on CDS sequences
(A) and protein sequences (B). Only bootstraps > 80% are shown above the branches. The dark
symbols indicate the pollination syndrome and the absence of pollination syndrome symbol in N.
benthamiana indicates autogamy in this species.

DFR and ODO1 were conserved genes, so the low variation interfered with the posi-
tioning of the branches in the phylogenetic tree (Figures 4 and 5). MYB-FL and NEC1 were
more variable genes, and the phylogenetic trees showed similar results (Figures 6 and 7).
However, the relationships between clades varied depending on the analyzed gene. With
that said, the tree’s topology based on these genes was compatible with the phylogenetic
signal of the Solanaceae genera.
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Figure 7. Phylogenetic relationships of NEC1 gene sequences retrieved from 19 complete Solanaceae
species genomes. Maximum likelihood phylogenetic tree based on CDS sequences (A) and protein
sequences (B). Only bootstraps > 80% are shown above the branches. The dark symbols indicate the
pollination syndrome and the absence of pollination syndrome symbol in N. benthamiana indicates
autogamy-pollination in this species.

3.3. Analyses of Selection

We estimated the nucleotide substitution rates to detect natural selection acting on
genes related to pollinator attraction in Solanaceae (w = dN/dS). All genes showed signifi-
cant LTR (p < 0.01) values in the comparison of M0 vs. M3, indicating dN > dS (amino acid
changing). In M1a vs. M2a, the LTR was not significant (p > 0.01) for all genes, indicating
purifying selection in ca. 90% of sites in MYB-FL and ODO1, 85% in DFR, and 75% in
NEC1, with low divergence during these genes’ evolutions. The M7 vs. M8a of all genes
was not significant (Table S3).

4. Discussion

Here, we analyzed four genes that belong to the biosynthetic pathways of com-
pounds involved in the pollinators” attraction to plants. We characterized these genes
from Solanaceae genomes and compared them based on the premise that if the primary
driver of diversification in these species was plant—pollinator interaction, then genes should
be evolutionarily related following the plant species’ floral syndromes, at least in part,
independently from the species relationships.

We selected genes from key pathways related to floral traits, such as visible color,
response to UV light, aroma emission, and nectar production. We obtained a scenario for
Solanaceae DFR, ODO1, MYB-FL, and NEC1 genes that indicated phylogenetic signals
following the species’ evolutionary relationships instead of convergence for these genes. As
sampling is essential in phylogenetic studies, the results should be taken with caution [30].
Despite using the genomes deposited in the databases, our sampling for each genus
encompassed partial or even reduced proportions (Petunia, 4/~15 spp. [31]; Solanum,
5/~2000 spp. [32]; Nicotiana, 5/~82 spp. [33] and Capsicum, 1/~35 spp. [34]). For Petunia,
which was the main focus of this work, we included the sequences of the two evolutionary
clades (long- and short-corolla-tube clades) and the representative species of all floral
syndromes in the genus [35].

The scenario obtained in this work reinforces the proposal [36,37] that floral syndromes
are more complex and have more fluid processes than initially thought [29], where sets of
floral traits associated with particular pollinators’ functional groups are expected to become
convergent, and similar floral morphologies would reflect the same kind of pollinator
even in distantly related plant taxa [2]. Moreover, pollinators could directionally select the
floral traits [38], acting as drivers for diversification [39,40], mainly under conditions of
reproductive isolation and adaptation.
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Different functional groups mediate pollination in Solanaceae, and several floral
syndromes evolved many times in the family. Indeed, there are several examples of species
that, despite displaying all traits correlated with a specific syndrome, are pollinated by
different functional groups [37].

According to the predicted phenotype for the floral syndromes [1], bee-pollinated
species would have visible colors ranging from violet to intense yellow, usually presenting
nectar and pollen guides in their petals, producing detectable odor and nectar with a high
sugar concentration. As they are pollinated by diurnal insects, these species would not be
UV-light-responsive. In turn, hawkmoth-pollinated species would emit a strong nocturnal
odor, have white or pale-yellow flowers, respond to UV light, and produce large volumes
of diluted nectar. The hummingbird-pollinated species would display flowers, usually
with bright colors such as red or orange, without an odor and producing large amounts of
nectar with a low sugar concentration.

4.1. Visible Colors and UV-Light Response

We analyzed the DFR gene and MYB-FL transcription factor regarding visible colors
and UV-light response phenotypes. DFR is part of the anthocyanin biosynthesis pathway
that occurs as a single-copy gene in several angiosperm species, such as Petunia [41] and
Solanum [42,43], or duplicated, due to polyploidization as in Nicotiana [11].

N. tabacum is an allotetraploid and hummingbird-pollinated species that displays
flower colors varying from light pink to magenta [44]. Those colors are outside the range
of the diploid, white-flowered progenitor N. sylvestris, a nocturnal hawkmoth-pollinated
species [45], and the dark-pink-flowered N. tomentosiformis, a bee-pollinated species [46].
In N. tabacum, the reaction between DFR and the product of other genes modulates the
flower color [11], with DFR converting the precursors of flavonols into the precursors of
anthocyanins. The later activation of DFR during floral development generates high ratios
and tends to provide lower anthocyanidin accumulation, resulting in light-pink flowers
in N. tabacum. The parental species N. sylvestris shows low levels of DFR throughout
floral development, whereas N. tomentosiformis displays higher levels in the initial bud
stages [11]. This pattern suggests that DFR and its interaction with other compounds in the
anthocyanin pathway are enrolled in the transition between white and dark-pink flowers
and their respective pollinators.

The transcription factors anthocyanin 1 (AN1) and anthocyanin 2 (AN2) induce an-
thocyanin production [18]. The AN2 activates DFR and other genes downstream in the
anthocyanin biosynthetic pathway [10]. In N. tabacum [47] and P. axillaris [9,10], both white-
flowered, the AN2 protein is not functional due to a premature stop codon. Moreover, a
non-functional AN2 in Petunia is considered sufficient to explain its transition from a purple-
to a white-flowered species [9], with the regain of a functional gene being responsible for
the reversion of the pink color [10]. Similarly, the white flowers in N. sylvestris could be
related to the absence of an AN2 ortholog in this species [11].

The purple-colored, UV-reflective, and bee-pollinated flowers observed in P. inflata
represent the ancestral state of the genus Petunia [48]. From this broadly distributed
ancestor, two divergent lineages derived [49], one with colored flowers (purple corollas and
blue pollen), currently represented by the short-corolla-tube species, and another albino
lineage that originated the long-corolla-tube species P. axillaris, P. exserta, and P. secreta,
which have divergent floral syndromes. P. axillaris has white and hawkmoth-pollinated
flowers [5,50] and, as in N. sylvestris, has entire DFR coding regions. Its capacity to absorb
UV, which attracts nocturnal pollinators, occurs with the upregulation of the transcription
factor MYB-FL promoter, controlling the expression of genes in the flavonol synthesis
pathway [5]. The pink color in P. secreta, recovered by the resurrection of the AN2 gene by a
single mutation, and the loss of UV absorbance are due to the inactivation of MYB-FL [10].

P. exserta has bright red flowers, intensely pigmented with anthocyanins despite an in-
active AN2 gene [10]. The DFR of all Petunia species rendered non-functional the precursor
of the red anthocyanin, dihydrokaempferol [51]. In species that accept dihydrokaempferol,
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a 26 amino acid region in DFR determines the substrate specificity, with a conserved as-
paragine at the 134th site and glutamate at the 145th site [52] which correspond to the
143rd and 154th positions in our alignment, respectively. In Petunia, these amino acids are
replaced with aspartate (the most common among the Solanaceae species) and glutamine,
respectively. The molecular specificity mechanism is unknown, but this can alter the sub-
strate recognition by DFR [52]. In addition, P. exserta loses the UV absorbance ability due to
a frameshift mutation in MYB-FL that inactivates a flavonol pathway [5]. UV-reflectance is a
relevant characteristic of red flowers [53], such as P. exserta, that attracts hummingbirds [54].
Regaining red anthocyanins involves the upregulation of other MYB transcription factors
that replace the ancestral function of AN2 [55]. Similar to P. exserta, N. benthamiana has an
incomplete MYB-FL protein and, unexpectedly, due to its polyploid condition, only one
gene copy was recovered from the genome. It is inferred from these characteristics that
N. benthamiana could be UV-light-reflective, but further investigation is still necessary.

The DFR gene shows well-conserved sequences, and we recovered the entire coding re-
gion, even from species with white flowers, which do not produce anthocyanins. However,
the losses and shifts in flower pigmentation are related to changes in gene expression, a dif-
ferent phase of development, or different color pathways and not necessarily to structural
mutations in this gene. For example, the MYB-FL was more diverse, with mutations that
impacted the protein’s function. Different colors and UV-light responses enable pollinators
to identify rewards associated with their needs and preferences. Vibrantly colored flowers,
visual tracking, and UV-reflectance are associated with diurnal pollinator attraction, affect-
ing species such as bees and hummingbirds [56], whereas white and UV-absorbent flowers
are usually related to nocturnal pollinators, such as hawkmoths [57].

4.2. Odor Emission

The ODOL1 is a transcription factor that regulates the benzene/phenylpropanoid
(FVBP) metabolic pathway responsible for the biosynthesis of floral scents [58]. In P. axillaris
and P. hybrida var. Mitchell, benzenes are the main volatiles emitted and exert strong levels
of attraction for the hawkmoth Manduca sexta [9]. These volatiles are primarily produced in
petals during the night, coinciding with the peak foraging activity of the pollinator [59].
The quantity and complexity of the volatiles emitted by P. axillaris and P. hybrida are related
to the expression of genes in the benzoic acid pathway. Such genes moderately increase the
expression of some proteins in the FVBP [12]. The scent absence in P. exserta is related to
the inactivation of the cinnamate-CoA ligase (CNL) gene and not to the loss of function
in the ODOL1 [60]. In turn, the bee-pollinated P. inflata emits volatile benzaldehyde, but
no other compounds are present in P. axillaris [30]. This difference in scent composition
and emission is related to the differential expression of genes in the FVBP pathway. The
absence of methyl benzoate in P. inflata aroma is attributed to a blockage in the last step in
the pathway [12].

Similar to what was found in the Petunia clade, the Nicotiana species exhibit great
diversity in terms of pollinators. Moth- and hawkmoth-pollinated species such as N.
sylvestris and N. attenuata emit scents at night, regulated by the circadian cycle [61]. The
predominant floral fragrance is benzyl alcohol in N. sylvestris [62] and benzyl acetone in
N. attenuata [63]. Moreover, N. attenuata has a small number of flowers that open at dusk,
interacting with day-active pollinators that are still foraging at that time, and there are
suggestions that, despite hummingbirds not being guided by scent, benzyl acetone may
work as an attractant in the taste of nectar [63].

4.3. Floral Rewards

Many plants use nectar as a floral reward, and its composition meets the preferences
of pollinators [64]. NEC1 is expressed in floral nectaries, acting as a sugar efflux transporter,
which contributes to the sugar concentration and composition of nectar [18]. The Nicotiana
bee-pollinated or autogamous species show a reduced volume of nectar; hummingbird-
pollinated species have a slightly higher volume of nectar; and the hawkmoth-pollinated
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species produce large volumes of nectar [65]. These patterns were also detected in Petunia
species with the same floral syndromes [6,64,66].

Pollinated by bees, P. inflata and C. annuum have low volumes of nectar, consisting pre-
dominantly of glucose and fructose. In P. inflata, the sucrose concentration is proportional
to the other sugars [64,66]. P. secreta has nectar with a concentration of sugars similar to that
observed in hummingbird-pollinated species and a higher volume of nectar than expected
for bee-pollinated species. However, due to the long floral tube, bees cannot access the
nectar [36]. The NEC1 gene in P. secreta was recovered as an incomplete sequence, although
sugar is found in the nectar, which requires further research on the gene functionality and
sugar synthesis pathway. The Solanum species have nectar-less flowers, and pollen is the
floral reward for pollinators [67], similar to in P. secreta [36].

4.4. Gene Conservation by Purifying Selection

Our results indicated that DFR, MYB-FL, ODO1, and NEC1 are under purifying
selection. Flavonols are essential not only for floral attraction but also for controlling pollen-
tube growth and high-temperature stress [68], with MYB-FL being one of the first regulators
in this pathway [10]. DFR is conserved among white-colored species [55]. However,
anthocyanins are also present in vegetative organs and fruits, protecting against the effects
of UV light and temperature stresses [69-71]. In odorless species such as P. exserta, pathway
inactivation does not occur by the modification of ODO1 [60], and NEC1, in addition to the
transportation of sugar to nectar, has also been linked to the development of anthers and
sugar transportation in fruits [72]. The conservation of the sequence and the maintenance
of function by purifying selection indicates the importance of these genes for different
pathways, not necessarily linked to pollinator attraction.

5. Conclusions

Our results revealed that the genes recovered the infrageneric phylogenetic relation-
ships, with clades corresponding to the studied genera. Many genes reflected the species’
most recent common ancestor within each genus. We found that DFR and ODO1 were the
most conserved, whose phenotype shifts were not related to mutations but more likely to
a differential expression among Solanaceae species. The inactivating mutation in MYB-
FL seems to be the key to pollinator shifts, despite its well-conserved function in most
Solanaceae species. The analyzed genes are related to the phenotypes attractive to pollina-
tors, but their products and biosynthetic pathways also play other vital roles in plants. The
history of these genes was probably designed not only by the interaction with pollinators
but by the sum of several evolutionary forces along the speciation process in Solanaceae.
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Resumo

Elementos reguladores tém sido implicados em mudangas em vdarios processos
fisiolégicos, como fendtipos atraentes e recompensadores durante a interacdo
planta-polinizador. Aqui, selecionamos seis genes-chave envolvidos no estabelecimento
de sindromes florais no género Petunia para compreender o suposto papel dos
elementos reguladores na transicdo dos polinizadores. Recuperamos as sequéncias
genomicas dos genes MYB-FL, DFR, EOBII, ODO1, BPBT ¢ NECI de genomas
publicados anteriormente das espécies P. axillaris, P. exserta, P. secreta e P. inflata.
Selecionamos genes envolvidos na determinagdo da cor, sintese e emissdo de aroma e
produg¢do de néctar, e espécies que atraem diferentes polinizadores, apresentando
fenotipos contrastantes em relagdo as sindromes florais. Analisamos os elementos
reguladores considerando a estrutura e composicdo dos motivos e avaliamos os
resultados sob a premissa de que espécies com a mesma sindrome floral evoluiram por
convergéncia, enquanto diferencas nos polinizadores estariam relacionadas a
divergéncia entre elas. Nossos resultados revelaram um forte sinal filogenético em
diferentes sindromes florais, j4 que o ancestral comum mais recente foi o melhor
indicador de elementos reguladores independentemente da sindrome floral. Para
desvendar o cenério completo da evolucdo das sindromes de polinizagdo em Petunia,
outros estudos devem ser realizados analisando as vias completas de producio desses

fenotipos e comparando genomas e transcriptomas florais.
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Resumo

As sindromes de polinizagdo sdao definidas como um conjunto de fenotipos responsaveis
por atrair um determinado grupo de polinizadores. Na presenca de hibridagao
interespecifica entre espécies com sindromes florais diferentes, os hibridos podem
perder um ou ambos os polinizadores dos parentais ou, ainda, adquirir uma nova guilda
de vetores de polen. No género Petunia, muitas populagdes hibridas naturais persistem
ao longo de multiplas geracdes. Esses hibridos resultam de espécies com diferentes
sindromes florais e seus polinizadores ainda sdo desconhecidos. Aqui, nosso objetivo
foi identificar os potenciais polinizadores dos hibridos, comparando caracteristicas
florais tipicas de cada sindrome de polinizagdo entre espécies canonicas e seus hibridos
F1. Para isso, nos cultivamos plantas em condi¢des uniformes e avaliamos as cores na
luz visivel e luz UV, a morfologia da corola, o volume de néctar e a concentracao de
acucares e a quantidade de polen. Nossos resultados revelaram que algumas
caracteristicas parentais sdao dominantes, € a maioria dos hibridos apresentou
caracteristicas adequadas para atrair mariposas, enquanto outros t€ém igual potencial
para atrair beija-flores e abelhas coletoras de pdlen. Como subproduto dessas andlises,
identificamos caracteristicas atrativas para abelhas nas trés espécies canodnicas,
sugerindo que esses insetos poderiam ser o vetor de podlen nos cruzamentos

interespecificos naturais.
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Resumo

As angiospermas sao altamente diversas, e a riqueza de espécies em plantas com flores
esta frequentemente relacionada a interacdo com polinizadores, uma vez que as espécies
polinizadas pelo mesmo grupo de animais possuem conjuntos de caracteristicas
morfoldgicas idénticas ou semelhantes, conhecidas como sindromes florais. A
hibridagdo interespecifica entre plantas que apresentam polinizadores diferentes pode
levar os hibridos a ganhar um novo ou perder um ou ambos os polinizadores parentais.
O género Petunia inclui espécies com diferentes polinizadores que se cruzam na
natureza, constituindo populagdes estaveis ao longo do tempo. Os polinizadores
responsaveis pelos cruzamentos interespecificos e manutengao de populagdes hibridas
sdao desconhecidos. Para entender o impacto da hibridagdo na atra¢ao de polinizadores,
selecionamos seis genes envolvidos em caracteristicas florais contrastantes (cor da
corola, resposta a luz UV, emissdao de aroma e volume e concentracdo de aclicar no
néctar) para comparar sua expressao usando uma abordagem de gRT-PCR entre
candnicos ¢ hibridos interespecificos. Os hibridos interespecificos compartilham varios
fenotipos semelhantes a uma das espécies parentais, sugerindo processos conservados
entre eles. Nossos resultados revelaram um padrio de expressao complexo relacionado
ao estabelecimento do fenotipo canonico e um perfil inesperado em hibridos, que variou

por gene e ndo correspondeu as preferéncias dos polinizadores parentais.
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Resumo

A analise das sindromes florais e a identificacio de polinizadores efetivos estdo
centradas preferencialmente em observagdes e experimentos de campo. Quando tais
experimentos sdo inviaveis, uma alternativa emergente ¢ aplicar métodos
computacionais baseados em aprendizado de maquina, por exemplo. As espécies de
Petunia podem hibridar naturalmente e algumas populacdes misturadas persistem ao
longo do tempo. O provavel polinizador das populagdes hibridas ainda precisa ser
descoberto, apesar do tempo gasto na observacao desses individuos. Aqui, pretendemos
inferir o polinizador mais plausivel para hibridos F1 entre espécies de Petunia.
Obtivemos individuos candnicos e hibridos interespecificos entre trés espécies de
Petunia e os mantivemos em casa de vegetacdo até florescerem. Avaliamos fenotipos
comumente associados a atracdo e recompensa de polinizadores. Usamos trés
algoritmos de aprendizado de maquina e correspondéncia de caracteristicas para inferir
os provaveis polinizadores dos hibridos, baseando nosso trabalho no conceito de
sindromes florais. Todos os individuos candnicos foram atribuidos a sua respectiva
sindrome floral, enquanto os hibridos corresponderam primariamente as preferéncias de
mariposas, seguidos por abelhas. Mais de 90% dos casos concordaram entre os
algoritmos. Nossos resultados revelaram que o emprego de técnicas de aprendizado de
maquina ajuda a identificar potenciais polinizadores em hibridos interespecificos de
Petunia que correspondem aos fendtipos florais e as preferéncias dos polinizadores.
Nosso trabalho pode ajudar a planejar experimentos de campo e foi apoiado por

descobertas anteriores para o género.
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Consideracoes Finais

Neste trabalho, abordamos o papel da hibridagao no estabelecimento de tracos florais
atrativos aos polinizadores influenciando o processo de diversificacdo do género
Petunia. Ao longo dos cinco capitulos resultantes deste trabalho, conseguimos
demonstrar a complexidade da interacdo entre planta e polinizador, avaliando os tragos
florais desde a genética até¢ o fenotipo para estabelecimento das sindromes florais dos
hibridos interespecificos entre P. axillaris, P. exserta ¢ P. secreta. A hibridacao ¢ um
processo comum na evolugdo deste grupo de plantas, possivelmente desempenhando um
papel fundamental em seu sucesso evolutivo.

Mesmo com diversidade de polinizadores e caracteristicas florais, vimos no
capitulo 1 que os genes analisados recuperaram as relacdes filogenéticas refletindo o
ancestral comum mais recente das espécies dentro de cada género. As sequéncias dos
genes diferiram pouco entre as espécies de Petunia, levando-nos a acreditar que a
regulacdo da expressdo dos genes estivesse influenciando os tragcos florais
caracteristicos de cada sindrome floral. No capitulo 2, detectamos uma forte atuagcdo do
componente filogenético na distingdo dos cis-elementos entre os clados de tubo longo e
tubo curto. Revelamos um complexo mecanismo de sinalizacdo de expressao que difere
entre espécies de clados diferentes, que ¢ capaz de determinar fendtipos convergentes
atrativos a abelhas em P. inflata e P. secreta.

As interagdes entre os diferentes genomas das espécies candnicas nos hibridos e
a presenca de polimorfismos naturais nos individuos parentais promoveu elevada
variabilidade na expressdao dos genes analisados no capitulo 4. Embora eles sejam
diferencialmente expressos entre individuos canonicos e hibridos, ndo explicam
totalmente os fenotipos associados as sindromes de polinizagcdo encontradas no capitulo
3, mariposas noturnas para os hibridos com P. axillaris, principalmente abelhas para os
hibridos entre P. exserta e P. secreta. Os trés algoritmos utilizados na metodologia de
modelagem por aprendizado de maquina empregados no capitulo 5 produziram
resultados semelhantes ao encontrados no capitulo 3 utilizando diferentes metodologias
para andlise da morfologia floral dos hibridos.

Dados complementares sdo necessarios para que enriquegam nossa compreensao
das sindromes florais nos hibridos naturais de Petunia. A analise em separado do aroma
floral e do polen pode oferecer resultados valiosos sobre como as mariposas noturnas

sdo atraidos a longas distancias, e como as abelhas diferenciam as espécies para coleta
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de pdlen. Enquanto a investigagdo da composicao de acucares e aminoacidos no néctar
pode fornecer informagdes cruciais sobre as preferéncias alimentares dos polinizadores,

indo além da simples consideracdo do volume e da concentracao do néctar.
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