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RESUMO 

 

PACHECO, Túlio Gomes, M. Sc., Universidade Federal de Viçosa, julho de 2016. 
Sequência completa do genoma plastidial de Passiflora cincinnata: rearranjos no 
genoma, múltiplas perdas de genes plastidiais e implicações na incompatibilidade 
genoma-plastoma. Orientador: Marcelo Rogalski. 

 

A organização, ordem e conteúdo gênico de genomas plastidiais (plastomas) são 

bastante conservados em angiospermas, porém há exceções a esta regra. Este parece ser 

o caso do gênero Passiflora, pois há evidências de perdas não usuais de genes 

plastidiais para espécies deste gênero. Porém, nenhum plastoma de Passiflora foi 

publicado até o momento, o que dificulta estudos a respeito da evolução do plastoma 

deste grupo. Da mesma forma, o estudo das causas da incompatibilidade entre o genoma 

nuclear e plastoma, apresentada por alguns híbridos interespecíficos de Passiflora, tem 

se mantido obscuro devido à falta de sequências plastidiais disponíveis no banco de 

dados. Assim, visando começar a preencher estas lacunas e ainda permitir a 

caracterização de marcadores genéticos plastidiais e a construção de vetores para 

transformação plastidial em Passiflora, o presente trabalho teve como objetivo o 

sequenciamento, montagem, análise e caracterização do plastoma de Passiflora 

cincinnata. Os dados indicam uma massiva perda de genes plastidiais essenciais para a 

viabilidade celular (infA, rps7, rps16, rpl20, rpl22, ycf1 e ycf2), os quais, muito 

provavelmente, foram transferidos para o núcleo e seus produtos são importados pelos 

plastídios. Este genoma mostrou alta taxa de substituição de nucleotídeos para os genes 

accD e clpP. Apesar da alta divergência, a sequência traduzida destes genes mantém a 

maioria dos domínios funcionais previstos para as proteínas que codificam e com isso a 

funcionalidade dos mesmos não pode ser descartada. Além disso, múltiplas inversões 

também foram detectadas no plastoma de P. cincinnata, mudando a ordem de vários 

genes. Em conjunto, os dados sugerem uma incomum evolução do plastoma de P. 

cincinnata, caracterizada por perdas gênicas, inversões no genoma e presença de genes 

com aceleradas taxas de substituição de nucleotídeos. Assim, é possível sugerir que esta 

instabilidade do genoma e perda de genes essenciais possa estar relacionada com a 

incompatibilidade entre núcleo e plastoma observada em híbridos de Passiflora. Por 

fim, a sequência completa do plastoma de P. cincinnata, obtida neste trabalho torna 

viável a transformação plastidial nesta espécie, visando aplicações biotecnológicas, 

além de estudos evolutivos e de genética funcional.  
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ABSTRACT 

 

PACHECO, Túlio Gomes, M. Sc., Universidade Federal de Viçosa, July, 2016. The 
complete plastid genome sequence of Passiflora cincinnata: genome 
rearrangements, massive plastid gene losses and implications to genome-plastome 
incompatibility . Adviser: Marcelo Rogalski. 

 

The plastid genome (plastome) organization, gene content and order is well conserved 

in most angiosperms, but there are some exceptions. The Passiflora genus is one of 

those exceptions, because there are evidences of some unusual plastid gene losses to 

species of this genus. However, none plastome of Passiflora has been published to date, 

making studies related to the evolution and putative high instability of plastome in this 

group difficult. In parallel, the study of the causes of nucleus-plastome incompatibility, 

observed in interspecific hybrids of Passiflora, has remained obscure due to the lack of 

plastid sequences in the database. In the context, starting to fill these gaps and to enable 

the characterization of plastid genetic markers and the construction of vectors for plastid 

transformation in Passiflora, the aim of the present study was the sequencing, assembly, 

analysis and characterization of complete P. cincinnata plastome. The data indicate a 

massive loss of plastid genes that are essential for cell viability (infA, rps7, rps16, rpl20, 

rpl22, ycf1 and ycf2), which very likely were functionally transferred to the nucleus and 

its products are imported into plastid. This genome also showed a high rate of 

nucleotide substitution in several genes, such as accD and clpP. Despite this high 

divergence, the translated amino acid sequences of these genes retain most of functional 

domains predicted indicating that they can still encode functional proteins. In addition, 

multiple inversions were detected in the P. cincinnata plastome, changing the order of 

several genes. Taken together, the data suggest a markedly uncommon evolution of P. 

cincinnata plastome, characterized for gene losses, multiple inversions and genes with 

accelerated nucleotide substitution rates. Thus, it is possible to suggest that the genomic 

instability and essential genes losses, observed here, may be related to the genome-

plastome incompatibility observed in Passiflora hybrids. This relation can be 

established and investigated of an accurate manner with the sequencing of other 

Passiflora plastomes. Finally, the complete plastome sequence of P. cincinnata 

obtained in this work enables the plastid transformation to this species, aiming 

biotechnology applications and studies of evolution and functional genetics. 
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1. Introduction 

The evolutionary origin of plastid organelle is based on endosymbiotic process, 

in which a eukaryotic cell engulfed a cyanobacterium ancestor. Following this process, 

the new eukaryotic plant cell with novel biochemistry pathways (e.g. photosynthesis), 

started to be controlled by three genetic compartments: the nucleus, mitochondria and 

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

et al., 2015). After the endosymbiosis, the plastid genome (plastome) underwent a 

dramatic reorganization, including the loss of dispensable genes, elimination of 

ambiguous genetic information between nucleus and plastome, transfer of plastid genes 

to the nucleus, importation of products (proteins) of these transferred genes into plastid 

and a complex interaction between nuclear and plastid gene products (Timmis et al., 

2004; Bock e Timmis, 2008; Zimorski et al., 2014; Rogalski et al., 2015). These 

processes resulted in a drastic reduction of plastome size and gene content during the 

evolution of plant cell. Currently, the plastome size of green land plants ranges from 

120 to 220 kb, and it encodes about 120-130 genes (Bock and Timmis, 2008; Zimorski 

et al., 2014; Rogalski et al., 2015). In contrast, the genome of a current cyanobacterium 

contains about 3200 genes (Kaneko et al., 1996), illustrating the massive gene losses 

experienced by plastome during the land plants evolution (Bock, 2015; Rogalski et al., 

2015). 

In general, land plant plastome contains a quadripartite structure, including a 

large single-copy region flanked on each side by inverted repeats (IRs) with a small 

single-copy region (SSC) joining the repeats; and this genome molecule encodes 

basically two groups of genes. The first group comprises components for the 

photosynthetic machinery such as photosystem I (PSI), photosystem II (PSII), the 

cytochrome b6/f complex and the ATP synthase (Shinozaki et al., 1986; Bock, 2001). 

The second group includes the genes required for plastid gene expression such as 

subunits of a plastid-encoded RNA polymerase (PEP), rRNAs, tRNAs, and ribosomal 

proteins. The first group of genes encoding components of photosynthetic machinery is 

not essential for cell survival and can be mutated individually under heterotrophic 

conditions as in vitro culture on sucrose-containing medium (Ruf et al., 1997; Bock, 

2001; Hager et al., 2002). However, several components of gene expression machinery 

are essential for cell viability and their mutation leads to lethality (Ahlert et al., 2003; 

Rogalski et al., 2006, 2008; Fleischmman et al., 2011; Alkatib et al., 2012). Moreover, 

plastid genomes encode several other essential genes involved in other cellular function 
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than photosynthesis such as ycf1 (encodes a subunit of the TIC/TOC machinery related 

to the plastid protein import apparatus; Kikuchi et al., 2013), ycf2 (a gene of unknown 

function; Drescher et al., 2000), clpP (encodes the proteolytic subunit of the ATP-

dependent Clp protease related to plastid protein homeostasis; Shikanai et al., 2001; 

Kuroda and Maliga, 2003), accD (encodes the β-carboxyl transferase subunit of a 

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 is transcribed by plastid-encoded plastid RNA polymerase showing a 

dependence of plastid translation to be expressed and it is the precursor of δ-

aminolevulinic acid involved in the biosynthesis of chlorophyll and heme group; Schön 

et al., 1986; Hanaoka et al., 2005).  

The plastome structure, gene content, gene order and gene function are well 

conserved in most angiosperms, however there are some exceptions. The literature 

highlights some angiosperm families as notorious examples of these exceptions, such as 

Campanulaceae (Cosner et al., 1997, 2004; Haberle et al., 2008), Ericaceae (Fajardo et 

al., 2013), Geraniaceae (Chumley et al., 2006; Weng et al., 2013) and Fabaceae (Guo et 

al., 2007; Cai et al., 2008; Sabir et al., 2014; Schwarz et al., 2015). Several species from 

these families already have the plastome sequenced, assembled and available in NCBI 

database (http://www.ncbi.nlm.nih.gov/genome/browse/), allowing us to find and to 

study the uncommon plastome characteristics present in these lineages. Currently, the 

plastid database contains approximately 850 complete plastome sequences, whereas 

several angiosperm families and groups remain unexplored or poorly studied. Therefore, 

it is presumable that several unusual plastome characteristics (related to gene content, 

gene order and genome structure) and evolution patterns may be found in some of these 

lineages. 

In the context of plastid genomic studies, an interesting angiosperm lineage that 

remains poorly explored is the Passifloraceae family. This family belongs to 

Malpighiales order and contains about 20 genera, with more expressiveness for 

Passiflora genus, and approximately 600 species. Brazil is a center of diversity of 

Passifloraceae family with 4 genera and about 150 species (Junqueira et al., 2005; 

Souza and Lorenzi, 2012). South America is considered the center of diversity of the 

Passiflora genus and contains approximately 95% of all species (Vanderplank, 1996; 

Nakasone and Paull, 1998). The Passiflora genus has several species used as resources 

for ornamental, medicinal and food purposes (Faleiro et al., 2005; Cerqueira-Silva et al., 

http://www.ncbi.nlm.nih.gov/genome/browse/
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2014a). This genus can be organized into four subgenera: Astrophea, Decaloba, 

Deidamioides and Passiflora (Feuillet and MacDougal, 2004; Cerqueira-Silva et al., 

2014a). Despites various economic applications of Passiflora genus and the high 

richness of genera and species in the Passifloraceae family, there is none plastome 

available, sequenced and assembled of any species belonging to this family in the 

plastid genome database. Interestingly, there are several additional characteristics that 

make this family a very interesting target for studies related to plastid genomes. For 

example, there are evidences in the literature suggesting an uncommon plastome 

evolution in this family (Downie et al., 1994; Jansen et al., 2007, 2011; Blazier et al., 

2016). The main evidence was provided by Jansen et al. (2007), who observed genetic 

divergences in the plastome sequence of Passiflora biflora in comparison with other 

angiosperm plastomes. These authors suggested the loss of some genes and intron from 

conserved genes (Hansen et al., 2006). The examples mentioned above bring strong 

evidences for a drastic evolutionary variation in the plastome of Passiflora species in 

comparison with most angiosperms. However, the lack of complete plastome sequences 

of species from Passifloraceae impedes advanced studies related to gene and intron 

losses, and likewise derails the detection of putative rearrangements, accumulation of 

repetitive elements and analyzes of regions with acceleration rates of nucleotides 

substitution in the plastome of this genus. 

 The plastid genomic in Passiflora has still other very interesting aspect, which is 

related to interaction between nuclear and plastid gene products. In general, plastome 

contains genes that encode subunits of multiprotein complexes, such as photosynthetic 

apparatus, gene expression machinery and other enzymatic complexes. The products of 

these genes (proteins) need to interact with the products encoded by the nucleus to 

assembly functional multi-protein complexes into the plastids. Thus, nuclear and plastid 

genes belonging to the same protein complex co-evolve and the appearance of a 

mutation in a plastid gene requires a compensatory mutation in the nuclear gene that 

interacts with it, and vice versa. Consequently, functional and regulatory interaction 

between nuclear and plastid gene products (proteins) prevent the independent evolution 

of these genetic compartments adjusting harmoniously the evolution of plant cell 

(Greiner and Bock, 2013). The essential adjustment of plant cell genomes is apparent 

during interspecific hybridization, which induces a formation of multi-protein 

complexes constituted of nuclear and plastid proteins. If the two hybrid parental lines 

suffered different selection pressures affecting the cell genomes, it can result in severe 
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failures in the hybrid development and, in extreme cases, in the cell lethality (Levin, 

2003; Herrmann et al., 2003; Schmitz-Linneweber, 2005; Greiner et al., 2011). The 

phenomenon of  cellular incompatibility, between nucleus (genome) and plastome, is 

easily observed when a photosynthetic multi-protein complex composed of nuclear and 

plastid subunits is affected resulting in different phenotypes such as variegated and pale 

green to white (Greiner et al., 2011). Different cases of genome-plastome 

incompatibility in the nature were already observed in several angiosperm families, as 

summarized by Greiner et al. (2011). The first report of genome-plastome 

incompatibility in Passiflora genus was observed by Mráček (2005) who demonstrated 

that several interspecific hybrids between P. menispermefolia and several other 

Passiflora species display biparental inheritance of plastids and a variegated phenotype. 

Given its uncommon characteristics related to plastid evolution and plastid inheritance, 

the Passiflora genus is a very interesting plant model to nucleus-plastome interaction 

studies, but the genetic reasons of the incompatibility are totally unknown and have to 

be elucidated. In other plant groups, several causes of genome-plastome incompatibility 

were elucidated by comparative analysis of plastome sequences of parental plants. In 

hybrids of Pisum genus, the incompatibility is likely related to the high divergence of 

accD gene, which affects the synthesis of fatty acids in plastids (Bogdanova et al., 

2015). In Oenothora, it is associated to the deletion of a promotor region, between the 

clpP and psbB genes, affecting the expression of photosynthesis-related genes (Greiner 

et al., 2008). The same situation is observed in experimental strategies in vivo using 

cybrids containing nuclear genome of Atropa belladonna and plastids of Nicotiana 

tabacum, which showed genome-plastome incompatibility. The reason of the 

incompatibility is the failure in one RNA editing site of atpA gene (encodes the α 

subunit of plastid ATP synthase; Shinozaki and Sugiura, 1986), showing a differential 

co-evolution of nuclear and plastid genes between members of Solanaceae family 

(Schmitz-Linneweber, 2005).  

As we can see in the examples previously mentioned, the study of the reasons of 

the incompatibility showed in Passiflora hybrids will become feasible only after the 

sequencing of plastid genomes from several species of this genus. In addition to gene 

order, gene content and gene functionality, it is also necessary to analyze the regulatory 

sequences (5’ and 3’ untranslated regions), present in this genome given that they can 

also be determinants of the incompatibility. The suggested loss of essential genes 

(Downie et al., 1994; Jansen et al., 2007, 2011) and the apparent high variability of 
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plastome in Passiflora genus (Hansen et al., 2006), may be important characteristics 

that can be related to the incompatibility genome-plastome. However, the indication of 

the cause of incompatibility in an accurate manner is possible only with access of 

complete plastome sequences. Moreover, the available of plastome sequence of several 

Passiflora species, in database, would allow also the selection of species containing 

differences in the plastome (i.e. in coding and/or regulatory sequences) to generate new 

interspecific hybrids and to evaluate the role of these differences in the nucleus-

plastome interactions. 

Plastome sequences allow also the identification and to characterization of 

simple sequence repeats (SSR markers) of plastome, which have vast potential for use 

in genetic studies such as interspecific and intraspecific variability, gene flow, genetic 

divergence and genetic diversity (Powell et al., 1995). Cerqueira-Silva et al (2014b) 

characterized some nuclear SSRs in three Passiflora species (P. edulis, P. cincinnata 

and P. setacea). These authors emphasized also the low available of genetic 

information, especially lack of plastid SSRs for different Passiflora species, which 

limits the studies of genetic variability in this genus. This gap will be filled with the 

available of complete plastome sequences of Passiflora species. Furthermore, plastid 

genome sequences may support phylogenetic studies with different approaches. In 

general, plastid genes have a low nucleotide substitution rate and, consequently, are 

excellent markers to phylogenetic studies at family, order and higher taxa level (Jansen 

et al., 2007; Moore et al., 2010; Vieira et al., 2014a; Rogalski et al., 2015). In addition, 

the plastome also contains genes and intergenic regions with high mutation rate that 

may be used to infer phylogenetic relationships between tribes, genus and lower taxa 

(Shaw et al., 2005, 2007; Rogalski et al., 2015). 

Finally, the plastid genome sequence enables the plastid transformation of 

Passiflora species. The plastid transformation offers several advantages in comparison 

with nuclear transformation such as high transgene expression levels, multigene 

stacking in synthetic operons, precisely targeted insertion of transgenes via homologous 

recombination and absence of epigenetic transgene silencing (Bock et al., 2015; Jin and 

Daniell, 2015; Rogalski et al., 2015). To correct transgene or mutation insertion via 

homologous recombination, it is needed a previous knowledge of plastome sequence of 

the target species, given that a specific transformation vector is required containing 

homologous regions to the plastid DNA, flanking the transgene (or mutation) that will 

be inserted (Bock, 2015; Rogalski et al., 2015). Furthermore, the availability of 
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plastome sequence allows also a safety selection of the exact insertion site preventing 

coding or regulatory sequence disruption by insertion of the transgene, which would 

affect the expression of other endogenous plastid genes (Bock, 2013). Several examples 

of applications of this technology are available in the literature (Maliga, 2004; Maliga 

and Bock, 2011; Bock, 2015; Jin and Daniell, 2015; Daniell et al., 2016). Plastid genetic 

engineering has several biotechnology applications and allows also studies related to 

basic research as functional genetics to analyze the essentiality of highly divergent 

plastid genes in Passiflora.  

In view of what was discussed above, the plastome sequencing of Passiflora 

species could fill gaps in several types of studies and applications. For this purpose, 

Passiflora cincinnata Mast. was selected as a good candidate to be the first Passiflora 

species with the complete plastome sequenced and assembled. It is a wild Passiflora 

species, popularly known as maracujá-do-mato (Bernacci et al., 2003) and belongs to 

the Passiflora subgenus (Killip, 1938). P. cincinnata is a native species of the Brazilian 

Caatinga and has nutritional (Kiill et al., 2010), medicinal and ornamental applications 

(Bernacci et al., 2003). It is also used as gene source in breeding programs for 

increasing resistance to pathogens (Oliveira and Ruggiero, 2005). Moreover, several 

protocols for in vitro regeneration of P. cincinnata are available in the literature, 

enabling it as candidate species for plastid transformation (Dornelas and Vieira, 1993; 

Reis, 2005; Lombardi et al., 2007; Silva et al., 2011) 

In this context, the present work aimed the sequencing, assembling and 

characterization of P. cincinnata complete plastome, as starting point to studies of 

genome evolution, plastid genetic markers and nucleus-plastome interaction in the 

Passiflora genus. The complete plastome sequence of P. cincinnata reported here 

showed unusual losses and putative pseudogenezation of several essential genes, 

suggesting the occurrence of various events of functional transfer of plastid genes to the 

nucleus. This genome also showed alterations in gene order caused for multiple 

inversions and also accelerated nucleotide substitution rates for several genes. Several 

SSRs and other repetitive regions were characterized and curiously these repetitive 

elements were concentrated predominantly in the accD/rbcL intergenic region, a highly 

divergent region. Taken together, the results showed an uncommon evolution of P. 

cincinnata plastome if compared with most angiosperms. Its specific characteristics, as 

gene losses, genome rearrangements and high nucleotide substitution rates suggest the 

existence of a high instability of Passiflora plastomes. The instability and specific gene 
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losses can directly or indirectly be the reasons of genome-plastome incompatibility 

observed in this genus. 
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2. Material and methods 

2.1. Plant material, chloroplast isolation and plastid DNA extraction 

Plants of Passiflora cincinnata were cultivated under greenhouse conditions in 

the Department of Plant Biology, Federal University of Viçosa, MG, Brazil. Young 

leaves were collected and kept for 96 hours at 4°C to reduce starch and sugar content 

from chloroplasts. The chloroplast isolation and plastid DNA extraction procedures 

were carried out as described by Vieira et al. (2014b). 

 

2.2. 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. Libraries were sequenced using MiSeq Reagent Kit 

v3 (600 cycles) on Illumina MiSeq Sequencer (Illumina Inc., San Diego, California, 

USA) at the Federal University of Paraná, Brazil. The paired-end reads (2 x 300bp) 

obtained in sequencing was submitted to de novo assembly using the CLC Genomics 

Workbench 8.0 software. Initial annotation of the P. cincinnata plastid genome was 

performed using Dual Organellar GenoMe Annotator (DOGMA) (Wyman et al. 2004). 

From this initial annotation, putative starts, stops codons, and intron positions were 

determined based on comparisons to homologous genes from other plastid genomes. 

The tRNA genes were further verified by using tRNAscan-SE (Lowe and Eddy, 1997). 

A physical map of the plastid circular genome was drawn using 

OrganellarGenomeDRAW (OGDRAW) (Lohse et al., 2013), followed by manual 

modifications and adjustments. 

 

2.3. Comparative analysis of genome structure 

The Mauve Genome Alignment v2.3.1 (MAUVE) software (Darling et al., 2003) 

and the Nucleotide MUMmer (NUCmer) Perl script in MUMmer 3.0 (to dot-plot 

analysis) (Kurtz et al., 2004) were used to comparison of plastid genome structures 

between P. cincinnata and other representative species belonging to Malpighiales order, 

as Licania alba, Hevea brasiliensis, Manihot esculenta, Viola seoulensis and Populus 

alba, as well as Arabidopsis thaliana, belonging to Brassicales order and used as 

external representative and reference.  
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2.4. Repeat sequence analysis and RNA editing sites prediction 

Simple sequence repeats (SSRs) in the P. cincinnata plastome were detected 

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 analyzed using Tandem Repeats Finder (TRF) (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 as 50 and 500, 

respectively. REPuter (Kurtz et al., 2001) was used to localize IRs and count forward 

versus reverse complement (palindromic) within P. cincinnata plastome. The settings 

for the minimal repeat size was 30 bp and the identity of repeats was no less than 90% 

(hamming distance = 3). All of the repeats found were manually verified, and the nested 

or redundant results were posteriorly removed. 

 Potential RNA editing sites in protein-coding genes of P. cincinnata plastome 

were predicted by the program Predictive RNA Editor for Plants (PREP) suite (Mower, 

2009), that use 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, 

atpI, ccsA, clpP, matK, ndhA, ndhB, ndhD, ndhF, ndhG, petB, petD, petG, petL, psaB, 

psaI, psbB, psbE, psbF, psbL, rpl2, rpl20, rpl23, rpoA, rpoB, rpoC1, rpoC2, rps2, rps8, 

rps14, rps16, and ycf3. 

 

2.5. Phylogenetic inference  

Aiming to infer the phylogenetic position of P. cincinnata (family 

Passifloraceae), the complete plastid genome of other species within Malpighiales order, 

including the families Chrysobalanaceae (representants of five genera), Euphorbiaceae 

(four genera), Salicaceae (two genera), and Violaceae (one genus), were obtained from 

NCBI plastid genome database. Moreover, we used also for phylogenetic analysis the 

complete plastid genomes of other orders within Fabids: Rosales (representants of two 

families), Cucurbitales, Fabales e Fagales (one family for each). As an out-group, it was 

included a species of Malvids, Arabidopsis thaliana (Brassicales: Brassicaceae). The 

table 1 shows the complete plastid genomes used in the phylogenetic inference. 

Nucleotide sequences of each protein-coding gene common to the plastid 

genomes of all species above listed were extracted and aligned individually using the 

software MUSCLE (Edgar, 2004) implemented in Mega 6.0 (Tamura et al., 2003). 
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Putative pseudogenes of P. cincinnata were removed from phylogenetic analysis, 

resulting in a set of 64 protein-coding genes. The software Sequence Matrix 1.7.8 

(Vaidya et al., 2010) was used to concatenate the genes and a total sequence of 50799 

nucleotides was obtained. In addition the software Partition Finder (Lanfear et al., 2012) 

was used to search for the best set of parameters to be optimized during the 

phylogenetic search for the best tree.  Bayesian inference was performed using MrBayes 

version 3.2 (Ronquist et al., 2012), with 10 million generations of two runs of four 

Markov Chains, three hot and one cold in each run. The software Tracer 1.6 

(http://tree.bio.ed.ac.uk/software/tracer/) was used to check the parameters convergence 

and the software FigTree 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) was used to 

visualize the consensus tree. 

 

Table 1: Species used in the phylogenetic inference of the position of P. cincinnata.  

Species Subclass Clade Order Family GenBank# 

Chrysobalanus icaco      rosids fabids Malpighiales Chrysobalanaceae NC_024061   

Couepia guianensis      rosids fabids Malpighiales Chrysobalanaceae NC_024063 

Hirtella physophora     rosids fabids Malpighiales Chrysobalanaceae NC_024066  

Licania alba            rosids fabids Malpighiales Chrysobalanaceae NC_024064  

Parinari campestris     rosids fabids Malpighiales Chrysobalanaceae NC_024067 

Hevea brasiliensis      rosids fabids Malpighiales Euphorbiaceae NC_015308 

Jatropha curcas         rosids fabids Malpighiales Euphorbiaceae NC_012224  

Manihot esculenta       rosids fabids Malpighiales Euphorbiaceae NC_010433 

Ricinus communis        rosids fabids Malpighiales Euphorbiaceae NC_016736 

Populus alba            rosids fabids Malpighiales Salicaceae NC_008235  

Salix interior          rosids fabids Malpighiales Salicaceae NC_024681 

Viola seoulensis    rosids fabids Malpighiales Violaceae NC_026986  

Morus mongolica         rosids fabids Rosales Moraceae NC_025772 

Prunus persica          rosids fabids Rosales Rosaceae NC_014697 

Cucumis melo            rosids fabids Cucurbitales Cucurbitaceae NC_015983  

Glycine max             rosids fabids Fabales Fabaceae NC_007942 

Castanea mollissima     rosids fabids Fagales Fagaceae NC_014674   

Arabidopsis thaliana*    rosids malvids Brassicales Brassicaceae NC_000932   

*Out-group 

 

 

 

http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/figtree/
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2.6. Pairwise distance analysis and estimation of synonymous (dS) and 

nonsynonymous (dN) substitution rates 

Pairwise distance was calculated based on the nucleotide sequences of 71 protein 

coding genes, including putative pseudogenes, identified in the plastome of P. 

cincinnata, comparing them with those of all species present in Table 1. The sequences 

of each gene were aligned individually by MUSCLE (Edgar, 2004) implemented in 

Mega 6.0 (Tamura et al., 2003), with Pairwise deletion set to Gaps / Missing data 

treatment. To each alignment was calculated the best model of nucleotide substitution of 

according the jmodeltest2 software (Darriba et al., 2012) and the matrix of pairwise 

distance was generated using the PAUP* version 4.0b5 (Swofford, 2002).  Furthermore, 

for each of the group of genes mentioned above, the pairwise dS and dN values between 

P. cincinnata and all the species presented in the Table 1 were estimated using Mega 

6.0 software (Tamura et al., 2003) under the Kumar model (Kimura 2-parameter). 

 All the genes and genomes used here, to comparative analysis with P. 

cincinnata, were obtained from NCBI and are shown accordingly in the Table 1. In 

addition, the sequences of the rps18 gene, from Pisum sativum (NC_014057.1) and 

Secale cereale (NC_021761.1), and the accD gene, from P. sativum and Medicago 

truncatula f. tricyla (AGR83925.1), were also obtained from NCBI plastid genome 

database. 
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3. Results 

3.1. Genome size and gene content of P. cincinnata plastid genome 

The Illumina MiSeq reads obtained and submitted to de novo assembly resulted 

in a high genome average coverage, approximately 3,274-fold. The complete plastid 

genome of P. cincinnata is a circular DNA molecule of 150,783 bp and exhibits the 

general quadripartite structure, which is typical in most angiosperms. It includes a large 

single-copy region (LSC) of 86,264 bp flanked on each side by inverted repeats of 

25,674 bp (IRs) with a small single-copy region (SSC) of 13,171 bp joining the repeats 

(Figure 1). In comparison with other representative species of Malpighiales order, the 

total size of P. cincinnata plastome is relatively reduced, with a predominant reduction 

in the SSC region (Table 2). The GC content determined for the P. cincinnata plastome 

is 37.1%, which is very similar to other flowering plants. 

The P. cincinnata plastome is predicted to encode 106 unique genes, of which 

14 are completely duplicated and the rps12 is partially duplicated in the IRs, resulting in 

a total of 121 genes (Table 3 and Figure 1). These genes include 72 unique protein-

coding genes (of which 4 are completely and one is partial duplicated), 30 unique tRNA 

genes (6 are duplicated in the IRs) and 4 unique rRNA genes (all completely duplicated 

in the IRs). The infA, rps16 and rpl22 genes are absent in P. cincinnata plastome. The 

intron of atpF gene and the two introns of clpP gene are also absent in this genome. The 

rps7 and rpl20 genes are putative pseudogenes given that they contain premature stop 

codons into the coding sequence, one and three, respectively. Other pseudogenes 

identified in this genome were the ycf1 and ycf2. The ycf1 gene contains several internal 

stop codons and lacks approximately 2 kb of its coding-sequence. The ycf2 gene 

contains premature stop codons, and additionally, it lost the start codon and about 3.2 kb 

of its coding sequence in comparison with other rosid species. 

Furthermore, the ndhB and rps18 genes also present uncommon structures in 

their coding sequencing in P. cincinnata plastome. The ndhB gene has an unusual start 

codon (AGG), seeing that plastid genes of higher plants contain mostly ATG and 

sometimes GTG as start codon. However, it is possible that in P. cincinnata plastome 

the translation of ndhB gene starts in the next ATG into the coding region 

(approximately 50 pb downstream of the conserved position of the start codon), and 

consequently, it could be functional. In other hand, the rps18 gene in P. cincinnata 

plastome is also likely functional, but it contains a relative large expansion closed to the 
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C-terminus sequence, in comparison with other species belonging to Malpighiales order 

and fabid clade. 

 

 

Figure 1. Genome organization and gene content of Passiflora cincinnata plastome. 

Two inverted repeat regions IRA and IRB, divide the rest of the circular 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 

belonging to different functional groups are color-coded. The darker gray in the inner 

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

 

 

 

 

 



 

14 

 

Table 2. Comparison of plastome size between Passiflora cincinnata and representative 

species from other families of Malpighiales order.  

Specie Family Size  
(bp) 

LSC  
(bp) 

SSC  
(bp) 

IR  
(bp) 

Passiflora cincinnata Passifloraceae 150,783 86,264 13,171 25,674 
Populus alba Salicaceae 156,505 84,618 16,567 27,660 
Viola seoulensis Violaceae 156,507 85,691 18,008 26,404 
Manihot esculenta Euphorbiaceae 161,453 89,295 18,250 26,954 
Licania alba Chrysobalanaceae 162,467 88,927 19,740 26,900 

 

Table 3: List of genes identified in Passiflora cincinnata plastome.  

Group of gene Name of gene 

Self-replication  
Ribosomal RNA genes rrn16b; rrn23b; rrn5b; rrn4.5b

 

Transfer RNA genes trnA –UGCab; trnC –GCA; trnD –GUC; trnE –UUC; trnF –GAA; trnfM –
CAU; trnG –UCCa; trnG –GCC; trnH –GUG; trnI –CAUb; trnI –GAUab; trnK 
–UUUa; trnL –CAAb; trnL –UAAa; trnL –UAG; trnM –CAU; trnN –GUUb; 
trnP –UGG; trnQ –UUG; trnR –ACGb; trnR –UCU; trnS –GCU; trnS –UGA; 
trnS –GGA; trnT –UGU; trnT –GGU; trnV –GACb; trnV –UACa; trnW –
CCA; trnY –GUA 

Small subunit of 
ribosome 

rps2; rps3; rps4; rps8; rps11; rps12ac; rps14; rps15; rps18; rps19b 

Large subunit of 
ribosome 

rpl2ab; rpl14; rpl16a; rpl23b; rpl32; rpl33; rpl36 

DNA-dependent RNA 
polymerase 

rpoA; rpoB; rpoC1a; rpoC2 

Genes for 
photosynthesis 

 

Subunits of 
photosystem I (PSI) 

psaA; psaB; psaC; psaI; psaJ; ycf3a; ycf4 

Subunits of 
photosystem I (PSI) 

psbA; psbB; psbC; psbD; psbE; psbF; psbH; psbI; psbJ; psbK; psbL; psbM; 
psbN; psbT; psbZ 

Subunits of cytochrome petA; petBa; petDa; petG; petL; petN 
Subunits of ATP 
synthase 

atpA; atpB; atpE; atpF; atpH; atpI 

Subunits of NADH 
dehydrogenase 

ndhAa; ndhBab; ndhC; ndhD; ndhE; ndhF; ndhG; ndhH; ndhI; ndhJ; ndhK 

Large subunit of 
Rubisco 

rbcL 

Others genes  
Maturase matK 

Envelope membrane 
protein 

cemA 

Subunit of acetyl-CoA 
carboxylase 

accD* 

C-type cytochrome 
synthesis gene 

ccsA 

ATP-dependent 
Protease 

clpP* 

Pseudogenes rps7b; rpl20; ycf1b; ycf2b
 

Genes absent rps16; rpl22; infA 
aGene containing introns; bDuplicated gene; cPartial duplicated gene; *highly divergent gene; 
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3.2. Comparative analysis of genome structure and IR boundary 

The structure of P. cincinnata plastome was here compared with plastomes of 

other representative species of Malpighiales order and Arabidopsis thaliana (as an 

external reference species), via the multiple genome alignment analysis produced by 

MAUVE software. This alignment showed the presence of rearrangements in P. 

cincinnata plastome, which are not present in other species of Malpighiales order 

(Figure 2). In the same way, we perform also a dot plot analysis using the plastome of 

the same species against the P. cincinnata plastome for an additional exploration of 

these rearrangements (Figure 3). One of these rearrangements was characterized to be 

an inversion of approximately 1.6 kb, in the beginning of the LSC region, that changed 

the order and direction of the coding region of trnH-GUG and psbA genes (Figure 2; 

Figure 3A-F, number1). Furthermore, there is still a significantly complex 

rearrangement in the P. cincinnata plastome corresponding to a large inversion of 

approximately 47 kb in the LSC region, extending from trnC-GCA gene till clpP gene, 

whereas a sequence of 3 kb approximately in the middle of this inversion, from trnV-

UAC to atpB genes, remains in the same direction as observed in the other species 

analyzed here (Figure 2; Figure 3A-F, number 2). Besides theses rearrangements in the 

P. cincinnata plastome, reported by the first time here, another genome rearrangement 

was already described in Hevea brasilienses (Tangphatsornruang et al., 2011) and may 

be visualized in both analyses, multiple genome alignment and dot-plot analysis done 

here (Figure 2; Figure 3C, number 3). 

The IR boundaries were compared between P. cincinnata, 5 species 

representatives of Malpighiales order and A. thaliana. It is possible to visualize a 

dynamic process of contraction/expansion of IR in the Malpighiales species (Figure 4). 

The IRa/LSC boundaries are very similar between A. thaliana, H. brasiliensis and Viola 

seoulensis, although a small IR contraction may be visualized in the latter. An 

expansion of IR in the IRa/LSC boundaries may be visualized in all of the other species 

in analysis, predominantly, in Populus alba and P. cincinnata in which this expansion 

included a full rps19 in their IRs. In relation to the SSC/IRs boundaries, they are very 

similar between A. thaliana, Licania alba and V. seoulensis. An expansion of IR in this 

boundary including a relative largest portion of ycf1 gene may be observed in H. 

brasilienses, Manihot esculenta, P. alba and P. cincinnata. In this latter, the ycf1 gene 

was degenerated into a pseudogene and the IR expansion was of such magnitude that 
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included the full sequence of the ycf1 pseudogene and more an intergenic region (Figure 

4). 

 

 

 

Figure 2. Comparison of plastid genome structures between P. cincinnata and other 

representative species of Malpighiales order with A. thaliana, as an external reference 

member, produced by MAUVE. 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 described at the bottom of boxes indicate 

the genes localized at the boundaries of the gene complex (gene groups) that suffered 

rearrangements in the plastome of P. cincinnata plastome in comparison to other 

species used in this manuscript. 
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Figure 3. Dot-plot analysis using the P. cincinnata plastome (x axis) against other 

representatives of Malpighiales and A. thaliana (y axis). A positive slope denotes that 

the sequences are in the same orientation. A negative slope denotes that the sequences 

are in opposite orientation. Sequence in the same direction are indicated in red and 

inversions found in the genome are blue colored. Highlight circles (1) and (2) in A-F 

indicate rearrangement present in P. cincinnata and (3) in C indicate rearrangement 

present in H. brasiliensis plastome. 
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Figure 4. Comparison of the IR structures between plastomes P. cincinnata, five other 

species from Malpighiales and A. thaliana. 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 same functional groups have the same color. The number 

of base pairs of the gene or intergenic regions in the IR junctions is indicated below the 

line, except to the overlap between ndhF and ycf1, which is indicated above the line. * 

indicates partially duplicated genes; ψ indicates pseudogenes. 

 

3.3. Repeat sequence analysis and RNA editing prediction 

The occurrence, type and distribution of SSRs in P. cincinnata plastome were 

analyzed. In total, 213 SSRs were identified. Among them, homo- and dipolymers were 

the most common with, respectively, 141 and 58 occurrences, whereas tri-(3) and 

tetrapolymers (11) occurred with lower frequency (Table 4). Most of homo- (96,4%) 

and dipolymers (81%) are constituted by A and T bases. The size, sequence, and 

location of the tri- and tetrapolymers are shown in table 5. From these 13 polymers 

identified, 6 are located in the intergenic region between accD and rbcL genes, 5 in 

other intergenic regions and 2 in coding sequences.  

Tandem repeats with more than 30 pb and with sequence identify of more than 

90% have also been examined. We found 51 tandem repeats in the P. cincinnata 

plastome, of which 11 are located in coding regions of accD (4), rps3 (1), rps18 (1), 
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rps19 (1), ndhF (1), ndhH (1), psbI (1) and trnP-UGG genes (1); 2 are located in the 

intron of rpl16 (1) and trnF-GAA (1) genes; 5 are located in the pseudogenes ycf1 (2) 

and ycf2 (3); 33 are distributed in the intergenic spacers around the genome (Table 6) 

and 8 out of them are located in the accD/rbcL intergenic region. In addition, 18 direct 

repeats (≥30 bp) were identified in the P. cincinnata plastome (Table 7). Among them, 

2 are located in coding sequences of psaA and psaB genes, 3 are located in coding 

regions of accD, 4 are located in coding regions of accD and in the accD/rbcL 

intergenic region, and 9 are located in the accD/rbcL intergenic region. 

The software Predictive RNA Editor for Plants identified in the P. cincinnata 

plastome a total of 64 putative RNA editing sites distributed in 21 genes (Table 8). 

Among them, 11 were identified in ndhB, 11 in ndhD, 7 in accD, 6 in rpoC2, 5 in ndhA 

and 4 in matK. 

 

Table 4. List of simple sequence repeats (SSRs) identified in P. cincinnata plastome. 

SSR Sequence Number of repeats Total 
 3 4 5 6 7 8 9 10 11 12 13 14  

A/T - - - - - 50 43 24 11 4 2 2 136 

C/G - - - - - 5 - - - - - - 5 

AG/CT - 10 1 - - - - - - - - - 11 

AT/AT  - 33 7 3 4  - - - - - - 47 

AAT/ATT  - 1 - - - - - - - - - - 1 

ACG/CGT - - 1 1 - - - - - - - - 2 

AAAG/CTTT 7 - - - - - - - - - - - 7 

AAAT/ATTT  2 - - - - - - - - - - - 2 

AACT/AGTT 1 - - - - - - - - - - - 1 

AGAT/ATCT 1 - - - - - - - - - - - 1 

Total             213 
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Table 5. Distribution of tri- and tetrapolymer SSRs loci in P. cincinnata plastome. 

SSR type SSR sequence Size Start-End Localization 

tri (GAC)6 18 27542-27559 clpP (CDS) 

tetra (TTCT)3  12 42832-42843 accD/rbcL (IGS) 

tetra (TTCT)3  12 42895-42906 accD/rbcL (IGS) 

tetra (TCTT)3  12 42907-42918 accD/rbcL (IGS) 

tetra (TTCT)3  12 42969-42981 accD/rbcL (IGS) 

tetra (TCTT)3  12 42992-43004 accD/rbcL (IGS) 

tetra (TTCT)3  12 43054-43065 accD/rbcL (IGS) 

tri (ATA)4  12 69771-69782 trnT-GGU/trnE-UUC (IGS) 

tetra (CTTT)3  12 72842-72853 psbM/petN (IGS) 

tetra (TTTA)3  12 97902-97913 rps12/trnV-GAC (IGS) 

tetra (TTAG)3  12 98508-98519 rps12/trnV-GAC (IGS) 

tetra (AATA)3  12 117212-117223 ndhD (CDS) 

tetra (ATAG)3 12 120673-120684 ndhG/ndhI (IGS) 

 

Table 6. Distribution of tandem repeats in P. cincinnata plastome. 

Number Consensus size  

           X 

Copy Number 

Start-End Localization 

1 3 x 18 4654-4703 trnK-UUU/trnQ-UUG (IGS) 

2 3 x 17 6297-6347 trnQ-UUG/psbK (IGS) 

3 2 x 66 7239-7365 psbK/psbI (IGS/CDS) 

4 2 x 13 9598-9622 trnG-UCC/trnR-UCU (IGS) 

5 3 x 13 9875-9917 trnR-UCU/atpA (IGS) 

6 2 x 23 13454-13499 atpH/atpI (IGS) 

7 2 x 15 15652-15681 rps2/rpoC2 (IGS) 

8 2 x 18 29596-29631 rps18 (CDS) 

9 2 x 14 31149-31176 psaJ/trnP-UGG (IGS) 

10 2 x 15 31581-31609 trnP-UGG/trnW-CCA (CDS/IGS) 

11 2 x 17 35112-35145 psbJ/petA (IGS) 

12 3 x 14 37338-37375 cemA/ycf4 (IGS) 

13 2 x 18 40378-40413 accD (CDS) 

14 3 x 15 40503-40547 accD (CDS) 

15 3 x 54 40718-40879 accD (CDS) 

16 3 x 48 41082-41228 accD (CDS) 

17 2 x 96 41344-41535 accD/rbcL (IGS) 

18 2 x 24 41545-41590 accD/rbcL (IGS) 

19 2 x 75 41638-41777 accD/rbcL (IGS) 

20 5 x 47 41860-42095 accD/rbcL (IGS) 

21 7 x 27 42296-42490 accD/rbcL (IGS) 

22 3 x 65 42782-42982 accD/rbcL (IGS) 

23 3 x 74 42831-43033 accD/rbcL (IGS) 

24 2 x 15 43293-43322 accD/rbcL (IGS) 

25 2 x 15 49251-49280 atpB/ndhC (IGS) 

26 2 x 21 51448-51489 ndhJ/trnF-GAA (IGS) 

27 2 x 17 52161-52194 ndhJ/trnF-GAA (IGS) 
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28 2 x 13 52677-52701 trnF-GAA (Intron) 

29 2 x 15 53517-53545 trnL-UAA/ trnT-UGU (IGS) 

30 2 x 15 53574-53603 trnL-UAA/ trnT-UGU (IGS) 

31 2 x 13 57803-57828 trnT-UGU/rps4 (IGS) 

32 2 x 22 63066-63109 psaB/rps14 (IGS) 

33 2 x 16 64641-64672 psbZ/trnS-UGA (IGS) 

34 2 x 19 69459-69496 trnT-GCU/trnE-UCC (IGS) 

35 2 x 17 69531-69564 trnT-GCU/trnE-UCC (IGS) 

36 2 x 17 69949-69984 trnT-GCU/trnE-UCC (IGS) 

37 2 x 13 77104-77128 psbH/petB (IGS) 

38 2 x 16 84615-84646 rpl16 (Intron) 

39 3 x 24 85720-85794 rps3 (CDS) 

40 2 x 25 86423-86472 rps19 (CDS) 

41 2 x 24 89019-89066 trnI-CAU/ycf2 (IGS/ψ) 
42 3 x 18 89257-89310 ycf2 (ψ) 
43 2 x 23 92569-92614 ycf2 (ψ) 
44 2 x 16 98853-98884 rps12/trnV-GAC (IGS) 

45 2 x 21 106712-106753 rrn4.5/rrn5 (IGS) 

46 3 x 40 107806-107926 trnN-GUU/ycf1 (IGS) 

47 2 x 18 110455-110490 ycf1 (ψ) 
48 3 x 18 110597-110647 ycf1 (ψ) 
49 2 x 15 112170-112200 ndhF (CDS) 

50 2 x 15 120754-120783 ndhG/ndhI (IGS) 

51 2 x 12 123847-123870 ndhH (CDS) 

 

Table 7. List of dispersed repeated sequences in P. cincinnata plastome.  

First repeat copy Second repeat copy Mismatch Type Size (bp) 

Start Location Start Location    
40300 accD (CDS) 40432 accD (CDS) -3 F 55 

40744 accD (CDS) 40852 accD (CDS) 0 F 58 

41099 accD (CDS) 41195 accD (CDS) -3 F 54 

41127 accD (CDS) 42042 accD/rbcL (IGS) -3 F 58 

41180 accD (CDS) 42047 accD/rbcL (IGS) -3 F 53 

41184 accD (CDS) 41343 accD/rbcL (IGS) -3 F 52 

41310 accD (CDS) 41826 accD/rbcL (IGS) 0 F 62 

41353 accD/rbcL (IGS) 41449 accD/rbcL (IGS) -3 F 60 

41353 accD/rbcL (IGS) 41965 accD/rbcL (IGS) -3 F 60 

41377 accD/rbcL (IGS) 41473 accD/rbcL (IGS) -3 F 71 

41377 accD/rbcL (IGS) 41989 accD/rbcL (IGS) -3 F 71 

41402 accD/rbcL (IGS) 41918 accD/rbcL (IGS) -1 F 142 

41439 accD/rbcL (IGS) 41859 accD/rbcL (IGS) -3 F 52 

41450 accD/rbcL (IGS) 42014 accD/rbcL (IGS) -3 F 54 

41859 accD/rbcL (IGS) 42113 accD/rbcL (IGS) -3 F 52 

42513 accD/rbcL (IGS) 42594 accD/rbcL (IGS) 0 F 54 

59422 psaA (CDS) 61646 psaB (CDS) -3 F 79 

59434 psaA (CDS) 61658 psaB (CDS) -2 F 67 

CDS, coding sequences; IGS, intergenic spacers. F, forward repeats. 

 



 

22 

 

Table 8. RNA editing sites predicted in the P. cincinnata plastome by PREP-cp 

software. 

Gene Nt 
position 

AA position Codon change AA change 

accD 709 
820 
850 
932 
992 
1093 
1511 

237 
274 
284 
311 
331 
365 
504 

CCG-TCG 

CCG-TCG 

CCG-TCG 

CCG-CTG 

CCG-CTG 

CCG-TCG 

TCA-TTA 

P-S 
P-S 
P-S 
P-L 

P-L 

P-S 
S-L 

atpI 629 210 TCA-TCC S-L 

clpP 664 222 CAT-TAT H-I 
matK 

 
538 
568 
1180 
1190 

180 
182 
394 
397 

CTC-TTC 

CCG-TCG 

CGG-TCG 

TCA-TTA 

L-F 

P-S 
R-W 

S-L 

ndhA 68 
326 
341 
419 
949 

23 
109 
114 
140 
317 

GCT-GTT 

ACT-ATT 

TCA-TTA 

ACA-ATA 

CTC-TTC 

A-V  

T-I 
S-L 

T-I 
L-F 

ndhB 25 
95 
413 
532 
557 
692 
776 
782 
1201 
1268 
1427 

9 

32 
138 
178 
186 
231 
259 
261 
401 
423 
476 

CTC-TTC 

TCA-TTA 

CCA-CTA 

CAT-TAT 

TCG-TTG 

TCT-TTT 

TCA-TTA 

TCA-TTA 

CAT-TAT 

GCT-GTT 

CCA-CTA 

L-F 

S-L 

P-L 

H-Y 

S-L 

S-F 
S-L 

S-L 

H-Y 

A-V  

P-L 

ndhD 

 
 
 
 
 
 
 
 
 
 
ndhF 

2 

20 
26 
47 
313 
545 
599 
674 
1204 
1405 
1454 
149 
586 

1 

7 

9 

16 
105 
182 
200 
225 
402 
469 
485 
50 
196 

ACG-ATG 

TCA-TTA 

ACA-ATA 

TCT-TTT 

CGG-TGG 

GCT-GTT 

TCA-TTA 

TCA-TTA 

CTT-TTT 

CTC-TTC 

TCA-TTA 

ACA-ATA 

CTT-TTT 

T-M 

S-L 

T-I 
S-F 
R-W 

A-V  

S-L 

S-L 

L-F 

L-F 

S-L 

T-I 
L-F 

ndhG 166 
250 

56 
84 

CAC-TAC 

CCA-TCA 

H-Y 

P-S 
petD 422 141 GCG-GTG A-V  

psaI 
 
psbE 
psbF 

25 
83 
214 
77 

9 

28 
72 
26 

CCT-TCT 

TCT-TTT 

CCT-TCT 

TCT-TTT 

P-S 
S-F 
P-S 
S-F 

rpl2 596 199 GCC-GTC A-V  

rpoA 

rpoB 

881 
338 
551 
1279 

294 
113 
184 
427 

TCG-TTG 

TCT-TTT 

TCA-TTA 

CCT-TCT 

S-L 

S-F 
S-L 

P-S 
rpoC1 41 14 TCA-TTA S-L 

rpoC2 1606 
2179 
2182 
2311 
2711 
3779 

536 
727 
728 
771 
904 
1260 

CTT-TTT 

CTT-TTT 

CCT-TCT 

CGG-TGG 

TCG-TTG 

TCA-TTA 

L-F 

L-F 

P-S 
R-W 

S-L 

S-L 

rps2 
rps8 

248 
403 

83 
135 

TCA-TTA 

CAC-TAC 

S-L 

H-Y 

rps14 149 50 CCA-CTA P-L 
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3.4. Phylogenetic inference  

Bayesian inference (BI) using a data matrix including 64 plastid protein-coding 

genes of 19 taxa (Table 1) was performed using the best model of nucleotide 

substitution to each alignment of according PartitionFinder (Table 9).  BI generated a 

phylogenetic tree with a –lnL = -215513.0311 (Figure 5). The BI posterior probability 

(PP) values were 1.00 for 12 nodes, 0.99 for 2 nodes, and 0.96, 0.66, 0.62 to one node 

each. 

Within the fabid clade, two major groups were supported: a clade corresponding 

to the Malpighiales order (Figure 5; gray square) that is a sister group to other clade 

including the others fabid orders (Rosales, Cucurbitales, Fabales and Fagales). Within 

the Malpighiales clade, two major groups were formed, the first clade including the 

Chrysobalanaceae and Euphorbiaceae families and the second clade including 

Passifloraceae, Salicaceae and Violaceae. In this last clade, Passifloraceae was a sister 

group with Salicaceae and both these families formed a sister group to Violaceae 

family. 

 

Table 9. Plastid genes used in phylogenetic inference clustered according to the best set 

of parameters found in PartitionFinder. 

Partition  Model Genes  

1 
GTR + I + 

G 
atpA, atpI, ndhJ, psaB, psbB, psbC, rbcL, rps15, ycf3 

   

2 
GTR + I + 

G 

atpB, atpE, atpF, cemA, ndhA, ndhE, ndhG, petA, psaJ, psbH, psbI, psbZ, 
rpl33, rpl36, rpoA, rpoB, rpoC1, rps14, rps11, rps19, rps2, rps4, rps8 

   

3 
GTR + I + 

G 

atpH, ndhC, ndhK, petD, petL, petN, psaA, psaI, psbA, psbD, psbE, psbJ, 
psbN, psbT, rps12 

   

4 
GTR + I + 

G 
ccsA, ndhF, petB, psaC, psbK 

   

5 
GTR + I + 

G 
matk, ndhD, ndhH, ndhI, rpoC2 

   
6 GTR + G ndhB, petG, psbF, psbL, psbM, rpl2, rpl23 

 

 

 

 

 

 

 



 

24 

 

 

 

Figure 5. Phylogenetic tree constructed from 64 concatenated plastid protein-coding 

genes showing the position of P. cincinnata within Malpighiales order and Fabids clade. 

Phylogenetic reconstruction was performed using MrBayes with GTR+I+G and 

GTR+G models. Posterior probabilities are indicated in 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.  
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3.5. Pairwise distance and synonymous (dS) and nonsynonymous (dN) substitution 

rates  

Pairwise distance based on nucleotide sequence was estimated using 71 protein-

coding genes present in all species listed in the table 1 (Figure 6). These 71 genes 

include rpl20, ycf1 and ycf2 (Figure 6; red-colored), which were identified in P. 

cincinnata as putative pseudogenes due to the presence of internal stop codons and loss 

of portion of their coding regions. The clpP and accD genes showed a strongly higher 

value of pairwise distance in comparison with all other genes (including the 

pseudogenes already identified). The next highest values of substitution rates were 

visualized, in decreasing order, to the genes rps11, rps15, ycf1 (pseudogene), ccsA, 

matK, rpl20 (pseudogene), whereas the ycf2 pseudogene showed surprisingly low 

substitution rates. 

To additional analysis of gene divergences in P. cincinnata plastome, 

synonymous (dS) and nonsynonymous (dN) and dN/dS values were estimated for the 

same 71 genes. In general, values of dN are higher in P. cincinnata in comparison to 

other species in analysis (Figure 7). Our analyses also revealed that accD, clpP, 

ribosomal protein genes and the pseudogenes ycf1 and rpl20 showed most significantly 

differences if we compare them to genes involved in photosynthesis (ndh, psa, psb 

genes) (Figure 7). Values of dS exhibit similar, although with less significant 

differences, patterns of variation (Figure 7). The clpP gene of P. cincinnata showed a 

dN value (0.36) higher than all other genes and strongly higher that the dN value (0.07) 

to the clpP in the other species in analysis. The second higher value of dN (0.25) was 

visualized to the accD gene of P. cincinnata that also showed higher value in 

comparison with the dN (0.11) of this gene in the other species. Also, clpP of P. 

cincinnata showed high value of dN/dS (0.93), lower only that the ycf1 pseudogene, and 

higher whether compared with the value found in other species (0.35). Considering the 

accD gene, in the plastome of P. cincinnata, it also showed a higher value of dN/dS 

(0.55), in comparison with those of the other species (0.49). Taken together, these 

results showed the existence of an exceptional high rate of substitution in several plastid 

genes of P. cincinnata plastid genome, predominantly in clpP and accD, allowing 

hypothesize that both gene are in a process of degeneration and could be pseudogenes in 

this species. 

 

 



 

26 

 

 

Figure 6. Mean of pairwise distance based on the nucleotide sequences between P. 

cincinnata plastome and all species present in Table 1, which was analyzed for 71 

plastid protein-coding genes. The genes were ranked according with their mean values, 

in decreasing order. Putative pseudogenes previously identified are red colored.  
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Figure 7. Synonymous (dS) and nonsynonymous (dN) substitution rates, and dN/dS 

values of 71 common plastid protein-coding genes, in alphabetical order. P. cincinnata 

is represented by filled circles and the mean of the others species (see table 1) is 

represented by open circles. 
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4. Discussion 

4.1. P. cincinnata plastome shows specific high divergence of genes and 

unprecedented gene losses in photosynthetic higher plants 

The P. cincinnata plastome encodes 30 tRNA and 4 rRNA genes like most 

flowering plants (Shinozaki et al., 1986; Sugiura and Wakasugi, 1989; Bock, 2007). 

Comparing the protein-coding genes, this genome shows an uncommon number of 

genes losses (or pseudogenization): the infA, rps16 and rpl22 genes were lost and the 

rps7, rpl20, ycf1 and ycf2 genes were identified as putative pseudogenes in this genome 

(Figure 1 and Table 3). The infA encodes the translation initiation factor 1 and is an 

essential gene in Escherichia coli (Cummings and Hershey, 1994). This gene was 

reported as an unusually unstable angiosperm plastid gene, given that it has been 

suffered different events of horizontal gene transfer and has been transferred to the 

nucleus in several species. This gene was lost from plastome in all Malpighiales and 

almost all rosid species investigated up to now (Millen et al., 2001). Furthermore, 

nuclear infA copies, containing a plastid transit peptide, were also already identified in 

different rosid species (Millen et al., 2001). Thus, it is strongly likely that a similar 

mechanism of infA transfer to the nucleus has occurred in P. cincinnata and other 

Malpighiales species.  

As in P. cincinnata plastome, the rps16 gene was lost almost in all Malpighiales 

species investigated so far, except in some Euphorbiaceae species. In this family the 

rps16 was lost in the plastome of Jatropha curcas (Asif et al., 2010), but it remained 

putatively functional in the other species as rubber tree, castor bean and cassava 

(Daniell et al., 2008; Rivarola et al., 2011; Tangphatsornruang et al., 2011). The 

presence of intact rps16 gene in some Euphorbiaceae species suggests at least three 

independent losses of this gene across Malpighiales. The rps16 gene was lost also in 

several legumes (Doyle et al., 1995; Schwarz et al., 2015) and also in several 

Brassicaceae species (Roy et al., 2010). Despite this high rate of parallel losses, this 

gene encodes the ribosomal protein (Rps16) of the small subunit (30S) of plastid 

ribosome and the gene has been demonstrated to be essential for cellular viability even 

under heterotrophic conditions (Fleischmann et al., 2011). It has been showed that the 

loss of plastid rps16 gene in Medicago truncatula and Populus alba was compensated 

by a nuclear-encoded rps16 copy of mitochondrial origin that can also target the plastids 

(Ueda et al., 2008). Given the history of rps16 in Malpighiales, it is likely that other 
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species in this family, that lost the rps16 gene from plastome, including P. cincinnata, 

also have this nuclear-encoded rps16 copy replacing the function of plastid gene. 

The rpl22 gene encodes the ribosomal protein L22 (Rpl22), which assemblies in 

the large ribosomal subunit of plastid ribosome. It is conserved in plastid genomes of 

most angiosperms and it is essential for plastid translation, cell survival and plant 

development (Fleischmann et al., 2011).  The loss of the plastid rpl22 gene was reported 

in three species of Passiflora (P. biflora, P. quadrangularis and P. cirrhiflora) by 

Jansen et al. (2011). Here, the loss of this gene was also reported in P. cincinnata, 

suggesting that this is a shared characteristic of Passiflora plastomes. Other studies 

indicated that this gene is also absent (or is a pseudogene) in Fabaceae (Doyle et al., 

1995; Martin et al., 2014; Sherman-Broyles et al., 2014) and Fagaceae plastomes 

(Castanea and Quercus; Jansen et al., 2011), and that the rpl22 was independently 

transferred to the nucleus in each of this families (Jansen et al., 2011). Additionally, it is 

likely that a third independent event of gene transfer to the nucleus occurred in 

Passifloraceae with acquisition of a plastid transit peptide sequence, which allows its 

returning as a functional protein into the plastids, compensating the loss of the rpl22 

gene in the plastome. 

The rps7 gene encodes a protein (S7), normally with 155 amino acids residues, 

which is part of the plastid ribosome 30S subunit (Shinozaki et al., 1986; Wakasugi et 

al., 1998). The S7 homolog protein in E. coli initiates the assembly process of 30S 

ribosome subunit (Nowotny and Nierhau, 1988) and the deletion of the rps7 gene in this 

organism shows that it is essential for cell viability (Shoji et al., 2011). However its 

detailed function remains to be elucidated in plants (Fleischmann et al., 2011). The rps7 

gene is highly conserved in plastid genomes of angiosperms and other plant groups. 

Here, we suggest that the rps7 is a pseudogene in P. cincinnata plastome because it 

contains a premature stop codon at amino acid position 62 (Figure 8). Apparently, the 

gene also degenerated into pseudogene in the Salix interior (Salicaceae) due to a 

premature stop codon and several deletions in its coding-sequence (manually checked; 

Figure 8). In other hand, in Populus, other genus of the Salicaceae family, the plastid 

rps7 gene encodes a full and functional Rps7 protein (Figure 8), indicating that the 

losses of this gene in Passiflora and Salix were two independent evolutionary events. 

The Rps7 protein assemblies very early directly on ribosomal RNA and interacts with 

other mid-binding ribosomal proteins being highly conserved in the plastid ribosome 

(Napper and Culver, 2015). Beyond its structural function, it is involved in translation 
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initiation as a general or specific factor (Fargo et al., 2001). Due to its functional 

characteristics related to plastid ribosome and translation initiation it is very likely that 

rps7 gene was transferred to the nucleus as a functional gene in Passiflora and Salix 

species, representing an unprecedented gene transfer to the nucleus in angiosperms.  

The rpl20 encodes the protein Rpl20, which is part of the 50S subunit of plastid 

ribosome. This protein is required for early steps of ribosome assembly (Nowotny and 

Nierhau, 1980) and it is essential for cell viability and plant development (Rogalski et 

al., 2008). Curiously, in P. cincinnata plastome the rpl20 gene was identified as 

pseudogene due to an internal stop codon and a 5 pb insertion, which shifted the 

reading-frame (producing additional premature stop codons; Figure 9). The loss of this 

gene was also suggested by Jansen et al. (2007) in P. biflora and except for these 

Passiflora species, loss of the rpl20 was not yet reported in plastomes of photosynthetic 

plants. It was only found to be absent from the plastid genomes of the parasitic 

protozoans Eimeria tenella (Cai et al., 2003), Theileria parva (Gardner et al., 2005), and 

Toxoplasma gondii (Wilson, 2002). Thus, based in the essential function and in the 

conservation of rpl20 gene in plants, it is very possible that, in Passiflora genus, this 

gene was transferred to the nucleus and a functional Rpl20 protein is then imported into 

the plastids. 

The ycf1 and ycf2 genes are giant plastid open reading frame encoding protein of 

approximately 1800 and 2280 amino acids, respectively (Downie et al., 1994; Bock, 

2007; Kikuchi et al., 2013). They are essential for cell viability given that ycf1 and ycf2 

mutant plants were not obtained even after several attempts (Drescher et al., 2000).  The 

ycf1 gene was recently characterized and it encodes the subunit Tic214 of the TIC 

complex, a translocon protein located at the inner membrane of plastids (Kikuchi et al., 

2013), while the ycf2 gene still has an unknown function. In P. cincinnata plastome, the 

ycf1 gene was identified as pseudogene due to the presence of several internal stop 

codons in the coding sequence (5 of them in the 101 first amino acids; Figure 10) and 

the loss of a larger portion, with approximately 2 kb, of the coding sequence in 

comparison with rosid species. On the other hand, the ycf2 gene is also a putative 

pseudogene in this species due to the lack of the start codon (Figure 11a), the presence 

of premature stop codons (5 of them between amino acid 769 and 799 position; Figure 

11b) and the lack of a larger portion of its coding region, containing about 3.2 kb, in 

comparison with other rosid species. Previous studies had already suggested the 

putative loss of ycf2 and ycf1 genes in Passfilora helleri (Downie et al., 1994) and P. 
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biflora (Jansen et al., 2007), suggesting that the loss of these genes is a common trait in 

the Passiflora genus. The ycf1 and ycf2 genes are also absent (or are pseudogenes) in 

three distantly related taxa: Poaceae (Guisinger et al., 2010; Vries et al., 2015), Erodium 

genus (Geraniaceae; Guisinger et al., 2011) and in cranberry (Vaccinum macrocarpon, 

Ericaceae) (Fajardo et al., 2013). The characterization of ycf1 and ycf2 genes in P. 

cincinnata demonstrated that at least four independent events of ycf1 and ycf2 losses 

occurred in photosynthetic angiosperms. Given the essential function of these two genes 

in eudicotyledon species, it is very likely that ycf1 and ycf2 genes were transfer to the 

nucleus in these species and a functional copy is present in the nucleus compensating 

the loss of these essential genes from their plastomes. Alternatively, and less likely, 

other compensatory mechanisms may have emerged in these lineages, allowing them to 

tolerate the lack of Ycf1 and Ycf2 proteins as suggested in plastids of grasses, in which 

the existence of an alternative TIC transport system would compensate the lack of the 

ycf1 gene (Nakai, 2015). 

In addition to the putative pseudogenes showed here, we found other genes in P. 

cincinnata plastome with unusual structures and features. The first case is the ndhB 

gene encoding the B subunit of NAD(P)H dehydrogenase, which is involved in the 

process of chlororespiration and cyclic electron transfer in chloroplast (Bock, 2007). In 

the P. cincinnata plastome, the ndhB gene has an unusual start codon (AGG), which is 

not conserved in other Malpighiales and rosid species (Figure 12).  It is unlikely that 

AGG can be used as start codon. In plastids, the canonical start codon is ATG, whereas 

other start codons were also reported in the literature as GTG, TTG and ACG (Hirose 

and Sugiura, 1997; Sugiura et al., 1998; Hirose et al., 1999). The latest alternative start 

codon can be restored post-transcriptionally to AUG by RNA editing. The RNA editing 

can become a nonfunctional gene at level of DNA into a complete functional transcript 

by restoring initiation, termination and/or conserved codons (Tsudzuki et al., 2001; 

Takenaka et al., 2013). Therefore, to analyze this possibility, the gene was sequenced 

again using DNA sequence as control and cDNA synthesized from ndhB mRNA from 

total leaf RNA. The sequences were completely identical, excluding the creation of a 

new start codon via RNA editing. The pseudogenization of ndhB gene is also unlikely 

because the sequence of this gene is highly conserved between P. cincinnata and other 

Malpighiales and related species (see alignment in Figure 12), showing the lowest value 

of pairwise distance between the P. cincinnata plastid genes (Figure 6) and also it 

shows low values of dS (0,037) and dN (0,015) (Figure 7). The most probably 
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hypothesis, in the P. cincinnata plastome, is that the ndhB gene starts in the next ATG 

in frame, approximately 50 pb downstream of the AGG codon (see Figure 12, blue 

arrow), and it is still functional. In some species of Orchidaceae family, the matK gene 

was previously described as pseudogene due to the frame shift mutations, but an 

alternative start codon in this gene can alleviate the frame shift mutations restoring the 

ORF and maintain this gene functional (Barthet et al., 2015). Then, we propose here 

that a downstream ATG became the new start codon in the ndhB transcript of P. 

cincinnata and it alleviates the mutation in the original start codon maintaining this gene 

functional. 

The rps18 gene encodes the S18 plastid ribosomal protein, which is integral part 

of the small ribosomal subunit (30S) (Harris et al., 1994; Sugiura et al., 1998). This 

protein is essential for functional ribosomal subunit assembly, and consequently, for 

plastid translation and cell viability in angiosperms (Rogalski et al., 2006). In P. 

cincinnata, the Rps18 protein contains an C-terminal extension, which increases 22-38 

amino acids in the protein structure if compared with other species from Malpighiales, 

whereas the N-terminal sequence is highly conserved in comparison with most 

angiosperms (Figure 13). The extended C-terminal sequence of Rps18 in P. cincinnata 

shows more similarity, in terms of length, to species belonging to other orders as 

Castanea mollisima (Fagales) and the monocot Secale cereale (Poales) than to species 

of Malpighiales (Figure 13; Weglöhner et al., 1995; Jansen et al., 2011). Additionally, 

S. cereale Rps18 protein acquired during the evolution additional repeated SKQPFRK 

motifs in the N-terminal sequence. It is known that the rps18 gene has acquired several 

structural modifications in the N-terminus and C-terminus during the evolution of 

plastome, which are observed in different species, families, order and plant groups 

(Weglöhner and Subramanian, 1991; Weglöhner et al., 1995). The interaction between 

different genomes present in the current plant cell and the exchange of genetic material 

between them can explain the changes found in the plastid ribosome as presence of 

plastid-specific ribosomal proteins and increase of mass essentially due to additional N- 

and/or C-terminal in the sequence of ribosomal proteins, if compared with their E. coli 

homologues (Yamaguchi and Subramanian, 2000, 2003; Yamaguchi et al., 2000; Tiller 

et al., 2012). The rps18 gene is highly conserved in the plastome of higher plants 

sequenced until the data and it was only transferred to the nucleus from plastome of 

parasite organisms including the colorless alga Euglena longa and the parasitic 

protozoans E. tenella (Cai et al., 2003), T. parva (Gardner et al., 2005) and T. gondii 
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(Wilson, 2002). To eliminate the possibility of stop codon restoration by RNA editing, 

the DNA sequence and the cDNA synthesized from rps18 mRNA were sequenced 

again, which revealed sequences completely identical. As observed in other species, it is 

likely that this variation in the C-terminal portion does not interfere negatively in the 

functions of Rps18 in plastid ribosome. Analyzing the DNA sequence, we can conclude 

that the larger C-terminal of Rps18 in P. cincinnata may have originated from the loss 

of an upstream stop codon in the coding sequence and the rps18 gene encodes a 

functional protein in P. cincinnata plastome.  

Unlike in most angiosperms, the gene clpP lost both introns in P. cincinnata 

plastome. This gene encodes the catalytic subunit (ClpP) of the plastid ATP-dependent 

protease Clp and it was demonstrated in vivo that this gene is essential for cell viability 

(Shikanai et al., 2001; Kuroda and Maliga, 2003). In addition to intron losses, the clpP 

gene is the most divergent gene found in P. cincinnata plastome, showing higher values 

of pairwise distance and dN values in comparison with other plastid genes and clpP 

genes from other rosid species (Figures 6 and 7). Moreover, this gene showed a high 

dN/dS value (0.93) in P. cincinnata, suggesting that this gene can be subject to relaxed 

purifying selection in this species, which is a strong evidence for a pseudogenization 

(Wu et al., 1995; Go et al., 2005). Both introns of clpP were also lost in several species 

of different families as Caryophyllaceae (Sloan et al., 2012b, 2014), in two species of 

Oleaceae (Lee et al., 2007), in grasses and in the Oenothera genus (Jansen et al., 2007; 

Erixon and Oxelman, 2008). Similarly, the intron 1 was lost in several legume species 

(Jansen et al., 2008; Dugas et al., 2015). Also as observed in P. cincinnata, various of 

these lineages that lost the introns of clpP gene also show an elevated substitution rate 

in this gene (Erixon and Oxelman, 2008; Sloan et al., 2012b, 2014; Dugas et al., 2015). 

Similarly, the clpP is also a putative pseudogene in Acacia ligulata (Williams et al., 

2015). In comparison as what was observed in A. ligulata, several evidences suggest the 

non-functionality of clpP in P. cincinnata, notwithstanding P. cincinnata clpP lacks 

frameshift mutations and/or premature stop codons in the coding sequence. If the clpP 

of P. cincinnata is indeed a pseudogene, some compensatory mechanism must have 

emerged in this species allowing it tolerate the loss of this essential plastid gene 

(Shikanai et al., 2001; Kuroda and Maliga, 2003), such as a possible gene transfer to the 

nucleus and the replacing of the plastid gene by a nuclear functional copy. On the other 

hand, the amino acid residues of the ClpP active sites and oligomer interfaces remained 
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conserved in this species (Figure 14), suggesting that this gene may still be functional in 

P. cincinnata plastome.   

As the clpP gene, the accD gene was also reported as highly divergent in P. 

cincinnata (Figures 6 and 7). This gene encodes the β-carboxyl transferase subunit 

(AccD) of a eubacteria-like multisubunit acetyl-CoA carboxylase, which is composed of 

other three nuclear-encoded subunits, AccA, AccB and AccC (Ohlrogge and Browse, 

1995; Sasaki and Nagano, 2004; Rogalski e Carrer, 2011). The eubacteria-like acetyl-

CoA carboxylase (ACCase) occurs in the plastids and catalyzes the formation of 

malonyl-CoA from acetyl-CoA during de novo fatty acid biosynthesis (Ohlrogge and 

Browse, 1995; Rogalski and Carrer, 2011). ACCase is intended to be the mainly 

regulatory enzyme of fatty acid synthesis (Sasaki and Nagano, 2004; Rogalski and 

Carrer, 2011) and it is essential for cell survival and plant development (Kode et al., 

2005). Despite its essential function, the accD gene was lost from plastome of several 

angiosperms lineages, including the grasses (Hiratsuka et al., 1989; Maier et al., 1995; 

Katayama and Ogihara, 1996), Acoraceae (Goremykin et al., 2005); Campanulaceae 

(Cosner et al., 1997), Geraniaceae (Chumley et al., 2006), Lobeliaceae (Knox and 

Palmer, 1999), Oleaceae (Lee et al., 2007) and in Trifolium (Fabaceae) (Doyle et al., 

1995; Cai et al., 2008; Magee et al., 2010). In the grasses, the plastid accD gene has 

been replaced by a nuclear encoded homomeric ACCase of eukaryotic origin that 

acquired a plastid transit peptide encoding-sequence (Konishi et al., 1996). In turn, a 

chimeric nuclear accD gene of chloroplast origin was detected in Trachelium caerulem 

(Rousseau-Guetin et al., 2013) and also in species from Trifolium genus (Magee et al., 

2010), showing a functional replacing the plastid accD gene that was lost from 

plastomes in these lineages. Due to the high divergent and substitution rate (Figures 6 

and 7), low conservation of its initial portion and the presence of an 800 pb insertion in 

the middle of its sequence (principally constituted by tandem repeats, see table 6) with 

no hits in BLAST search, it is possible that the accD is a pseudogene in P. cincinnata 

plastome. If the accD gene is a pseudogene in P. cincinnata, a nuclear-encoded accD 

with a plastid transit peptide, as seen in T. caerulum and Trifolium species, should exist 

to replace the essential function. However, the AccD protein of P. cincinnata still 

retains a well-conserved active domains with conserved residues for acetyl-CoA binding 

site,  CoA-carboxylation catalytic site, and the carboxybiotin-binding site motifs (Figure 

15). In BLASTp search, the AccD protein of P. cincinnata shows 78-79% of identity 

and 56-60% of coverage relative to the protein of other Malpighiales species. 
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Furthermore, the insertions and high substitution rates reported here did not caused 

frameshifts mutations and/or premature stop codons that interrupted the ORF. Thus, 

similar to the clpP case, the possibility of accD gene is still functional in P. cincinnata 

plastome cannot be excluded.  

The P. cincinnata plastome also show the loss of the intron of atpF gene, which  

encodes the ATP synthase β subunit (Bock, 2007). The loss of this intron was already 

suggested by Daniell et al. (2008) to the family Passifloraceae and also to other 

Malpighiales families, such as Euphorbiaceae, Picrodendraceae, Lophopyxidaceae and 

Phyllanthaceae. These authors also suggested an association between C-to-T 

substitutions (i.e loss of a RNA-edition site) at nucleotide position 92 and the loss of the 

atpF intron, suggesting that recombination between an edited mRNA and the atpF gene 

may be a possible mechanism for the intron loss. Here, the loss of atpF intron in P. 

cincinnata plastome in fact coincided with the presence of a T at nucleotide position 92, 

confirming the previous hypothesis.  

 On the other hand, P. cincinnata plastome retains the intron of rpoC1 gene, 

which encodes the β’ subunit of plastid RNA polymerase (Serino and Maliga, 1998), in 

agreement with the expected to species of subgenus Passiflora, and contrasting with the 

loss of this intron in species belonging to subgenus Decaloba (Hansen et al., 2006). In 

the same way with other gene coding for a subunit of plastid RNA polymerase, rpoA 

gene, which encodes the plastid RNA polymerase β subunit (Serino and Maliga, 1998). 

The rpoA gene is not essential for cell viability under heterotrophic conditions, but the 

deletion of this gene and other rpo genes impair the photosynthetic capacity in mutant 

plants (Serino and Maliga, 1998), which is consistent with the role of the plastid RNA 

polymerase in the transcription of photosynthesis-related genes. Interestingly, the P. 

cincinnata rpoA is a well-conserved gene with similar substitution rates  found in other 

rosids (Figure 7) and its amino acid translated sequence showed 93% of identity and 

100 % of coverage relative to other Malpighiales species (in BLASTp search), as 

observed in several Passiflora species, such as P. ciliata, P. cirrhiflora and P. 

quadrangularis (Brazier et al., 2016). However, the rpoA gene in P. biflora, a species 

belonging to Decaloba subgenus, shows high sequence divergence, retaining only 30% 

of amino acid sequence identity in comparison with the rpoA gene from other 

Malpighiales species (Jansen et al., 2007; Blazier et al., 2016).  
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Figure 8: MUSCLE alignment of rps7 translated amino acid sequence from 9 species of 

Malpighiales, including P. cincinnata, and other 4 rosids species. * indicates stop 

codon. Black arrow indicates premature stop codon in rps7 of P. cincinnata. Different 

background colors indicate amino acids with different biochemical properties. 

 

 

Figure 9: MUSCLE alignment of rpl20 translated amino acid sequence from 9 species 

of Malpighiales, including P. cincinnata, and other 4 rosids species. *indicates stop 

codon. Black arrow indicates premature stop codons in rpl20 of P. cincinnata. Different 

background colors indicate amino acids with different biochemical properties. 
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Figure 10. MUSCLE alignment of partial translated amino acid sequence of ycf1 (first 

150 amino acids) from 9 species of Malpighiales, including P. cincinnata, and other 4 

rosids species. * indicates stop codon. Black arrow indicates premature stop codons in 

ycf1 of P. cincinnata. Different background colors indicate amino acids with different 

biochemical properties. 
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Figure 11. MUSCLE alignment of partial translated amino acid sequences of ycf2 from 

9 species of Malpighiales, including P. cincinnata, and other 4 rosids species. a. 

Alignment of the first 66 amino acid sequence of ycf2. Gray arrow indicates the lack of 

a methionine in the start codon position of P. cincinnata. b. Alingment of the partial 

middle sequence of ycf2 amino acids. * indicates stop codons. Black arrow indicates 

premature stop codons in ycf2 of P. cincinnata. Different background colors indicate 

amino acids with different biochemical properties.  
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Figure 12. ClustalW (Thompson et al., 1994) alignment of the initial sequences of the 

ndhB gene and subsequent translation products from 9 species of Malpighiales, 

including P. cincinnata, and other 4 rosids species. a. Nucleotide alignment showing the 

consensus initiation codon (red arrow) and the putative new start codon (blue arrow) in 

P. cincinnata. b. Translated amino acids of initial sequences of ndhB gene, showing the 

consensus initiation amino acid (red arrow) and the putative new initiation amino acid 

in P. cincinnata (blue arrow). Black shadowing indicates conserved sequence among all 

taxa in the alignment, gray indicates conserved sequence among all except to one-three 

taxa, and white indicates nonconserved nucleotide or amino acid.  
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Figure 13. ClustalW alignment of the translated amino acid sequence of the rps18 gene 

from nine Malpighiales species (P. cincinnata, P. alba, S. interior, V. seoulensis, M. 

esculenta, H. brasiliensis, J. curcas, C. guianensis and C. icaco), one Cucurbitales (C. 

melo), two Fabales (P. sativum and G. max), one Fagales (C. mollissima) and one 

monocot (S. cereale). The final portion of the gene showing variable sizes and amino 

acids composition to the different taxa is highlighted (open box). Black shadowing 

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

conserved sequence among all except to one-three taxa, lighter gray indicates less 

conserved sequence, and white indicates non conserved amino acid.  
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Arabidopsis thaliana 

 Chrysobalanus icaco 

 
Manihot esculenta 

Passiflora cincinnata  

  

 

Figure 14. The ClpP amino acid sequence was analyzed using Conserved Domains (NCBI). All the ClpP proteins, including that of P. 

cincinnata, belong to the family S14_ClpP_2. The residues of the active site and of the oligomer interface are highlighted. 
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Figure 15. ClustalW alignment of the accD C-terminus region sequence in 9 

Malpighiales species (including P. cincinnata) and other rosid species (C. melo, P. 

sativum, M. truncatula f. tricycla, G. max and C. mollissima), showing the putative 

acetyl-CoA binding site (in green), the CoA-carboxylation catalytic site (in blue) and 

the carboxybiotin-binding site (in red) (Lee et al., 2004; Gurdon and Maliga, 2014). Red 

arrow indicates a carboxybiotin-binding site conserved among all taxa, except to P. 

cincinnata. Black shadowing indicates conserved sequence among all taxa in the 

alignment, darker gray indicates conserved sequence among all except to one-three taxa, 

lighter gray indicates less conserved sequence, and white indicates lack of conservation. 
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4.2. Multiple inversions in P. cincinnata plastome 

 Gene order in the plastome is typically conserved in majority of land plants 

(Palmer 1991; Jansen and Ruhlman, 2012). However, rearrangements in the plastome 

have been reported in several plants groups, including Asteraceae, Campanulaceae, 

Fabaceae, Geraniaceae, Lobeliaceae, Onagraceae, Pinaceae, Poaceae, Ranunculaceae, 

Euphorbiaceae and Podocarpaceae (Jansen and Palmer, 1987; Palmer et al., 1987; 

Hiratsuka et al., 1989; Hachtel et al., 1991; Lindholm and Gustafsson, 1991; Doyle et 

al., 1992; Hoot and Palmer, 1994; Cosner et al., 1997, 2004; Strauss et al., 1998; Knox 

and Palmer, 1999; Saski et al., 2005; Chumley et al., 2006; Guo et al., 2007; Lee et al., 

2007; Haberle et al., 2008; Tangphatsornruang et al., 2011; Vieira et al., 2014a). The 

mechanisms implicated in these rearrangements that change gene order and content in 

plastome, include: inversion, gene duplication, gene/intron loss, insertion/deletion, and 

IR expansion/contraction (Palmer, 1991; Raubeson and Jansen, 2005). Here, it was 

reported for the first time in a Passifloraceae species, the presence of multiples 

rearrangements in the plastome LSC region, which generate significant changes in its 

gene order. 

 One of these rearrangements was characterized to be a simple inversion of 1.6-

1.7 kb in the start of LSC region that changed the order and direction of the coding 

region of trnH-GUG and psbA genes (Figure 2; Figure 3A-F, number1). Thus, the psbA 

gene in P. cincinnata is considered the first gene in the LSC region, while this position 

is occupied for trnH-GUG in the majority of angiosperms (Figure 1 and 2). 

Furthermore, it was here reported other rearrangement in the P. cincinnata plastome, 

corresponding to a large inversion of approximately 47 kb in the LSC region, extending 

from trnC-GCA gene till clpP gene, whereas a sequence of 3 kb approximately in the 

middle of this inversion, from trnV-UAC to atpB genes, remains in the same direction 

as observed in the other species analyzed here (Figure 2; Figure 3A-F, number 2). It is 

likely that this rearrangement was caused by multiple inversion events in this region. A 

possible scenario is that the inversion of this 3 kb sequence occurred previously and 

thus a new large inversion of 47 kb, in this region, returned the sequence of 3kb to the 

same direction observed in other species. Alternatively, the inversion of 47 kb may have 

occurred first and a posterior inversion returned a 3 kb sequence to the same direction as 

observed in other species. However, scenarios more complex involving a larger series of 

recombinations yielding inversions and translocations cannot be exclude. The plastome 
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sequences of other Passiflora species could clarify the mechanism, order and 

phylogenetic origin of these inversion events. 

 Inversions in plastid genome are generally associated with the presence of short 

inverted repeats (IRs) sequences flanking the inversion borders or tRNA genes 

(Hiratsuka et al.; 1989; Hupfer et al. 2000; Pombert et al., 2005, 2006; Vieira et al., 

2016b). Here, significant IRs flanking the inversion borders were not found in P. 

cincinnata. In H. brasiliensis (the only Malpighiales species with a larger inversion 

reported prior this work) significant repeats flanking the 30 kb inversion were also not 

found (Tangphatsornruang et al., 2011).  However, it is still possible that the presence 

of IRs in the borders is the responsible mechanism for inversions reported here to P. 

cincinnata, and subsequent mutations and/or inversions in these regions could have 

obscured or eliminated these repeated sequences. 

  Jansen et al. (2007) detected a positive correlation between increased 

substitution rates, number of gene and intron losses and gene order changes. The P. 

cincinnata plastome strongly corroborate with this relation because it showed a large 

number of gene and intron losses, gene order changes and elevated substitution rates to 

several genes (Figure 7). A possible mechanism that explains this correlation involves 

homologs to the eubacterial recA gene, which is involved in homologous recombination 

and DNA repair in this organism (Guisinger et al., 2008). Homologs to this gene and 

other nuclear-encoded genes involved in DNA repair were already found in plants and 

some are target to plastid (Cerutti et al., 1992; Lin et al., 2006; Saotome et al., 2006).  

 

4.3. Genome size reduction versus IR expansion  

Two copies of larger inverted repeats (~25 kb) are present in most land plant 

plastomes and they are designated IRA and IRB. The sequence found in an IR is 

completely duplicated in the other IR (Jansen and Ruhlman, 2012). Expansion and 

contraction events involving few hundreds of base pairs are common to happen at the 

IR boundaries. Normally, in most angiosperms the edge of boundaries includes the ycf1 

gene at the IR/SSC junction and the rps19 or rpl22 genes at the IR/LSC junction 

(Goulding et al., 1996; Zhu et al., 2016). In the Figure 4 is shown different events of 

expansion of both boundaries in species of Malpighiales order. Comparing with 

Arabidopsis thaliana plastome, events of IR expansion in the IRA/LSC junction were 

observed in Manihot esculenta, Licana alba, Populus alba and Passiflora cincinnata, 

which was described in this study. In the last two species, the expansion includes a full 
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rps19 in the IRs. In the genus Salix, the rps19 gene is also completely duplicated into 

the IR. Expansion of IRs in the IRB/SSC boundary was also observed predominantly in 

M. esculenta, P. alba and P. cincinnata. The later showed the largest IR expansion in 

the IRB/SSC junction, including the full pseudogene ycf1 (~3.5kb), while in the other 

species in analysis only 1-1.7kb of ycf1 is duplicated in the IR (Figure 3). These results 

suggest an IR expansion tendency, in both of the boundaries of Salicaceae and 

Passifloraceae species. The  IR expansion may have probably originated in the common 

ancestral of these families or could still be independent evolutionary events. 

 Curiously, despite of P. cincinnata showed the largest expansion events in our 

IR boundary analysis (Figure 4), the IRs in these species are smaller in total size than 

those  other Malpighiales species (Table 2). The reduction of size could be attributed to 

the loss of about 3,2kb of the ycf2 pseudogene. Moreover, P. cincinnata contains a quite 

reduced SSC region, in comparison with other Malpighiales (Table 2). This reduction 

may be explained by the loss of about 2kb from ycf1 pseudogene and also for expansion 

of IR in the IRb/SSC boundary. Finally, the reduction in the SSC and IR regions explain 

the reduction in total genome size observed in P. cincinnata (Table 2). 

 

4.4. Repeat sequence analysis 

The use of plastid single sequence repeat (ptSSRs or microsatellites) as plastid 

markers was firstly introduced by Powell et al. (1995). ptSSRs exhibit length variation 

and polymorphism, which can be useful tool to analyze the genetic diversity. The 

ptSSRs smaller than 15 bp have been identified in several plastomes of land plants 

(Marshall et al., 2001; Provan et al., 2001; Raubeson et al., 2007; Vieira et al., 2014a, 

2016a). In the P. cincinnata plastome, we identified 213 SSRs (Table 4). The ptSSRs 

identified here can be assessed for intraspecific and interspecific analyzes of 

polymorphism (Powell et al., 1995; Vieira et al., 2014a; Rogalski et al., 2015) in P. 

cincinnata accesses and other Passifloraceae species. Most ptSSRs are mononucleotide 

repeats (homopolymers) and di-, tri-, tetra, pent and hexa-nucleotide repeats are less 

common (George et al., 2015). It is in accordance with what we found here for P. 

cincinnata. From 213 ptSSRs identified here, 141 were mono- and dionucleotides 

repeats were the most common with 141 and 58, respectively; whereas tri-(3) and tetra-

nucleotides (11) occurred with lower frequency and penta- and hexa-nucleotides repeats 

were not found in P. cincinnata plastome (Table 4). Most tetra-nucleotide repeats (6) 

found here is localized within of an unique intergenic region (bewteen accD and rbcL; 
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Table 5). Moreover, two trinucleotide repeats are localized within the coding-sequence 

of clpP gene (Table 5), forming an insertion with no hit in BLAST search. This 

insertion containing repetitive nucleotide and may be related to the high genetic 

divergence and evolution rate showed here for this gene in P. cincinnata.  

Through of the TRF software, 51 tandem repeats with repetition units of 12-96 

pb were identified in P. cincinnata plastome (Table 6). The importance of tandem 

repeats to plastome structure and evolution is poorly understood, but some reports 

suggested that this type of repeated sequence play an import role in plastome size, 

structure and evolution in some flowering-plants lineages (Jo et al., 2011; Sloan et al., 

2014; Dugas et al., 2016; Vieira et al., 2016b). Among tandem repeats found here, one 

is localized in the coding-sequence of rps18 gene, probably contributing for the C-

terminal extension reported to this gene in P. cincinnata (Figure 13; Table 6). 

Furthermore, three tandem repeats were found in the accD ORF, constituting an 

insertion (with no hits in BLAST search) in the middle of its sequence. As seen for the 

SSR sites, several tandem repeats were also found in the intergenic region between 

accD and rbcL (Table 6). Additionally, we identified 18 direct repeats (≥30 bp) in the P. 

cincinnata plastome, using the software Reputer (Table 7). Interestingly, most of these 

direct repeats were found within accD coding-sequence and in the accD/rbcL intergenic 

region (Table 7). Taken together, the results showed that, in P. cincinnata plastome, the 

region including the accD gene and intergenic sequence between accD and rbcL genes 

is extremely rich in repetitive elements. As suggested to the clpP gene, this 

accumulation of repetitive nucleotides, in the sequence-coding and flanking the accD 

gene, may be related with the high substitution rate and the elevated divergence showed 

for this gene in P. cincinnata plastome. In summary, it was showed here several 

examples of repetitive sequences that could be affecting the structure of plastid genes in 

P. cincinnata. 

 

4.5. RNA editing sites prediction 

RNA editing has been found in plastid transcripts from all major lineages of land 

plants (Freyer et al., 1997). RNA editing can create start and termination codons, and 

restore conserved amino acids modifying the sequence of mRNAs to be translated, 

producing a functional protein (Tsudzuki et al., 2001; Takenaka et al., 2013). The PREP 

software identified 62 putative RNA editing sites in the P. cincinnata plastome (Table 

8). All the sites occurred in the first or second codon position and all nucleotide changes 
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observed were from C-to-U, which is the predominant form of RNA editing commonly 

found in seed plants (Bock, 2000; Takenaka et al., 2013). In other hand, the reverse C-

to-U editing is common in other plants groups, such hornworts, ferns and Lycophyta 

(Yoshinaga et al., 1996; Takenaka et al., 2013; Oldenkott et al., 2014). Among 62 sites 

identified in the P. cincinnata plastome, 26 have been experimentally validated in at 

least one of the angiosperms species Jatropha curcas (Asif et al., 2010), Hevea 

brasilienses (Tangphatsornruang et al., 2011); Arabidopsis thaliana (Tillich et al., 

2005), Nicotiana tabacum (Hirose et al., 1999b), 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 sativus (Corneille 

et al., 2000).   

Among the 11 editing sites predicted to the ndhB transcript (Table 8), 9 out of 

them were experimentally confirmed in at least one of the 9 species mentioned above. 

The editing sites in the codon positions 138, 178, 259 and 261 were the most frequent, 

occurring in all 9 species, whereas the putative editing sites in the codon 9 and 423 have 

not been validated in any species. The software predicted 11 editing sites in the ndhD 

transcript. Five of them (in the codon positions 1, 7, 200, 225 and 485) were validated 

in at least three of these species. The edition site in the first codon creates a start codon 

in the ndhD transcripts and it is generally found in several angiosperms lineages. 

Takenaka et al. (2013) suggest that the RNA editing mechanism has the role of 

controlling the available pool of mature functional RNA molecules. The ndhA gene also 

contains a predicted editing site (in codon position 114) validated in N. tabacum (Hirose 

et al., 1999b), A. belladonna (Schmitz-Linneweber et al., 2002), A. thaliana (Tillich et 

al., 2005) and C. nucifera (Huang et al., 2013). These results suggest that the ndh genes 

(predominately the ndhB and ndhD) are the genes more frequently edited in P. 

cincinnata and most editing sites are well conserved in flowering-plants.  

The rpo genes are the second gene class with more predicted editing sites in P. 

cincinnata plastome (Table 8). Among these, the editing sites in the codon positions 113 

and 184 of the rpoB transcript, in the codon position 14 of the rpoC1 transcript, and in 

the codon position 904 and 1260 of the rpoC2 transcript were validated in at least one 

of the following species: A. thaliana (Tillich et al., 2005), N. tabacum (Hirose et al., 

1999b), S. lycopersicum (Kahlau et al., 2006), A. belladonna (Schmitz-Linneweber et 

al., 2002), C. nucifera (Huang et al., 2013) and Z. mays (Maier et al., 1995; Bock et al., 

1997). The editing sites predicted to rps2, rps14, psbE, atpI and clpP genes were also 
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validated in at least one of these species. Moreover, 7 editing sites were predicted to the 

accD transcript in P. cincinnata (table 8), but only one (in the codon position 504) was 

experimentally confirmed (Huang et al., 2013). Experimental procedures, such as 

transcript sequencing, can confirm if the remaining editing sites of accD (and also those 

predicted to other genes and that have not been validated) represent unprecedented 

editing sites or are false positives. 

 

4.6. Phylogenetic position of P. cincinnata (Passifloraceae) within Malpighiales 

 The Bayesian inference (BI) performed here, using a data matrix including 64 

plastid protein-coding genes of 19 taxa, supports, with 1.00 of posterior probability 

(PP), the monophyly of Malpighiales (Figure 5). The monophylethic origin of this order 

and its component families is also well supported for several previous works, using 

different approaches (BI and Maximum Likelihood) and different genes combinations, 

such plastid genes, plastid intergenic regions and introns, mitochondrial genes and 

nuclear genes (Davis et al., 2005; Tokuoka and Tobe, 2006; Korotkova et al., 2009; 

Wurdack and Davis, 2009; Xi et al., 2012).  

Here, it was found, with high degree of confidence, that Passifloraceae is more 

closely related to Salicaceae (1.00 PP) and that both families form a clade that is a sister 

group to Violaceae family (1.00 of PP). The clade formed for these three families 

(parietal clade) is also well supported in other phylogeny studies (Korotkova et al., 

2009; Wurdack and Davis, 2009; Xi et al., 2012). However, differences in the 

relationship within parietal clade are found in the literature. In work of Wurdack and 

Davis (2009), using maximum likelihood (ML) method and a data matrix including 

plastid (only 4 genes), mitochondrial and nuclear genes, the Passifloraceae family 

formed a sister group with Violaceae (supported with 80% of boostrap value) and both 

families formed a clade that was sister to Salicaceae. Similar results were found for 

Tokuoka and Tobe (2006) using plastid and nuclear genes. In other hand, Xi et al. 

(2012), using a data matrix including a core of 82 plastid genes and BI e ML methods, 

found that Passifloraceae and Salicaceae form a well-supported (96% of boostrap value 

and 1.00 of PP) clade (salicoids), which is sister group to Violaceae. These results are in 

fine with Korotkova et al. (2009) (using the plastid petD intron) and corroborate with 

the phylogenetic position inferred to Passifloraceae in the present work (Figure 5). 
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5. Conclusions and outlook 

In this work, the complete sequence plastome of P. cincinnata was obtained, 

representing the first Passiflora species with plastome full sequenced, assembled and 

characterized in detail. This genome showed a high number of gene losses of which 

essential for cell viability (infA, rps7, rps16, rpl20, rpl22, ycf1 and ycf2). Due to the 

essential function of these genes for plant cell, it was suggested the occurrence of 

various events of functional transfer of these plastid genes to the nucleus in this species. 

Transfer or functional substitution of infA, rps16 and rpl22 already were reported in 

other species (Millen et al., 2001; Ueda et al., 2008; Jansen et al., 2011), but it was not  

still reported to rps7 and rpl20. Thus, the transfer to the nucleus and functional 

substitution of plastid rps7 and rpl20 genes suggested here to P. cincinnata is an 

unprecedented event in land plant plastomes. Moreover, this genome showed highly 

divergent genes, accD and clpP, which may have been degenerated into pseudogenes in 

this species. On the other hand, the translated amino acid sequence of these genes 

showed the conservation of most functional domains of AccD and ClpP proteins, 

suggesting that these genes may still be functional. The genome also showed alteration, 

in comparison with related species, in N- and C-terminus of ndhB and rps18 genes, 

respectively. Additionally, the loss of conserved introns of atpF and clpP genes. 

Multiple inversions were also detected in P. cincinnata plastome, which changed the 

gene order in LSC region. Moreover, events of IR expansions resulted in the inclusion 

of full rps19 gene and the full pseudogene ycf1 in the IR of P. cincinnata plastome. 

Several SSRs were detected in this plastome and may be used to intraspecific and 

interspecific genetic studies. Curiously, several SSRs and other repetitive sequences 

were concentrated predominantly in accD/rbcL intergenic region. The putative 

evolutionary and/or functional explanation for the accumulation of these repetitive 

elements, in this region, still remains to be investigated. The RNA editing sites 

prediction showed a high number of editing sites in ndh and rpo genes in P. cincinnata 

according with other angiosperms, whereas several sites predicted here were not 

reported in other species and need experimental validation. The inferred phylogenetic 

position of Passifloraceae family, using 64 complete sequences of P. cincinnata plastid 

genes, showed similar topology to recent phylogenetic studies (Korotkova et al., 2009; 

Xi et al., 2012). Taken together, these results showed an uncommon evolution of P. 

cincinnata plastome, characterized for several gene/introns losses, genome inversions 

and high nucleotide substitution rates in several genes.  



 

50 

 

The unusual characteristic reported here to P. cincinnata may or not be specific 

for this species. It is possible that other species of Passiflora genus do not share several 

of the losses and gene structure alterations reported here in P. cincinnata. Thus, it is 

attempting to speculate that the unusual evolutionary events described in this plastome 

may be related, direct or indirectly, to the nucleus-plastome incompatibility, observed in 

this genus (Mráček, 2005). The high variability of accD gene was already described as 

cause of genome-plastome incompatibility in inter-specific hybrids of Pisum 

(Bogdanova et al., 2015). Similarly, aiming to study the incompatibility in Passiflora 

genus, the highly divergent accD gene, reported in P. cincinnata, is a potential 

candidate to be investigated in other species of this genus. Other candidates could be 

also the highly divergent clpP, the extended rps18 and genes essential that were lost 

(such as ycf1, ycf2 and essential ribosomal protein genes). Thereby advances in the 

plastid genomic in Passiflora are necessary to build a more accurate and complete study 

of nucleus-plastome interaction in this genus. These advances may also allow the 

identification of the phylogenetic origin of several gene losses, rearrangements and 

repetitive elements found here in P. cincinnata.   

Finally, the complete plastome sequence of P. cincinnata reported here and the 

advances to obtain efficient protocols of in vitro regeneration (Dornelas and Vieira, 

1993; Reis, 2005; Lombardi et al., 2007; Silva et al., 2011), enables the plastid genetic 

transformation of this species. This technology is a powerful tool to answer several 

question related to the function and essentiality of the putative pseudogenes described 

here. Moreover, there are several biotechnology applications of plastid genetic 

transformation (Maliga and Bock, 2011; Bock, 2015; Jin and Daniell, 2015; Daniell et 

al., 2016), which may be also applicated to the economically important Passiflora 

genus. 
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