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ABSTRACT

PACHECO, Tulio Gomes, D.Sc, Universidade Federal de Vigosa, December, P28
genomic in neglected and unconventional botanical families as tool for genetic,
evolutionary and phylogenetic analysesAdviser: 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 andhastid genes are

useful to unveil phylogenetic relationships between families and botanical orders, while fast-
evolving regions (i.e., introns and intergenic spacersagreat source of molecular markers

to use in phylogenetic analysaf 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 hetter
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 psal 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 shoedhighly 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 spetties of
subgenus Deidamioides shedva 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 t@dage 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, Tulio Gomes, D.Sc, Universidade Federal de Vicosa, dezembro de 2020.
Gendmica plastidial em familias botanicas ndo convencionais e negligenciadas como uma
ferramenta para analises genéticas, evolutivos e filogenética®rientador: 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 pkastoma
importante para estudos genéticos, filogenéticos e evolutivos. Os genes plastidiais sao Uteis para
analises filogenéticas entre familias e ordens, enquanto regibes como introns e regifes
intergénicas sdo fontes de marcadores para uso em filogenias entre espécies/géneros e en
estudos de diversidade genética. Andlise do plastoma permite a deteccao de inversdes e perda:
génicas, a selecdo atuante nos genes plastidiais, e a predicdo de sitios de edicdd\de RNA.
entanto, os plastomas de varias familias de angiospermas permanecem pouco estudados. Assim
0 objetivo deste estudo foi sequenciar pela primeira vez o plastoma completo de uma espécie
das familias Tropaeolaceae (Tropaeolum pentaphy#Bixaceae (Bixa orellana contribuir

para o melhor entendimento da evolugdo plastidial no género Passiflora, por meio do
sequenciamento do plastoma de espécies do subgénero Passiflora e uma espécie do subgéner
Deidamioides (Passiflora cirrhiflora). Este trabalho apresenta uma caracterizacdo ddtalhada
estrutura dos plastomado contetdo e da divergéncia génica, de marcadores, dos sitios de
edicdo de RNA e da filogenia de cada tdxon aqui sequenciado. B. orellana apresentou algumas
caracteristicas especificas como selecéo positiva atuando no gene psal e 11 sitios de edicdo de
RNA especificos. Paralelamente, T. pentaphyllum mostrou extensées especficias nos genes
matK e rpoA, e a predicdo de dois sitios de edicdo de RNA especificos. As espécies do
subgénero Passiflora mostraram sequéncias altamente divergentes dos genes clpP e accD, ¢
um polimorfismo significativo relacionado ao ganho e perda de sitios de edicdo de RNA. Por
outro lado, P. cirrhiflora e outras espécies do subgénero Deidamioides apresentaram grande
conservacao de sitios de edicdo. No geral, as andlises filogenéticas realizadas aqui mostraram
arvores bem suportadas, porém algumas incongruéncias permaneceram para ser elucidadas con
uma maior amostragem de taxons. Neste estudo foi gerada uma grande quantidade de dados
gendmicos que podera ser utilizados em vérias analises relacionadas a genética, evolugao,

biotecnologia e conservagéo das espécies aqui estudadas e de outros taxéns relacionados.

Palavras-chave DNA de organela. Marcadores moleculares. Evolucédo do genoma plastidia
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General introduction

The plastids are essential organelles to plant cell metabolism, harboring primary
metabolic reactions (i.e., photosynthgsasmd the synthesis of various metabolites such as fatty
adds, starch, amino acids, pigments, and several hormone precursors (Tetlow et al., 2004,
Aldridge et al., 2005; Rogalski and Carrer, 20Blastids 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 nucleastiddjplee
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 (IR), separated by two single-copy regions, a large (LSC), and a small region (SSC)
(Bock, 2007, 2015). This genome encodes genes rdiatgdotosynthesis (large subunit of
Rubisco and subunits of the photochemical appargpetosystems | and Il, cytochrome b6/f,
and ATP synthase), gene expression (plastid-encoded RNA polymef@E®, 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 acasupunit of the Acetyl-

CoA caboxylase), protein importa( subunit of the TIC/TOC complex of the plastid
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membrane), and protein homeostasisybunit 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 poitihe 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 sequencarotah 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, sanatture
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 Plan{@ginatea
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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; Sol6rzano et al., 2019).
Rearrangements and gene losses are features usually detected through sequencing, assembl
and annotation of complete plastome sequences. These sequences allow detailed
characterization of evolutionary events,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 relatecadaptation 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 evolutionidy 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). Sexesral spec
belonging to different taxa were already analyzed concerning the presence anditypafcific
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 irditizdt the plastid RNA editing is
very dynamic anc 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 nwastvolve 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 hyblfidise parental lines undergo different
selection pressures affecting diffetly 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 basita@blcidae the genetic cause of this

kind of cellular incompatibility. Examples of this approach incladgudyin 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 totle/feaiction of several
plastid genes (Rogalski et al., 2006, 2008; Fleischmann et al., 2011; Alkatib et al., 2012), to
enginee 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 aimatgorecise integration via two homologous

recombination events (Bock, 2015; Rogalski et al., 2015).
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Here, it is preseptithe 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 woilk severa
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). Theeedextractis 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 sugddbe 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) occ
in Brazil. T. warmingiam is restricted to the south and southeast (Souza and Lorenzi, 2008). In
Brazil, T. pentaphyllumis 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. pentaphyllarceare sc
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) ands majority distributed in the neotropics (Rocha et al., 2020). The widely accepted
division of this genus includes five subgenéstrophea, 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 unusu:
evolutionary features vary among and within the subgenera.

Several cases of nucleus-plastome incompatibility were already demonstrated in
interspecific hybridization of the subgenus PassifloMraek, 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 P#&ssiflora
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 reantsnge
The data and analyses indicate some putative candidates for nucleus-plastome incompatibility
that are discussed in detail in Chapter Ill.

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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Abstract
Main conclusion The plastome of B. orellana reveals specific evolutionary features, unique RNA editing sites, molecu-
lar markers and the position of Bixaceae within Malvales.

Annatto (Bixa orellana L.) is a native species of tropical Americas with center of origin in Brazilian Amazonia. Its seeds
accumulate the apocarotenoids, bixin and norbixin, which are only found in high content in this species. The seeds of B.
orellana are commercially valued by the food industry because its dyes replace synthetic ones from the market due to poten-
tial carcinogenic risks. The increasing consumption of B. orellana seeds for dye extraction makes necessary the increase of
productivity, which is possible accessing the genetic basis and searching for elite genotypes. The identification and charac-
terization of molecular markers are essential to analyse the genetic diversity of natural populations and to establish suitable
strategies for conservation, domestication, germplasm characterization and genetic breeding. Therefore, we sequenced and
characterized in detail the plastome of B. orellana. The plastome of B. orellana is a circular DNA molecule of 159,708 bp
with a typical quadripartite structure and 112 unique genes. Additionally, a total of 312 SSR loci were identified in the
plastome of B. orellana. Moreover, we predicted in 23 genes a total of 57 RNA-editing sites of which 11 are unique for B.
orellana. Furthermore, our plastid phylogenomic analyses, using the plastome sequences available in the plastid database
belonging to species of order Malvales, indicate a closed relationship between Bixaceae and Malvaceae, which formed a
sister group to Thymelaeaceae. Finally, our study provided useful data to be employed in several genetic and biotechnologi-
cal approaches in B. orellana and related species of the family Bixaceae.
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editing
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Introduction

Annatto (Bixa orellana L.) is a native species of tropi-
cal Americas, with probable center of origin in Brazilian
Amazonia, which contains the greatest diversity of this
species (Clement et al. 2010; Moreira et al. 2015). The
seeds of B. orellana accumulate apocarotenoid, bixin and
norbixin, which are oil- and water-soluble natural dyes,
respectively (Giuliano et al. 2003; Rivera-Madrid et al.
2013). The pigments of B. orellana seeds have been used
since pre-Columbian period as textile, body and food dyes
(Giuliano et al. 2003; de Aratjo Vilar et al. 2014). Brazil
is the major producer of B. orellana seeds with approxi-
mately 70% of world production, which originates mostly
from family farmers in Northeast Brazil (Moreira et al.
2015). The seeds of B. orellana are the main commer-
cial source of these natural dyes (i.e. bixin and norbixin),
which are found in other species such as saffron, grape
and Costus pictus but at very low levels which are not
viable for commercialization (Ramamoorthy et al. 2010;
Annadurai et al. 2012). Therefore, B. orellana seeds are
commercially valued by the food industry because its dyes
replace synthetic ones from the market due to potential
carcinogenic risks, which increased its demand during the
last century (Leal and Clavijo 2010; Guesmi et al. 2013).

The unique attractive feature of B. orellana seeds to
accumulate dyes has aroused the interest of several areas
of research to understand, characterize and increase the
pigment biosynthesis in B. orellana or other targeted
organisms of interest. Studies in several areas have been
carried out with this purpose, including the morphologi-
cal characterization of fruits, seed productivity and bixin
content (Mantovani et al. 2013), identification of the genes
involved in the biosynthesis of apocarotenoids (Rivera-
Madrid et al. 2013; Cardenas-Conejo et al. 2015; Sankari
et al. 2016), expression pattern of pigment-related genes
(Rodriguez—Avila et al. 2011; Rivera-Madrid et al. 2013;
Cardenas-Conejo et al. 2015), molecular characterization
of pigments (Giuliano et al. 2003; Ramamoorthy et al.
2010; Rivera-Madrid et al. 2016), transfer of bixin bio-
synthesis to bacteria (Bouvier et al. 2003), in vitro organo-
genesis and somatic embryogenesis (Parimalan et al. 2011;
Da Cruz et al. 2015; de Matos et al. 2016), polyploidy
induction (Portela de Carvalho et al. 2005) and genetic
transformation of B. orellana plants (Zaldivar-Cruz et al.
2003; Giridhar and Parimalan 2010; Parimalan et al. 2011;
Zhai et al. 2014; Sankari et al. 2016).

The increasing consumption of B. orellana seeds for
dye extraction makes it necessary to improve characteris-
tics of interest of the species as well as the search for elite
genotypes to increase plant productivity. Since B. orellana
is a cross-pollinated plant species, a high heterozygosity
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is induced in natural plants, which implicates directly in
plant productivity if the plants are propagated by seeds
(Rivera-Madrid et al. 2006; Teixeira da Silva et al. 2018).
The identification and characterization of molecular
markers are essential to analyse the genetic diversity of
natural populations and establish suitable strategies for
conservation, domestication, germplasm characterization
and genetic breeding. Several molecular markers were
developed for B. orellana such as isoenzymes (Carvalho
et al. 2005) and microsatellites (SSRs) (Dequigiovanni
et al. 2014, 2018), but all of them are based on nuclear
sequences. Extranuclear and uniparental inheritance of
plastome makes it a useful source of molecular markers,
particularly intergenic spacers (IGSs) and introns, which
show high rates of mutation in comparison with coding
sequences (Rogalski et al. 2015; Smith 2015; Park et al.
2017). Plastid SSR markers have been used in several
genetic studies in natural populations (Provan et al. 2001;
Ebert and Peakall 2009; Wheeler et al. 2014a). High-
polymorphic plastid sequences are useful data to study
natural population and germplasm collections regarding
genetic diversity, haplotypes, lineages, demography and
plant material origin (Tsai et al. 2015; Wambulwa et al.
2016; Roy et al. 2016).

Complete plastome sequences allow the understanding of
several evolutionary events in plants such as gene content and
function (Rogalski et al. 2015; Daniell et al. 2016), recombi-
nation events (Gurdon and Maliga 2014; Vieira et al. 2016b),
genome rearrangements (Lopes et al. 2018c; Ruhlman et al.
2017), RNA editing sites (Labiak and Karol 2017; Lopes et al.
2018a), gene transfer to the nucleus (Lu et al. 2017; Bock
2017), positive selection (Piot et al. 2018; Lopes et al. 2018b)
and phylogenetic relationships (Comer et al. 2015; Vieira et al.
2016a; Barrett et al. 2016). Complete plastome sequences are
also important for plastid transformation because plastomes
of higher plants are extremely dense in gene content and have
small intergenic regions containing the untranslated regions
(5'UTRs and 3'UTRs), which control gene expression and
RNA stability (Shinozaki et al. 1986; Wakasugi et al. 2001).
Therefore, the site for the correct insertion of the transgenes
into the plastome may represent a serious limitation for sta-
ble transgene expression into the plastid DNA (Bock 2013;
Krech et al. 2013; Daniell et al. 2016; Fuentes et al. 2017). The
plastid transformation is a very interesting and attractive tool
for biotechnological applications (Daniell et al. 2016; Zhang
et al. 2017) and basic research regarding plastid gene-func-
tion (Rogalski et al. 2006, 2008; Alkatib et al. 2012). Plastid
genetic engineering has been used efficiently to manipulate
several metabolic pathways such as carotenoids, tocochro-
manois, artemisinic acid, astaxanthin (Bock 2015; Daniell
et al. 2016; Fuentes et al. 2017) and fatty acid biosynthesis
(Rogalski and Carrer 2011). It is a very interesting technology
to study and/or to manipulate the apocarotenoid biosynthesis
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such as norbixin and bixin given that several efficient protocols
for organogenesis and somatic embryogenesis are available for
B. orellana (Paiva Neto et al. 2003; Parimalan et al. 2011; Da
Cruz et al. 2015; de Matos et al. 2016).

B. orellana belongs to the family Bixaceae, which contains
four genera (Amoreuxia, Bixa, Cochlospermum and Diego-
dendron) encompassing 23 species (The Plant List 2013). The
genus Bixa has five species B. arborea, B. excelsa, B. orellana,
B platycarpa and B. urucurana. The family Bixaceae belongs
to order Malvales, which includes other nine families such as
Cistaceae, Cytinaceae, Dipterocarpaceae, Malvaceae, Munt-
ingiaceae, Neuradaceae, Sarcolaenaceae, Sphaerosepalaceae
and Thymelaeaceae distributed among seven monophyletic
lineages (Le Péchon and Gigord 2014). However, the rela-
tionships of Bixaceae into the order Malvales and the genera
into the family Bixaceae are still molecularly unclear (Fay
et al. 1998; Savolainen et al. 2000; Soltis et al. 2000). There-
fore, complete plastome sequences of species belonging to the
family Bixaceae will be basic and fundamental information to
reveal the relationship between Bixaceae and other families
of Malvales and the species belonging to Bixaceae since the
current complete lack of plastome sequences of this family in
organelle database.

Here, we reported the plastome sequence of annatto (B.
orellana L.), the first species of the family Bixaceae to have
the plastome completely sequenced and analysed in detail.
The plastome of B. orellana is a circular DNA molecule of
159,708 bp with a typical quadripartite structure. Addition-
ally, we identified 112 unique genes and one pseudogene
(InfA). Moreover, 57 RNA editing sites were predicted for
B. orellana genes, of which 11 sites seem to be unique for
this species. Furthermore, 312 SSRs were identified in the
B. orellana plastome, which can be used for several poly-
morphism analyses aiming different genetic approaches in
B. orellana and family Bixaceae. Finally, our plastid phy-
logenomic analyses, using the plastome sequences avail-
able in the plastid database for species/families belonging
to order Malvales, resolved phylogenetic incongruences
present in the order Malvales with high support and indi-
cate a closed relationship between Bixaceae and Malvaceae,
which formed a sister group to the family Thymelaeaceae.
Taken together, our data bring new molecular markers, sev-
eral structural and evolving features useful for genetic, evo-
lutionary and biotechnological studies in B. orellana and
Bixaceae.

Materials and methods
Plant material and plastid-DNA extraction

Bixa orellana fresh leaves were collected and kept for
1 week at 4 °C to decrease the starch content. The leaves

were collected from a B. orellana plant genotype 2, which is
maintained in an experimental field at the Federal University
of Vigosa, Vigosa-MG, Brazil (Mantovani et al. 2013). This
genotype has been used in several experiments related to
tissue culture given that it is highly responsive to somatic
embryogenesis (Paiva Neto et al. 2003; Portela de Carvalho
et al. 2005; de Matos et al. 2016). The chloroplast isolation
and plastid-DNA extraction were carried out according to
Vieira et al. (2014).

Plastid genome sequencing, assembling
and annotation

Sequencing library was prepared with approximately 1 ng
of plastid DNA using the sample preparation kit NexteraXT
(Ilumina Inc., San Diego, CA), according to the manufac-
turer’s instructions. The obtained library was sequenced
using MiSeq Reagent Kit v3 (600 cycles) on Illumina MiSeq
Sequencer (Illumina Inc., San Diego, California, USA). The
paired-end reads sequenced (3,177,428 reads with average
length of 255.9 bp) were trimmed under the threshold with
probability of error <0.05. The trimmed reads (3,057,961
reads, average length of 250.5 bp) were de novo assembled
using CLC Genomics Workbench 8.0.2 software (CLC Bio,
Aarhus, Denmark). The three contigs used for assembling of
B. orellana plastome ranged from 5044 to 2104 of average
coverage. The initial annotation of the B. orellana plastome
was carried out using Dual Organellar GenoMe Annotator
(DOGMA) (Wyman et al. 2004) and BLAST searches. From
this initial annotation, putative start codons, stop codons and
intron positions were determined based on comparisons to
homologous genes in other plastid genomes. All tRNA genes
were further verified using tRNAscan-SE (Lowe and Eddy
1997). A physical map of the circular plastome was drawn
using OrganellarGenomeDRAW (OGDRAW) (Lohse et al.
2013), followed by manual modification. The complete plas-
tome sequence of B. orellana was deposited in the GenBank
database under accession number MH025909.

Analysis of genome structure, repeat sequences
and RNA editing sites

The comparison of plastome structure between B. orellana
and other representatives of Malvales was carried out using
the Mauve Genome Alignment v2.3.1 (MAUVE) software
(Darling et al. 2004).

Simple sequence repeats (SSRs) of the B. orellana plas-
tome were characterized using the MIcroSAtellite (MISA)
Perl script (Thiel et al. 2003), with thresholds of eight repeat
units for mononucleotide SSRs, four repeat units for di- and
trinucleotide SSRs, and three repeat units for tetra-, penta-
and hexanucleotide SSRs. Additional tandem repeats were
analysed using the Tandem Repeats Finder (TRF) software

@ Springer




27

Planta

(Benson 1999) with parameter settings of 2, 7 and 7 for
match, mismatch, and indel, respectively. The minimum
alignment score and maximum period size were set to 50 and
500, respectively. The exact localization of inverted repeats
(IRs) and the analysis of forward versus reverse complement
(palindromic) within B. orellana plastome were carried out
using the software REPuter (Kurtz et al. 2001). The set-
ting for minimal repeat size was 30 bp and the identity of
repeats was determined to be no less than 90% (hamming
distance =3). All repeats found in the plastome were manu-
ally verified and nested or redundant results were removed.

Potential RNA editing sites in protein-coding genes of
B. orellana plastome were predicted using the program Pre-
dictive RNA Editor for Plants (PREP) suite (Mower 2009)
that use the reference of 35 plastid genes for detecting RNA
editing sites in plastomes. The cutoff value was set to 0.8
and the reference genes were aceD, atpA, atpB, atpF, atpl,
cesA, clpP, matK, ndhA, ndhB, ndhD, ndhF, ndhG, petB,
petD, petG, petl, psaB, psal, psbB, psbE, psbF, psbL, rpl2,
rpl20, ¥rpi23, rpoA, rpoB, rpoCl, rpoC2, rps2, rpsS, rpsi4,
rpsl6 and ycf3. Aiming the evolutionary comparison with
members of family Malvaceae, RNA editing sites were also
predicted for several available species belonging to this fam-
ily, using the same parameters.

Phylogenomic inference

The inference of the B. orellana phylogenetic position
within Malvales was carried out using two phylogenomic
approaches. Firstly, whole plastome sequences of species
representing each genus of families Bixaceae, Malvaceae
and Thymelaeaceae belonging to the order Malvales, avail-
able in the plastid database of GenBank (with exception
of Cytinus hypocistis, a holoparasitic species containing a
drastically reduced plastome), were selected and extracted.
The plastome of Carica papaya (order Brassicales) was
also extracted and used as an outgroup species. The Gen-
Bank accession number of each taxon used here is shown
in the Supplementary Table S1. A LSC inversion present in
A. sinensis plastome was reoriented to the position found
in the plastomes of other species. The SSC regions were
changed (if necessary) to the same orientation as seen in
the B. orellana plastome. Furthermore, the IR; was with-
drawn to prevent overrepresentation of the IR sequences.
The alignment of plastome sequences was done using the
software MAFFT v.7 (Katoh and Standley 2013) and the
best substitution model (GTR +1 + G) was selected using
the program jModelTest v.2.1.7. The Bayesian inference
was performed using MrBayes version 3.2 (Ronquist et al.
2012), with 1 million generations of two runs of four Markov
Chains, three hot and one cold for each run. Furthermore,
a maximum likelihood tree was also reconstructed with the
same dataset, using IQTREE v1.6.6 (Nguyen et al. 2015)
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and 1000 non-parametric bootstrap replications were used to
assess branch support. Lastly, the consensus trees generated
by these methods were visualized in FigTree v.1.4.2 (http://
tree.bio.ed.ac.uk/software/figtree/).

Analysis of synonymous (dS) and non-synonymous
(dN) substitution rates of plastid genes

Pairwise dS and dN substitution rates between B. orellana
and other representatives of Malvales (shown in the Sup-
plementary Table S1), were estimated to 73 protein-coding
genes commonly found in the plastomes of all species ana-
lysed here. Firstly, the sequences of each gene were aligned
individually by MUSCLE (Edgar 2004) implemented in
MEGA 6.0 (Tamura et al. 2013), with pairwise deletion set
to gaps/missing data treatment. To each alignment were then
calculated the dS and dN values using MEGA under the
Kumar model (Kimura 2-parameter).

Results

Size, organization and gene content of B. orellana
plastome

The B. orellana plastome is a circular DNA molecule of
159,708 bp in length and exhibits the general quadripartite
structure, which is typical in most angiosperms. It includes a
large single-copy region (LSC) of 89,377 bp flanked on each
side by inverted repeats (IRs) of 25,356 bp with a small sin-
gle-copy region (SSC) of 19,619 bp joining the IRs (Fig. 1).
The total size of plastome and its regions is very similar
between B. orellana and other representative species of Mal-
vales, with D. kiusiana being an exception (Table 1). The
overall GC content determined in the B. orellana plastome
is 36.4%, which resembles other flowering plants.

It contains 112 unique genes, of which 16 are completely
duplicated, and the rps/2 gene is partially duplicated in the
IRs given that its transcripts consist of two exons in the IRs
and one exon in the LSC, and undergo a trans-splicing event
during mRNA maturation. The B. orellana plastome con-
tains a total of 129 genes (Table 2), which include 78 unique
protein-coding genes (five are completely and one is par-
tially duplicated), 30 unique tRNA genes (seven duplicated)
and 4 unique rRNA genes (all of them duplicated). Among
the 112 unique genes, 15 possess one intron (six tRNA genes
and nine protein-coding genes) and two contain two introns
(clpP and ycf3 genes). Additionally, this plastome contains a
pseudogene (infA), which was lost from plastome in several
lineages of angiosperms. A specific feature of B. orellana
plastome is the loss of afpF intron (Table 2), whereas it is
highly conserved in other species of Malvales as well as in
most angiosperms.
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Fig.1 Gene map and genome organization of B. orellana plastome.
Two inverted repeat-regions IR, and IRy divide the rest of the cir-
cular DNA molecule into large (LSC) and small (SSC) single-copy
regions. Genes drawn inside the circle are transcribed clockwise and
genes drawn outside are expressed counterclockwise. Genes belong-

The structure of B. orellana plastome was compared with
other representatives of Malvales, via the multiple genome
alignment analysis produced by the software MAUVE

Bixa orellana
chloroplast genome
159,708 bp

ing to different functional groups are color-coded. The darker gray in
the inner circle corresponds to GC content, while the lighter gray cor-
responds to AT content. Dotted circle corresponds to 50% of AT/GC
content

(Fig. 2). This alignment revealed a high conservation of plas-
tid genome structure and gene order between B. orellana and
plastomes belonging to other species of Malvales. The only
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Table 1 Comparison of Species Family Size (bp) LSC (bp) SSC (bp) IR (bp)
plastome size between B.
orellana and other six species of  Bjyq orellana Bixaceae 159,708 89,377 19,619 25,356
Malvales Firmiana pulcherrima Malvaceae 159,556 88,444 19,960 25,576
Gossypium hirsutum Malvaceae 160,301 88,806 20,280 25,602
Tilia mandshurica Malvaceae 162,796 91,127 20,371 25,649
Theobroma cacao Malvaceae 160,619 89,333 20,194 25,546
Daphne kiusiana Thymelaeaceae 171,491 85,028 2681 41,891
Aguilaria sinensis Thymelaeaceae 159,565 87.415 19,780 26,185

Table 2 List of genes identified in the B. orellana plastome

Group of gene Name of genes

Gene expression machinery
Ribosomal RNA genes
Transfer RNA genes

rmiﬁb; rrn23% rrn5°; rrnd.5°
rhA —UGC“"’; trnC —GCA; trnD —GUC; trnE —UUC; trnF —GAA; trnfM —CAU; trnG —

UCCY trnG —GCC; trnH —GUG; trnl —CAUDb; trnl —GAU™"; trnK —UUU®, trnl. —~CAA®:;
trnL. —UAA®; trnL. =UAG; truM —CAU; irnN —GUU®; trnP =UGG; trnQ —UUG; trnR

Small subunit of ribosome

Large subunit of ribosome

DNA-dependent RNA polymerase
Genes for photosynthesis

Subunits of photosystem I (PSI)

Subunits of photosystem I (PSII)

Subunits of cytochrome b6/f

Subunits of ATP synthase

Subunits of NADH dehydrogenase

—ACG®; rrrR =UCU; trnS —GCU: trnS —UGA; trnS —GGA: trnT —=UGU: trnT —=GGU:; trnV
—GACh; trnV —UAC?; traW —CCA; trnY —GUA

rps2; 1ps3; 1psd: rps7% rps8; ipsll; rps12°; rpsl4; vps1S; rpsl6®: rps18; rpsi9
rpl2%; rpll4; rpli6% rpl20; rpl22; wpl23°; rpl32; rpi33; rpl36
rpoA; rpoB; rpoCI1%; rpoC2

psaA; psaB; psaC; psal; psal; ycf3®; ycf4

psbA; psbB; psbC; psbD; psbE; psbF; psbH; psbl; psbJ; psbK; psbL; psbM; psbN; psbT; psbZ
petA; petB°; perD; petG; petL; petN

atpA; atpB; atpE; atpF; atpH; atpl

ndhA®;, ndhB™; ndhC; ndhD; ndhE; ndhF; ndhG; ndhH; ndhl; ndhJ; ndhK

Large subunit of Rubisco rbcL
Other genes
Maturase matK*
Envelope membrane protein cemA
Subunit of acetyl-CoA carboxylase accD
C-type cytochrome synthesis gene ccsA
Subunit of ATP-dependent protease clpP?
Component of TIC complex vefl
Genes of unknown function yef2
Pseudogene infA

“Genes containing introns
"Duplicated genes
“Partial duplicated gene

exception was an inversion between rbcL and rpsi2 genes
detected in the LSC region in the A. sinensis (Thymelae-
aceae) plastome (yellow box, Fig. 2). Interestingly, Daphne
kiusiana, also belonging to the family Thymelaeaceae, did
not show the same inversion, but presented an increase of the
size of plastome mainly due to a large expansion of its IRs
region (Table 1 and blue box in the Fig. 2; described in Cho
et al. 2017). On the other hand, the features of the plastome
such as the size of IRs (Table 1) and its boundaries are very
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similar between B. orellana and the species belonging to the
family Malvaceae. These regions show only small nucleotide
variations in the intergenic regions next to the IR-junctions
(Fig. 3). These variations include also the presence of small
part of the rpsl9 gene in the IRs of F. pulcherrima and T.
cacao and a minor part of the ycfI gene in the IRs of G.
hirsutum and T. mandshurica, whereas in other species ana-
lysed here, the full sequence of these genes are completely
localized outside of the IRs.
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Fig.2 Comparison of plastome structures between B. orellana and
other representative species of Malvales, produced by the MAUVE
software. The boxes above the line represent the gene complex
sequences in clockwise direction and the boxes below the line
demonstrate those sequences in the opposite direction. The genes

Repeat sequence analysis

The occurrence, type and distribution of SSRs in the
B. orellana plastome were extensively analysed here
revealing a total of 321 SSRs. Among them, homo- and
dipolymers were the most commonly found in this study
accounting for 233 and 70, respectively. On the other hand,
tri-(5), tetra (14) and pentapolymers (3) occur at low fre-
quency (Table S2). Most of homo- (97.4%) and dipoly-
mer (82.9%) SSRs are constituted by A and T bases. The

pl2 pl2

described at these boxes indicate the genes localized at the bounda-
ries of the gene complex (gene groups). Red, yellow and green boxes
correspond to LSC region and blue boxes correspond to both IRs and
the SSC region

size, sequence and location of all SSRs identified here
are shown in the Supplementary Table S3. From these
polymers, 208 are localized in intergenic spacers (1GS),
36 in coding sequences (CDS) and 39 in introns. The SSRs
found in CDS are distributed in 18 genes of which rpoC2
(7) and ycf2 (5) contain the highest number. Among the
SSRs found in introns, most of them are located in the
clpP and rps16 genes, which accounts for 17 and 6 poly-
mers, respectively,
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Fig.3 Comparison of the structure of IR-boundaries between B. orel-
lana and four species of family Malvaceae. Genes are represented by
boxes with genes above the line being transcribed right to left and
those below the line transcribed left to right. Genes belonging to the

Tandem, directed and inverted repeats analysis

Tandem repeats containing more than 30 bp and sequence
identity higher than 90% were also characterized here. A
total of 19 tandem repeats were found in the B. orellana
plastome of which 15 are localized in IGS and four in the
CDS of y¢f2 gene (Supplementary Table S4). In addition,
eight directed repeats and six inverted repeats were found in
the B. orellana plastome (Supplementary Table S5). Among
the directed repeats, six pairs are found in IGS and introns,
one pair is located in the CDS of psaA and psaB genes and
another pair is localized in the CDS of yef3 gene and the
IGS of rpsi2/trnV-GAC genes. Lastly, from the six inverted
repeats found here, two pairs are located in the introns of
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same functional groups have the same color. The number of base
pairs of the gene or intergenic regions in the IR junctions is indicated
the line

vef3 and ndhA genes, two pairs were identified in IGS,
another pair is localized in the CDS of the ycf2 and the first
intron of clpP, and the last pair is part of the trnS-GGA and
trnS-GCU genes.

RNA editing sites prediction

The PREP software identified a total of 57 putative RNA
editing sites in the B. orellana plastome, which are dis-
tributed in 23 genes (Supplementary Table S6). All RNA
editing sites occur in the first or the second position of the
codon and all changes observed here are from cytidine (C)
to uridine (U). Among the genes containing editing sites,
the ndhB (12 sites), ndhD (eight sites), matK (five sites),
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rpoB (four sites), atpA (three sites) and rpsi4 (three sites)
showed the highest number of editing sites. Other genes with
predicted editing sites such as accD, atpB, atpF, ccsA, clpP,
ndhA, ndhF, ndhG, petB, psbE, psbF, rpl20, rpoA, rpoCl,
rpoC2, rps2 and rpsl6 contain one or two putative editing
sites.

The comparison of B. orellana plastome with plastomes
belonging to eight species of family Malvaceae (Supplemen-
tary Table S6, rows 4-11) revealed that 42 out of 57 editing
sites predicted for B. orellana are shared with these other
species. From all specific sites (15) found in the B. orellana
plastome, 14 of them have a deoxythymidine (T) instead of
a deoxycythidine (C) at the referred sites in the plastome
of these species, which maintain the conserved amino acid
and dispense the need for RNA editing in these codons. The
last editing sites predicted here for B. orellana convert a
serine codon (UCA) to a leucine codon (UUA) in the matK
gene (amino acid position 403); however, it is not predicted
here to occur in other species of family Malvaceae main-
taining the serine codons (UCU and UCC) at the referred
codons. Curiously, this RNA editing site was a unique pre-
dicted here, which encodes different amino acids between B.
orellana and other species of family Malvaceae. Moreover,
another ten RNA editing sites (C-U) were predicted for all

17 Aquilaria sinensis
1
I— Daphne kiusiana

Theobroma cacao | Byttnerioideae

Durio zibethinus |Helicteriodeae

Firmiana pulcherrima

Heritiera angustata

Tilla mandshurica | Tilioideae

Bombax ceiba | Bombacoideae
Althaea officinalis
Gossypium hirsutum

—— Hibiscus syriacus

species of family Malvaceae analysed here, except for B.
orellana, which already has a T instead of a C fixed at these
sites in the DNA sequence dispensing the need for editing
(Supplementary Table S6).

Phylogenomic inference

The phylogenetic position of B. erellana was inferred using
whole plastomes of 14 species of Malvales, including the
families Bixaceae (represented here by B. orellana), Thyme-
laeaceae (two species) and Malvaceae (11 species distrib-
uted in six subfamilies) (Supplementary Table S1). As
outgroup, we included a species of Brassicales, C. papaya
(Caricaceae). Bayesian inference (BI) and maximum like-
lihood (ML) analyses produced phylogenetic trees with
same topology and with InL equal to — 471,483.7143 and
— 514,854.4539, respectively (Fig. 4 and Fig. S3). In these
phylogenomic reconstructions, B. orellana (Bixaceae) was
more closely related to the family Malvaceae, with a strong
support in our BI analysis (98% of posterior probability, PP;
Fig. 4) but with a lower support in the ML tree (62% of
bootstrap support, BS; Fig. $3); and the clade composed by
the families Bixaceae and Malvaceae formed a sister group
to the family Thymelaeaceae.

Thymelaeaceae

Bixa orellana | Bixaceae

Sterculioideae

Malvadendrina | Malvaceae

Malvoideae

h, I

T

Carica papaya (outgroup)

0.02

Fig.4 Bayesian phylogenetic tree based on whole-plastid genomes,
showing the position of B. orellana (in red) within the order Mal-
vales. Phylogenomic reconstruction was performed using MrBayers
with GTR+1 + G model. Posterior probabilities (%) are indicated in

Talipariti hamabo

front of each node. The branch length is proportional to the inferred
divergence level and the scale bar indicates the number of inferred
nucleic acid substitutions per site. The subfamilies inside the family
Malvaceae are also highlighted
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Additionally, the six subfamilies of Malvaceae included
in our analysis formed a well-supported monophyletic clade
(100% of probability in BI and ML trees). Within the clade
Malvaceae, the subfamily Byttnerioideae constituted the
early branching lineage, being sister to the clade formed by
the other five subfamilies (clade Malvadendrina). Within
these five subfamilies, Malvoideae was sister to Bomba-
coideae and Tilioideae was sister to Sterculioideae, and
these four subfamilies constituted a sister group to subfam-
ily Helicterioideae. All clades were strongly supported in
our BI and ML trees, showed 100% of probabilities in all
of the nodes except for the relationship of the subfamilies
Tilioideae and Sterculoideae, which was highly supported in
our BI analysis (100% of PP) but was moderately supported
in our ML tree (77% of BS). Moreover, the five genera of
Malvoideae formed a monophyletic group (with 100% of
support in both trees), in which Hibiscus, Abelmoschus and
Taripariti formed a sister group to Gossypium and Althaea.
This phylogenetic relationship within subfamily Malvoideae
was also highly supported in our analysis, with 100% of
probability in all nodes except for one in the ML tree (85%
of BS in the Gossypium and Althaea node).

Synonymous (dS) and non-synonymous (dN)
substitution rates

Aiming to analyse the plastid gene divergence between B.
orellana and other representatives of Malvales (Table S1),
synonymous (dS) and non-synonymous (dN) and dN/dS
values were estimated for 73 protein-coding genes (Fig. 5).
The dN values observed here (first graphic, Fig. 5) were less
than 0.05 and similar between the B. orellana genes. Simi-
larly, they were also similar between B. orellana (filled black
circles) and other species of Malvales (open white circles),
with few exceptions. The ycfI and accD genes showed the
highest dN values in comparison with all other genes, in B.
orellana (0.14 and 0.11) and other species (0.10 and 0.077),
respectively. Other B. orellana genes (psal, rps8, rpl20,
ccsA, rps3, rpoC2, psbK and rpsl5) also presented dN val-
ues above of (.05, which are higher than those found for the
same genes in the other species of Malvales. Outstandingly,
the psal gene showed a dN value of 0.11 in B. orellana,
which is four times higher in comparison with other species
of Malvales. The dS values (second graphic, Fig. 5) were
also very similar between the genes of B. orellana (ranging
from 0.01 to 0.22) and the genes of other species of Mal-
vales (ranging from 0.01 to 0.14). Among them we can high-
light the psbI gene that showed the higher dS value (0.22 in
B. orellana and 0.15 in other species), whereas petG gene
presented the smaller dS value (lower than 0.01 in B. orel-
lana and in other species). Regarding the dN/dS ratio (third
graphic, Fig. 5), most genes showed values lower than 1, as
expected of genes under negative selection; however, some
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exceptions were observed such as the ycf2, rpl23 and psal
genes. In the B. orellana plastome, the psal gene showed a
dN/dS value of 1.92, indicating that this gene may be under
positive selection (dN/dS value above of 1), given that its
value was lower than 1 (0.63) in other species of Malvales.
On the other hand, the y¢f2 gene showed a dN/dS value of
1.49 for other species of Malvales and the value was lower
than 1 (0.86) in B. orellana. Lastly, the rpl23 gene was a
unique case in which dN/dS values were equal or above of
1 in the plastome of B. orellana (1.02) and in the plastomes
of other species of Malvales (1.60), which suggests that this
gene is under relaxed negative selection (or positive selec-
tion) in the order Malvales.

Discussion

The B. orellana plastome shows small variations
in the IR-boundaries and high non-synonymous
substitution rates in the psal gene

The B. orellana plastome possesses the typical quadripartite
structure found in most angiosperm species. All other spe-
cies of Malvales sequenced to date also have this same struc-
ture, with exception of C. hypocistis, a holoparasitic species
containing a drastically reduced plastome that lacks an IR
copy (Roquet et al. 2016). The size of the plastome and its
structural regions are very similar to most species of Mal-
vales, with only very small variations (about 200-3000 bp;
Table 1). A notable exception is the D. kiusina plastome
(Thymelaeaceae), which underwent a large IR-expansion
resulting in a significant increase in its genome size and
a drastic reduction in the SSC region (Table 1 and Fig. 2;
also described in Cho et al. 2017). The gene order is also
conserved in B. orellana and across Malvales, but a unique
major inversion is present in the A. sinensis (Thymelaeaceae)
plastome (yellow box, Fig. 2). Thus, the two species of
Thymelaeaceae bear two of the major rearrangements found
in the plastomes of Malvales (Wang et al. 2016; Cho et al.
2017). It is also possible to visualize different directions
of the blue box between the species analysed here (Fig. 2).
However, it is not caused by specific rearrangements, but it
is likely originated by the existence of two equimolar states
(isomers) of the plastid genome that differ in the orientation
of the SSC region between both IRs (Walker et al. 2015). So,
the assembling of plastid genomes without preference for the
SSC orientation is the reason of this apparent orientation
variation in this region.

Regarding the IR-boundaries, they are also highly con-
served between B. orellana and species of the family Mal-
vaceae; however, several events of small expansion/contrac-
tion of the IRs were still detected here (Fig. 3). Normally,
most angiosperms include in the edge of IR-boundaries,
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Fig.5 Non-synonymous (dN), synonymous (dS) and dN/dS values of 73 common plastid protein-coding genes. B. orellana is represented by
filled circles (black) and the mean of other representatives of Malvales (see Table 1) is represented by open circles (white)
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the rps19 and ycfl genes at the IR/LSC and IR/SSC junc-
tions, respectively (Goulding et al. 1996; Zhu et al. 2016).
In B. orellana, the full sequence of these genes are local-
ized in the single-copy regions (LSC and SSC) suggesting
events of IR-contraction. In the plastomes of 7. cacao and
F. pulcherrima a full sequence of ycfI gene is also local-
ized in the SSC region; however, a small part of the rpsl9
gene is localized in the [Rs (Kane et al. 2012; Wang et al.
2018). On the other hand, the plastomes of G. hirsutum and
T. mandshurica have a minor part of the ycfI sequence (86
and 32 bp, respectively) in the IRs, while the whole rps/9
gene is localized in the LSC region in these species (Lee
et al. 2006; Cai et al. 2015). Therefore, B. orellana and the
representatives of Malvaceae analysed here seem to have
experienced simultaneously common and specific events of
IR contraction/expansion resulting in subtle differences in
the four IR-boundaries.

The gene number of B. orellana plastome resembles that
found in most species of Malvales. However, some genes
have been lost or have become pseudogenes in some spe-
cies of this order. Examples of these gene losses include the
rpl22 in G. hirsutum and T. cacao (Lee et al. 2006; Kane
et al. 2012), ¢lpP in F. pulcherrima, and rpl32, clpP, ndhF
and ndhK in D. kiusiana (Cho et al. 2017), while in B. orel-
lana, all these genes show the conserved structure expected
for a functional gene. The B. orellana plastome contains
only one pseudogene (infA), which encodes the translation
initiation factor 1 being essential in E. coli (Cummings and
Hershey 1994). The loss of this gene is a common feature
found in all species of Malvales sequenced to date and in
several other rosids already investigated (Millen et al. 2001).
Additionally, nuclear copies of infA gene containing plastid
transit peptide were identified in some rosids (Millen et al.
2001). Thus, it is likely that in the plastome of B. orellana
and other species of Malvales, the loss of plastid infA-gene
was compensated by nuclear copies, which are imported into
the plastids.

Concerning the plastid gene evolution in the B. orellana
plastome, only two genes, psal and rpl23, showed excep-
tional dN/dS values above 1 (Fig. 5), which indicate that
most plastid genes in this species are under purifying selec-
tion. The psal gene of B. orellana showed a dN value of 0.11
and dN/dS value of 1.91, which are approximately four and
three times higher in comparison with other species of Mal-
vales, respectively. It suggests that this gene is under positive
selection in B. orellana. Moreover, the specific amino acid
changes in this species include exchange of polarity, always
from polar to apolar such as threonine to proline, threo-
nine to isoleucine and serine to phenylalanine (amino acid
positions 2, 3 and 28; red arrows, Supplementary Fig. S1).
Interestingly, the phenylalanine residue at the position 28
(second arrow, Supplementary Fig. S1) seems to be restored
by RNA editing in other species of Malvales (experimentally

@ Springer

confirmed in G. hirsutum; Jiang et al. 2012), which convert a
serine codon (UCU) to a phenylalanine codon (UUU) in the
psal transcript (see Supplementary Table S6). On the other
hand, other two modifications of amino acid polarity dem-
onstrated here (first red arrow, Supplementary Fig. S1) are
not predicted to be reverted by RNA editing in other species,
which suggests specific changes in the hydrophobicity of
Psal protein in B. orellana. It is possible that these changes
will have an impact in the psal function in this species. This
gene encodes the subunit I of the PSI (Photosystem I), a very
small protein ranging from 34 to 40 amino acids (37 in B.
orellana), which is present in cyanobacteria and land plants
(Magee et al. 2010; Pléchinger et al. 2016). The subunit I is
involved in trimerization of PSI in cyanobacteria; however,
during the evolution of land plants it acquired a novel role
in land plants, related to general stabilization of PSI and
protection against oxidative damage and proteolytic degrada-
tion, mainly under high light and chilling stress (Schottler
et al. 2017). The knockout of this gene via plastid trans-
formation revealed a small reduction of growth only under
the previously cited stress conditions, while under normal
greenhouse conditions no phenotype was apparent (Schot-
tler et al. 2017). According to the sequence of this gene
in cyanobacteria and several lineages of lands plants (Yu
etal. 2008), a low selection pressure occurs to conserve the
sequence, while the psal gene was lost from the plastome
in some lineages such as the genus Lathyrus (Magee et al.
2010). Differently, other psa genes (psaA, psaB and psaC)
that constitute the PSI reaction center and bind to redox
cofactors show conserved amino acid sequences across
photosynthetic lineages (Yu et al. 2008; and also visual-
ized here in B. orellana and in other species of Malvales,
Fig. 5). Thus, the evolutionary characteristics of psal gene
described here, characterized by shifts of some amino acid
residues and changes of polarity, may be the consequence of
low selection pressure and/or positive selection, which favor
structural changes that influence the protein hydrophobicity
and its function.

The B. orellana rpl23 gene showed a dN/dS value slightly
above 1 (1.02); however, it was lower in comparison with
the mean value from other species of Malvales (1.60). The
value observed here for rpl23 gene seems to be more asso-
ciated with sequence variation across species of Malvales
than a specific variation which occurred in the B. orellana
plastome. The dN/dS values (> 1) in B. orellana and other
species of Malvales also suggest a positive selection aging
in this gene. Although these values are approximately one
in B. orellana (i.e. almost equal values of synonymous and
non-synonymous substitutions), it is unlikely that the rpi23
gene is under neutral selection (absence of both positive
and purifying selection, and an indicative of pseudogene)
in this species. Firstly, the translated amino acid residues are
still conserved in the species of Malvales (Supplementary
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Fig. §2). Secondly, the product encoded by this gene, the
protein L23, is essential for plastid ribosome functionality
and plant cell viability (Fleischmann et al. 2011). Accord-
ingly, this gene is present and functional in most plastomes
of angiosperms sequenced to date; however, some excep-
tional plant lineages lost the rpl23 gene from the plasto-
mes such as some Caryophyllales (Bubunenko et al. 1994;
Logacheva et al. 2008; Sloan et al. 2014; Raman and Park
2015) and flax (Lopes et al. 2018c). In all of those cases,
the loss of plastid rpl23 gene is associated with some com-
pensatory mechanism. In the species of Caryophyllales, the
function of the plastid rpi23 gene seems to be replaced by
a eukaryotic-type L23 protein, encoded by the nucleus and
imported into the plastids. A similar mechanism was also
proposed for flax (Lopes et al. 2018c¢), although it has not
yet been confirmed experimentally. Therefore, the dN/dS
value (close to 1) found here for the rpl23 gene is likely a
combination of positive selection acting in some sites and
purifying selection acting in others maintaining the func-
tionality of the L23 protein in B. orellana and other species
of Malvales.

A high number of SSRs are present in the B. orellana
plastome

The use of plastid simple sequence repeats (SSRs or micros-
atellites) as genetic markers was introduced by Powell et al.
(1995), which reported an extensive level of polymorphism
of these sequences in the genera Pinus and Glycine. This
high intraspecific genetic variability of plastid SSRs is pre-
sent across plastomes of all land-plant lineages (Provan et al.
2001; Wheeler et al. 2014b). Additionally, these sequences
have unique features such as lack of allele recombination and
uniparental inheritance. Thus, plastid SSRs are recognized
as excellent genetic markers to access genetic variability
within species and among closely related species. They are
useful to a broad range of genetic researches such as studies
of population genetics, genetic divergence of plant accesses,
germplasm origin and characterization of evolutionary his-
tory of native and crop species (Powell et al. 1995; Provan
et al. 2001; Wheeler et al. 2014a).

Here, a high number (321) of SSRs (> 8 nucleotides)
were characterized in the B. orellana plastome. The data
observed here are in accordance with other studies, which
observed a larger number of mononucleotides and a domi-
nant occurrence in non-coding regions in plastomes of sev-
eral plant lineages (George et al. 2015; Lopes et al. 2018a).
These authors also noted a remarkable abundance of mono
and dinucleotides repeats constituted by A and T which is
similar to the results found here in the B. orellana plastome
(i.e. 97.4% mono and 82.9% dinucleotides composed by
A/T; Supplementary Table S2). Only one CG dinucleotide
was found in the B. orellana plastome corroborating with

the rarity of this repeat in plastomes of land plants. This
larger number of SSRs found here, mainly those located in
non-coding regions, can be employed in intraspecific and
interspecific analyses of polymorphism, thus representing a
possibility for diverse genetic proposals in B. orellana and
related species (Supplementary Table S3). The plastid SSRs
characterized here can be utilized alone or in combination
with nuclear SSRs (Dequigiovanni et al. 2014, 2018), aiming
studies of genetic diversity, gene flow, breeding, hybridiza-
tion, domestication and genetic conservation of B. orellana.

The B. orellana plastome shows a small number
of directed and inverted repeats

In contrast to the high number of SSR markers, only eight
directed repeats and six inverted repeats (=30 bp) were
found in the B. orellana plastome. It is a low number if
compared with other species of Malvales, such as Gossyp-
ium hirsutum (30 directed and 24 inverted repeats; Lee et al.
2006) and Aquilaria sinensis (29 directed and 24 inverted
repeats; Wang et al. 2016). Most repeats are localized in
non-coding regions of B. orellana plastome, with only a pair
localized completely in the CDS of psaA and psaB genes
(Supplementary Table S5). This pattern of distribution
was also reported to other species of Malvales and other
angiosperms (Raubeson et al. 2007; Lee et al. 2006; Yang
et al. 2013). The role of these repeats is still unknown, but
it has been suggested that they could have a functional role
(Raubeson et al. 2007). Moreover, other 19 tandem repeats
were identified in the B. orellana plastome, which are pref-
erentially located in intergenic regions and in the CDS of
vef2 gene (Supplementary Table S4). The presence of sev-
eral tandem repeats in the ycf2 gene was already reported
in other plastomes (Jansen et al. 2006; Lee et al. 2006; Asif
et al. 2010; Lopes et al. 2018c). Similarly, the functional
role of these tandem repeats is poorly studied, although it is
suggested that they could play an important role in plastome
size, structure and evolution (Dugas et al. 2015).

The B. orellana plastome shows unique RNA editing
sites

RNA editing is a post-transcriptional mechanism com-
monly found in plastid transcripts. It can create start and
stop codons and restores conserved amino acids modifying
the sequence of mRNAs before they are translated (Tsud-
zuki et al. 2001; Takenaka et al. 2013). In the B. orellana
plastome 57 putative RNA editing sites were identified using
the software PREP (Supplementary Table S6). Of the total
RNA editing sites found here, 34 were experimentally vali-
dated in at least one angiosperm species such as G. hirsutum
(Jiang et al. 2012), Jatropha curcas (Asif et al. 2010), Hevea
brasilienses (Tangphatsornruang et al. 2011), Arabidopsis
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thaliana (Tillich et al. 2005), Nicotiana tabacum (Hirose
et al. 1999), Solanum lycopersicum (Kahlau et al. 2006),
Atropa belladonna (Schmitz-Linneweber et al. 2002), Cocos
nucifera (Huang et al. 2013), Zea mays (Maier et al. 1995;
Bock et al. 1997) and Oryza sativa (Corneille et al. 2000).

The ndh genes were predicted to have the majority of
RNA editing sites in B. orellana. All sites predicted for the
ndhB gene in B. orellana were experimentally confirmed in
the species listed before and in the species of family Malva-
ceae, except for a site localized in the amino acid position 65
(Supplementary Table S6). In B. orellana, the cytosine (C)
localized in this position is predicted to be edited to a uridine
(U), converting a proline codon (CCA) to a conserved serine
codon (TCA). On the other hand, the species of family Mal-
vaceae already have a serine codon (UCA) in this position
dispensing the need of RNA editing. This RNA editing site
can be a new specific site for B. orellana. Five out of eight
RNA editing sites predicted for the ndhD gene in B. orellana
were already validated in other species of family Malvaceae
(amino acid positions: 1, 128, 293, 433 and 437). Among the
other three sites found here, two are predicted for B. orellana
(amino acid positions 359 and 360) representing putative
specific sites. The last one (position 16) was also predicted
to occur in species of family Malvaceae constituting a new
RNA editing site shared with this family and other species of
Malvales. Two sites were predicted for the ndhA gene in B.
orellana and other species of family Malvaceae, which were
already confirmed experimentally in G. hirsutum (Jiang et al.
2012). The genes, ndhF and ndhG, have also two predicted
sites each in B. orellana. However, the sites predicted here,
at the amino acid positions 196 of rdhF and 105 of ndhG,
were confirmed to be false positives in C. nucifera (Huang
et al. 2013). The other sites also predicted for B. orellana
and other species of family Malvaceae require confirmation
by experimental validation if they are really new editing sites
or other false positives.

The rpo genes constitute the second gene class contain-
ing a high number of predicted RNA editing sites in the
B. orellana plastome. All sites predicted here for the genes
rpoB and rpoCI were already validated in some angiosperm
species such as G. hirsutum, N. tabacum, S. lycopersicum,
A. belladonna, Z. mays and C. nucifera (Maier et al. 1995;
Bock et al. 1997; Hirose et al. 1999; Schmitz-Linneweber
et al. 2002; Kahlau et al. 2006; Jiang et al. 2012; Huang
et al. 2013). However, the sites predicted here for the rpoA
and rpoC2 genes still need experimental validation. The two
sites predicted for rpoC2 gene in B. orellana do not occur in
the species of family Malvaceae, thus being probably unique
for B. orellana (Supplementary Table S6).

The three RNA editing sites predicted for the arpA gene
in B. orellana were validated in at least one of the angio-
sperms mentioned before. One editing site was predicted
for the atpB gene and one for the arpF gene (amino acid
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position 88). The first is shared with some species of family
Malvaceae and the second occurs exclusively in B. orellana.
Interestingly, the B. orellana plastome lacks a conserved
RNA editing site localized in the nucleotide position 92
(amino acid position 31) of the atpF gene (Supplementary
Table S6). Additionally, the intron of this gene is also absent
of the B. orellana plastome, which contrasts with other spe-
cies of Malvales that retain the intron and the RNA editing
site in the atpF gene. Moreover, a strong association between
the loss of the intron and a C-to-T substitution in the DNA
at the codon position 92 (i.e. loss of the RNA editing site)
was already suggested by Daniel et al. (2008). These authors
suggest that a recombination between the edited RNA and
the atpF gene could be the mechanism involved in the loss
of the intron. The results found here for the atpF gene (i.e.
loss of both the intron and the editing site in the position 92)
corroborate with this hypothesis and suggest that the same
mechanism occurred in the B. orellana plastome.

The matK gene was predicted to have five RNA editing
sites in the B. orellana plastome (Supplementary Table S6).
Among them, three were validated in other species (amino
acid positions 160, 219 and 423) and are shared with other
species of family Malvaceae. Nevertheless, the other two
sites (amino acid positions 271 and 403) are unique for the
B. orellana plastome. The accD gene has a conserved editing
site in the amino acid position 263, which is shared with B.
orellana and other species of family Malvaceae, and already
validated in G. hirsutum, C. nucifera and A. thaliana (Til-
lich et al. 2005; Jiang et al. 2012; Huang et al. 2013). An
additional RNA editing site was predicted in this gene for
B. orellana and some species of family Malvaceae (amino
acid position 466), which was experimentally confirmed
in G. hirsutum (Jiang et al. 2012). On the other hand, the
unique editing site predicted for ccsA gene in B. orellana
was investigated in C. nucifera and it was confirmed experi-
mentally to be a false positive (Huang et al. 2013). Thus, it
is possible that the same is true in relation to this site in B.
orellana. The psbF, clpP and petB genes showed only one
editing site each, in both B. orellana and other species of
Malvales, which were already confirmed experimentally in
G. hirsutum (Jiang et al. 2012). Furthermore, the psbE gene
also showed an RNA editing site in the B. orellana plastome
(amino acid position 72), which was already confirmed in
other angiosperms (Hirose et al. 1999; Tillich et al. 2005;
Tangphatsornruang et al. 2011), but it is dispensable in spe-
cies of family Malvaceae due to the presence of a T in this
codon position in those species.

Some ribosomal protein genes also have putative RNA
editing sites (Supplementary Table S6). The rps/4 gene con-
tains the higher number of RNA editing sites. The editing
site localized in the amino acid position 27 is conserved
between B. orellana and other species of family Malva-
ceae and it was still validated in G. hirsutum and in other

37




Planta

38

angiosperms (Jiang et al. 2012). The RNA editing site at the
position 34 seems be exclusive for B. orellana and represents
another interesting site to be validated in this species. The
last site (amino acid position 50) is predicted to convert a
serine (UCG) codon to a leucine (UUG) codon in both B.
orellana and other species of family Malvaceae, and it was
also validated in G. hirsutum (Jiang et al. 2012). Interest-
ingly, an editing site in the same amino acid position was
also validated in tobacco, whereas in that species the RNA
editing converts a proline (CCA) codon to a leucine (CUA)
codon (Hirose et al. 1999). Then, in this codon position of
rps14 gene, codons completely different are found in the
DNA sequence of tobacco plastome (CCA) and species
of Malvales (UCG/UCA). However, the RNA editing site
remains conserved in all these species, at the same posi-
tion, restoring an essential conserved leucine residue. The
rps2 gene showed one predicted RNA editing site in B. orel-
lana, which is shared with other species of Malvales and it
is experimentally confirmed in G. hisurtum. Finally, the B.
orellana genes, rpl20 and rpsl6, have one predicted editing
site each, which seems be specific for this species, but their
confirmation needs to be analysed experimentally.

Malvales phylogenetic relationship based on whole
plastomes

In previous studies related to the phylogeny of Malvales,
the position of Bixaceae within Malvales has been ambig-
uous and not well supported (Fay et al. 1998; Bayer et al.
1999; Soltis et al. 2011; Le Péchon and Gigord 2014).
A major discrepancy is associated with the relationship
between the families Bixaceae, Malvaceae and Thyme-
lacaceae. Fay et al. (1998), using the sequence of rbcL
gene, reconstructed a maximum parsimony tree in which
the families Malvaceae and Thymelaeaceae formed a clade
that is a sister group to family Bixaceae. In a more broad
approach, Soltis et al. (2011) found similar results using
the maximum likelihood (ML) method. However, a maxi-
mum parsimony tree reconstructed by Bayer et al. (1999),
using a combination of sequences of rbcL and atpB genes,
revealed that the family Malvaceae is more related to Bix-
aceae than to Thymelaeaceae. Here, using whole-plastome
sequences as dataset, we reconstructed a Bayesian tree
that strongly supports (100% of posterior probability) the
closed relationship between the family Bixaceae (repre-
sented here by B. orellana) and the family Malvaceae, and
the position of family Thymelaeaceae as sister to the clade
formed by the families Bixaceae and Malvaceae (Fig. 4).
Our ML tree was also congruent with these results but it
showed only a moderate support value (62%) to the clade
formed by Bixaceae and Malvaceae (Fig. S3). It is pos-
sible that the addition of other taxa, mainly of other fami-
lies belonging to the order Malvales, would improve the

support value. Taking into account the importance of plas-
tid genomics, the complete sequences of species belonging
to other families of Malvales will contribute significantly
to a more complete reconstruction of phylogenetic his-
tory of Malvales, including a more precise positioning of
Bixaceae within this order.

Our phylogenomic trees also indicate, with 100% of
both posterior probability and bootstrap support (Fig. 4
and Fig. §3), the monophyletic origin of family Malvaceae
(used here as Malvaceae sensu latus, previously known as
core Malvales), in accordance with previous works (Fay
et al. 1998; Alverson et al. 1999; Bayer et al. 1999). The
subfamilies Tilioideae, Sterculioideae, Helicteroideae,
Bombacoideae and Malvoideae, within family Malvaceae,
form a clade named Malvadendrina (Bayer et al. 1999).
This group was sister to the subfamily Byttnerioideae in
previous works, using the sequences of ndhF gene (Alver-
son et al. 1999) and sequences of rbcL and atpB genes
(Bayers et al. 1999). However, in a previous phylogenetic
analysis, using the sequence of rbcL gene, reconstructed
a parsimony tree in which Tilia (subfamily Tilioideae)
occupied the position of sister to the other Malvaceae sub-
families (Fay et al. 1998). Here, in our trees (Fig. 4 and
Fig. §3), we confirmed with strong support that Byttneri-
oideae is sister to the Malvadendrina clade. Inside Malva-
dendrina clade, the relationship between some subfamilies
has been uncertain and ambiguous (Alverson et al. 1999).
In a previous study, Tilia (Tilioideae) was sister to the
clade formed by all of other Malvadendrina (Bayer et al.
1999). However, in posterior studies, the Helicteriodeae
subfamily occupied this position (Alverson et al. 1999;
Nyffeler et al. 2005). Congruent with the last studies, we
found here with strong support that Durio (Helicteriodeae)
is sister to the clade formed by the other Malvavendrina
subfamilies. The closed relationship between Malvoid-
eae and Bombacoideae observed here was also confirmed
in previous phylogenetic analyses (Alverson et al. 1999;
Bayer et al. 1999; Baum et al. 2004; Nyffeler et al. 2005).
However, the relationship between these subfamilies with
Tilioideae and Sterculoideae were unresolved in the pre-
vious studies. Here, we found that Tilioideae and Stercu-
loideae were more closely related (with strong posterior
probability and moderate bootstrap support) and formed
a clade that is sister to the clade constituted by Bomba-
coideae and Malvoideae. Lastly, we confirmed the mono-
phyletic origin of the subfamily Malvoideae, which formed
two subclades: one containing three species of the tribe
Hibisceae (H. syriacus, A. esculentus and T. hamabo)
and other formed by Gossypium (tribe Gossypieae) and
Althaea (tribe Malveae). The relationship between the
tribes of Malvaceae is congruent with the results found
by Baum et al. (2004).
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Conclusion

Here we reported the complete plastome of B. orellana,
which is the first plastome of the family Bixaceae to be fully
sequenced and characterized in detail regarding the gene con-
tent, structure, molecular markers and evolutionary features.
The B. orellana plastome shows a high similarity to the plas-
tome of other species of Malvales. However, some specific
structural and evolving features were still detected in the B.
orellana plastome such as rearrangements at the IR-borders
and high rate of non-synonym substitutions in the psal gene.
The infA gene was the unique pseudogene found in the B. orel-
lana plastome, which is also pseudogene or absent in all spe-
cies of Malvales sequenced to date and even in several other
angiosperms. Two interesting evolving features found in the
B. orellana plastome were the losses of the aipF intron and a
RNA editing site present in this gene. The occurrence of the
RNA editing site is related to the presence of the intron given
that both are present in all species of Malvales investigated
here and in most angiosperms. Additionally, 57 RNA edit-
ing sites were predicted for B. orellana genes, of which 42
also were observed in other species of Malvales and 34 of
them were already validated in other angiosperms. From all
RNA editing sites found here 11 sites seem to be unique for
B. orellana, thus constituting potential target for experimental
validation in this species and/or in other species of this fam-
ily. Moreover, in the B. orellana plastome were identified 312
SSRs, which can be used for polymorphism analyses in several
approaches such as population genetic, conservation, germ-
plasm evaluation and breeding. Furthermore, our plastid phy-
logenomic analyses indicate (with strong PP and moderate BS)
a closed relationship between the family Bixaceae (represented
by B. orellana) and the family Malvaceae, with both fami-
lies forming a sister group to the family Thymeleaceae. The
approach used here also resolved with high support the rela-
tionship between subfamilies of Malvaceae, including incon-
gruences found before in this family. The results showed here
suggest a great potential of plastid phylogenomics for resolving
phylogenetic incongruences found in the family Malvaceae as
well as in the order Malvales and other plant lineages. How-
ever, the unavailability of plastome sequences from diverse
taxa in the plastid database still represents a limitation to use
this approach efficiently. It highlights the importance of studies
related to plastid genomics in families or taxa that are poorly
known. Finally, the data showed here are important in several
fields of genetic, evolution, phylogeny, conservation, breeding
and biotechnology of B. orellana and family Bixaceae.
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SUPPLEMENTARY MATERIAL

Supplementary Figures

Bixa orellana - vI BB evcvBrirrzvafrrrEviilz =2
Abelmoschus esculentus - uJf-BRc Q8 svivBrveferarafrBiviiilz=»

Althaea officinalis - uylc§BcBrevcvBrveferavafrfreviiil: =+
Aquilaria sinensis - M LN izevicvBrvefrizvafrBrEviilz =+
Daphne kiusiana - MEELBcQBzevicvBrverrzva BB gVl =+
Firmiana puicherrima - uyc BB iz evievBrvearavaBrfeiviiilz=»
Gossypium hirsutum - ¥ RcREcBzevevBrvearava BB Eviiif: >
Hibiscus syriacus - MERcEBcirevievBeveeravafrfivii---+
Talipariti hamabo - MENcBEcRRzevevBrvearava i vl =*
Theobroma cacao - Bl MEzevlcvlrveRazavaBrfrEvilEl: =
Tilia mandshurica - YEEcEBeRBzevcvBrvearvaffe vl =*

Figure S1.MUSCLE alignment of translated amino acid sequence of psal 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.
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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. S3Maximum 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
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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
Aqguilaria 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
AIT - - - - - 87 65 39 24 6 2 223
C/IG - - - - - 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 < 5
AAAG/CTTT 3 - - - - - - - - - - 3
AAAT/ATTT 6 - - - - - - - - - 6
AACT/AGTT 1 - - - - - - - - - - 1
AATT/AATT 4 - - - - - . 4
AAAAT/CTTTT 1 - - - - - - - - - - 1
AAAAT/ATTTT o 1
AATAT/ATATT 1 - - - - - - e . 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-UJU (IGS)

di (AT)5 10 1892 1901 psbAtrkUUU (IGS)
mono (A)8 8 2062 2069 trk-UUU/matK (IGS)
mono (M8 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 (M8 8 4372 4379 matK/trnK-UUU (IGS)
mono (A)10 10 4392 4401 matK/trnK-UUU (IGS)
mono (M8 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 (©)10 10 5463 5472 rpsl6 (intron)
mono (A)9 9 5511 5519 rpsl6 (intron)

di (CT)4 8 5631 5638 rpsl6 (intron)
mono (M10 10 5901 5910 rpsl6 (intron)
mono (M9 9 6643 6651 rpsl6/trnQUUG (IGS)
mono (A)9 9 6741 6749 rpsl6/trnQUUG (IGS)
mono (M9 9 6980 6988 rpsl6/trnQUUG (IGS)
mono (A)12 12 7237 7248 rpsl6/trnQUUG (IGS)
mono (A)10 10 7449 7458 rps16/trnQUUG (IGS)
mono (A)10 10 7864 7873 rpsl6/trnQUUG (IGS)
mono (A)11 11 8575 8585 trnQ-UUU/psbK (IGS)
mono (M8 8 8674 8681 psbK/psbl (IGS)
mono (M10 10 8880 8889 psbK/psbl (IGS)
mono (A)10 10 8891 8900 psbK/psbl (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 (M8 8 10740 10747 trnG-UCC (intron)
mono (M8 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 (10 10 13855 13864 atpF/atpH(IGS)
mono (M8 8 13874 13881 atpF/atpH (IGS)
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(M9
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(A)9
(A)8

(A)10
(A)9
(C)8
(M9
(T)9
(M11
(A)8
(T)9
(AT)5
(A)8
(A)8
(T)9
(AT)5
(A)9
(A)10
(AG)4
(T)9
(A)9
(T)10
(A)9
(AT)4
(TA)4
(M12
(T)8
(T)9
(TA)6
(M10

(AAAGA)3
(T)8
(M11
(A)10
(T)9

(AAAG)3
(AT)4
(A)8
(T)8
(A)10
(GT)7
(T)8
(M11
(AT)9
(TA)4
(TA)4
(T)8
(AT)5
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14060
15453
15652
15775
16584
17533
17705
17820
17838
19557
19729
19872
20264
21111
23572
24251
24269
28256
28406
28541
28627
28978
28988
29190
29643
29862
29878
30392
30777
30978
31226
31344
31400
31482
31732
32063
32140
32247
32272
32496
32538
32584
33461
33475
33487
33781
33808
33821
33972
34227

14070
15461
15659
15783
16591
17542
17713
17827
17846
19565
19739
19879
20272
21120
23579
24258
24277
28265
28414
28550
28634
28986
28996
29199
29651
29869
29885
30403
30784
30986
31237
31353
31414
31489
31742
32072
32148
32258
32279
32503
32545
32593
33474
33481
33497
33798
33815
33828
33979
34236

atpF/atpH (IGS)
atpH/atpl (IGS)
atpH/atpl (IGS)
atpH/atpl (1)
atpl/rps2 (IGS)
rps2/rpoC2 (IGS)
rps2/rpoC2 (IGS)
rpoC2 (CDS)
rpoC2 (CDS)
rpoC2 (CDS)
rpoC2 (CDS)
rpoC2 (CDS)
rpoC2 (CDS)
rpoC2 (CDS)
rpoC1 (CDS)
rpoC1 (CDS)
rpoC1 (CDS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
trnC-GCA/ petN (IGS)
trnC-GCA/petN (IGS)
trnC-GCA/petN (IGS)
petN/psbM (IGS)
petN/psbM (IGS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
trnD-GUC/trnY-GUA (IGS)
trnD-GUC/trnY-GUA (IGS)
trnD-GUC/trnY-GUA (IGS)
trnD-GUC/trnY-GUA (IGS)
trnD-GUC/trnY-GUA (IGS)
trnE-UUC/trnTGGU (IGS)
trnE-UUC/trnTGGU (IGS)
trnE-UUC/trnTGGU (IGS)
trnE-UUC/trnTGGU (IGS)
trnE-UUC/trnTGGU (IGS)
trnE-UUC/trnTGGU (IGS)
trnT-GGU/psbD (IGS)
trnT-GGU/psbD (IGS)
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(G)9
(AT)4
(GA)4
(TA)4
(TA)4

(A)9
(AT)7
(AT)4

(T)8

(T)9

(T)9
(AT)5

(C)8

(TATT)3

(T)8
(M11

(T)8

(A)8

(T)9

(T)9

(A)8

(T)8

(T)9
(T)13

(A)8

(AATA)3

(A)9

(A)8
(TA)4
(TA)4
(TA)4

(A)8

(TAAT)3

(T)8
(A)10
(AT)4
(A)10
(T)10

(TATT)3

(T)9
(M11
(M11

(T)9
(A)11
(M11

(T)9

(A)9
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34869
34880
35047
37216
38116
38321
38510
38532
39167
39235
39311
44971
45121
45180
45321
45600
45690
45703
45715
46681
47130
47652
48026
48504
48739
49184
49308
49800
49821
49845
49972
50090
50100
50115
50224
50336
50474
50507
50577
50772
51187
51505
51517
51695
51954
51966
52074
52438
53051
53087

34876
34889
35056
37224
38123
38328
38517
38539
39175
39248
39318
44978
45129
45188
45330
45607
45701
45710
45725
46688
47137
47660
48034
48511
48746
49192
49320
49807
49832
49853
49979
50097
50107
50122
50231
50347
50481
50516
50584
50781
51196
51516
51523
51705
51964
51974
52084
52448
53059
53095

trnT-GGU/psbD (IGS)
trnT-GGU/psbD (IGS)
trnT-GGU/psbD (IGS)
psbC (CDS)
psbC/ trnSJGA (IGS)
psbC/trnSJGA (IGS)
psbC/trnSHGA (IGS)
psbC/trnGA (IGS)
psbz/trnG-UCC (IGS)
psbz/trnG-UCC (IGS)
psbz/trnG-UCC (IGS)
psaAlyfc3 (IGS)
psaAlyfc3 (IGS)
psaAlyfc3 (IGS)
psaAlyfc3 (IGS)
psaAlyfc3 (IGS)
psaAlyfc3 (IGS)
psaAlyfc3 (IGS)
psaAlyfc3 (IGS)
ycf3 (Intron)
ycf3 (Intron)
ycf3 (Intron)
ycf3 (Intron)
ycf3/ trnSGGA(IGS)
rps4 (CDS)
rps4/trnTUGU (IGS)
rps4/trnTUGU (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnt-UGU/trnl-UAA (IGS)
trnL-UAA (intron)
trnL-UAA trnF-GAA (IGS)
trnL-UAA trnF-GAA (IGS)
trnL-UAA trnF-GAA (IGS)
trnF-GAA/ ndhJ (IGS)
trnF-GAA/ ndhJ (IGS)
trnF-GAA/ ndhJ (IGS)
trnF-GAA/ ndhJ (IGS)
ndhJ/ndhK (IGS)
ndhJ/ndhK (IGS)
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mono (A)12 12 54593 54604 ndhC/trnV-UAC (IGS)

mono (M10 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 (M11 11 57832 57842 atpB/rbcL (IGS)
mono (M9 9 58184 58192 atpB/rbcL (IGS)
mono (A)11 11 58415 58425 atpB/rbcL (IGS)

di (AT)4 8 58989 58996 rbciL (CDS)
mono (A)9 9 60588 60596 rbcl/accD (IGS)
mono (M9 9 61124 61132 accd (CDS)
mono (M8 8 62442 62449 accD/psal (IGS)
mono (A)8 8 62474 62481 accD/psal (IGS)

di (TA)4 8 62576 62583 accD/psal (IGS)

di (AT)5 10 62599 62608 accD/psal (IGS)

tri (ATA)4 12 62787 62798 accD/psal (IGS)

di (TA)4 8 62913 62920 accD/psal (IGS)

tri (TAT)4 12 62959 62970 accD/psal (IGS)
mono (M11 11 63184 63194 psallycfd (IGS)

di (AT)4 8 63219 63226 psallycfd (IGS)
mono (M8 8 63742 63749 ycf4 (CDS)
mono (M8 8 64282 64289 ycfd/cemA (IGS)
mono (M8 8 64582 64589 ycfd/cemA (IGS)

di (AT)5 10 64661 64670 ycfd/cemA (IGS)

di (TA)S 10 64674 64683 ycfd/cemA (IGS)

di (AT)4 8 64868 64875 ycfd/cemA (IGS)
mono (M9 9 64922 64930 ycfd/cemA (IGS)
mono (A)8 8 64955 64962 ycfd/cemA (IGS)
mono (A)9 9 65088 65096 ycfd/cemA (IGS)

di (TC)5 10 65163 65172 cemA (CDS)
mono (A)8 8 66448 66455 petA (CDS)
mono (M10 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 (M9 9 67899 67907 petA/ psbJ (IGS)
mono (A)9 9 68217 68225 psbJ (CDS)
mono (M8 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 (M9 9 70015 70023 psbE/petL (IGS)
mono (M8 8 70028 70035 psbE/petL (IGS)
mono (A)10 10 70424 70433 petL/petG (IGS)
tetra (TTAA)3 12 70709 70720 petG/ trnWECA(IGS)
mono (M8 8 70745 70752 petG/ trnWCCA (IGS)
mono (T)8 8 70955 70962 trnW-CCA/trnPUGG (IGS)

di (AT)5 10 70997 71006 trnW-CCA/ItrnPUGG (IGS)
mono (M9 9 71278 71286 trnP-UGG/ psad (IGS)

penta (AATAA)3 15 71518 71532 trnP-UGG/ psaJd (IGS)
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71750
71999
72033
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73552
74442
74853
75160
75327
75350
75392
75410
75466
75512
75570
75674
75784
76168
76259
76292
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76546
76639
76723
77294
81502
81609
81891
85064
85557
85567
86109
86648
86697
86877
86958
87236
87365
87675
87805
88026
88565

71675
71758
72006
72042
72076
72179
72521
72570
72598
72643
72660
73270
73559
74449
74860
75169
75338
75358
75407
75433
75476
75520
75578
75682
75791
76175
76269
76299
76340
76553
76649
76730
77305
81511
81617
81900
85071
85566
85578
86119
86658
86706
86884
86965
87244
87374
87684
87813
88033
88572

psaJ/rpL 33 (IGS)
psaJ/rpL 33 (IGS)
psal/rpL 33 (IGS)
psaJ/rpL 33 (IGS)
psaJ/rpL 33 (IGS)
psaJ/rpL 33 (IGS)
rpl33/rps18 (IGS)
rpl33/rpsi8 (IGS)
rpl33/rps18 (IGS)
rpl33/rpsi8 (IGS)
rpl33/rps18 (IGS)
rps18/rpl20 (IGS)
rpl20 (CDS)
rpl20/rps12 (IGS)
rpsl2/clpP (IGS)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP/psbB (IGS)
petB/petD (IGS)
petB/petD (IGS)
petD (intron)
infA/ rps8 (IGS)
rps8/ rpll4 (IGS)
rps8/ rpll4 (IGS)
rpll4/rpll6 (IGS)
rpl16 (intron)
rpll6 (intron)
rpl16 (intron)
rpll6 (intron)
rpl16 (intron)
rpll6 (intron)
rpl16 (intron)
rpll6/rps3 (IGS)
rps3 (CDS)
rps3/rpl22 (IGS)
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(T)9
(T8
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(CT)4
(A)8
(T)9
(TA)4
(T)10
(A)9
(A)8
(G)8
(A)9
(T)8
(A)9
(M9
(A)9
(A)8
(A)8
(A)8
(A)8
(A)8
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88723
89316
89348
89391
89986
91619
91631
92618
94797
94818
98174
99619
99642
100412
100940
104156
104336
104351
104364
111689
113444
113593
113872
113908
114710
114724
115550
115731
115943
116345
116534
117070
117080
117091
117483
117498
117605
117925
118232
118313
118714
119359
119485
120397
120691
120746
122994
123262
123460
123501

88730
89323
89356
89399
89993
91626
91638
92625
94805
94825
98181
99626
99649
100419
100949
104164
104343
104358
104373
111696
113451
113601
113879
113917
114718
114731
115557
115739
115950
116353
116542
117078
117087
117098
117490
117505
117612
117933
118239
118320
118722
119366
119492
120408
120699
120753
123001
123269
123471
123508

52

rpl22 (CDS)
rps 19 (CDS)
rps 19 (CDS)
rps 19 (CDS)
rpll2 (intron)
trnl-CAU/ycf2 (IGS)
ycf2 (CDS)
ycf2 (CDS)
ycf2 (CDS)
ycf2 (CDS)
ycf2 (CDS)
trnL-CAANdhB (IGS)
trnL-CAA/ndhB (IGS)
ndhB (IGS)
ndhB (intron)
rps 19 (CDS)
rps12/trnV-GAC (IGS)
rps12/trnV-GAC (1)
rps12/trnV-GAC (IGS)
rrn23 (CDS)
rrn5/trnR-ACG (IGS)
rrn5/trnR-ACG (IGS)
trnR-ACG/ trnNGUU (IGS)
trnR-ACG/ trnNGUU (IGS)
trnN-GUU/ycfl (IGS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl (CDS)
ycfl/rps15 (IGS)
rpsls (CDS)
ndhA (inter)
ndhA (inter)
ndhA (inter)
ndhA (inter)



mono
mono
mono
di
mono
mono
mono
mono
mono
tri
di
mono
mono
mono
mono
mono
mono
tetra
mono
di
mono
mono
mono
mono
mono
mono
mono

(A)8
(A)8
(T)10
(TA)4
(A)11
(A)10
(A)9
(A)8
(A)9
(AAT)5
(TA)6
(A)11
(T8
(T)9
(M)12
(A)8
(T8
(TTAT)3
(A)9
(AT)4
(A)9
(A)10
(A)8
(T)11
(T8
(M8
(M8

8 124538 124545
8 125182 125189
10 125275 125284
8 125342 125349
11 125368 125378
10 125483 125492
9 127204 127212
8 128175 128182
9 128778 128786
15 128838 128852
12 128973 128984
11 130010 130020
8 130416 130423
9 130531 130539
12 130867 130878
8 131075 131082
8 131154 131161
12 131163 131174
9 131220 131228
8 131232 131239
9 131247 131255
10 131391 131400
8 131640 131647
11 131937 131947
8 132056 132063
8 133550 133557
8 133782 133789

ndhA/ndhl (IGS)
ndhl/ndhG (IGS)
ndhl/ndhG (IGS)
ndhl/ndhG (IGS)
ndhl/ndhG (IGS)
ndhl/ndhG (IGS)
psaC/ndhD (IGS)
ndhD (CDS)
ndhD/ccsA (IGS)
ndhD/ccsA (IGS)
ndhD/ccsA (IGS)
ccsA/ trnL- UAG (IGS)
trnL-UAG/rpl32 (IGS)
trnL-UAG/rpl32 (IGS)
trnL-UAG/rpl32 (IGS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)
ndhF (CDS)
ndhF (CDS)
ndhF (CDS)
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CDS, coding sequences; IGS, intergenic spacers.

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

Copy

Consensus

Start End Location

number length

2 18 192 227 accD/psal (IGS)

2 42 245 331 ycf2 (CDS)

3 17 9349 9399 ycf2 (CDS)

2 34 11293 11357 trnN-GUU/NcfL (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/ trnTUGU (IGS)

3 24 54659 54728 ndhC/ trnV-UAC (IGS)

3 18 62589 62645 accD/ psal (IGS)

4 14 67732 67785 petA pshJ (IGS)

2 34 72006 72080 psad/ rpl33 (IGS)

4 15 73066 73117 rps18/ rpl20 (IGS)
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21
22
32

94174
99620
113059

94242
99664
113120

54
ycf2 (CDS)

ycf2 (CDS)

rrn4.5/ rr5 (IGS)

Table S5.Distribution of directed (D) and inverted (1) repeat loci in the B. orellana plastome.

T Size ReEeat Regeat Repeat 1 Repeat 2

ype (bp) (Start)  (Start) (Location) (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/ trnTGGU clpP (intron)
(IGS)

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

D 32 9110 38315  psbl/trnS-GCU (IGS)  psbC/ trnSJGA (IGS)

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

D 30 11460 45689 trnR-UCU/ atpA(IGS) psaAl 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  psbl/ trnS-GCU (IGS) trnSGGA(CDS)

I 30 10967 11004 trnG-UCC/trnR-UCU  trnG-UCC/ trnR-UCU
(IGS) (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/ trnDGUG (IGS)
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Abstract
Main conclusion Complete plastome sequence of Tropaeolum pentaphyllum revealed molecular markers, hotspots of
nucleotide polymorphism, RNA editing sites and phylogenetic aspects

Abstract Tropaeolaceae Juss. ex DC. comprises approximately 95 species across North and South Americas. Tropaeolum
pentaphyllum Lam. is an unconventional and endangered species with occurrence in some countries of South America.
Although this species presents nutritional, medicinal and ornamental uses, genetic studies involving natural populations or
promising genotypes are practically non-existent. Here, we report the nucleotide sequence of T. pentaphyllum plastome. It
represents the first complete plastome sequence of the family Tropaeolaceae to be fully sequenced and analyzed in detail.
The sequencing data revealed that the 7. pentaphyllum plastome is highly similar to the plastomes of other Brassicales. Not-
withstanding, our analyses detected some specific features concerning events of IR expansion and structural changes in some
genes such as matK, rpoA, and rpoC2. We also detected 251 SSR loci, nine hotspots of nucleotide polymorphism, and two
specific RNA editing sites in the plastome of T. pentaphyllum. Moreover, plastid phylogenomic inference indicated a closed
relationship between the families Tropaeolaceae and Akaniaceae, which formed a sister group to Moringaceae—Caricaceae.
Finally, our data bring new molecular markers and evolutionary features to be applied in the natural population, germplasm
collection, and genotype selection aiming conservation, genetic diversity evaluation, and exploitation of this endangered
species.

Keywords Organelle DNA - Molecular markers - Extranuclear inheritance - Brassicales - Plastid evolution - Neglected
crops

Communicated by Anastasios Melis. Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00425-020-03427-w) contains
supplementary material, which is available to authorized users.

The family Tropaeolaceae Juss. ex DC. comprises approxi-
mately 95 species of the Americas. The family represents
annual or perennial climbing or prostate herbs that contain

] Marcelo Rogalski rhizomes and tubers with an odor of mustard oils (Anders-
rogalski@ufv.br son and Andersson 2000; Bayer and Appel 2003; Edger
I Laboratério de Fisiologia Molecular de Plantas, et al. 2018). Tropaeolaceae is neotropical and most species
Departamento de Biologia Vegetal, Universidade Federal de occur in areas with a higher altitude of South America, with
Vigosa, Vigosa, MG, Brazil less frequency and abundance of species in North America
?  Nicleo de Ciéncias Biolégicas ¢ Ambientais, Instituto (Bayer and Appel 2003; Souza and Lorenzi 2008; Cardinal-
Federal do Rio Grande do Sul, Distrito Engenheiro Luiz McTeague et al. 2016). The first infrageneric classifica-
Englert, Sertdo, RS, Brazil tion (Cronquist 1988) divided the family into three genera:
3 Niucleo de Fixagdo Bioldgica de Nitrogénio, Departamento Magallana, Trophaeastrum, and Tropaeolum. More recently,
de Bioquimica e Biologia Molecular, Universidade Federal the accepted classification based on molecular analyses

do Parana, Curitiba, PR, Brazil

Published online: 14 July 2020 a Springer




17 Page 2 of 19

61

Planta (2020) 252:17

suggested the existence of a single genus, Tropaeolum
(Andersson and Andersson 2000).

Tropaeolaceae presents species of ornamental and gas-
tronomic importance such as Tropaeolum majus L. (nastur-
tium or monks cress), T. pentaphyllum (crem) Lam., and T.
tuberosum Ruiz & Pav. (mashua). The four species, Tropae-
olum pentaphyllum, T. peregrinum L., T. sanctae-catharinae
Sparre, and T. warmingianum Rohrb., are native from Brazil
(Souza and Lorenzi 2008). T. pentaphyllum has distribution
in four South American countries, including Brazil, Uru-
guay, central and northeast regions of Argentina, and some
regions of high land in Bolivia (Sparre 1972; Sparre and
Andersson 1991; Fabri and Valla 1998; Souza and Lorenzi
2008; Rix 2010; Kinupp et al. 2011).

In Brazil, T. pentaphyllum is popularly known as batata-
crem or crem and represents an unconventional food plant
(Sparre 1972; Kinupp et al. 2011; Kinupp and Lorenzi
2014). Generally, the plants grow in well-drained, fertile
and organic matter-rich soils (Sparre 1972). T. pentaphyl-
lum was listed as one of the plants with the potential for
economic use by the project “Plants for the Future—South
Region/Brazil” (Kinupp et al. 2011). However, this species
is suffering from the loss of natural habitat due to defor-
estation to increase the areas cultivated with soybeans and
cereals. Additionally, the tubers are extracted from natural
forest fragments for own consumption and/or sale in small
farmer markets (agricultural fairs), which are significantly
contributing to reduce natural populations from native forest
fragments (Kinupp et al. 2011). Florists and gardeners also
use the species as an ornamental resource due to its beautiful
flowers and interesting growth habit (Kinupp et al. 2011).

In addition to the tubers, leaves and flowers are also eaten
but on a smaller scale. The loss of natural habitat and the
indiscriminate use have exerted great pressure on the natural
resources of this species; therefore, it integrates the list of
endangered species in Brazil. Concerning the tubers, they
contain high contents of vitamin C, a fatty acid profile rich in
linoleic acid and essential minerals such as sulfur, calcium,
and phosphorus (Braga et al. 2018). Also, the tubers have
demonstrated antimicrobial, depurative, and antiscorbutic
activities (Correa 1984; Mors et al. 2000). Additionally,
the tubers have been used to prevent hypercholesterolemia
(Kinupp and Lorenzi 2014) and diabetes (Trojan-Rodrigues
et al. 2012). Recently, the characterization of dietary con-
stituents and antioxidant capacity of T. pentaphyllum leaves,
flowers, and tubers show high nutritional quality and anti-
oxidant potential, highlighting the potential of this species
as an important source of nutritional compounds (De Bona
etal. 2017).

Genetic studies were carried out in some species of the
family Tropaeolaceae (Li and Quiros 2001; Ortega et al.
2007; Couvreur et al. 2010; Malice et al. 2010), whereas
genetic studies involving T. pentaphyllum are practically
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non-existent. Genetic studies regarding genotype characteri-
zation and genetic diversity of the species will be useful for
its conservation and management. Recently, a cytogenetic
investigation was carried out by Tolomeotti et al. (2018)
comparing with other species of the genus Tropaeolum,
which revealed that T. pentaphyllum is tetraploid contain-
ing 2n=4x =28 chromosomes contrasting to 7. tuberosum, a
tetraploid 2n=4x =52 (Malice and Baudoin 2009). Genetic
studies are essential for the identification and characteriza-
tion of molecular markers given that they enable the evalu-
ation of the genetic diversity of natural populations and the
establishment of suitable strategies for conservation, domes-
tication, and breeding. The plastid genome (plastome), a
nonrecombinant inherited DNA molecule, is a suitable
source of molecular markers located mainly in the intergenic
spacers (IGSs) and introns, where mutation rates are higher
in comparison with highly conserved coding sequences
(Rogalski et al. 2015; Vieira et al. 2016; Lopes et al. 2018a).
Plastid sequences are basic information for several genetic
studies such as phylogeographical, population genetics and
germplasm collection analyses (Wambulwa et al. 2016; Roy
et al. 2016; Stefenon et al. 2019). Among plastid molecular
markers, simple sequence repeats (SSRs or plastid micros-
atellites) are widely recognized as excellent genetic markers
due to the extensive level of polymorphism found in these
sequences and the typical uniparental inheritance of the plas-
tome (Provan et al. 2001; Wheeler et al. 2014; Rogalski et al.
2015). SSRs consist of short DNA sequences repeated in
tandem, present across plastomes of all land plants (Provan
etal. 2001; Wheeler et al. 2014; George et al. 2015), and can
be assessed for both intraspecific and interspecific genetic
studies (Powell et al. 1995; Provan et al. 2001; Rogalski
et al. 2015; Stefenon et al. 2019).

Furthermore, complete plastome sequences bring funda-
mental information to understand evolutionary events and
are highly efficient to resolve phylogenetic relationships
(Barrett et al. 2016; Lopes et al. 2018b, 2019). Plastomes are
usually highly conserved, thereby a unique or few evolution-
ary events such as structural rearrangements, the presence
of gene degeneration, events of gene transfer to the nucleus,
and divergence of RNA editing sites enable the characteriza-
tion of specific lineages (Rogalski et al. 2008; Alkatib et al.
2012; Martin et al. 2014; Vieira et al. 2016; Bock 2017;
Lopes et al. 2018c; Pacheco et al. 2020).

The resolution of phylogenetic relationships within the
order Brassicales is established by several studies; however,
various analyses have omitted some key taxa. Several stud-
ies strongly support the sister groups Caricaceae—Morin-
gaceae and Tropaeolaceae—Akaniaceae within Brassicales
(Olson 2002a, b; Hall et al. 2004; Cardinal-McTeague et al.
2016). The Akaniaceae—Tropaeolaceae clades are the ear-
liest-diverging families of the order Brassicales (Ronse De
Craene and Haston 2006; Cardinal-McTeague et al. 2016;
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Edger et al. 2018). The time estimated for the subsequent
divergence of the families Tropaeolaceae and Akaniaceae
is 75 Mya in the Late Cretaceous (Cardinal-McTeague et al.
2016; Edger et al. 2018). A phylogenetic relationship was
estimated among 35 species of Tropaeolaceae based on plas-
tid and nuclear sequences, which suggests a subdivision of
the genus Tropaeolum into two main sections Tropaeolum
sect. Tropaeolum and T. sect. Chilensia. The first one should
include the formerly recognized sections Bicolora, Dipetala,
Miucoronata, Schizotrophaeum, Serratociliata, Tropaeolum,
and Umbellata. The second one should include the formerly
recognized genera Magallana and Trophaeastrum, and the
formerly accepted T. sect. Chymocarpus (Andersson and
Andersson 2000). However, the lack of molecular data is
a bottleneck to infer accurately the relationships within the
family Tropaeolaceae.

Here, we describe the complete plastome of T. penta-
phyllum, which was molecularly characterized in detail. Our
plastid phylogenomic analysis indicated with high support a
closed relationship between the families Tropaeolaceae and
Akaniaceae, which is congruent with several other phylo-
genetic studies. Additionally, we identified and character-
ized several SSR loci and hotspots of nucleotide polymor-
phism. Moreover, we predicted here two RNA editing sites
that seem to be unique to 7. pentaphyllum plastome. Fur-
thermore, some specific features were also detected in the
plastome of T. pentaphyllum, such as IR expansion events,
and divergent genes related to gene expression machinery.
Taken together, our study brings new molecular data useful
for genetic studies in natural populations of this species,
other species of the family Tropaeolaceae, and order Bras-
sicales given that most studies carried out on species of the
order Brassicales focus on the family Brassicaceae.

Material and methods
Plant material and plastid DNA extraction

Young leaves were collected from a single T. pentaphyllum
plant growing under greenhouse conditions at the Depart-
ment of Plant Biology, Federal University of Vicosa, Vigosa-
MG, Brazil. The leaves were kept in dark for 96 h at 4 °C to
reduce starch content in chloroplasts. Chloroplast isolation
and plastid DNA extraction were carried out according to
Vieira et al. (2014).

Plastid genome sequencing, assembling,
and annotation

The sequencing library was prepared with approximately
1 ng of plastid DNA using the sample preparation kit
NexteraXT (Illumina Inc., San Diego, CA), according to

the manufacturer’s instructions. The obtained library was
sequenced using MiSeq Reagent Kit v3 (600 cycles) on Illu-
mina MiSeq Sequencer (Illumina Inc., San Diego, Califor-
nia, USA). The paired-end reads sequenced here (713,228
reads with an average length of 180 bp) were trimmed
under the threshold with the probability of error < 0.05. The
trimmed reads (712,760 reads, average length of 179.6 bp)
were de novo assembled using CLC Genomics Workbench
6.5 software (CLC Bio, Aarhus, Denmark). The contigs used
for assembling of the plastid genome ranged from 1360.85 to
479.20 of average coverage. Initial annotation of the genome
was carried out using Dual Organellar GenoMe Annotator
(DOGMA) (Wyman et al. 2004) and BLAST searches. From
this initial annotation, putative start and stop codons, and
intron positions were determined based on comparisons to
homologous genes in other plastid genomes. All tRNA genes
were further verified by using tRNAscan-SE (Lowe and
Chan. 2016). A physical map of the plastid circular genome
was drawn using OrganellarGenomeDRAW (OGDRAW)
version 1.3.1 (Greiner et al. 2019). The complete plastome
sequence of T. pentaphyllum was deposited in the GenBank
database under accession number MT210235.

Comparative analysis of genome structure

The Mauve Genome Alignment v2.3.1 (MAUVE) (Darling
et al. 2004) was used for a comparison of the plastid genome
structure between 7. pentaphyllum and other representatives
of Brassicales. Furthermore, the IR boundaries of the plas-
tome of these species were also compared. The software
REPuter (Kurtz et al. 2001) was used to determine the locali-
zation of the IR borders.

In all comparative analyses of this work, we used com-
plete plastome sequences available in the plastid genome
database of NCBI. Given the low number of complete
plastomes available for species of Brassicales, except for
the family Brassicaceae (only one species available for the
families Moringaceae, Caricaceae, Akaniaceae, and Cleo-
maceae), our analyses included more species of family Bras-
sicaceae than species from other families. Some families
of Brassicales were not sampled due to the total absence
of complete plastome sequences available in the database.

Phylogenomic inference

The inference of the phylogenetic position of T. pentaphyl-
lum within Brassicales was carried out using a phylog-
enomic approach. Firstly, whole plastome sequences from
species belonging to different families of the order Bras-
sicales, available in the organelle database (Genbank), were
selected and extracted. The plastome of Bixa orellana (order
Malvales) was used as an outgroup species. The GenBank
accession number of each taxon used here is shown in
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Supplementary Table S1. The IRb was withdrawn to prevent
the overrepresentation of IR sequences. The alignment of
the plastome sequences was done using MAFFT v.7 (Katoh
and Standley 2013) and the best-fit evolutionary model
(TVM +F + 1+ G4) was selected following the Bayesian
information criterion (BIC) scores computed by ModelF-
inder (Kalyaanamoorthy et al. 2017). A maximum likelihood
(ML) estimation was posteriorly conducted using IQTREE
v1.6.10 (Nguyen et al. 2015) and 500 non-parametric boot-
strap replications were used to assess branch support. Lastly,
the consensus tree was visualized using FigTree 1.4.4 (https
:/Mtree.bio.ed.ac.uk/software/figtree/).

Analysis of synonymous (dS) and nonsynonymous
(dN) substitution rates of plastid genes

The pairwise dS and dN substitution rates between T. pen-
taphyllum and other Brassicales representatives (indicated
in Supplementary Table S1) were estimated to the 78 pro-
tein-coding genes common to the plastome of these spe-
cies. Firstly, the sequences of each gene were individually
aligned by MUSCLE (Edgar 2004) implemented in MEGA
6.0 (Tamura et al. 2013), with pairwise deletion set to gaps/
missing data treatment. To each alignment was calculated
the dS and dN values using MEGA under the Kumar model
(Kimura 2-parameter).

SSR detection, sliding window analysis, and RNA
editing prediction

SSRs were detected in the T. pentaphyllum plastome using
the MlcroSAtellite (MISA) Perl script (Thiel et al. 2003),
with thresholds of eight repeat units for mononucleotide
SSRs, four repeat units for di- and trinucleotide SSRs, and
three repeat units for tetra-, penta-, and hexanucleotide
SSRs.

The hotspots of sequence divergence between T. penta-
phyllum and Bretscheneidera sinensis were investigated by
sliding window analysis. The whole plastome of these spe-
cies was aligned using MAFFT v.7 and the sliding window
analysis was performed using the DnaSP v.6 software (Rozas
etal. 2017). The window length and the step size were set to
400 bp and 100 bp, respectively.

Potential RNA editing sites in protein-coding genes of T.
pentaphyllum plastome were predicted by the program Pre-
dictive RNA Editor for Plants (PREP) suite (Mower 2009),
which uses 35 reference genes for detecting RNA editing
sites in plastid genomes. The cutoff value was set at 0.8 and
the reference genes were accD, atpA, atpB, atpF, atpl, ccsA,
clpP, matK, ndhA, ndhB, ndhD, ndhF, ndhG, petB, petD,
petG, petl, psaB, psal, psbB, psbE, psbF, psbL, rpl2, rpl20,
rpl23, rpoA, rpoB, rpoCl, rpoC2, rps2, rpsS, rpsid, rpsl6,
and ye¢f3. Aiming evolutionary comparison, RNA editing
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sites were also predicted for other Brassicales species, using
the same parameters.

Results

Size, organization, and gene content of T.
pentaphyllum plastome

T. pentaphyllum plastome is a circular molecule of
152,954 bp in length and exhibits the quadripartite structure
typical of most flowering plants. It includes a large single-
copy region (LSC) of 81,881 bp flanked on each side by
inverted repeats (IRs) of 26,597 bp with a small single-copy
region (SSC) of 17,879 bp joining the IRs (Fig. 1). Com-
paratively, this plastome is more similar in structure (gene
order) and total size to the Alyssum desertorum plastome.
Comparatively, these two genomes are smaller than all other
representatives of the order Brassicales (Table 1). The LSC
region accounts for most size variation visualized among
Brassicales plastomes, ranging from 81.5 kb in A. deser-
torum to 88.7 kb in Carica papaya. On the other hand, the
IR and SSC regions show high similarity in length among
the different species of this order. The overall GC content
determined to T. pentaphylium plastome is 37.33%, which is
slightly larger in comparison with other plastomes of Bras-
sicales (Table 1).

The T. pentaphyllum plastome contains 112 unique genes,
of which 17 are completely duplicated and three (rpsi2,
rpl22 and ycf1) are partially duplicated in the IRs (Table 2).
This set of 112 genes includes 78 unique protein-coding
genes (six are completely and three are partially duplicated),
30 unique tRNA genes (seven duplicated) and four unique
rRNA genes (all of them duplicated). Among the 112 genes,
15 harbor one intron (six tRNA genes and nine protein-cod-
ing genes) and two harbor two introns (c/pP and ycf3 genes).
Additionally, the infA gene is absent from this plastome.

The structure of T. pentaphyllum plastome was com-
pared with other species of the order Brassicales through
multiple genome alignment produced by MAUVE soft-
ware (Supplementary Fig. S1). It showed a perfect syn-
teny between all species of Brassicales in the analysis
(red block, Supplementary Fig. S1), indicating that no
structural rearrangements are present in these plastomes.
On the other hand, the IR boundaries were also compared
between them and some differences were detected. The
main one was an IR expansion in the LSC/IRa bound-
ary of T. pentaphyllum, which included the complete
rps19 gene and a minor portion of the rpl22 gene in the
IRs of this species. In all other species of Brassicales
sequenced so far, the entire rp/22 is localized in the LSC
and only a portion of rps/9 is located in the IRs (Fig. 2).
Minor events of IR expansion/contraction can also be
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Fig.1 Gene map and genome organization of 7. pentaphyllum plas-
tome. Two inverted repeat regions, IR, and IRy, divide the circular
DNA molecule into large (LSC) and small (SSC) single copy regions.
Genes drawn inside the circle are transcribed clockwise and genes

observed in the IRa/SSC boundary, since a small part of
the ndhF gene is localized in the IRs in T pentaphyllum,
Tarenaya hassleriana, and Crambe abyssinica, whereas
in all other species of the order Brassicales, this gene
is completely found in the SSC region. Another small

drawn outside are expressed counterclockwise. Genes belonging to
different functional groups are color coded. The dark gray in the inner
circle corresponds to GC content, while the light gray corresponds to
AT content. Dotted circle corresponds to 50% of AT/GC content

variation corresponds to the portion of the ycf/ gene that
is localized in the IRs, which is larger in T. pentaphyl-
lum (1496 bp) in comparison with the other species of
Brassicales (ranging from 1171 bp in Moringa oleifera
to 907 bp in A. desertorum).
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Table 1. Comparison of Species Family Size LSC SSC IR GC

plastome size and GC content (bp) (bp) (bp) (bp) (%)

among 1. pentaphyllum and

other species of Brassicales Tropaeolum pentaphyllum  Tropaeolaceae 152,954 81,881 17,879 26,597  37.33
Bretschneidera sinensis Akaniaceae 159,004 86,934 18,798 26,636 37.05
Moringa oleifera Moringaceae 160,600 88,577 18,883 26,570 36.77
Carica papaya Caricaceae 160,100 88,749 18,701 26,325 36.89
Tarenaya hassleriana Cleomaceae 157,688 87,509 18,571 25,804 36.94
Isatis tinctoria Brassicaceae 156,670 84,779 17,773 26,995 36.51
Crambe abyssinica Brassicaceae 153,771 83,599 17,782 26,195 36.37
Alyssum desertorum Brassicaceae 151,677 81,551 17,804 26,161 36.33

Table 2 List of genes identified in the plastome of T pentaphyllum

Group of gene Name of gene

Gene expression machinery
Ribosomal RNA genes
Transfer RNA genes

rrn]éh; rm23b; rm5b; rrnd.5°
trnA —UGC"‘h; trnC —=GCA; trnD —GUC; trnE -UUC; trnF —-GAA; trnfM —CAU; trnG -UCC

% trnG —GCC; trnH —GUG; tral —-CAU®; trnl -GAU®; truK ~UUUY; trnl. —-CAA®; trnL
—UAA?, trnl. “UAG; traM —CAU; trnN —~GUUP; trnP ~UGG: trnQ —~UUG: trnR —~ACG"; trnR
—UCU: trnS ~-GCU; trnS ~UGA; trnS ~GGA: traT “UGU: trnT -GGU: trnV ~-GAC"; trnV
—UAC?; trnW —CCA; trnY -GUA

Small subunit of ribosome

Large subunit of ribosome

DNA-dependent RNA polymerase
Genes for photosynthesis

Subunits of photosystem 1 (PSI)

Subunits of photosystem II (PSII)

Subunits of cytochrome bf complex

Subunits of ATP synthase

Subunits of NADH dehydrogenase

Large subunit of Rubisco rbel
Others genes
Maturase matK
Envelope membrane protein cemA
Subunit of acetyl-CoA carboxylase accD
C-type cytochrome synthesis gene ccsA
ATP-dependent Protease ClpP*
Component of TIC complex yefl®
Component of 2-MD AAA-ATPase complex  ycf2"
Absent genes infA

rps2; rps3; rpsds rps7t; rpsS; rps1i; rps12; rpsld; rpsi5; rps16%; rps1S; rpsl9”
rpI2; rpli4; rpll6% rpl20; rpi22¢; kpl23°; rpl32; rpl33; rpl36
rpoA; rpoB; rpoCI*; rpoC2

psaA; psaB; psaC; psal; psaJ; ycf3®; ycf4

psbA; psbB; psbC; psbD; psbE; psbF; psbH; psbl; psbJ; psbK; psbL; psbM; psbN; psbT; psbZ
petA; petBY; petD"; petG; petL; petN

atpA; atpB; atpE; atpF"; atpH; atpl

ndhA®; ndhB™; ndhC; ndhD; ndhE; ndhF; ndhG; ndhH; ndhi; ndhJ; ndhK

Genes containing introns, *duplicated gene, “partially duplicated genes

Phylogenomic reconstruction

A phylogenomic approach based on whole plastomes was
carried out aiming to infer the position of T. pentaphyllum
within the order Brassicales. This analysis included the
families Tropaeolaceae (represented here by T. pentaphyl-
lunt), Akaniaceae (represented by Bretscheneidera sinen-
sis), Moringaceae (represented by M. oleifera), Caricaceae
(represented by C. papaya), Cleomaceae (represented by
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Tarenaya hassleriana), and Brassicaceae (represented here
by 22 species belonging to different tribes) (Supplementary
Table S1). As outgroup, we included a species belonging
to the order Malvales, Bixa orellana (Bixaceae). Maximum
likelihood (ML) analysis produced a consensus tree with
the log-likelihood (InL) value of — 414,039.669. In this tree
reconstruction, 7. pentaphyllum (Tropaeolaceae) formed a
sister group with B. sinensis (Akaniaceae). The clade com-
posed of these two families was sister to the group formed
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Fig.2 Comparison of the IR-boundaries between T. pentaphyllum
and representative species of Brassicales. Genes are represented by
boxes. Genes above the line are transcribed from right to left and
those below the line are transcribed from left to right. Genes belong-

by C. papaya (Caricaceae) and M. oleifera (Moringaceae).
Consequently, the clade composed of these four families was
sister to the clade formed by the families Cleomaceae (T
hassleriana) and Brassicaceae. The 22 species of the fam-
ily Brassicaceae included in the tree formed a monophyletic
group. All these relationships described above were highly
supported, possessing non-parametric bootstrap (BS) values
of 100% in our tree (Fig. 3).

Within the family Brassicaceae, all BS support values
were 100% except for five nodes, which includes three
with 98%, one with 60%, and the last one with 40%. This
family is composed of two major clades: one including

ing to the same functional groups have the same color, The numbers
indicate the lengths (in bp) of the genes or intergenic regions in the
IR junctions. Genes and regions lengths are not to scale. *, putative
pseudogene

only the tribe Aethionemeae and another clade including
all other tribes. This second clade is divided into two
groups: one including the tribes Alyssopsideae, Came-
lineae, Cardamineae, Crucihimalayeae, Microlepidieae
and Lepidieae, and another group including the remain-
ing tribes. The last clade is still subdivided into two
subclades: the first composed of the tribes Buniadeae,
Anchonieae, Hesperideae and Euclidieae, and the second
composed of the tribes Alysseae, Isatideae, Sisymbreae,
Brassiceae, Thlaspideae, Arabideae, Cochlearideae, Ana-
staticeae, Megacarpaceae, and Biscutelleae (Fig. 3).
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L E— Tropaeolum pentaphyllum | Tropaeolaceae
104 Bretschneidera sinensis | Akaniaceae
100 Carica papaya | Caricaceae

Moringa oleifera | Moringaceae
Tarenaya hassleriana | Cleomaceae

Bixa orellana (outgroup)

Fig.3 Maximum likelihood (ML) phylogenomic analysis based on
whole plastid genomes shows the position of T. pentaphyllum (in red)
within the order Brassicales. The families are indicated to the right
of the respective species. Moreover, the tribes of the family Brassi-
caceae are also indicated. Tree reconstruction was performed using

Synonymous (dS) and nonsynonymous (dN)
substitution rates

Aiming to analyze the molecular evolution of the plastid
genes within Brassicales, synonymous (dS), nonsynonymous
(dN), and dN/dS values were estimated for 78 protein-cod-
ing genes from T. pentaphyllum and representative species
belonging to different families of Brassicales (species high-
lighted in Supplementary Table S1). Most genes showed low
dN values (below of 0.10) in T. pentaphyllum (filled circle,
first graphic, Fig. 4). Similarly, the values were very similar
to the dN values observed for the other species (open cir-
cles; first graphic, Fig. 4). The ycf! and matK genes showed
the highest dN values in comparison with all other genes
in T. pentaphyllum (0.144 and 0.108, respectively) and the
other species analyzed here (0.132 and 0.100, respectively).
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Alyssum desertorum | Alysseae
¥ Isatis tinctoria | Isatideae
v Sisymbrium irio | Sisymbrieae
1 Crambe abyssinica | Brassiceae

L‘ Schrenkiella parvula*

i

[ Thiaspi arvense | Thlaspideae
*4 Arabis hirsuta | Arabideae

Cochlearia pyrenaica | Cochlearieae
‘ilu Morettia canescens | Anastaticeae
Megacarpae delavayi | Megacarpaeeae
Megadenia pygmaea | Biscutelleae
L Bunias orientalis | Buniadeae
‘E Matthiola incana | Anchonieae
100/

Brassicaceae

Hesperis matronalis | Hesperideae
Braya humilis | Euclidieae
Cardamine parviflora | Cardamineae
Arabidopsis thaliana | Camelineae
“he Olimarabidopsis pumila | Alyssopsideae
1y~ Pachycladon enysii | Microlepidieae
Crucihimalaya wallichii | Crucihimalayeae
Lepidium meyenii | Lepidieae
Aethionema arabicum | Aethionemeae

IQTREE software, with TVM + F+ 1+ G4 model. Numbers (%) asso-
ciated 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

Overall, the dS values (second graphic, Fig. 4) were also
similar between 7. pentaphyllum (ranging from 0.010 to
0.296) and the other species analyzed here (ranging from
0.011 to0 0.258). The psaC gene showed the highest dS value
in T pentaphyllum (0.296) and the third higher value in the
other species (0.239). On the other hand, the rp/{22 gene
showed the third higher value to T. pentaphyllum (0.232)
and the highest dS value in the other species analyzed here
(0.258). Antagonistically, the ndhB gene showed the lowest
value of dS in T. pentaphyllum (0.010) and the other species
(0.010). Concerning the dN/dS ratio (third graphic, Fig. 4),
all the plastid genes of T. pentaphyllum showed values lower
than 1, indicating that these genes are under negative selec-
tion. The highest values of dN/dS for this species were 0.818
and 0.759 for the ycfI and ycf2 genes, respectively. For the
other species, only the rpl23 gene showed a dN/dS ratio
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above of 1 (1.093), which suggests that this gene may be
under positive selection. The second gene with higher dN/
dS value for the other species was the ycf2 (0.752), which
resembles the value observed in the plastome of T. penta-
phyllum (0.759).

SSR detection and sliding window analysis

The occurrence, type, and distribution of SSRs in the 7. pen-
taphyllum plastome were analyzed, revealing a total of 251
repeats. Mono- and dipolymers constitute most of the SSRs
identified here, reaching 82.1% and 15.5%, respectively.
The remaining 2.4% are constituted by tri- (2), tetra- (3)
and hexapolymers (1) (Supplementary Table S2). Most SSRs
(91.2%) detected here are composed of A and T bases. The
size, sequence, and loci of the 251 SSRs are shown in Sup-
plementary Table S3. From the total found in the plastome
of T. pentaphyllum, 174 are located in the LSC region, 51 in
the SSC, and 26 in the IRs. Additionally, 165 are present in
intergenic spacers (IGS), 58 in CDS, and 28 in introns. The
IGS with a higher number of SSRs correspond to the spac-
ers between the genes trnS-GCU and trnG-UCC (13 SSRs),
petA and psbJ (8), ndhF and rpl32 (8), and trnK-UUU and
rpsl6 (7). The SSRs found in the CDS are distributed in
18 genes, of which the ycf! (21), ycf2 (6), rpoc2 (5), ndhD
(5), and rdhF (4) contain the highest number. Among 28
SSRs found in the introns, most of them are located in the
introns of clpP (7), yef3 (3), trnL-UAA (3), and trnV-UAC

(3) genes. Lastly, six SSRs (see ¢*, Supplementary Table S3)
are found directly adjacent to each other in the LSC region.

Moreover, based on our sliding window analysis (Fig. 5),
nine regions emerged as hotspots of nucleotide polymor-
phism between T. pentaphyllium and B. sinensis (species
closely related in our phylogeny, Fig. 3). These hotspots
are located in the LSC (4) and SSC (5) regions and include
two CDS (vc¢f! and ndhF) and seven IGS (trnK-UUU/rps16,
trnS-GCU/trnG-UCC, atpH/atpl, petAlpsbJ, ndhF/rpl32,
rpl32/trnL-UAG and rpsi5/ycfT). Several SSRs detected
here in T. pentaphyllum (Supplementary Table S3) are
located within these nine hotspots, with the regions of high-
est nucleotide diversity containing the highest number of
SSRs (21 and 13 in the yc¢f] gene and the trnS-GCU/trnG-
UCC IGS, respectively).

RNA editing sites prediction

The PREP-CP software identified 56 putative RNA editing
sites in the plastome of T. pentaphyllum, which are distrib-
uted in 19 genes (Supplementary Table S4). All these RNA
editing sites occur in the first or the second codon position
and all nucleotide changes observed are from cytidine (C)
to uridine (U). The genes ndhB (12), ndhD (8), ndhA (5),
matK (5), ndhF (3), rpoB (3), and rpoC2 (3) showed a high
number of RNA editing sites. Other genes, such as aceD,
atpF, clpP, ndhG, petB, psal, psbE, rpl20, rpoA, rpoCl,
rpsi4 and rpsi6, contain one or two putative RNA editing

Pi LSC IRa SSC IRb
0'207 mi32¢ tmL-UAG

] tmK-UUU / rps16 ps15/ yoft

ndhF | ipl32;
trnS-GCU / tmG-UCC I yeft
o1s-| | | peJ N \
atpH / atpl
- l ndhF H
N,
0.10-+-= l
0.05
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Nucleotide position (kb)

Fig.5 Sliding window analysis of aligned whole plastomes of B. sin-
ensis and T. pentaphyllum. The regions with higher nucleotide vari-
ability (Pi>0.1; above the red line) are indicated by red arrow. The
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intervals corresponding to LSC, IRs and SSC regions are also delim-
ited in the upper x-axis. Pi, nucleotide diversity of each window. Win-
dow length, 400pb. Step size, 100pb
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sites. Most of the RNA editing sites predicted here change
the encoded amino acid from polar to apolar (32 out 56), and
the main change observed here was from serine to leucine
(21 sites). Only one RNA editing site changes the amino acid
from apolar to polar (proline to serine, amino acid position
72 of the pshE gene). Among the other 23 sites, 10 of them
change the amino acid from polar positively charged to polar
neutral (2, arginine to cysteine; 8, histidine to tyrosine) and
13 do not alter either polarity or charge (apolar to apolar).

From the total of 56 RNA editing sites predicted here to
T. pentaphyllum plastome, half of them (28) are shared by
the species of Brassicales investigated here (Supplementary
Table S4). The other 28 sites are absent in one or more of
those species, including two RNA editing sites present only
in T. pentaphyllum (highlighted with+in Supplementary
Table S4). One of them is localized in the amino acid posi-
tion 191 of the marK gene, whereas in the DNA of the other
species of Brassicales, this site contains a deoxythymidine
(T) instead of a deoxycytidine (C) in the editing position,
maintaining the conserved amino acid and dispensing the
need for RNA editing. The other specific editing site of 7.
pentaphyllum is localized in the amino acid position 332
of the rpoA gene, which is inside of the C-terminus exten-
sion specifically observed in this species. Additionally, two
RNA editing sites, which were predicted for all species of
Brassicales analyzed here, are absent in T. pentaphyllum
plastome (amino acid position 219 of matK and 26 of psbF;
highlighted with * in Supplementary Table S4), which
already has a T instead of a C fixed at these sites in the DNA
sequence, dispensing the need for RNA editing.

Discussion

The T. pentaphyllum plastome is similar in structure
and gene content to other Brassicales, but it shows
some small variations at the IR-boundaries

The plastome structure and gene order are highly conserved
between 7. pentaphyllum and all other species belonging to
the order Brassicales sequenced to date (Table 1 and Supple-
mentary Fig. S1; Guo et al. 2017; Lopes et al. 2018a). The
total size of T. pentaphyllum plastome is smaller than the
other species of the order Brassicales, except for few species
of the family Brassicaceae such as Alyssum desertorum (Li
et al. 2017), and Lobularia maritima and Solms-laubachia
eurycarpa (Guo et al. 2017). The LSC is the region of the
plastome with the largest variation in size, while SSC and
IR regions are very similar between the species of Bras-
sicales sequenced to date. Concerning the IR borders, they
are also overall conserved between these species. However,
some events of IR expansion in T. pentaphyllum plastome
were detected here (Fig. 2). All other Brassicales contain the

rpsl19 gene partially duplicated in the LSC/IRa boundary
and the rpl22 gene is located in the LSC region, which is
also observed in the plastome of several other angiosperms
(Goulding et al. 1996; Zhu et al. 2016). On the other hand,
an event of IR expansion occurred in the plastome of T.
pentaphyllum plastome and duplicated the full sequence of
rpsl9 gene and part of the rp/22 gene in the IRs. Although
it is the first event reported in a species of the order Brassi-
cales, similar events of IR expansion, at the LSC/IRa bound-
ary, were identified in several species belonging to other
lineages of angiosperms such as Fabales, Malpighiales, Poa-
les, and Arecales (Zhu et al. 2016; Lopes et al. 2018b). Addi-
tionally, the SSC/IRb boundaries of all analyzed Brassicales
share the same pattern of partial duplication of ycf! in which
the minor part of this gene is localized in the IRs and the
larger part is localized in the SSC. This pattern is also found
in most angiosperms and the shifts of several hundreds of
base pairs in this boundary are common to several lineages
(Zhu et al. 2016). Here, it is possible to see that the portion
of the ye¢f1 gene of the T. pentaphyllum plastome included
in the IRs is larger, about 300-400 bp, compared with other
species of Brassicales, indicating that an additional small
event of IR expansion occurred in this species.

Molecular evolution of plastid protein-coding genes
in T. pentaphyllum and within Brassicales

The gene content annotated here to T. pentaphylium is very
similar to the other species of Brassicales (Guo et al. 2017;
Lopes et al. 2018a; Yang et al. 2019). The only gene lost by
the T. pentaphyllum plastome was the infA, which encodes
the translation initiation factor 1 (Cummings and Hershey,
1994). The loss of this gene is a common feature observed in
species belonging to Brassicales investigated so far as well
as in species of the order Malvales (Pacheco et al. 2019)
and several other rosids (Millen et al. 2001). Nuclear copies
of the infA gene containing a plastid transit peptide were
detected in Arabidopsis and other rosids. Similar functional
transfer of this gene to the nucleus probably occurred in T.
pentaphyllum and other Brassicales, compensating the loss
of the plastid infA copy. Additionally, further plastid gene
losses were only detected in some species of Brassicaceae
family. Among them, the rpsl6 gene was lost or degener-
ated in several genera of this family (Roy et al. 2010; Guo
et al. 2017). This gene encodes a ribosomal protein that
is essential for cell viability (Fleischmann et al. 2011). In
Populus alba and Medicago truncatula, the losses of the
plastid rps16 copy were compensated by a nuclear-encoded
copy of mitochondrial origin that can also target to the
plastids (Ueda et al. 2008). It is likely that the species of
the family Brassicaceae that lost this gene also possess a
nuclear-encoded copy being imported by plastids. Addi-
tional plastid gene losses are unique to Solms-laubachia
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eurycarpa plastome which correspond to losses of the genes
of NAD(P)H dehydrogenase-like complex (ndh genes) (Guo
et al. 2017). The loss of this great number of ndh genes is
shared by other photosynthetic seed plants, being reported
only in few lineages such as conifers (Pinaceae/Gnetales;
Wu et al. 2009), Erodium genus (Geraniaceae; Blazier et al.
2011), Cactaceae (Sanderson et al. 2015) and Orchidaceae
(Lin et al. 2017). If the ndh genes were lost or were function-
ally replaced in these lineages, it remains to be elucidated.
Lastly, the Alyssum desertorum plastome seems to have lost
the functional copy of ycfI gene. Despite this loss was not
considered by Li et al. (2017), we detected here that the ycfl
is likely a pseudogene in this species due to the existence
of premature stop codons and partial deletion of its cod-
ing sequence. Consequently, the predicted ycf] gene in A.
desertorum results in a much smaller ORF (2.59 kb in total,
with 0.91 kb localized in the IRs and 1.68 kb in the SSC;
Fig. 2) in comparison with other species of Brassicales and
other angiosperms (about 5.4 kb; Fig. 2) (Wicke et al. 2011).
This gene encodes the subunit Tic214 of the TIC complex, a
translocon protein located in the inner membrane of plastids
(Kikuchi et al. 2013), which is essential for cell viability
(Drescher et al. 2000). However, the plastid ycf! gene was
also lost or is a pseudogene in other distantly related taxa,
such as Poaceae (Guisinger et al. 2010; Vries et al. 2015),
Geraniaceae (Guisinger et al. 2011), Ericaceae (Fajardo
et al. 2013) and Passifloraceae (Rabah et al. 2019). Thus,
it is likely that a compensatory mechanism emerged (such
as functional nuclear transfer) in Alyssum and other above-
mentioned lineages allowing the loss of the plastid ycf! gene
and absence of organelle/cell damage.

Concerning the gene divergence, the ycfl gene was the
plastid protein-coding gene with the highest dN value in the
plastomes of T. pentaphyllum and other Brassicales analyzed
here (Fig. 4). This gene also showed the highest dN/dS value
in the plastome of 7. pentaphyllum and the fifth-highest dN/
dS value in the plastomes of other species of Brassicales.
However, these values were below 1, indicating that the ycf!
is under negative selection in the plastome of the species of
Brassicales, including T. pentaphyllum. This gene is among
the most divergent genes within the tribe Brassiceae (Bras-
sicaceae; Lopes et al. 2018a) and it is also described as one
of the most divergent genes in plastomes of angiosperms
(Wicke et al. 2011; Vries et al. 2015).

The second gene with the highest dN value analyzed
here is the matK. This gene encodes a maturase (MatK)
related to the self-splicing process of group IIA introns. It
was demonstrated that MatK binding occurs in the introns
of seven plastid genes: 1rnV-UAC, trnl-GAU, trnA-UGC,
trnK-UUU, rpl2, rpsi2, and atpF (Zoschke et al. 2010).
Recently, another study provided the first direct evidence of
MatK splicing activity using an in vitro activity assay, which
revealed that heterologous expression of MatK increases
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efficiency of group IIA intron self-splicing for the second
intron of the rpsi2 gene (Barthet et al. 2020). Since MatK
controls gene expression of several essential genes related
to protein biosynthesis (Rogalski et al. 2006; Alkatib et al.
2012), its function is essential for cell viability. Despite its
essential role, the matK is also known as a fast-evolving
gene presenting high rates of nonsynonymous substitutions
compared with other plastid genes in angiosperms (Hilu
and Liang 1997; Hilu et al. 2014). A high divergence in
the matK sequence was also detected in Crambe abyssinica
and other species of the family Brassicaceae (Lopes et al.
2018a). The evolving features observed in this gene make
it an excellent molecular marker to be used in phylogenetic
inferences in the order Brassicales and other angiosperm
lineages (Hilu et al. 2003, 2014; Worberg et al. 2009; Hall
et al. 2011). Although it shows high dN values, its func-
tion is maintained in most lineages by restrictive amino acid
substitutions and purifying selection (Young and de Pamphi-
lis 2000; Barthet and Hilu 2008). Here, we also detected
evidence that the matK gene is under purifying selection
in the order Brassicales given that calculated dN/dS values
were below 1 (about 0.6). Interestingly, a specific change
in the matK sequence was only detected in T. pentaphyl-
lum, which corresponds to an extension of 23 amino acids
in the C-terminus of the protein, in comparison with other
Brassicales (Supplementary Fig. §2). A similar extension
in this region was also observed in conifers and Ginkgo-
phyta (Hilu and Alice 1999), but it was not observed before
in angiosperms. The extension found in the plastome of T
pentaphyllum could have originated from a mutation in a
previous stop codon located in a position that is conserved in
other species. Posteriorly, an alternative stop codon, located
few amino acids downstream, was selected maintaining the
integrity and functionality of this essential protein.

In parallel, the rpoA and rpoC2 genes of T. pentaphyl-
lum also showed some changes in their C-terminus in com-
parison with other Brassicales. These genes encode subu-
nits of the plastid-encoded RNA polymerase (PEP), an
Escherichia coli-like enzyme (Serino and Maliga 1998).
The rpoC2 in T. pentaphyllum bears a deletion of 42-54
amino acids in its C-terminal sequence if compared with
other representatives of Brassicales (Supplementary Fig.
S3, red box). However, it is unlikely that this deletion
impairs the protein function since the rpoC2 of T. penta-
phyllum maintains all conserved domains (Supplementary
Fig. S4). Moreover, the rpoC2 showed a low value of dN/
dS (0.33), indicating that this gene is under negative selec-
tion (Fig. 4). On the other hand, the rpoA of T. pentaphyl-
lum showed a small extension of its C-terminus sequence,
consisting of 24 nucleotides (Supplementary Fig. S5).
Interestingly, this small extension includes a specific RNA
editing site predicted only to T. pentaphyllum.
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The rpl23 gene was the exception of our dN/dS analysis.
In the plastome of T. pentaphyllum, the dN/dS value of this
gene was (.55, indicating that the gene is under negative
selection. However, the mean dN/dS value for other species
of Brassicales was slightly above 1 (1.09), which suggests
that this gene is under neutral or positive selection. This was
the only gene in our analysis with a value equal or above
1. Despite the similar values of dN and dS (Fig. 4), it is
unlikely that the rp/23 is under neutral selection in the order
Brassicales, once that the absence of positive and negative
selections indicates the presence of a pseudogene. Accord-
ingly, the translated amino acid residues of the rpl23 are
still highly conserved between the species of Brassicales
analyzed here (Supplementary Fig. $S6). Furthermore, this
gene encodes a ribosomal protein (L23) that is essential for
cell viability (Fleischmann et al. 2011). A functional copy
of the rpl23 is present in most plastomes of angiosperms
and only few plant lineages lost this gene from plastome
such as some species of Caryophyllales (Bubunenko et al.
1994; Logacheva et al. 2008; Sloan et al. 2012; Sanderson
et al. 2015) and flax (Lopes et al. 2018c). However, the loss
of this gene in those lineages is associated with some com-
pensatory mechanism. In some species of Caryophyllales,
a eukaryotic-type L23 protein, encoded by the nucleus is
imported into the plastids (Bubunenko et al. 1994) filling the
essential ribosomal function. A similar mechanism was also
proposed for flax (Lopes et al. 2018c). Therefore, the dN/dS
value close to 1 found here is likely a combination of posi-
tive selection acting in some few sites and purifying selec-
tion acting in the rest of the gene, maintaining the function-
ality of the protein. Simultaneously, this gene shows a very
low rate of synonymous substitutions between these species
(Fig. 4), and few nonsynonymous substitutions, which can
result in the high dN/dS value identified in our analysis.
Similar results were also reported for B. orellana belonging
to the order Malvales (Pacheco et al. 2019).

Phylogenetic relationships based on whole
plastomes in Brassicales

The plastid phylogenomic reconstructed here showed three
well-supported (100% of BS) sister family pairs: Tropaeo-
laceae—Akaniaceae, Caricaceae—Moringaceae, and Cleo-
maceae—Brassicaceae. These pairs are also supported in
several other phylogenetic studies of the order Brassicales
(Ronse De Craene and Haston 2006; Edger et al. 2015; 2018;
Cardinal-McTeague et al. 2016; Sun et al. 2016). Addition-
ally, in our phylogenomic tree, the Tropaeolaceae—Akani-
aceae pair was sister to Caricaceae—Moringaceae, constitut-
ing the early-diverging lineages of the order; and these four
families formed a sister group to Cleomaceae—Brassicaceae
(with 100% of BS). These results are congruent with the
phylogenetic analysis based on transcriptomics of the order

Brassicales (Edger et al. 2015). Similarly, the congruency
is also confirmed in trees reconstructed using morphologi-
cal characters, plastid and nuclear sequences (Ronse De
Craene and Haston 2006). However, other studies using
plastid and mitochondrial sequences or 72 concatenated
plastid-encoded genes revealed that Tropaeolaceae—Akani-
aceae constituted the earliest-diverging lineage of the order
Brassicales, being sister to the clade formed by all other
families of this order (Cardinal-McTeague et al. 2016; Sun
et al. 2016; Edger et al. 2018). Here, our phylogeny based
on whole-plastomes included only the Brassicales families
that have complete sequences of plastid genome available in
the organelle database (Genbank). Therefore, the different
topological reported here may be explained as being due to
our different dataset and/or our small amount of sampling of
taxa in comparison with other studies (Cardinal-McTeague
et al. 2016; Sun et al. 2016; Edger et al. 2018).

Furthermore, the relationship presented here to the tribes
within Brassicaceae is congruent with other recent studies
(Huang et al. 2016; Guo et al. 2017; Lopes et al. 2018a).
Our tree showed identical topology in comparison with that
reconstructed by Lopes et al. (2018a) using a similar data-
set (whole-plastomes), except for the use of only a species
per tribe and the addition of two new tribes (Buniadeae and
Sisymbrieae). Concerning these two tribes, Sisymbrieae was
sister to Brassiceae, and Sisymbrieae—Brassiceae formed a
sister group to the tribe Isatideae. The closed relationship
between Sisymbrieae and Brassiceae is also in accordance
with Huang et al. (2016). Successively, the tribe Buniadeae
was sister to Anchonieae (with low BS value, 40%) and these
two tribes formed a sister group to the tribe Hesperideae
(with 100% of BS support). Mandékovi et al. (2017) also
reported a close relationship between these three tribes (con-
stituting part of the clade Hesperis), whereas in our analysis
Hesperideae was sister to Anchonieae and these two tribes
formed a sister group to Buniadeae.

Mapping of SSRs and hotspots of nucleotide
polymorphism in T. pentaphyllum plastome

As far as we know, studies using plastid SSRs have not been
yet realized in natural populations of 7. pentaphyllum. Simi-
larly, the family Tropaeolaceae is also very poorly studied in
several aspects concerning population genetics and genetic
diversity. Thus, the 251 SSRs detected here in the T. penta-
phyllum plastome represent a new and rich source of genetic
data available to be utilized in pioneer studies in this species
such as genetic diversity, population structure, and conser-
vation studies. Most SSRs detected here are monopolymers
composed of A or T and occur mainly in intergenic spacers
following other reports (Wheeler et al. 2014; George et al.
2015; Lopes et al. 2018a).
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Additionally, we also identified nine hotspots of nucle-
otide polymorphism in the plastome of 7. pentaphyl-
[um (Fig. 5). Interestingly, we detected a great prevalence
of SSRs in these regions, mainly in the two highly divergent
regions (i.e., the ycf/ gene and the spacer between #rnS and
trnG genes). These results follow the high level of poly-
morphism expected for SSR sequences. A similar pattern
of SSR distribution was also reported in species of the fam-
ily Brassicaceae (Lopes et al. 2018a). Finally, the divergent
plastome regions identified here represent attractive genetic
information to be used in phylogenetic and genetic stud-
ies of T. pentaphyllum natural population. However, these
sequences should be assessed and investigated concerning
their potential as polymorphic markers in other species of
Tropaeolum and family Tropaeolaceae. Several molecular
markers detected here are likely shared by other species of
Tropaeolaceae. They represent the start point for a reason-
able characterization of effective markers to endangered spe-
cies such as T. pentaphyllum.

RNA editing sites are conserved within Brassicales,
but two sites were detected only in the plastome
of T. pentaphyllum

Plastid RNA editing is a post-transcriptional modification
(C-to-U and U-to-C conversions) identified in the transcripts
of all land plants, except in some lineages of Marchantiales
(Takenaka et al. 2013). This RNA maturation step can cre-
ate start and stop codons or restore conserved amino acids.
Thereby, RNA editing can act as an indirect repair mecha-
nism that corrects DNA mutations on the RNA level (Tak-
enaka et al. 2013; Ichinose and Sugita 2017). RNA editing
conversions from U to C are absent in angiosperms, occur-
ring only in some plant lineages such as ferns, lycopods, and
hornworts (Takenaka et al. 2013; Ichinose and Sugita 2017).

We detected 56 putative RNA editing sites in the plas-
tome of 7. pentaphyllum. All these sites correspond to C-to-
U conversions, occurring in the first or the second positions
of the codons as observed in most angiosperms (Takenaka
et al. 2013). Most RNA editing sites predicted (32 out of
56) change of the encoded amino acid from polar to apo-
lar, increasing the protein hydrophobicity. This tendency
was also reported by other studies, which suggests that the
increased hydrophobicity of the proteins could affect their
structural features and transmembrane domain specificities
(He et al. 2016; Lopes et al. 2018b).

Exactly half of the RNA editing sites predicted here (28
out of 56) are shared by all representatives of Brassicales
investigated here (Supplementary Table S4). Concerning
the shared sites, 22 were experimentally validated in Arabi-
dopsis thaliana (Tillich et al. 2005), which include the sites
as follows: atpF (amino acid position 31), ndhB (50, 156,
196, 204, 246, 249, 277, 279, 419, and 494), ndhD (1, 137,
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225,293, and 296), ndhF (97), psbE (72), rpoB (112, 189,
and 811) and rps14 (27). Other RNA editing sites predicted
here for T. pentaphyllum, but not shared by all Brassicales
analyzed here, were also validated in A. thaliana, including
the site in the accD (279), clpP (196), and rpsi4 (50) genes.
Thus, our results in combination with the RNA editing sites
already validated in A. thaliana demonstrate that the plastid
RNA editing sites are highly conserved in Brassicales.

Two RNA editing sites predicted here were only found
in the plastome of T. pentaphyllum, matK (amino acid 191)
and rpoA (amino acid 332). As previously mentioned here,
the rpoA gene of T. pentaphyllum has a specific C-termi-
nus extension, which included a specific RNA editing site
(highlighted in red, Supplementary Fig. S5). This specific
site induces the conversion from proline (CCG) to leucine
(CUG), which does not change the amino acid polarity. The
other specific RNA editing site found in the 7. pentaphyl-
fum plastome occurs in the matK gene converting a histidine
(CAU) to a tyrosine (UAU). In all other Brassicales ana-
lyzed here, a tyrosine codon is already found in the DNA
sequence, dispensing the need for RNA editing. Hence, this
new editing site of T. pentaphyllum acts probably restoring
a conserved tyrosine in the matK sequence. However, it is
first necessary to experimentally confirm both sites and their
occurrence in this species, genus Tropaeolum, and conse-
quently, family Tropaeolaceae.

Moreover, we detected two specific losses of RNA editing
sites in T. pentaphyllum, in comparison with all other spe-
cies of Brassicales analyzed here. One of them is localized
in the marK (219), which is predicted to change a histidine
(CAU) to a tyrosine (UAU) in the other Brassicales (Sup-
plementary Table S4). The loss of this RNA editing site
in the genus Tropaeolum was also reported by Tillich et al.
(2009). These authors also suggested that this loss occurs
in the genus Batis, belonging to the family Bataceae (Bras-
sicales). Then, the loss of this RNA editing site occurred
putatively at least two times independently during the evolu-
tion of Brassicales (i.e. Tropaeolaceae and Bataceae). Tillich
et al. (2009) suggested a closed relationship between the
rapid evolution of the matK gene and the degeneration of
its cis-elements leading to a reduction in the RNA editing
efficiency, which consequently creates a selective pressure in
favor to the mutation C-to-T, resulting in the loss of the RNA
editing site. This hypothesis is congruent with our results
given that the matK gene showed two unshared RNA editing
sites in T. pentaphyllim (including one loss and one putative
gain) when compared with all other Brassicales investigated
here (Supplementary Table S4). In addition to that feature,
it is also occurring in a faster-evolving gene in our analysis
(Fig. 4).

Lastly, the other RNA editing site lost in T. pentaphyl-
lum 1s the psbF (26) (Supplementary Table S4). In all other
Brassicales investigated here, a serine codon (UUU) in this
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position is predicted to be converted to a phenylalanine one
(UCU). This RNA editing site was firstly reported to species
belonging to genera Pisum, Oenothera, and Spinacia (Bock
et al. 1993). However, in T. pentaphyllum and some other
plant lineages such as Solanaceae and Poaceae (Bock et al.
1993), a phenylalanine codon is already present in DNA
sequence in the same position of the coding sequence of
psbF gene, justifying the absence of the referred RNA edit-
ing site.

Conclusions

Here, we report the complete plastome sequence of 7. pen-
taphyllum, which represents the first plastid genome of the
family Tropaeolaceae to be fully sequenced and character-
ized in detail. This plastome shows a high similarity to the
plastome of other species of Brassicales concerning gene
content and genome structure. The specific features of the
plastome of T. pentaphyllum can be defined by events of IR
expansion, full duplication of the rps/9 gene, extension of
the C-terminus of marK and rpoA genes, and partial dele-
tion of the C-terminus of the rpoC2 gene. Specifically, two
RNA editing sites seem to be unique to 7. pentaphyllum
plastome, and occur in two genes, matK and rpoA. Moreo-
ver, we detected 251 SSRs and nine regions as hotspots of
nucleotide polymorphism in the plastome of T. pentaphyl-
{um. Furthermore, our plastid phylogenomic analysis indi-
cated, with high support, a closed relationship between the
families Tropaeolaceae and Akaniaceae, which is congruent
with several other phylogenetic studies. These two families
formed a sister group to the pair Caricaceae—Moringaceae,
and these four families formed a sister group to the pair
Cleomaceae—Brassicaceae. However, in several other phylo-
genetic studies of Brassicales, the pair Tropaeolaceae—Aka-
niaceae formed the earliest-diverging lineage, being sister
to all other families of Brassicales. We speculate that the
incongruence observed here is likely related to the low num-
ber of families included in our phylogenomic analysis given
that complete plastome sequences of several other families
are not available in the plastid database. Since the great
majority of studies carried out in the order Brassicales are
concentrated on the family Brassicaceae, the present work
contributes to a better understanding of the plastome evolu-
tion within Brassicales as well as the phylogenetic relation-
ships among the different families. Finally, this study serves
as a basic tool to understand the genetic diversity and genetic
divergence of natural populations of T. pentaphyllum, and to
enable strategies for genotype characterization, domestica-
tion, and conservation of this useful and endangered species.
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Supplementary Fig. S1Comparison 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. S2ClustalW 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.
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Supplementary Fig. S3ClustalW 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.
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Supplementary Fig. S4Comparison 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. S5ClustalW 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 taxonyight gra
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.
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Supplementary Fig. S6ClustalW 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.
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Supplementary Table SlList of species included in the Brassicales phylogenomic.

Species Tribe Family GenBank
Tropaeolum pentaphyllum Lam. - Tropaeolaceae MT_210235
Bretschneidera sinensis Hersl. - Akaniaceae NC_037753.1
Moringa oleifera Lani. - Moringaceae NC_041432.1
Carica papaya.* - Caricaceae NC_010323.1
Tarenaya hassleriana (Chodat) litis. - 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.EFr. Brassiceae Brassicaceae KY883663
Bunias orientalid.. Buniadeae Brassicaceae NC_036111.1
Arabidopsis thaliana (L.) Heynh. Camelineae Brassicaceae NC_000932.1
Cardamine parviflord. 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. Hesperideae Brassicaceae NC_035511.1
Isatis tinctorial. 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. Thlaspideae Brassicaceae NC_034362.1
Sisymbrium irioL. 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 SZ4.ist of simple sequence repeats (SSRs) identified in the plastome of

T. pentaphyllum

SSR sequence Number of repetitions Total
3 4 5 6 7 8 9 10 11 12 13 14
AIT - - - - - 95 41 28 18 5 5 4 196
C/IG - - - - -7 2 1 - - - - 10
AC/GT -2 - - - - - - - - - - 2
AG/CT -7 2 - - - - - - - - - 9
AT/AT - 17 8 3 - - - - - - - - 28
AAT/ATT - - 2 - - - - - - - i, - 2
AAAT/ATTT 3 - - - - - - - - - - - 3
AGGGAT/ATCCCT 1 - - - - - - - - - - - 1
Total 251

Supplementary Table Sistribution of SSR loci in the plastome of T. pentaphyllum.

SSR Size Start End Location

type

SSR




mono (A)10 10 142 151 trnH-GUG/psbA (IGS)
mono (T8 8 1497 1504 psbA/trnK-UUU (IGS)
mono (A)8 8 1523 1530 psbAtrnK-UUU (IGS)
mono (A)8 8 3279 3286 matK (CDS)

mono (M1o 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 (M9 9 4770 4778 trnK-UUU/rps16 (IGS)
mono (Mo 10 5003 5012 trnK-UUU/rps16 (IGS)
mono (A)8 8 5680 5687 rpsl16 (intron)
mono (T)8 8 5930 5937 rpsl6 (intron)
mono (A)8 8 7038 7045 psbK/psbl (IGS)

c* (C)10(T)11 21 7153 7173 psbK/psbl (IGS)
mono (A)8 8 7215 7222 psbK/psbl (IGS)
mono (A)14 14 7531 7544 psbl (CDS) - psbl/itrnS-GCU (IGS)
mono (A)8 8 7744 7751 trnS-GCU/trnG-UCC (IGS)
mono (M9 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 (M1o 10 7959 7968 trnS-GCU/trnG-UCC (IGS)
mono (M11 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 (M11 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 atpAatpF (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)S 10 13023 13032 atpH/atpl (IGS)
mono (A)8 8 13411 13418 atpH/atpl (IGS)
mono (M8 8 14511 14518 atpl/rps2 (IGS)

c* (C)8(A)11 19 14556 14574 atpl/rps2 (IGS)
mono (M1i1 11 15340 15350 rps2/rpoC2 (IGS)
mono (T)10 10 17512 17521 rpoC2 (CDS)
mono (A)8 8 17654 17661 rpoC2 (CDS)
mono (M9 9 18046 18054 rpoC2 (CDS)

di (AT)5 10 18884 18893 rpoC2 (CDS)
mono (A)8 8 21336 21343 rpoC1 (CDS)
mono (Miz 12 21985 21946 rpoC1 (intron)
mono (M9 9 21990 21998 rpoC1 (intron)
mono (M8 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 (T8 8 27836 27843 petN/psbM (IGS)
mono (A)8 8 27865 27872 petN/psbM (IGS)

mono (M11 11 28455 28465 psbM/trnD-GUC (IGS)
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Abstract

Key Message Phylogenetic aspects, hotspots of nucleotide divergence, highly divergent genes, and specific RNA edit-
ing sites have been identified and characterized in the plastomes of the subgenus Passiflora.

Abstract The genus Passiflora comprises more than 500 species across five subgenera: Astrophea, Decaloba, Deidamioides,
Passiflora, and Tetrapathea. The most economically relevant species belong to the subgenus Passiflora, whose genetic pool
and diversity among wild species remain poorly characterized. Similarly, little is known about the interspecific relation-
ships within the subgenus Passiflora and the genetic causes of nuclear-cytoplasmic incompatibility observed in interspecific
hybrids. Here, we report the complete nucleotide sequences of six plastomes belonging to species of the subgenus Passiflora,
with the aim of better understanding the evolution of the plastome in this subgenus. Complete plastome sequences revealed
five hotspots of nucleotide polymorphism: three intergenic regions and two coding sequences. Moreover, among 70 RNA
editing sites predicted in our analysis for the subgenus Passiflora, 38 were not shared by all analyzed species, highlighting
their species-specific occurrence. Furthermore, phylogenies based on plastid sequences accurately resolved most relation-
ships between species and suggested a non-monophyletic origin of three super-sections of the subgenus Passiflora, previously
defined solely based on morphological traits. Finally, our findings identified putative candidates, including predicted RNA
editing sites and the coding sequences of accD and clpP genes, responsible for nuclear-cytoplasmic incompatibility in the
interspecific hybrids of Passiflora.

Keywords Passifloraceae - Organelle DNA - Genetic incompatibility - Plastome evolution - Polymorphism hotspots

Introduction species found also in the Old World, Southeast Asia, Aus-

tralia, and Pacific Islands (Yockteng et al. 2011). The first

The genus Passiflora comprises more than 500 species and
is the largest within the pantropical family Passifloraceae
(MacDougal and Feuillet 2004; Rocha et al. 2020). Its center
of diversity in the Neotropics accounts for approximately
95% of all Passiflora species in South America, with some
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Published online: 13 June 2020

infrageneric classification was organized by Killip (1938)
based on floral traits and led to division of the genus Pas-
siflora into 22 subgenera. The current classification based on
morphological characteristics includes only four subgenera:
Astrophea (DC.) Mast., Decaloba (DC.) Rchb., Deidami-
oides (Harms) Killip, and Passiflora Feuillet & MacDougal
(MacDougal and Feuillet 2004). More recently, phylogenetic
analysis has suggested the existence of another subgenus,
Tetrapathea (Krosnick et al. 2009, 2013).

Species of the genus Passiflora are commonly known as
passionflowers and are used for food, medicinal, cosmetic,
and ornamental purposes (Yockteng et al. 2011; Cerqueira-
Silva et al. 2014a; Rocha et al. 2020). All species of eco-
nomic importance belong to the subgenus Passiflora, which
is the richest and comprises 45% of entries in the genus

@ Springer
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Passiflora (MacDougal and Feuillet 2004; Meletti et al.
2005; Yockteng et al. 2011). Wild species of the subgenus
Fassiflora represent a key genetic resource for breeding pro-
grams and identification of new traits, such as resistance to
biotic/abiotic stress and higher productivity. Nevertheless,
they and their accessions are underrepresented within active
germplasm banks of passionflowers. Genetic diversity and
potential application of the genetic pool of most wild spe-
cies in breeding programs have remained largely overlooked
(Cerqueira-Silva et al. 2014a, b, ¢). Another challenge con-
cerning the subgenus Passiflora is represented by interspe-
cific relationships, which are traditionally subdivided in
super-section, section, and series (MacDougal and Feuillet
2004). Molecular phylogenies of the subgenus Passiflora
have failed to produce well-resolved and well-supported
relationships at low-taxon levels. This is because of the
small number of taxa sampled and the lack of informative
sequences (Hansen et al. 2006; Ramaiya et al. 2014).

Plastome sequences are convenient tools for phyloge-
netic inferences (Vieira et al. 2016a; Lopes et al. 2018a)
and genetic diversity studies using single-nucleotide poly-
morphisms or single-sequence repeats (Besnard et al. 2011;
Rogalski et al. 2015; Qiao et al. 2016; Pacheco et al. 2019).
Complete plastome sequences allow the investigation of
usual and rare evolutionary events, such as rearrangements,
loss of genes and introns, horizontal gene transfer, positive
selection, and phylogeography (Wicke et al. 2011; Vieira
etal. 2016b; Lopes et al. 2018b, 2019; Stefenon et al. 2019).
They are also essential for designing appropriate transforma-
tion vectors for biotechnological applications and reverse
genetics in plastids (Rogalski et al. 2006, 2008a; Rogalski
and Carrer 2011; Alkatib et al. 2012; Daniell et al. 2016).
A total of 30 plastomes belonging to different species of
the genus Passiflora have been completely sequenced to
date (Cauz-Santos et al. 2017; Rabah et al. 2019; Shrestha
et al. 2019); they include representative species of the sub-
genera Astrophea, Decaloba, Deidamioides, Passiflora,
and Tetrapathea, which have revealed several rearrange-
ments and losses of genes and introns compared with other
angiosperms.

Interspecific hybridization within the subgenus Passi-
flora is a convenient strategy to increase the performance
of cultivated species by adding new traits and has encour-
aged attempts to develop interspecific hybrid plants (Abreu
et al. 2009). Nevertheless, many combinations of inter-
specific crosses are incompatible and have failed to yield
viable plants (Bugallo et al. 2011; Conceigdo et al. 2011;
Madureira et al. 2014; Ocampo et al. 2016). Furthermore,
Mracek (2005) observed that interspecific crosses involving
Passiflora menispermifolia and several other species of the
subgenus Passiflora, such as P. edulis, P. oerstedii, P. mali-
formis, and P. actinia, produced variegated and chlorophyll-
deficient plants. Analysis of these hybrid plants revealed that
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the plastid genome of P. menispermifolia was incompatible
with the nucleus of the hybrid (Mraéek 2005).

In other angiosperm lineages, instances of nucleus-
plastome incompatibility were elucidated by comparative
analyses of the plastomes of parental plants. In hybrid plants
belonging to the genus Pisum, incompatibility was likely
related to the high divergence of the aceD gene, affecting
the biosynthesis of fatty acids in plastids (Bogdanova et al.
2015). In the genus Oenothera, it was associated with dele-
tion of a promoter region between the c/pP and psbB genes,
affecting the expression of photosynthesis-related genes
(Greiner et al. 2008). Cybrids bearing the nuclear genome
of Atropa belladonna and the plastids of Nicotiana taba-
cum exhibited nucleus-plastome incompatibility related to
a specific RNA editing site in the transcripts of the atpA
gene (Schmitz-Linneweber et al. 2005). This last example
revealed a differential co-evolution of nuclear and plastid
genes between members of the family Solanaceae. Thus,
a more detailed molecular analysis of plastomes within
the subgenus Passiflora will help identify possible factors
responsible for nuclear-cytoplasmic incompatibility. Addi-
tionally, complete plastome sequences and the characteri-
zation of specific molecular markers are pivotal for studies
related to plastid inheritance via any of the three patterns
(maternal, paternal, and biparental) observed within the sub-
genus Passiflora (Lorenz-Lemke et al. 2005; Muschner et al.
2006; Hansen et al. 2006, 2007).

Here, we report the complete plastome sequences of six
species belonging to the subgenus Passiflora and the char-
acterization of corresponding regions with high nucleotide
polymorphism. The complete sequences allow us to infer
the phylogeny based on plastid genes and whole plastomes.
Several aspects related to classification (i.e., super-sections
and sections), diversity of RNA editing sites, and possible
candidates for plastid-nucleus incompatibility observed in
interspecific hybridizations within the subgenus Passiflora
are analyzed and discussed.

Materials and methods

Plant material, chloroplast isolation, and DNA
extraction

Plants of Passiflora cincinnata, P. elegans, P. incarnata, P.
malacophylla, P. maliformis, and P. mucronata were main-
tained under greenhouse conditions at the Department of
Plant Biology, Federal University of Vigosa, Vigosa-MG,
Brazil. Young leaves were collected and kept for 96 hat4 °C
to reduce starch content in chloroplasts. Chloroplast isola-
tion and plastid DNA extraction procedures were carried out
as described by Vieira et al. (2014).
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Plastome sequencing, assembly, annotation
and data archiving statement

Approximately 1 ng of plastid DNA from each species
was used to prepare sequencing libraries using the Nex-
tera XT DNA Sample Prep Kit (Illumina Inc., San Diego,
CA, USA), according to the manufacturer’s instructions.
The obtained library was sequenced on the Illumina MiSeq
platform. The reads were trimmed (threshold with prob-
ability of error <0.05) and assembled de novo in contigs
using the CLC Genomics Workbench 6.5 software (CLC
Bio, Aarhus, Denmark). The number of total and trimmed
reads and the average coverage of the contigs used to assem-
ble the plastomes are shown in Supplementary Table S1.
Gene annotations were carried out first using the program
Dual Organellar GenoMe Annotator (DOGMA) (Wyman
et al. 2004). Then, putative start codons, stop codons, and
intron positions were determined based on comparisons
with homologous genes of other plastomes at the GenBank
database. Posteriorly, all tRNA genes were verified using
the tRNAscan-SE server (Lowe and Chan 2016). The physi-
cal circular map of plastomes was drawn using Organel-
larGenomeDRAW (OGDRAW) (Greiner et al. 2019). The
complete nucleotide sequences and gene features of the six
sequenced plastomes were deposited in the GenBank data-
base under the accession numbers KY820583.1 (Passiflora
cincinnata), MN062356 (P. elegans), MN062357 (P. incar-
nata), MN062358 (P. malacophylla), MN062359 (P. mali-
formis), and MN062360 (P. mucronata).

Structural analysis and identification of hotspots
of nucleotide divergence

The general structural features of plastomes within the
subgenus Passiflora were analyzed by progressive Mauve
based on whole-plastome alignment using Mauve Genome
Alignment 2.3.1 software (Darling et al. 2004). This analy-
sis included the six species sequenced here and another 13
species of this subgenus available from GenBank (Cauz-
Santos et al. 2017; Rabah et al. 2019; Shrestha et al. 2019;
Supplementary Table S2). Populus trichocarpa was used as
the outgroup species.

To identify the hotspots of polymorphism within the sub-
genus Passiflora, whole-plastome alignment was conducted
using MAFFT v.7 (Katoh and Standley 2013). Posteriorly,
the aligned plastomes were analyzed by sliding windows
using the DnaSP v.5 software (Librado and Rozas 2009).
Window length and step size were set to 200 and 50 nucleo-
tides, respectively. Next, we selected the most polymorphic
regions and performed a more detailed sliding window
analysis, with window length and step size set to 20 and 5
nucleotides, respectively.

Phylogenetic reconstruction of the genus Passiflora
based on concatenated protein-coding genes

Phylogenetic inference based on concatenated protein-
coding genes was carried out to infer relationships within
the genus Passiflora. The analysis included six species of
the subgenus Passiflora sequenced here, as well as vari-
ous species of the subgenera Passiflora (thirteen), Deida-
mioides (three), Decaloba (eleven), Astrophea (one), and
Tetrapathea (one) available from the organelle database.
A species of the genus Adenia (family Passifloraceae) and
P. trichocarpa (family Salicaceae) were used as the out-
group species. The GenBank accession number of each
taxon used here is listed in Supplementary Table S2. A
total of 66 conserved protein-coding genes were extracted
from each species and individually aligned using the
Muscle software (Edgar 2004) implemented in Mega 6.0
(Tamura et al. 2013). Subsequently, the aligned genes were
concatenated using DnaSP v.5, which resulted in a total
sequence of 52,023 bp. The best-fit evolutionary model
for each gene was selected following Bayesian Informa-
tion Criterion scores computed in ModelFinder (Kalyaana-
moorthy et al. 2017; Supplementary Table $3). Maximum
likelihood (ML) estimation was conducted using IQTREE
v1.6.10 (Nguyen et al. 2015), and 500 non-parametric
bootstrap replications were used to assess branch support.
Moreover, Bayesian inference (BI) was conducted with
the same dataset. Partition Finder 2 software (Lanfear
et al. 2017) was used to search for the best evolutionary
model for each gene (Supplementary Table S4), and BI
was performed using the MrBayes version 3.2 software
(Ronquist et al. 2012), with one million generations of
two runs of four Markov Chains (three hot and one cold
per run). Lastly, FigTree v.1.4.2 (https://tree.bio.ed.ac.uk/
software/figtree/) was used to visualize the consensus tree
of both ML and BI.

Phylogenomic inference of the subgenus Passiflora
based on whole-plastomes was carried out using ML and
BI methods. First, inverted repeat B (IRB) was omitted to
prevent overrepresentation of IR sequences. Subsequently,
the inversion located at the large single copy (LSC) iden-
tified in P. foetida, when compared with other species
of the subgenus Passiflora, was reoriented to the same
direction as in those species to facilitate analysis (Rabah
et al. 2019, Shrestha et al. 2019). Finally, the plastomes
of the 19 species of the subgenus Passiflora (Supplemen-
tary Table S2) were aligned using MAFFT v.7. ML esti-
mation was conducted using IQTREE v1.6.10 with the
model GTR +F+R2 (selected by ModelFinder) and 500
non-parametric bootstrap replications. BI was conducted
in MrBayes 3.2 using the model GTR + 1+ G (selected by
jModelTest v.2.1.7; Darriba et al. 2012).
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Gene divergence inference and identification
of putative RNA editing sites in protein-coding
genes

The plastomes of the six Passiflora subgenus species
sequenced here and those of the other 13 from the orga-
nelle database contained a set of 72 protein-coding genes.
To determine the rate of gene divergence, they were first
extracted and individually aligned (codon alignment) with
Muscle implemented in Mega 6.0. Posteriorly, phylogenetic
reconstruction was performed to assess gene divergence. The
search for the best substitution model and BI analysis were
performed as described above. Gene divergence was esti-
mated by adding up all total branch lengths that linked the
taxonomic units to the common ancestor of the subgenus
Passiflora based on the 19 species sampled here.

Potential RNA editing sites in protein-coding genes
within the subgenus Passiflora were predicted by the Pre-
dictive RNA Editor for Plants (PREP) suite (Mower 2009).
PREP uses the following 35 reference genes to detect pos-
sible RNA editing sites in the plastomes: accD, atpA, atpB,
atpF, atpl, ccsA, clpP, matK, ndhA, ndhB, ndhD, ndhF,
ndhG, petB, petD, petG, petL, psaB, psal, psbB, psbE, psbF,
psbL, rpl2, rpl20, rpl23, rpoA, rpoB, rpoCl, rpoC2, rps2,
rps8, rpsi4, rpsl6, and ycf3. The cutoff value was set to
0.8 according to that reported by Lopes et al. (2018a) and
Pacheco et al. (2019).

Results

General features of the plastomes
within the subgenus Passiflora

The choice of Passiflora species (P. cincinnata, P. elegans,
P. incarnata, P. malacophylla, P. maliformis, and P. mucro-
nata) was based on their availability in our germplasm
collection and their morphological characteristics (Mon-
din et al. 2011; Chitwood and Otoni 2017a, b; Rocha et al.
2020), which indicated variability in leaf morphology, flow-
ers, fruits, and growth patterns.

The sequenced plastomes of the above species showed
a typical quadripartite structure that included a pair of IRs
(IRA and IRB) and two regions of a single copy, the large
single copy (LSC) and the small single copy (SSC) (Fig. 1
and Table 1). The physical map of P. elegans as a repre-
sentative species of the subgenus Passiflora is illustrated in
Fig. 1, whereas the maps of the other sequenced species are
shown in Supplementary Figs. S1-S5. The plastomes ranged
from 145,644 bp (P. elegans) to 151, 337 bp (P. incarnata).
The size of LSC and SSC regions did not vary significantly
between the species, ranging from 84,208 bp (P. maliformis)
to 86,264 bp (P. cincinnata) and 13,167 bp (P. elegans) to
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13,626 bp (P. incarnata), respectively. In contrast, IRs varied
significantly from 23,689 bp (P. elegans) to 26,337 bp (P.
incarnata). GC content in the six sequenced species ranged
from 36.9% (P. incarnata, P. malacophylla, and P. mali-
formis) to 37.1% (P. cincinnata and P. elegans) (Table 1).

Except for specific features found in P. foetida and P.
menispermifolia (Shrestha et al. 2019), overall structural
characteristics and gene content of the plastomes sequenced
and assembled here (Table 1) were conserved relative to
the other species of the subgenus Passiflora (Cauz-Santos
et al. 2017; Rabah et al. 2019). The plastome of other spe-
cies in the subgenus Passiflora ranges from 133,682 bp
(P. menispermifolia) to 162,226 bp (P. foetida) (Shrestha
et al. 2019), with LSC varying from 84,635 bp (P. foet-
ida) to 88,369 bp (P. menispermifolia), SSC varying from
13,268 bp (P. oerstedii) to 24,873 bp (P. menispermifo-
lia), and IRs varying from 10,220 bp (P. menispermifolia)
to 32,062 bp (P. foetida) (Cauz-Santos et al. 2017; Rabah
et al. 2019; Shrestha et al. 2019). GC content in plastomes
within the subgenus Passiflora ranges from 36.3% (P. men-
ispermifolia) to 37.2% (P. vitifolia). The variation in these
plastome regions among species of the subgenus Passiflora
is influenced by the size of intergenic spacers (IGSs), IR
contraction events, and different patterns of gene degenera-
tion (Table 1; Cauz-Santos et al. 2017; Rabah et al. 2019;
Shrestha et al. 2019).

All plastomes within the subgenus Passiflora analyzed
here shared a different gene order compared with plastomes
belonging to species of related families, such as Salicaceae
and other angiosperms. Structurally, plastomes of the sub-
genus Passiflora have a small inversion of 1.6 kb covering
the pshA and trnH-GUG genes at the beginning of the LSC
region (LCB1; Supplementary Fig. S6). The P. foetida plas-
tome contains a second inversion of approximately 3 kb in
the LSC region, extending the sequence from the trnV-UAC
gene to the arpB gene (LCB2; Supplementary Fig. S6). In all
other species of the subgenus Passiflora, the LCB2 region
follows the same orientation observed in Populus, which was
likely reverted in most species of the subgenus Passiflora.
Compared with P. foetida, all species of the subgenus Pas-
siflora contained a large inversion of approximately 47 kb
in the LSC region, extending from the trnC-GCA gene to
the clpP gene (LCB4 and LCBS5; Supplementary Fig. S6).
This inversion included a reversion of the LCB2 sequence
to the same direction observed in Populus. In addition, the
newly sequenced species have expanded IRs including the
full sequence of the ycf! gene/pseudogene (LCB3; Supple-
mentary Fig. S6).

Our data corroborate the conserved set of genes previ-
ously identified within the subgenus Passiflora (Rabah
et al. 2019; Shrestha et al. 2019). Except for P. foetida, all
species sequenced to date contain 106 unique genes, which
correspond to 72 protein-coding genes, 30 tRNAs, and 4
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Table 1 Summary of the

e Species Total size (Kb) LSC(Kb) SSC(Kb) IR (Kb) GC(%) GenBank
plastome characteristics among
species within the subgenus P. cincinnata Mast 150,783 86,264 13,171 25674 37.1 NC_037690.1
Passifiora completely sequenced ;0 ag 145,644 85,099 13,167 23,680 37.1 MN062356
and assembled in this study
P. incarnata L 151,337 85,643 13,626 26,337 36.9 MN062357
P. malacophylla Mast 148,933 85,173 13,522 25,119 36.9 MNO062358
P. maliformis L 148,868 84,208 13,480 25,590 36.9 MN062359
P. mucronata Lam 150,473 84,859 13,174 26,220 37.0 MN062360

rRNAs (Tables 1 and 2). P. foetida contains two additional ~ subgenus contain only pseudogene form of these two genes,
genes owing to the presence of intact and functional ycff and  except for the plastome of P. elegans, in which the pseu-
vef2 genes (Shrestha et al. 2019). All other species of the  dogene ycf2 was completely lost. Two other pseudogenes
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Table 2 List of genes identified in the plastomes of the subgenus Passiflora completely sequenced and assembled in this study

Group of gene Name of gene

Gene expression machinery
Ribosomal RNA genes
Transfer RNA genes

rrnd 6% rrn23% rrnS®; rrn4.5°

trnA-UGC™; trnC-GCA; trnD-GUC; trnE-UUC; trnF-GAA; trnfM-CAU; trnG-UCC?, trnG-

GCC; trnH-GUG; 1rnl-CAUY; trnl-GAU™; trnK-UUU®, trnL-CAAP; traL-UAAY, trnL-UAG;
trnM-CAU; truN-GUUP; 1rnP-UGG: trnQ-UUG; trnR-ACG": trnR-UCU; trnS-GCU: trnS-
UGA; 1rnS-GGA; trnT-UGU; trnT-GGU; trnV-GAC"; trnV-UAC?; truW-CCA; trnY-GUA

Small subunit of ribosome
Large subunit of ribosome
DNA-dependent RNA polymerase
Intron maturase matK
Genes for photosynthesis
Subunits of photosystem I (PST)
Subunits of photosystem I1 (PSIT)
Subunits of cytochrome bgf
Subunits of ATP synthase
Subunits of NADH dehydrogenase

Large subunit of Rubisco rbcL
Others functions

Envelope membrane protein cemA

Subunit of acetyl-CoA carboxylase accD

C-type cytochrome synthesis cesA

Subunit of protease Clp clpP

Pseudogenes

Genes absent infA; rpsi6; rpl22

rps2; rps3; rpsd; rps8; rpsil; rps12% rpsld; rpsiS; ipsl8; rpsi 9
1pl2%; rpl14; rpll6%; mpI23%; rpl32; rpl33; rpl36
rpoA; rpoB; rpoCl*; rpoC2

psaA; psaB; psaC; psal; psaJ; ycf3%; ycf4

psbA; psbB; psbC; psbD; psbE; psbF; psbH, psbl; psbJ; psbK; psbL; psbM; psbN; psbT; pshZ
petA; petB®; petD”; petG; petL; petN

atpA; atpB; atpE; atpF; atpH; atpl

ndhA®; ndhB™®; ndhC; ndhD; ndhE; ndhF; ndhG; ndhH; ndhl; ndhJ; ndhK

rpl20; rps7°; yef1®; yef2

Genes containing introns; "Duplicated gene

are represented by rps7 and rpl20, whereas other genes
completely lost from plastomes of the subgenus Passiflora
include infA, rpsi6, and rpl22, as well as the introns of clpP
and atpF.

Phylogenies of the genus Passiflora

Phylogenetic inferences were carried out based on 66 con-
catenated plastid protein-coding genes, using both ML and
BI on 37 sampled species of the genus Passiflora plus one
species of the genus Adenia. ML and BI inferences produced
a consensus tree with identical topology and log-likelihood
(InL) values of — 176,769.6603 and — 176,776.8088, respec-
tively (Fig. 2a). This phylogeny expands on the inference
performed by Shrestha et al. (2019) by including five addi-
tional species of the subgenus Passiflora sequenced here (P.
cincinnata was already included in that study). All nodes
except the indicated ones (six nodes) exhibited bootstrap
support (BS) and posterior probability (PP) values of 100%.
Adenia mannii was strongly supported as sister to the genus
Passiflora. P. pittieri (subgenus Astrophea) was sister to
P. arbelaezii (subgenus Deidamioides), forming a sister
group to the clade containing all other Passiflora species.
This clade could be divided into two other clades. One was
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formed by all species of the subgenus Passiflora and sup-
ported strongly (100% BS and PP) the monophyletic origin
of this subgenus. The other clade was formed by P. cirrhi-
flora and P. contracta (Deidademioides) and was strongly
supported (100% BS and PP) as a sister to the subgenera
Tetrapathea (represented here by P. tetrandra), Decaloba,
and Deidamioides (P. obovata). P. tetrandra was sister to
the subgenus Decaloba (94% BS and 100% PP). Within the
subgenus Decaloba, P. microstipula was sister to the clade
formed by P. obovata (Deidamioides) and other species of
the Decaloba subgenus (100% BS and PP). These results
indicate a polyphyletic origin of the subgenus Deidaniioides,
as suggested by one sister species to the subgenus Astro-
phea, two sister species to the subgenera Tetrapathea and
Decaloba, and one within the clade containing species of
the subgenus Decaloba.

P. foetida was demonstrated to be the early-divergent line-
age within the subgenus Passiflora. P. menispermifolia, P.
oerstedii, P. retipetala, and P. mucronata formed a sister
group to the clade constituted by all other species of this
subgenus. Within this clade, P. elegans and P. actinia formed
a sister group to the clade comprising the remaining spe-
cies. Among them, P. incarnata was sister to two other sub-
clades: the first composed of P. serratifolia, P. maliformis, P.
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Fig.2 a Phylogenetic tree of the family Passifloraceae, including
Adenia mannii and 37 species of the genus Passiflora, based on 66
plastid protein-coding genes. Populus trichocarpa was used as out-
group species to root the tree (omitted from the figure). The tree
topology was identical across maximum likelihood (ML) and Bayes-
ian inference (BI) analysis. The numbers in front of the nodes are
bootstrap support (BS) values from ML analysis and posterior prob-
abilities (PP) from BI, respectively (BS/PP). The numbers in front of

serratodigitata, and P. ligularis and the second composed of
P. vitifolia, P. malacophylla, P. nitida, P. laurifolia, P. edulis,
P. cincinnata, and P. quadrangularis. Within the latter clade,
P. nitida and P. laurifolia (95% BS and 100% PP) formed a
sister group to the clade composed of P. quadrangularis, P.
cincinnata, and P. edulis. This clade was poorly supported
by ML analysis (42% BS) but well supported by BI (99%
PP). Additionally, P. edulis was sister to a clade composed of
P. quadrangularis and P. cincinnata, which was also poorly
supported in our ML analysis (53% BS) but well supported
by BI (100% PP). All other nodes were well supported,
with BS values ranging from 94 to 100%. A comparison of
our phylogenetic tree of the subgenus Passiflora with the
classification of MacDougal and Feuillet (2004) based on
morphological features and growth patterns reveals that the
following groups were not monophyletic (Fig. 2): super-sec-
tion Passiflora and series Passiflora (red squares; Fig. 2b),
super-section Laurifolia (triangles, Fig. 2b), super-section
Stipulata, and section Granadillastrum (circles; Fig. 2b). On
the other hand, the series Laurifoliae (two species; purple

L—— P tenniloba

the nodes with 100% of both BS and PP values were omitted. The
branch length is proportional to the inferred divergence level and
the scale bar indicates the number of inferred nucleic acid substitu-
tions per site. The subgenera Astrophea, Decaloba, and Passiflora are
indicated to the right of the tree. b The classification of the subgenus
Fassiflora proposed by MacDougal and Feuillet (2004) is indicated
by colored symbols in front of the species in the tree. §Suriname,
FFrench Guiana

triangle; Fig. 2b) and Tilifolia (three species; green triangle;
Fig. 2b) from the super-section Laurifolia formed monophy-
letic groups in our phylogeny tree.

Lastly, we used concatenated genes to further investigate
the relationships that were poorly supported in our tree.
To this end, we carried out a phylogenomic analysis of the
subgenus Passiflora based on whole plastomes. ML and
BI analyses generated a consensus tree with InL values of
-295,564.9791 and -296,162.7267, respectively (Supplemen-
tary Figs. S7 and S8). The relationships visualized in both
phylogenomic trees (ML and BI) confirmed the arrange-
ments inferred in our phylogeny based on plastid genes
(Fig. 2). The only exceptions were the positions of P. edu-
lis, P. quadrangularis, and P. cincinnata (red-dashed box;
Supplementary Figs. S7 and S8). Based on plastid genes,
P. quadrangularis was sister to P. cincinnata (using both
ML and BI), whereas P. nitida and P. laurifolia formed a
sister clade to P. quadrangularis with high support values
(96% BS and 100% PP; Supplementary Figs. S7 and S8).
In the Bayesian phylogenomic tree (Supplementary Fig.
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S8), P. edulis was sister to P. cincinnata (99% PP), and both
these species formed a sister group to the clade containing
P. nitida, P. laurifolia, and P. quadrangularis (100% PP).
However, in the ML phylogenomic tree (Supplementary Fig.
S7), P. nitida, P. laurifolia, and P. quadrangularis formed a
sister clade to P. cincinnata with low support (34% BS), and
all four species formed a sister group to P. edulis.

015
i 1 - psbA | trnH-GUG

4 2 — trnK-UUU | trnQ-UUG
3 —rpoB /rpsi2

4 —psal | rbcL
5-trnT-GGU/ trnE-UUC

Nucleotide Position

Fig.3 Sliding window analysis of aligned whole plastomes of the
subgenus Passiflora. The regions with high nucleotide variability
(Pi>0.05) are indicated. Pi, nucleotide diversity of each window.
‘Window length, 200 nt; step size, 50 nt

(A)

clpP rps12

— Pi
rpoB
04
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Nucleotide Position

Fig.4 Sliding window analysis of the subgenus Passiflora on selected
plastome regions. a Plastome region including the rpoB, clpP, and
rpsi2 (first exon) genes. b Plastome region including the psal, accD,
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Hotspots of nucleotide diversity in the plastomes
of the subgenus Passiflora

To identify fast-evolving plastid sequences within the sub-
genus Passiflora, we performed a sliding window analysis
using whole plastomes. IGSs between psbA and trnH-GUG,
trnK-UUU and trnQ-UUG, and trnT-GGU and trnE-UUC
showed high nucleotide variability (Pi> 0.05), but the high-
est peaks of nucleotide polymorphism were located between
rpoB and rpsi2 (Pi>0.1) and psal and rbcL (Pi>0.15)
(Fig. 3).

Considering that rpoB/rpsi2 and psal/rbcL IGSs enwrap
the coding sequences (CDS) of clpP and accD, respectively,
we used a narrower window that enabled us to identify the
most divergent sequences within these hotspots. The clpP
gene displayed numerous peaks of nucleotide polymor-
phism, which contrasted with the conserved nucleotides in
the surrounding sequences of rpoB and rpsi2 and even in
IGSs (Fig. 4a and Supplementary Fig. S9). Similarly, the
accD gene exhibited several peaks of nucleotide polymor-
phism, whereas the surrounding psal and rbcL genes were
highly conserved (Fig. 4b and Supplementary Fig. S10).
Although the promoter sequence and most of the accD
gene were highly divergent, the C-terminus of the gene and
the 3'-untranslated region appeared highly conserved, as
reported by Rabah et al. (2019). In spite of high nucleotide
variability in the promoter region and N-terminus of the
accD gene, we successfully mapped two putative plastome
start codons of accD that were conserved in all species of

(B)

rbel

accD

T TT
60006400 68007200 7600 8000

Nucleotide Position

and rbcL genes. The arrows indicate the position of the two putative
start codons located in the accD gene. Pi, nucleotide diversity of each
window; window length, 20 nt; step size, 5 nt
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the subgenus Passiflora sampled. They were located in small
conserved sites between large sequences characterized by
elevated nucleotide variability. Valleys in the sequences are
indicated by two arrows in Fig. 4b, and the positions of the
putative start codons are shown in Supplementary Fig. S10.
The first putative start codon would result in short CDS,
ranging from 1071 bp in P. foetida to 1896 bp in P. men-
ispermifolia. The second putative start codon would result
in large CDS, ranging from 1620 bp in P. foetida to 4236 bp
in P. menispermifolia. In comparison, the size of the CDS of
the accD gene is 1497 bp in P. trichocarpa (NC_009143.1),

1467 bp in Arabidopsis thaliana (NC_000932.1), and
1539 bp in N. tabacum (NC_001879.2).

Gene divergence and RNA editing sites
in protein-coding genes of the subgenus Passiflora

To study plastid gene evolution within the subgenus Pas-
siflora, we inferred gene divergence of the 72 protein-cod-
ing genes based on phylogenetic trees (Fig. 5). Given the
existence of two putative start codons within the subgenus
Passiflora, we considered both possible CDS (accD 1*

Fig.5 Divergence of the plastid yof
protein-coding genes among yef3
species of the subgenus Passi-
flora. The gene divergence was P13 4
estimated by the sum of total
branch lengths in each gene tree
inferred. aceD 1*: accD gene
starting from the putative start e
codon 1 (shorter CDS); accD
2%: accD gene starting from the
putative start codon 2 (larger
CDS)
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and accD 2%; Fig. 5), thus totaling 73 gene sequences. As
pointed out by the sliding window analysis, accD (irrespec-
tive of start codon) and ¢/pP were by far the most diver-
gent genes (Fig. 5). Both putative accD CDS demonstrated
highly variable branch lengths between the species sampled
here, with accD 2* being the most divergent. The cIpP gene
showed similar high variability and segregation into three
groups: the first, with large branch lengths and composed
of P. mucronata, P. retipetala, P. oerstedii, and P. men-
ispermifolia; the second composed only of P. foetida and
with intermediate branch lengths; and the third containing
relatively short branch lengths and formed by the remaining
species. Regarding accD 1'* (Fig. 5), the clade composed of
P. mucronata, P. retipetala, P. oerstedii, and P. menispermi-
Jolia segregated equally to the group with very large branch
lengths. The remaining genes, showing branch length values
shorter than 0.018, were grouped according to their function
(Supplementary Figs. S11-13).

Next, we described the putative RNA editing sites in
protein-coding genes. All RNA editing sites were predicted
to occur in the first or second positions of the codons, and
all nucleotide changes observed here were from cytidine to
uridine. We identified 70 putative RNA editing sites in 21
genes, of which 42 were shared by all species of the sub-
genus Passiflora (Supplementary Table S5). Fourteen sites
predicted to be lost in one or more species are highlighted
by colored triangles in Fig. 6. Among them, 12 sites were
putatively lost owing to the fixation of thymine in the DNA

sequence, which restored the conserved amino acid and
eliminated the need for RNA editing. The other two sites,
matK (190) and ndhD (369), were located in non-conserved
regions of the protein. In the case of matK, for most spe-
cies the putative RNA editing site was CCA (P)>TCA
(S), except for the plastomes of P. malacophylla and P.
actinia, whereby they were ACG (T) and CGG (R), respec-
tively. Similarly, ndhD was predicted to be edited as ACT
(T)> ATC (I) in all species, except P. cincinnata, where it
was AAC (N). Conversely, 14 sites were putatively acquired
by one or more species and are highlighted by a colored
square in Fig. 6. Among these, 13 sites were likely acquired
by mutational events that replaced thymine with cytosine
in the DNA sequence, making RNA editing necessary to
restore the conserved amino acids. The last site, rpoCI
(681), was only predicted in the plastome of P. maliformis,
where the codon CCA (P) was putatively edited to TCA
(S), whereas all other species displayed the codon CAA
(Q), which was not predicted to be edited (Supplementary
Table S5).

We plotted the gained and lost RNA editing sites against
our phylogenetic tree of the subgenus Passiflora (Fig. 6).
We also included the insertion of six nucleotides of the third
exon of rpsl2 identified in some Passiflora species (Sup-
plementary Fig. S14). This insertion was absent from the
plastome of Populus but seemed to originate from a dupli-
cation event of the stretch 5-AAAAAG-3'" and was found
here in Adenia and most Passiflora species analyzed, except

P, foetida il W A A Deletion within the exon 3 of r7psi2 gene @ | Loss of editing site: marK (190) A
P menispermifolia® A [0 or Citing site: apl (1) B | Loss of editing site: ndhd 319) 4
P, oerstedii |}
P retipetala | Gain of editing site: ndhB (228) B | Loss of editing site: ndhB (423) A
P mucronata | Gain of editing site: petB (97) Loss of editing site: ndhD (7)
— Pel A
— P actinia A Gain of editing site: petl (22) B | Loss of editing site: ndhD (200) A
P incarnata W Gain of editing site: rpoC1 (352) W | Loss of editing site: ndhD (369) A
P malacophylia A A
P cincinnata B A Gain of editing site: rpoC1 (471) B | Loss of editing site: ndhD (402) A
A P quadrangularis |l Gain of editing site: rpoClI (484) B | Loss of editing site: ndhG (105) A
° P edulis @l A ofedm - " — -
P nitida Gain of editing site: rpoC1 (627) W | Loss of editing site: petD (139) A
P, laurifolia W Gain of editing site: rpoC1 (681) B | Loss of editing site: psal (28) A
P vitifoli
A P majil_'farmis M Gain of editing site: rpoC2 (240) B | Loss of editing site: pshE (72) A
_E P, serratodigitata Gain of editing site: rpoC2 (581) B | Loss of editing site: rpod (301)
i hgulnfis 'A mrA Gain of editing site: rpoC2 (727) B | Loss of editing site: rpoC2 (726)
Gain of editing site: rps2 (214) Loss of editing site: rpoC2 (904) A
Gain of editing site: rps8 (76)

Fig.6 Differences in the predicted RNA editing sites and rpsi2
gene sequence among species of the subgenus Passiflora are plotted
against the phylogenetic tree of the subgenus Passiflora (Fig. 2). The
predicted changes in the RNA editing include gains (colorful squares)
and losses of sites (colorful triangles). The numbers between paren-
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theses indicate the amino acid position of the referred RNA editing
sites. The red circle indicates the clade that lost an insertion of six
nucleotides (5'-AAAAAG-3") within the exon 3 of the rps/2 gene
that is present in all other species of the genus Passiflora (Supple-
mentary Figure S14)
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for P. vitifolia, P. malacophylla, P. laurifolia, P. nitida, P.
edulis, P. quadrangularis, and P. cincinnata of the subgenus
Passiflora. Hence, we suggest that this insertion originated
in the common ancestor of Adenia and the genus Passiflora
but was likely lost in the common ancestor of the above
seven species (red circle, Fig. 6). Concerning the distribu-
tion of RNA editing sites, most putative gains and losses
were species-specific. However, some of the predicted losses
likely occurred in the common ancestor of some species,
such as the sites of the genes rpoC2 (726), ndhG (105), and
psbE (72) (Fig. 6). The RNA editing site marK (190) seems
to have been lost at least twice within the subgenus Pas-
siflora given that it was shared by P. actinia and P. mala-
cophylla (green triangle, Fig. 6). The same seems to be the
case for the RNA editing site ndhD (200), which was lost in
the plastome of P. elegans and P. malacophylla (light blue
triangle, Fig. 6). Furthermore, the putative gain of the RNA
editing site in rpoCI (484) (red square; Fig. 6) was shared
by P. oerstedii, P. retipetala, and P. mucronata but did not
appear in the plastome of P. menispermifolia. Therefore, we
suggest that this site was acquired by the common ancestor
of these four species but was posteriorly lost in the plastome
of P. menispermifolia. P. foetida contained the highest num-
ber of specific RNA editing site events (three gains and two
losses), followed by P. serratifolia (two gains and one loss),
P. malacophylla (three losses), and P. menispermifolia (one
gain and two losses) (Fig. 6).

Discussion

Plastomes of the subgenus Passiflora harbor
hotspots of nucleotide diversity useful for genetic,
breeding and conservation purposes

Hotspots of nucleotide polymorphisms in plastome
sequences are suitable tools for genetic studies and the char-
acterization of germplasm collections (Rogalski et al. 2015;
Daniell et al. 2016). Our data and previous reports (Rabah
et al. 2019; Shrestha et al. 2019) indicate that with the excep-
tion of P. foetida and P. menispermifolia, the plastomes of
the subgenus Passiflora share conserved structural features
and most genes. Consequently, the low variation among
structural markers or plastid genes precludes their applica-
tion in interspecific or intraspecific genetic studies within
this subgenus. A previous study tested the efficiency of some
plastid sequences (rbcL and matK CDS, trnH-GUG/psbA
IGS, and the rrnL-UAA intron) for DNA barcoding in Pas-
siflora, but their low interspecific variability was insufficient
to discriminate among plants at the subgenus level (Giu-
dicelli et al. 2015). Our gene divergence analysis revealed
low nucleotide diversity in rbcL and matK CDS within the
subgenus Passiflora, and the sliding window analysis failed

to identify the rrnL-UAA intron as a hotspot of nucleotide
diversity. Only the trnH-GUG/psbA IGS was identified in
our sliding window analysis as a polymorphic region of the
plastome, making it a potential molecular marker. Plastid
sequences, including those of the rps4 gene, trnL-UAA
intron, and trnL-UAA/trnF-GAA and psbA/trnH-GUG
IGSs, were previously used to investigate plastid inheritance
in intraspecific and interspecific crosses (Lorenz-Lemke
et al. 2005; Muschner et al. 2006; Hansen et al. 2007).
Although our data suggest that only the psbA/trnH-GUG
IGS is suitable for this purpose, these pioneering studies
nevertheless provided evidence of plastid inheritance in such
crosses. Appropriate molecular markers will increase the
ability to discriminate between plastid inheritance patterns
at the subgenus level and direct researchers toward efficient
breeding and conservation strategies.

Our analyses revealed that aceD and clpP CDS as well
as trnT-GGU/trnE-UUC, trnK-UUU/trnQ-UUG, and
psbA/trnH-GUG IGSs showed the highest nucleotide pol-
ymorphism in the plastomes of the subgenus Passiflora.
These sequences can be employed in studies on plastid
inheritance, polymorphism in plastid DNA, genetic diver-
sity, genetic divergence in natural populations, and charac-
terization of germplasm collections. Thus, we suggest the
use of these highly polymorphic sequences to further inves-
tigate plastid genetics and inheritance. Given that cIpP and
accD are flanked by conserved genes, it is highly viable to
design primers for detecting polymorphism in intraspecific
and interspecific crosses and use them as effective molecular
markers.

Phylogenies based on plastid sequences reveal
inconsistencies within the subgenus Passiflora
and a non-monophyletic pattern of super-sections

In our phylogenetic trees based on plastid protein-coding
genes and either ML or BI, the relationships between the five
subgenera of Passiflora showed the same pattern reported by
Shrestha et al. (2019). The only inconsistencies concerned
the position of P. quadrangularis, P. edulis, and P. cincin-
nata. The differences between our results and those obtained
by Shrestha et al. (2019) may be related to the increased
number of species used here, which affected the relation-
ships between them.

MacDougal and Feuillet (2004) classified the species
belonging to the subgenus Passiflora into six super-sections:
Fassiflora, Stipulata, Laurifolia, Coccinea, Distephana, and
Tacsonia. The super-sections Passiflora and Laurifolia were
subdivided into four series, and the super-sections Stipulata
and Tacsonia were classified into five and eleven sections,
respectively (MacDougal and Feuillet 2004). Our phylog-
eny comprised 19 taxa of the subgenus Passiflora, including
representative species of the super-sections Coccinea (one
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species), Laurifolia (six species), Passiflora (five species),
and Stipulata (seven species). Except for the super-section
Coccinea, which was only represented by one species, all
other super-sections sampled here demonstrated a non-
monophyletic pattern. A previous phylogeny of the subge-
nus Passiflora, using only 10 species and based on internal
transcribed spacers of nuclear ribosomal DNA, placed two
species of the super-section Stipulata into different clades
in line with our results (Ramaiya et al. 2014). Here, this
super-section was paraphyletic and was represented by
two sections: Dysosmia (P. foetida) and Granadillastrum
(six species). P. foetida was sister to all other species of
the subgenus Passiflora and showed unique features within
this subgenus such as the presence of intact ycfl and ycf2
genes, absence of the rearrangement located in the LSC
region (47 kb), and specific gain and loss of RNA editing
sites. The section Granadillastrum was paraphyletic in our
phylogeny and included two different clades. The first clade
composed of P. menispermifolia, P. oerstedii, P. retipetala,
and P. mucronata, which shared the loss of only one putative
RNA editing site and, except for P. menispermifolia, the gain
of a specific RNA editing site. The second clade formed by
P. elegans and P. actinia, which was sister to the species of
the other super-sections and does not share the same pattern
of RNA editing sites identified in those species of the section
Granadillastrum.

The super-section Laurifolia is represented here by the
series Quadrangularis (one species), Laurifoliae (two
species), and Tilifolia (three species). P. quadrangularis
(series Quadrangularis) was positioned within the clade
that included two species of the super-section Passiflora
and two species of the series Laurifoliae (P. nitida and P.
laurifolia). The three species of the series Tilifolia formed
a monophyletic clade and shared the loss of the RNA edit-
ing site psbE (72). Moreover, the super-section Passiflora
(represented here by five species of the series Passiflora)
was polyphyletic in our phylogeny. Accordingly, we did not
predict synapomorphy for this super-section in terms of gain
or loss of RNA editing sites. All species of the super-sec-
tions Passiflora and Laurifolia shared the loss of the RNA
editing site predicted in the ndhG gene. Lastly, loss of the
rpsl2 insertion constituted a synapomorphy of the clade
that included representatives of the super-section Laurifo-
lia (series Quadrangularis and Laurifoliae) and all species
of the super-section Passiflora, except for the plastome of
P. serratifolia.

Taken together, our analyses of plastome evolution within
the subgenus Passiflora strongly suggest that the super-sec-
tions Passiflora, Stipulata, and Laurifolia are not monophy-
letic groups. However, two super-sections (Distephana and
Tacsonia) are absent from our tree. Thus, inclusion of spe-
cies belonging to these two super-sections, as well as from
super-sections and sections/series underrepresented here
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(super-section Coccinea and series Quadrangularis), would
be required for a more complete and accurate comparison
between the present molecular phylogeny of the subgenus
and the classification proposed by MacDougal and Feuillet
(2004). A more complete phylogeny could also resolve some
of the discrepancies discussed previously. The inconsisten-
cies described by Rabah et al. (2019) among infrageneric
relationships in the genus Passiflora were mainly because
of taxon sampling (Shrestha et al. 2019), and we believe
that this could also be the case in our phylogeny. Although
we used 19 taxa of the subgenus Passiflora in our analy-
ses, the exact phylogenetic position of these species will be
properly resolved only by employing more complete plas-
tome sequences, which highlights the importance of plastid
genomics for phylogenetic purposes.

Do putative RNA editing sites and fast-evolving
genes contribute to nuclear-cytoplasmic
incompatibility during interspecific hybridization
within the subgenus Passiflora?

Our data predicted significant variation in RNA editing
sites even among species that were closely related based on
phylogenetic inferences. RNA editing affects plastid gene
expression and, consequently, could be involved in nuclear-
cytoplasmic incompatibility in interspecific hybrids. The
RNA editing machinery is fully encoded by the nucleus
and composed of site-specific trans-acting factors that are
required for correct recognition of particular plastid RNA
editing sites (Ichinose and Sugita 2016; Shikanai 2006; Sun
et al. 2016). Therefore, most specific trans-acting factors
are expected to co-evolve with their respective RNA editing
sites (Schmitz-Linneweber et al. 2005). This co-evolution
was elegantly illustrated in Solanaceae using a cybrid con-
taining the nucleus of A. belladonna and the plastome of
N. tabacum, whereby the abnormal albino phenotype was
determined by a failure to edit a specific site of the ATPase
a-subunit transcript of N. tabacum and hence impairing
photosynthesis (Schmitz-Linneweber et al. 2005). Interest-
ingly, in our analysis of RNA editing sites, we predicted a
specific site in the plastome of P. menispermifolia located in
the rpoC1 gene. This site was predicted to be converted from
A (GCU) to V (GUU), restoring an amino acid conserved
in all other species of the subgenus Passiflora investigated
here. The rpo genes (rpoA, rpoB, rpoC1, and rpoC2) encode
the core subunits of the plastid-encoded RNA polymerase
(PEP) (Hajdukiewicz et al. 1997; Swiatecka-Hagenbruch
et al. 2008; Borner et al. 2015). A non-functional PEP can
lead to a variegated (heteroplasmy) and/or albino (homo-
plasmy) phenotype (Allison et al. 1996; Krause et al. 2000).
Absence of RNA editing in rpoCI (352) in the plastome
of P. menispermifolia could interfere with PEP assembly
and, consequently, promote incompatibility in this species
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(Mracek, 2005). The other three RNA editing sites predicted
in P. menispermifolia and P. oerstedii (rpoA, rpoCl, and
psal) corresponded to losses in the plastome of P. menisper-
mifolia. Additional species-specific differences related to the
presence or absence of RNA editing sites were identified
here, representing putative candidates for incompatibility
(Conceigao et al. 2011; Ocampo et al. 2016). Lack of RNA
editing at these sites could impair plastid gene expression
(rpoA, rpoCl, and rpoC2), plastid translation (rps2 and
rps8), photosynthesis (petB, petD, petL, and psbE), and
chlororespiration (ndhA, ndhB, ndhD, and ndhG). Among
them, we found several essential genes that could lead to
embryonic lethality; these include rps2, which is essential
for cell viability in tobacco (Rogalski et al. 2008b), and rps8,
which has not been analyzed in plants but is essential in
Escherichia coli (Shoji et al. 2011). Recently, a clear exam-
ple emerged from analyzing a specific RNA editing site in
the rpsi4 gene of Arabidopsis (Sun et al. 2018).

We propose accD and clpP as additional mediators of
nucleus-plastome incompatibility. According to our data, the
main differences between plastomes of the subgenus Passi-
Sflora were concentrated in these two genes, which were iden-
tified as hotspots of nucleotide divergence. The accD gene
is essential for cell viability (Kode et al. 2005). It encodes
the B-carboxyl transferase subunit of the heteromeric acetyl-
CoA carboxylase (ACCase), which catalyzes the first com-
mitted step for de novo fatty acid biosynthesis in plastids
(Rogalski and Carrer 2011; Salie and Thelen 2016). Rabah
et al. (2019) also reported a highly divergent accD gene
in the genus Passiflora marked by the presence of tandem
repeats within its sequence. We detected also several inser-
tions composed of repetitive amino acid sequences, which
split the accD domains. The insertions were highly variable
in terms of amino acid residues and size, resulting in widely
divergent lengths of the predicted AccD protein (from 535
amino acids in P. foetida to 1122 amino acids in P. menisper-
mifolia). The clpP gene is also essential for cell viability and
encodes a proteolytic subunit of ATP-dependent protease
(Clp), a large proteolytic complex involved in plastid protein
homeostasis (Shikanai et al. 2001; Kuroda and Maliga 2003;
Moreno et al. 2018). The elevated divergence of the clpP
gene observed here is in line with the high substitution rate
in this gene within the genus Passiflora detected by Shrestha
et al. (2019). Both clpP and accD genes encode plastid subu-
nits for multi-subunit protein complexes formed by nuclear
and plastid gene products, which have to co-evolve harmoni-
ously to allow for the correct assembly of subunits and the
building of a functional enzymatic complex (Greiner and
Bock 2013). In addition, accD and clpP genes displayed
high divergence among species of the genus Silene, which
was accompanied by rapid evolution of nuclear genes encod-
ing the other subunits of the multi-subunit ACCase and Clp
enzymatic complexes (Rockenbach et al. 2016). There is a

strong likelihood of an accelerated co-evolution between
highly divergent accD and clpP plastid genes in Passiflora
species and their counterparts encoded by the nucleus to
build functional enzymatic complexes. Failure to assemble
these protein complexes would impair fatty acid biosynthesis
and plastid protein homeostasis, leading to cell death (Shika-
nai et al. 2001; Kuroda and Maliga 2003; Kode et al. 2005).
Bogdanova et al. (2015) attributed the failure to obtain plant-
lets in crosses between wild and domesticated accesses of
peas to the high divergence between nuclear and plastid-
encoded components of the heteromeric ACCase.

Analysis and characterization of genes that encode the
nuclear subunits of ACCase/Clp and experimental validation
of the RNA editing sites predicted here will help to deter-
mine their involvement in nucleus-plastid incompatibility
during interspecific hybridization of Passiflora. However,
other possible players such as the promoter sequence can-
not be discarded given that a complex interplay between
nuclear-encoded and plastid-encoded RNA polymerases
governs plastid transcription. In the genus Oenothera, dele-
tion in a promoter sequence underlined the incompatibil-
ity observed in interspecific crosses (Greiner et al. 2008;
Greiner and Bock 2013).

Conclusions

Here, we report the complete plastome sequences of six
species belonging to the subgenus Passiflora. Gene diver-
gence and sliding window analyses revealed that accD and
clpP were the most divergent sequences in 19 species of
the subgenus Passiflora characterized here. Additionally,
we identified three intergenic regions as hotspots of nucleo-
tide divergence, which could foster future genetic analyses.
Our phylogenetic inferences based on plastid genes of the
genus Passiflora were congruent with recent studies. Fur-
thermore, the subgenus Passiflora formed a monophyletic
and well-resolved clade but exhibited low support for the
relationships between P. quadrangularis, P. edulis, and
P. cincinnata. The phylogenetic position of these species
was inconsistent between our tree based on plastid genes
and the phylogenomic tree based on whole-plastomes. A
larger taxon sample will resolve these incongruities. The
super-sections Passiflora, Stipulata, and Laurifolia formed
non-monophyletic groups in our phylogeny of the subgenus
Passiflora. However, two super-sections proposed for this
subgenus were absent from our phylogeny, and the super-
section Coccinea was only represented by one taxon, sug-
gesting that caution should be employed when interpreting
the present results. Moreover, our RNA editing prediction
revealed the presence of species-specific RNA editing sites
within the subgenus Passiflora. Finally, the data allow us
to speculate that the predicted diversity of RNA editing
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sites and the high divergence of the accD and clpP genes
are putative candidates for nuclear-plastid incompatibility
observed in interspecific hybrids. However, rapidly evolv-
ing genes and divergent RNA editing sites have yet to be
individually analyzed and experimentally confirmed. Taken
together, our data point to new molecular markers and evo-
lutionary features applicable to genetic, breeding, and con-
servation studies of the subgenus Passiflora.
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Supplementary Fig. S1Gene 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. S2Gene 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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Passiflora malacophylla

chloroplast genome
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Supplementary Fig. S3Gene 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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Passiflora maliformis

chloroplast genome
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Supplementary Fig. S4Gene 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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Passiflora mucronaia

chloroplast genome
150,473 bp
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Supplementary Fig. S5Gene 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. S6Multiple alignments of Passiflora plastomes (subgenus Pasgiflora
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-
GCAgenes). The LCB 3 includes the ycfl 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)
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100

P. mucronata

P. elegans

P actinia

P, incarnata

P. malacophvila

P. cincinnata
P. guadrangularis i
P. nitida

P, laurifolia

P, vitifolia

P. maliformis

100

P. serratodigitata
100

P ligularis

P. serratifolia

P, foetida

0.004

Supplementary Fig. S7Phylogenomic 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
Bl tree generated with the same dataset (Supplementary Fig. S8) and the consensus tree basec
on genes concatenated (Fig. 3)
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Supplementary Fig. S8Phylogenomic tree of the subgenus Passiflora based on whole
plastomes of 19 taxa using Bayesian inference (Bl). 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 gene

concatenated (Fig. 3)
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Supplementary Fig. S9Clustalw 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. S1QClustalw alignment of the plastome region including the genes psal
accD, and rbcL. The 19 available species of subgenus Passiflora (including the species
sequenced here) were sampled. The sequences of the psal 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 newecbnse

sequences for five to seven taxa; and white indicate non-conserved sequences
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Supplementary Fig. S11Divergence of plastid genes related to gene expression machinery in

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

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

ribosome (rps genesg; 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. S12Divergence of plastid genes related to photosynthetic machinery in
the subgenus Passiflora.Genes encoding subunits of ATP synthase (atp gebeSgnes
encoding subunits of photosystem | (psa gere&gnes encoding subunits of photosystem Il
(psb genes)d Genes encoding subunits of cytochromge domplex (pet genes). The gene

divergence was estimated by the sum of total branch lengths inferred in each gene tree



ndhk ] @« Tv e B e P qactinia
ndhJ o & & ey Am © P cincinnata
ndhl - m 4 o m & mew e 28 O v P edulis
ndhH e dcmp o ve m & P elegans
L 1dhG e m & v 4 & w v * B @ m P foetida
5 nelhF 1 B A Mo @ree W S0 B m P incarnaia
ndhE { @ » = ® @ ¢ P lawrifolia
ndhD ¢ 4 oW v ¢ & B aw * P ligularis
ndhC T e @ o e & P omalacophvila
ndhB B @B v P maliformis
ndhA B PLA OIS O T ® P menispermifolia
T T T ® P mucronata
0.000 0.005 0,010 0,015 0.025 ] P. nitida
Branch length ¢ P oerstedi .
b v P gquadrangularis
& P retipetala
o o 1
rbel - = » vy &  wmae P. serratifolia
® P serratodigitata
o mak 1 B W esewm 4 wde ¢ Pvilifolia
&
cemd v L) Saine e @
cesd A ¢ ® W semy ¥ W 0¥ m
0,000 0.005 0.010 0.020
Branch length

135

Supplementary Fig. S13Divergence of plastid genes in the subgenus Passiffofzenes
encoding subunits of NDH complex (ndh genésizenes related to other functions (see the
Table 1for 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. S14Alignment 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 th
“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. S15Clustalw 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 codonl1) 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 Table S1Features of the reads and contigs used for plastome assembly

Species Subgenus | Total Trimmed Average coverage of the contigs
reads reads 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 S2List of species included in the phylogenetic inferences

Espécies Subgénero 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.foetidal. Passiflora NC 043825.1
P. incarnatd.. Passiflora MNO062358

P. laurifoliaL. Passiflora NC 038121.1
P. ligularis Juss. Passiflora NC 038122.1
P.malacophylla Mast. Passiflora MNO062358

P. maliformisL. Passiflora MNO062359

P. menispermifolia Kunth Passiflora NC 043826.1
P. mucronata Lam. Passiflora MNO062360

P. nitida Kunth Passiflora NC_038123.1
P. oerstedii Mast. Passiflora NC 038124.1
P. quadrangularis. Passiflora NC_038126.1
P. retipetala Mast., 1893 Passiflora NC_038188.1
P. serratifolial. Passiflora NC 038129.1
P. serratodigitath. 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.luteal. 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.suberosd.. (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 S3Plastid 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, rpsl9

atpA, atpB, atpE, atpl, atpH, ccsA, matK, ndhA, ndhC, ndhD,
ndhE, ndhF, ndhG, ndhl, ndhH, ndhJ, ndhK, petA, petB, petD

TVM+F+1+G4 petG, petN, petL, psaA, psaB, psaC, psal, psaJd, psbA, psbB,
psbD, psbl, psbJ, psbK, psbL, psbN, psbT, psbhz, rpl2, rpl14,
rpoB, rpoC1, rps4, rpsl2, ycf3

TPM3u+F ycf4
TPM3u+F+G4 rpl23, rpsil, rpsls
TPM3u+F+I+#G4 psbH, rbcL, rpsl4

Supplementary Table S4Plastid genes used in the Bayesian phylogenetic inference,

clustered according to the best substitution model calculated by PartitionFinder2.

Best Model Genes
atpF, rpl14, rpl33, rpl36, rps2, rps3, rps4, rps8, rpsll, rpsl4, r
GTR+G pFE,rp p p p p p p p p
rps19, yct4
GTR+I ndhB, petN, psbE, psbF, psbN

atpA, atpB, atpE, atpl, atpH, ccsA, cemA, matK, nhdA, ndhC, n
ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK, petA, petB, petD, |

GTR+I+G petL, psaA, psaB, psaC, psal, psad, psbA, psbB, psbC, psbD,
psbl, psbJ, psbK, psbL, psbM, psbT, psbz, rbcL, rpl2, rpl23, r
rpoC1l, rpoC2, rpsl2, ycf3
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Abstract

The family Passifloraceae contains approximately 1000 species distributed in 36 genera. Passiflora, a species-rich genus, is
divided into five subgenera: Astrophea, Decaloba, Deidamioides, Passiflora, and Tetrapathea. Passiflora cirrhiflora A. Juss.
(subgenus Deidamioides) is an Amazonian species occurring in North Brazil, Venezuela, Guiana, Suriname, and French
Guiana. Plastomes of the subgenus Deidamioides have demonstrated a complex pattern of evolution concerning phyloge-
netic aspects, size, rearrangements, gene losses, and pseudogenization. Therefore, we completely sequenced the plastome
of P. cirrhiflora and characterized it in detail. The P. cirrhiflora plastome is a DNA molecule of 163,365 bp and contains
109 unique genes (75 protein-coding genes, 30 tRNAs, and 4 rRNAs). The infA and rps7 are pseudogenes in P. cirrhiiflora
and the loss of the rpsI6 and rpl22 genes is a common feature shared by all plastomes of the genus Passiflora sequenced
to date. Comparative analyses revealed a considerable structural variation at the IR borders, which consequently affected
plastome size and structure within the subgenus Deidamioides. According to our prediction analysis, RNA editing sites are
highly conserved within the subgenus Deidamioides, which significantly differs from the subgenus Passiflora. A total of
230 SSRs and six hotspots of nucleotide polymorphism were detected in the plastome of P. cirrhiiflora. Taken together, the
complete plastome sequence of P. cirrhiflora is useful data for several studies in different areas such as phylogeny, genetic,
and evolution.

Keywords Cytoplasmic inheritance - Passifloraceae - Plastome evolution - Plastome rearrangements

1 Introduction

The family Passifloraceae contains approximately 1000
species distributed in 36 genera. Passiflora is the largest
genus and comprises more than 560 species (MacDougal
and Feuillet 2004; Rocha et al. 2020). The current infra-
generic classification divides the genus Passiflora into five
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subgenera: Astrophea (DC.) Mast., Decaloba (DC.) Rchb.,
Deidamioides (Harms) Killip, Passiflora Feuillet & Mac-
Dougal, and Tetrapathea (DC.) P.S. Green (MacDougal
and Feuillet 2004; Krosnick et al. 2009, 2013). The num-
ber of Passiflora species are non-uniformly distributed into
the subgenera: Passiflora (~250), Decaloba (~230), Astro-
phea (~60), Deidamiodies (~ 14) and Tetrapathea (~3)
(Krosnick et al. 2009, 2013; Rabah et al. 2019; Rocha et al.
2020). Passiflora cirrhiflora A. Juss. is a native species
from the Amazon forest occurring predominantly in North

@ Springer




148

T. Gomes Pacheco et al.

Brazil, Venezuela, Guiana, Suriname, and French Guiana
(Killip 1938; Boggan et al. 1997; Hokche et al. 2008).

Normally, land plant plastomes show a quadripartite
structure and encode a conserved set of genes divided
into two groups. The first group comprises components
of the photosynthetic machinery such as photosystem I,
photosystem II, the cytochrome b6/f complex, and the ATP
synthase. The second group includes the genes required
for plastid gene expression such as subunits of a plastid-
encoded RNA polymerase, rRNAs, tRNAs, and riboso-
mal proteins (Rogalski et al. 2015; Daniell et al. 2016).
Moreover, plastid genomes encode several essential genes
involved in other cellular function than photosynthesis
such as ycfI (a subunit of the TIC/TOC machinery related
to the plastid protein import apparatus; Kikuchi et al.
2013), yef2 (a component of 2-MD AAA-ATPase com-
plex; Kikuchi et al. 2018), clpP (a proteolytic subunit of
the ATP-dependent Clp protease related to plastid protein
homeostasis; Kuroda and Maliga 2003), accD (f-carboxyl
transferase subunit of the eubacteria-like multisubunit
acetyl-CoA carboxylase involved in de novo fatty acid
biosynthesis; Kode et al. 2005) and trnE-UUC (plastid-
encoded transfer RNA for glutamate also involved in the
control of the plastid nuclear-encoded polymerase and the
biosynthesis of chlorophyll and heme group; Schén et al.
1986; Hanaoka et al. 2005).

The plastome structure, gene content, gene order, and
gene function are well conserved in most angiosperms; how-
ever, there are some exceptions. The literature highlights
some angiosperm families as notorious examples of highly
rearranged plastomes such as Annonaceae (Blazier et al.
2016), Berberidaceae (Ma et al. 2013), Cactaceae (Solor-
zano et al. 2019), Campanulaceae (Haberle et al. 2008), Eri-
caceae (Fajardo et al. 2013), Geraniaceae (Weng et al. 2014),
Fabaceae (Schwarz et al. 2015), Passifloraceae (Rabah et al.
2019; Shrestha et al. 2019; Pacheco et al. 2020a), Plantagi-
naceae (Zhu et al. 2016) and Trochodendraceae (Sun et al.
2013).

Complete plastome sequences bring several molecular
markers, which have vast potential to be used in genetic stud-
ies in natural populations such as interspecific and intraspe-
cific variability, gene flow, genetic divergence and genetic
diversity (Besnard et al. 2011; Rogalski et al. 2015; Qiao
et al. 2016). Moreover, plastome sequences support phy-
logenetic analyses with high accuracy among subfamilies,
tribes, genus, and species (Vieira et al. 2016a; Lopes et al.
2018c; Shrestha et al. 2019; Pacheco et al. 2020a). Com-
plete plastome sequences are also useful data for studies con-
cerning evolution of genes (i.e., RNA editing, functionality,
pseudogenization, and loss), rearrangements, recombination
events, positive selection, and phylogeography (Vieira et al.
2016b; Lopes et al. 2018a; Pacheco et al. 2019; Stefenon
et al. 2019).

@ Springer

Phylogenetic analyses containing species of the subge-
nus Deidamioides revealed a complex polyphyletic pattern
of relationship among species within the genus Passiflora
(Shrestha et al. 2019; Pacheco et al. 2020a). The plastomes
of the subgenus Deidamioides have demonstrated excep-
tional characteristics related to the structure affecting the
size of the regions (LSC, SSC, and IR), rearrangements,
gene losses, and pseudogenization (Shrestha et al. 2019).
Aiming to contribute to the understanding regarding plas-
tome evolution within the subgenus Deidamioides, we com-
pletely sequenced and analyzed in detail the plastome of P.
cirrhiflora. The P. cirrhiflora plastome is a DNA molecule
of 163,365 bp which is among the sizes observed for the spe-
cies of this subgenus (ranging from 151,701 to 170,568 bp).
The P. cirrhiflora plastome differed in the sizes of the IR
regions and the number of genes when compared with other
species of the subgenus Deidamioides. Several evolutionary
aspects related to structural rearrangements, gene content,
and prediction of RNA editing sites are analyzed, explained
and discussed. Furthermore, SSRs, and high polymorphic
regions detected in the plastome of P. cirrhiflora are useful
for diverse genetic studies in this species and the subgenus
Deidamioides.

2 Materials and methods

Plant material, chloroplast isolation, and plastid DNA extrac-
tion - Passiflora cirrhiflora plants obtained from seed ger-
mination were cultivated under greenhouse conditions in the
Department of Plant Biology at the Federal University of
Vigosa, Vicosa-MG, Brazil. Young leaves were collected
and stored in accordance with Lopes et al. (2018c). The
chloroplast isolation and plastid DNA extraction procedures
were carried out as described by Vieira et al. (2014).

Sequencing, assembly, annotation, and data archiving state-
ment - The sequencing library was prepared with approxi-
mately 1 ng of plastid DNA using the sample preparation
kit NexteraXT (Illumina Inc., San Diego, CA), according to
the manufacturer’s instructions. Libraries were sequenced
using MiSeq Reagent Kit v3 (600 cycles) on Illumina MiSeq
Sequencer (Illumina Inc., San Diego, California, USA). The
paired-end reads (total of 548,214 reads), with an average
length of 186.9 bp, were trimmed under the threshold with
a probability of error < 0.05. The trimmed reads (547,970
reads, average length of 186.4 bp) were de novo assembled
in contigs using CLC Genomics Workbench v6.5 (CLC Bio,
Aarhus, Denmark). The four contigs used for assembly of
the P. cirrhiflora plastome ranged from 446.81 to 212.88 of
average coverage. These four contigs were connected with
overlapping terminal sequences to yield the entire and circu-
lar plastome. Our reads were also mapped to other Passiflora
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plastomes as references, using CLC Genomics. The assem-
blies generated by this method were then used to confirm the
assembly of the four contigs obtained by de novo method.

Initial annotation of the plastid genome was performed
using Dual Organellar GenoMe Annotator (DOGMA)
(Wyman et al. 2004). From this initial annotation, putative
start and stop codons, and intron positions were determined
by comparisons with homologous genes from other Pas-
siflora plastid genomes available in the Genbank database
(Clark et al. 2016). The tRNA genes were further verified
using the software tRNAscan-SE (Lowe and Chan 2016).
A physical map of the plastid circular genome was drawn
by Organellar Genome DRAW (OGDRAW) (Greiner et al.
2019). The complete nucleotide sequence of P. cirrhiflora
plastome was deposited in the GenBank database under
accession number MN545921.

Structural analysis of the P. cirrhiflora plastome and com-
parison with other species of the subgenus Deidamioides —
The software Mauve Genome Alignment v2.3.1 (MAUVE)
(Darling et al. 2004) was used here to analyze and compare
the plastome structure of P. cirrhiflora with the other three
species of the subgenus Deidamioides sequenced previ-
ously and published in another study (Shrestha et al. 2019;
Table 1). Populus trichocarpa (family Salicaceae; Gen-
bank accession number: NC_009143.1; Tuskan et al. 2006)
was used as a reference species, representing the general
or common plastome structure found in most angiosperms.
Furthermore, events of IR expansion and contraction were
compared between these species. Firstly, the localization of
the IR borders of each species was determined by the soft-
ware Geseq—Annotation of Organellar Genomes (Tillich
et al. 2017). Posteriorly, linear structures of the plastomes
were generated using the software OGDRAW (Greiner et al.
2019). Finally, linear structures of the plastomes were used
to draw a schematic representation of the events of IR expan-
sion and contraction.

Detection of SSRs, sliding window analysis of hotspots, and
prediction of RNA editing sites — Simple sequence repeats
(SSRs) were detected in the plastome of P. cirrhiflora using
the MIcroSAtellite (MISA) Perl script (Thiel et al. 2003),
with thresholds of eight repeat units for mononucleotide

SSRs, four repeat units for di- and trinucleotide SSRs, and
three repeat units for tetra-, penta- and hexanucleotide SSRs.
The TRa was omitted of this analysis to prevent the over-
representation of the IRs sequences.

The hotspots of nucleotide diversity were also investi-
gated in the plastome of P. cirrhiflora using the sliding win-
dow analysis by comparison with P. contracta (close phy-
logenetic relationship). Firstly, the plastomes of these two
species were reorganized (due to differential IR expansion
and contraction events present in P. contracta; see Shresta
et al. 2019 or Fig. 3) to start in the trnH-GUG gene (in the
LSC region); and to end in the rpsi5 gene (at the end of the
SSC region), omitting the IRa from both species. Addition-
ally, we also removed the psbA gene, and small adjacent
sequence, present only in the IRb of P. contracta. Poste-
riorly, the whole sequence obtained from the reorganized
plastomes (in synteny) was aligned using MAFFT v.7 and
the sliding window analysis was performed using the DnaSP
v.6 software (Rozas et al. 2017). The window length and the
step size were set to 300 bp and 75 bp, respectively.

Potential RNA editing sites in protein-coding genes of
P. cirrhiflora plastome were predicted by the program pre-
dictive RNA editor for plants (PREP) suite (Mower 2009),
which uses 35 reference genes for detecting RNA editing
sites in plastid genomes. The cutoff value was set at 0.8 and
the reference genes included here were atpA, atpB, atpF,
atpl, ccsA, matK, ndhA, ndhB, ndhD, ndhF, ndhG, petB,
petD, petG, petL, psaB, psal, psbB, psbE, psbF, psbL, rpl2,
rpl23, rpoA, rpoB, rpoCl, rpoC2, rps2, rps8, rpsi4, and
vef3. Aiming evolutionary comparison, RNA editing sites
were also predicted for the other three species of the subge-
nus Deidamioides, using the same parameters.

3 Results

General features and gene content of the P. cirrhiflora plas-
tome - The P. cirrhiflora plastome is a DNA molecule of
163,365 bp in length and exhibits the quadripartite structure
typically found in most angiosperm species. It includes a
large single-copy region (LSC) of 86,134 bp flanked on each
side by inverted repeats (IRs) of 31,692 bp with a small sin-
gle-copy region (SSC) of 13,846 bp joining the IRs (Fig. 1).

Table 1 Plastome features
among species within the
subgenus Deidamioides. The

Species

Total size (Kb) LSC (Kb) SSC (Kb) IR (Kb) GC (%) Number GenBank

species Passiflora cirrhiflora
was completed sequenced and

P arbelaezzi L.Uribe 170,568

assembled in this study P. cirrhiflora A. Juss 163,365
P. contracta Vitta 166,766
P. obovata Killip 151,701

of genes
87,452 12,764 35,176 36.9 110 NC_043819.1
86,135 13,846 31,692 36.6 109 MN3545921
87,597 13,723 32,723 36.8 107 NC_043818.1
84,697 29,586 18,709 35.7 107 NC_043824.1
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Passiflora cirrhiflora

chloroplast genome
163,365 bp

[l photosystem |

[l photosystem I

[l cytochrome b/f complex
[0 ATP synthase

[J NADH dehydrogenase
[l RubisCO large subunit
[l RNA polymerase

[ ribosomal proteins (SSU)
[ ribosomal proteins (LSU)
M clpP, matk

[l other genes.

[ hypothetical chloroplast reading frames (ycf)
M transfer RNAs

[l ribosomal RNAs

Ointrons

Fig.1 Gene map of the Passiflora cirrhiflora plastome. Genes drawn inside the circle are transcribed in the clockwise direction, and genes
drawn outside are transcribed in the counterclockwise direction. 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 Repeats A/B

If we compare the P. cirrhiflora plastome with the plasto-
mes of other species of the subgenus Deidamioides, its total
size is very similar to Passiflora contracta Vitta plastome
(166,766 bp), smaller than the plastome of Passiflora arb-
elaezii L.Uribe (170,568 bp) and larger than the plastome of
Passiflora obovata Killip (151,701 bp) (Table 1). Concern-
ing the size of the plastome regions, we found significant dif-
ferences between the species of the subgenus Deidamioides.
The LSC region of P. cirrhiflora is larger than P. obovata

@ Springer

(84,697 bp), and smaller than P. arbelaezii (87,452 bp) and
P. contracta (87,597 bp). The SSC region of P. cirrhiflora
is larger than P. arbelaezzi (12,764 bp) and P. contracta
(13,723 bp), and smaller than P. obovata (29,586 bp).
Regarding the IRs of P. cirrhiflora plastome, they are larger
than P. obovata (18,709 bp), and smaller than P. arbelaezii
(35,176 bp) and P. contracta (32,723 bp) (Table 1). The
GC content of P. cirrhiflora plastome (36.6%) is similar to
the values observed for the other species of the subgenus




151

The complete plastome of Passifiora cirrhiflora A. Juss.: structural features, RNA editing. ..

Deidamioides, P. arbelaezzi (36.9%), P. contracta (36.8%)
and P. obovata (35.7%) (Table 1). The plastome of P. cirrhi-
flora contains 109 unique genes, whereas the plastomes of P.
arbelaezzi, P. contracta and P. obovata encode 110, 107 and
107 genes, respectively (Fig. 1 and Table 2). The 109 genes
of P. cirrhiflora plastome correspond to 75 unique protein-
coding genes (six are completely duplicated and one is par-
tially duplicated), 30 unique tRNA genes (seven duplicated)
and 4 unique rRNA genes (all duplicated). Fourteen unique
genes possess one intron (six tRNA genes and eight protein-
coding genes) and two contain two introns (cIpP and ycf3).
The rps16 and rpl22 genes are absent from the P. cirrhiiflora
plastome as well as in all other species of the genus Passi-
flora (Shrestha et al. 2019). The gene infA is a pseudogene in
P. cirrhiiflora due to the presence of premature stop codons
in its coding sequences, whereas it was lost in the other spe-
cies of the subgenus Deidamioides (Shrestha et al. 2019). On
the other hand, the rps7 has an intact coding sequence in P.
arbelaezii (resulting in 110 unique genes in this plastome;

Table 2 List of genes identified in the plastome of P. cirrhiflora

Table 1), whereas in the other species analyzed here it was
lost or is a pseudogene. Moreover, the rpl32 and rpl20 genes
were lost from the plastome of P. obovata and P. contracta
(Shrestha et al. 2019), which result in a total of 107 encoded
genes (Table 1). These two genes are intact and apparently
functional in P. cirrhiflora and P. arbelaezii plastomes.

Comparison of plastome structure and IR borders among P.
cirrhiflora and other species of the subgenus Deidamioides —
Genome alignment analyzed by MAUVE showed two rear-
rangements in the plastome of P. cirrhiflora in comparison
with Populus trichocarpa (Fig. 2a). The first corresponds to
an inversion of 1.6 kb at the beginning of the LSC region,
which changed the order and direction of the rrnH-GUG
and psbhA genes (1, Fig. 2a). The second one is an inversion
in the LSC containing approximately 3 kb from the trnV—
UAC gene to the atpB gene (2, Fig. 2a). A multiple plastome
alignment involving P. cirrhiflora and the other Deidami-
oides species was also performed in MAUVE (Fig. 2b). All

Group of gene Name of gene

Gene expression machinery
Ribosomal RNA genes
Transfer RNA genes

rrnd6®; rr23% rrnS®; rrnd.5*
trnA “UGC™; trnC —GCA; trnD —GUC; trnE -UUC; trnF —-GAA; trnfM —CAU; trnG -UCC?,

trnG —GCC; trnH ~GUG; trnl —CAU®; trnl ~GAU™; trnK “UUU"; trnL —CAAY; trnL “UAA®,
trnl —UAG; trnM —CAU; trnN {}UUb; trnP —UGG; trnQ -UUG; trnR —ACGh', trnR -UCU;
trnS ~GCU; 1rnS =UGA; trnS ~GGA; truT -UGU; trn'T -GGU; trnV —-GAC"; trnV —UACY,

trnW —CCA; trnY -GUA
rps2; 1ps3; rpsd; rps8; rpsll; rpsi2®; rpsl4; rps1s; rpslS; rps19”
rpI2® rpll4; rpl1GY; rpl20; kpl23°; rpl32;: rpl33; rpi36
rpoA; rpoB; rpoCI%; rpoC2

Small subunit of ribosome

Large subunit of ribosome
DNA-dependent RNA polymerase
Genes for photosynthesis

Subunits of photosystem I (PSI)
Subunits of photosystem II (PSIT)
Subunits of cytochrome byf
Subunits of ATP synthase
Subunits of NADH dehydrogenase

Large subunit of Rubisco rbcL
Others genes
Maturase matK
Envelope membrane protein cemA
Subunit of acetyl-CoA carboxylase aceD
C-type cytochrome synthesis gene ccsA
ATP-dependent Protease clpP?
Component of TIC complex vefI®
Component of 2-MD AAA-ATPase complex  ycf2”
(Kikuchi et al. 2018)
Pseudogenes infA; rps7°

Genes absent rpsl6; rpl22

psaA; psaB; psaC; psal; psal; ycf3*, ycf4

psbA; psbB; psbC; psbD; psbE; psbF; psbH; psbl; psbJ; psbK; psbL; psbM; psbN; psbT; pshZ
petA; petB?; petD"; petG; petl; petN

atpA; atpB; atpE; atpF; atpH, atpl

ndhA®; ndhB™: ndhC; ndhD; ndhE; ndhF; ndhG; ndhH, ndhl; ndhJ; ndhK

“Genes containing introns

"Duplicated genes
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Fig.2 a Alignment among Passiflora cirrhiflora and Populus trichocarpa (as reference). Locally collinear blocks (LCBs) are color-coded. The
LCBs related to inversions are LCB 1 (including psbA and trnH-GUG genes) and LCB 2 (encompassing from trnV-UAC to atpE genes). b Mul-
tiple alignments of four plastomes of the subgenus Deidamioides. LCB 3 represents an inversion, encompassing from aceD to clpP genes. The

LCBs 4 and 5 are related to contraction and expansion events at the [Ra junctions, respectively

species of the subgenus Deidamioides share similar rear-
rangements with P. cirrhiflora plastome in comparison with
Populus. The plastome of P. contracta specially showed a
high synteny (very similar gene order) with P. cirrhiflora,
except by two specific changes in the IR borders of the for-
mer species (4 and 5, Fig. 2b). Similarly, the plastome of
P. obovata, except for the contraction of IRs, also showed
synteny with P. cirrhiflora and P. contracta, indicating that
no additional inversion is present in these three plastomes.
On other hand, a specific and additional inversion was char-
acterized in the LSC region of the P. arbelaezii plastome,
which encompasses the sequence from the accD gene to the
clpP gene (3, Fig. 2b).

@ Springer

Concerning IR borders, an event of IR expansion was
detected in P. cirrhiflora compared with the plastome of
Populus, which resulted in the inclusion of the entire ycf!
gene in the IRs in this plastome (El, Fig. 3). This event
can be also detected in the plastomes of P. contracta and P.
arbelaezii (E1, blue circle, Fig. 3). Additionally, other two
events of IR expansion occurred in these species. The first
event included the entire psbA gene in the IRs of P. contracta
(E2, red circle, Fig. 3). The second event is an IR expansion
that resulted in the inclusion of the complete sequence of
the rpsi5 gene and a small fragment of the ndhH gene in the
IRs of P. arbelaezii (E3, green circle, Fig. 3). Moreover, two
events of IR contraction were also visualized in two species
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Fig.3 Schematic representations of IR regions and their boundaries among species of the subgenus Deidamioides and P. trichocarpa (used as a
reference species). The plastid genes correspond to color-coded boxes according to Fig. 1. Boxes above and below the horizontal line represent
genes transcribed in forward and reverse directions, respectively. E1 (blue circle) indicates an IR expansion event detected in the Deidamivides
species, in comparison with Populus. This expansion included the full ycfT sequence in the IR (blue circle) of these species. E2 (red circle) indi-
cates a specific IR expansion event that included and duplicated the psbA in P. contracta. This species also shows a specific event of IR contrac-
tion (C1, purple square), culminating in the exclusion of the genes rpl23-rpl2-rpsi9 of the IRs. E3 (green circle) indicates an IR expansion event
that included and duplicated the rps/5 and part of the ndhH gene in P. arbelaezii. C2 (orange square) indicates a large IR contraction event pre-
sent in the P. obovata plastome, excluding several genes (rRNAs and yc¢f7) from its IRs. Furthermore, a small event of IR expansion (E4, black
square) is also characterized in this species, duplicating the whole rps3 gene. * Fragment of the ycf7 gene

of the subgenus Deidamioides. The first event is detected at
the LSC/IRDb boundary of P. contracta, which culminated
in the exclusion of the rpsi9-rpl2-rpi23 genes from the IRs
(C1, purple square, Fig. 3). The second event is a large IR
contraction at the IR/SSC boundary of P. obovata, which
excluded several genes (including vcfl and rRNA genes)
from its IRs (C2, orange square, Fig. 3). Furthermore, a spe-
cific event of IR expansion also occurred at the LSC/IRb
border of this species, extending to the rps3 gene. As a result
of several events of IR expansion and contraction described

here, the plastomes of the four species of the subgenus Dei-
damioides diverge in size (bp) and gene content in their IRs
(Table 1 and Fig. 3).

Prediction of RNA editing sites — The PREP software iden-
tified 60 putative RNA editing sites in the plastome of P.
cirrhiflora (Supplementary Table S1). All the RNA editing
sites occur in the first or the second codon position and all
nucleotide changes were from cytidine (C) to uridine (U).
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The ndh genes contain most predicted RNA editing sites,
totalizing 31 (52%) from 60 predicted sites. These 31 sites
are distributed among five genes: ndhB (11 sites), ndhD (10),
ndhA (5), ndhG (3), and ndhF (2). The rpo genes constitute
the second gene class containing high number of editing
sites (11), which are distributed among the genes rpoC2
(6 sites), rpoC1 (2), rpoB (2), and rpoA (1). Besides rpo
and ndh genes, the marK (6 sites) gene contains the highest
number of RNA editing sites. The other RNA editing sites
remaining (12) are distributed among nine genes: atpA (2
sites), aptl (1), petD (1), psal (2), psbE (1), psbF (1), rpl2
(1), rps2 (1) and rpli4 (2). Most RNA editing sites change
the encoded amino acid from polar to nonpolar (31 of 60
sites), specially changing from serine (S) to leucine (L) (17
sites). Five sites change the amino acid from nonpolar to
polar (all from proline to serine). From the other 24 sites, 20
do not alter either polarity or charge (nonpolar to nonpolar),
and four sites change the amino acid from polar positively
charged to polar uncharged (i.e., from histidine to tyrosine
and from arginine to cysteine).

Of all the RNA editing sites predicted here to P. cirrhi-
flora plastome, 49 of them (82%) are shared by all species
of Deidamioides analyzed here (Supplementary Table S1).
Concerning the other 11 sites, seven are also shared with
P. contracta but are absent in P. obovata and P. arbelaezii,
and one site is shared by all species except P. contracta
(amino acid position 777 of the rpoC2 gene). The last three
sites were only identified in the plastome of P. cirrhiflora
(highlight in red text, Supplementary Table S1). One of
them is localized in the amino acid position 424 of the atpA
gene and converts a proline codon (CCT) to a serine codon
(TCT). The second site is found in the matK gene (amino
acid position 209) and changes a leucine codon (CTC) to
phenylalanine codon (TTC). Finally, the last site is located
in the rpoC2 gene (amino acid position 1264) and converts
an alanine codon (GCT) to a valine codon (GTT). On other

hand, the other three species of the subgenus Deidamiodes
already contain a thymidine (T) instead of a cytidine (C) in
these three sites, which dismisses the need for RNA editing
of these sites.

Identification of SSRs and hotspots of nucleotide diver-
gence
SSRs in the plastome of P. cirrhiflora were analyzed, reveal-
ing 230 repeats (Table 3 and Supplementary Table S2). Most
SSRs are constituted of mononucleotides (156), followed by
di- (61), tri- and hexanucleotides (2). The bases A or T com-
pose 208 (90.5%) of the 230 SSRs detected here (Table 3).
Concerning the localization of the SSRs in the plastome of
P. cirrhiflora, 166 are in the LSC region, 36 in the IRs, and
28 in the SSC region (Supplementary Table S2). Further-
more, 148 SSRs are localized in intergenic spacers (IGSs),
53 in coding sequences (CDS), and 29 in introns. The
IGSs with higher number of SSRs correspond to the spac-
ers between the genes: trnK-UUU/trnQ-UUG (11 SSRs);
atpFlaptH (10); ndhClatpB (6); trnL-UAA/trnF-GAA (6);
rpoBltrnC-GCA (5); trnR-UCU/atpA (5); ycfl/ndhF (5); and
rpl32/trnl-UAG (5). The SSRs detected in CDS (53) are
distributed in 24 different genes, with the higher number
occurring in the ycfl (10 SSRs), ycf2 (6), rpoC2 (4) and clpP
(4) genes. Finally, among the 29 SSRs found in the introns,
most of them are located in the introns of the ¢lpP (6 SSRs),
ndhA (6) and rpll6 (4) genes.

Our sliding windows analysis (Fig. 4) highlights six plas-
tome regions as hotspots of nucleotide divergence among
P. cirrhiflora and P. contracta (species related phylogeneti-
cally in the trees of Shrestha et al. 2019 and Pacheco et al.
2020a). These hotspots correspond to two intergenic regions
(trnK-UUU/trnQ-UUG and rpoB/trnC-GCA) and four genes
(aceD, rpsl8, clpP, and ycf1). The hotspot detected in the
clpP gene includes both CDS (exons) and intron sequence

— The occurrence, type, size and localization of

Table 3 List of simple sequence repeats (SSRs) identified in the P. cirrhiflora plastome

SSR sequence Number of repetitions Total
4 5 6 7 8 9 11 12 13 14 15 16 17 18
AIT - - - - 70 38 9 2 3 1 - - - 1 152
CIG - - - - 3 1 - - - _ _ - _ _ 4
AC/GT 1 - - - - - - - — - - - - _ 1
AG/CT 10 1 - - - - - - - - - — - - 11
AT/AT 24 8 11 2 1 - - - - - - - - 49
AAT/ATT 6 - 1 - - - - - - — - — - _ 7
ACG/CGT 1 - - 1 - - - - - - - - - 3
AGG/CCT 1 - - - - - - - - _ _ - _ _ 1
AAAAAG/CTTTTT 1 - - - - - - - — - — _ - _ 1
ACGGCG/CCGTCG - 1 - - - - - - - _ — _ _ _ 1
Total 230
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of this gene (mainly the first intron). All the six regions
identified as hotspots here contain at least one SSR listed
in Supplementary Table S2. Three hotspots of P. cirrhiflora
are SSR-rich regions: the trnK-UUU/trnQ-UUG contains 11
SSRs, and the yef! and cipP genes (exon+ introns) contain
10 SSRs each.

4 Discussion

Differences and similarities in the gene content among
P. cirrhiflora plastome and other Deidamioides species —
Shrestha et al. (2019) sequenced and characterized the
three first plastomes of Passiflora species belonging to the
subgenus Deidamioides (P. arbelaezii, P. contracta, and
P. obovata). These authors also used an unpublished and
incomplete draft of the plastome of P. cirrhiflora to extract
the coding sequences of plastid genes for phylogenetic anal-
yses of the genus Passiflora (Shrestha et al. 2019). However,
these authors did not include this species in most analyses
such as characterization of the plastome length and region
sizes, which detail IR borders. We, therefore, presented the
complete plastome sequence of P. cirrhiflora (Fig. 1), which
allows us to characterize this plastome in detail as well as to
compare evolutionarily with other species of the subgenus
Deidamioides.

Most genes commonly found in the plastome of angio-
sperms (Ruhlman and Jansen 2014) are present in the P.
cirrhfilora plastome. However, two genes (rpsi6 and rpl22)
are missing and the other two genes (infA and rps7) have
degenerated into pseudogenes in this plastome. The loss or
pseudogenization of the infA, rpsI6 and rpl22 genes is a
common feature shared by all species of the genus Passiflora
sequenced to date, including all species of Deidamioides

ﬂMuJ‘L.u ,J.u],t U s

60 70 80 90 100 110 120 130
Nucleotide position (kb)

(Cauz-Santos et al. 2017; Rabah et al. 2019; Shrestha et al.
2019; Pacheco et al. 2020a). These genes were also lost, and
consequently, transferred to the nucleus in other families
of the order Malpighiales and/or other angiosperm lineages
(Millen et al. 2001; Ueda et al. 2008; Jansen et al. 2011). The
functional transfer of these genes to the nucleus is a rational
step given that they are essential for cell survival (Cummings
and Hershey 1994; Millen et al. 2001; Fleischmann et al.
2011), and loss of function of plastid essential genes leads
to lethality (Rogalski et al. 2006, 2008; Alkatib et al. 2012).
Accordingly, functional nuclear transfer of the rps/6 and
rpl22 genes was detected in nuclear transcriptome analy-
ses in different species of Passiflora, including representa-
tives of subgenera Deidamioides (P. contracta), Astrophea,
Decaloba and Passiflora (Shrestha et al. 2020).

In contrast, the rps7 gene shows a different status among
the species of the subgenus Deidamicides (Fig. 5). In P.
cirrhiflora and P. contracta, both gene sequences contain a
premature stop codon, which produces a truncated protein
isoform. The rps7 gene is completely intact in P. arbelaezii
but it is completely absent in P. obovata. The absence of
this gene is a feature shared by species of the subgenera
Decaloba (Shrestha et al. 2019). This agrees with the phy-
logeny of the genus Passiflora, in which P. obovata is more
related to the species of the subgenus Decaloba than to
other species of the subgenus Deidamioides (Shrestha et al.
2019; Pacheco et al. 2020a). Similarly, P. arbelaezii is more
closely related to P. pittieri (subgenus Astrophea), which
also has a putatively functional copy of the rps7 gene. Addi-
tionally, P. cirrhiflora and P. contracta form a sister group in
phylogenetic analyses (Shrestha et al. 2019; Pacheco et al.
2020a) and showed the same status of pseudogenization of
this gene (Fig. 5). This gene encodes the ribosomal protein
S7, which is part of the small subunit (30S) of the plastid
ribosome (Rogalski et al. 2008; Bieri et al. 2017) and it is
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Papulus trichocarpa 52
Passiflora arbelaezii 52
Passiflora cirrkiflora 52
Passiflora contracta ¢ 52
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Fig.5 ClustalW alignment of the translated amino acid sequence of the rps7 gene, between three species of Deidamioides and Populus
trichocarpa as reference. Passiflora obovata 1s omitted because this gene was completely lost from its plastome. Black shadowing indicates con-
served sequence among the four species, dark gray indicates conserved sequence among all except one species, lighter gray indicates conserved
sequence between two species and white indicates non-conserved amino acids. Red square highlights the differences in the C-terminus between

the intact and truncated forms of the predicted protein

involved in translation initiation as a general and specific
factor (Fargo et al. 2001). The loss or pseudogenization of
the rps7 gene is a very rare event in plastomes of photosyn-
thetic angiosperms, which was only reported in two other
families, Berberidaceae (Sun et al. 2018) and in Salicaceae
(Zhang et al. 2018). Interestingly, a putative functional trans-
fer of the plastid rps7 was detected in Passiflora species that
contain both functional (P. pittieri) and nonfunctional (P.
contracta) copies of this gene in the plastome (Shrestha et al.
2020). Due to the close relationship among P. contracta and
P. cirrhiflora, and similar status of the rps7 between both
species (Fig. 5), it is likely that P. cirrhiflora also contains
the nuclear copy of the rps7 replacing the plastid copy.
Shrestha et al. (2020) suggest that this gene was transferred
early during evolution of the genus Passiflora (or even in
some early stage of the evolution of Malpighiales) and the
different status of the rps7 gene in Passiflora is related to
differential sequence degradation.

Furthermore, other differences related to plastid gene
content among the species of the subgenus Deidamioides
are associated with the status of the rpl/20 and rpl32 genes
(two essential ribosomal genes) which are intact in P. cir-
rhiflora and P. arbelaezii and absent in P. contracta and
P. obovata (Shrestha et al. 2019). Putative functional
transfer to the nucleus of the pl32 and a substitution of
the #pI20 gene by a nuclear-encoded mitochondrial copy
was observed by Shrestha et al. (2020), which includes P.
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contracta and in P. arbelaezii. These authors suggest that
these two genes were substituted early by nuclear-encoded
copies during Passiflora evolution and the species contain-
ing functional copies of both genes in their plastomes will
likely lose them. Thus, it remains to be elucidated if the
plastid rpi20 and rpi32 genes are still functional in P. cir-
rhiflora and P. arbelaezii or their complete CDS are only
evolutionary relics.

Events of IR expansion and contraction among species
of the subgenus Deidamioides - In comparison with the
common structure of angiosperm plastomes, P. cirrhiflora
shows two inversions in the LSC region (1 and 2, Fig. 2a).
These inversions are shared by the other species of the sub-
genus Deidamioides and other subgenera of the genus Pas-
siflora (Rabah et al. 2019; Shrestha et al. 2019; Pacheco
et al. 2020a). These two rearrangements were also found in
Adenia, another genus of the family Passifloraceae (Shrestha
et al. 2019). Hence, these inversions probably emerged in
the common ancestor of the genera Passiflora and Adenia.
P. arbelaezii was the only species of the subgenus Deidami-
oides that showed an additional inversion (3, Fig. 2b). This
inversion is very similar to that found in the plastome of P.
pittieri (subgenus Astrophea; Rabah et al. 2019; Shrestha
etal. 2019).

Expansion and contraction events involving few hun-
dreds of nucleotides occur frequently at the IR boundaries,
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whereas large-scale losses or gains at the IR borders are
rare events. In most angiosperms, the edge of IR boundaries
includes the ycfl1 gene at the IR/SSC junction and the rpsi9
gene at the IR/LSC junction (Goulding et al. 1996; Zhu et al.
2016). Populus shows this typical IR/SSC border in which
the ycfl gene is partially duplicated (Fig. 3). On the other
hand, the IR boundaries vary significantly between the four
Deidamioides species (Fig. 3). When compared with the
plastome of Populus, the P. cirrhiflora plastome shows an
event of IR expansion, which resulted in the inclusion and
duplication of the full sequence of ycf/ gene. It seems that
this expansion event also occurred in the common ancestor
of the genera Passiflora and Adenia given that it is present in
species of both genera (Shrestha et al. 2019). In addition to
this event, an event of IR expansion in P. arbelazii included
the rpsl5 gene and a small part of the ndhH gene, which
resulted in the larger IR of the subgenus Deidamioides con-
cerning size and gene content (Fig. 3 and Table 1). A very
similar IR expansion was detected in P. pittieri (subgenus
Astrophea; Shrestha et al. 2019). Moreover, events of IR
expansion including the yc¢fl, rpsi5, and ndhH genes were
reported in some angiosperm lineages such as Linum (family
Linaceae) and Pelargonium (family Geraniaceae) (Chumley
et al. 2006; Weng et al. 2014; Lopes et al. 2018b). Further-
more, P. contracta also shows a specific event of IR expan-
sion at the LSC/IRa boundary involving the duplication of
the psbA gene but also exhibits an event of IR contraction at
the LSC/IRb border excluding the rpl23-rpl2-rps19 genes.
These events of IR expansion and contraction in P. contracta
resulted in IRs with similar size to that found in P. cirrhi-
flora, but with differences in gene content. Finally, the more
variable IR of the subgenus Deidamioides belongs to P. obo-
vata, which experienced a large event of contraction at the
IRb/SSC boundary, excluding all the rRNAs genes (Shrestha
et al. 2019). This large contraction resulted in smaller IRs
and a larger SSC region in the plastome of this species, if
compared with all the other species of the subgenus Deida-
mioides (Table 1). Analyzing the borders of the IRs, we also
suggest here that the ycf! and rpsl5 genes were previously
included in the IRs of P. obovata, by events of IR expansion
(like the events E1 and E3 of P. arbelaezii, Fig. 3), and pos-
teriorly a large event of IR contraction excluded these two
genes and several others from the [Ra. This hypothesis of
duplication and posterior exclusion is based on the current
position of these two genes in the plastome of P. obovata
(i.e., upstream of the ndhF gene and close to the typical
IRb/SSC boundary), whereas in plastomes of most angio-
sperms the rps15 is localized near to the SSC/IRa boundary
(i.e., as observed in Populus; Fig. 3). Interestingly, a similar
IR contraction event occurred independently in Passiflora
menispermifolia, a species belonging to subgenus Passiflora
(Shrestha et al. 2019).

RNA editing sites are highly conserved within Deidamioides
but three sites seem to be unique to P. cirrhiflora — The 60
RNA editing sites predicted here to P. cirrhiflora are all
alterations from C to T and occur in the first or the second
codon position as observed in most angiosperms (Takenaka
et al. 2013). Most RNA editing sites predicted here change
amino acids from polar to nonpolar, which increases the
protein hydrophobicity affecting its structural feature and
transmembrane domains (He et al. 2016). This tendency is
also reported in several other studies (He et al. 2016; Lopes
et al. 2018a, 2019; Pacheco et al. 2020b).

Among RNA editing sites predicted to P. cirrhiflora,
49 of them are shared by all the other species of Deida-
mioides analyzed here (P. contracta, P. arbelaezii and P.
obovata). The results show high conservation of RNA edit-
ing sites across the subgenus Deidamioides (Supplemen-
tary Table S1), despite its polyphyletic origin (Shrestha et al.
2019; Pacheco et al. 2020a). The number of RNA editing
sites shared within Deidamioides is still higher among the
closely related species such as P. cirrhiflora and P. con-
tracta, totalizing 56 sites. However, three sites predicted
here are unique to the P. cirrhiflora plastome. These sites
change the following amino acids as follows: proline to
serine in the atpA (424); leucine to phenylalanine in matK
(209); and alanine to valine in the rpeC2 (1264). The first
change alters the amino acid from nonpolar to polar and the
other two changes do not alter the amino acid polarity. In
our previous prediction of RNA editing sites in the subgenus
Passiflora these three editing sites are also absent (Pacheco
et al. 2020a). Thus, these RNA editing sites predicted only
to the P. cirrhiflora plastome probably restore conserved
amino acids of the proteins. Accordingly, these conserved
amino acids (serine in the atpA 424; phenylalanine in the
matK 209; and valine in the rpoC2 1264) are already present
in the sequence of these genes in other Passiflora species
(including all the other Deidamioides species) and Populus
trichocarpa, dispensing the need for editing. Finally, it is
necessary to confirm experimentally if these sites are really
edited and configure three specific RNA editing sites of P.
cirrhiflora.

Detection of SSRs and hotspots of nucleotide polymorphism
in P. cirrhiflora plastome - Plastid simple sequence repeats
(ptSSRs) consist of short DNA sequences repeated in tan-
dem, with a high level of polymorphism, and occur across
plastomes of all land plants (Provan et al. 2001; Wheeler
et al. 2014; George et al. 2015). These plastid genetic mark-
ers can be assessed in both intraspecific and interspecific
genetic studies (Powell et al. 1995; Provan et al. 2001;
Rogalski et al. 2015). Here, we detected 230 SSRs in the
plastome of P. cirrhiflora, most of them being mono- and
dinucleotides composed by A and T, occurring mainly in
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intergenic spacers (Table 3 and Supplementary Table S2).
This pattern was also observed in Passiflora edulis (Cauz-
Santos et al. 2017) and other studies analyzing other angio-
sperm lineages (Wheeler et al. 2014; George et al. 2015;
Lopes et al. 2018c; Pacheco et al. 2020b).

Additionally, we detected six hotspots of nucleotide
divergence in the P. cirrhiflora plastome. Curiously, most
of these regions include gene sequences (accD, clpP, rpsi8
and ycf1), and only two of them are localized in IGSs. The
accD and cIpP genes are also defined as hotspots of nucleo-
tide polymorphism in the subgenus Passiflora (Pacheco et al.
2020a), reinforcing that these genes show an exceptionally
high rate of nucleotide divergence within genus Passiflora
(Shrestha et al. 2019). The ycf! gene contains the highest
number of peaks of nucleotide divergence in our sliding
windows analysis (Fig. 4). This gene was lost in all spe-
cies of the subgenera Passiflora (except for P. foetida) and
Decaloba (Shrestha et al. 2019), but it is intact and puta-
tively functional in all species of the subgenus Deidami-
oides. Corroborating with the high divergence of the ycf7
in P. cirrhiflora, we detected 10 SSRs in its CDS. Other
hotspots of nucleotide divergence appointed here are also
rich in SSRs, such as ¢IpP and the intergenic spacer between
the genes 1rnK-UUU and trnQ-UUG. This feature (i.e., high
nucleotide divergence and presence of SSRs) is expected due
to the high level of polymorphism commonly found in SSR
sequences. Thus, SSRs and hotspots of nucleotide polymor-
phism identified here represent attractive genetic informa-
tion, which is useful for diverse types of genetic studies in
P. cirrhiflora.

5 Conclusion

The complete plastome sequence of P. cirrhiflora reported
here and our comparative analyses revealed a consider-
able structural variation at the IR borders, even among
phylogenetically closely related species (P. cirrhiflora and
P. contracta), which consequently resulted in significant
differences in gene content and sizes of plastome regions
(LSC, SSC, and IRs). Differences between P. cirrhiflora
and other species of Deidamioides, concerning loss, pres-
ence and functionality of genes, were also discussed in
detail. Moreover, we identified only three RNA editing
sites specific to P. cirrhiflora, revealing that RNA editing
sites are conserved within Deidamioides, which contrasts
significantly with subgenus Passiflora. Furthermore, we
detected 230 SSRs and 6 hotspots of nucleotide polymor-
phism, which represent a rich source of plastid markers to
be used in genetic studies. Finally, the availability of the
complete plastome of P. cirrhiflora is useful for studies in
several areas related to phylogeny, genetic, and evolution.
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SUPPLEMENTARY MATERIAL

Supplementary Table S1List of RNA editing sites predicted by PREP program in plastid
protein-coding genes of P. cirrhiffora 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
424

ACC (T) => ATC (I)
CCT (P) => TCT (S)

ACC (T) => ATC (I)
TCT (S)

ATC (I)
TCT (S)

ATC (I)
TCT (S)

atpB

214

ATT (1)

ACG (T) => ATG
M)

ATG (M)

ATG (M)

atpF

121

TTA (L)

TCA (S) => TTA (L)

TTC (P)

TTC (P)

atpl

210

TCA (S) => TTA (L)

TCA (S) => TTA (L)

TCA (S) => TTA (L)

TCA (S) => TTA (L)

matK

180
190
209

394
397
462

CTC (L) => TTC (F)
CCG (P) => TCG (S|

CTC (L) => TTC (F)
CGG (R) => TGG
(W)

TCA(S)=>TTA (L)
CTT (L) => TTT (F)

CTC (L) => TTC (F)
CCG (P) => TCG (S)
TTC (F)

CGG (R) => TGG
(W)

TCA(S)=> TTA (L)
CTT (L) => TTT (F)

CTC (L) => TTC (F)

CCG (P) => TCG (S

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

TCA (S) => TTA (L)
TTT (F)

CTC (L) => TTC (F)
CCG (P) => TCG (S

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

TCA (S) => TTA (L)
TTT (F)

ndhA

23
109
114
140
317

GCT (A) => GTT (V)
ACT (T) => ATT (I)
TCA (S) => TTA (L)
ACA (T) => ATA (I)
CTC (L) => TTC (F)

GCT (A) => GTT (V)
ACT (T) => ATT (I)
TCA (S) => TTA (L)
ACA (T) => ATA (I)
CTC (L) => TTC (F)

GCT (A) => GTT (V)
ACT (T) => ATT (I)
TCA (S) => TTA (L)
ACA (T) => ATA (1)
CTC (L) => TTC (F)

GCT (A) => GTT (V)
ACT (T) => ATT (I)
TCA (S) => TTA (L)
ACA (T) => ATA (1)
CTC (L) => TTC (F)

ndhB

9
32
138
178
186
228
231
259
261
401
476

CTC (L) => TTC (F)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
CAT (H) => TAT (Y)
TCG (S) => TTG (L)
CCA (P) => CTA (L)
TCT (S) => TTT (F)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
CAT (H) => TAT (Y)
CCA (P) => CTA (L)

CTC (L) => TTC (F)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
CAT (H) => TAT (V)
TCG (S) => TTG (L)
CCA (P) => CTA (L)
TCT (S) => TTT (F)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
CAT (H) => TAT (Y)
CCA (P) => CTA (L)

CTC (L) => TTC (F)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
CAT (H) => TAT (Y)
TCG (S) => TTG (L)
CCA (P) => CTA (L)
TCT (S) => TTT (F)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
CAT (H) => TAT (Y)
CCA (P) => CTA (L)

CTC (L) => TTC (F)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
CAT (H) => TAT (Y)
TCG (S) => TTG (L)
CCA (P) => CTA (L)
TCT (S) => TTT (F)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
CAT (H) => TAT (Y)
CCA (P) => CTA (L)

ndhD

16

105
182
200

ACG (T) => ATG
(M)
TCA (S) => TTA (L)
ACA (T) => ATA (I)

TCC (S) => TTC (F)
CGG (R) => TGG
(W)

GCT (A) => GTT (V)
TCA (S) => TTA (L)

ACG (T) => ATG
(M)
TCA (S) => TTA (L)
ACA (T) => ATA (I)

TCC (S) => TTC (F)
CGG (R) => TGG
(W)

GCT (A) => GTT (V)
TCA (S) => TTA (L)

ACG (T) => ATG
(M)
TCA (S) => TTA (L)
ACA (T) => ATA (1)

TCC (S) => TTC (F)
CGG (R) => TGG
(W)

GCT (A) => GTT (V)
TCA (S) => TTA (L)

ACG (T) => ATG
(M)
TCA (S) => TTA (L)
GCA (A)

TCC (S) =>TTC (F)
CGG (R) => TGG
(W)

GCT (A) => GTT (V)
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(l) ACC (T)=>ATC (I) ACC (T)=>ATC (I) ATC (1)
469 CTT(L)=>TTT(F) CTT(L)=>TTT(F) CTT(L)=>TTT(F) CTT(L)=>TTT (F)
GCA (A) => GTA
472 GTA (V) GTA (V) GTA (V) V)
ndhF 196 CTT(L)=>TTT(F) CTT(L)=>TTT(F) CTT(L)=>TTT(F) CTT(L)=>TTT (F)
ACG (T) => ATG
332 ATG (M) ATG (M) ATG (M) (M)
GCC (A)=>GTC  GCC (A) => GTC GCC (A) => GTC
644 V) V) GTC (V) 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(l) ACA (T)=>ATA(l) ACA (T)=> ATA (I)
GCG (A)=>GTG GCG (A)=>GIG  GCG (A)=>GTG  GCG (A) => GTG
petD 139 V) ) V) )
psal 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)
GCC (A)=>GTC  GCC (A)=>GTC
mpl2 199 (V) (V) ACC (T) GTC (V)
moA 310 TCG (S)=>TTG (L) TCG (S)=>TTG (L) TCG (S)=>TTG (L) TCG (S)=>TTG (L)
moB 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)
CAC (H) => TAC
501 TAC (Y) TAC (Y) ) TAC (Y)
GCG (A) => GTG
900 GTG (V) GTG (V) V) GTG (V)
1024 ATC (I) ATC (I) ATC (I) ACC (T) => ATC ()
moCl 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)
CGG (R) => TGG
438 TGG (W) TGG (W) (W) TGG (W)
483 CGT (R) => TGT (C) CGT (R) => TGT (C) CGT (R) => TGT (C) CGT (R) => TGT (C)
poC2 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)
GCC (A) => GTC
775 GTC (V) GTC (V) V) GTC (V)
CGG (R) => TGG CGG (R)=>TGG CGG (R) => TGG
777 (W) TGG (W) (W) (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)
ps2 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)
msld 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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SSR n® SSRtype SSR Sequence Size Start End Location

1 mono (M8 8 1404 1411 psbA/trnH-GUG (IGS)

2 mono (M8 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 (M8 8 4581 4588 trnK-UUU/trnQ-UUG (IGS)
8 mono (M9 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)S 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 (M8 8 5958 5965 psbK(CDS)

17 mono (M1o 10 6425 6434 psbK/psbl (IGS)

18 di (TA)4 8 7562 7569 trnSGCUArnG-UCC (IGS)
19 mono (M8 8 8189 8196 trnG-UCC (intron)

20 di (TA)4 8 8542 8549 trnG-UCCArnR-UCU (IGS)
21 tri (TAT)4 12 8629 8640 trnG-UCCArnR-UCU (IGS)
22 di (AT)5 10 8685 8694 trnG-UCCArnR-UCU (IGS)
23 mono (T)a0 10 8850 8859 trnG-UCCArnR-UCU (IGS)
24 di (TA)5 10 9063 9072 trnR-UCU/atpA (IGS)

25 di (TA)5 10 9081 9090 trnRUCU/atpA (IGS)

26 di (TA)4 8 9117 9124 trnR-UCU/atpA (IGS)

27 di (AT)8 16 9299 9314 trnRUCU/atpA (IGS)

28 mono (A)10 10 9332 9341 trnR-UCU/atpA (IGS)

29 mono (A)9 9 10943 10951 atpAatpF (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 (M8 20 11708 11715 atpF/atpH (IGS)

35 mono (T)20 10 11741 11750 atpF/atpH (IGS)

36 mono (M8 8 11759 11766 atpF/atpH (IGS)

37 mono (T)20 10 11887 11896 atpF/atpH (IGS)

38 mono (T)a0 10 12974 12983 atpH/atpl (IGS)

39 mono (T8 8 13066 13073 atpH/atpl (IGS)

40 mono (T)13 13 13314 13326 atpH/atpl (IGS)

41 mono (M9 9 15125 15133 rps2 (CDS)

42 mono (M1o 10 15382 15391 rps2/rpoC2 (IGS)

43 mono (A)9 9 15397 15405 rps2/rpoC2 (IGS)

44 mono (M9 9 15525 15533 rps2/rpoC2 (IGS)
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49
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51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
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76
77
78
79
80
81
82
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85
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mono
mono
mono
di
mono
mono
mono
mono
mono
mono
di
di
di
mono
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mono
mono
mono
mono
di
mono
mono
mono
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mono
mono
di
mono
di
di
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mono
mono
di
di
mono
di
di
di
di
di
mono
mono
mono
mono

(T)18
(T)14
(A)8
(T)10
(AT)5
(A)8
(T8
(A)10
(A)9
(T)10
(A)10
(TA)4
(AT)9
(AT)9
(A)9
(TA)4
(M9
(T8
(A)8
(T8
(AT)4
(A)8
(A)10
(M11
(A)11
(T)10
(A)10
(GA)4
(A)8
(TA)6
(AT)4
(A)8
(T8
(A)9
(AT)4
(AT)4
(T8
(TA)4
(TA)6
(TA)4
(AT)6
(TA)5
(T)10
(A)8
(A)8
(T)10
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17584
17732
17878
18272
19120
21571
21877
22185
22860
25452
26611
26743
26964
27056
27141
27611
27650
27691
28014
28751
29097
30227
30592
30649
31552
33032
33165
36130
36987
43349
43369
43409
44257
45506
45614
45634
45712
47024
47035
47050
47471
47583
48262
48282
48511
48609

17601
17745
17885
18281
19129
21578
21884
22194
22868
25461
26620
26750
26981
27073
27149
27618
27658
27698
28021
28758
29104
30234
30601
30659
31562
33041
33174
36137
36994
43360
43376
43416
44264
45514
45621
45641
45719
47031
47046
47057
47482
47592
48271
48289
48518
48618
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rpoC2 (CDS)

rpoC2 (CDS)

rpoC2 (CDS)

rpoC2 (CDS)

rpoC2 (CDS)

rpoC1 (CDS)

rpoC1 (intron)

rpoC1 (intron)

rpoB (CDS)

rpoB (CDS)
rpoB/itrnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/itrnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/itrnC-GCA (IGS)
trnC-GCA/petN (IGS)
trnC-GCA/petN (IGS)
trnC-GCA/petN (IGS)
petN/psbM (IGS)
petN/psbM (IGS)
petN/psbM (IGS)
psbM/trnD-GUC (IGB)
trnD-GUCHArnY-GUA (IGS)
trnD-GUCArnY-GUA (IGS)
trnE-UUCHArNT-GGU (IGS)
trnT-GGU/psbD (IGS)
trnT-GGU/psbD (IGS)
trnS-UGA (CDS)
psbz/trnG-GCC (IGS)
psaAlyci3 (IGS)

psaAlycf3 (IGS)

psaAlyci3 (IGS)

ycf3 (intron)
ycf3/trnS-GGA (IGS)
ycf3/trnS-GGA (IGS)
ycf3/trnS-GGA (IGS)
ycf3/trnS-GGA (IGS)
rps4/trnTUGU (IGS)
rps4/trnTUGU (IGS)
rps4/trnTUGU (IGS)
trnT-UGU/trnL-UAA (IGS)
trnT-UGU/trnL-UAA (IGS)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA/trnF-GAA (IGS)
trnL-UAA/trnF-GAA (IGS)



91

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

di

di

di

di

di

mono
mono
mono
tri

mono
mono
mono
mono
mono
mono
mono
di

di

di

tri

mono
mono
mono
mono
mono
mono
mono
mono
di

mono
mono
tri

tri

mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono

(AT)4
(TA)6
(AT)4
(AT)4
(TC)4
(M11
(M8
(T)10
(AAT)4
(T8
(A)10
(Mo
(A)8
(A)10
(A)8
(A)9
(TA)4
(GA)4
(AT)7
(GGA)4
(M9
(A)8
(A)8
(A)8
(T8
(M8
(A)8
(A)9
(AT)4
(M8
(A)8
(AAT)4
(AAT)4
(Mo
(M8
(A)8
(A)9
(M9
(A)9
(M9
(A)9
(A)9
(A)8
(A)8
(T)10
(M)13

ol
w O

48913
48925
49007
49032
50080
50890
51388
51710
52134
52333
52540
52561
55398
55514
55726
55818
55948
56627
57841
59159
59961
60357
61136
61254
61376
61934
62020
62211
63204
63538
63564
64905
64929
65162
66576
67001
67174
67293
67633
67665
67802
67819
69047
69814
70631
70754

48920
48936
49014
49039
50087
50900
51395
51719
52145
52340
52549
52569
55405
55523
55733
55826
55955
56634
57854
59170
59969
60364
61143
61261
61383
61941
62027
62219
63211
63545
63571
64916
64940
65170
66583
67008
67182
67301
67641
67673
67810
67827
69054
69821
70640
70766

trnL-UAA/trnF-GAA (IGS)
trnL-UAA/trnF-GAA (IGS)
trnL-UAA/trnF-GAA (IGS)
trnL-UAA/trnF-GAA (IGS)
ndhJ/ndhK (IGS)
ndhK/ndhC (IGS)
ndhC/atpB (IGS)
ndhC/atpB (IGS)
ndhC/atpB (IGS)
ndhC/atpB (IGS)
ndhC/atpB (IGS)
ndhC/atpB (IGS)
trnV-UAC (intron)
trnV-UAC (intron)
trnV-UAC/rbcL (IGS)
trnV-UAC/rbcL (IGS)
trnV-UAC/rbcL (IGS)

rbcL (CDS)

rbcl/aceD (IGS)

accD (CDS)

accD/psal (IGS)
accD/psal (IGS)
psallycfd (IGS)

ycf4 (CDS)

ycf4 (CDS)

ycfd/cemA (IGS)

cemA (CDS)

cemA (CDS)

petA (CDS)

petA (CDS)

petA (CDS)

petA/psbd (IGS)
petAlpsbd (IGS)
petA/psbd (IGS)
psbJ/psbL (IGS)
psbE/petL (IGS)
petL/petG (IGS)
petl/petG (IGS)
trnW-CCAArnP-UGG (IGS)
trnW-CCALrnP-UGG (IGS)
trnW-CCAArnP-UGG (IGS)
trnW-CCA/trnP-UGG (IGS)
psad/rpl33 (IGS)

rpsl8 (CDS)

rpl20/rps12 (IGS)
rpl20/rps12 (IGS)
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137
138
139
140
141
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143
144
145
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147
148
149
150
151
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154
155
156
157
158
159
160
161
162
163
164
165
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168
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171
172
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176
177
178
179
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182

mono
mono
hexa
tri

tri

tri
mono
mono
mono
tri
mono
mono
mono
di
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
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mono
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(M9
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(TCGCCG)5
(TCG)7
(GTC)4
(GTC)8
(A)9
(A)8
(A)9
(ATA)4
(A)8
(M8
(T8
(CT)4
(T8
(M8
(M11
(A)9
(T)10
(Mo
(M9
(A)9
(A)8
(Mo
(M9
(T)10
(M9
(T8
(AT)4
(Mo
(M)13
(Mo
(AG)4
(AG)4
(G)8
(A)9
(GA)4
(T8
(A)11
(TA)6
(AG)4
(T8
(M8
(€)8
(A)8
(T8
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71164
71314
71953
71989
72012
72036
72327
72471
72706
72747
73125
73441
76152
77338
79035
81760
81997
82034
82406
82651
82936
83477
83508
83527
84501
84767
84805
85010
85941
86552
86590
86609
88923
89145
90286
91558
91579
92811
94912
96089
96853
98786
102318
102332
104083
104785

71172
71322
71982
72009
72023
72059
72335
72478
72714
72758
73132
73448
76159
77345
79042
81767
82007
82042
82415
82659
82944
83485
83515
83535
84509
84776
84813
85017
85948
86560
86602
86617
88930
89152
90293
91566
91586
92818
94922
96100
96860
98793
102325
102339
104090
104792

rpl20/rps12 (IGS)
rpl20/rps12 (IGS)
clpP (CDS)

clpP (CDS)

clpP (CDS)

clpP (CDS)

clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
clpP (intron)
psbB/psbT (IGS)
petB (intron)
petD (intron)
rps11/rpl36 (IGS)
rpl36/rps8 (IGS)
rpl36/rps8 (IGS)
rpl36/rps8 (IGS)
rps8 (CDS)
rps8/rpll4d (IGS)
rpl14/rpl16 (IGS)
rpll4/rpll6 (IGS)
rpl14/rpl16 (IGS)
rpll6 (intron)
rpl16 (intron)
rpll6 (intron)
rpl16 (intron)
rps3/rps19 (IGS)
rpsl9 (CDS)
rps19/rpl2 (IGS)
rps19/rpl2 (IGS)

trnl-CAU/ycf2 (IGS)

ycf2 (CDS)
ycf2 (CDS)
ycf2 (CDS)
ycf2 (CDS)
ycf2 (CDS)
ycf2 (CDS)

tnrL-CAA/ndhB (IGS)

ndhB (CDS)
ndhB/rps7 (IGS)

trnV-GAC/rrn16 (1GS)
trnV-GAC/rrn16 (IGS)
rrn16/trnl-GAU (IGS)

trnl-GAU (intron)
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183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

mono
di
mono
mono
di

di

di
mono
di
hexa
mono
mono
di
mono
mono
mono
di

di
mono
mono
mono
mono
mono
mono
di
mono
mono
mono
mono
di
mono
mono
mono
di
mono
mono
di

di

di
mono
di
mono
mono
mono
mono
mono

(G)8
(CT)4
(A)8
(A)11
(AG)5
(TA)5
(AT)4
(A)12
(AG)4
(AAAGAA)4
(A)11
(A)11
(AT)4
(A)8
(A)8
(A)8
(AC)4
(AT)6
(A)11
(A)10
(T8
(A)9
(A)8
(T)10
(AT)4
(Mo
(A)8
(A)8
(A)8
(AT)6
(T)10
(M8
(A)9
(TA)6
(T)10
(T8
(TA)6
(TA)9
(AT)6
(A)8
(AT)4
(A)8
(M12
(A)10
(M8
(A)8

106002
108114
109509
109819
109916
111229
111307
111418
112216
114398
114581
115070
115149
115233
115272
115311
116381
117481
117696
117802
117968
117981
118724
118778
120032
120758
121164
121177
121556
121657
121866
122763
123128
123240
123350
125330
127075
127089
127119
128271
128698
128730
128835
128866
129276
129438

106009
108121
109516
109829
109925
111238
111314
111429
112223
114421
114591
115080
115156
115240
115279
115318
116388
117492
117706
117811
117975
117989
118731
118787
120039
120766
121171
121184
121563
121668
121875
122770
123136
123251
123359
125337
127086
127106
127130
128278
128705
128737
128846
128875
129283
129445
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trnA-UGC (intron)
rrn23 (CDS)
rrn4.5/rrn5 (IGS)
rrn5/trnR-ACG (IGS)
rrn5/trnR-ACG (IGS)
trnN-GUU/ycfl (IGS)
trnN-GUUNcfL (IGS)
ycfl (CDS)

ycfl (CDS)

ycfl (CDS)

ycfl (CDS)

ycfl (CDS)

ycfl (CDS)

ycfl (CDS)

ycfl (CDS)

ycfl (CDS)

ycfl (CDS)
ycfl/ndhF (IGS)
ycfl/ndhF (IGS)
ycfl/ndhF (IGS)
ycfl/ndhF (IGS)
ycfl/ndhF (IGS)
ndhF (CDS)

ndhF (CDS)

ndhF (CDS)
ndhF/rpl32 (IGS)
rpl32/trnL-UAG (IGS)
rpl32/trnL-UAG (IGS)
rpl32/trnL-UAG (IGS)
rpl32/trnL-UAG (IGS)
rpl32/trnL-UAG (IGS)
ccsA (CDS)
ccsA/ndhD (IGS)
ccsAndhD(IGS)
ccsA/ndhD (IGS)
psaC/ndhE (IGS)
ndhG/ndhl (IGS)
ndhG/ndhl (IGS)
ndhG/ndhl (IGS)
ndhA (CDS)

ndhA (intron)

ndhA (intron)

ndhA (intron)

ndhA (intron)

ndhA (intron)

ndhA (intron)
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229  mono  (C)9 9 130367 130375 ndhH (CDS)
230 i (AAT)6 18 131661 131678 rpsl5/ycfl (IGS)
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General conclusions

Plastid genome sequencing is valuable to diverse biological fields of knowledge such as
evolution, phylogeny, genetigytology, 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
Passiflora cirrhiflora of the subgenus Deidamioides). The two former represented the first
complete plastome sequence of Bixaceae and Tropaeolaceae to be sequenced and etiaracteriz
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. orellanathe psal 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
rpsl9 gene in the IRs. Also, an extensiorthe C-terminus of matK and rpoA genes and
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 ahows
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 Passifiora contracta, while it is completely absent in Passiflora
obovata and intact in Passiflora arbelaezii. On other hand, the rpl20 and rpl32 arenohtact a
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 Bixaceaa @rapaeolaceae
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 oelated t
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 thiairger 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 anc

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



