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AVALIAÇÃO DE GENES NUCLEARES PARA FILOGENIA E PLASTOMA DE 

LENTIBULARIACEAE 

RESUMO 

As relações filogenéticas dos gêneros Pinguicula L., Genlisea A.St.-Hil. e Utricularia L. 

dentro da família Lentibulariaceae foram bem estudadas. Pesquisas indicam um grupo 

monofilético, no qual Pinguicula é irmão do clado Genlisea-Utricularia. Porém, algumas 

lacunas entre os gêneros ainda existem. Essas incluem as delimitações e relações entre 

seções ou subgêneros e circunscrição infra-genérica, principalmente as espécies 

descobertas recentes. Além disso, as espécies desta família, apresentam uma grande 

variedade de habitats, formas de vida, mecanismos e especializações de captura das 

presas e características fenotípicas, o que aumenta a dificuldade de identificação, 

sobretudo no uso exclusivo de características morfológicas. As abordagens filogenéticas 

embasadas em caracteres moleculares com os genes nucleares e plastoma podem 

contribuir nas discrepâncias taxonômicas da família. Sendo assim, o presente estudo 

teve como objetivos principais (i) testar os genes álcool desidrogenase e nitroreductase 

para filogenia de Genlisea e Utricularia (Lentibulariaceae) e (ii) montar e caracterizar o 

plastoma de Pinguicula moranensis. Tanto os genes nucleares como o genoma de 

cloroplasto de Pinguicula moranensis foram caracterizados nesse estudo. Nossos 

resultados abrem pistas que contribuem para discussões evolutivas dos genes álcool 

desidrogenase e nitroreductase nas espécies de Lentibulariaceae. Além disso, o nosso 

estudo apresenta pela primeira vez o plastoma montado de Pinguicula moranensis e 

fornece novos insights para a compreensão sobre a evolução, filogenia e genômica de 

Lentibulariaceae. 

Palavras chaves: Angiospermas, evolução, filogenia molecular, genoma, ptDNA 
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EVALUATION OF NUCLEAR GENES FOR LENTIBULARIACEAE PHYLOGENY AND 

CHLOROPLAST GENOME 

ABSTRACT 

The phylogenetic relationships of the genera Pinguicula L., Genlisea A.St.-Hil., and 

Utricularia L. within the Lentibulariaceae family have been well studied. Research 

indicates a monophyletic group, in which Pinguicula is sister to the Genlisea-Utricularia 

clade. However, some gaps between the genera still exist. These include the delimitations 

and relationships between sections or subgenera and infra-generic circumscriptions, 

especially for recently discovered species. Additionally, species in this family exhibit a 

wide variety of habitats, life forms, prey capture mechanisms, and phenotypic 

characteristics, which increases the difficulty of identification, especially when relying 

solely on morphological characteristics. Phylogenetic approaches based on molecular 

characters with nuclear and plastome genes can contribute to taxonomic discrepancies 

within the family. Therefore, the present study aimed to (i) test the alcohol dehydrogenase 

and nitroreductase genes for the phylogeny of Genlisea and Utricularia (Lentibulariaceae) 

and (ii) assemble and characterize the plastome of Pinguicula moranensis. Both the 

nuclear genes and the chloroplast genome of Pinguicula moranensis were characterized 

in this study. Our results provide clues that contribute to evolutionary discussions of the 

alcohol dehydrogenase and nitroreductase genes in Lentibulariaceae species. 

Additionally, our study presents for the first time the assembled plastome of Pinguicula 

moranensis and provides new insights into understanding the evolution, phylogeny, and 

genomics of Lentibulariaceae. 

Key-words: Angiosperms, Evolution, Molecular phylogeny, genome; ptDNA 
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CAPÍTULO 1 - Considerações gerais 

1- Introdução geral 

A monofilia da família Lentibulariaceae Rich (Lamiales) encontra-se totalmente 

resolvida quanto à posição filogenética dos seus três gêneros constituintes (Pinguicula 

L., Genlisea A.St.-Hil., and Utricularia L.). Pois, diversos estudos baseados em caracteres 

morfológicos, moleculares atestam e comprovam esta abordagem (Taylor, 1989; Müller 

et al., 2004 e 2006; Silva et al., 2018a; Fonseca, 2021). No entanto, do ponto de vista 

taxonômico, especialmente nos táxons pertencentes ao clado Genlisea - Utricularia, 

ainda existem algumas lacunas que necessitam ser resolvidas. Isso inclui a definição 

taxonômica de seções ou subgêneros, identificação imprecisa e as relações entre 

espécies em nível infragenérico (Jobson et al., 2003; Müller e Borsch, 2005; Bobrov et 

al., 2017; Westermeier et al., 2017; Silva et al., 2018a e 2023; Shimai et al., 2021). Além 

disso, a crescente descoberta de novas espécies pertencente à família Lentibulariaceae 

pode provocar alterações ao perfil filogenético ou atualizações na taxonomia, quer seja 

intra ou extra seções, visto que as espécies desta família são caracterizadas pela 

diversidade fenotípica, habitats e formas de vida.  

Essas lacunas destacam a importância de realizar pesquisas taxonômicas mais 

abrangentes nos três gêneros que constituem a família Lentibulariaceae. Entretanto, com 

base nas iniciativas tecnológicas, em particular no sequenciamento genômico, diversas 

técnicas têm sido empregadas para promover a identificação de táxons mais confiáveis 

e a reconstrução de hipóteses filogenéticas sólidas, contribuindo assim para uma 

taxonomia natural e mais defensável (Silva et al., 2018a). Os caracteres moleculares, 

combinados com ferramentas atuais baseadas em sistemática filogenética, podem ser 

muito úteis para sugestões nas delimitações taxonômicas, evolução, circunscrição dos 

gêneros de Lentibulariaceae e outras famílias de angiospermas. 

Nos últimos anos, espécies de Lentibulariaceae foram sequenciadas (DNA 

cloroplastidial, nuclear e mitocondrial), sendo que algumas dessas possuem seus 

genomas montados e caraterizados (Wicke et al., 2013; Ibarra-Laclette et al., 2013; Silva 
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et al., 2016, 2018a, 2018 e 2019; Li e Liu, 2022; Matos et al., 2022). O que tem 

possibilitado a identificação e seleção dos genes úteis para estudos filogenéticos e 

evolutivos das espécies da família. Além disso, as funções e as estruturas desses genes 

têm ajudado a esclarecer os padrões taxonômicos e evolutivos, bem como as 

características específicas, como características fenotípicas e adaptação em ambientes 

adversos.  

Os representantes da família Lentibulariaceae, principalmente as espécies do 

clado Genlisea-Utricularia, possuem os menores genomas nucleares dentre todas as 

angiospermas sequenciadas até o presente momento, Genlisea tuberosa (61 Mpb, 

Genlisea aurea  (63,6 Mb) e Utricularia gibba (100 Mb) respetivamente (Ibarra-Laclette et 

al., 2013; Lan et al., 2017), além de possuírem altas taxas de mutação nos seus 

compartimentos intracelulares (Greilhuber et al., 2006; Silva et al., 2023), tornando-as 

fortes candidatas para modelos em estudos sobre filogenia e evolução.  

Em Spermatophyta, incluindo Lentibulariaceae, como em todas as angiospermas, 

os genes cloroplastidiais e nucleares têm sido os mais utilizados em estudos sobre 

filogenia de espécies e história evolutiva genética, em detrimento dos genes 

mitocondriais (Palmé et al., 2009; Cai e Ma et al., 2016; Silva et al., 2016, 2018a 2018 e 

2019; Fonseca, 2021; Li e Liu, 2022). 

Os genes nucleares apresentam vantagens para filogenia por possuírem herança 

biparental, possibilitando o resgate da ancestralidade completa das gerações (Small et 

al., 2004; Palmé et al., 2009; Cai e Ma et al., 2016; Huang et al., 2023; Zhang et al., 2024). 

Adicionalmente, alguns genes do compartimento nuclear demonstram taxas evolutivas 

consideravelmente elevadas, proporcionando uma maior precisão na distinção entre 

espécies intimamente relacionadas (Wolfe et al., 1987). É importante destacar que os 

genes nucleares de angiospermas sofrem poliploidia ou duplicações, o que permite o 

surgimento de genes homólogos quer seja artólogo ou parálogos, com dificuldade de 

identificação (Soltis et al., 2011; Guo et al., 2023). Portanto, torna-se importante avaliar 
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que genes nucleares se tornam viáveis e congruentes para estudos filogenéticos nos 

organismos fotossintéticos (Cai e Ma et al., 2016). 

Os plastomas são fundamentais para a filogenia e outros estudos genômicos, pois 

apresentam um elevado grau de polimorfismo e conservação genética, facilitando para o 

desenvolvimento de códigos de barras genéticos, estudos de genética populacional, 

reconstrução de árvores filogenéticas de alta resolução e conservação de espécies 

ameaçadas e resolução de discrepâncias taxonômicas (Downiwe e Palmer 1992; Daniell 

et al., 2016; Robbins e Kelly, 2023). Esses genomas têm sido bem explorados por 

diversos pesquisadores e estudos publicados recentemente revelam uma quantidade de 

>13.000 sequências depositadas e/ou publicadas no banco de dados público do NCBI 

(National Center for Biotechnology Information) (Wang et al., 2024). Porém para a família 

Lentibulariaceae há poucas sequências genômicas de plastoma, sendo apenas 7 para 

Genlisea e 7 para Utricularia (Silva et al., 2023).  Pinguicula é o que menos registrou 

investigações de plastoma com quatro sequências publicadas, Pinguicula vulgaris L. 

(NC_084256.1), Pinguicula jackii Barnhart (NC_068629.1), Pinguicula ehlersiae Speta & 

F.Fuchs (Wicke et al., 2013) e  Pinguicula alpina L. (Li e Liu, 2022), sendo as duas últimas 

com seus genomas cloroplastidiais montados e caracterizados. 

Nesse contexto, diante da relevância da filogenia na classificação de plantas, 

juntamente com a utilidade de Lentibulariaceae como modelo para estudos filogenômicos 

e evolutivos e de outra natureza, esta dissertação teve como objetivos, divididos em dois 

capítulos: 

Capítulo 1: Testar os genes álcool desidrogenase e nitrorredutase para filogenia 

de Genlisea e Utricularia (Lentibulariaceae) 

Capítulo 2: Montar e caracterizar o plastoma de Pinguicula moranensis e inferir 

sua posição filogenética dentro da família Lentibulariaceae; 

https://www.ipni.org/a/9965-1
https://www.ipni.org/a/9965-1
https://www.ipni.org/a/35881-1
https://www.ipni.org/a/35881-1
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2- Revisão da literatura 

2.1- Considerações sobre família   Lentibulariaceae Rich. 

A família   Lentibulariaceae Rich. é um grupo de plantas pertencente à ordem 

Lamiales das angiospermas (Bremer et al., 2002; APG IV; 2016; Fonseca, 2021). É 

composta por três gêneros monofiléticos (fig 1): Pinguicula L., Genlisea A.St.-Hil. e 

Utricularia L. (Taylor, 1989; Müller et al., 2004; Silva et al., 2018a).  

 

Fig. 1. Relações filogenéticas de Lentibulariaceae. Extraído e adaptado de Müller et al. (2006). 

Das famílias botânicas com plantas carnívoras em angiospermas, a 

Lentibulariaceae é a mais diversificada quanto a quantidade de espécies, habitats, forma 

de vida e tipos de armadilhas (fig. 2). Os três gêneros abrigam mais de 350 espécies, 

distribuídos nos três gêneros em regiões tropicais, subtropicais e regiões áridas (Taylor, 

1989; Casper, 1996; Baleeiro et al., 2017), em ambientes aquáticos e terrestres e as 

formas de vidas podem ser aquáticas livres, aquáticas flutuantes, litofítica, epífitas e 

reófitas (Taylor, 1989; Poppinga et al., 2016; Miranda et al., 2021). Cada gênero 

apresenta um padrão de armadilha (fig. 2), sendo que em Pinguicula as armadilhas, são 
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as próprias folhas, que possuem  uma  mucilagem  adesiva  especializada em captura de 

presas, e  Genlisea as armadilhas são folhas submersas metamorfoseadas em forma de 

“Y” invertido, finalmente o gênero Utricularia apresenta armadilhas em forma de 

vesículas, chamadas de utrículos (Taylor, 1989; Casper, 1996; Adamec, 2007; Albert et 

al., 2009; Fleischmann  e Rocia  2018; Silva et al., 2018a; Reut et al., 2021). O Brasil 

consta dos maiores centros de diversidade de Lentibulariaceae, com os registros das 

espécies de Genlisea e Utricularia (Miranda et al., 2015; Poppinga et al., 2016; Guedes 

et al., 2020). 

 

Fig 2: Diversidade de armadilhas em Lentibulariaceae: A- armadilhas em Utricularia; B- armadilhas em 

Pinguicula; C- armadilhas em Genlisea. Crédito-Unesp/LSV-Jaboticabal). 

2. 1.1- Gênero Pinguicula L. 

Originada do latim "pinguis" (gorduroso ou untuoso ao toque) (Heslop-Harrilson, 

2004), o gênero Pinguicula (fig. 3) é composto por plantas herbáceas com distribuição 

cosmopolita, encontradas principalmente no Hemisfério Norte, África, América do Sul e 

nas regiões do Caribe e América Central. É nessas últimas que se verifica a maior 

diversidade específica, sendo consideradas o centro de diversidade do gênero (Casper, 

1996; Legendre, 2000; Casper e Stimper, 2009; Domínguez et al., 2012; 2013; 2023). O 

gênero apresenta duas formas de crescimento distintas: uma temperada, caracterizada 

por um botão de inverno a partir do qual a nova planta pode brotar na primavera 

subsequente, e uma tropical, na qual a roseta fica mais estreita (Casper, 1996; Alcalá e 
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Domínguez, 2005; Grob et al., 2007). Em Pinguicula armadilha é constituída por folhas 

rosetadas e adesivas ou muciladas ocasionado pelas quantidades de tricomas 

glandulares, pedunculados ou sésseis com capacidade de fixar e digerir as presas com 

maior destaque os artrópodes (Heslop-Harrilson, 2004; Müller et al., 2004; Fleischmann 

e Rocia, 2018). 

 

Fig. 4: Representante do gênero Pinguicula L.: A- P. alpina L.; B- P. moranensis  Kunth; C- P. vulgaris L.; 

D- P. jackii Barnhart; E- roseta de P. ehlersiae Speta & F.Fuchs; F- P. flor de P. ehlersiae Speta & F.Fuchs; 

G- roseta e armadilhas de P. vulgais L. Créditos: https://cpphotofinder.com/. com exceção P. vulgais L. 

(Crédito-Unesp/LSV-Jaboticabal). 

https://www.ipni.org/a/9965-1
https://www.ipni.org/a/35881-1
https://www.ipni.org/a/9965-1
https://www.ipni.org/a/35881-1
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Em número de espécies, é o segundo maior gênero da família Lentibulariaceae, 

depois de Utricularia, albergando mais ou menos 100 espécies (Legendre, 2013; 

Rondondi et al., 2010; Fleischmann, 2021; Shimai et al., 2021; Li e Liu, 2022). 

Filogeneticamente Pinguicula, é grupo irmão de Genlisea-Utricularia, com características 

plesiomórficos para as características raízes e  armadilhas, já que Genlisea e Utricularia 

revelam caráter  apomórficos com ausência de raízes  e  com armadilhas complexas 

(Rutishauser e Isler 2001; Jobson et al., 2003; Müller et al., 2004; Shimai et al., 2021). 

Com base no estudo realizado por Casper (1996), Pinguicula encontra-se dividida em 

três subgêneros: Isoloba Barnhart, Pinguicula L. e Temnoceras Barnhart. 

2. 1.2- Gênero Genlisea A.St.-Hil. 

Em termos de diversidade, Genlisea é o terceiro gênero dentro da família 

Lentibulariaceae, composto por 31 espécies, distribuídas desde o continente africano até 

a América do Sul e Central, com maior diversidade concentrada no sudeste do Brasil 

(Fleischmann et al., 2010; Silva et al., 2020; Adamec et al., 2021). No Brasil, foram 

registradas até o momento 19 espécies, das quais 12 são endêmicas, incluindo as do 

subgênero Tayloria, que é endêmico do leste do país (Guedes et al., 2024). No subgênero 

Tayloria destaca-se a espécie Genlisea hawkingii S.R.Silva, B.J.Plachno & V.Miranda, 

descoberta e descrita recentemente pelos pesquisadores da Faculdade de Ciências 

Agrárias e Veterinária afeto  a Universidade Estadual Paulista - Brasil e seus 

colaboradores (Silva et al., 2020).  

Os representantes deste gênero, são pequenas ervas (fig. 4) terrestres sem 

raízes, cujas folhas subterrâneas parecem um “Y” invertido, torcidas helicoidalmente 

especializadas em capturar, digerir e absorver presas, principalmente, bactérias, 

protozoários, algas e integrantes da microfauna, como nematóides, rotíferos, anelídeos 

e pequenos artrópodes (Płachno et al., 2007; Caravieri et al., 2014; Silva et al., 2020 e 

2023). Taxonomicamente, este gênero agrupa dois subgêneros, Tayloria e Genlisea, 

diferenciados pelas características fenotípicas dos frutos, do pólen e das glândulas 

(Fromm-Trinta, 1977; 981; Płachno et al., 2007; Silva et al., 2023). Além disso, as 

https://pubmed.ncbi.nlm.nih.gov/35801136/
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espécies de Genlisea têm despertado interesse entre diversos pesquisadores por 

possuírem os menores tamanhos de genomas nucleares já sequenciados entre as 

plantas com flores, como é o caso da Genlisea tuberosa Rivadavia, Gonella & A.Fleischm 

(Ibarra-Laclette et al., 2013; Fleischmann et al., 2014; Lan et al., 2017). 

Fig. 4. Representantes do Gênero Genlisea A.St.-Hil. A- Hábito de G. aurea A.St.-Hil; B- flor de G. filiformis 

A.St.-Hil; C- flor de G. aurea. D- flor de G. violacea A.St.-Hil; E- roseta e armadilhas de G. filiformis  (Crédito-

LSV-Jaboticabal). 
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2. 1.3- Gênero Utricularia L. 

Utricularia é o gênero que apresenta a maior diversidade de espécies na família 

Lentibulariaceae, além de abrigar a maior quantidade de plantas carnívoras dentro das 

angiospermas, totalizando mais de 250 espécies, o que equivale a cerca de 35% de todas 

as espécies de plantas carnívoras existentes (Taylor, 1989; Müller et al., 2004; Silva et 

al., 2018; Jobson et al., 2018; Miranda et al., 2021). Além disso, destaca-se pela 

significativa variação morfológica, tanto intra quanto interespecífica (fig. 5), uma 

característica que permite que suas espécies exploram uma ampla gama de habitats e 

formas de vida, desde ambientes aquáticos e terrestres até epífitas, crescendo sobre 

rochas e em outros ambientes com baixa disponibilidade de nutrientes (Taylor, 1989). 

As armadilhas do gênero Utricularia, são pequenas vesículas denominadas 

utrículos, que apresentam estratégias de sugar a presa e digeri-las com ajuda de enzimas 

hidrolíticas, como proteases, fosfatases ácidas e esterases (Adamec et al., 2010; 

Rutishauser, 2016; Poppinga et al., 2016; Miranda et al., 2021). A sua distribuição é 

cosmopolita, ocorrendo em zonas tropicais e subtropicais, com a exceção de ilhas 

oceânicas e regiões áridas (Taylor, 1989). No Brasil, o gênero Utricularia, contempla 71 

espécies (Guedes et al., 2024), deste número, 21 são endêmicas, presentes no Norte, 

Nordeste, Centro-Oeste, Sul e Sudeste (Taylor, 1989 e Guedes et al., 2024). 

Trata-se de plantas com hábito herbáceo, com órgãos bem definidos, com variações 

florais, o que aumenta a dificuldade de identificação, até mesmo pelos especialistas 

(Rutishauser e Isler, 2001; Jobson et al., 2003). Suas estruturas florais, são muitas vezes 

confundidas com as de Genlisea, pois são quase parecidas, principalmente na coloração 

da corola, diferenciando-se em seus cálices, em que em Genlisea há cinco sépalas 

(pentalobado), enquanto Utricularia é bilobado, com duas ou quatro sépalas (Taylor, 

1989). 

Estudos, baseados em filogenética molecular, revelam o agrupamento do gênero 

Utricularia em três subgêneros, Polypompholyx (Lehm.) P.Taylor, Bivalvaria S.Kurz e 

Utricularia, sendo Utricularia e Bivalvaria compõe um grupo monofiléticos e 
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Polypompholyx é grupo irmãos do clado composto por  Utricularia e Bivalvaria  (Taylor, 

1989; Müller et al., 2004; Müller e Borsch, 2005; Silva et al., 2018a; Silva et al., 2023), 

com 35 seções (Taylor, 1989). No entanto, ainda persistem várias discussões sobre esta 

classificação. 

 

Fig. 5. Representante do gênero Utricularia L.: A-C- Diversidade floral de Utricularia amethystina Salzm. 

ex A.St.-Hil. & Girard de acordo com a cor da corola (A) U. amethystina roxa, (B) U. amethystina branca e 

(C) U. amethystina amarelo (Crédito: Silva, 2019); D- U. subulata L.; E- U.foliosa L.; F- U. poconsensis 

Fromm; G- U. tricolor A.St.-Hil; H- U. triloba Benj; I- U. foliosa L. no seu habitat natural (Crédito-Unesp/LSV-

Jaboticabal). 



11 

2.2- Considerações sobre genoma na taxonomia de Lentibulariaceae 

Tanto para as plantas quanto para outros organismos, o estudo do genoma é 

essencial, pois contém informações fundamentais para o controle, funcionamento, 

crescimento e reprodução dos organismos. Nele estão contidos todos os genes 

responsáveis pelas informações genéticas e proteicas. As plantas e outros seres 

eucarióticos são caracterizados pela presença de três compartimentos genômicos: 

nuclear, mitocondrial e cloroplastidial. Arabidopsis thaliana (L.) Heynh foi a primeira 

planta das angiospermas que recebeu o sequenciamento no ano de 2000 e até hoje é 

um modelo no estudo de genomas de plantas cultivadas e  não  cultivadas (The 

Arabidopsis Genome Initiative, 2000). Desde lá centenas de plantas têm sido 

sequenciadas, para aplicações em áreas como melhoramento genético, proteômica, 

medicina, taxonomia e outras.  

A família Lentibulariaceae, apesar de possuir poucos estudos genômicos, 

registrou dados de sequenciamento dos genomas de algumas espécies, tanto de genoma 

nuclear, mitocondrial e cloroplastidial, sendo este último com maior registro (Silva et al., 

2023). O fato de que alguns desta família apresentarem menores genomas nDNA como 

por exemplo Genlisea tuberosa (61 Mpb), menor que Arabidopsis thaliana com registro 

de 135 - 157 Mpb (The Arabidopsis Genome Initiative, 2000; Bennett & Leitch, 2005), 

além desses táxons apresentam altas taxas de mutação nos seus compartimentos 

intracelulares (Greilhuber et al., 2006; Ibarra-Laclette et al., 2013; Lan et al., 2017; Silva 

et al., 2023), este fato torna a família Lentibulariaceae um modelo para estudos 

taxonômicos para outras angiospermas. Nos últimos anos diversos estudos revelaram as 

resoluções de problemas taxonômicos dos três gêneros de Lentibulariaceae (Silva et al., 

2018a, 2019; 2020; Shimai et al., 2021).  

Considerando a filogenia, em Lentibulariaceae os genes dos genomas organelas 

têm sido mais utilizados em detrimento dos genes do compartimento nuclear. O genoma 

mitocondrial (mitogenoma), caracteriza-se por sua complexidade estrutural, possuindo 

um sistema genético semi-autônomo, com o tamanho variável, que hospedam genes que 
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codificam proteínas responsáveis para o normal funcionamento da planta, relacionado 

como o metabolismo energético e  homeostase celular  (Gualberto  et  al.,  2014). Estudos 

sobre mitogenomas realizados com espécies de Lentibulariaceae, revelam uma 

mobilidade genética entre os compartimentos e contração com perda (Silva et al., 2017; 

Matos et al., 2022). O genoma plastidial (plastoma) é uma estrutura quadripartida, 

composta duas regiões de cópias única, a longa (LSC) e pequena (SSC) e duas regiões 

de repetição invertida (IRa e IRb) (Downiwe & Palmer 1992; Daniell et al., 2016). Diversos 

estudos filogenéticos foram feitos na família Lentibulariaceae envolvendo os plastomas 

(e.g. Silva et al., Silva et al., 2018a, 2019; 2020; Shimai et al., 2021), revelando um alto 

grau de polimorfismo, identidade e similaridade entre sequências, que os tornam 

candidatos para estudos filogenéticos da família, servindo de modelos para outras 

angiospermas. 
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CAPÍTULO 2- Phylogeny of Genlisea-Utricularia (Lentibulariaceae) based on 

alcohol dehydrogenase and nitroreductase genes. 

Abstract 

The clade Genlisea-Utricularia (Lentibulariaceae) is the most diverse group of carnivorous 

angiosperm plants. They are characterized by a diversity of habitats (nutrient-poor soils 

of polar, temperate, tropical and subtropical regions, both in terrestrial and aquatic 

oligotrophic environments), life forms (lithophytic, epiphytic and rheophytic) and 

phenotypic characteristics, thus showing strategies for survival in unfavorable 

environments. On the other hand, alcohol dehydrogenase and nitroreductase genes 

participate in the regulation and reduction of substances that cause instability in plant 

growth and development. The main aim of this study is to test the alcohol dehydrogenase 

and nitroreductase genes for the phylogeny of Genlisea and Utricularia (Lentibulariaceae), 

using Maximum Likelihood and Bayesian phylogenetic analyses. In addition, we evaluated 

the protein domains, residual structure and motif composition of both genes. Our results 

revealed a phylogeny of genes reflecting the phylogeny of Lentibulariaceae, congruently 

and with monophyletic topology in both genes. The characteristics of the genes identified 

by bioinformatic techniques indicate a similarity and conservation of these nuclear genes, 

which influenced the phylogenetic resolution. This is the first study to evaluate the 

behavior of these nuclear orthologous genes in Lentibulariaceae, thus opening up 

avenues for discussions on perspectives for future studies involving more representation 

of this plant family as well as other angiosperms. 

Keywords: Angiosperms, Gene conservation and evolution, Nuclear genes, Phylogenetic 

congruence.  
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1- Introduction 

The Lentibulariaceae (Lamiales) family is the most diverse group of carnivorous 

plants, with a total of 350 species discovered and published, distributed in just three 

monophyletic genera: Pinguicula L., Genlisea A.St.-Hil. and Utricularia L., the latter two 

being considered as a sister group (Taylor, 1989; Müller et al., 2004; Fleischmann et al., 

2010; Fleischmann and Rocia 2018; Silva et al., 2023), characterized by the diversity of 

traps (one type for each genus), specialized in capturing prey and converting them into 

nutrients necessary for their survival during the life cycle. Their species are cosmopolitan, 

and can be found in polar, temperate, tropical and subtropical regions inhabiting 

oligotrophic terrestrial and aquatic environments, with litholytic, epiphytic and rheophytic 

forms of life, thus reflecting a high degree of polymorphism (Taylor, 1989; Poppinga et al., 

2016; Miranda et al., 2021). While species of Pinguicula have roots, those of the Genlisea-

Utricularia clade do not, constituting a synapomorphy for the latter two genera. 

Phylogenetic studies point to Pinguicula as a sister group of the genera Genlisea and 

Utricularia (Müller et al., 2006; Fleischmann et al., 2010; Silva et al., 20118a e 2023), 

which means that in evolutionary history, Genlisea-Utricularia species lost roots over time. 

This synapomorphy means that species explore different habitats, growth habits and 

adaptation strategies, present greater species diversity as well as phenotypic diversity, 

serving as models for research on physiological, genetic, morphological aspects and 

evolutionary history in other species of angiosperms (Müller et al., 2004; Albert et al., 

2009; Clivati et al., 2014; Silva et al., 2023).  

In recent years, several genes from the mitochondrial, chloroplast and nuclear 

genome of eukaryotes have been used in order to phylogenetically describe the 

evolutionary history of taxa in angiosperms, through the characteristics of homologies that 

can be orthologous and paralogous. It is important to highlight that nuclear genome genes 

present advantages over chloroplast and mitochondria genes in evolutionary studies, as 

they present higher mutational rates, as well as because they present biparental 

inheritance, allowing the recovery of a complete ancestry of lineages (Wolfe et al., 1987; 

Small et al., 2004; Huang et al., 2023; Zhang et al., 2024). Nuclear genes with one or a 
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few copies are of great importance for the phylogenetic escape of plants. The fact that 

these genes have biparental inheritance, unlike maternally inherited plastid and 

mitochondrial markers, allows us to glimpse hybridization events that may occur 

throughout plant evolution (Small et al., 2004; Linder and Rieseberg, 2004; Shen et al., 

2021). 

 Among the various genes localized in the nucleus genome are the alcohol 

dehydrogenase and nitroreductase genes, which can be found in prokaryotes as well as 

in eukaryotes including angiosperms (Van et al., 1991; Speirs et al., 1998; Hannink et al., 

2010; Dabravolski et al., 2020; Zeng et al., 2020; Shen et al., 2021).  

These genes perform specialized functions that are essential for cellular 

maintenance and the adaptation of organisms in their characteristic environments or in 

adverse environments. However, studies centered on descriptions of the evolutionary 

history of alcohol dehydrogenase and nitroreductase genes in higher plants are rare (Sang 

et al., 1997; Charlesworth et al., 1998; Dabravolski et al., 2020; Li e al., 2022), and for the 

Lentibulariaceae family, no research has been developed or published involving the 

evolutionary history of these genes or the phylogeny of this gene class. 

Alcohol dehydrogenases (ADHs) are a gene family belonging to the glycolytic 

pathway, which play a number of important roles in the various physiological processes 

of plants, enabling survival in anaerobic environments and functional maintenance of 

organism (Harberd, 1982; Thompson et al., 2007; Shen et al., 2021). With zinc-binding 

characteristics, alcohol dehydrogenase is a huge family, divided into three subfamilies: (i) 

short-chain dehydrogenase/reductase ((SDR)-ADH)), which contains about 250 amino 

acid residues, (ii) medium-chain dehydrogenase/reductase ((MDR)-ADH) with about 350 

residues and (iii) long-chain dehydrogenase/reductase ((LDR)-AD))H which generally has 

385~900 amino acid residues or about amino acid residues), the latter being absent in 

plant organisms (Speirs et al., 1998; Kim et al., 2009; Alka et al., 2013). Structurally, it is 

made up of two conserved domains: (i) the zinc-binding domain (ADH_zinc_N) with 

206~340 amino acids and (ii) a GroES-like domain (ADH_N) with 35-164 amino acids 
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which forms the enzyme catalytic domain (Murzin, 1996; Svensson et al., 1998; Zeng et 

al., 2020; Shen et al., 2021).  

In plants, the activation of these domains not only allows plants to survive in 

anaerobic conditions, but also participates in other catabolic processes, catalysing 

reciprocal transformations between alcohol and aldehyde and flavour synthesis during 

fruit development, as well as the formation of alcohols during fruit ripening and resistance 

to aldehydes under hypoxic conditions or biotic stress (Chase, 1999; Dixon and Hewett, 

2000; Zeng et al., 2020; Shen et al., 2021; Li e al., 2022).  

However, research into the evolutionary studies of alcohol dehydrogenase has 

been carried out on a considerable number of plants, including angiosperms such as 

Phrymaceae, Poaceae, Brassicaceae, Fabaceae, Ranunculaceae, Rosaceae and others, 

reporting the occurrence of duplications and divergence (Kouse et al., 1995; Sang et al., 

1997;  Thompson et al., 2010; Zeng et al., 2020; Li e al., 2022). For example, in a study 

carried out by Zeng et al (2020), with genes from this family in Rosaceae species, the 

authors noticed frequent events of duplication of a single gene and expansion of other 

genes from this gene family. Therefore, this is a candidate gene family for in-depth studies, 

given the importance of duplications in plant evolutionary processes. 

Nitroreductases (NRL) are a group of genes subdivided into two groups: (i) type I 

which catalyzes the reduction of organic nitro compounds; and (ii) type II which catalyzes 

a one-electron reduction of the nitro group to produce nitrate anion radicals which can 

react with oxygen to form superoxide and cause oxidative stress (Miškinien et al 1998; 

Akiva et al., 2017; Kim et al., 2021). Its structural domain is made up of flavin adenine 

mononucleotide (FMN), capable of metabolizing nitro compounds, using nicotinamide 

dinucleotide (NAD+) as an electron source and NAD (Nicotinamide adenine dinucleotide) 

and NADP+ (Nicotinamide adenine dinucleotide phosphate) acting as reducing agents in 

the genome (Miškinien et al 1998; Akiva et al., 2017; Dabravolski et al., 2020; Kim et al., 

2021).  
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Interestingly, the nitroreductase gene, as well as being hydrophobic, forms 

homodimeric structures, which can be enzymes that are sensitive or insensitive to oxygen 

(Carvalho et al., 2020), fundamental aspects of plant survival strategies. There are reports 

on the evolution of nitroreductases, which occur divergently and radially from a minimal 

flamine-binding framework (Akiva et al., 2017). However, for plants, despite being scarce, 

evolutionary studies with this gene family in some Viridiplantae species (including 

angiosperms such as Arabidopsis lyrata L. and Gossypium barbadense L., suggest 

conservation of the functions of the coding genes and a definite high level of similarity in 

their structures (Dabrovolski et al., 2020), thus providing clues for more detailed research 

into the evolutionary history of genes in flowering plants. 

Given their structural, functional, adaptive and also evolutionary importance, the 

genes encoding alcohol dehydrogenase and nitroreductase are potential candidates for 

the phylogeny of Lentibulariaceae species, and may provide insights for the taxonomy, 

biogeography and evolution not of only Lentibulariaceae but also for other angiosperms. 

Thus, our work aimed to test the alcohol dehydrogenase and nitroreductase genes for the 

phylogeny of Genlisea and Utricularia (Lentibulariaceae).  

2- Materials and methods 

2.1- Obtaining gene sequences, domains and residues  

The sequences of Genlisea and Utricularia of the alcohol dehydrogenase and 

nitroreductase genes used in this work were extracted from previously assembled 

genomes (not yet published) belonging to the Laboratory of Plant Systematics (LSV) 

database. In order to investigate the domains of each gene, the sequences extracted were 

translated and aligned using the Mega-X tool (Kumar et al., 2018). These sequences were 

then submitted to the Interpro database (https://www.ebi.ac.uk/interpro/) to confirm the 

presence or absence of the characteristic domains of the alcohol dehydrogenase and 

nitroreductase genes. This programme also made it possible to identify the location of the 

protein domains of the respective genes. 
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2.2- Structural modeling and prediction of gene motifs 

Structural modeling was carried out using the SWISS-MODEL web platform 

(Waterhouse et al., 2018), available at (https://swissmodel.expasy.org/interactive), a 3D 

structure visualization programme showing the angles, distance and location of hydrogen 

bonds. In this study, we modeled one species from each genus (Genlisea nigrocaulis and 

Utricularia geminiloba) and Arabidopsis thaliana, as it is a previously studied species and 

its structure is known. These two species were selected because of some differences in 

their sequences at the time of alignment. The main objective of this modeling was to 

observe the target sites of amino acid residues. In addition, this programme made it 

possible to observe the functional domains of each group of genes. Therefore, two 

structural models were built and compared, the monomer and the homotetramer model. 

The conserved motifs were determined using the MEME Suite v.5.3.0 tool (Bailey 

et al., 2009), which can be accessed at https://meme-suite.org/meme/tools/meme. To this 

end, the protein sequences of the six Lentibulariaceae species used in the modeling 

analyses were accomplished and compared with Arabidopsis thaliana. The main objective 

of this analysis was to verify the recurrence of motifs, that is, short sequences of functional 

importance of the alcohol dehydrogenase and nitroreductase genes (D’haesleer, 2006; 

Boeva, 2016), in species of the Utricularia-Genlisea clade, and compare them with the 

motifs commonly found in Arabidopsis thaliana.The parameters used for this search were 

those proposed by the platform, changing only the maximum number of motifs to 15. 

2.3- Phylogenetic analyses of the alcohol dehydrogenase and nitroreductase genes  

All the sequences extracted and the presence of the domains that characterize the 

alcohol dehydrogenase and nitroreductase genes of the Utricularia and Genlisea species 

were aligned using Muscle Codon (Edgar, 2004) within the Mega-X software (Kumar et 

al., 2018). Phylogenetic and evolutionary inferences for the two genes were made using 

Maximum Likelihood (ML) and Bayesian (BI) methods. 
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The construction of the Maximum Likelihood tree was calculated using the online 

software IQ-Tree 1.6.12 (Nguyen et al., 2014) with the best-of-fit model TIM2+F+I+G4, 

according to the BIC criteria (Akaike, 1974) calculated with the program ModelFinder v.2 

(Kalyaanamoorthy et al., 2017). Clade support was estimated using the ultrafast bootstrap 

(UFBoot) and SH-aLRT algorithms (Hoang et al., 2018) with 1,000 replicates.  

Bayesian analyses were carried out using the MrBayes v. 3.2.2 program (Ronquist 

et al., 2012) on the CIPRES platform. Here, 1010 generations were produced and the 

posterior probabilities (clade support) calculated using the MCMC (Markov Chain Monte 

Carlo) algorithm. Trees were sampled every 100 generations, discarding 25% of the initial 

trees (burnin). The evolutionary model used was the same as that used for the ML tree. 

Both Maximum Likelihood (ML) and Bayesian (BI) trees were rooted with species 

Arabidopsis thaliana L. (NM_180926.3 for alcohol dehydrogenase; for NM_100082.4 

nitroreductase), Vitis vinifera L. (XM_034835507.1; CP146242.1), Coffea canephora 

Pierre ex A.Froehner (GW397363.1; EU164537.1), Mimulus guttatus DC 

(XM_013002161.1; CV522154.1) and Solanum lycopersicum L. (XM_004239582.4; 

XM_004229754.4) as outgroup. The phylogenetic trees were visualized and drawn using 

iTOL - Interactive Tree of Life v5 (Letunic e Bork, 2021) and edited using the Inkscape 

v1.3.2 application (https://inkscape.org). All sequences of the alcohol dehydrogenase and 

nitroreductase genes used as external groups were obtained from previously assembled 

genomes and deposited in the GenBank database incorporated into NCBI (National 

Center for Biotechnology Information) (<http://www.ncbi. nlm.nih.gov>), through keyword 

searches and BLAST (Basic Local Alignment Search Tool) searches. 

3- RESULTS  

3.1- Gene identification and characterisation  

3.1.1- Alcohol dehydrogenase 

The searches carried out by the Interpro (https://www.ebi.ac.uk/interpro/) identified 

the presence of the alcohol dehydrogenase gene domains in all the sequences of 
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Utricularia and Genlisea species, comparing them with those of Arabidopsis thaliana, 

which served as a model. These domains fulfill biological and structural functions, 

containing the residues and motifs of alcohol dehydrogenase. The two main domains that 

characterize these genes are zinc-binding (ADH_zinc_N) and GroES-like (ADH_N) 

(Murzin, 1996; Svensson et al., 1998; Zeng et al., 2020; Shen et al., 2021). In addition, 

other orthologous domains belonging to alcohol dehydrogenase were found, namely: NAD 

(P)-biding domain superfamily (NAD(P)-bd_dom_sf), Alcohol dehydrogenase-like, N-

terminal (ADH-like _N); GroES-like superfamily (GroES-like_sf); Alcohol dehydrogenase, 

zinc-type (ADH_Zn_CS), Alcohol dehydrogenase-like, C-terminal (ADH-like_C), 

Polyketide synthase, enoylreductase domain (PKS_ER). They recorded variations in the 

locations of occurrence in almost all the species, showing a slight similarity between 

species of the same genus, although many of these are overlapping. The main domains 

were found in regions between 66 and 487, and in some species they overlapped. 

The structural diversity of alcohol dehydrogenase genes constructed using SWISS-

MODEL (Waterhouse et al., 2018). The model was constructed by homology of the 

modular monomer and homotetramer structures in Genlisea nigrocaulis and Utricularia 

geminiloba, using Arabidopsis thaliana (AF-Q93ZM6-F1) as template. A comparative 

analysis of the modular structures of the Genlisea-Utricularia species used in these 

studies revealed a structural identity.  Notably, in Lentibulariaceae the structural variations 

occur mainly in the top regions and in the zinc-binding sites which preferentially contain 

the ALA, VAL, HIS and SER residues. In addition, variations in the position of amino acid 

residues were also identified. Curiously, the Lentibulariaceae species showed the same 

stability performance, mainly in the modular monomer, while the homotetramer model 

revealed few differences, thus revealing a possible protein conservation of the gene. 

Overall, the results show an identity of 60 to 90% of the protein domains between the 

sequences of the species, with only a slight divergence between the genera. The main 

variations were found in the zinc-binding regions, mainly in monomers, corroborating 

previous studies (Thompson et al., 2007; Zeng et al., 2020). 
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Figure 1: Modeled structures of alcohol dehydrogenase from the species: Arabidopsis thaliana (A), 

Genlisea nigrocaulis (B) and Utricularia geminiloba (C). The Monomer model is on the left and the 

homotetramer model is on the right. The colors indicate the position of the amino acid residues of the alcohol 

dehydrogenase representative domains.  

When comparing the motifs of the sequences using the MEME Suite v.5.3.0 

software (Bailey et al., 2009), certain divergences in the numbers of motifs were noted 

between the genera and within the genera (fig. 2). 
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Fig. 2: Representation of the alcohol dehydrogenase motifs: (A) Locations of the motifs of the 23 sequences 

from Lentibulariaceae and Arabidopsis thaliana (B) consensus of the motifs of the species represented. 

The genus Genlisea seems to have the highest similarity of motifs both in number 

and position, and of the nine motifs recovered, and without positional variation on the 

sequences of the genus. The opposite was true for the genus Utricularia. Although certain 

species had nine motifs, some varied even between phylogenetically close species, such 

as Utricularia amethystina “yellow”, which had 8 motifs, and Utricularia amethystina 

“white”, which only had motif one (1). Surprisingly, it was found that the species with the 
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highest and lowest number of amino acids of all the sequences used in these studies 

(Utricularia amethystina with 690 aa and Utricularia aurea with 350 aa), were the ones 

with the lowest number of motifs. In terms of localisation, the motifs that varied the most 

were motifs one and four, while the most stable were motifs two and three. The widths of 

the motifs vary from a maximum of 50 to a minimum of 21.  Notably all the motifs are 

located in the preserved regions of the domains. 

3.1.2- Nitroreductase  

The Interpro (https://www.ebi.ac.uk/interpro/) identified in all the sequences the 

presence of the nitroreductase domain with FMN (Flavin mononucleotide), FAD (Flavin 

adenine dinucleotide), NADH (Nicotinamide adenine dinucleotide) and NADPH 

(Nicotinamide adenine dinucleotide phosphate) molecules corroborating other authors 

(Miškinien et al 1998; Akiva et al., 2017; Dabravolski et al., 2020; Kim et al., 2021).  The 

domain is found in regions 95 to 620. An orthologue of nitroreductase (nitroreductase-like) 

was also identified in all sequences, and in some species (e.g. Utricularia geminiloba and 

Utricularia arenaria) it overlaps with the main domain. Curiously, some species showed 

double nitroreductase, positioned in the first and last regions. 

The model was constructed by homology of the modular monomer and 

homotetramer structures in Genlisea nigrocaulis and Utricularia geminiloba, using 

Arabidopsis thaliana (A0A5D1ZY20) as template. As with the alcohol dehydrogenase 

gene in this study, the results of the modelling (fig 3) of the nitroreductase gene referring 

to the monomer and homotetramer models of the species Arabidopsis thaliana, Genlisea 

nigrocaulis and Utricularia geminiloba, revealed structural identity in the order of 46 to 

87%. The main differences were observed in Genlisea nigrocaulis, mainly in the structural 

monomer. The locations of the amino acid residues also varied in all the species, but in 

Lentibulariaceae they tended to be closer. 
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Figure 3: Modeled structures of the nitroreductase gene from the species: Arabidopsis thaliana (A), 

Genlisea nigrocaulis (B) and Utricularia geminiloba (C). The Monomer model is on the left and the 

homotetramer model is on the right. The colors indicate the position of the amino acid residues of the 

nitroreductase representative domains. 

For the nitroreductase gene, the motifs identified by the MEME tool (https://meme-

suite.org/meme/tools/meme)  are all located in the conserved regions of the domains. The 

maximum width was 50 aa for motifs one, six and seven, while the minimum width was 

29 aa for motifs three, four, five and eight. Motifs eight and two had a width of 41 aa. 

These results reveal significant conservation between the sequences, as well as their 

similarity. Interestingly, the regions of occurrence of the motifs are grouped together, 

except for Genlisea nigrocaulis, Genlisea pygmaea and Genlisea repens, which are 

slightly further apart, with the nine motifs being positioned in the regions of 450 to 950 
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apparently. These residue changes contribute to amino acid rearrangements (Thompson 

et al., 2007). 

 
Fig 4: Representation of the motifs of the nitroreductase gene: (A) Locations of the motifs of the 23 

sequences from Lentibulariaceae and Arabidopsis thaliana (B) consensus of the motifs of the species 

represented. 

3.2- Phylogenetic analyses of alcohol dehydrogenase and nitroreductase genes in 

Lentibulariaceae 

Phylogenetic analysis based on 23 sequences of alcohol dehydrogenase and 

nitroreductase genes from Lentibulariaceae species were shown in Figures 5 and 6, 

respectively. The phylogenetic trees performed by maximum likelihood and Bayesian 
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methods for both genes showed very similar and completely congruent trees. The only 

differences were only detected in the support values in both Bayesian (posterior 

probabilities) and Maximum likelihood (bootstrap and SH-aLRT). Therefore, in this study, 

we adopted a more conservative approach to propose evolutionary hypotheses, selecting 

trees derived from the Bayesian method. 

 

Fig. 5: Cladogram of Bayesian analysis based on the alcohol dehydrogenase gene.  The support values 

(posterior probabilities, bootstrap of the ML analysis and SH-aLRT) of each clade are indicated next to the 
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respective nodes. The infrageneric classification (Taylor, 1989; Fleischmann, 2012) is shown on the right. 

The gray background color in the terminal branch denotes incongruence of the taxa in the clades in which 

they are positioned. 

 

Fig. 6: Cladogram of Bayesian analysis based on the nitroreductase gene.  The support values (posterior 

probabilities, bootstrap of the ML analysis and SH-aLRT) of each clade are indicated next to the respective 

nodes. The infrageneric classification (Taylor, 1989; Fleischmann, 2012) is shown on the right. The gray 

background color in the terminal branch denotes incongruence of the taxa in the clades in which they are 

positioned. 
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4- Discussion  

The motivation behind this study was to test the feasibility of reconstructing the 

phylogenetic trees using alcohol dehydrogenase and nitroreductase genes located in the 

nuclear genome using Lentibulariaceae as a model. Therefore, this is the first study 

involving these genes in this family. Before the phylogenetic analyses, the genes were 

first structurally characterized in terms of their domains, model structure and motif 

composition. 

Protein motifs are short and conserved sequences, that is, recurring patterns that 

can be identified in several different proteins, but with some type of relationship and are 

often associated with a specific structure or function, with the purpose of interacting with 

target genes of protein factors. transcription, recognition and molecular resistance, 

catalytic site, cellular targeting, interactions of protein pathways and with other proteins 

essential for the proper functioning of organisms, while the domains are broader and may 

even encompass one or more motifs that determine the specificity in the formation of 

protein dimers and transcriptional activation, the modular structure allows knowing the 

variations or not of the amino acid residues responsible for the formation of proteins or a 

probable gene or rearrangement, being able to form new homologous genes (Egea-

Cortines et al., 1999; Par̆enicová et al., 2003; D'haesleer, 2006; Thompson et al., 2010; 

Boeva, 2016). Knowledge of these and other aspects is essential in phylogenetic studies, 

especially when there is a lack of information about the respective genes of the organisms 

under study, as it allows evaluating the quality of the sequences used for phylogeny. 

The alcohol dehydrogenase gene exhibits various functional domains, including 

zinc-binding domains (ADH_zinc_N) and GroES-like domains (ADH_N), along with 

orthologues within its gene family. Zinc-binding domains, which are typically dimeric or 

tetrameric proteins, facilitate the connection of two zinc atoms by coordinating cysteine 

and histidine residues, crucial for catalyzing the reversible oxidation of alcohols into 

acetaldehyde or ketone, while reducing NAD. The stability of these proteins is maintained 
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by additional residues, contributing to molecular stability (Thorn et al., 1995; Pauly et al., 

2003; Klein et al., 2023).  

On the other hand, GroES-like domains, characterized by their irregular β-

chaperonin-10-containing protein structure, function as quinone oxidoreductases and 

glucose dehydrogenases. These domains are prone to Ile to Val mutations and are 

hydrophobic, aiding in the conservation of residues necessary for maintaining the three-

dimensional structure, regulating gene transcription, and ensuring overall integrity 

(Murzin, 1996; Taneja and Mande, 1999; Rutten et al., 2009).  

Given these biological functions, the alcohol dehydrogenase gene holds significant 

importance for plant survival in anaerobic conditions and other adverse habitats, including 

those encountered by Lentibulariaceae species. Lentibulariaceae species, particularly 

within the Genlisea-Utricularia clade, exhibit diverse habitats, such as poor and swampy 

soils, polar, temperate, tropical and subtropical regions, and oligotrophic terrestrial and 

aquatic environments. These environments are often associated with water and present 

various stresses (Taylor, 1989; Poppinga et al., 2016; Miranda et al., 2021). Therefore, it 

is suggested that further studies on alcohol dehydrogenase genes be conducted with a 

broad representation of Lentibulariaceae species, including Pinguicula, to better 

understand their role in adapting to and surviving in such challenging environments. 

In this study, through structural modeling and the search for motifs, we were able 

to understand the diversity of residues and motif structure. Despite a slight difference, our 

results show mostly a high identity, similarity and genetic conservation along the main 

regions in almost all the sequences of the Lentibulariaceae species and the model species 

Arabidopsis thaliana, as has been seen in other studies with alcohol dehydrogenase 

genes involving other eudicotyledons  (Kouse et al., 1995; Sang et al., 1997; Svensson et 

al., 1998; Thompson et al., 2007 and 2010; Zeng et al., 2020; Shen et al., 2021; Li et al., 

2022). These aspects are fundamental for solving phylogenetic problems. Therefore, 

these results provide clues for considering the alcohol dehydrogenase gene as a 

candidate for phylogenetic studies of Lentibulariaceae and other angiosperms. 
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This study also characterized the nitroreductase gene, with a view to phylogenetic 

reconstruction of some species belonging to the Genlisea-Utricularia clade 

(Lentibulariaceae). The conserved domain and an orthologue of (nitroreductase-like) were 

identified in all species, although some showed a double domain, especially Utricularia 

geminiloba and Utricularia arenaria, which probably influenced the topological position of 

the clade (see chapter 3.2). It is important to note that nitroreductase genes can contain 

partial copies of both domains, which in many cases cannot be identified (Oliveira et al., 

2007; Lee et al., 2008), which probably and can be present in other sequences in this 

study.  

Therefore, in all the sequences the molecules FAD (Flavin adenine dinucleotide), 

NADH (Nicotinamide adenine dinucleotide) and NADPH (Nicotinamide adenine 

dinucleotide phosphate). The presence of these molecules in nitroreductases promote the 

nitro-substituted compounds metabolization (Miškinien et al 1998; Akiva et al., 2017; 

Dabravolski et al., 2020; Kim et al., 2021), thus enabling the survival and stability of 

organisms in unfavorable environments. In addition, nitroreductase is responsible for the 

conversion of nitro compounds into amines, which may be important for the detoxification 

of xenobiotics and the production of secondary metabolites, participating in the response 

of plants to abiotic and biotic stress, as well as in the regulation of plant growth and 

development (Zhu et al.,2018; Dabravolski et al., 2020; Carvalho et al., 2020).  

Furthermore, the structural identity of Genlisea and Utricularia, as well as the 

similarity and conservation of nitroreductase motifs were revealed in this study. Given the 

habitats and the wide lifestyles of the Genlisea and Utricularia species, as well as the 

specialization of their traps in prey capture and nutrient digestion, evolutionary studies 

with nitroreductase genes become challenging. Genlisea  traps are underground, forming 

forks with slits where soil microorganisms are inserted and end up being digested, while 

in Utricularia, its traps are small vesicles commonly called utricles, with the capacity to 

suck in prey (Barthlott et al., 1998; Albert et al., 2009; Fleischmann et al., 2014; Poppinga 

et al., 2016; Silva et al., 2023) and, therefore,  the traps may contribute to the probable 

presence of nitro compounds as several subproducts as the result of the prey digestion in 
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Lentibulariaceae species. Therefore, the nitroreductase gene can be also a strong 

candidate for evolutionary studies in Lentibulariaceae and maybe to other angiosperms. 

Notably, phylogenetic analysis of alcohol dehydrogenase and nitroreductase genes 

based on Genlisea and Utricularia (Lentibulariaceae) species, performed using Maximum 

Likelihood and Bayesian inference, showed the same topology and the same evolutionary 

history of the genes. Our results (Figs. 5 and 6) reveal a phylogeny of genes that reflects 

the phylogeny of Lentibulariaceae, monophyletic and congruent within the family, as 

reported by other authors (Müller et al., 2006; Silva et al., 2018a; Silva et al., 2023). 

Despite the slight congruences when these trees are compared previous phylogenies of 

this genus (Müller et al., 2006; Silva et al., 2018a), both genes have potential for 

recovering the phylogeny of the species. The incongruences found are possibly due these 

genes do not totally match the evolutionary history of the species. 

Although in some clades the support values (posterior probabilities, bootstrap and 

SH-aLRT) were slightly low, as well as slight inconsistencies within Utricularia, the 

phylogenetic reconstructions based on these two genes have phylogenetic signal and in 

the majority the phylogenetic history of Lentibulariaceae. In the genus Genlisea, there was 

100% congruence regarding the positioning of the species in the respective clades. The 

main incongruences found include the positioning of Utricularia geminiloba, which was 

separated from other species, Utricularia nephrophylla and Utricularia reniformis, all 

belonging to sect. Iperua, as well as the proximity of Utricularia amethystina yellow and 

Utricularia tricolor as opposed to Utricularia amethystina white, both belonging to sect. 

Foliosa (Taylor, 1989; Silva et al., 2018a). 

These incongruences, especially in Utricularia geminiloba, are probably attributed 

to the different phylogenetic history of the genes. These can be caused by different 

factors, as gene duplication, incomplete lineage sorting and the coalescence processes, 

which can be critical when nuclear genes are used in phylogeny of species (Yijie et al., 

2019; Zeng et al., 2020). As the case of gene duplications, changes and rearrangements 

of amino acid residues lead to the emergence of new functions and characteristics, while 
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gene conservation is important in ensuring the maintenance of essential characteristics 

for the survival of species (Dabravolski et al., 2020; Zeng et al., 2020; Shen et al., 2021). 

However, the phylogenetic relationship of the species of the sect. Foliosa represented in 

this study (Utricularia amethystina yellow, Utricularia tricolor and Utricularia amethystina 

white) merits an in-depth evaluation with further studies of the genus, with a wider range 

of phylogenetically related species. In addition, the phylogeny of genes does not always 

represent the real phylogeny of species, as plant evolution sometimes involves several 

reticulation events (Linder and Rieseberg, 2004). 

Therefore, based on the results obtained in this study, it is possible to state that 

phylogenetic studies using the nuclear, alcohol dehydrogenase and nitroreductase genes 

in Lentibulariaceae, especially Utricularia and Genlisea species, are feasible and mostly 

defensible and consistent.  

5- Conclusion 

For the first time, the phylogeny of the alcohol dehydrogenase and nitroreductase 

genes has been used in the phylogeny of Lentibulariaceae, specifically in species of the 

genera Genlisea and Utricularia. Our results revealed a phylogenetic evolution of the 

genes, reflecting the actual phylogeny of the Lentibulariaceae species, with the trees of 

both genes presenting a congruent and monophyletic topology for both genes, thus 

attesting to the congruence and consistency of these genes for phylogenetic studies. In 

addition, we identified and characterized the genes in terms of their protein domains, 

residual structure and motif composition. The results indicate similarity, identity and 

genetic conservation. This study has provided important information for comparative and 

functional analyses of these two genes for these plant groups as well as in all 

angiosperms. Therefore, with this study we conclude that the alcohol dehydrogenase and 

nitroreductase genes are potential candidates for the phylogeny of Lentibulariaceae and 

other plant groups.  
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CAPÍTULO 3- Comparative analysis of the chloroplast genome of Pinguicula 

moranensis Kunth (Lentibulariaceae) 

Abstract 

In recent years, researchers have tended to apply molecular approaches to fill the gaps 

when morphology has not satisfactorily filled in systematic and taxonomic questions or for 

studies on genetics and diversity. For that, genomes can be an essential source of 

information, and thus plant species have been sequenced, assembled, and annotated. 

Within the Lentibulariaceae family, the genus Pinguicula L. is the one with the fewest 

published chloroplast genomes. In this study, we assembled, annotated, and described 

the complete chloroplast (pt) genome of Pinguicula moranensis Kunth, a carnivorous plant 

species that occurs in Mexico, Guatemala, and El Salvador and has tropical growth 

characteristics. With a total size of 147,072 bp, is currently the smallest chloropastid 

genome of the genus Pinguicula, compared to those published to date. It has a total 

guanine-cytosine (GC) content of 38.3% and presents a quadripartite structure composed 

of three regions: single copy region (LSC), short single copy region (SSC) and a short 

single copy region (SSC). It contains a pair of inverted repeat (IR) regions, typical of pt 

genomes. These regions occupied 81,393 bp, 11,537 bp, and 27,071 bp of the genome 

for LSC, SSC, and IR, respectively. 110 genes were found, of which 77 are protein-coding, 

27 tRNA, four rRNA, and two pseudo genes. When comparing the identities of Pinguicula 

vulgaris and P. jackii, the results show that they are conserved and mostly similar. The 

maximum likelihood phylogenetic tree was generated with 69 protein-coding genes and 

recovered a monophyletic clade of Pinguicula, sister to a clade formed by Genlisea - 

Utricularia. In our analysis, P. moranensis was grouped with P. jackii, thus showing a close 

relationship. This study adds to the scarce genomes data on Pinguicula and provides 

clues to the evolution of the pt genomes in the Lentibulariaceae family.  

Keywords: Genomic, Lentibulariaceae evolution, Phylogenetic analysis, ptDNA. 
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1- Introduction 

Pinguicula L., together with Genlisea A.St.-Hil. and Utricularia L., represent the three 

genera of the carnivorous plant family Lentibulariaceae of the Lamiales (Taylor, 1989). 

The species in the genus Pinguicula have rosette-shaped leaves covered by sticky glands 

that secrete mucilage (Degtjareva and Sokoloff, 2012). These glands are adapted to 

capture small insects such as flies, mosquitoes, and other arthropods (Casper, 1996; 

Rondondi et al., 2010) which are attracted to the sticky substance and become trapped 

on the leaves. The digestive enzymes produced by the glands act to break down the prey 

macromolecules (main proteins) and thus the leaves absorb nutrients into the plant for its 

survival and the continuity of other vital functions. With around 100 species, the genus 

Pinguicula L. is the second most diverse in the family, after Utricularia L. (Legendre, 2013; 

Rondondi et al., 2010; Fleischmann, 2021; Shimai et al., 2021; Li and Liu, 2022). It occurs 

in the Northern Hemisphere and some taxa in South America and Africa, with the greatest 

specific diversity found in the Caribbean-Central American region, which is considered the 

center of diversity (Casper, 1996; Casper and Stimper, 2009; Domínguez et al., 2012; 

2013; 2023). While the Genlisea-Utricularia clade lacks a root system, Pinguicula has 

adventitious roots (Corrêa et al., 2002), thus corroborating phylogenetic studies  based 

on DNA which  point to Pinguicula as a sister group of the Genlisea-Utricularia clade 

(Legendre, 2013; Muller et al., 2004; Silva et al., 2016; 2018; 2023). 

Belonging to the section Mesoamerican, Pinguicula moranensis Kunth is a 

perennial plant found the high regions of Mexico, Guatemala and El Salvador (Zamudio, 

2001; Grob et al., 2007; Shimai et al., 2021). Their habitats are preferably rocky, humid, 

and shaded (Villegas and Alcalá, 2017). Given its occurrence in tropical regions, it flowers 

almost year-round (Zamudio and Rzedowsky, 1991), presenting two rosettes with 

dimorphic leaves (Rueda-Almazán, 2021). Therefore, in the months of June to October, 

which correspond to summer, the species produces a rosette called a capture rosette, 

with 6-8 tiny leaves. In winter, specifically from November to May, the rosettes have 

around 60 to 100 leaves of limited length (Zamudio, 1999). It has hermaphrodite flowers, 

https://doi.org/10.1016/j.revpalbo.2010.03.005.
https://doi.org/10.1016/j.revpalbo.2010.03.005.
https://pubmed.ncbi.nlm.nih.gov/35801136/
https://doi.org/10.1007/s00606-008-0097-9.
http://doi.org/10.1055/s-2004-817909.
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with a style measuring 15–38 mm; corollas vary in length from 60 to 64 mm (Zamudio, 

2001; Grob et al., 2007; Villegas and Alcalá, 2017), with zygomorphic flowers of purple 

color; the flowers are trilobal, despite the upper lips being bilobed. Five to six weeks after 

pollination by dipterans, fruiting appears, which takes place from July to September 

(Alcalá and Domínguez, 2005; Grob et al., 2007). The fruits are in the form of capsules 

that house around 400 seeds (Villegas and Alcalá, 2017). 

Several studies based on molecular and morphological characteristics have been 

important for the taxonomic classification of species in this family (Muller et al., 2004; 

Rutishauser, 2015; Silva et al., 2016a). In recent years, some species of Lentibulariaceae 

had their genomes sequenced and assembled, where was found that some taxa in this 

family have smaller genomes and present high rates of nucleotide substitutions in their 

genomes, mainly in species of the Genlisea-Utricularia clade (Albert et al., 2009, Silva et 

al., 2018 e 2019, Johnson  and Albert, 2005). Genetic information is essential for 

managing information. and mapping evolutionary trajectories (Li and Liu, 2022). These 

molecular tools have strongly contributed to taxonomic resolution or adjustment, the 

discovery of new species, and providing clues about the evolution, similarity, and genetic 

behavior of species (Wang et al., 2024). Therefore, research on the nuclear, 

mitochondrial, and chloroplast genomes of plants is extremely important, as it allows 

knowledge about the genetic information and evolution of the genes that make up the 

species' genomes, as well as the phylogenetic relationships of intra- and interspecific. 

The chloroplast genome (ptDNA) has a quadripartite structure, composed of two 

inverted repeat regions (IRa and IRb) and two cyclically unique regions, one of large size 

(LSC) and the other of small size (SSC) (Palmer, 1985). Its polymorphism plays a crucial 

role in resolving taxonomic and phylogenetic discrepancies, contributing to the 

development of genetic barcodes, population genetics studies, the construction of high-

resolution phylogenetic trees, and the conservation of threatened species (Downie and 

Palmer 1992; Daniell et al., 2016; Robbins and Kelly, 2023; Wang et al., 2024). ptDNAs  

contain a double-stranded circular genome with a size ranging from 107 kb to 218 kb, 

which encodes about 120 genes, including ribosomal RNA (rRNA) and transfer RNA 

https://doi.org/10.3390/ijms20246130


51 

(tRNA), and genes encoding different proteins (Daniell et al., 2016). Studies on the 

chloroplast genome have registered a progression, because until 2023 approximately 

13,000 studies had been published and of that number, flowering plants cover the largest 

percentage with around 93.4% (Wang et al., 2024). Chloroplast genomes provide crucial 

information for phylogenetic studies. However, for the genus Pinguicula to date, only 

Pinguicula ehlersiae Speta & F.Fuchs (Wicke et al., 2013), Pinguicula alpina L. (Li and 

Liu, 2022), Pinguicula vulgaris L. (NC_084256.1), and Pinguicula jackii Barnhart 

(NC_068629.1) had their genomes assembled or available on the NCBI platform. In this 

research, we analyzed the genome of Pinguicula moranensis and inferred its phylogenetic 

position within the family Lentibulariaceae. 

2- Materials and methods 

2.1- Assembly and annotation of the chloroplast genome Pinguicula moranensis 

The raw DNA sequencing reads of Pinguicula moranensis were extracted from the 

database SRA of NCBI (National Center for Biotechnology Information) with the 

identification SRP390263, sequenced on an Illumina Hi-Seq platform in paired-end, 2 × 

150 bp format (Procko et al., 2023). The annotations of the chloroplast genes of P. 

moranensis were made using the GESeq tool of the CHLOROBOX Web Service software 

(Tillich et al., 2017) using previously published Lentibulariaceae genomes.  Subsequently, 

the TBL created by CHLOROBOX, Sequin 10.3 was used to validate and correct the start 

and stop codons as well as the intron and exon boundaries for the genes with software 

annotation errors. The genome maps were drawn using the Organellar GenomeDraw v. 

1.6.4 (OGdraw) software (Lohse et al., 2013). 

The tRNAs were predicted using the tRNAscan-SE v2.0.7 software (Wood, Lu and 

Langmead, 2019), while the rRNAs were predicted using RNAmmer v.1.2 (Lagesen et al., 

2007), both implemented by the CHLOROBOX GeSeq platform. Pseudogenes were 

characterized according to the absence of a start and/or stop codon, frameshift, and genes 

with >50% coverage and >50% coding region identity. Final adjustments were made using 
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Blastn and tBlastx on ptDNAs from Utricularia foliosa L. (KY025562.1) and Pinguicula 

alpina L. (NC_056190.1). 

2.2- Identity and synteny analyses  

To find out the degree of identity or variation of the ptDNA of Pinguicula moranensis 

within the genome, we used the online software mVISTA v2.0 

(http://genome.lbl.gov/vista/index.shtml) (Frazer et al., 2004) where sequences similarity 

can be assessed by comparing coding regions with non-coding regions, introns, and 

exons. Therefore, we compared the ptDNA of two species belonging to the same genus: 

P. jackii and P. vulgaris). The genome of P. vulgaris was used as a reference. To detect 

the arrangements between the genes, the analysis in mVISTA was carried out using the 

Shuffle-LAGAN. 

2.3- Repetitive regions 

The repetitions that occur in the ptDNA of P. morenensis were compared with the 

ones of P. jackii (NC_068629.1) and P. vulgaris (NC_084256.1).  The MISA perl script 

(Beier et al., 2017) was used to calculate simple sequence repeats (SSRs), following 

parameters with limits of seven repetitions for mononucleotide SSRs, four repetitions for 

di- and trinucleotide SSRs, and three repetitions for tetra SSRs, penta SSRs, and 

hexanucleotides. The REPuter software v2 (Kurtz et al., 2001) was applied for detecting 

longer repeats (forward, reverse, complementary, and palindromic), using the parameters 

of Maximum Computed Repeats 90, Minimal Repeat Size > 30, and a Hamming distance 

of 0.01. 

2.3- Phylogenetic reconstruction of Pinguicula moranensis 

Phylogenetic analyzes were estimated using the maximum likelihood (ML) 

approach with a concatenated matrix generated by FASCONCAT-G v1.05.1(Kück and 

Longo, 2014) composed of 69 coding genes (accD, atpA, atpB, atpE, atpF, atpH, atpI, 

ccsA, cemA, clpP, infA, matK, petA, petB, petD, petG, petL, petN, psaA, psaB, psaC, psaI, 
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psaJ, psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, psbJ, psbK, psbL, psbM, psbN, 

psbT, psbZ, rbcL, rpl14, rpl16, rpl2, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36, rpoA, rpoB, 

rpoC1, rpoC2, rps11, rps12, rps14, rps15, rps16, rps18, rps19, rps2, rps3, rps4, rps7, 

rps8, ycf1, ycf15, ycf2, ycf3 and ycf4.). Sequences were extracted from 12 species of the 

Lentibulariaceae family using the Geneious v9.0 tool (Kearse et al., 2012), followed by 

individually alignment in MAFFT online v.7 (Katoh, 2017). The species used were: 

Pinguicula moranensis (this study), Pinguicula jackii (NC_068629.1), Pinguicula alpina 

(NC_056190.1), Pinguicula ehlersiae (HG803178.1), Pinguicula vulgaris (NC_084256.1), 

Utricularia reniformis (NC_029719.2), Utricularia foliosa (KY025562.1), Utricularia 

amethystina (MN223722.1), Genlisea aurea (NC_037078.1), Genlisea tuberosa 

(NC_037082.1), Genlisea repens (NC_037081.1) and Genlisea violacea (NC_037083.1). 

The ML tree was calculated using IQ-Tree 1.6.12 (Nguyen et al., 2014)  with the 

best-of-fit model TIM2+F+I+G4, according to BIC criteria (Akaike, 1974) calculated  with 

the ModelFinder v.1.4.2 software (Kalyaanamoorthy et al., 2017). Clade support was 

estimated with the ultrafast bootstrap (UFBoot) and SH-aLRT algorithms (Hoang et al., 

2018 ) with 1,000 replicates. To root the phylogenetic tree, the following species were 

used as an outgroup: Incarvillea arguta Royle (NC_045915.1), Tanaecium 

tetragonolobum (Jacq.) L.G.Lohmann (NC_027955.1) and Sesamum indicum L. 

(NC_016433.2). The visualization and editing of the generated file “treefile” of the 

phylogenetic tree were carried out with the aid of the iTOL -Interactive Tree of Life v5 

(Letunic and Bork, 2021) and Inkscape v1.3.2 (https://inkscape.org). 

To assess the phylogenetic signal and thus the potential level of contribution of 

each gene for the phylogenetic tree, we determined the number of parsimony informative 

characters (PICs) using the ptDNA sequences extracted from the respective genomes, 

using PAUP* v. 4.0a169 (Swofford, 1998). 
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3- Results and discussion  

3.1- Genome structure and content 

The ptDNA of Pinguicula moranensis, assembled in the present study, has a size 

of 147,072 bp (Fig. 1). As expected, this genome has a circular, quadripartite structure 

resembling other angiosperms (Palmer, 1985; Daniell et al., 2016; Silva et al., 2019; Li 

and Liu, 2022). Our results demonstrate a large single-copy region (LSC) with 81,393 bp, 

a small single-copy region (SSC) with 11,537 bp, and two inverted regions (IR) with 27,071 

bp each. The overall GC content of the genome is 38.3%. 
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Figure 1. Genomic map of the Pinguicula moranensis chloroplast genome. Genes shown on the outside of 

the map are transcribed clockwise, whereas genes on the inside are transcribed counter-clockwise. Genes 

are color coded by their function in the legend. 

Recently, species from the Lentibulariaceae family had their chloroplast genomes 

assembled, mainly taxa from the Genlisea-Utricularia clade (Park et al., 2022; Silva et al., 

2016; 2018, 2019; Wicke et al., 2013). Within the genus Pinguicula, the species P. 

ehlersiae (Wicke et al., 2013), P. alpina (Li and Liu, 2022), P. jackii (NC_068629.1) and 

P. vulgaris (NC_084256.1) are the example. 
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Interestingly, the results of this research place the genome of Pinguicula 

moranensis as the smallest within the genus of Pinguicula when compared to the first 

assembled genomes and/or sequences published to date. This is followed by P. ehlersiae 

(Wicke et al., 2013) with 147,147 bp, P. alpina (Li and Liu, 2022) with 147,479 bp, P. 

vulgaris (NC_084256.1) with 149,996 and P. jackii (NC_068629.1) is the largest with 

152,435 bp. Regarding the GC content of the LSC, SSC and IRs regions, it is 36.3%, 

31.6% and 42.7%, respectively. Despite a slight superiority, the GC values obtained in P. 

moranensis are very close to those presented by the species P. alpina which presented 

content of 36.1%, 31.4% and 43.0% for the the regions LSC, SSC and IRs, respectively 

(Li and Liu, 2022). 

3.1.1- List of genes encoded by the Pinguicula moranensis ptDNA 

The genomes of angiosperm chloroplasts contain 30 to 120 genes that mainly 

participate in photosynthesis, transcription and translation (Daniell et al., 2016). We found 

a total of 113 genes for Pinguicula moranensis (Fig. 1; Table 1) which 77 are protein 

coding, 30 tRNA, 4 rRNA and 2 pseudogenes (ndhA and ndhF). These tRNAs represent 

the possible amino acid anticodons, including two methionines (Ile), predicted by 

tRNAscan-SE software (Wood, Lu and Langmead, 2019). In the repeat regions (IRs), a 

total of 19 duplicated genes were observed, 9 of which can encode proteins (rps7, rps12, 

ndhB, rpl2, rpl23, ycf1, ycf2 and ycf15), 7 tRNA genes (trnN-GUU, trnA-UGC, trnI-CAU, 

trnI-GAU, trnL-CAA, trnR-ACG and trnV-GAC), in addition to the four genes linked to the 

ribosomal complex, that is, the rRNA (rrn4.5, rrn5, rrn16 and rr23). It is important to 

highlight that the genes rps16, atpF, rpoC1, clpP, petB, petD, rpl2, ndhB, which encode 

proteins, as well as the RNA transporters trnI-GAU, trnA-UGC presented an intron, while 

the genes clpP and ycf3 (pafI) had two introns in their structure, as found in other 

Lentibulariaceae (Silva et al., 2016). All of these genes participate, whether directly or 

indirectly, in the process of photosynthesis, protein biosynthesis, transport of substances 

necessary for photosynthesis, as well as in the structural maintenance of the genome 

itself. 

https://doi.org/10.1080/23802359.2022.2086075
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Table 1: Annotated Pinguicula moranensis genes. 

Category Genes annotated 

Photosystem I psaA, psaB, psaC, psaI, psaJ 

Photosystem II psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI, 
psbJ, psbK, psbL, psbM, psbN (pbf1), psbT, psbZ 

Cytochrome b/f complex petA, petB•, petD•, petG, petL, petN 

ATP synthase atpA, atpB, atpE, atpF•, atpH, atpI 

NADH dehydrogenase ndhAΨ, ndhB (2×), ndhD, ndhE, ndhF Ψ, ndhG, 
ndhH, ndhI, ndhJ, ndhK 

RubisCO large subunit rbcL 

RNA polymerase rpoA, rpoB, rpoC1•, rpoC2 

Ribosomal proteins (SSU) rps2, rps3, rps4, rps7 (2x), rps8, rps11, rps12 ̂ •(2×), 
rps14, rps15, rps16 •, rps18, rps19 

Ribosomal proteins (LSU) rpl2 (2×)•, rpl14, rpl16, rpl20, rpl22, rpl23 (2×), rpl32, 
rpl33, rpl36 

Other genes ccsA, clpP •, matK, accD, cemA, infA 

hypothetical chloroplast 
reading frames 

ycf1 (2×), ycf2 (2×), ycf3 (pfa1), ycf4, ycf15 (2×) 

Transfer RNAs trnA-UGC (2×)•, trnC-GCA, trnD-GUC, trnE-UUC, 
trnF-GAA , trnG-UCC•, trnH-GUG, trnI-CAU (2×), 
trnI-GAU (2×)•, trnK-UUU•, trnL-CAA (2×), trnL-
UAG, trnM-CAU, trnN-GUU (2×), trnP-UGG, trnQ-
UUG, trnR-ACG (2×), trnR-UCU, trnS-GCU, trnS-
GGA, trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC 
(2×), trnW-CCA, trnY-GUA, trnfM-CAU 

Ribosomal RNAs rrn4.5 (2×), rrn5 (2×), rrn16 (2×), rrn23 (2×) 

Ψ pseudogene 
^ trans-splicing 
• intron-containing gene 

It is also important to highlight that in our results of the 11 genes of the ndh complex 

(NADH dehydrogenase), eight are present as intact copies and two are pseudogenes 

(ndhA and ndhF), only missing ndhC. Taking into account the importance of the gene 

complex (ndh) that consists of stabilizing stress and carbon dioxide concentrations (Silva 

et al., 2018), and considering that Lentibulariaceae taxa generally develop aquatic 

ecosystems with high stresses of different orders (Ellison and Adamec, 2018), the 
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presence of NAD(P)H-dehydrogenase complex genes are of extreme importance for the 

development of highly specialized leaves, as well as the survival of plants through 

nutrients that are digested from prey captured in leaf traps (Adamec et al., 2021). The two 

pseudogenes found in this work (ndhA and ndhF) were also detected in other species of 

Lentibulariaceae, as fragmentation of ndh genes generally occurs in this family (Silva et 

al., 2016), factors that probably occurred with this genome. 

3.2- Analysis of identity or variation of genes in the genome 

As expected, the results on identity analysis of the Pinguicula moranensis ptDNA 

assembled in this study, presented a highly conserved and similar structure compared to 

the genomes of P. vulgaris (used as reference) and P. jackii (Fig 2). These are 

phylogenetically close species within the genus and have the same habitat characteristics, 

which are poor and rocky soils. (Cieslak, 2005; Degtjareva et al.; 2006; Lustofin et al., 

2020; Shimai et al., 2021) The results show the identity of the nucleotide sequences of 

these species is greater than 50% in almost all protein-coding genes. High degrees of 

variations were detected in RNA transporter genes such as trnH-GUG, trnQ-UUG, trnF-

GAA, trnE-UUC, trnC-GCA, trnD-GUC, trnG-UCC, trnS-GGA and in intergenic spacers 

trnK -rps16, rps16-trnQ, psbK-psbI, trnL-trnF and trnH-psb, atpH-atpT, atpB-rbcl, psaA-

ycf3, petA-psbJ, rbcL-aacD, rpoC1-rpoB and petN-psbM. 

These variations in non-coding genes possibly occurred due to the fact that in 

Lentibulariaceae, the non-coding regions of the plastid genome have high substitution 

rates, and some genes have experiences relaxed purifying selection in comparison to 

other closely related lamiids (Silva et al., 2023). Furthermore, some coding genes such 

as ycf1, rpl2, atpF, rpoC1, petB, petD, rps12, rps19, ccsA, rpoA rpl16 and almost all of the 

NDH complex showed certain similar variations or divergences. Generally, the protein-

coding genes of taxa of the Lentibulariaceae family present high degrees of non-

synonymous genetic substitutions, mainly those of the Utricularia-Genlisea clade (Palmer, 

1985 and Wicke et al., 2013). 
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Fig 2. Comparative analysis of identity or variations of the chloroplast genes of Pinguicula moranensis with 

P. jackii and P. vulgaris, obtained by the mVISTA software, based on the Shuffle-LAGAN alignment. The 

Pinguicula vulgaris chloroplast genome sequence was used as a reference. Regions colored in purple 

represent exons. Regions colored red represent non-coding sequences. The light blue regions represent 

introns. Arrows below gene names indicate their orientation. The axis represents the identity measurements 

between each of the sequences and the reference (P. vulgaris). 
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As can be seen in figure 2, the degree of similarity in the compared species was 

also influenced by the absence or presence of certain genes of the ndh complex (NADH 

dehydrogenase) or pseudogenization. In Pinguicula vulgaris all genes of the NADH 

complex are present, in Pinguicula moranensis only the ndhC gene is reported as absent, 

while in Pinguicula jackii only the ndhA gene was recorded in ptDNA. The progressive 

degradation or loss of plastid ndh genes in Lentibulariaceae has been discussed in 

previous studies (Silva et al., 2018; 2023; Wicke et al., 2013). 

3.3- Analysis of repeats in the genome 

Chloroplast genome is characterized by the presence of repetitive regions, among 

them are palindromic, complementary, forward, reverse repeats and SSRs (simple 

repeated sequences) or microsatellites and they play essential roles in DNA replication 

and genome stability, in species identification, species conservation, and as genetic 

markers (Downie and Palmer 1992; Saltonstall and Lambertini, 2012; Clivati et al., 2012; 

Xu et al., 2023). In this study, the number of microsatellites identified in the chloroplast 

genome of three Pinguicula species by the MISA perl script (Beier et al., 2017) are 

represented in table 2. The program identified a total of 339, 371 and 363 microsatellites 

in P. moranensis, P.jackii and P.vulgaris respectively. 

In the three species, the mononucleotide repeats stood out the most with more than 

86%, that is, 295, 323 and 314 of the repeats in the A/T and C/G motifs. Dinucleotides are 

the second most represented, with more than 10%, having presented 36 repetitions for 

Pinguicula moranensis and 40 for P. jackii and P. vulgaris. Tri and tetranucleotides 

represent approximately 4% of the repeats of the total microsatellites detected. These 

present an almost similar amount between species. Penta- and hexanucleotide repeats 

were not found in any species. These results once again indicate the close similarity of 

the studied species Silva et al. (2019), studying the microsatellites in three morphotypes 

of U. amethystina, concluded that the mono- and direct nucleotidic sequences were the 

most represented. It is important to highlight that these repeats were found both in coding 

regions and in intergenic regions and in RNA transport genes. This is probably caused by 
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the high substitution rates that the genomes of species from the Lentibulariaceae family 

present, helping in their genomic rearrangement. It is known in advance that in areas of 

genetics, microsatellites are fundamental, as they serve for the development of markers 

for research into evolutionary biology, domestication and genetic composition (Lopes et 

al., 2021). Previous studies confirm that the pt genomes of species belonging to the 

Lentibulariaceae family have a high number of microsatellites. Using microsatellites from 

species in this family, primer pairs were developed for taxons in the same genus, with the 

possibility of being used in studies of other genera within Lentiburaliaceae  (Clivati et al., 

2012; Aranguren‐Díaz et al., 2017). 

Table 2. Distribution of microsatellites found in the chloroplast genome of Pinguicula moranensis, 

P. jackii and P. vulgaris by the MISA software, in terms of their composition in terms of motif type. 

SSR P.moranensis P.jackii P.vulgaris 

A/T 268 299 291 

C/G 27 24 23 

AC/GT 2 2 2 

AG/CT 16 18 18 

AT/AT 17 19 19 

CG/CG 1 1 1 

AAT/ATT 3 5 5 

AAAT/ATTT 2 0 1 

AATC/ATTG 1 0 0 

AAAC/GTTT 0 1 1 

AATC/ATTG 0 2 2 

AATT/AATT 1 0 0 

AGGAT/ATCC 1 0 0 

The palindromic repeats, complementary, forward and reverse of the species 

Pinguicula moranensis, P.jackii and P.vulgaris detected by the REPuter software, are 

shown in tables 3, 4 and 5. Interestingly, repeats were detected in all quadripartite regions 

of the chloroplast genome, as happened in other studies involving Lentibulariaceae 

species (Silva et al., 2016a). The ycf2 and ycf3 genes have the longest repeats in all three 

species. In addition, the ndhK-trnK(UAC) spacer in P. jackii and ndhB in P. vulgaris have 

different repeats, showing high mutations and altering the entire genome. 
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Table 3. Sequence repeats in P. moranensis. Type, length, region, location and plastome 

quadripartite region for each repeat are indicated (Type: F = Forward repeat; P= 

Palindromic repeat; C = Complementary; R= Reverse) 

Repeat 1 Type 
Length 
(bp) Repeat 2 Gene Location Region 

81393 P 27071 120001 ycf2 CDS IR 

71682 P 42 71682 psbT-Pbf1 IGS LSC 

111266 P 35 111308 ccsA-ndhD IGS SSC 

2945 F 33 77979 petN-trnK(UUU) IGS LSC 

7851 P 30 44357 psbI-trnS(GCU) IGS LSC 

79627 P 30 79627 rpl16 intron LSC 

112927 P 36 112927 ndhD-psaC CDS SSC 

88554 F 37 88578 cf2 CDS IR 

88554 P 37 139850 Ycf2 CDS IR 

88578 P 37 139874 Ycf2 CDS IR 

139850 F 37 139874 cf2 IGS IR 

15838 F 36 15839 rps2-rpaC2 IR LSC 

43199 F 36   95500 pafI intron LSC 

43199 P 36 132929 pafI intron LSC 

43202 F 35 92466 pafI intron LSC 

43202 P 35 135964 pafI intron LSC 

38509 F 33 40733 psaB CDS LSC 

7849 F 32 35332 psbI-trnS(GCU) IGS LSC 

56959 P 31 56987 accD-psaI IGS LSC 

8677 C 30 63697 trnS(GCU)-trnR(UCU) CDS LSC 

9290 F 30 36297 trnS(GCU)-trnR(UCU) IGS LSC 

35334 P 30 44357 psbC-trns(UGA) 
IGS; 
intron LSC 
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60943 P 30 60978 petA-psbJ IGS LSC 

86175 F 30 86217 ycf2 CDS IR 

86175 P 30 142218 ycf2 CDS IR 

86217 P 30 142260 ycf2 CDS IR 

142218 F 30 142260 ycf2 CDS IR 

Table 4. Sequence repeats in P. jackii. Type, length, region, location and plastome 

quadripartite region for each repeat are indicated (Type: F = Forward repeat; P= 

Palindromic repeat; C = Complementary; R= Reverse) 

Repeat 
1 Type 

Length 
(bp) 

Repeat 
2 Gene Location Region 

82995 P  33116 119319 ycf2 CDS IR 

0 P  409 82586 ycf2 CDS IR 

50077 R 55 50077 ndhK-trnK(UAC) CDS IR 

50083 R 50 50083 ndhK-trnK(UAC) IGS LSC 

50077 F 49 50084 ndhK-trnK(UAC) IGS LSC 

50077 R 48 50077 ndhK-trnK(UAC) IGS LSC 

57903 P 47 57903 accD- psaI IGS LSC 

50090 R 43 50090 ndhK-trnK(UAC) IGS LSC 

50077 F 42 50091 ndhK-trnK(UAC) IGS LSC 

50077 R 41 50077 ndhK-trnK(UAC) IGS LSC 

50097 R 36 50097 ndhK-trnK(UAC) IGS LSC 

72842 P 45 72842 ndhK-trnK(UAC) IGS LSC 

50077 F 35 50098 ndhK-trnK(UAC) IGS LSC 

50077 R 34 50077 ndhK-trnK(UAC) IGS LSC 

114144 P 34 114144 psbT-psbN IGS LSC 

114144 F 34 121252 psbT-psbN IGS LSC 

121252 P 34 121252 ndhA CDS IR 
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76395 P 43 76395 petD-rpoA IGS LSC 

3352 F 33 79171 matk-trnK(UU) IGS LSC 

8322 P 30 45219 psbI-trnS(GCU) IGS LSC 

80821 P 30 80821 Rpl16 intron LSC 

118942 P 36 118942 ndhD-psaC IGS IR 

89750 F 37 89774 Ycf2 CDS IR 

89750 P 37 145619 Ycf2 CDS IR 

89774 P 37 145643 Ycf2 CDS IR 

145619 F 37 145643 Ycf2 CDS IR 

50071 F 34 50099 ndhK-trnK(UAC) IGS LSC 

44050 F 36 96691 Ycf3 intron LSC 

44050 P 36 138703 Ycf3 intron LSC 

50103 R 30 50104 ndhK-trnK(UAC) IGS LSC 

44053 F 35 93662 Ycf3 intron LSC 

44053 P 35 141733 Ycf3 intron LSC 

39110 F 33 41334 psaB,psaA CDS; IGS LSC 

115759 P 30 115759 ndhE-trnL(UAG) CDS; IGS IR 

115759 F 30 119641 ndhE-trnL(UAG) CDS; IGS IR 

119641 P 30 119641 psaC-ndhE CDS; IGS SSC 

8320 F 32  35919 psbT-trnS(GCU) IGS LSC 

57903 R 31  57911 accD-psal IGS LSC 

9767 F 30  36886 trnG(UCC)- tRNA LSC 

35921 P 30  45219 psbC-trns(UGA) 
IGS; 
intron LS 

87371 F 30  87413 ycf2 CDS IR 

87371 P 30 147987 ycf2 CDS IR 

87413 P 30 148029 ycf2 CDS IR 

147987 F 30 148029 ycf2 CDS IR 
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Table 5. Sequence repeats in P. vulgaris. Type, length, region, location and plastome 

quadripartite region for each repeat are indicated (Type: F = Forward repeat; P= 

Palindromic repeat; C = Complementary; R= Reverse). 

Repeat 
1 Type 

Length 
(bp) 

Repeat 
2 Gene Location Region 

95457 P 13492 124436 ndhB; rps7; ycf1 CDS; IGS LSC 

95748 P 13201 124436 ndhB; rps7; ycf1 CDS; IGS LSC 

83389 P 10294 139702 psaA-ycf3 
CDS;intro
n LSC 

94181 P 869 138335 psaA-ycf3 CDS IR 

94265 P 785 138335 ndhB CDS IR 

95304 P 441 137640 ndhB CDS IR 

95223 P 231 137931 ndhB CDS IR 

95124 P 178 138083 ndhB CDS IR 

93947 P 147 139291 ndhB CDS IR 

93986 P 135 139264 ndhB CDS IR 

93829 P 116 139440 ndhB CDS IR 

93875 P 109 139401 ndhB CDS IR 

94166 P 97 139122 ndhB CDS IR 

93734 P 78 139573 ndhB CDS IR 

95052 P 66 138267 ndhB CDS IR 

94097 P 66 139222 ndhB CDS IR 

93757 P 55 139573 ndhB CDS IR 

93818 P 55 139512 ndhB CDS IR 

94124 P 55 139206 ndhB CDS IR 
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110903 F 50 110944 Rpl32-trnL(UAG) IGS LSC 

113683 P 36 113683 ndhD-psaC IGS SSC 

77344 P 45 77344 petD-rpoA IGS LSC 

28229 F 35 28245 trnC-petN IGS LSC 

112462 P 35 112504 ccsA-petN IGS LSC 

97383 F 35 116811 Rps12-trnV(GAC) IGS LSC 

116811 P 35 135967 ccsA CDS SSC 

93716 P 40 139629 ndhB CDS IR 

2899 F 30 80111 mat-trnK(UUU) IGS LSC 

8069 P 30 44956 Ycf2 CDS IR 

90533 F 37 90557 Ycf2 CDS IR 

90533 P 37 142791 Ycf2 CDS IR 

90557 P 37 142815 Ycf2 CDS IR 

142791 F 37 142815 Ycf2 CDS IR 

43767 F 36 97385 Ycf3 intron LSC 

43767 P 36 135964 Ycf3 intron LSC 

43770 F 35 94352 Ycf3 intron LSC 

43770 P 35 138998 Ycf3 intron LSC 

120280 P 32 120280 rps15-ycf1 IGS LSC 

68971 R 31 68971 rpsl20-rps12 IGS LSC 

38775 F 33 40999 psaB CDS LSC 

76562 P 30 76562 petD intron LSC 

8067 F 32 35613 psbI-trnS(GCU) 
IGS; 
intron LSC 

120294 P 31 120294 rps15-ycf1 IGS LSC 

7806 P 30 8021 psbK-psbI IGS LSC 

9605 F 30 36568 trnG(UCC) tRNA LSC 
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35615 P 30 44956 psbC-trnS(UGA) IGS LSC 

43770 F 30 116816 Ycf3 CDS LSC 

51601 P 30 68965 trnV(UAC)-trnM(CAU) IGS LSC 

88154 F 30 88196 Ycf2 CDS IR 

88154 P 30 145159 Ycf2 CDS IR 

88196 P 30 145201 Ycf2 CDS IR 

120280 F 30 120299 rsp15-ycf1 IGS LSC 

145159 F 30 145201 Ycf2 CDS IR 

The results indicate a total of 27, 43 and 53 repeats in Pinguicula moranensis, 

P.jackii and P.vulgaris, respectively (Fig3). Of these, palindromic repeats (with 15, 19 and 

37) and Forward repeats (11, 15 and 15) were the most detected. These occurred mainly 

in intergenus regions and in tRNAs. Observing the results, it can be deduced that the 

forward repeats seem to be more conserved among the chloroplast genomes of these 

species, as there was little variation between them, these repeats were between 11 (P. 

moranensis) and 15 (P. jackii and P. vulgaris) repeats in the genome. 



68 

 

Fig 3: Number of palindromic repeats, complementary, forward and reverse in the pt genome of Pinguicula 

moranensis, P.jackii and P.vulgaris. 

3.4- Phylogenetic hypothesis of Pinguicula moranensis within Lentibulariaceae 

Phylogenetic inferences based on sequences of 69 chloroplast genes of the 

species used, using Maximum Likelihood approaches, resulted in totally congruent 

topologies within the Lentibulariaceae family (Fig. 4), as the chloroplast sequences of 

Lentibulariaceae species presented a monophyletic group, converging with studies by 

other authors (Müller et al., 2006; Silva et al., 2018). All clades exhibited identical 

phylogenetic topologies, and bootstrap support values based on 1000 replications were 

100% across all branches, making the tree highly congruent. Despite the low 

representation of the family's species in the present study, the results show that the groups 

formed monophyletic clades, supporting the idea that the genus Pinguicula is a sister 

clade to Utricularia-Genlisea (Taylor, 1989; Casper, 1996, Silva et al, 2017; Fleischmann, 

2021), and the monophyly of each genus with multiple species was strongly supported. 
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Our results place Pinguicula moranensis as a monophyletic group with P. jackii, indicating 

a close relationship between them within the genus and family. 

 

 

 

 

 

 

 

 

Fig. 4. Maximum likelihood phylogenetic tree constructed from the 14 chloroplast genome sequences in 

Lentibulariaceae. Bootstrap support values and SH-aLRT based on 1000 replications were 100% across all 

branches (indicated next to the respective nodes). The support values (posterior probabilities, bootstrap of 

the ML analysis and SH-aLRT) of each clade are indicated next to the respective nodes. 

The taxonomy of the genus Pinguicula has undergone updates since the first 

description made by De Candolle (1844), which presented 3 sections (sect. 

Orcheosanthus, Pionophyllum and Brandonia) (Shimai et al., 2021), placing P. 

moranensis in sect. Orcheosanthus (Zamudio, 2001; Shimai et al., 2021). Generally, these 

descriptions have been based on morphological characters, mainly on flower structures 

and color (Casper, 1996). However, Shimaiem (2021), based on molecular characters 

such as matK, trnK, rpl32-trnL, ITS1, 5.8S, and ITS2, proposed a taxonomic system with  

11 sections and placed P. moranensis, together with P. ehlersiae (which in this study it 

forms a sister group with the clade P. moranensis-P. jackii.) in sect. Mesoamerican Shimai 

and P. jackii in sect. Caribensis. Morphologically, the two species show strong similarities, 

https://doi.org/10.1371/journal.pone.0252581
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mainly in the lobed calyx, zygomorphism and floral coloration (Zamudio, 2001; Shimai et 

al., 2021; Rueda-Almazán, 2021; Shimai et al., 2021).  

One of the hypotheses to explain the result obtained by phylogenetic analysis is 

related to the habitats in which these species evolved. P. moranensis is distributed from 

northeastern Mexico to Central America. On the other hand, P. jackii is endemic to Cuba 

(Zamudio, 2001; Grob et al., 2007; Villagas and Alcalá, 2017; Shimai et al., 2021; Temple 

et al., 2023). They are eco-geographically close regions with little climate variation, which 

influences the temporal awareness of vegetative and reproductive phenology. It is 

interesting to note a grouping of American species in a clade sister to P. alpina, which is 

a Eurasian taxon, corroborating a study carried out by Cieslak (2005), and this clade is a 

sister group to P. vulgaris, which despite a high degree of geographic representation has 

been considered a European species. 

The topology of the cladogram obtained in this work leads us to believe that the 

classification proposed by Shimai et al. (2021), is the most defensible. These results 

provide clues for studies on phylogeny and biogeography of Pinguicula species. 

Furthermore, despite the consistency of our results, given the alternative taxonomic 

classification proposed to Pinguicula, as well as the new discoveries of species in this 

genus, combined with the results of this research, it still raises certain questions about the 

real phylogeny of Pinguicula. Therefore, further investigation with a wider range of taxa 

could help address this gap. 

3.3.1- Phylogenetically informative characters (PICs) 

It is known that the evolutionary history of plants can be studied through 

phylogenetic analyses, which seek to understand the kinship relationships between 

different species of the genus or family. Parsimony informative characters (PICs) are 

genetic SNPs that can provide information about the evolutionary relationship between 

different species, giving useful information about phylogenetic inferences and in 

reconstructing the evolutionary history of organisms (Silva et al., 2018a). 
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Fig 5. Phylogenetically informative characters (PIC) of chloroplast genes from 15 Lamiales species used in 

the phylogenetic tree of this research. 

Therefore, in this research, we determined the number of PICs, through PAUP 

(Swofford, 1998), based on 69 chloroplast gene sequences of the species used in the 

phylogenetic construction, previously concatenated by FASCONCAT-G (Kück and Longo, 

2014). The results denote that the phylogenetically informative characters suggest that 

the main regions with the highest number of PICs are the ycf1, rpoC2, matK, rpoB and 

rpoC1 genes (Fig 3), corroborating Hollingsworth (2011) and Silva et al., (2018a). 

4- Conclusions 

For the first time, the ptDNA genome of Pinguicula moranensis was assembled and 

evaluated through this study, which contributed to updating the genomic data on 

Lentibulariaceae. Our results place the ptDNA genome of P. moranensis (147,072 bp) as 

the smallest within the genus, when compared to previously published taxa. The 
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quadripartite structure, genetic material, and genomic composition do not differ much from 

the other chloroplast genomes in the family published so far. In addition, we compared 

the newly assembled genome with the sequences of P. vulgaris and P. jackii in terms of 

degree of identity and repeats. Regarding identity, the results indicate highly conserved 

and similar structures between the species, with non-significant divergences only in the 

spacer regions, RNA transporter genes, inverted region genes, and genes of the NDH 

complex, which is typical in the genomes of Lentibulariaceae species. Regarding 

palindromic repetitions in P. vulgaris, there is some divergence. The phylogenetic 

analyses reveal a close relationship between P. moranensis and P. jackii, corroborating 

other authors based on geographical hypotheses.  

These results awaken new research visions to understand the evolution and 

biogeography of different taxa of this family and contribute to the taxonomic resolution of 

Pinguicula, which has been undergoing strong updates and debate in scientific literature. 
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CONSIDERAÇÕES FINAIS 

Os objetivos inicialmente propostos para dissertação foram alcançados. Nossos 

resultados revelam: (i) os genes nucleares álcool desidrogenase e nitroreductase são 

viáveis para estudos filogenéticos de Lentibulariaceae; pois apresentaram uma 

congruência evolutiva do clado Genlisea-Utricularia; (ii) O genoma ptDNA de Pinguicula 

moranensis possui o tamanho de 147.072 pb com um conteúdo total de guanina-citosina 

(GC) de 38,3%, possuindo 109 genes, dos quais 76 são codificadores de proteínas, 27 

tRNA, quatro rRNA e dois pseudogenes. Os plasmas de Pinguicula (Lentibulariaceae) 

utilizados nesse estudo permitiram posicionar Pinguicula moranensis como grupo irmão 

de Pinguicula jackii.  

Esse estudo permitiu caracterizar os genes álcool desidrogenase e nitroreductase 

em Genlisea-Utricularia bem como o plastoma de Pinguicula moranensis, 

disponibilizando assim, novas informações para a compreensão e comparação dos 

processos evolutivos e genômicos dos táxons de Lentibulariaceae. Portanto, novos 

estudos são sugeridos envolvendo um maior número de táxons desta família de plantas, 

para dar maior sustentabilidade a estes resultados. 

 

 


