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ABSTRACT 

 

PACHECO, Túlio Gomes, D.Sc, Universidade Federal de Viçosa, December, 2020. Plastid 
genomic in neglected and unconventional botanical families as tool for genetic, 
evolutionary and phylogenetic analyses. Adviser: Marcelo Rogalski. Co-adviser: Amanda de 
Santana Lopes. 
 

Normally, the plastid genome (plastome) of land plants contains 100-130 genes, which are 

organized in a DNA molecule of 120-160 kb. The plastome sequencing molecule has been 

important for studies related to genetic, evolution, and phylogenetic analyses. Plastid genes are 

useful to unveil phylogenetic relationships between families and botanical orders, while fast-

evolving regions (i.e., introns and intergenic spacers) are a great source of molecular markers 

to use in phylogenetic analyses of low taxa and genetic diversity analysis. Also, the analysis of 

complete plastomes allows us to uncover  unusual features such as large inversions, gene losses, 

the active selection acting on plastid genes, and the prediction of RNA editing sites. However, 

plastomes of several angiosperms families have remained poorly studied. Thus, the objective 

of this study was the sequencing of the first complete plastomes of the families Tropaeolaceae 

(Tropaeolum pentaphyllum) and Bixaceae (Bixa orellana); and contribute to a better 

understanding of the plastome evolution in the genus Passiflora (Passifloraceae) via plastome 

sequecing of six species of the subgenus Passiflora and Passiflora cirrhiflora of the subgenus 

Deidamioides. This work reports a detailed characterization of the plastomes, including the 

analysis of several parameters: structure of the plastomes, gene content, genetic divergence, 

molecular markers, RNA editing sites, and phylogenetic aspects. B. orellana showed some 

specific features if compared with other Malvales, such as positive selection acting on psaI gene 

and 11 specific RNA editing sites. Similarly, T. pentapphyllum showed specific extensions of 

the matK and rpoA genes, and two specific RNA editing sites. The species of the subgenus 

Passiflora showed highly divergent genes (i.e. clpP and accD) and a significant polymorphism 

of gains and losses of RNA editing sites. In contrast, P. cirrhiflora and other species of the 

subgenus Deidamioides showed a conserved set of RNA editing sites. In general, the 

phylogenetic analyses performed here showed well-supported trees, but some inconsistencies 

remained to be elucidated by using a larger number of sampled taxons. A large amount of 

genomic data was provided by this study, which is useful in various analyzes related to genetics, 

evolution, biotechnology, and conservation of the species studied here and other related taxa. 

 

Keywords: Organelle DNA. Molecular markers. Plastome evolution. 



 

 

RESUMO 

 

PACHECO, Túlio Gomes, D.Sc, Universidade Federal de Viçosa, dezembro de 2020. 
Genômica plastidial em famílias botânicas não convencionais e negligenciadas como uma 
ferramenta para análises genéticas, evolutivos e filogenéticas. Orientador: Marcelo 
Rogalski. Coorientadora: Amanda de Santana Lopes. 
 

Em geral, o genoma plastidial (plastoma) de plantas terrestres contém cde 100-130 genes, 

organizados em uma molécula de DNA de 120-160 kb. O sequenciamento do plastoma é 

importante para estudos genéticos, filogenéticos e evolutivos. Os genes plastidiais são úteis para 

análises filogenéticas entre famílias e ordens, enquanto regiões como íntrons e regiões 

intergênicas são fontes de marcadores para uso em filogenias entre espécies/gêneros e em 

estudos de diversidade genética. Análise do plastoma permite a detecção de inversões e perdas 

gênicas, a seleção atuante nos genes plastidiais, e a predição de sítios de edição de RNA. No 

entanto, os plastomas de várias famílias de angiospermas permanecem pouco estudados. Assim, 

o objetivo deste estudo foi sequenciar pela primeira vez o plastoma completo de uma espécie 

das famílias Tropaeolaceae (Tropaeolum pentaphyllum) e Bixaceae (Bixa orellana) e contribuir 

para o melhor entendimento da evolução plastidial no gênero Passiflora, por meio do 

sequenciamento do plastoma de espécies do subgênero Passiflora e uma espécie do subgênero 

Deidamioides (Passiflora cirrhiflora). Este trabalho apresenta uma caracterização detalhada da 

estrutura dos plastomas, do conteúdo e da divergência gênica, de marcadores, dos sítios de 

edição de RNA e da filogenia de cada táxon aqui sequenciado. B. orellana apresentou algumas 

características específicas como seleção positiva atuando no gene psaI e 11 sítios de edição de 

RNA específicos. Paralelamente, T. pentaphyllum mostrou extensões especfícias nos genes 

matK e rpoA, e a predição de dois sítios de edição de RNA específicos. As espécies do 

subgênero Passiflora mostraram sequências altamente divergentes dos genes clpP e accD, e 

um polimorfismo significativo relacionado ao ganho e perda de sítios de edição de RNA. Por 

outro lado, P. cirrhiflora e outras espécies do subgênero Deidamioides apresentaram grande 

conservação de sítios de edição. No geral, as análises filogenéticas realizadas aqui mostraram 

árvores bem suportadas, porém algumas incongruências permaneceram para ser elucidadas com 

uma maior amostragem de taxóns. Neste estudo foi gerada uma grande quantidade de dados 

genômicos que poderá ser utilizados em várias análises relacionadas à genética, evolução, 

biotecnologia e conservação das espécies aqui estudadas e de outros taxóns relacionados. 

 

Palavras-chave: DNA de organela. Marcadores moleculares. Evolução do genoma plastidial.
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General introduction 

  

The plastids are essential organelles to plant cell metabolism, harboring primary 

metabolic reactions (i.e., photosynthesis), and the synthesis of various metabolites such as fatty 

acids, starch, amino acids, pigments, and several hormone precursors (Tetlow et al., 2004; 

Aldridge et al., 2005; Rogalski and Carrer, 2011). Plastids originate from proplastids, present 

in meristematic cells; and can differentiate into several types, based on their morphology, 

function, and development stage, such as chloroplasts (where photosynthesis takes place), 

amyloplasts (starch storage), chromoplasts (carotenoid-rich), proteoplasts (protein storage), 

elaioplasts (oil storage), and xyloplasts (involved in secondary growth) (Leister and Pesaresi, 

2005; Pyke, 2007; Pinard and Mizrachi, 2018).  

 The evolutionary origin of the plastid is based on an endosymbiotic event, in which a 

eukaryotic cell (already containing mitochondria) engulfed a cyanobacterial ancestor, 

generating a new cell containing three intracellular genetic compartments:  the nucleus, 

mitochondrial and plastid (Timmis et al., 2004). After the endosymbiotic process, in this new 

intracellular environment, the plastid genome (plastome) has undergone an extensive genetic 

reorganization, including a drastic reduction of the size and gene content. This reduction is due 

mainly to the loss of dispensable and ambiguous genes and transfer of plastid genes to the 

nucleus (Timmis et al., 2004; Bock and Timmis, 2008; Zimorski et al., 2014; Rogalski et al., 

2015). The transferred genes became nuclear genome-encoded, but their products (proteins) are 

imported by plastids, generating a complex genetic interaction between nuclear and plastid gene 

products. Nowadays, the plastome of most land plants contains a conserved set of 100-130 

genes, organized in a genome of 120-160 kb (Wicke et al., 2011; Tonti-Filippini et al., 2017). 

On other hand, the genome of typical cyanobacteria species encodes more than 3200 genes 

(Kaneko et al., 1996; Bock, 2015), illustrating the massive gene loss experienced by the 

plastome during the plant evolution. 

 A typical angiosperm plastome is normally subdivided into four parts: two inverted 

repeats (IRs), separated by two single-copy regions, a large (LSC), and a small region (SSC) 

(Bock, 2007, 2015). This genome encodes genes related to photosynthesis (large subunit of 

Rubisco and subunits of the photochemical apparatus – photosystems I and II, cytochrome b6/f, 

and ATP synthase), gene expression (plastid-encoded RNA polymerase – PEP, ribosomal 

proteins, tRNAs, and rRNAs), intron maturation (the maturase K, which participates in the 

splicing of plastid introns of the IIA group), synthesis of fatty acids (a subunit of the Acetyl-

CoA carboxylase), protein import (a subunit of the TIC/TOC complex of the plastid 
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membrane), and protein homeostasis (a subunit of the ATP-dependent Clp protease) (Bock, 

2007; Kikuchi et al., 2013; Barthet et al., 2020).  

  The plastome in most angiosperms has uniparental inheritance (i.e., maternal 

inheritance) lacking parental recombination (Bock, 2007). Furthermore, plastid genes generally 

show a low rate of nucleotide substitution, due mainly to the high ploidy of the plastome in 

each plastid, favoring the diminishing of mutations, through the process of gene conversion 

(Khakhlova e Bock, 2006; Bock, 2007). These features point to the plastid genes as great 

molecular markers for phylogenetic studies involving families, order, and other high taxa 

(Jansen et al., 2007; Moore et al., 2010; Vieira et al., 2014; Rogalski et al., 2015; Lopes et al., 

2017). On other hand, introns and intergenic regions generally have higher mutation rates (if 

compared with coding regions) and thus can be utilized to clarify phylogenetic relationships at 

low taxonomic levels, such as tribes, genus, and species (Shaw et al 2005, 2007; Rogalski et 

al., 2015). For example, if a sampled taxa show a conserved structure containing the same gene 

order and similar gene content, the complete plastome sequence of them can be used in a 

phylogenomic approach, searching to resolve deep-level phylogenetic relationships (Xi et al., 

2012; Wambugu et al., 2015; Lopes et al., 2018a and b).  

 Simple sequence repetitions (SSRs) are abundant across the plastome and recognized as 

excellent molecular markers due to their high polymorphism (Provan et al., 2001). Once the 

complete plastid sequence of a species is available, hundreds of SSRs with high potential of 

mutation can be detected and characterized (Vieira et al., 2014, 2015; Lopes et al., 2018 a and 

b). These markers can be accessed for analyzes of inter and intraspecific variability, which is 

of great value for several genetic studies such as gene flow, bottleneck effects, structure and 

divergence of populations, cytoplasmic diversity, hybrid origin, and phylogeographic analyses 

(Powell et al., 1995; Provan et al., 2001; Ebert and Peakall, 2009; Rogalski et al., 2015; 

Tamburino et al., 2020). Besides SSRs, plastomes can be used to analyze other polymorphic 

markers such as SNPs (single nucleotide polymorphism) and indels (insertion/deletion), which 

are also useful genetic resources to population genetic, molecular breeding, and phylogenetic 

studies (Lopes et al., 2019; Achakkagari et al., 2020; Li et al., 2020; Teshome et al., 2020; 

Tamburino et al., 2020).  

The plastome structure, gene order, and content are well conserved in most angiosperms. 

However, some families of this group are characterized by containing unusual plastome features 

such as several inversions in the LSC region, large events of IR contraction and expansion,and 

losses of conserved genes and introns. Among these families, we can highlight Cactaceae, 

Campanulaceae, Ericaceae, Fabaceae, Geraniaceae, Passifloraceae, and Plantaginaceae (Cai et 
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al., 2008; Haberle et al., 2008; Guisinger et al., 2011; Sanderson et al., 2015; Schwarz et al., 

2015; Zhu et al., 2016; Rabah et al., 2019; Shrestha et al., 2019; Solórzano et al., 2019). 

Rearrangements and gene losses are features usually detected through sequencing, assembly 

and annotation of complete plastome sequences. These sequences allow detailed 

characterization of evolutionary events, in several taxonomic levels such as species, genera, 

tribes, families, and orders (Rogalski et al., 2015; Vieira et al., 2016; Lopes et al., 2017, 2018a 

and b). Furthermore, the availability of these sequences enables the investigation of 

evolutionary pressures acting on plastid genes. This kind of inference can be carried out by 

evaluating the rates of synonymous  and non-synonymous substitutions in protein-coding genes 

(Hu et al., 2015; Piot et al., 2018; Lopes et al., 2018a). Non-synonymous (dN) mutations are 

those that alter the encoded amino acid, while the synonymous substitutions (dS) do not alter. 

The dN/dS ratio can indicate three selection types: negative (or purifying) selection (dN/dS < 

1), which favors the amino acid conservation, positive (or Darwinian) selection (dN/dS > 1) 

favoring the amino acid change, and neutral (or balancing) selection (dN equal to dS) (Oleksyk 

et al., 2010; Goodswen et al., 2018). Thus, negative selection acts to maintain the protein 

function, while the positive selection is likely related to adaptation to environmental/ecological 

conditions (Piot et al., 2018). Selection analyses allow us to obtain insights concerning plastid 

molecular changes and their possible correlation with plant physiology and adaptation to 

different environmental conditions (Hu et al., 2015; Piot et al., 2018; Lopes et al., 2018a).  

The sequence of plastid genes has also been used for the prediction, detection and 

comparison of RNA editing sites, a post-transcriptional mechanism commonly found in plastid 

transcripts of land plants (Takenaka et al., 2013). This mechanism can create start/stop codons 

and restore evolutionaril y conserved amino acids by modifying the mRNA sequence before its 

translation (Tsudzuki et al., 2001; Takenaka et al., 2013). The RNA editing in spermatophyte 

corresponds to changes from cytidine (C) to uridine (U), while in ferns and mosses U to C 

changes are also observed (Takenaka et al., 2013; Ichinose and Sugita, 2016). Several species 

belonging to different taxa were already analyzed concerning the presence and specificity of 

RNA editing sites (Bock et al., 1997; Tillich et al., 2005; Kahlau et al., 2006; Asif et al., 2010; 

He et al., 2016; Lopes et al., 2018a and b). Several sites are recurrent in different plant lineages, 

while others are specific to lineages or species. This indicates that the plastid RNA editing is 

very dynamic and a fast-evolving feature, which includes recent events of gain and/or loss of 

editing sites among different land plant taxa.  

Another interesting aspect of plastid genomics is related to the interaction between 

nuclear and plastid gene products. Plastome contains several genes that encode subunits of 
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multiprotein complexes (MPCs). The product of these genes must interact with the products of 

nuclear-encoded genes to assembly a functional MPC into the plastids. Consequently, plastid 

and nuclear subunits of the same MPC must co-evolve to enable essential cellular processes. 

Mutations that eventually emerge in a plastid-encoded subunit have to be compensated by 

mutations in the nuclear-encoded subunit of the complex (Greiner and Bock, 2013). The 

importance of this fine adjustment between the nucleus and plastome is evident during 

experiments aiming at the search for interspecific hybrids. If  the parental lines undergo different 

selection pressures affecting differently their cell genetic compartments, it can result in several 

failures in the hybrid plants during growth and development or even in cell lethality (Levin, 

2003; Schmitz-Linneweber, 2005; Greiner et al., 2011). The phenomenon of incompatibility 

between the nucleus (genome) and plastome is easily observed when a photosynthetic MPC is 

affected resulting in hybrids with variegated, pale green or white phenotypes (Greiner et al., 

2011). The complete plastome sequence is a basic tool to elucidate the genetic cause of this 

kind of cellular incompatibility. Examples of this approach include a study in Pisum sativum 

hybrids, in which the incompatibility was related to the high divergence of the accD gene 

(Bogdanova et al., 2015). In Oenothera, it was associated with the deletion of a promotor 

region, localized between the clpP and psbB genes, affecting the expression of photosynthesis-

related genes (Greiner et al., 2008). Another classic example was observed in cybrids of Atropa 

belladonna and Nicotiana tabacum experimentally generated to contain the nucleus of A. 

belladonna and the plastids of N. tabacum. The incompatibility was determined by the failure 

to edit an RNA editing site of the atpA gene (encodes a subunit of plastid ATP synthase) 

(Schmitz-Linnewber et al., 2005), which conferred albinism to the plants. 

Lastly, in addition to the several genetic and evolutionary studies, complete plastome 

sequences are also of great importance for genetic transformation aiming at both basic research 

and biotechnology. Plastid transformation has been widely used to reveal the function of several 

plastid genes (Rogalski et al., 2006, 2008; Fleischmann et al., 2011; Alkatib et al., 2012), to 

engineer metabolic pathways and to express foreign proteins of industrial and pharmaceutical 

interest (Rogalski and Carrer, 2001; Apel and Bock, 2009; Lu et al., 2013; Bock, 2015). It is 

very important to know the plastome sequence before transformation because this technique 

takes the advantage of the homologous recombination mechanism existing in plastids. 

Therefore, specific transformation vectors should be engineered based on the plastid sequences, 

which are flanking the genes of interest aiming at precise integration via two homologous 

recombination events (Bock, 2015; Rogalski et al., 2015). 
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Here, it is presented the complete plastome sequences of representative species of three 

different angiosperm families: Bixaceae (Bixa orellana L.), Tropaeolaceae (Tropaeolum 

pentaphyllum Lam.), and Passifloraceae (seven species of Passiflora L.). In this work several 

evolutionary and genetic aspects of the plastome of each taxon are discussed in detail. Some 

aspects are shared among the species of the three families, but several questions are specifically 

addressed to the different taxa studied here in the following chapters.  

1. Bixa orellana – Bixaceae 

Annatto (B. orellana) is a species native to the Amazon forest in Brazil and belongs to 

the family Bixaceae (order Malvales) (Dequigiovanni et al., 2014; Le Péchon and Gigord, 

2014). This species has elevated economic importance worldwide due mainly to the 

accumulation of pigments in the seeds (bixin and norbixin), which are sources of natural dyes 

(Vilar et al., 2014). The seed extract is used in food, cosmetic and pharmaceutical industries 

because it does not alter the flavor and it is not toxic (Raddatz-Mota et al., 2017). Here, it is 

presented the complete plastome sequence of B. orellana, the first plastome of Bixaceae to be 

fully sequenced and characterized in detail. The data and analyses generated allowed the 

detection of new putative molecular markers to this socioeconomically important species. The 

knowledge of a Bixaceae plastome and comparative analysis with other families also allowed 

to bring new insights concerning the evolution of the plastome within Malvales and contributed 

to the understanding of phylogenetic relationships among the families of this order. 

2. Tropaeolum pentaphyllum – Tropaeolaceae 

 Tropaeolaceae (Brassicales) is composed of approximately 100 species, distributed in 

the neotropics, mainly in high altitude regions of South America (Souza and Lorenzi, 2008). 

Cronquist (1988) divided this family into three genera: Magallana, Trophaeastrum, and 

Tropaeolum. More recently, molecular analyses suggested the existence of a single genus, 

Tropaeolum (Andersson and Andersson, 2000). Five species of the genus Tropaeolum (T. 

brasiliense, T. orthoceras, T. pentaphyllum, T. sanctae-catharinae, and T. warmingiam) occur 

in Brazil. T. warmingiam is restricted to the south and southeast (Souza and Lorenzi, 2008). In 

Brazil, T. pentaphyllum is popularly known as batata crem or crem and constitutes an 

unconventional food plant (Kinupp and Lorenzi, 2014). Crem leaves and flowers can be used 

in salads, while the tubers can be consumed as processed and canned foods (Braga et al., 2018). 

In addition to food uses, T. pentaphyllum is also used as ornamental, due to the durability and 

beauty of its flowers. Moreover,  it is used for medicinal purposes given that its tubers are 

considered antiscorbutic and depurative (Mors et al., 2000; Kinupp, 2011). This species is in 
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the vulnerable category in the list of endangered species from Brazil, mainly due to the loss of 

natural habitat caused by deforestation to increase of agricultural areas (Kinupp, 2011).  

 Genomic studies are essential for the detection and characterization of molecular 

markers, which can be used for analyses of genetic diversity in natural populations/germplasm 

accesses and conservation strategies. However, genetic studies with T. pentaphyllum are scarce. 

Thus, in this present work is reported the complete plastome sequence of this species, the first 

plastome of the family Tropaeolaceae to be fully sequenced. The plastome of T. pentaphyllum 

was molecularly characterized in detail and allowed the detection of several SSRs markers and 

hotspots of nucleotide polymorphism, which are useful data for genetic e evolutionary studies 

in this species. This work also brings insights into the phylogeny and plastome evolution within 

Brassicales, including polymorphism of RNA editing sites and the nucleotide divergence of 

plastid genes. 

3. Genus Passiflora – subgenus Passiflora 

 Passiflora is the largest genus of the family Passifloraceae (MacDougal and Feuillet, 

2004) and is majority distributed in the neotropics (Rocha et al., 2020). The widely accepted 

division of this genus includes five subgenera: Astrophea, Decaloba, Deidamioides, Passiflora, 

and Tetrapathea (MacDougal and Feuillet, 2004; Krosnick et al., 2009, 2013) 

 The subgenus Passiflora includes the species with the highest economic importance, 

including uses for food (fruit consumption), ornamental, medicinal, and cosmetic purposes 

(Krosnick et al., 2013; Cerqueira-Silva et al., 2014; Rocha et al., 2020). Recently, several 

plastomes of different species of the genus Passiflora were sequenced (Cauz-Santos et al., 

2017; Rabah et al., 2018; Shrestha et al., 2019), which revealed various unusual evolutionary 

features such as diverse rearrangements, and massive gene and introns losses. These unusual 

evolutionary features vary among and within the subgenera. 

 Several cases of nucleus-plastome incompatibility were already demonstrated in 

interspecific hybridization of the subgenus Passiflora (Mráček, 2005; Ocampo, 2016). 

However, the genetic candidates of this incompatibility were still not elucidated. In this work, 

it is presented complete plastome sequences of six species of the subgenus Passiflora: P. 

elegans, P. maliformis, P. malacophylla, P. mucronata, P. incarnata, and P. cincinnata. These 

data in combination with the plastomes already available in the database, allowed us to identify 

and characterize molecular markers, gene sequences, RNA editing sites, and rearrangements. 

The data and analyses indicate some putative candidates for nucleus-plastome incompatibility 

that are discussed in detail in Chapter III.  

4. Genus Passiflora – Passiflora cirrhiflora (subgenus Deidamioides) 
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 The subgenus Deidamioides is the poorest one concerning the species number of the 

genus Passiflora, possessing 14 species found in Central and South America (Krosnick et al., 

2013). This subgenus is also poorly studied concerning plastome genetics and evolution. Three 

species of the subgenus Deidamioides were completely sequenced and analyzed regarding gene 

content, structure, and phylogenetic position (Shrestha et al., 2019). These authors showed a 

polyphyletic origin of this subgenus and several divergent evolutionary features among them, 

regarding plastome structure and gene content. Aiming to complement the study with this 

subgenus and to investigate other evolutionary and genetic aspects of Deidamioides plastomes 

(e.g. RNA editing sites distribution and presence of hotspots of nucleotide polymorphism), the 

present work sequenced and analyzed the complete plastid genome of P. cirrhiflora, a species 

native from the Amazonian forest (Killip, 1938). 
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SUPPLEMENTARY MATERIAL 

Supplementary Figures 

 

 

Figure S1. MUSCLE alignment of translated amino acid sequence of psaI gene of B. orellana 

and other ten species of Malvales. * indicates stop codon. Red arrows indicate specific 

substitution for annatto that includes exchange of amino acid polarity. Different background 

colors indicate amino acids with different biochemical properties. 

 

 

Figure S2. MUSCLE alignment of translated amino acid sequence of rpl23 gene of B. orellana 

and other ten species of Malvales. * indicates stop codon. Different background colors indicate 

amino acids with different biochemical properties. 
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Fig. S3 Maximum likelihood (ML) phylogenomic analysis based on whole plastid genomes, 

showing the position of B. orellana (in red) within the order Malvales. Tree reconstruction was 

performed using IQTREE software, with TVM+F+R3 model. Numbers (%) associated with 

branches are ML bootstrap support values. The branch length is proportional to the inferred 

divergence level. The scale bar indicates the number of inferred nucleic acid substitutions per 

site. The subfamilies within the family Malvaceae are also highlighted. 
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Supplementary Tables 

Table S1. The species included in the phylogenetic analyses of B. orellana (Bixaceae). The 
same species (except for the outgroup species) were also used in the dS/dN analysis. 

Species Order Family Subfamily Genbank# 
Abelmoschus esculentus Malvales Malvaceae Malvoideae NC_035234.1 

Althaea officinalis Malvales Malvaceae Malvoideae NC_034701.1 

Gossypium hirsutum Malvales Malvaceae Malvoideae NC_007944.1 

Hibiscus syriacus Malvales Malvaceae Malvoideae NC_026909.1 

Talipariti hamabo Malvales Malvaceae Malvoideae NC_030195.1 

Bombax ceiba Malvales Malvaceae Bombacoideae NC_037494.1 

Durio zibethinus Malvales Malvaceae Helicteroideae NC_036829 

Firmiana pulcherrima  Malvales Malvaceae Sterculioideae NC_036395.1 

Heritiera angustata Malvales Malvaceae Sterculioideae NC_037784 

Theobroma cacao Malvales Malvaceae Byttnerioideae NC_014676.2 

Tila mandshurica Malvales Malvaceae Tilioideae NC_028589.1 

Aquilaria sinensis  Malvales Thymelaeaceae - NC_029243.1 

Daphne kiusiana Malvales Thymelaeaceae - NC_035896.1 

Carica papaya* Brassicales Caricaceae - NC_010332.1 

*outgroup 

 

Table S2. List of simple sequence repeats (SSRs) identified in the B. orellana plastome. 

SSR sequence Number of repetitions    Total 
 3 4 5 6 7 8 9 10 11 12 13  

A/T - - - - - 87 65 39 24 6 2 223 
C/G - - - - - 4 1 1 - - - 6 

AC/GT - - - - 1 - - - - - - 1 
AG/CT - 9 1 - - - - - - - - 10 
AT/AT - 34 15 3 3 1 1 - - 1 - 58 
CG/CG - 1 - - - - - - - - - 1 

AAT/ATT - 3 2 - - - - - - - - 5 
AAAG/CTTT 3 - - - - - - - - - - 3 
AAAT/ATTT 6 - - - - - - - - - - 6 
AACT/AGTT 1 - - - - - - - - - - 1 
AATT/AATT 4 - - - - - - - - - - 4 

AAAAT/CTTTT 1 - - - - - - - - - - 1 
AAAAT/ATTTT 1 - - - - - - - - - - 1 
AATAT/ATATT 1 - - - - - - - - - - 1 

Total            321 
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Table S3. Distribution of SSR loci in the B. orellana plastome. 

SSR type SSR Size Start End Location 
di (TA)6 12 249 260 trnh-GUG/psbA (IGS) 

mono (A)9 9 479 487 trnh-GUG/psbA (IGS) 
mono (A)8 8 1852 1859 psbA/trk-UUU (IGS) 

di (AT)5 10 1892 1901 psbA/trk-UUU (IGS) 
mono (A)8 8 2062 2069 trk-UUU/matK (IGS) 
mono (T)8 8 2486 2493 matk (CDS) 

di (AT)5 10 4026 4035 matK/trnK-UUU (IGS) 
di (AT)7 14 4041 4054 matK/trnK-UUU (IGS) 

mono (T)8 8 4372 4379 matK/trnK-UUU (IGS) 
mono (A)10 10 4392 4401 matK/trnK-UUU (IGS) 
mono (T)8 8 4778 4785 trnk-UUU/rps16 (IGS) 
mono (A)10 10 4793 4802 trnk-UUU/rps16 (IGS) 
mono (A)10 10 4818 4827 trnk-UUU/rps16 (IGS) 
mono (C)10 10 5463 5472 rps16 ( intron) 
mono (A)9 9 5511 5519 rps16 ( intron) 

di (CT)4 8 5631 5638 rps16 ( intron) 
mono (T)10 10 5901 5910 rps16 ( intron) 
mono (T)9 9 6643 6651 rps16/trnQ-UUG (IGS) 
mono (A)9 9 6741 6749 rps16/trnQ-UUG (IGS) 
mono (T)9 9 6980 6988 rps16/trnQ-UUG (IGS) 
mono (A)12 12 7237 7248 rps16/trnQ-UUG (IGS) 
mono (A)10 10 7449 7458 rps16/trnQ-UUG (IGS) 
mono (A)10 10 7864 7873 rps16/trnQ-UUG (IGS) 
mono (A)11 11 8575 8585 trnQ-UUU/psbK (IGS) 
mono (T)8 8 8674 8681 psbK/psbI (IGS) 
mono (T)10 10 8880 8889 psbK/psbI (IGS) 
mono (A)10 10 8891 8900 psbK/psbI (IGS) 
mono (A)8 8 9245 9252 trnS-GCU/trnG-UCC (IGS) 

di (AT)7 14 9289 9302 trnS-GCU/trnG-UCC (IGS) 
penta (ATATT)3 15 9485 9499 trnS-GCU/trnG-UCC (IGS) 
tetra (AAAG)3 12 9526 9537 trnS-GCU/trnG-UCC (IGS) 
mono (A)8 8 9577 9584 trnS-GCU/trnG-UCC (IGS) 
mono (T)10 10 9672 9681 trnS-GCU/trnG-UCC (IGS) 
mono (T)8 8 10400 10407 trnG-UCC (intron) 
mono (T)8 8 10740 10747 trnG-UCC (intron) 
mono (T)8 8 10778 10785 trnG-UCC (intron) 
mono (A)8 8 11149 11156 trnG-UUC/ trnR-UCU (IGS) 
penta (ATTT)3 12 11329 11340 trnR-UCU/atpA (IGS) 
mono (T)11 11 11471 11481 trnR-UCU/atpA (IGS) 
mono (A)8 8 13538 13545 atpF (CDS) 
mono (A)10 10 13700 13709 atpF/atpH(IGS) 
mono (T)8 8 13721 13728 atpF/atpH(IGS) 

di (TA)4 8 13787 13794 atpF/atpH(IGS) 
di (TA)4 8 13803 13810 atpF/atpH(IGS) 

mono (T)10 10 13855 13864 atpF/atpH(IGS) 
mono (T)8 8 13874 13881 atpF/atpH (IGS) 
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mono (T)11 11 14060 14070 atpF/atpH (IGS) 
mono (T)9 9 15453 15461 atpH/atpI  (IGS) 
mono (T)8 8 15652 15659 atpH/atpI  (IGS) 
mono (A)9 9 15775 15783 atpH/atpI  (IGS) 
mono (A)8 8 16584 16591 atpI/rps2 (IGS) 
mono (A)10 10 17533 17542 rps2/rpoC2 (IGS) 
mono (A)9 9 17705 17713 rps2/rpoC2 (IGS) 
mono (C)8 8 17820 17827 rpoC2 (CDS) 
mono (T)9 9 17838 17846 rpoC2 (CDS) 
mono (T)9 9 19557 19565 rpoC2 (CDS) 
mono (T)11 11 19729 19739 rpoC2 (CDS) 
mono (A)8 8 19872 19879 rpoC2 (CDS) 
mono (T)9 9 20264 20272 rpoC2 (CDS) 

di (AT)5 10 21111 21120 rpoC2 (CDS) 
mono (A)8 8 23572 23579 rpoC1 (CDS) 
mono (A)8 8 24251 24258 rpoC1 (CDS) 
mono (T)9 9 24269 24277 rpoC1 (CDS) 

di (AT)5 10 28256 28265 rpoB/trnC-GCA (IGS) 
mono (A)9 9 28406 28414 rpoB/trnC-GCA (IGS) 
mono (A)10 10 28541 28550 rpoB/trnC-GCA (IGS) 

di (AG)4 8 28627 28634 rpoB/trnC-GCA (IGS) 
mono (T)9 9 28978 28986 rpoB/trnC-GCA (IGS) 
mono (A)9 9 28988 28996 rpoB/trnC-GCA (IGS) 
mono (T)10 10 29190 29199 rpoB/trnC-GCA (IGS) 
mono (A)9 9 29643 29651 trnC-GCA / petN (IGS) 

di (AT)4 8 29862 29869 trnC-GCA/petN (IGS) 
di (TA)4 8 29878 29885 trnC-GCA/petN (IGS) 

mono (T)12 12 30392 30403 petN/psbM (IGS) 
mono (T)8 8 30777 30784 petN/psbM (IGS) 
mono (T)9 9 30978 30986 psbM/trnD-GUC (IGS) 

di (TA)6 12 31226 31237 psbM/trnD-GUC (IGS) 
mono (T)10 10 31344 31353 psbM/trnD-GUC (IGS) 
penta (AAAGA)3 15 31400 31414 psbM/trnD-GUC (IGS) 
mono (T)8 8 31482 31489 psbM/trnD-GUC (IGS) 
mono (T)11 11 31732 31742 psbM/trnD-GUC (IGS) 
mono (A)10 10 32063 32072 psbM/trnD-GUC (IGS) 
mono (T)9 9 32140 32148 psbM/trnD-GUC (IGS) 
tetra (AAAG)3 12 32247 32258 trnD-GUC/trnY-GUA (IGS) 
di (AT)4 8 32272 32279 trnD-GUC/trnY-GUA (IGS) 

mono (A)8 8 32496 32503 trnD-GUC/trnY-GUA (IGS) 
mono (T)8 8 32538 32545 trnD-GUC/trnY-GUA (IGS) 
mono (A)10 10 32584 32593 trnD-GUC/trnY-GUA (IGS) 

di (GT)7 14 33461 33474 trnE-UUC/trnT-GGU (IGS) 
mono (T)8 7 33475 33481 trnE-UUC/trnT-GGU (IGS) 
mono (T)11 11 33487 33497 trnE-UUC/trnT-GGU (IGS) 

di (AT)9 18 33781 33798 trnE-UUC/trnT-GGU (IGS) 
di (TA)4 8 33808 33815 trnE-UUC/trnT-GGU (IGS) 
di (TA)4 8 33821 33828 trnE-UUC/trnT-GGU (IGS) 

mono (T)8 8 33972 33979 trnT-GGU/psbD (IGS) 
di (AT)5 10 34227 34236 trnT-GGU/psbD (IGS) 
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di (AT)4 8 34869 34876 trnT-GGU/psbD (IGS) 
di (AT)5 10 34880 34889 trnT-GGU/psbD (IGS) 

mono (A)10 10 35047 35056 trnT-GGU/psbD (IGS) 
mono (G)9 9 37216 37224 psbC (CDS) 

di (AT)4 8 38116 38123 psbC/ trnS-UGA  (IGS) 
di (GA)4 8 38321 38328 psbC/trnS-UGA (IGS) 
di (TA)4 8 38510 38517 psbC/trnS-UGA (IGS) 
di (TA)4 8 38532 38539 psbC/trnS-UGA (IGS) 

mono (A)9 9 39167 39175 psbz/trnG-UCC (IGS) 
di (AT)7 14 39235 39248 psbz/trnG-UCC (IGS) 
di (AT)4 8 39311 39318 psbz/trnG-UCC (IGS) 

mono (T)8 8 44971 44978 psaA/yfc3 (IGS) 
mono (T)9 9 45121 45129 psaA/yfc3 (IGS) 
mono (T)9 9 45180 45188 psaA/yfc3 (IGS) 

di (AT)5 10 45321 45330 psaA/yfc3 (IGS) 
mono (C)8 8 45600 45607 psaA/yfc3 (IGS) 
tetra (TATT)3 12 45690 45701 psaA/yfc3 (IGS) 
mono (T)8 8 45703 45710 psaA/yfc3 (IGS) 
mono (T)11 11 45715 45725 psaA/yfc3 (IGS) 
mono (T)8 8 46681 46688 ycf3 (Intron) 
mono (A)8 8 47130 47137 ycf3 (Intron) 
mono (T)9 9 47652 47660 ycf3 (Intron) 
mono (T)9 9 48026 48034 ycf3 (Intron) 
mono (A)8 8 48504 48511 ycf3/ trnS-GGA (IGS) 
mono (T)8 8 48739 48746 rps4 (CDS) 
mono (T)9 9 49184 49192 rps4/trnT-UGU (IGS) 
mono (T)13 13 49308 49320 rps4/trnT-UGU (IGS) 
mono (A)8 8 49800 49807 trnt-UGU/trnl-UAA (IGS) 
tetra (AATA)3 12 49821 49832 trnt-UGU/trnl-UAA (IGS) 
mono (A)9 9 49845 49853 trnt-UGU/trnl-UAA (IGS) 
mono (A)8 8 49972 49979 trnt-UGU/trnl-UAA (IGS) 

di (TA)4 8 50090 50097 trnt-UGU/trnl-UAA (IGS) 
di (TA)4 8 50100 50107 trnt-UGU/trnl-UAA (IGS) 
di (TA)4 8 50115 50122 trnt-UGU/trnl-UAA (IGS) 

mono (A)8 8 50224 50231 trnt-UGU/trnl-UAA (IGS) 
tetra (TAAT)3 12 50336 50347 trnt-UGU/trnl-UAA (IGS) 
mono (T)8 8 50474 50481 trnt-UGU/trnl-UAA (IGS) 
mono (A)10 10 50507 50516 trnt-UGU/trnl-UAA (IGS) 

di (AT)4 8 50577 50584 trnt-UGU/trnl-UAA (IGS) 
mono (A)10 10 50772 50781 trnt-UGU/trnl-UAA (IGS) 
mono (T)10 10 51187 51196 trnL-UAA (intron) 
tetra (TATT)3 12 51505 51516 trnL-UAA/ trnF-GAA (IGS) 
mono (T)9 7 51517 51523 trnL-UAA/ trnF-GAA (IGS) 
mono (T)11 11 51695 51705 trnL-UAA/ trnF-GAA (IGS) 
mono (T)11 11 51954 51964 trnF-GAA/ ndhJ (IGS) 
mono (T)9 9 51966 51974 trnF-GAA/ ndhJ (IGS) 
mono (A)11 11 52074 52084 trnF-GAA/ ndhJ (IGS) 
mono (T)11 11 52438 52448 trnF-GAA/ ndhJ (IGS) 
mono (T)9 9 53051 53059 ndhJ/ndhK (IGS) 
mono (A)9 9 53087 53095 ndhJ/ndhK (IGS) 
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mono (A)12 12 54593 54604 ndhC/trnV-UAC (IGS) 
mono (T)10 10 54632 54641 ndhC/trnV-UAC (IGS) 

di (AT)4 8 54710 54717 ndhC/trnV-UAC (IGS) 
di (AT)5 10 54725 54734 ndhC/trnV-UAC (IGS) 

tetra (TAAA)3 12 55046 55057 trnV-UAC (intron) 
mono (T)11 11 57832 57842 atpB/rbcL (IGS) 
mono (T)9 9 58184 58192 atpB/rbcL (IGS) 
mono (A)11 11 58415 58425 atpB/rbcL (IGS) 

di (AT)4 8 58989 58996 rbclL (CDS) 
mono (A)9 9 60588 60596 rbcL/accD (IGS) 
mono (T)9 9 61124 61132 accd (CDS) 
mono (T)8 8 62442 62449 accD/psaI (IGS) 
mono (A)8 8 62474 62481 accD/psaI (IGS) 

di (TA)4 8 62576 62583 accD/psaI (IGS) 
di (AT)5 10 62599 62608 accD/psaI (IGS) 
tri (ATA)4 12 62787 62798 accD/psaI (IGS) 
di (TA)4 8 62913 62920 accD/psaI (IGS) 
tri (TAT)4 12 62959 62970 accD/psaI (IGS) 

mono (T)11 11 63184 63194 psaI/ycf4 (IGS) 
di (AT)4 8 63219 63226 psaI/ycf4 (IGS) 

mono (T)8 8 63742 63749 ycf4 (CDS) 
mono (T)8 8 64282 64289 ycf4/cemA (IGS) 
mono (T)8 8 64582 64589 ycf4/cemA (IGS) 

di (AT)5 10 64661 64670 ycf4/cemA (IGS) 
di (TA)5 10 64674 64683 ycf4/cemA (IGS) 
di (AT)4 8 64868 64875 ycf4/cemA (IGS) 

mono (T)9 9 64922 64930 ycf4/cemA (IGS) 
mono (A)8 8 64955 64962 ycf4/cemA (IGS) 
mono (A)9 9 65088 65096 ycf4/cemA (IGS) 

di (TC)5 10 65163 65172 cemA (CDS) 
mono (A)8 8 66448 66455 petA (CDS) 
mono (T)10 10 67188 67197 petA/ psbJ (IGS) 
mono (T)13 13 67518 67530 petA/ psbJ (IGS) 

tri (TTA)5 15 67560 67574 petA/ psbJ (IGS) 
tetra (TAAT)3 12 67722 67733 petA/ psbJ (IGS) 
mono (T)9 9 67899 67907 petA/ psbJ (IGS) 
mono (A)9 9 68217 68225 psbJ (CDS) 
mono (T)8 8 69368 69375 psbE/petL (IGS) 
mono (T)10 10 69418 69427 psbE/petL (IGS) 
mono (A)10 10 69503 69512 psbE/petL (IGS) 
mono (A)11 11 69890 69900 psbE/petL (IGS) 
mono (T)9 9 70015 70023 psbE/petL (IGS) 
mono (T)8 8 70028 70035 psbE/petL (IGS) 
mono (A)10 10 70424 70433 petL/petG (IGS) 
tetra (TTAA)3 12 70709 70720 petG/ trnW-CCA (IGS) 
mono (T)8 8 70745 70752 petG/ trnW-CCA (IGS) 
mono (T)8 8 70955 70962 trnW-CCA/trnP-UGG (IGS) 

di (AT)5 10 70997 71006 trnW-CCA/trnP-UGG (IGS) 
mono (T)9 9 71278 71286 trnP-UGG/ psaJ (IGS) 
penta (AATAA )3 15 71518 71532 trnP-UGG/ psaJ (IGS) 
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mono (T)8 8 71668 71675 psaJ/rpL 33 (IGS) 
mono (T)9 9 71750 71758 psaJ/rpL 33 (IGS) 
mono (T)8 8 71999 72006 psaJ/rpL 33 (IGS) 

di (TA)5 10 72033 72042 psaJ/rpL 33 (IGS) 
di (TA)5 10 72067 72076 psaJ/rpL 33 (IGS) 

mono (T)9 9 72171 72179 psaJ/rpL 33 (IGS) 
di (TA)4 8 72514 72521 rpl33/rps18 (IGS) 

mono (A)9 9 72562 72570 rpl33/rps18 (IGS) 
mono (T)10 10 72589 72598 rpl33/rps18 (IGS) 
tetra (TTAA)3 12 72632 72643 rpl33/rps18 (IGS) 
mono (A)11 11 72650 72660 rpl33/rps18 (IGS) 
mono (T)8 8 73263 73270 rps18/rpl20 (IGS) 
mono (C)8 8 73552 73559 rpl20 (CDS) 
mono (T)8 8 74442 74449 rpl20/rps12 (IGS) 
mono (T)8 8 74853 74860 rps12/clpP (IGS) 
mono (A)10 10 75160 75169 clpP (intron) 
mono (T)12 12 75327 75338 clpP (intron) 
mono (A)9 9 75350 75358 clpP (intron) 

di (TA)8 16 75392 75407 clpP (intron) 
di (TA)12 24 75410 75433 clpP (intron) 

mono (T)11 11 75466 75476 clpP (intron) 
mono (T)9 9 75512 75520 clpP (intron) 
mono (A)9 9 75570 75578 clpP (intron) 
mono (A)9 9 75674 75682 clpP (intron) 
mono (A)8 8 75784 75791 clpP (intron) 
mono (A)8 8 76168 76175 clpP (intron) 
mono (T)11 11 76259 76269 clpP (intron) 
mono (T)8 8 76292 76299 clpP (intron) 

di (AT)4 8 76333 76340 clpP (intron) 
mono (T)8 8 76546 76553 clpP (intron) 
mono (A)11 11 76639 76649 clpP (intron) 
mono (T)8 8 76723 76730 clpP (intron) 

tri (ATT)4 12 77294 77305 clpP/psbB (IGS) 
mono (A)10 10 81502 81511 petB/petD (IGS) 
mono (A)9 9 81609 81617 petB/petD (IGS) 
mono (T)10 10 81891 81900 petD (intron) 

di (AT)4 8 85064 85071 infA/ rps8 (IGS) 
mono (T)10 10 85557 85566 rps8/ rpl14 (IGS) 
mono (A)12 12 85567 85578 rps8/ rpl14 (IGS) 
mono (A)11 11 86109 86119 rpl14/rpl16 (IGS) 
mono (A)11 11 86648 86658 rpl16 (intron) 

di (AT)5 10 86697 86706 rpl16 (intron) 
di (TA)4 8 86877 86884 rpl16 (intron) 

mono (T)8 8 86958 86965 rpl16 (intron) 
mono (A)9 9 87236 87244 rpl16 (intron) 
mono (T)10 10 87365 87374 rpl16 (intron) 
mono (T)10 10 87675 87684 rpl16 (intron) 
mono (A)9 9 87805 87813 rpl16/rps3 (IGS) 

di (CG)4 8 88026 88033 rps3 (CDS) 
di (TA)4 8 88565 88572 rps3/rpl22 (IGS) 
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mono (T)8 8 88723 88730 rpl22 (CDS) 
mono (T)8 8 89316 89323 rps 19 (CDS) 
mono (T)9 9 89348 89356 rps 19 (CDS) 
mono (T)9 9 89391 89399 rps 19 (CDS) 

di (AT)4 8 89986 89993 rpl12 (intron) 
di (GA)4 8 91619 91626 trnI-CAU/ycf2 (IGS) 
di (GA)4 8 91631 91638 ycf2 (CDS) 
di (GA)4 8 92618 92625 ycf2 (CDS) 

mono (A)9 9 94797 94805 ycf2 (CDS) 
di (GA)4 8 94818 94825 ycf2 (CDS) 
di (TA)4 8 98174 98181 ycf2 (CDS) 
di (TA)4 8 99619 99626 trnL-CAA/ndhB (IGS) 
di (AT)4 8 99642 99649 trnL-CAA/ndhB (IGS) 
di (AG)4 8 100412 100419 ndhB (IGS) 

mono (T)10 10 100940 100949 ndhB (intron) 
mono (T)9 9 104156 104164 rps 19 (CDS) 
mono (T)8 8 104336 104343 rps12/trnV-GAC (IGS) 
mono (T)8 8 104351 104358 rps12/trnV-GAC (IGS) 
mono (T)10 10 104364 104373 rps12/trnV-GAC (IGS) 

di (CT)4 8 111689 111696 rrn23 (CDS) 
mono (A)8 8 113444 113451 rrn5/trnR-ACG (IGS) 
mono (T)9 9 113593 113601 rrn5/trnR-ACG (IGS) 

di (TA)4 8 113872 113879 trnR-ACG/ trnN-GUU (IGS) 
mono (T)10 10 113908 113917 trnR-ACG/ trnN-GUU (IGS) 
mono (A)9 9 114710 114718 trnN-GUU/ycf1 (IGS) 
mono (A)8 8 114724 114731 ycf1 (CDS) 
mono (G)8 8 115550 115557 ycf1 (CDS) 
mono (A)9 9 115731 115739 ycf1 (CDS) 
mono (T)8 8 115943 115950 ycf1 (CDS) 
mono (A)9 9 116345 116353 ycf1 (CDS) 
mono (T)9 9 116534 116542 ycf1 (CDS) 
mono (A)9 9 117070 117078 ycf1 (CDS) 
mono (A)8 8 117080 117087 ycf1 (CDS) 
mono (A)8 8 117091 117098 ycf1 (CDS) 
mono (A)8 8 117483 117490 ycf1 (CDS) 
mono (A)8 8 117498 117505 ycf1 (CDS) 
mono (A)8 8 117605 117612 ycf1 (CDS) 
mono (A)9 9 117925 117933 ycf1 (CDS) 
mono (A)8 8 118232 118239 ycf1 (CDS) 
mono (T)8 8 118313 118320 ycf1 (CDS) 
mono (A)9 9 118714 118722 ycf1 (CDS) 
mono (T)8 8 119359 119366 ycf1 (CDS) 
mono (A)8 8 119485 119492 ycf1 (CDS) 
tetra (GTTA)3 12 120397 120408 ycf1 (CDS) 
mono (A)9 9 120691 120699 ycf1/rps15 (IGS) 
mono (A)8 8 120746 120753 rps15 (CDS) 
mono (A)8 8 122994 123001 ndhA (inter) 
mono (A)8 8 123262 123269 ndhA (inter) 
tetra (AGAA)3 12 123460 123471 ndhA (inter) 
mono (A)8 8 123501 123508 ndhA (inter) 
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mono (A)8 8 124538 124545 ndhA/ndhI (IGS) 
mono (A)8 8 125182 125189 ndhI/ndhG (IGS) 
mono (T)10 10 125275 125284 ndhI/ndhG (IGS) 

di (TA)4 8 125342 125349 ndhI/ndhG (IGS) 
mono (A)11 11 125368 125378 ndhI/ndhG (IGS) 
mono (A)10 10 125483 125492 ndhI/ndhG (IGS) 
mono (A)9 9 127204 127212 psaC/ndhD (IGS) 
mono (A)8 8 128175 128182 ndhD (CDS) 
mono (A)9 9 128778 128786 ndhD/ccsA (IGS) 

tri (AAT)5 15 128838 128852 ndhD/ccsA (IGS) 
di (TA)6 12 128973 128984 ndhD/ccsA (IGS) 

mono (A)11 11 130010 130020 ccsA / trnL- UAG (IGS) 
mono (T)8 8 130416 130423 trnL-UAG/rpl32 (IGS) 
mono (T)9 9 130531 130539 trnL-UAG/rpl32 (IGS) 
mono (T)12 12 130867 130878 trnL-UAG/rpl32 (IGS) 
mono (A)8 8 131075 131082 rpl32/ndhF (IGS) 
mono (T)8 8 131154 131161 rpl32/ndhF (IGS) 
tetra (TTAT)3 12 131163 131174 rpl32/ndhF (IGS) 
mono (A)9 9 131220 131228 rpl32/ndhF (IGS) 

di (AT)4 8 131232 131239 rpl32/ndhF (IGS) 
mono (A)9 9 131247 131255 rpl32/ndhF (IGS) 
mono (A)10 10 131391 131400 rpl32/ndhF (IGS) 
mono (A)8 8 131640 131647 rpl32/ndhF (IGS) 
mono (T)11 11 131937 131947 rpl32/ndhF (IGS) 
mono (T)8 8 132056 132063 ndhF (CDS) 
mono (T)8 8 133550 133557 ndhF (CDS) 
mono (T)8 8 133782 133789 ndhF (CDS) 

CDS, coding sequences; IGS, intergenic spacers. 

 

Table S4. Distribution of tandem repeats in the B. orellana plastome. 

Copy 
number 

Consensus 
length Start End Location 

2 18 192 227 accD/psaI (IGS) 
2 42 245 331 ycf2 (CDS) 
3 17 9349 9399 ycf2 (CDS) 
2 34 11293 11357 trnN-GUU/ycf1 (IGS) 
2 20 33086 33125 trnE-UUC/ trnT-GGU (IGS) 
4 12 34834 34881 trnT-GGU/psbD (IGS) 
2 17 35199 35234 trnT-GGU/psbD (IGS) 
2 36 35400 35480 trnT-GGU/psbD (IGS) 
3 16 45791 45834 psaA/ ycf3 (IGS) 
3 13 48401 48437 trnS-GCA/ rps4 (IGS) 
3 22 49784 49850 Rps4/ trnT-UGU (IGS) 
3 24 54659 54728 ndhC/ trnV-UAC (IGS) 
3 18 62589 62645 accD/ psaI (IGS) 
4 14 67732 67785 petA/ psbJ (IGS) 
2 34 72006 72080 psaJ/ rpl33 (IGS) 
4 15 73066 73117 rps18/ rpl20 (IGS) 
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3 21 94174 94242 
ycf2 (CDS) 

 
2 22 99620 99664 ycf2 (CDS) 
2 32 113059 113120 rrn4.5/ rr5 (IGS) 

 

 

 

Table S5. Distribution of directed (D) and inverted (I) repeat loci in the B. orellana plastome. 

Type 
Size 
(bp) 

Repeat 
1 

(Start) 

Repeat 
2 

(Start) 

Repeat 1 

(Location) 

Repeat 2 

(Location) 

D 39 47055 103965 Ycf3 (CDS) Rps12/trnV-GAC (IGS) 

D 34 41731 43955 psaB (CDS) psaA (CDS) 

D 34 33781 75391 trnE-UCC/ trnT-GGU 
(IGS) 

clpP (intron) 

D 30 23716 86611 rpoC1 (intron) rps16 (Intron) 

D 32 9110 38315 psbI/trnS-GCU (IGS) psbC/ trnS-UGA (IGS) 

D 31 9271 75399 trnS-GCU/trnG-UCC 
(IGS) 

clpP  (Intron) 

D 30 11460 45689 trnR-UCU/ atpA (IGS) psaA/ ycf3 (IGS) 

D 30 54657 67566 ndhC /trnV-UAC (IGS) petA/ psbJ (IGS) 

I 43 47049 123920 ycf3 (Intron) ndhA (Intron) 

I 30 9112 48199 psbI/ trnS-GCU (IGS) trnS-GGA (CDS) 

I 30 10967 11004 trnG-UCC/ trnR-UCU 
(IGS) 

trnG-UCC/ trnR-UCU 
(IGS) 

I 30 9468 76314 ycf2 (CDS) clpP (intron) 

I 30 47064 123918 ycf3 (intron) ndhA (Intron) 

I 30 235 31220 trnH-GUG/ psbA (IGS) psbm/ trnD-GUG (IGS) 
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Supplementary Material 

 
Supplementary Figures 
 

 

Supplementary Fig. S1 Comparison of plastome structures between T. pentaphyllum and 

representative species of Brassicales, produced by MAUVE. This software identified one 

collinear block corresponding to the whole plastome of these species (red block), indicating 

that these genomes shared the same gene order. Number in the upper x-axis are nucleotide 

coordinates of the plastome maps (in base pairs, bp). The positions corresponding to the LSC, 

IRs and SSC regions of the plastome of T. pentaphyllum are also indicated.  
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Supplementary Fig. S2 ClustalW alignment of the partial amino acid sequence of MatK (C-

terminal), showing the specific extension (highlighted by the red box) present in T. 

pentaphyllum in comparison with other Brassicales. Black shadowing indicates conserved 

sequence among all taxa in the alignment, dark gray indicates conserved sequence among all 

except for one taxon, light gray indicates conserved sequence among four taxa and white 

indicates nonconserved amino acid. The numbers above the line indicate the amino acid 

position in the alignment. The number at the end of the line indicates the total length of MatK 

in each species.  

 
 
 

 
 
Supplementary Fig. S3 ClustalW alignment of the partial (C-terminal) amino acid sequence 

of RpoC2, showing the specific deletion (highlighted by the red box) present in T. pentaphyllum 

in comparison with other Brassicales. Black shadowing indicates conserved sequence among 

all taxa in the alignment, dark gray indicates conserved sequence among all except for one 

taxon, light gray indicates conserved sequence among four taxa and white indicates 

nonconserved amino acid. The numbers above the line indicate the amino acid position in the 

alignment. The number at the end of the line indicates the total length of RpoC2 in each species. 



81 

 

 

 
 
 
 
Supplementary Fig. S4 Comparison of the domains of RpoC2 amino acid sequence using the 

online platform Interpro (Mitchell et al. 2019). Despite the variation in the total size, all the 

RpoC2 proteins, including that from T. pentaphyllum, shared the same domains (blue and 

yellow). 
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Supplementary Fig. S5 ClustalW alignment of the C-terminus of rpoA gene, showing the 

specific extension (highlighted by the red box) present in T. pentaphyllum in comparison with 

other Brassicales. Black shadowing indicates conserved sequence among all taxa in the 

alignment, dark gray indicates conserved sequence among all except for one taxon, light gray 

indicates conserved sequence among four taxa and white indicates nonconserved nucleotides. 

Moreover, red background indicates the RNA editing from proline (CCG) to leucine (CUG) in 

T. pentaphyllum. The numbers above the line indicate the nucleotide position in the alignment. 

The number at the end of the line indicates the total length of rpoA gene in each species. 

 
 
 
 

 
 
Supplementary Fig. S6 ClustalW alignment of the translated amino acid sequence of rpl23 

gene between representatives of the order Brassicales, including T. pentaphyllum. Black 

shadowing indicates conserved sequence among all taxa in the alignment, dark gray indicates 

conserved sequence among all except for one taxon, light gray indicates conserved sequence 

among four taxa and white indicates nonconserved amino acid. The numbers above the line 

indicate the amino acid position in the alignment.  

 
 
 
 
 
 
 
 
 
 
Supplementary Tables 
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Supplementary Table S1 List of species included in the Brassicales phylogenomic.  

Species Tribe Family GenBank 
Tropaeolum pentaphyllum Lam.+ 

Bretschneidera sinensis Hemsl.+ 

Moringa oleífera Lam.+ 

Carica papaya L.+ 

- 
- 
- 
- 

Tropaeolaceae 
Akaniaceae 
Moringaceae 
Caricaceae 

MT_210235 
NC_037753.1 
NC_041432.1 
NC_010323.1 

Tarenaya hassleriana (Chodat) Iltis.+  - Cleomaceae NC_034364.1 
Aethionema arabicum (L.) A.DC. Aethionemeae Brassicaceae NC_034367.1 
Alyssum desertorum Stapf Alysseae Brassicaceae NC_034299.1 
Olimarabidopsis pumila (Stephan) Al-Shehbaz et al. Alyssopsideae Brassicaceae NC_009267.1 
Morettia canescens Boiss. Anastaticeae Brassicaceae NC_035514.1 
Matthiola incana (L.) R.Br. Anchonieae Brassicaceae NC_034358.1 
Arabis hirsuta (L.) Scop. Arabideae Brassicaceae NC_009268.1 
Megadenia pygmaea Maxim. Biscutelleae Brassicaceae NC_034357.1 
Crambe abyssinica Hochst. ex R.E.Fr.+ Brassiceae Brassicaceae KY883663 
Bunias orientalis L. Buniadeae Brassicaceae NC_036111.1 
Arabidopsis thaliana (L.) Heynh. Camelineae Brassicaceae NC_000932.1 
Cardamine parviflora L. Cardamineae Brassicaceae NC_036964.1 
Cochlearia pyrenaica DC. Cochlearieae Brassicaceae NC_029331.1 
Crucihimalaya wallichii (Hook.f. & Thomson) Al-Shehbaz et al. Crucihimalayeae Brassicaceae NC_009271.1 
Braya humilis (C.A.Mey.) B.L.Rob. Euclidieae Brassicaceae NC_035515.1 
Hesperis matronalis L. Hesperideae Brassicaceae NC_035511.1 
Isatis tinctoria L. Isatideae Brassicaceae NC_028415.1 
Lepidium meyenii Walp. Lepidieae Brassicaceae NC_034363.1 
Megacarpaea delavayi Franch. Megacarpaeeae Brassicaceae NC_034360.1 
Pachycladon enysii (Cheeseman ex Kirk) Heenan & A.D.Mitch. Microlepidieae Brassicaceae NC_018565.1 
Thlaspi arvense L. Thlaspideae Brassicaceae NC_034362.1 
Sisymbrium irio L. Sisymbrieae Brassicaceae NC_037838.1 
Schrenkiella parvula (Schrenk) D.A.German & Al-Shehbaz Unassigned Brassicaceae NC_028726.1 
Bixa orellana L. (outgroup) - Bixaceae* NC_041550.1 

* Order Malvales; +species used in the dN/dS analysis. 
 

 
Supplementary Table S2 List of simple sequence repeats (SSRs) identified in the plastome of 

T. pentaphyllum. 

 

 

 

 

 

Supplementary Table S3 Distribution of SSR loci in the plastome of T. pentaphyllum. 

SSR 
type 

SSR Size Start End Location 

SSR sequence Number of repetitions     Total 
 3 4 5 6 7 8 9 10 11 12 13 14  
A/T - - - - - 95 41 28 18 5 5 4 196 
C/G - - - - - 7 2 1 - - - - 10 
AC/GT - 2 - - - - - - - - - - 2 
AG/CT - 7 2 - - - - - - - - - 9 
AT/AT - 17 8 3 - - - - - - - - 28 
AAT/ATT - - 2 - - - - - - - - - 2 
AAAT/ATTT 3 - - - - - - - - - - - 3 
AGGGAT/ATCCCT 1 - - - - - - - - - - - 1 
Total             251 
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mono (A)10 10 142 151 trnH-GUG/psbA (IGS) 
mono (T)8 8 1497 1504 psbA/trnK-UUU (IGS) 
mono (A)8 8 1523 1530 psbA/trnK-UUU (IGS) 
mono (A)8 8 3279 3286 matK (CDS) 
mono (T)10 10 3945 3954 matK/trnK-UUU (IGS) 
mono (A)8 8 4201 4208 trnK-UUU/rps16 (IGS) 
mono (A)9 9 4231 4239 trnK-UUU/rps16 (IGS) 
mono (A)8 8 4451 4458 trnK-UUU/rps16 (IGS) 
mono (A)11 11 4645 4655 trnK-UUU/rps16 (IGS) 

di (AT)4 8 4729 4736 trnK-UUU/rps16 (IGS) 
mono (T)9 9 4770 4778 trnK-UUU/rps16 (IGS) 
mono (T)10 10 5003 5012 trnK-UUU/rps16 (IGS) 
mono (A)8 8 5680 5687 rps16 (intron) 
mono (T)8 8 5930 5937 rps16 (intron) 
mono (A)8 8 7038 7045 psbK/psbI (IGS) 

c* (C)10(T)11 21 7153 7173 psbK/psbI (IGS) 
mono (A)8 8 7215 7222 psbK/psbI (IGS) 
mono (A)14 14 7531 7544 psbI (CDS) - psbI/trnS-GCU (IGS) 
mono (A)8 8 7744 7751 trnS-GCU/trnG-UCC (IGS) 
mono (T)9 9 7787 7795 trnS-GCU/trnG-UCC (IGS) 

di (AT)6 12 7808 7819 trnS-GCU/trnG-UCC (IGS) 
c* (AT)5(TA)4 18 7834 7851 trnS-GCU/trnG-UCC (IGS) 

mono (A)9 9 7904 7912 trnS-GCU/trnG-UCC (IGS) 
mono (T)10 10 7959 7968 trnS-GCU/trnG-UCC (IGS) 
mono (T)11 11 8002 8012 trnS-GCU/trnG-UCC (IGS) 
tetra (ATTT)3 12 8044 8055 trnS-GCU/trnG-UCC (IGS) 
mono (A)11 11 8069 8079 trnS-GCU/trnG-UCC (IGS) 
mono (T)11 11 9073 9083 trnG-UCC/trnR-UCU (IGS) 
mono (A)9 9 9190 9198 trnG-UCC/trnR-UCU (IGS) 
mono (A)8 8 9203 9210 trnG-UCC/trnR-UCU (IGS) 

di (TA)4 8 9384 9391 trnR-UCU/atpA (IGS) 
tetra (TTAT)3 12 9485 9496 trnR-UCU/atpA (IGS); atpA (CDS) 
mono (T)8 8 11033 11040 atpA/atpF (IGS) 
mono (A)11 11 11047 11057 atpA/atpF (IGS) 
mono (T)13 13 11628 11640 atpF (intron) 
mono (A)8 8 12384 12391 atpF/atpH (IGS) 

di (TA)5 10 13023 13032 atpH/atpI  (IGS) 
mono (A)8 8 13411 13418 atpH/atpI  (IGS) 
mono (T)8 8 14511 14518 atpI/rps2 (IGS) 

c* (C)8(A)11 19 14556 14574 atpI/rps2 (IGS) 
mono (T)11 11 15340 15350 rps2/rpoC2 (IGS) 
mono (T)10 10 17512 17521 rpoC2 (CDS) 
mono (A)8 8 17654 17661 rpoC2 (CDS) 
mono (T)9 9 18046 18054 rpoC2 (CDS) 

di (AT)5 10 18884 18893 rpoC2 (CDS) 
mono (A)8 8 21336 21343 rpoC1 (CDS) 
mono (T)12 12 21935 21946 rpoC1 (intron) 
mono (T)9 9 21990 21998 rpoC1 (intron) 
mono (T)8 8 23505 23512 rpoB (CDS) 
mono (T)10 10 25241 25250 rpoB (CDS) 
mono (A)9 9 25908 25916 rpoB/trnC-GCA (IGS) 
mono (A)8 8 26253 26260 rpoB/trnC-GCA (IGS) 
mono (T)10 10 26402 26411 rpoB/trnC-GCA (IGS) 
mono (A)10 10 26715 26724 rpoB/trnC-GCA (IGS) 
mono (A)10 10 26883 26892 rpoB/trnC-GCA (IGS) 
mono (A)9 9 27389 27397 trnC-GCA/petN (IGS) 

c* (C)9(T)12 21 27574 27594 trnC-GCA/petN (IGS) 
mono (T)8 8 27836 27843 petN/psbM (IGS) 
mono (A)8 8 27865 27872 petN/psbM (IGS) 
mono (T)11 11 28455 28465 psbM/trnD-GUC (IGS) 
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mono (T)8 8 28536 28543 psbM/trnD-GUC (IGS) 
mono (A)8 8 28685 28692 psbM/trnD-GUC (IGS 

c* (A)9(AC)4 16 29349 29364 psbM/trnD-GUC (IGS 
mono (A)8 8 29697 29704 trnD-GUC/trnY-GUA (IGS) 
mono (T)8 8 29738 29745 trnD-GUC/trnY-GUA (IGS) 
mono (A)8 8 29849 29856 trnD-GUC/trnY-GUA (IGS) 
mono (A)9 9 30333 30341 trnE-UUC/trnT-GGU (IGS) 
mono (A)8 8 30668 30675 trnE-UUC/trnT-GGU (IGS) 

di (AT)4 8 30743 30750 trnE-UUC/trnT-GGU (IGS) 
di (AG)4 8 31032 31039 trnT-GGU/psbD (IGS) 
di (AT)5 10 31110 31119 trnT-GGU/psbD (IGS) 
di (TA)4 8 31478 31485 trnT-GGU/psbD (IGS) 

mono (A)8 8 31992 31999 trnT-GGU/psbD (IGS) 
mono (G)8 8 33477 33484 psbC (CDS) 
mono (G)9 9 33747 33755 psbC (CDS) 

di (GA)4 8 34837 34844 trnS-UGA (CDS) 
di (TA)4 8 35022 35029 trnS-UGA/psbz (IGS) 

mono (A)12 12 35068 35079 trnS-UGA/psbz (IGS) 
di (TA)4 8 35606 35613 psbz/trnG-GCC (IGS) 

mono (T)10 10 35934 35943 trnG-GCC/ trnfM-CAU (IGS) 
mono (A)10 10 35945 35954 trnG-GCC/ trnfM-CAU (IGS) 
mono (A)9 9 36039 36047 trnfM-CAU/rps14 (IGS) 

di (AT)5 10 41576 41585 psaA/ycf3 (IGS) 
mono (A)12 12 41776 41787 psaA/ycf3 (IGS) 

di (AT)4 8 42547 42554 ycf3 (Intron) 
mono (T)8 8 42642 42649 ycf3 (Intron) 
mono (A)9 9 43631 43639 ycf3 (Intron) 
mono (A)11 11 43934 43944 ycf3/trnS-GGA (IGS) 

c* (T)8(AT)6 20 44971 44990 rps4/trnT-UGU (IGS) 
di (AT)4 8 45082 45089 rps4/trnT-UGU (IGS) 

mono (T)10 10 45602 45611 trnT-UGU/trnL-UAA (IGS) 
mono (A)8 8 45843 45850 trnT-UGU/trnL-UAA (IGS) 

di (AT)5 10 45926 45935 trnT-UGU/trnL-UAA (IGS) 
mono (A)8 8 46329 46336 trnL-UAA (intron) 

di (TA)4 8 46457 46464 trnL-UAA (intron) 
mono (T)8 8 46517 46524 trnL-UAA (intron) 
mono (T)8 8 46803 46810 trnL-UAA/trnF-GAA (IGS) 
mono (T)8 8 48916 48923 ndhK/ndhC (IGS) 

di (AT)5 10 49839 49848 ndhC/trnV-UAC (IGS) 
mono (T)9 9 49877 49885 ndhC/trnV-UAC (IGS) 
mono (T)8 8 50168 50175 trnV-UAC (intron) 
mono (T)10 10 50225 50234 trnV-UAC (intron) 
mono (A)11 11 50237 50247 trnV-UAC (intron) 
mono (T)11 11 52943 52953 atpB (CDS) 
mono (A)8 8 53037 53044 atpB/rbcL (IGS) 
mono (A)8 8 55332 55339 rbcL/accD (IGS) 
mono (T)8 8 55820 55827 rbcL/accD (IGS) 
mono (T)8 8 56242 56249 accD (CDS) 
mono (T)8 8 57325 57332 accD (CDS) 
mono (T)14 14 57902 57915 psaI/ycf4 (IGS) 
mono (A)13 13 58055 58067 psaI/ycf4 (IGS) 
mono (T)8 8 58897 58904 ycf4/cemA (IGS) 

di (TC)5 10 59306 59315 cemA (CDS) 
di (AT)4 8 60217 60224 petA (CDS) 

mono (A)8 8 60577 60584 petA (CDS) 
mono (T)8 8 61311 61318 petA/ psbJ (IGS) 

di (TA)4 8 61608 61615 petA/ psbJ (IGS) 
mono (T)8 8 61644 61651 petA/ psbJ (IGS) 
mono (A)13 13 61681 61693 petA/ psbJ (IGS) 
mono (T)9 9 61703 61711 petA/ psbJ (IGS) 
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mono (A)8 8 61739 61746 petA/ psbJ (IGS) 
mono (T)9 9 61753 61761 petA/ psbJ (IGS) 
mono (A)10 10 61895 61904 petA/ psbJ (IGS) 
mono (A)10 10 62479 62488 psbF (CDS) 
mono (A)8 8 63281 63288 psbE/petL (IGS) 
mono (T)9 9 63519 63527 psbE/petL (IGS) 
mono (A)8 8 63647 63654 psbE/petL (IGS) 
mono (A)9 9 63698 63706 psbE/petL (IGS) 
mono (T)10 10 63743 63752 psbE/petL (IGS) 
mono (A)9 9 64013 64021 psbE/petL (IGS) 
mono (A)8 8 64307 64314 petL/petG (IGS) 
mono (T)9 9 64668 64676 trnW-CCA/trnP-UGG (IGS) 
mono (A)9 9 64723 64731 trnW-CCA/trnP-UGG (IGS) 
mono (T)10 10 64969 64978 trnP-UGG/ psaJ (IGS) 
mono (G)8 8 65449 65456 psaJ/rpL33 (IGS) 
mono (A)9 9 65468 65476 psaJ/rpL33 (IGS) 
mono (T)8 8 65564 65571 psaJ/rpL33 (IGS) 

di (TA)5 10 65959 65968 rpl33/rps18 (IGS) 
di (AT)4 8 65970 65977 rpl33/rps18 (IGS) 

mono (T)8 8 67148 67155 rpl20/rps12 (IGS) 
mono (A)8 8 67167 67174 rpl20/rps12 (IGS) 
mono (A)8 8 67186 67193 rpl20/rps12 (IGS) 
mono (A)8 8 67478 67485 rpl20/rps12 (IGS) 
mono (A)9 9 67918 67926 rps12/clpP (IGS) 
mono (A)8 8 68300 68307 clpP (intron) 
mono (T)10 10 68456 68465 clpP (intron) 
mono (T)10 10 68547 68556 clpP (intron) 
mono (A)11 11 68702 68712 clpP (intron) 
mono (T)9 9 69358 69366 clpP (intron) 
mono (T)8 8 69540 69547 clpP (intron) 
mono (T)9 9 69639 69647 clpP (intron) 
mono (A)10 10 70153 70162 clpP/psbB (IGS) 
mono (T)8 8 72104 72111 psbB/psbT (IGS) 
mono (T)8 8 72250 72257 psbT (CDS) 
mono (T)9 9 73230 73238 petB (intron) 
mono (T)8 8 74393 74400 petB/petD (IGS) 
mono (A)8 8 75788 75795 petD/ rpoA (IGS) 
mono (T)9 9 75925 75933 petD/ rpoA (IGS) 
mono (A)8 8 75936 75943 petD/ rpoA (IGS) 
mono (T)9 9 77517 77525 rps11/rpl36 (IGS) 
mono (T)9 9 78113 78121 rpl36/rps8 (IGS) 
mono (T)11 11 78625 78635 rps8/rpl14 (IGS) 
mono (T)8 8 78719 78726 rps8/rpl14 (IGS) 
mono (A)10 10 79164 79173 rpl14/rpl16 (IGS) 
mono (A)9 9 79191 79199 rpl14/rpl16 (IGS) 
mono (T)8 8 80463 80470 rpl16 (intron) 
mono (A)8 8 80475 80482 rpl16 (intron) 
mono (T)8 8 80745 80752 rpl16/rps3 (IGS) 
mono (T)9 9 82209 82217 rps19 (CDS) 
mono (T)10 10 82248 82257 rps19/rpl2 (IGS) 

di (TA)4 8 82835 82842 rpl2 (intron) 
di (GA)4 8 84454 84461 ycf2 (CDS) 
di (GA)4 8 85441 85448 ycf2 (CDS) 

mono (T)8 8 86416 86423 ycf2 (CDS) 
mono (A)9 9 87584 87592 ycf2 (CDS) 

di (GA)4 8 87605 87612 ycf2 (CDS) 
di (CT)5 10 89662 89671 ycf2 (CDS) 

mono (G)8 8 91547 91554 ycf2/trnL-CAA (IGS) 
di (TA)4 8 91945 91952 trnL-CAA/ndhB (IGS) 
di (AG)4 8 92727 92734 ndhB (CDS) 
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tetra (TTAT)3 12 96617 96628 rps12/trnV-GAC (IGS) 
mono (T)11 11 96631 96641 rps12/trnV-GAC (IGS) 
hexa (CTATCC)3 18 96818 96835 rps12/trnV-GAC (IGS) 
mono (C)8 8 98209 98216 trnV-GAC/rrn16 (IGS) 
mono (G)8 8 100473 100480 trnI-GAU (intron) 
mono (T)8 8 100670 100677 trnI-GAU (intron) 

di (CT)4 8 103985 103992 rrn23 (CDS) 
mono (T)9 9 105878 105886 rrn5/trnR-ACG (IGS) 
mono (T)12 12 106123 106134 trnR-ACG/trnN-GUU (IGS) 
mono (T)8 8 106154 106161 trnR-ACG/trnN-GUU (IGS) 
mono (A)13 13 107959 107971 ycf1 (CDS) 
mono (A)10 10 108017 108026 ycf1 (CDS) 
mono (A)8 8 108188 108195 ycf1 (CDS) 
mono (A)8 8 108324 108331 ycf1 (CDS) 
mono (A)8 8 108506 108513 ndhF (CDS) 
mono (A)8 8 109161 109168 ndhF (CDS) 
mono (T)9 9 109227 109235 ndhF (CDS) 
mono (A)9 9 109487 109495 ndhF (CDS) 
mono (T)11 11 110695 110705 ndhF/rpl32 (IGS) 
mono (T)8 8 110789 110796 ndhF/rpl32 (IGS) 
mono (A)8 8 110896 110903 ndhF/rpl32 (IGS) 
mono (T)9 9 111612 111620 ndhF/rpl32 (IGS) 
mono (T)8 8 111627 111634 ndhF/rpl32 (IGS) 

di (TA)4 8 111648 111655 ndhF/rpl32 (IGS) 
mono (A)10 10 111664 111673 ndhF/rpl32 (IGS) 
mono (A)8 8 111717 111724 ndhF/rpl32 (IGS) 
mono (T)10 10 112047 112056 rpl32/trnL-UAG (IGS) 
mono (A)8 8 112352 112359 rpl32/trnL-UAG (IGS) 

di (AT)4 8 112383 112390 rpl32/trnL-UAG (IGS) 
mono (T)8 8 112595 112602 rpl32/trnL-UAG (IGS) 
mono (A)8 8 112857 112864 rpl32/trnL-UAG (IGS) 
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Supplementary Material 

Supplementary Figures 

 

Supplementary Fig. S1 Gene map of Passiflora cincinnata plastome. Genes drawn inside the 

circle are transcribed clockwise and genes drawn outside are transcribed counterclockwise. 

Different functional groups of genes are color-coded. The darker gray in the inner circle 

corresponds to GC content and the lighter gray corresponds to AT content. LSC, Large Single 

Copy; SSC, Small Single Copy; IRA/B, Inverted Repeat A/B 
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Supplementary Fig. S2 Gene map of Passiflora incarnata plastome. Genes drawn inside the 

circle are transcribed clockwise direction and genes drawn outside are transcribed 

counterclockwise. Different functional groups of genes are color-coded. The darker gray in the 

inner circle corresponds to GC content and the lighter gray corresponds to AT content. LSC, 

Large Single Copy; SSC, Small Single Copy; IRA/B, Inverted Repeat A/B 
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Supplementary Fig. S3 Gene map of Passiflora malacophylla plastome. Genes drawn inside 

the circle are transcribed clockwise and genes drawn outside are transcribed counterclockwise. 

Different functional groups of genes are color-coded. The darker gray in the inner circle 

corresponds to GC content and the lighter gray corresponds to AT content. LSC, Large Single 

Copy; SSC, Small Single Copy; IRA/B, Inverted Repeat A/B 
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Supplementary Fig. S4 Gene map of Passiflora maliformis plastome. Genes drawn inside the 

circle are transcribed clockwise and genes drawn outside are transcribed counterclockwise. 

Different functional groups of genes are color-coded. The darker gray in the inner circle 

corresponds to GC content and the lighter gray corresponds to AT content. LSC, Large Single 

Copy; SSC, Small Single Copy; IRA/B, Inverted Repeat A/B 
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Supplementary Fig. S5 Gene map of Passiflora mucronata plastome. Genes drawn inside the 

circle are transcribed clockwise and genes drawn outside are transcribed counterclockwise. 

Different functional groups of genes are color-coded. The darker gray in the inner circle 

corresponds to GC content and the lighter gray corresponds to AT content. LSC, Large Single 

Copy; SSC, Small Single Copy; IRA/B, Inverted Repeat A/B 
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Supplementary Fig. S6 Multiple alignments of Passiflora plastomes (subgenus Passiflora) 

and Populus trichocarpa as outgroup. Locally collinear blocks (LCBs) are color-coded. The 

LCBs concerning inversions in Passiflora plastomes are illustrated as follows: LCB 1 
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(including psbA and trnH-GUG genes); LCB 2 (encompassing from trnV-UAC to atpE genes); 

LCB 4 (encompassing from clpP to rbcL genes); and LCB 5 (encompassing from ndhC to trnC-

GCA genes). The LCB 3 includes the ycf1 gene that is fully located into the IRs by an expansion 

event as described by Cauz-Santos et al. (2017) and Rabah et al. (2018) 

 

 

Supplementary Fig. S7 Phylogenomic tree of the subgenus Passiflora based on whole 

plastomes of 19 taxa using the maximum likelihood (ML) method. The branch length is 

proportional to the inferred divergence level. The scale bar indicates the number of inferred 

nucleic substitutions per site. The numbers in front of each node are bootstrap support values 

(%). The red dashed-box indicates the region of topological incongruence between this tree, the 

BI tree generated with the same dataset (Supplementary Fig. S8) and the consensus tree based 

on genes concatenated (Fig. 3) 
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Supplementary Fig. S8 Phylogenomic tree of the subgenus Passiflora based on whole 

plastomes of 19 taxa using Bayesian inference (BI). The branch length is proportional to the 

inferred divergence level. The scale bar indicates the number of inferred nucleic substitutions 

per site. Posterior probabilities (%) are indicated in front of each node. The red dashed-box 

indicates the region of topological incongruence of this tree in comparison with the ML tree 

generated with the same dataset (Supplementary Fig. S7) and the consensus tree based on genes 

concatenated (Fig. 3) 
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Supplementary Fig. S9 Clustalw alignment of the plastome region including the rpoB, clpP, 

and rps12 (first exon) genes. The 19 available species of subgenus Passiflora (including the 

species sequenced in this study) were sampled here. The sequences of the rpoB (partial) and 

rps12 (first exon) genes are highlighted by blue dashed squares. The start and stop codons of 

the clpP gene are indicated by red squares. Black shadowing indicates conserved nucleotides 

among all taxa; darker gray indicate sequence conserved among all except for one to four taxa; 

light gray indicate non-conserved sequences in five to seven taxa; and white indicate non-

conserved sequences 
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Supplementary Fig. S10 Clustalw alignment of the plastome region including the genes psaI, 

accD, and rbcL. The 19 available species of subgenus Passiflora (including the species 

sequenced here) were sampled. The sequences of the psaI and rbcL (partial) genes are 

highlighted by blue dashed squares. The stop codons of the accD genes of each species are 

indicated by red dashed squares. Two conserved putative start codons are indicated by red 

squares. Black shadowing indicates conserved sequences among all taxa; darker gray indicate 

conserved sequences among all except for one to four taxa; light gray indicate non-conserved 

sequences for five to seven taxa; and white indicate non-conserved sequences 
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Supplementary Fig. S11 Divergence of plastid genes related to gene expression machinery in 

the subgenus Passiflora. a Genes encoding ribosomal proteins of the large subunit of plastid 

ribosome (rpl genes); b Genes encoding ribosomal proteins of the small subunit of plastid 

ribosome (rps genes); c Genes for plastid-encoded RNA polymerase (rpo genes). The gene 

divergence was estimated by the sum of total branch lengths inferred in each gene tree  
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Supplementary Fig. S12 Divergence of plastid genes related to photosynthetic machinery in 

the subgenus Passiflora. a Genes encoding subunits of ATP synthase (atp genes); b Genes 

encoding subunits of photosystem I (psa genes); c Genes encoding subunits of photosystem II 

(psb genes); d Genes encoding subunits of cytochrome b6f complex (pet genes). The gene 

divergence was estimated by the sum of total branch lengths inferred in each gene tree  
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Supplementary Fig. S13 Divergence of plastid genes in the subgenus Passiflora. a Genes 

encoding subunits of NDH complex (ndh genes); b Genes related to other functions (see the 

Table 1 for more details). The gene divergence was estimated by the sum of total branch lengths 

inferred in each gene tree  
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Supplementary Fig. S14 Alignment of exon 3 of the rps12 gene. The species included in the 

squares belong to the subgenus Passiflora. The black square encompasses species that lost the 

“AAAAAG ” insertion, while the species of the red square encompasses the species that contain 

this sequence. Different background colors indicate amino acids with different biochemical 

properties. Populus was used as the outgroup representing the general sequence observed in 

other angiosperms 
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Supplementary Fig. S15 Clustalw alignment of translated amino acid sequence of the accD 

gene. The 19 available species of subgenus Passiflora (including the species sequenced in this 

study) were sampled here. The sequence of the accD of Populus trichocarpa was used as an 

outgroup species. The two putative start codons of the accD gene from different species of the 

subgenus Passiflora are highlighted by blue (start codon1) and green boxes (start codon2). The 

black box highlights a region of larger insertion in the accD of Passiflora menispermifolia; 

orange open box indicates another region of large insertions in the Passiflora species, composed 

mainly by repetitions of amino acids K-D-S-E 
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Supplementary Tables 

Supplementary Table S1. Features of the reads and contigs used for plastome assembly 

Species Subgenus Total  
reads 

Trimmed 
reads 

Average coverage of the contigs 
used  
(lower-higher)  

P. cincinnata Passiflora 3,976,822 3,956,881 1339.88 - 9331.70 

P. elegans Passiflora 248,102 247,542 112.09 - 257.61 

P. incarnata Passiflora 621,142 620,677 174.75 - 740.90 

P. malacophylla Passiflora 634,862 634,585 506.41 - 815.00 

P. malifomis Passiflora 298,568 298,364 180.57 - 282.43 

P. mucronata Passiflora 1,024,072 1,023,409 373.06 - 941.42 

 

 

Supplementary Table S2. List of species included in the phylogenetic inferences 

Espécies Subgênero GenBank 
P. actinia Hook. Passiflora NC_038118.1 
P. cincinnata Mast. Passiflora NC_037690.1 
P. edulis Sims Passiflora NC_034285.1 
P. elegans Mast. Passiflora MN062356 
P. foetida L. Passiflora NC_043825.1 
P. incarnata L. Passiflora MN062358 
P. laurifolia L. Passiflora NC_038121.1 
P. ligularis Juss. Passiflora NC_038122.1 
P. malacophylla Mast. Passiflora MN062358 
P. maliformis L. Passiflora MN062359 
P. menispermifolia Kunth Passiflora NC_043826.1 
P. mucronata Lam. Passiflora MN062360 
P. nitida Kunth Passiflora NC_038123.1 
P. oerstedii Mast. Passiflora NC_038124.1 
P. quadrangularis L.  Passiflora NC_038126.1 
P. retipetala Mast., 1893 Passiflora NC_038188.1 
P. serratifolia L. Passiflora NC_038129.1 
P. serratodigitata L. Passiflora NC_038127.1 
P. vitifolia Kunth Passiflora NC_038128.1 
P. affinis Engelm. Decaloba NC_043823.1 
P. auriculata Kunth (FG) Decaloba NC_038119.1 
P. auriculata Kunth (S) Decaloba MF807935.1 
P. biflora Lam. Decaloba NC_038120.1 
P. filipes Benth. Decaloba NC_043822.1 
P. jatunsachensis Schwerdtf. Decaloba NC_043813.1 
P. lutea L. Decaloba NC_043815.1 
P. microstipula L.E.Gilbert & J.M.MacDougal Decaloba NC_043827.1 
P. misera Kunth Kunth, 1816 Decaloba NC_043821.1 
P. rufa Feuillet & J.M.MacDougal Decaloba NC_043817.1 
P. suberosa L. (USA) Decaloba NC_043814.1 
P. tenuiloba Engelm. Decaloba NC_043816.1 
P. cirrhiflora A.Juss. Deidamioides MN545921 
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P. arbelaezii L.Uribe Deidamioides NC_043819.1 
P. contracta Vitta Deidamioides NC_043818.1 
P. obovata Killip ex Standl. Deidamioides NC_043824.1 
P. pittieri Mast. Astrophea NC_038125.1 
P. tetrandra Banks ex DC. Tetrapathea NC_043820.1 
Adenia mannii (Mast.) Engl. - NC_043791.1 
Populus trichocarpa Torr. & A.Gray - NC_009143.1 

 

 

Supplementary Table S3. Plastid genes used in the maximum likelihood phylogenetic 

analysis, clustered according to the best substitution model calculated by ModelFinder. 

Best Model Genes 

K3Pu+F+I ndhB, psbE, psbF, psbM 

TVM+F+G4 atpF, cemA, rpl33, rpl36, rpoC2, rps2, rps3, rps8, rps19 

TVM+F+I+G4 

atpA, atpB, atpE, atpI, atpH, ccsA, matK, ndhA, ndhC, ndhD, 

ndhE, ndhF, ndhG, ndhI, ndhH, ndhJ, ndhK, petA, petB, petD, 

petG, petN, petL, psaA, psaB, psaC, psaI, psaJ, psbA, psbB, psbC, 

psbD, psbI, psbJ, psbK, psbL, psbN, psbT, psbZ, rpl2, rpl14, 

rpoB, rpoC1, rps4, rps12, ycf3  

TPM3u+F ycf4 

TPM3u+F+G4 rpl23, rps11, rps15  

TPM3u+F+I+G4 psbH, rbcL, rps14 

 

 

Supplementary Table S4. Plastid genes used in the Bayesian phylogenetic inference, 

clustered according to the best substitution model calculated by PartitionFinder2. 

Best Model Genes 

GTR+G 
atpF, rpl14, rpl33, rpl36, rps2, rps3, rps4, rps8, rps11, rps14, rps15, 

rps19, ycf4 

GTR+I ndhB, petN, psbE, psbF, psbN 

GTR+I+G 

atpA, atpB, atpE, atpI, atpH, ccsA, cemA, matK, nhdA, ndhC, ndhD, 

ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK, petA, petB, petD, petG, 

petL, psaA, psaB, psaC, psaI, psaJ, psbA, psbB, psbC, psbD, psbH, 

psbI, psbJ, psbK, psbL, psbM, psbT, psbZ, rbcL, rpl2, rpl23, rpoB, 

rpoC1, rpoC2, rps12, ycf3 
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SUPPLEMENTARY MATERIAL  

 

Supplementary Table S1 List of RNA editing sites predicted by PREP program in plastid 

protein-coding genes of P. cirrhiflora and other species belonging to the subgenus 

Deidamioides. Red text indicates the predicted RNA editing sites unique to P. cirrhiflora, in 

this analysis. AA pos, amino acid position of the RNA editing site. 

Gene 
AA 
Pos P. cirrhiflora P. contracta P. obovata P. arbelaezii 

atpA 354 ACC (T) => ATC (I) ACC (T) => ATC (I) ATC (I) ATC (I) 

  424 CCT (P) => TCT (S) TCT (S) TCT (S) TCT (S) 

atpB 214 ATT (I) 
ACG (T) => ATG 

(M) ATG (M) ATG (M) 

atpF 121 TTA (L) TCA (S) => TTA (L) TTC (P) TTC (P) 

atpI 210 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

matK 180 CTC (L) => TTC (F) CTC (L) => TTC (F) CTC (L) => TTC (F) CTC (L) => TTC (F) 

 190 CCG (P) => TCG (S) CCG (P) => TCG (S) CCG (P) => TCG (S) CCG (P) => TCG (S) 

 209 CTC (L) => TTC (F) TTC (F) TTC (F) TTC (F) 

 394 
CGG (R) => TGG 

(W) 
CGG (R) => TGG 

(W) 
CGG (R) => TGG 

(W) 
CGG (R) => TGG 

(W) 

 397 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

  462 CTT (L) => TTT (F) CTT (L) => TTT (F) TTT (F) TTT (F) 

ndhA 23 GCT (A) => GTT (V) GCT (A) => GTT (V) GCT (A) => GTT (V) GCT (A) => GTT (V) 

 109 ACT (T) => ATT (I) ACT (T) => ATT (I) ACT (T) => ATT (I) ACT (T) => ATT (I) 

 114 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

 140 ACA (T) => ATA (I) ACA (T) => ATA (I) ACA (T) => ATA (I) ACA (T) => ATA (I) 

  317 CTC (L) => TTC (F) CTC (L) => TTC (F) CTC (L) => TTC (F) CTC (L) => TTC (F) 

ndhB 9 CTC (L) => TTC (F) CTC (L) => TTC (F) CTC (L) => TTC (F) CTC (L) => TTC (F) 

 32 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

 138 CCA (P) => CTA (L) CCA (P) => CTA (L) CCA (P) => CTA (L) CCA (P) => CTA (L) 

 178 CAT (H) => TAT (Y) CAT (H) => TAT (Y) CAT (H) => TAT (Y) CAT (H) => TAT (Y) 

 186 TCG (S) => TTG (L) TCG (S) => TTG (L) TCG (S) => TTG (L) TCG (S) => TTG (L) 

 228 CCA (P) => CTA (L) CCA (P) => CTA (L) CCA (P) => CTA (L) CCA (P) => CTA (L) 

 231 TCT (S) => TTT (F) TCT (S) => TTT (F) TCT (S) => TTT (F) TCT (S) => TTT (F) 

 259 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

 261 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

 401 CAT (H) => TAT (Y) CAT (H) => TAT (Y) CAT (H) => TAT (Y) CAT (H) => TAT (Y) 

  476 CCA (P) => CTA (L) CCA (P) => CTA (L) CCA (P) => CTA (L) CCA (P) => CTA (L) 

ndhD 1 
ACG (T) => ATG 

(M) 
ACG (T) => ATG 

(M) 
ACG (T) => ATG 

(M) 
ACG (T) => ATG 

(M) 

 7 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

 9 ACA (T) => ATA (I) ACA (T) => ATA (I) ACA (T) => ATA (I) GCA (A) 

 16 TCC (S) => TTC (F) TCC (S) => TTC (F) TCC (S) => TTC (F) TCC (S) => TTC (F) 

 105 
CGG (R) => TGG 

(W) 
CGG (R) => TGG 

(W) 
CGG (R) => TGG 

(W) 
CGG (R) => TGG 

(W) 

 182 GCT (A) => GTT (V) GCT (A) => GTT (V) GCT (A) => GTT (V) GCT (A) => GTT (V) 

 200 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 
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 225 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

 369 ACC (T) => ATC (I) ACC (T) => ATC (I) ACC (T) => ATC (I) ATC (I) 

 469 CTT (L) => TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) 

  472 GTA (V) GTA (V) GTA (V) 
GCA (A) => GTA 

(V) 

ndhF 196 CTT (L) => TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) 

 332 ATG (M) ATG (M) ATG (M) 
ACG (T) => ATG 

(M) 

  644 
GCC (A) => GTC 

(V) 
GCC (A) => GTC 

(V) GTC (V) 
GCC (A) => GTC 

(V) 

ndhG 56 CAT (H) => TAT (Y) CAT (H) => TAT (Y) CAT (H) => TAT (Y) CAT (H) => TAT (Y) 

 84 CCA (P) => TCA (S) CCA (P) => TCA (S) CCA (P) => TCA (S) CCA (P) => TCA (S) 

  105 ACA (T) => ATA (I) ACA (T) => ATA (I) ACA (T) => ATA (I) ACA (T) => ATA (I) 

petD 139 
GCG (A) => GTG 

(V) 
GCG (A) => GTG 

(V) 
GCG (A) => GTG 

(V) 
GCG (A) => GTG 

(V) 

psaI 9 CCT (P) => TCT (S) CCT (P) => TCT (S) CCT (P) => TCT (S) CCT (P) => TCT (S) 

  28 TCT (S) => TTT (F) TCT (S) => TTT (F) TCT (S) => TTT (F) TCT (S) => TTT (F) 

psbB 193 TTT (F) TTT (F) CTT (L) => TTT (F) TTT (F) 

psbE 72 CCT (P) => TCT (S) CCT (P) => TCT (S) CCT (P) => TCT (S) CCT (P) => TCT (S) 

psbF 26 TCT (S) => TTT (F) TCT (S) => TTT (F) TCT (S) => TTT (F) TCT (S) => TTT (F) 

rpl2 199 
GCC (A) => GTC 

(V) 
GCC (A) => GTC 

(V) ACC (T)  GTC (V) 

rpoA 310 TCG (S) => TTG (L) TCG (S) => TTG (L) TCG (S) => TTG (L) TCG (S) => TTG (L) 

rpoB 113 TCT (S) => TTT (F) TCT (S) => TTT (F) TCT (S) => TTT (F) TCT (S) => TTT (F) 

 184 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

 501 TAC (Y) TAC (Y) 
CAC (H) => TAC 

(Y) TAC (Y) 

 900 GTG (V) GTG (V) 
GCG (A) => GTG 

(V) GTG (V) 

  1024 ATC (I) ATC (I) ATC (I) ACC (T) => ATC (I) 

rpoC1 14 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

 352 GTT (V) GTT (V) GTT (V) GCT (A) => GTT (V) 

 438 TGG (W) TGG (W) 
CGG (R) => TGG 

(W) TGG (W) 

  483 CGT (R) => TGT (C) CGT (R) => TGT (C) CGT (R) => TGT (C) CGT (R) => TGT (C) 

rpoC2 282 TTT (F) TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) 

 536 CTT (L) => TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) 

 726 CTT (L) => TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) CTT (L) => TTT (F) 

 775 GTC (V) GTC (V) 
GCC (A) => GTC 

(V) GTC (V) 

 777 
CGG (R) => TGG 

(W) TGG (W) 
CGG (R) => TGG 

(W) 
CGG (R) => TGG 

(W) 

 910 TCG (S) => TTG (L) TCG (S) => TTG (L) TTG (L) TCG (S) => TTG (L) 

 1264 GCT (A) => GTT (V) GTT (V) GTT (V) GTT (V) 

  1266 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

rps2 83 TCG (S) => TTG (L) TCG (S) => TTG (L) TCG (S) => TTG (L) TCG (S) => TTG (L) 

  203 TCG (S) TCG (S) TCG (S) CCG (P) => TCG (S) 

rps14 27 TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) TCA (S) => TTA (L) 

  50 CCA (P) => CTA (L) CCA (P) => CTA (L) CCA (P) => CTA (L) CCA (P) => CTA (L) 
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Supplementary Table S2 Distribution of SSR loci in the plastome of P. cirrhiflora. 

SSR nº SSR type SSR Sequence Size Start End Location 
1 mono (T)8 8 1404 1411 psbA/trnH-GUG (IGS) 
2 mono (T)8 8 1421 1428 psbA/ trnH-GUG (IGS) 
3 mono (A)8 8 1732 1739 trnK-UUU (intron) 
4 di (AT)4 8 2224 2231 matK (CDS) 
5 mono (A)10 10 4399 4408 trnK-UUU/trnQ-UUG (IGS) 
6 mono (A)8 8 4447 4454 trnK-UUU/trnQ-UUG (IGS) 
7 mono (T)8 8 4581 4588 trnK-UUU/trnQ-UUG (IGS) 
8 mono (T)9 9 4592 4600 trnK-UUU/trnQ-UUG (IGS) 
9 mono (A)8 8 4857 4864 trnK-UUU/trnQ-UUG (IGS) 
10 mono (A)9 9 4908 4916 trnK-UUU/trnQ-UUG (IGS) 
11 tri (TAT)4 12 5334 5345 trnK-UUU/trnQ-UUG (IGS) 
12 mono (A)8 8 5346 5353 trnK-UUU/trnQ-UUG (IGS) 
13 di (TA)5 10 5354 5363 trnK-UUU/trnQ-UUG (IGS) 
14 di (AT)5 10 5364 5373 trnK-UUU/trnQ-UUG (IGS) 
15 di (AT)7 14 5375 5388 trnK-UUU/trnQ-UUG (IGS) 
16 mono (T)8 8 5958 5965 psbK(CDS) 
17 mono (T)10 10 6425 6434 psbK/psbI (IGS) 
18 di (TA)4 8 7562 7569 trnS-GCU/trnG-UCC (IGS) 
19 mono (T)8 8 8189 8196 trnG-UCC (intron) 
20 di (TA)4 8 8542 8549 trnG-UCC/trnR-UCU (IGS) 
21 tri (TAT)4 12 8629 8640 trnG-UCC/trnR-UCU (IGS) 
22 di (AT)5 10 8685 8694 trnG-UCC/trnR-UCU (IGS) 
23 mono (T)10 10 8850 8859 trnG-UCC/trnR-UCU (IGS) 
24 di (TA)5 10 9063 9072 trnR-UCU/atpA (IGS) 
25 di (TA)5 10 9081 9090 trnR-UCU/atpA (IGS) 
26 di (TA)4 8 9117 9124 trnR-UCU/atpA (IGS) 
27 di (AT)8 16 9299 9314 trnR-UCU/atpA (IGS) 
28 mono (A)10 10 9332 9341 trnR-UCU/atpA (IGS) 
29 mono (A)9 9 10943 10951 atpA/atpF (IGS) 
30 mono (A)8 8 11395 11402 atpF (CDS) 
31 di (AT)4 8 11632 11639 atpF/atpH (IGS) 
32 di (TA)4 8 11673 11680 atpF/atpH (IGS) 
33 di (TA)6 12 11696 11707 atpF/atpH (IGS) 
34 mono (T)8 20 11708 11715 atpF/atpH (IGS) 
35 mono (T)10 10 11741 11750 atpF/atpH (IGS) 
36 mono (T)8 8 11759 11766 atpF/atpH (IGS) 
37 mono (T)10 10 11887 11896 atpF/atpH (IGS) 
38 mono (T)10 10 12974 12983 atpH/atpI (IGS) 
39 mono (T)8 8 13066 13073 atpH/atpI (IGS) 
40 mono (T)13 13 13314 13326 atpH/atpI (IGS) 
41 mono (T)9 9 15125 15133 rps2 (CDS) 
42 mono (T)10 10 15382 15391 rps2/rpoC2 (IGS) 
43 mono (A)9 9 15397 15405 rps2/rpoC2 (IGS) 
44 mono (T)9 9 15525 15533 rps2/rpoC2 (IGS) 
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45 mono (T)18 18 17584 17601 rpoC2 (CDS) 
46 mono (T)14 14 17732 17745 rpoC2 (CDS) 
47 mono (A)8 8 17878 17885 rpoC2 (CDS) 
48 mono (T)10 10 18272 18281 rpoC2 (CDS) 
49 di (AT)5 10 19120 19129 rpoC2 (CDS) 
50 mono (A)8 8 21571 21578 rpoC1 (CDS) 
51 mono (T)8 8 21877 21884 rpoC1 (intron) 
52 mono (A)10 10 22185 22194 rpoC1 (intron) 
53 mono (A)9 9 22860 22868 rpoB (CDS) 
54 mono (T)10 10 25452 25461 rpoB (CDS) 
55 mono (A)10 10 26611 26620 rpoB/trnC-GCA (IGS) 
56 di (TA)4 8 26743 26750 rpoB/trnC-GCA (IGS) 
57 di (AT)9 18 26964 26981 rpoB/trnC-GCA (IGS) 
58 di (AT)9 18 27056 27073 rpoB/trnC-GCA (IGS) 
59 mono (A)9 9 27141 27149 rpoB/trnC-GCA (IGS) 
60 di (TA)4 8 27611 27618 trnC-GCA/petN (IGS) 
61 mono (T)9 9 27650 27658 trnC-GCA/petN (IGS) 
62 mono (T)8 8 27691 27698 trnC-GCA/petN (IGS) 
63 mono (A)8 8 28014 28021 petN/psbM (IGS) 
64 mono (T)8 8 28751 28758 petN/psbM (IGS) 
65 di (AT)4 8 29097 29104 petN/psbM (IGS) 
66 mono (A)8 8 30227 30234 psbM/trnD-GUC (IGS) 
67 mono (A)10 10 30592 30601 trnD-GUC/trnY-GUA (IGS) 
68 mono (T)11 11 30649 30659 trnD-GUC/trnY-GUA (IGS) 
69 mono (A)11 11 31552 31562 trnE-UUC/trnT-GGU (IGS) 
70 mono (T)10 10 33032 33041 trnT-GGU/psbD (IGS) 
71 mono (A)10 10 33165 33174 trnT-GGU/psbD (IGS) 
72 di (GA)4 8 36130 36137 trnS-UGA (CDS) 
73 mono (A)8 8 36987 36994 psbZ/trnG-GCC (IGS) 
74 di (TA)6 12 43349 43360 psaA/ycf3 (IGS) 
75 di (AT)4 8 43369 43376 psaA/ycf3 (IGS) 
76 mono (A)8 8 43409 43416 psaA/ycf3 (IGS) 
77 mono (T)8 8 44257 44264 ycf3 (intron) 
78 mono (A)9 9 45506 45514 ycf3/trnS-GGA (IGS) 
79 di (AT)4 8 45614 45621 ycf3/trnS-GGA (IGS) 
80 di (AT)4 8 45634 45641 ycf3/trnS-GGA (IGS) 
81 mono (T)8 8 45712 45719 ycf3/trnS-GGA (IGS) 
82 di (TA)4 8 47024 47031 rps4/trnT-UGU (IGS) 
83 di (TA)6 12 47035 47046 rps4/trnT-UGU (IGS) 
84 di (TA)4 8 47050 47057 rps4/trnT-UGU (IGS) 
85 di (AT)6 12 47471 47482 trnT-UGU/trnL-UAA (IGS) 
86 di (TA)5 10 47583 47592 trnT-UGU/trnL-UAA (IGS) 
87 mono (T)10 10 48262 48271 trnL-UAA (intron) 
88 mono (A)8 8 48282 48289 trnL-UAA (intron) 
89 mono (A)8 8 48511 48518 trnL-UAA/ trnF-GAA (IGS) 
90 mono (T)10 10 48609 48618 trnL-UAA/ trnF-GAA (IGS) 
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91 di (AT)4 8 48913 48920 trnL-UAA/ trnF-GAA (IGS) 
92 di (TA)6 12 48925 48936 trnL-UAA/ trnF-GAA (IGS) 
93 di (AT)4 8 49007 49014 trnL-UAA/ trnF-GAA (IGS) 
94 di (AT)4 8 49032 49039 trnL-UAA/ trnF-GAA (IGS) 
95 di (TC)4 8 50080 50087 ndhJ/ndhK (IGS) 
96 mono (T)11 11 50890 50900 ndhK/ndhC (IGS) 
97 mono (T)8 8 51388 51395 ndhC/atpB (IGS) 
98 mono (T)10 10 51710 51719 ndhC/atpB (IGS) 
99 tri (AAT)4 12 52134 52145 ndhC/atpB (IGS) 
100 mono (T)8 8 52333 52340 ndhC/atpB (IGS) 
101 mono (A)10 10 52540 52549 ndhC/atpB (IGS) 
102 mono (T)9 9 52561 52569 ndhC/atpB (IGS) 
103 mono (A)8 8 55398 55405 trnV-UAC (intron) 
104 mono (A)10 10 55514 55523 trnV-UAC (intron) 
105 mono (A)8 8 55726 55733 trnV-UAC/rbcL (IGS) 
106 mono (A)9 9 55818 55826 trnV-UAC/rbcL (IGS) 
107 di (TA)4 8 55948 55955 trnV-UAC/rbcL (IGS) 
108 di (GA)4 8 56627 56634 rbcL (CDS) 
109 di (AT)7 14 57841 57854 rbcL/accD (IGS) 
110 tri (GGA)4 12 59159 59170 accD (CDS) 
111 mono (T)9 9 59961 59969 accD/psaI (IGS) 
112 mono (A)8 8 60357 60364 accD/psaI (IGS) 
113 mono (A)8 8 61136 61143 psaI/ycf4 (IGS) 
114 mono (A)8 8 61254 61261 ycf4 (CDS) 
115 mono (T)8 8 61376 61383 ycf4 (CDS) 
116 mono (T)8 8 61934 61941 ycf4/cemA (IGS) 
117 mono (A)8 8 62020 62027 cemA (CDS) 
118 mono (A)9 9 62211 62219 cemA (CDS) 
119 di (AT)4 8 63204 63211 petA (CDS) 
120 mono (T)8 8 63538 63545 petA (CDS) 
121 mono (A)8 8 63564 63571 petA (CDS) 
122 tri (AAT)4 12 64905 64916 petA/psbJ (IGS) 
123 tri (AAT)4 12 64929 64940 petA/psbJ (IGS) 
124 mono (T)9 9 65162 65170 petA/psbJ (IGS) 
125 mono (T)8 8 66576 66583 psbJ/psbL (IGS) 
126 mono (A)8 8 67001 67008 psbE/petL (IGS) 
127 mono (A)9 9 67174 67182 petL/petG (IGS) 
128 mono (T)9 9 67293 67301 petL/petG (IGS) 
129 mono (A)9 9 67633 67641 trnW-CCA/trnP-UGG (IGS) 
130 mono (T)9 9 67665 67673 trnW-CCA/trnP-UGG (IGS) 
131 mono (A)9 9 67802 67810 trnW-CCA/trnP-UGG (IGS) 
132 mono (A)9 9 67819 67827 trnW-CCA/trnP-UGG (IGS) 
133 mono (A)8 8 69047 69054 psaJ/rpl33 (IGS) 
134 mono (A)8 8 69814 69821 rps18 (CDS) 
135 mono (T)10 10 70631 70640 rpl20/rps12 (IGS) 
136 mono (T)13 13 70754 70766 rpl20/rps12 (IGS) 
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137 mono (T)9 9 71164 71172 rpl20/rps12 (IGS) 
138 mono (T)9 9 71314 71322 rpl20/rps12 (IGS) 
139 hexa (TCGCCG)5 30 71953 71982 clpP (CDS) 
140 tri (TCG)7 21 71989 72009 clpP (CDS) 
141 tri (GTC)4 12 72012 72023 clpP (CDS) 
142 tri (GTC)8 24 72036 72059 clpP (CDS) 
143 mono (A)9 9 72327 72335 clpP (intron) 
144 mono (A)8 8 72471 72478 clpP (intron) 
145 mono (A)9 9 72706 72714 clpP (intron) 
146 tri (ATA)4 12 72747 72758 clpP (intron) 
147 mono (A)8 8 73125 73132 clpP (intron) 
148 mono (T)8 8 73441 73448 clpP (intron) 
149 mono (T)8 8 76152 76159 psbB/psbT (IGS) 
150 di (CT)4 8 77338 77345 petB (intron) 
151 mono (T)8 8 79035 79042 petD (intron) 
152 mono (T)8 8 81760 81767 rps11/rpl36 (IGS) 
153 mono (T)11 11 81997 82007 rpl36/rps8 (IGS) 
154 mono (A)9 9 82034 82042 rpl36/rps8 (IGS) 
155 mono (T)10 10 82406 82415 rpl36/rps8 (IGS) 
156 mono (T)9 9 82651 82659 rps8 (CDS) 
157 mono (T)9 9 82936 82944 rps8/rpl14 (IGS) 
158 mono (A)9 9 83477 83485 rpl14/rpl16 (IGS) 
159 mono (A)8 8 83508 83515 rpl14/rpl16 (IGS) 
160 mono (T)9 9 83527 83535 rpl14/rpl16 (IGS) 
161 mono (T)9 9 84501 84509 rpl16 (intron) 
162 mono (T)10 10 84767 84776 rpl16 (intron) 
163 mono (T)9 9 84805 84813 rpl16 (intron) 
164 mono (T)8 8 85010 85017 rpl16 (intron) 
165 di (AT)4 8 85941 85948 rps3/rps19 (IGS) 
166 mono (T)9 9 86552 86560 rps19 (CDS) 
167 mono (T)13 13 86590 86602 rps19/rpl2 (IGS) 
168 mono (T)9 9 86609 86617 rps19/rpl2 (IGS) 
169 di (AG)4 8 88923 88930 trnI-CAU/ycf2 (IGS) 
170 di (AG)4 8 89145 89152 ycf2 (CDS) 
171 mono (G)8 8 90286 90293 ycf2 (CDS) 
172 mono (A)9 9 91558 91566 ycf2 (CDS) 
173 di (GA)4 8 91579 91586 ycf2 (CDS) 
174 mono (T)8 8 92811 92818 ycf2 (CDS) 
175 mono (A)11 11 94912 94922 ycf2 (CDS) 
176 di (TA)6 12 96089 96100 tnrL-CAA/ndhB (IGS) 
177 di (AG)4 8 96853 96860 ndhB (CDS) 
178 mono (T)8 8 98786 98793 ndhB/rps7 (IGS) 
179 mono (T)8 8 102318 102325 trnV-GAC/rrn16 (IGS) 
180 mono (C)8 8 102332 102339 trnV-GAC/rrn16 (IGS) 
181 mono (A)8 8 104083 104090 rrn16/trnI-GAU (IGS) 
182 mono (T)8 8 104785 104792 trnI-GAU (intron) 
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183 mono (G)8 8 106002 106009 trnA-UGC (intron) 
184 di (CT)4 8 108114 108121 rrn23 (CDS) 
185 mono (A)8 8 109509 109516 rrn4.5/rrn5 (IGS) 
186 mono (A)11 11 109819 109829 rrn5/trnR-ACG (IGS) 
187 di (AG)5 10 109916 109925 rrn5/trnR-ACG (IGS) 
188 di (TA)5 10 111229 111238 trnN-GUU/ycf1 (IGS) 
189 di (AT)4 8 111307 111314 trnN-GUU/ycf1 (IGS) 
190 mono (A)12 12 111418 111429 ycf1 (CDS) 
191 di (AG)4 8 112216 112223 ycf1 (CDS) 
192 hexa (AAAGAA)4 24 114398 114421 ycf1 (CDS) 
193 mono (A)11 11 114581 114591 ycf1 (CDS) 
194 mono (A)11 11 115070 115080 ycf1 (CDS) 
195 di (AT)4 8 115149 115156 ycf1 (CDS) 
196 mono (A)8 8 115233 115240 ycf1 (CDS) 
197 mono (A)8 8 115272 115279 ycf1 (CDS) 
198 mono (A)8 8 115311 115318 ycf1 (CDS) 
199 di (AC)4 8 116381 116388 ycf1 (CDS) 
200 di (AT)6 12 117481 117492 ycf1/ndhF (IGS) 
201 mono (A)11 11 117696 117706 ycf1/ndhF (IGS) 
202 mono (A)10 10 117802 117811 ycf1/ndhF (IGS) 
203 mono (T)8 8 117968 117975 ycf1/ndhF (IGS) 
204 mono (A)9 9 117981 117989 ycf1/ndhF (IGS) 
205 mono (A)8 8 118724 118731 ndhF (CDS) 
206 mono (T)10 10 118778 118787 ndhF (CDS) 
207 di (AT)4 8 120032 120039 ndhF (CDS) 
208 mono (T)9 9 120758 120766 ndhF/rpl32 (IGS) 
209 mono (A)8 8 121164 121171 rpl32/trnL-UAG (IGS) 
210 mono (A)8 8 121177 121184 rpl32/trnL-UAG (IGS) 
211 mono (A)8 8 121556 121563 rpl32/trnL-UAG (IGS) 
212 di (AT)6 12 121657 121668 rpl32/trnL-UAG (IGS) 
213 mono (T)10 10 121866 121875 rpl32/trnL-UAG (IGS) 
214 mono (T)8 8 122763 122770 ccsA (CDS) 
215 mono (A)9 9 123128 123136 ccsA/ndhD (IGS) 
216 di (TA)6 12 123240 123251 ccsA/ndhD (IGS) 
217 mono (T)10 10 123350 123359 ccsA/ndhD (IGS) 
218 mono (T)8 8 125330 125337 psaC/ndhE (IGS) 
219 di (TA)6 12 127075 127086 ndhG/ndhI (IGS) 
220 di (TA)9 18 127089 127106 ndhG/ndhI (IGS) 
221 di (AT)6 12 127119 127130 ndhG/ndhI (IGS) 
222 mono (A)8 8 128271 128278 ndhA (CDS) 
223 di (AT)4 8 128698 128705 ndhA (intron) 
224 mono (A)8 8 128730 128737 ndhA (intron) 
225 mono (T)12 12 128835 128846 ndhA (intron) 
226 mono (A)10 10 128866 128875 ndhA (intron) 
227 mono (T)8 8 129276 129283 ndhA (intron) 
228 mono (A)8 8 129438 129445 ndhA (intron) 
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229 mono (C)9 9 130367 130375 ndhH (CDS) 
230 tri (AAT)6 18 131661 131678 rps15/ycf1 (IGS) 
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General conclusions  

 

Plastid genome sequencing is valuable to diverse biological fields of knowledge such as 

evolution, phylogeny, genetic, cytology, and biotechnology. The present work reports the 

complete plastome sequence of Bixa orellana (Bixaceae), Tropaeolum pentaphyllum 

(Tropaeolaceae), and seven species of Passiflora L. (six of the subgenus Passiflora and 

Passiflora cirrhiflora of the subgenus Deidamioides). The two former represented the first 

complete plastome sequence of Bixaceae and Tropaeolaceae to be sequenced and characterized 

in detail. If one considers the structure and gene content, the plastomes of B. orellana and T. 

pentaphyllum show a high similarity to other plastomes of the families Malvales and 

Brassicales, respectively. However, some specific evolving features were also detected in the 

two species.  

In B. orellana, the psaI gene shows exceptional dN/dS values in comparison with other 

Malvales, indicating that this gene can be under positive selection in this species, which could 

change structurally and functionally the encoded protein. Other specific features of the of B. 

orellana plastome is related to the loss of the atpF intron and the presence of 11 specific RNA 

editing sites. Concerning the specific features of T. pentaphyllum plastome, an IR expansion 

event was observed in comparison with other Brassicales, including the whole sequence of the 

rps19 gene in the IRs. Also, an extension in the C-terminus of matK and rpoA genes and a 

partial deletion of the C-terminus of the rpoC2 gene. Additionally, two specific RNA editing 

sites were predicted only to this species.  

The complete plastome of Passiflora cirrhiflora and comparatives analysis shows a 

significant variation at the IR borders among the species of the subgenus Deidamioides. 

Concerning the gene content, the differences among the species within Deidamioides are 

mainly related to the status of the rps7, rpl20, and rpl32 genes. The rps7 gene has a premature 

stop codon in P. cirrhiflora and Passiflora contracta, while it is completely absent in Passiflora 

obovata and intact in Passiflora arbelaezii. On other hand, the rpl20 and rpl32 are intact and 

putatively functional in P. cirrhiflora and P. arbelaezii, but it is absent in P. contracta and P. 

obovata. Moreover, three RNA editing sites were predicted here only to P. cirrhiflora, while 

49 sites were predicted to all the Deidamioides analyzed here.  

 Sliding window and gene divergence analyses among the six species of the subgenus 

Passiflora reported here in combination with other 13 species of this subgenus available in the 

organelle database, highlighted the accD and the clpP gene as the regions with the highest peaks 

of nucleotide divergence in these plastomes. Furthermore, the comparative analysis of RNA 
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editing sites shows significant interspecific variation between the species analyzed here. These 

data allowed us to speculate if the high divergence of clpP and accD genes and the 

polymorphism of RNA editing sites could be candidates for the nucleus-plastome 

incompatibility in interspecific hybrids of this subgenus. 

 Also, this work identified a high number of SSRs in B. orellana, T. pentaphyllum, and 

P. cirrhiflora. Hotspots of nucleotide divergence were also appointed to the subgenus 

Passiflora, P. cirrhiflora, and T. pentaphyllum. These plastid molecular markers are useful for 

several genetic studies with these taxa such as conservation, breeding, and deep-level 

phylogeny.  

 The first complete plastome sequence of the families Bixaceae and a Tropaeolaceae 

reported here enabled a phylogenomic approach of the order Malvales and Brassicales with a 

higher number of sampled taxa. This analysis revealed that Bixaceae is more closely related to 

Malvaceae (Malvales). Similarly, the analysis showed that Tropaeolaceae is closely related to 

Akaniaceae, forming a sister group to Caricaceae-Moringaceae, within Brassicales. The species 

of the subgenus Passiflora formed a monophyletic clade with high support. The relationships 

among the species of this subgenus were also well resolved, except for relationships between 

P. quadrandularis, P. edulis, and P. cincinnata. The position of them was also inconsistent 

between the tree based on concatenated-genes and phylogenomic trees using whole-plastomes. 

Therefore, it is possible to suggest here that a larger taxon sample is needed to resolve such 

incongruities.  The data provided here bring a huge amount of data that can be applied in several 

analyses using species related to the taxa sequenced here. Finally, these data are available and 

represent a rich source of genetic resources to diverse scientific fields.  

 

 

 

 

 

 

 

 


