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RESUMO

Evolugéo do genoma cloroplastidial em Passiflora

Os genomas de cloroplasto (cpDNAs ou plastomas) sdo altamente conservados em
Angiospermas. Embora rearranjos tenham sido observados em algumas espécies, 0s mecanismos
que levam a estes rearranjos ainda sdo pouco elucidados. Inicialmente, nosso gupo de pesquisa
descreveu a organizacéo estrutural do plastoma de Passiflora edulis (Passifloraceae) e rearranjos
foram identificados. Particularmente, convém ressaltar que o género Passiflora apresenta
diferentes padrbes de heranga cloroplastidial e incompatibilidade citonuclear. Para investigar a
histdria evolutiva dos cpDNAs em Passiflora e possiveis implicagdes na classificagdo taxondmica
infragenérica, foi obtido um total de 35 genomas cloroplastidiais completos, amostrando espécies
dos diferentes subgéneros: Astrophea, Decaloba, Deidamioides e Passiflora. A organizacdo dos
cpDNAs mostrou-se ndo usual, com uma grande variacdo em tamanho (~ 60 kb entre 0 menor e o
maior) e estruturas altamente rearranjadas. Além disso, a0 mesmo tempo em que grandes
expansOes das regides repetidas invertidas (IR) foram identificadas, o extremo oposto, a perda de
uma IR foi detectada pela primeira vez em Passiflora, um evento raro em angiospermas. Um
repertério de rearranjos, como inversdes e perdas de genes, também foi constatado, tornando
Passiflora um dos poucos grupos com uma complexa evolugdo de genomas cloroplastidiais.
Interessantemente, um alto ndmero de rearranjos foi detectado no subgénero Decaloba, no qual
ocorre heranca biparental de cloroplastos. Uma analise de gen6mica comparativa revelou
diferentes estruturas de plastomas de acordo com a classificacdo dentro do subgénero
Deidamioides. Além disso, a andlise filogendmica baseada em genes plastidiais resultou em uma
arvore de alto suporte, com posicionamento polifilético das espécies de Deidamioides.
Combinando os resultados, sugere-se elevar o status da se¢do Tryphostemmatoides (Deidamioides)
para subgénero Tryphostemmatoides. Por fim, além da contribuicdo deste trabalho para elucidar a
histéria evolutiva de Passiflora, nossos resultados recomendam Passiflora como um excelente
modelo para o estudo da evolucéo dos genomas cloroplastidiais.

Palavras-chave: Genoma cloroplastidial; Rearranjos gendémicos; Filogenémica; Passiflora.
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ABSTRACT

Chloroplast genome evolution in Passiflora

Chloroplast genomes (cpDNAs or plastomes) are highly conserved in Angiosperms.
Although rearrangements have been observed in some lineages, the mechanisms that lead to
rearrangements are still poorly elucidated. Our research group initially reported the structural
organization of the plastome of Passiflora edulis (Passifloraceae) and rearrangments were
identified. It is particularly worth noting that Passiflora presents different patterns of chloroplast
inheritance and cytonuclear incompatibility. In order to investigate cpDNA evolutionary history in
Passiflora and its possible implications for infrageneric taxonomic classification, a total of 35
complete chloroplast genomes were obtained, sampling for species of subgenera Astrophea,
Decaloba, Deidamioides and Passiflora. The organization of the cpDNAs was uncommon, with
large variation in size (~60 kb between shortest and longest), and highly rearranged genome
structures. In addition, although large inverted repeat (IR) expansions were identified, the exact
opposite (loss of an IR) was detected for the first time in Passiflora. This is indeed a rare event in
angiosperms. A repertory of rearrangements, such as inversions and losses of genes was also
found, making Passiflora one of the few groups with complex chloroplast genome evolution.
Interestingly, a high number of rearrangements was detected in subgenus Decaloba, in which
biparental chloroplast inheritance occur. A comparative genomic analysis revealed different
organizational plastome structures, in accordance with the taxonomic classification within the
subgenus Deidamioides. In addition, the plastid phylogenomics resulted in a highly supported tree
with polyphyletic placement of Deidamioides species. Based on the combined results, we suggest
elevating the status of the section Tryphostematoides (Deidamioides) to subgenus
Tryphostematoides. Finally, apart from the contribution of this work to elucidating evolutionary
history of Passiflora, our results also show that Passiflora provides a good model for the study of
chloroplast genome evolution.

Keywords: Chloroplast genome; Genome rearrangements; Phylogenomics; Passiflora.
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1. INTRODUCTION

The Malpighiales belongs to the large group of Rosids, specially the Eurosid I clade,
also known as Fabids. It is composed of approximately 16,000 species classified into 36
families, which in turn show a great morphological and ecological diversity and constitute
approximately 6% of all Angiosperms (Davis et al., 2005; The Angiosperm Phylogeny Group,
2016). The family Passifloraceae belongs to the order Malpighiales, and has approximately
700 species with a Neotropical distribution, being found mainly in the Americas, but also
occurring in Asia, South Africa, New Zealand and Australia (Feuillet, 2004; Ulmer &
MacDougal, 2004).

Passiflora is the largest genus in the family Passifloraceae, comprising of about 530
species, popularly known as passion fruits or passionflowers (Ulmer & MacDougal, 2004).
Classical taxonomy studies have subdivided the genus based on floral and vegetative
attributes. The classification proposed by Killip (1938) established 22 subgenera; however, a
new taxonomical classification based on morphological traits has reduced the number of
subgenera to four: Astrophea, Decaloba, Deidamioides and Passiflora (Ulmer & MacDougal,
2004), with Passiflora being the subgenus with the largest number of species (Table 1).
Recently, Pérez and D’Eeckenbrugge (2017) confirmed the subdivision into four subgenera.
Although based only on qualitative morphological analyses, the authors highlighted the
fragile position of the subgenus Deidamioides.

Table 1. Number of species in the four subgenera of Passiflora genus and respective subdivisions.

Subgenera No. of No. of No. of No. of
species  Supersections  Sections Series

Passiflora 236 6 24 3

Decaloba 214 8 5

Astrophea 57 2 5 2

Deidamioides 13 6

Phylogenetic studies based on DNA sequences (Muschner et al., 2003, 2012; Hansen
et al., 2006) also confirmed the subdivision of the genus into four subgenera, with a very early
separation of Astrophea from the other subgenera. The following clades have been

consistently recovered as monophyletic, Astrophea, Decaloba and Passiflora, whereas the
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position of the subgenus Deidamioides could not be solved (Muschner et al., 2003, 2012),
suggesting further analyses, for example, using phylogenomic approaches.

Passiflora genus emerged at 42.9 Mya in the Eocene period (Sader et al., 2019) the
same period corresponding to that of the oldest seed fossil of Passifloraceae found in
Colombia (Martinez, 2017). Regarding the Passiflora geographic distribution, despite its
predominant distribution in neotropics, mainly in South America, 22 species from
supersection Disemma (Decaloba) have been found in southeast Asia, as well as in Australia
and New Zealand (Krosnick and Freudenstein, 2005).

The species of Passiflora present great diversity not only in vegetative structures but
also in their genome sizes, for example, P. alata and P. picturata (both from the subgenus
Passiflora) show large nuclear genomes (1C = 2,208 pg and 1C = 2,1272 pg, respectively)
whereas P. organensis (Decaloba) shows a small nuclear genome (1C = 0.212 pg) (Yotoko et
al., 2011). Despite this, little is known about the structural organization and composition of
Passiflora genomes. For this purpose, our research group has built at CNRGV (INRA,
Toulouse, France) a genomic library of P. edulis inserted into BACs (Ped-BFlav). The
exploitation of this library by sequencing some 10,000 BAC-end sequences (BES) and using a
comparative mapping approach (Santos et al., 2014) allowed us to generate the chloroplast
(cp) genome sequence of P. edulis, the first cp-genome of Passifloraceae. In addition, we have
detected some cp-DNA rearrangements e.g. inversions in the P. edulis cp-DNA molecule
(Cauz-Santos et al., 2017).

Contextually, the chloroplast genome (plastome) structure can be circular or linear,
ranging in size from 120 to 180 kb in Angiosperms. This genome has a quadripartite structure
consisting of two copies of inverted repeats (IRa and IRb) separating two single copy regions,
a large (LSC) and a small (SSC) region. Approximately 100 protein coding genes can be
found in the cp-genomes, as well as tRNA and rRNA coding genes (Sugiura, 1992; Yang et
al., 2010).

In different species of Angiosperms, the order of the genes in their cp-genomes is
highly conserved (Jansen & Ruhlman, 2012). Although rearrangements are rare events,
inversions of large segments have been identified in some species, including Hevea
brasiliensis (Malpighiales, Euphorbiaceae), which contains a 30 kb inversion in the LSC
region (Tangphatsornruang et al., 2011).

The plastome analyses have allowed scientists to describe inversion blocks, which
have been used as phylogenetic markers (Cosner et al., 2004; Wu & Chaw, 2014), detect
DNA duplications and deletions (Martinez-Alberola et al., 2013) and even recognize gene
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transfer between the cp- and nuclear genomes (Park et al., 2015). In the present study, for the
first time, it was possible to detected inversions in the cp-genome of Passiflora edulis, but
these inversions were not verified in the available cp-genomes of phylogenetically related
species (Cauz-Santos et al., 2017). This result allowed us to hypothesize that this cp-DNA
organization is particular to species from Passiflora genus.

The analysis of the cp-DNA sequences also enables scientists to infer phylogenetic
relationships and define the evolutionary course for many species from a set of chloroplast
genes as, for instance, in Musa acuminata (Martin et al., 2013) or even using plastome
complete sequences. Recently, this thematic area has been named ‘phylogenomics’
(Carbonell-Caballero et al., 2015). Using both approaches, for instance, we were able to
obtain high-support phylogenetic trees that helped us to understand the evolutionary
relationships within the order Malpighiales and the Fabid clade. All the results from this study
were published (Cauz-Santos et al., 2017) and the scientific article is reproduced in the first
Chapter of this thesis.

Therefore, we are continuing the study of the cp-genome organization in Passiflora
by sequencing different species. Our hypothesis is that the rearrangements in the Passiflora
cp-genomes has occurred after its diversification. In addition, we decide to investigate
whether there are rearrangement specific to each subgenus, and if they could be used in the
taxonomical and evolutionary studies. We intend not only to provide important information
on the evolution of the genus, but also suggest Passiflora as an excellent model for studying
the evolution of chloroplast genomes.

This present doctoral thesis is structured in four chapters. This first introduces
readers about the genus Passiflora and chloroplast genomes. The second chapter deals with
the chloroplast genome structure of Passiflora edulis, unveiling for the first time the
rearrangements observed in a Passifloraceae plastome. The chloroplast genome of different
species of the four subgenera of Passiflora was analyzed in the third chapter, revealing highly
rearranged plastomes and the loss of an IR region in two species of the Decaloba subgenus.
Finally, in the fourth chapter, the evolutionary relationships in Passiflora were studied using

plastid phylogenomics, which enabled us to suggest a new infrageneric classification.
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2. THE CHLOROPLAST GENOME OF PASSIFLORA EDULIS
(PASSIFLORACEAE) USING SEQUENCING AND ASSEMBLY APPROACHES
FROM LONG SEQUENCE READS: STRUCTURAL ORGANIZATION AND
PHYLOGENOMIC STUDIES IN MALPIGHIALES"

ABSTRACT

The family Passifloraceae consists of some 700 species classified in around 16 genera.
Almost all its members belong to the genus Passiflora. In Brazil, the yellow passion fruit
(Passiflora edulis) is of considerable economic importance, both for juice production and
consumption as fresh fruit. The availability of chloroplast genomes (cp genomes) and their
sequence comparisons has led to a better understanding of the evolutionary relationships within
plant taxa. In this study, we obtained the complete nucleotide sequence of the Passiflora edulis
chloroplast genome, the first entirely sequenced in the Passifloraceae family. We determined its
structure and organization, and also performed phylogenomic studies on the order Malpighiales
and the fabid clade. The P. edulis chloroplast genome is characterized by the presence of two
copies of an inverted repeat sequence (IRA and IRB) of 26,154 bp, each separating a small single-
copy (SSC) region of 13,378 bp and a large single-copy (LSC) region of 85,720 bp. The
annotation resulted in the identification of 105 unique genes, including 30 tRNAs, 4 rRNAs and 71
protein coding genes. Also, 36 repetitive elements and 85 SSRs (microsatellites) were identified.
The structure of the complete cp genome of P. edulis differs from that of other species because of
rearrangement events detected by means of a comparison based on 22 members of the
Malpighiales. The rearrangements were three inversions of 46,151 bp, 3,765 bp and 1,631 bp,
located in the LSC region. Phylogenomic analysis resulted in strongly supported trees, in spite of
the limited taxonomic sampling, providing a better understanding of the evolutionary relationships
in the Malpighiales and the Fabids. Our results confirm the potential of complete chloroplast
genome sequences in inferring evolutionary relationships and demonstrate the enormous utility of
long sequence reads for generating very accurate biological information.

Keywords: Chloroplast genome; Passiflora; single molecule real-time (SMRT) sequencing;
phylogenomics; Malpighiales; Fabids

2.1. Introduction

Malpighiales is an order of flowering plants that belongs to the clade Eurosids I, also
known as Fabids (The Angiosperm Phylogeny Group, 2009). This large order includes 42
families, more than 700 genera, and contains approximately 16,000 species forming an
extremely diverse group of plants in terms of their morphological and ecological aspects (The
Angiosperm Phylogeny Group, 2009; Wurdack and Davis, 2009). The Passifloraceae family
is a member of the Malpighiales (Judd et al., 2008) and consists of some 700 species of
herbaceous or woody vines, shrubs and trees, classified in around 16 genera, and almost all its

! The text corresponds to that of the article published by Cauz-Santos et al. (2017) in Frontiers
in Plant Science, 10, 334.
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members belong to the large and variable genus Passiflora, popularly known as passion
flowers or passion fruits (Feuillet, 2004). There are around 520 species of Passiflora, the
majority of which are distributed pantropically; the most derived and specialized species are
distributed in the Neotropics and Africa (UImer and MacDougal, 2004).

The genus Passiflora has long attracted considerable attention due to its economic
value, broad geographic distribution, and remarkable species diversity, particularly with
regard to flower morphology. The main economic value lies in the production of passion fruit
juice, an essential exotic ingredient in juice blends. Furthermore, some species are of great
ornamental value or used in phytotherapeutic remedies (Ramaiya et al., 2014). Passiflora seed
oil is also well suited for use as a regenerative ingredient in cosmetics products.

In Brazil, passion fruit cultivation began relatively recently and has earned the
country an outstanding position as the world’s top producer of yellow passion fruit
(Passiflora edulis). It is an outcrossing (Ferreira et al., 2010), diploid (n = 9), (Cuco et al.,
2005) species with perfect self-incompatibility (Bruckner et al., 1995; Régo et al., 2000), and
insect-pollinated flowers. Genetic (Moraes et al., 2005; Oliveira et al., 2008) and molecular-
based studies have been carried out in our laboratory (Munhoz et al., 2015; Santos et al.,
2014), which is able to satisfy the needs of a wide range of breeders to boost passion fruit
crop production and fruit quality.

The nuclear genome size of P. edulis (expressed in 1C) was estimated at 1.258
(Yotoko et al., 2011) or 1,595 pg (Souza et al., 2004). More recently, a very efficient strategy
for obtaining initial insight into the content of this particular genome involved the sequencing
of the terminal regions (BAC-ends) of a representative number of BAC clones selected at
random from a Passiflora edulis genomic library (Santos et al., 2014). This library was
constructed by and deposited at INRA-CNRGV and covers around six times the genome
length of P. edulis (http://cnrgv.toulouse.inra.fr/Library/Passiflora). Our group was able to
characterize some 10,000 high-quality sequences (100 to 1,255 bp) and identify reads likely to
contain repetitive mobile elements and simple sequence repeats, and to estimate the GC-
content of the reads. Approximately one tenth of the BAC end-sequences contained protein
sequences, and gene ontology terms were assigned to most of them. Finally, we were able to
map a number of BAC-end pair sequences to intervals of Arabidopsis thaliana, Vitis vinifera
and chiefly to Populus trichocarpa chromosomes, representing regions of potential
microsynteny. Additionally, a number of BAC clones were identified as containing

chloroplast DNA sequences (Santos et al., 2014).
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The chloroplast genome usually occurs in multiple copies within the organelle. It
consists of fairly long circular or linear DNA molecules, normally ranging from 120 to 180 kb
in angiosperms. It has a quadripartite structure characterized by the presence of two copies of
a large inverted repeat sequence (IRA and IRB) separating a small single-copy (SSC) and a
large single-copy (LSC) region. There is a typical gene partitioning pattern with about 80
protein coding genes in addition to tRNA and rRNA coding genes (Sugiura, 1992; Yang et al.,
2010). It also contains 20 group Il introns (Barkan, 2004), that derived from a class of mobile
elements that are thought to be ancestors of spliceosomal introns and eukaryotic
retrotransposons (Lambowitz and Zimmerly, 2011). Though highly conserved, changes in the
composition of chloroplast genomes may occur, and rearrangements or even gene losses have
been documented (Li et al., 2013; Tangphatsornruang et al., 2011).

Chloroplast DNA (cpDNA), specifically noncoding sequences, has been used
extensively to investigate phylogenetic relationships in plants (Shaw et al., 2005), including
Passiflora species (Muschner et al., 2003; Yockteng and Nadot, 2004). Chloroplast genes
such as rbcL, matK, ndhF, atpB, and rps2 have been used in evolutionary studies at higher
taxonomic levels. Currently, it is possible to generate entire chloroplast genomes as well as
entire chloroplast gene sequences and both can be used simultaneously to determine
phylogenies (Martin et al., 2013). For instance, the relationships between wild and domestic
species within the genus Citrus were elucidated based on a phylogenetic analysis of 34 entire
chloroplast genomes (Carbonell-Caballero et al.,, 2015). Very recently, the complete
chloroplast genome sequences were used to infer phylogenetic relationships in the Quercus
genus (Yang et al., 2016).

The development of next generation sequencing (NGS) technologies has provided
highly efficient, low-cost DNA sequencing platforms that produce large volumes of short
reads (Shin et al., 2013). However, more recently, third generation sequencing technologies
producing longer DNA reads have begun to emerge, including the Pacific Biosciences Single
Molecule Real-Time (SMRT) sequencer that became available in 2011
(http://www.pacificbiosciences.com/). For example, using PacBio sequence data it was
possible to generate an entire chloroplast genome assembled into a single large contig with a
high degree of accuracy and at a much greater depth of coverage due to longer read lengths
(Ferrarini et al., 2013).

In this study, we present the complete nucleotide sequence and the organization of
the chloroplast genome of Passiflora edulis, the first report on the family Passifloraceae. We

were able to localize genes, introns and intergenic spacers, as well as repetitive elements, and
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to compare the cpDNA of P. edulis with that of other of phylogenetically close species,
searching for syntenic regions and possible sequence rearrangements. Moreover, the order
Malpighiales was investigated using the available entire chloroplast genomes of members of
the four families that compose this order. Finally, a phylogenomic analysis was performed
based on a set of chloroplast genes, with the aim of describing species relationships within the
Fabids.

2.2. Material and Methods
2.2.1. Plant material

The ‘TAPAR-123’ passion fruit (Passiflora edulis) accession described in Carneiro et
al. (2002) was used in the present study. The other complete cp genomes and cp gene
sequences were downloaded from GenBank. A list of species and GenBank accession

numbers are provided in the Appendix A.

2.2.2. Sequencing and subsequent assembly of Passiflora edulis chloroplast DNA
using the Pacbio RS 11 platform

The large-insert bacterial artificial chromosome (BAC) library of Passiflora edulis
was constructed and maintained at the French Plant Genomic Resources Centre
(http://cnrgv.toulouse.inra.fr/fr/library/genomic_resource/Ped-B-Flav). It was previously
accessed using the BAC-end sequencing (BES) approach and comparative genome mapping,
and two clones (Pe69Q4G9 and Pe85Q4F4) were found to match the Arabidopsis thaliana
chloroplast genome (Santos et al., 2014). In the present study, these clones were selected so
that their entire inserts could be sequenced. The DNA was then isolated using the Nucleobond
Xtra Midi Plus kit (Macherey-Nagel, Diren, Germany) following the manufacturer’s
instructions, after growing the bacterial clones on LB medium (100 mL) containing
chloramphenicol as the selective marker (12.5 pg/mL).

Around 1.5 pg of each individual cpDNA were pooled together with other P. edulis
BAC inserts (12 in total) for the construction of an SMRT library using the standard Pacific
Biosciences (San Francisco, CA, USA) preparation protocol for 10 kb libraries. The pool was
then sequenced in one SMRT Cell using the P4 polymerase in combination with C2

chemistry, following the manufacturer’s standard operating procedures and using the Pacific
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Biosciences PacBio RS Il platform. Sequencing was performed by GATC Biotech
(http://www.gatc-biotech.com).

The reads were assembled following a hierarchical genome assembly process
(HGAP workflow (Chin et al., 2013), and using the SMRT® Analysis (v2.2.0) software suite
for HGAP implementation. Reads were first aligned by the PacBio long read aligner or
BLASR (Chaisson and Tesler, 2012) against the complete genome of Escherichia coli strain
K12 substrain DH10B (GenBank: CP000948.1). The E. coli reads, as well as low quality
reads (minimum read length of 500 bp and minimum read quality of 0.80), were removed
from the data set. Filtered reads were then preassembled to yield long, highly accurate
sequences. To perform this step, smallest and longest reads were separated from each other to
correct read errors by mapping single-pass reads to longest reads (seed reads), which
represent the longest portion of the read length distribution. Next, the sequences were filtered
against vector (BAC) sequences, and the Celera assembler was used to assemble data and
obtain draft assemblies. The last step of the HGAP workflow is performed in order to
significantly reduce the remaining InDel and base substitution errors in the draft assembly.
The Quiver algorithm was used for this purpose. It is a quality-aware consensus algorithm
that uses rich quality scores (QV scores) embedded in Pacific Biosciences' bas.h5 files. Once
the polished assembly was obtained, each BAC sequence was individualized by matching its
paired-end sequences to the assembled sequences using BLAST. Read coverage was assessed

by aligning the raw reads on the assembled sequences with BLASR.

2.2.3. Obtaining the complete chloroplast genome

The sequences obtained from both inserts (Pe69Q4G9 and Pe85Q4F4) were aligned
using ClustalX software (Larkin et al., 2007) to obtain a single contig. Specific primers were
designed at the sequence ends of this contig in order to find out whether the circular
chloroplast genome was complete. PCR reactions were then performed using a 9700 thermal
cycler (Applied Biosystems, Foster City, CA) in reaction mixtures containing 20 ng template
DNA (P. edulis accession ‘IAPAR-123"), 1x buffer, 1 mM MgCI2, 0.2 mM of each dNTP,
0.3 uM of the forward and reverse primers, 1.2 U Go Taq Flex DNA polymerase (Promega,
Madison, WI, USA), and ultra-pure water to bring the final volume up to 20 pL. The thermal
profile for amplification was: 95°C for 5 min, 35 cycles at 95°C for 40 s, 55°C for 40 s and
72°C for 1 min, followed by a final 8 min incubation at 72°C. The amplified fragments were

checked on 1% (w/v) agarose gel with a 100 bp molecular size standard Invitrogen (Carlsbad,
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CA, USA). The PCR product was purified using the Wizard® SV Gel kit and PCR Clean-Up
System (Promega), and then used as a template for the sequencing reaction based on the
Sanger method. It was subjected to capillary electrophoresis in the ABI Prism 3100 sequencer
(Applied Biosystems). The sequence of the PCR product was aligned with the single contig to

obtain the complete sequence of the cp genome.

2.2.4. Genome annotation

The cp genome was preliminarily annotated using the DOGMA (Dual Organellar
GenoMe Annotator) online program (Wyman et al., 2004), with default settings to identify
coding sequences (CDS), rRNAs and tRNAs based on the Plant Plastid Code and BLAST
homology searches, followed by manual corrections for start and stop codons, and intron
positions. All tRNA genes were further confirmed using the tRNAscan-SE online search
server. Pseudogenes were classified based on the loss of parts in their sequences or by the
presence of internal stop codons. The circular genome map was designed by the GenomeVx
program (Conant and Wolfe, 2008). Codon usage frequencies and the relative synonymous
codon usage (RSCU) were calculated for all exons of the protein coding genes using DAMBE

5 (Xia, 2013). Pseudogenes were not included in this analysis.

2.2.5. Comparative analysis of chloroplast genomes

To examine the expansion of the IR (inverted repeat sequence) borders, the IR-LSC
(large single-copy) and IR-SSC (small single-copy) boundaries with full annotations for the
adjacent genes were manually analyzed across 11 sequenced species related to P. edulis,
totalling 12 comparisons. These species are members of the families that compose the order
Malpighiales: Passiflora edulis (Passifloraceae), Populus trichocarpa and Salix purpurea
(Salicaceae), Hevea brasiliensis, Manihot esculenta, Jatropha curcas and Ricinus communis
(Euphorbiaceae), Hirtella physophora, Licania heteromorpha, Couepia guianensis, Parinari
campestris and Chrysobalanus icaco (Chrysobalanaceae) (APPENDIX A).

In addition, a multiple alignment with all available entirely sequenced cp genomes of
Malpighiales species (12 in the total), including P. edulis, was run in progressive Mauve

v.2.4.0 (Darling, 2004). Briefly, this method identifies conserved genomic regions,
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rearrangements and inversions in conserved regions, and the sequence breakpoints of these
rearrangements across multiple genomes.

Next, to validate the three inversions found in the passion fruit cp genome, a pair of
primers was designed to anneal the 5°- and 3’ ends of the boundaries of each inversion. The
amplicons of the expected size and the corresponding sequences should cover each border
both downstream and upstream. PCR and Sanger sequencing were performed as described

above.

2.2.6. ldentification of repeated elements

REPuter (Kurtz et al., 2001) was used to identify direct and palindromic repeated
elements, based on the following criteria: minimum repeat size > 30 bp and sequence
identities > 90% (Hamming distance equal to 3). Simple sequence repeats (SSRs) were
predicted using MISA (MlcroSAtellite, http://pgrc.ipk-gatersleben.de/misa/). The criteria for
SSRs search were set as follows: minimum repeat number defined as ten, five and four units
for mono-, di-, and trinucleotide SSRs, respectively, and three units for each tetra-, penta-,
and hexanucleotide SSR.

2.2.7. Phylogenomic studies

We performed two phylogenomic studies. The first was restricted to the Malpighiales
based on the available entire chloroplast genomes of members of the four families that
compose this order (22 species in total, APPENDIX A). In the second, a set of chloroplast
genes was used to infer the relationships within the Fabids (42 species in total, APPENDIX
A).

Entire cloroplastidial genomes of Malpighiales representing the families
Passifloraceae, Salicaceae, Euphorbiaceae and Chrysobalanaceae were used as the ingroup in
phylogenomic comparisons, and the cp genome of Vitis vinifera (Vitaceae, Vitales) was used
as the outgroup in order to root the phylogenetic tree. The data set consisting of 23 taxa was
aligned at nucleotide level in server-based program MAFFT version 7.221, using the FFT-
NS-2 algorithm with default settings. To generate the alignment, inverted sequences detected
in the cp genomes of P. edulis and H. brasiliensis were reversed and the respective positions
adjusted. The raw alignment was manually corrected in BioEdit (Hall, 1999) and further
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processed in GBLOCKS 0.91b (Castresana, 2000) in order to remove regions containing gap
positions, with a minimum block length of five, and maximum number of contiguous non-
conserved positions of eight. The resulting alignment was analysed in jModelTest software
version 2.1.7 (Darriba et al., 2012) to determine the optimal model of molecular evolution and
gamma rate heterogeneity using the Akaike Information Criterion (AIC).

Maximum Likelihood (ML) analysis was performed using PAUP version 4.0a146
(Swofford, 2002), based on the transversional (TVM) substitution model, gamma distribution
of rate heterogeneity with five discrete categories (+G). To estimate the level of support for
the ML topology, bootstrap analysis was performed on 1,000 replicates. Bayesian inference
was run in MrBayes, version 3.1.2 (Ronquist and Huelsenbeck, 2003) but based on the GTR +
G model, the second model chosen by jModelTest taking the AIC values into account. The
Markov chain Monte Carlo (MCMC) algorithm was run for 5,000,000 generations, sampling
one tree every 100 generations. The first 25% of trees were discarded as burn-in to estimate
the values of posterior probabilities. Convergence diagnostics were monitored on the basis of
an average standard deviation of split frequencies below 0.01, potential scale reduction factor
(PSRF) values close to 1.0, and ESS values above 200. Trees were visualized using FigTree
version 1.4.0.

A set of 43 nucleotide sequences of homologous protein coding chloroplast genes
from 42 species representing all orders of the Fabids clade (Rosales, Fagales, Cucurbitales,
Fabales, Malpighiales, Celastrales, Oxalidales, Zygophillales) were used as ingroups in the
phylogenomic comparisons. Vitis vinifera (Vitaceae, Vitales) was chosen to serve as outgroup
to produce a rooted tree. A list of the chloroplast gene sequence sources is provided in
APPENDIX A.

First, each protein coding gene sequence was aligned using ClustalwW with default
settings and the raw alignments manually corrected in program BioEdit (Hall, 1999) and
further processed in GBLOCKS (Castresana, 2000), excluding gap positions from the data
set, with a minimum block length of five, and a maximum number of contiguous
nonconserved positions of eight. Next, all individual filtered alignments were concatenated
into a single alignment matrix. Both conserved and variable nucleotide positions in the
alignment matrix were analyzed in MEGAG6 (Tamura et al., 2013).

JModelTest software version 2.1.7 (Darriba et al., 2012) was used to determine the
optimal model of molecular evolution and gamma rate heterogeneity based on AIC. Both ML
and BA were used to infer the phylogenomic relationships within the Fabid clade. ML

analysis was performed using RAXML version 8.2.4 (Stamatakis, 2014). The general time
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reversible (GTR) model of nucleotide substitution was selected for ML analysis, taking into
account the gamma distribution of rate heterogeneity with five discrete categories (+G). To
estimate the support of the ML topology, a bootstrap analysis was performed on 1,000
replicates. Bl was run on MrBayes software, version 3.1.2 (Ronquist and Huelsenbeck, 2003)
with the GTR +G model. The Markov Chain Monte Carlo (MCMC) algorithm ran for
5,000,000 generations, sampling one tree every 100 generations. The first 25% of trees were
discarded as burn-in to estimate the values of posterior probabilities. Convergence diagnostics
were monitored on the basis an average standard deviation of split frequencies below 0.01,
potential scale reduction factor (PSRF) values close to 1.0, and ESS values above 200. Trees

were visualized using FigTree version 1.4.0.

2.3. Results and Discussion

2.3.1. Data output from the PacBio RS Il platform and assembly of chloroplast

genome sequences

Following extraction of reads containing only chloroplast genome sequence data and
subsequent error correction, 2,340 PacBio RS reads from the clone insert Pe69Q4G9 were
recovered, ranging from 500 to 22,458 bp, and containing a total of 94,052 bp assembled into
a contig. The average depth of coverage of the consensus sequence was 96x and the average
GC content was 37%. The final quality of the assembly corresponded to a nominal QV of
48.48 (approximately 99.999% accuracy). Similarly, 4,972 reads from the clone insert
Pe85Q4F4 were recovered, ranging from 500 to 26,035 bp, and containing a total of 91,155
bp assembled into a contig. The average depth of coverage of the consensus sequence was
172x and the average GC content was 38%. The final quality of the assembly corresponded to
aQV of 48.57.

It is worth noting the usefulness of the HGAP workflow as a solution for
successfully resolving long repeat regions, as already pointed out by Chin et al. (2013). The
high quality sequence data generated by the PacBio RS Il Platform, added to its capability to
assemble long reads, allowed us to obtain a single contig for each clone insert and then the
complete cp genome of P. edulis. Both contigs were aligned and merged into a single long
contig of 151,362 bp with an overlapping region of 33,848 bp. The amplification reaction
using the primer pair designed to anneal at the extremities of the large contig and genomic

DNA from P. edulis accession ‘TAPAR-123’ as a template produced an amplicon of 325 bp,
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which was subsequently sequenced and aligned with the long contig sequence. Thus, a 44-
nucleotide sequence was obtained and added for closing the gap to produce the complete
sequence of the circular molecule of 151,406 bp. The chloroplast genome sequence of
Passiflora edulis has been deposited to the NCBI GenBank and has received the accession
number NC_034285.

The chloroplast genomes of Potentilla micranta (Ferrarini et al., 2013) and Aconitum
barbatum var. puberulum (Chen et al., 2015) were entirely sequenced using the PacBio RS Il
Platform, and both studies described the advantages of using this method. For instance,
Ferrarini et al., 2013 highlight the generation of a single contig covering the entire cp genome
of P. micranta, whereas Illumina HiSeq2000 sequencing data have lower genome coverage
(some regions have zero or very low coverage) and the resulting assembly consisted of seven
contigs. Similarly, Chen et al. (2015) emphasize the low level of errors (~0.0027%) in PacBio
reads, since after applying the necessary filter, the result is an error-corrected consensus read
with a higher intra-molecular accuracy. Interestingly, even in the absence of any other
biological information on the target species, the authors stated that it took less than half an
hour to finish the genome assembly step, confirming that long read lengths are superior,

especially for de novo assemblies.

2.3.2. Organization of the P. edulis chloroplast genome

Chloroplast genome annotation resulted in the identification of 105 unique genes,
including 30 tRNAs, 4 rRNAs and 71 protein coding genes (Table 2). The molecule has a
typical quadripartite structure characterized by the presence of two copies of an inverted
repeat sequence (IRA and IRB) each of 26,154 bp (34.6% in total) separating a small single-
copy (SSC) region of 13,378 bp (8.8%) and a large single-copy (LSC) region of 85,720 bp
(56.6%). Genes arising from duplication events created perfect IRs, each containing the same

16 genes, totalling 120 genes in the complete chloroplast DNA molecule (Figure 1).

Table 2. Gene content of the Passiflora edulis chloroplast genome according to respective categories.

Category Gene
Subunits of Photosystem | psaA, psaB, psaC, psal, psaJ
Subunits of Photosystem 11 psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbJ,

psbK, psbL, psbM, psbN, psbT, psbZ
Subunits of cytochrome b/f complex petA, petB®, petD*, petG, petL, petN



Subunits of ATP synthase
Large subunit of Rubisco

Subunits of NADH-dehydrogenase

Proteins of large ribosomal subunit

Proteins of small ribosomal subunit

Subunits of RNA polymerase
Cytochrome ¢ biogenesis
Maturase

Protease

Envelope membrane protein
Conserved hypothetical genes

Ribosomal RNAs

Transfer RNAs
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atpA, atpB, atpE, atpF, atpH, atpl

rbeL

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

rpl2*®, rpll4, rpll6°, rpl23°, 1pl32, rpl33, rpl36

rps2, rps3, rpsd, rps8, rpsll, rps1 2™, rpsi4, 1psl5, rpslS8,
rpsl 9°

rpod, rpoB, rpoCI1?, rpoC2

ccsA

matk

clpP

cemA

yef3', yefd

rrn4.5b, rrn5b, rrn16b, rrn23°

trnA-UGCa’b, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA,
trnfM-CAU, trnG-UCC®, trnG-GCC, trnH-GUG, trnl-CA Ub,
trnl-GAU™, trnK-UUU®, trnL-CAA®, trnL-UAA®, trnL-
UAG, trnM-CAU, trnN—GUUb, trnP-UGG, trnQ-UUG, trnR-
ACGb, trnR-UCU, trnS-GCU, trnS-GGA, trnS-UGA, trnT-
GGU, trnT-UGU, trnV-GAC®, trnV-UAC?, trnW-CCA, trnY-
GUA

3Intron-

containing gene; "Two gene copies in the IRs; CGene divided into two independent transcription units.
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Passiflora edulis e inv. 3
chloroplast genome

151.406 bp

B Photosystom genes B Subunits of RNA polymerase
] Cytochrome complax genes B Other genes
B ATP synthase genes B Conserved hypothetical genes
R NADH-getydrogenase genes [ 'RNA genes
B Rbasomal peotesn genes B IRNA ganes

Figure 1.Passiflora edulis chloroplast genome map. Genes are represented as boxes inside or outside the large circle to
indicate clockwise (inside) or counter clockwise (outside) transcription. The color of the gene boxes indicates the functional
group to which the gene belongs. The thickened lines of the smaller circle indicate IR (inverted repeat) regions. The inner
most circle denotes the GC content across the genome. LSC: large single-copy region; SSC: small single-copy region. Intron-
containing genes are marked with ‘*’; Pseudogenes are marked with “¥’. Inv.: Inversion.

Protein coding genes constitute 37.3% of the chloroplast genome (75 genes, totaling
56,428 bp), in addition to tRNA and rRNA coding genes that constitute 1.8% (37 genes
totaling 2,801 bp) and 6.0% (8 genes totalling 9,048 bp) respectively of the chloroplast
genome. Introns constitute 10.7% (totaling 16,155 bp), while intergenic regions and
pseudogenes form the remaining 44.2% (totaling 66,974 bp). The amount of GC was
estimated at 37%.

tRNA genes are spread throughout the genome and encode the 20 amino acids

incorporated into proteins. One is present in the SSC region, 21 in the LSC, and 7 in the IRs,
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which also have 5 protein coding genes and 4 rRNA genes. A total of 18,799 codons represent
the coding capacity of the 71 protein coding genes (Table 3). The most frequent amino acid
was found to be leucine (2,026 codons corresponding to 10.8% of total DNA) and the least
frequent cysteine (218 codons corresponding to 1.2% of total DNA).

Fifteen unique genes (nine protein- and six tRNA-coding genes) have introns, and
two introns were found in only one gene, ycf3. The largest intron occurs in the trnK-UUU
gene (2,524 bp) in which the matK gene (1,506 bp) is inserted, and the smallest occurs in the
rps12 gene (537 bp). The number of introns identified in the cp genome of P. edulis is similar
to that of other species. For instance, in Salix purpurea (Wu, 2015) there are 17 intron-
containing genes, three of them containing two introns, including ycf3. Similar figures have
been found for Ricinus communis (Rivarola et al., 2011), whereas in Hevea brasiliensis

(Tangphatsornruang et al., 2011), 23 introns are inserted in 22 cp genes.

Table 3. Codon usage and Codon-anticodon recognition pattern of the Passiflora edulis chloroplast genome.

Amino Amino

Codon *_ ..° Number RSCU* %® tRNA Codon “, -," Number RSCU® % ® tRNA
GCU A 513 1.727 432 CCA P 225 1.108 277 trnP-UGG
GCG A 150 0505 12.6 ccc P 158 0778 19.5
GCC A 206 0694 173 CCU P 325 1.601 40.0
GCA A 319 1074 269 Z”géﬁ cCG P 104 0512 128
UGU C 162 1486 743 CAA Q 523 159 795 #mQ-UUG
UGC C 56 0514 257 #mC-GCA CAG  Q 135 041 205
GAU D 524 153 765 AGA R 302 1.529 285 mR-UCU
GAC D 161 047 235 ’g’;]% AGG R 93 0471 8.8
GAG E 202 0441 220 CGA R 250  1.508 23.6
GAA E 715 1559 780 #mE-UUC CGC R 80 0483 76
UUU F 716 1351 675 CGG R 88 0531 83
UUC F 344 0649 325 wmF-GAA CGU R 245 1478 232  trnR-ACG
GGU G 471 1323 33.1 AGC S 107 0542 7.8  truS-GCU
GGG G 233 0654 164 AGU S 288 1458 21.1
GGC G 169 0475 11.9 UCA S 256 1.053 187 #mS-UGA
GGA G 551 1548 387 ’g”ccé ucc S 223 0918 163 tnS-GGA
CAC H 102 0462 231 it ucG S 114 0469 83
GUG
CAU H 340 1538 769 UCU S 379 156 277
AUU 1 834 1515 50.5 ACC T 170 0.688 172 tmT-GGU
AUA 1 506 0919 30.6 tnl-CAU ACA T 308 1247 312 4uT-UGU
AUC 1 311 0565 188 "FGAU acg 7 97 0393 98
AAA K 704 1529 764 MK ACU T 413 1.672 418

uuuv*
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AAG K 217 0471 236 GUU V 388 1.399  35.0
CUA L 278 1214 137 wnl-UAG GUG V 145 0523 13.1
cuc L 120 0524 5.9 GUC VvV 139 0501 12.5 tnV-GAC
CUG L 97 0424 48 GUA V 437 1576 394 trnV-UAC
CUU L 421 1.838 20.8 UGG W 327 1 100 #nW-CCA
UUA L 735 1324 363 ZZZ; UAC Y 124 0363 182 1nY-GUA
UUG L 375 0676 185 #nl-CA4 UAU Y 559 1.637 818
AUG M 464 1 100 M- UGA  * 15 0.584 195
CAU

AAC N 186 0464 232 M- UAG  * 24 0935 312

. . pllos . .
AAU N 615 1536 768 UAA  * 38 1.481 49.4

"Relative Synonymous Codon Usage
®Codon frequency (in %) per amino acid
‘Intron-containing tRNA genes

*Stop codon

The matK gene was found in the intronic region of the trnK-UUU gene in Populus
trichocarpa (Tuskan et al., 2006), H. brasiliensis (Tangphatsornruang et al., 2011) and
Manihot esculenta (Daniell et al., 2008). This gene encodes the unique maturase found in the
plastid genomes of land plant species, but it does not contain the reverse transcriptase domain
and therefore is not able to promote intron mobility. The clpP gene has no intron in P. edulis,
although it does have two introns in the following conordinal-related species: P. trichocarpa
(Tuskan et al., 2006), S. purpurea (Wu, 2015), H. brasiliensis (Tangphatsornruang et al.,
2011), M. esculenta (Daniell et al., 2008), Jatropha curcas (Asif et al., 2010), and R.
communis (Rivarola et al., 2011). Similar intron losses have already been reported in legumes,
almost exclusively in the clade known as the IR-lacking clade (IRLC) (Jansen et al., 2008).
Coincidently, the clpP gene is located at the beginning of first the inversion found in the P.
edulis cp genome (Figure 1), which may lead to intron losses.

Group | and Il introns have been derived from mobile genetic elements, which
explains why they are lost or gained in the evolution of chloroplast genomes (Barkan, 2004).
Both cyanobacteria and algae, as well as land plant species, share a single group I intron in the
trnL-UAA gene, which is therefore considered the more ancestral (Simon et al., 2003).
Usually, the atpF gene shows a conserved group Il intron; however, it is absent in the atpF
gene of P. edulis. This loss was also reported in other species of Passiflora (Jansen et al.,
2007). Daniell et al., 2008 have suggested an association between C-to-T substitutions (at nt
position 92) and the loss of the intron in M. esculenta and in other atpF gene sequences of
Malphigiales, implying that recombination between an edited mRNA and the atpF gene may

be a possible mechanism for this intron loss.
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Two protein coding genes show alternative initiation codons. The ‘GTG’ triplet was
found in the rps19 and ndhD genes. This triplet was also found in the rps19 gene of J. curcas
(Asif et al., 2010), H. brasiliensis (Tangphatsornruang et al., 2011) and Cynara cardunculus
(Curci et al., 2015). The rps12 gene is a trans-spliced gene consisting of three exons: the first
exon (5°-rpsl2) is located in the LSC region, far from the other two located in the IRs. This
kind of organization was observed in P. trichocarpa, S. purpurea, H. brasiliensis, M.
esculenta, J. curcas and R. communis. Interestingly the infA gene, which codes for translation
initiation factor 1, and the rps16 gene, which codes for a S16 ribosomal protein are absent in
the P. edulis cp genome, as previously reported in other species of Passiflora (Jansen et al.,
2007). These genes were also lost or are non-functional in related species M. esculenta
(Daniell et al., 2008), J. curcas (Asif et al., 2010) and in seven species of Salicaceae (Wu,
2015). It is worth noting that Passifloraceae are known to have chloroplast gene and intron
losses (Daniell et al., 2008; Hansen et al., 2006; Jansen et al., 2007).

Eight pseudogenes were identified, five in the IRs and three in the LSC region. The
nucleotide sequences of the rpl22, ycfl and ycf2 pseudogenes are smaller in length compared
to those of the functional genes identified in other genomes. We found a truncated portion of
the rpl22 pseudogene that has also been identified in Passiflora biflora, P. quadrangularis
and P. cirrhiflora (Jansen et al., 2011), but no studies have been performed to demonstrate
whether this partial copy is functional or whether there is an rpl22 functional copy in the
nucleus. There is evidence that this gene was exported to the nucleus in some Rosids
(Castanea, Prunus and Theobroma) and Fagaceae, and it is assumed that the transfer resulted
from two independent events. An additional event may have occurred in Passiflora (Jansen et
al., 2011).

Only one of the two copies of ycfl is a pseudogene in the H. brasiliensis, M.
esculenta, J. curcas and C. cardunculus cp genomes, as most of their sequences have been
lost. Interestingly, in P. edulis both copies lost parts of their sequences, representing non-
functional ycfl genes (Figure 1). On the other hand, the rpl20, rps7, ycfl5, and ycf68
pseudogenes have 5, 1, 3 and 3 internal stop codons, , while the accD gene was found to have

repetitive elements at the 5’end.

2.3.3. Comparative analysis of chloroplast genomes

As commonly done in studies of border expansion in the inverted repeats region, the

IR-LSC and IR-SSC boundaries with full annotations for the adjacent genes were reexamined
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across 11 sequenced species closely related to P. edulis. Note that the rps15 gene of P. edulis
is located at the end of the SSC region, expanding 20 bp towards the IRA region. It is
substituted in other species by the ycfl gene, i.e. this gene spans SSC and IRA and there is a
pseudogene copy in the IRB region. However, in P. edulis, both copies of the ycfl gene are of
the same size and are full in IR regions (Figure 2). In addition, the psbA gene is the first in the
LSC region due to a small inversion that is further discussed below.

In accordance with the genome comparison results and based on the 22 members of
Malpighiales with available chloroplast genomes, P. edulis shows a large inversion of 46,151
bp in the LSC region, between the genes clpP and trnC-GCA, and a second smaller inversion
of 3,765 bp between the genes trnM-CAU and atpB, located in the medial region of the first
inversion. A third inversion of 1,631 bp is located at the beginning of the LSC region
containing the psbA and trnH-GUG genes (Figure 1 and 3). All these genomic features are
shown in the sequence alignment results for 12 species representing each genus of the

Passifloraceae, Salicaceae, Euphorbiaceae and Chrysobalanaceae families (Figure 3).
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Figure 2.Comparison of the border positions of LSC, SSC and IR regions among chloroplast genome sequences from 12
species of the order Malpighiales.

It is important to point out that the occurrence of these inversions in the cpDNA of P.
edulis was confirmed by respective amplification reactions and subsequent Sanger sequencing
of both boundaries (downstream and upstream), generating the expected sized amplicons and
the corresponding sequences (APPENDIX B). These sequence inversions could be typical of
the Passiflora genus, but at present, this is pure speculation. In accordance with the alignment
results (Figure 3), all have the same order and orientation of syntenic blocks, except for
Passiflora edulis and Hevea brasiliensis, in which there is an inversion of 30,000 bp in the
LSC region, between the trnE-UUC and trnR-UCU genes (Tangphatsornruang et al., 2011).
In conclusion, the complete chloroplast genome of P. edulis differs from the others because of
three rearrangement events that resulted in inversions of gene block order (Figure 3).
Otherwise, chloroplast genomes tend to be conserved and perfectly collinear, especially in the
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same plant family, as occurs in Salicaceae (Wu, 2015) and Chrysobalanaceae (Malé et al.,
2014), also members of the Malpighiales order. The existence of rearrangements in segments
of cp genomes may be useful as phylogenetic markers within genera or even within families,
becoming a potential tool for understanding the evolution of plant species. Therefore, the
complete sequencing of new chloroplast genomes will allow a higher accuracy in
evolutionary studies of the inversions in the genus Passiflora.

0300 %0 o0 s siho u& oo uﬁo e -am 3100 -:ain I 1500

T il dWw bW oW | seles G me  Whw  WBer idwi Vs i e T s e

Parinan campestris

Figure 3.Synteny and rearrangements detected in Malpighiales chloroplast genome sequences using the Mauve multiple-
genome alignment program. A sample of 12 species is shown. Color bars indicate syntenic blocks and connecting lines
indicate correspondence blocks.
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2.3.4. Analysis of repeated elements

We were able to identify 36 repetitive elements, all in the LSC region. These repeats
were found predominantly in intergenic regions. However, each of the members of a
particular repeat was identified in the coding sequences of the psaA and psaB genes
respectively; one member of other repeat is located at the beginning of the psbl gene sequence
and the other in an intergenic region. No introns were found to contain repeated elements, and
approximately 60% of repetitive elements are within a 2,513-bp region between the accD
pseudogene and the rbcL gene, indicating that these elements are distributed in a peculiar
arrangement in P. edulis. The abundance of repeated elements in this region might possibly
have changed the nucleotide sequence of the accD pseudogene, rendering it non-functional.
The repeat unit length ranged from 34 to 178 bp, and each repeat showed two copies. Forward
(or direct) repeats and forward-tandem repeats (when the repeats are presented immediately
one beside the other, there occurring sometimes an overlapping of both repeat units) were
predominant, and only three were found to be palindromes (or reverse-complemented) (Table
4). Repetitive sequences are substrates for recombination and cp genome rearrangements
(Milligan et al., 1989), and the number and distribution of these sequences vary from one
species to another. For instance, the cp genome of J. curcas contains 72 repetitive sequences
that are distributed in intergenic regions, introns and coding sequences (Asif et al., 2010),
whereas in V. vinifera, 36 repetitive sequences were found, one in the coding regions of the
psaA and psaB genes (Jansen et al., 2006), as in P. edulis, but 58% were palindromes and 12

exist in the ycf2 gene.

Table 4. Type, location and size (in bp) of repeated elements found in the Passiflora edulis chloroplast genome (IGS,
Intergenic spacer; ¥, pseudogene).

Type Location Size (in bp)
Forward-tandem IGS: matK-psbK 43
Forward IGS: psbK-psbl, psbl 49
Palindrome IGS: psbl-atpA 47
Forward-tandem IGS: psbl-atpA 44
Palindrome IGS: psbl-atpA 34
Forward IGS: rpl33-psaJ, psal-accD 47
Forward IGS: accD Y-rbcL 66
Forward IGS: accD WP-rbcL 58
Forward IGS: accD Y-rbcL 54
Forward-tandem IGS: accD WP-rbcL 41

Forward-tandem IGS: accD W-rbcL 73
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Forward
Forward-tandem
Forward
Forward
Forward
Forward
Forward
Forward
Forward
Forward
Forward
Forward-tandem
Forward-tandem
Forward-tandem
Forward-tandem
Forward
Palindrome
Forward-tandem
Forward-tandem
Forward
Forward-tandem
Forward-tandem
Forward-tandem
Forward
Forward

IGS: accD Y-rbcL
IGS: accD Y-rbclL
IGS: accD ¥-rbcL
IGS: accD Y-rbclL
IGS: accD ¥-rbcL
IGS: accD ¥-rbcL
IGS: accD Y-rbclL
IGS: accD WY-rbclL
IGS: accD P-rbclL
IGS: accD Y-rbclL
IGS: accD Y-rbclL
IGS: accD P-rbclL
IGS: accD WY-rbclL
IGS: accD P-rbclL
IGS: accD Y-rbclL
IGS: accD Y-rbclL
IGS: rbcL-atpE
IGS: ycf3-psaA
IGS: ycf3-psaA
psaA, psaB

IGS: psaB-rpsl4
IGS: petN-pshB
IGS: petN-pshB
IGS: petN-pshB
IGS: petN-pshB

61
74
39
46
56
49
67
46
65
46
43
58
124
99
74
49
62
41
57
79
44
71
178
117
56

We found 85 SSRs (microsatellites), ranging in size from 10 to 106 bp, 67 of which

(79%) consisted exclusively of A/T. In terms of motifs, we found 43 (50.6%) mono-, 21
(24.7%) di-, 7 (8.2%) tri-, 10 (11.8%) tetra-, and 4 (4.7%) hexanucleotides (Figure 4). SSRs

were found mainly in non-coding regions,

68 in intergenic regions and five in

pseudogenes/intronic regions. Of the 12 SSRs found in gene sequences, two interrupted

elements composed of trinucleotides (GAC/ACG) were found in the clpP gene. In addition,

the ndhA gene contained one mono-(A) and one tetranucleotide (AAAT), the latter also seen

in the ndhD gene sequence. Genes ndhF, rpoB, and rpoC1 contained one mononucleotide

each (T or A), whereas rpoC2 contained four SSRs, three mono- (T), and one dinucleotide

(AT).
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Figure 4. The number of SSR motifs found in the Passiflora edulis chloroplast genome, taking into account sequence
complementarities.

SSRs were widely distributed throughout cpDNA molecules. In P. edulis, 55 SSRs
were found in LSC, 6 in SSC, 10 in the in the IRA region and 14 in IRB. All sequenced
cpDNAs have been reported to contain SSRs and variation is said to occur within the species.
This is why these sequences make good genetic markers in population studies and to estimate

the relationships between plant taxa (Grassi et al., 2002; Melotto-Passarin et al., 2011; Provan

etal., 2001).

2.3.5. Phylogenomic studies

A comparison of the P. edulis cp genome to those of the 22 species representing the
four families of the Malpighiales order showed that each of the families (Passifloraceae,
Salicaceae, Euphorbiaceae and Chrysobalanaceae) constitutes a monophyletic group
(APPENDIX A). The multiple-plastome alignment of the complete cp genome sequence was

208,695 bp in length. Removal of alignment columns containing gaps reduced the alignment

length to 118,724 bp (nucleotide positions).
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Both Maximum Likelihod (ML) and Bayesian inference (Bl)-based methods resulted
in a similar tree (Figure 5), and all species were clustered in Malpighiales, in conformity with
the APG Il system. The nodes resulting from ML analysis were consistently supported in the
tree. The bootstrap values at most of the nodes (15 of 20 nodes) were > 85%. In the Bayesian
inference the value of the average standard deviation of split frequencies was 0.0001 after
5,000,000 generations. The PSRF values were close to 1.0 (ranging between 0.999 and
1.000), and the ESS values were above 200 (ranging between 4,909 and 29,555) for all the
parameters. All these values indicated that the analysis has reached convergence. The nodes
resulting from BI analysis were also highly supported (PP = 1 for 17 nodes). P. edulis has
been placed near the Salicaceae (Salix and Populus species) with strong support (BS = 100 %;
PP = 1), but distant from members of the Chrysobalanaceae, that in turn are closer to the
Euphorbiaceae members studied herein.

In Malpighiales, a phylogeny based on plastid, mitochondrial and nuclear gene
regions (Wurdack and Davis, 2009) and a recent phylogenomic approach based on a set of 82
chloroplast genes (Xi et al., 2012) indicated the relationship between Passifloraceae and
Salicaceae. According to Wurdack and Davis (2009), for instance, most of its members share
parietal placentation. Our results confirm this association and the potential of complete
chloroplast genome sequences to infer evolutionary relationships. Malpighiales is an order
that underwent rapid basal radiation. Therefore the use of large molecular data sets to identify
several phylogenetically informative sites is an important step in deducing its course of
evolution.

The Salicaceae species were clustered into two clades, both highly supported (BS =
100 %; PP = 1). The most related were Salix purpurea and S. suchowensis (BS = 100 %; PP =
1), but positioned at some distance from those species is S. interior (BS = 100 %, PP =1).
Populus species were split into two groups, the first incorporating Populus alba, P. tremula
and P. euphratica (BS = 78 %; PP = 1), and the second P. balsamifera, P. trichocarpa and P.
fremontii (BS = 100 %; PP = 1). The placement of Salix and Populus species is similar to that
recently shown in the phylogenetic tree built from the cp DNA sequences of seven Salicaceae
species (Wu, 2015).
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Figure 5. Phylogenetic tree of the order Malpighiales inferred from the complete nucleotide sequence of the chloroplast
genome. Maximum Likelihood analysis was applied to the TVM + G model, whereas Bayesian inference (BI) was applied
the GTR + G model. The bootstrap values for maximum likelihood and posterior probability for Bl are indicated above each
node. Vitis vinifera was used as outgroup to produce a rooted tree. The scale bar indicates the number of nucleotide

substitutions per site.

With reference to Euphorbiaceae, M. esculenta was placed near to H. brasiliensis
(BS =100 %; PP = 1), similar to the findings published by Xi et al. (2012) after examining a
set of 82 chloroplast genes. Our findings placed J. curcas as the species most distant from the

other Euphorbiaceae (BS = 100 %; PP = 1), occupying an onward position relative to R.

communis (BS = 82 %; PP = 1). The placement of these species has weak support in two
previous topologies based on 62 (Su et al., 2014) and 60 chloroplast genes (Kong and Yang,
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2016). Remarkably, our study resolved the node positions in the Euphorbiaceae with strong
support in both analyses (ML and BA). These findings also demonstrate the significance of
using complete cp genomes in phylogeny reconstructions, since not only the genes but also
non-coding sequences are examined. These sequences are informative, particularly at low
taxonomic levels, due to their rapid evolution. In contrast, protein coding genes evolve at a
relatively slow rate (Folk et al., 2015).

Regarding the Chrysobalanaceae, the placement of Licania heteromorpha near to the
species of Hirtella with strong support (BS = 100 %; PP = 1) makes this genus paraphyletic.
Parinari campestris was the most basal species in this family and this position is consistent
with the findings of Bardon et al. (2013), based on six chloroplast markers and one nuclear
marker. Moreover, the placement of the eight Chrysobalanaceae species with strong support is
consistent with the phylogenetic hypothesis proposed by Malé et al. (2014) analyzing the
complete plastid DNASs of eight species of this tropical family.

It is important to emphasize that our phylogenomic study is the first to take into
account all the complete chloroplast genomes of the Malpighiales taxa available in databanks.
Malpighiales includes 40 families, which are poorly represented in sequence databanks.
Consequently, a limited taxonomic sampling of the order was used in the analysis and this
may have contributed to the high support of the nodes in the phylogenetic trees obtained.
Therefore, it is not possible to reach any definitive conclusions concerning the monophyly or
position of the families within the order without examining the chloroplast genome sequences
of members of the other families. However, our study lends support not only to the utility of
complete chloroplast genomes to infer phylogenetic relationships, but as well as the enormous
utility of long sequence reads from PacBio sequencing and assembly for generating very
highly accurate biological information.

Subsequently, the complete nucleotide sequences of 43 chloroplast protein coding
genes of 42 species (including P. edulis) that belong to the eight orders of the Fabids clade
were compared to reconstruct the phylogenomic relationships based on the GTR +G model
(APPENDIX A), with Vitis vinifera (Vitales: Rosidae) as the outgroup. After alignment
filtering and concatenating the nucleotide sequences into a single matrix, a total of 31,193
nucleotide positions were analysed. Conservation analysis of positions was then performed
and it is estimated that 61.65% correspond to conserved sites and 38.35% to variable sites. To
summarise, these rates were estimated in Mega, a program that identifies a site as constant
only if at least two sequences contain unambiguous nucleotides. In contrast, a variable site

contains at least two types of nucleotide.
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The method of analysis (ML or Bl) had no substantial effect on the resulting trees.
Their topologies were found to be highly similar (Figure 6). The accuracy of the inferred
species’ phylogeny is strongly supported by the stability of the main clades obtained using
different phylogenetic methods (ML and BA), and the best-scoring phylogenomic tree is
shown in Figure 6. The nodes resulting from ML analysis were consistently supported in the
tree (41 nodes in total). The bootstrap values at most of the nodes were higher than 85% (34
of 41), reaching 100 % in some cases (28 nodes). In the Bayesian inference the value of the
average standard deviation of split frequencies was 0.0003 after 5,000,000 generations. The
PSRF values were close to 1.0 (range between 0.999 and 1.000), and the ESS values were
above 200 (range between 2,564 and 23,705) for all the parameters. All these values indicate
that the analysis has reached convergence. The nodes resulting from Bl analysis were also
well supported (PP =1 for 31 nodes).

The Fabids consist of eight orders, which are all represented in this study and have
been found to be monophyletic. For instance, Bulnesia arborea was the most distant species
of the ingroup, thus placing the order Zygophyllales basal to the Fabids clade. This position of
Zygophyllales has been previously reported (Wang et al., 2009).

Moreover, we were able to recognize two major monophyletic subgroups with strong
support (BS = 100 %; PP = 1). The first subgroup includes the orders Rosales, Fagales,
Cucurbitales, and Fabales, known as the nitrogen-fixing clade, and the second consists of the
orders Malpighiales, Celastrales, Oxalidales known as the COM clade. There is a trend in the
literature towards classifying these subgroups as monophyletic (Kong and Yang, 2016; Su et
al., 2014; Wang et al., 2009). Although there is morphological divergence among the species
comprising the nitrogen-fixing clade, this capacity is shared only by angiosperms that belong
to the orders Rosales, Fagales, Cucurbitales, and Fabales (Svistoonoff et al., 2013).

The members of the order Oxalidales (Averrhoa carambola and Oxalis latifolia)
were placed as sister to a clade comprising the members of the order Celastrales
(Elaeodendron orientale and Euonymus americanus) with strong support (BS = 100 %; PP =
1). Thus, our studies indicate that Malpighiales shares more homologies with Celastrales than

with Oxalidales, based on both methods used to infer species relationships within the Fabids.
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Figure 6. Phylogenetic tree of the fabid clade inferred from the nucleotide sequences of cp protein coding genes of 43 plant
species. Both Maximum Likelihood and Bayesian inference (BI) were applied to the GTR + G model. The bootstrap values
for maximum likelihood and posterior probability for Bl are indicated above each node; a dash indicates that the support
nodes obtained were < 50% or < 0.50. Vitis vinifera was used as outgroup to produce a rooted tree. The scale bar indicates the
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Previously, Hilu et al. (2003) reported a feasible relationship among the orders of the
COM clade, based on sequence alignments of matK, a cp gene, but with weak support using
maximum parsimony (BS = 60%). According to Sun et al. (2015), positioning the orders
within the COM clade remains a great challenge. However, our results confirm other findings,
for instance placing Celastrales nearer to Malpighiales than Oxalidales (Bell et al., 2010;
Zhang and Simmons, 2006). The same scenario was described by Matthews and Endress,
2005 observing floral structures and describing their implications for systematics in
Celastrales. The use of a large set of genes is important for defining genomic relationships;
otherwise the results could be interpreted as relating to the evolutionary course of particular
genes.

It is worth noting that the Passifloraceae species comprise a distinct monophyletic
group. In morphological terms, the monophyly of this family is supported by the occurrence
of a flower corona (Judd et al., 2008). Additionally, our data suggest that P. edulis and P.
ciliata are in close proximity. Both belong to the subgenus Passiflora. In taxonomic terms P.
edulis is included in the supersection Passiflora, section Passiflora, and series Passiflora; P.
ciliata is in the supersection Stipulata, section Dysosmia. However P. biflora belongs to the
subgenus Decaloba in supersection Decaloba, section Decaloba (Hansen et al., 2006; Ulmer
and MacDougal, 2004). Passifloraceae appeared as a sister group to Salicaceae (BS = 100%;
PP = 1) with a distant relationship to Chrysobalanaceae (BS = 52%; PP = 0.72) compared to
Euphorbiaceae, confirming other findings based on four chloroplast, six mitochondrial and
three nuclear gene sequences (Wurdack and Davis, 2009) and 82 chloroplast genes shared by
58 Malpighiales species (Xi et al., 2012).

However, we were unable to resolve the relationship between J. curcas and R.
communis (BS < 50%; PP = < 0.50) in our work, confirming previous studies based on 60
chloroplast genes and the maximum likelihood method for estimating phylogeny inferences
(Kong and Yang, 2016). Although the current phylogenetic reconstruction of Malpighiales is
much improved compared to earlier versions, it is still incomplete, because of the limited
taxonomic sampling available, and further phylogenetic and morphological studies are
needed, focused especially on relations within Euphorbiaceae, by conducting, for instance, a
phylogenomic analysis based on entire chloroplast genome sequences.
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2.4. Conclusions

In this study, it was possible to obtain the first complete sequence of a chloroplast
genome for the family Passifloraceae using the SMRT sequencing method, which proved
highly effective for generating the biological data and efficient in assembling the chloroplast
genome of Passiflora edulis. Chloroplast genomes of the order Malpighiales were compared,
and although found to be highly conserved, some genomes such as P. edulis have undergone
rearrangements during evolution, showing that there is diversity in the structure of plastid
genomes in angiosperms. Definitely, complete chloroplast genomes or a significant set of
their genic sequences are clearly useful in phylogenetic studies. Additionally, our results have

opened the way for future phylogenomic studies on Passifloraceae.
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3. EVOLUTIONARY HISTORY OF CHLOROPLAST GENOMES: A CASE STUDY
IN POINT REVEALS A REPERTORY OF REARRANGEMENTS AND THE
LOSS OF AN INVERTED REPEAT REGION IN PASSIFLORA?

ABSTRACT

Chloroplast genomes (cpDNA) in angiosperms are usually highly conserved. Although
rearrangements have been observed in some lineages, the mechanisms that lead to rearrangements
are still poorly elucidated. For instance, some groups with different patterns of chloroplast
inheritance, such as Passiflora, also exhibit highly rearranged cpDNA structures. In the present
study, we obtained 20 new chloroplast genomes to investigate cpDNA evolutionary history in
Passiflora (Passifloraceae), a genus with cytonuclear incompatibility and biparental chloroplast
inheritance. Passiflora cpDNAS vary in size considerably, with ~50 kb between shortest and
longest. Large inverted repeat (IR) expansions were identified, and at the extreme opposite, the
loss of an IR was detected for the first time in Passiflora, a rare event in angiosperms. The loss of
an IR region was detected in P. costaricensis, a species in which occasional biparental chloroplast
inheritance has previously been reported. A repertory of rearrangements, such as inversions and
gene losses were detected, making Passiflora one of the few groups with complex chloroplast
genome evolution. Intramolecular recombination of repeats and tRNAs appears to be the
mechanism responsible for some inversions. We also performed a phylogenomic study based on
all the available cp genomes and our analysis implies that there is a need to reconsider the
taxonomic classifications of some species in the group.

Keywords: Chloroplast genome (plastome) rearrangements, Passiflora, inverted repeat (IR) loss,
Passiflora evolution.

3.1. Introduction

In higher plants, most chloroplast (cp) genomes have a quadripartite structure
consisting of two copies of inverted repeats (IRs) separating two single copy regions, and a
large (LSC) and a small (SSC) region (Sugiura 1992; Yang et al. 2010). Although highly
conserved in their structural organization, cp genomes may exhibit deletions, including gene
loss, and rearrangements, such as IR inversions and expansions or retractions. These
rearrangements are well documented, for instance, in Hevea brasiliensis (Euphorbiaceae)
(Tangphatsornruang et al. 2011) and in species of riverweeds (Podostemaceae) (Bedoya et al.
2019), both families belonging to the Malpighiales. Some other plant families, such as

Fabaceae (Cai et al. 2008), Campanulaceae (Haberle et al. 2008), Pinaceae and other conifers

2 The text corresponds to that of the article by Cauz-Santos et al. (2020) submitted to Genome
Biology and Evolution.
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(Wu et al. 2011a,b), and Geraniaceae (Guisinger et al. 2011; Weng et al. 2014) also exhibit a
high number of rearrangements in their cp genomes.

However, the mechanisms which lead to rearrangements in plastid genomes
(plastomes) are still poorly elucidated. Among these mechanisms, intramolecular homologous
recombination mediated by the presence of repeat structures at the boundaries of the
rearranged region plays a role in bringing about structural changes (Ogihara et al. 1988; Wu et
al. 2011a), as well as recombination between tRNA genes (Haberle et al. 2008). In addition,
foreign DNA insertions (large ORFs, for instance) have led to extensive cp genome
rearrangements in Campanulaceae sensu stricto (Knox 2014). Interestingly, for some
angiosperms in which highly rearranged cpDNAs occur, occasional biparental chloroplast
inheritance has been reported, as in Campanulaceae (Cosner et al. 2004; Haberle et al. 2008;
Barnard-Kubow et al. 2017), and Geraniaceae (Metzlaff et al. 1981; Chumley et al. 2006;
Weng et al. 2014).

In the genus Passiflora (Passifloraceae, Malpighiales), the results of artificial
intraspecific crosses revealed the prevalence of maternal and the potential for biparental
chloroplast inheritance, whereas interspecific crosses in turn showed the occurrence of
paternal chloroplast inheritance (Muschner et al. 2006; Hansen et al. 2007). Passiflora could
be regarded as an excellent model for studying the evolution of chloroplast genomes. Apart
from the potential for different patterns of chloroplast inheritance, the genus has been
described as having a syndrome of features related to chloroplast genome changes (Shrestha
et al. 2019). Rearrangements in the cpDNA structure, such as inversions and gene losses, have
been reported for the first time in P. edulis. In this study, high-quality sequences were
assembled from long reads (Cauz-Santos et al. 2017). In later studies, inversions, gene losses
and extensions of IR regions were also reported in different Passiflora species (Rabah et al.
2019; Shrestha et al. 2019).

To place this in context, Passiflora is the richest genus in the family Passifloraceae,
consisting of some 520 species, popularly known as passionflowers, with great diversity in
the size and shape of flowers pollinated by insects, hummingbirds or bats. The geographical
distribution of passionflowers is mainly Neotropical, and they are found mainly in the South
and Central Americas. However, occurrences have been documented in Southeast Asia,
Oceania and Australia (Ulmer & MacDougal 2004). The Brazilian biomes (Amazon,
Caatinga, Cerrado, Atlantic forest, Pampa and Pantanal) harbor 147 species, including 85 that
are endemic to the country. Some species are cultivated for medicinal (e.g. P. incarnata) and

ornamental purposes due to their exotic flowers, but most are for fresh fruit consumption and
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industrialized juice production (e.g. P. edulis). Morphological characters have been used to
subdivide the classical intrageneric division of the genus into 22 subgenera (Killip 1938).
Nowadays, the most well-accepted classification has reduced the number of subgenera to
four: Astrophea (57 species), Decaloba (214), Deidamioides (13) and Passiflora (236) (Ulmer
& MacDougal 2004). Phylogenetic studies have also confirmed the subdivision of Passiflora
into four subgenera (Hansen et al. 2006; Muschner et al. 2003, 2012). However, the position
of subg. Deidamioides is poorly resolved and it has been recognized as a paraphyletic group
(Muschner et al. 2003, 2012), suggesting that further analysis is needed using phylogenomic
approaches and larger volumes of data (e.g. a set of chloroplast genes).

In our study, we sequenced, assembled and annotated 18 chloroplast genomes
representing the four subgenera in the genus Passiflora, along with the Passifloraceae Dilkea
retusa and Mitostemma brevifilis, and extensive sequence rearrangements were found. We
were able to address the following questions: Are the frequency and type of cpDNA sequence
rearrangements particular to each subgenus? And what is the significance of these

rearrangements for Passiflora intrageneric classification?

3.2. Material and Methods
3.2.1. Plant material

Most of the Passiflora species used in this study were field-collected in the following
Brazilian biomes: Amazon, Atlantic rainforest, Cerrado (Brazilian savannas) and Caatinga
(Figure 7). In total, 18 species were analyzed, belonging to the four subgenera: Astrophea (3),
Decaloba (5), Deidamioides (2) and Passiflora (8). Note that P. costaricensis (Decaloba), a
native species of Central America, was obtained from the Italian National Collection of
Passiflora. In addition, two species of Passifloraceae (Dilkea retusa and Mitostemma
brevifilis) were studied and used in comparative studies (APPENDIX C). All plant accessions
are registered at Sistema Nacional de Gestdo do Patriménio Genético e do Conhecimento

Tradicional Associado (SISGEN, Brazil).
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Figure 7. Species of Passiflora collected in scientific expeditions in Brazil. A) Passiflora loefgrenii; B) Passiflora
capsularis; C) Passiflora edmundoi; D) Passiflora rhamnifolia; E) Passiflora cristalina; F) Passiflora contracta.
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3.2.2. Intact chloroplast isolation in sucrose gradient and cpDNA extraction

Intact chloroplast organelles were isolated using the sucrose gradient method
(Takamatsu et al. 2018). Some 20 g of fresh leaves from each plant were frozen in liquid
nitrogen and macerated. The material was resuspended in 200 mL of isolation buffer (50 mM
Tris-HCI pH 8.0, 0.35 M sucrose, 7 mM EDTA, 5 mM 2-mercaptoethanol, 0.1% BSA) and
incubated for 10 min in the dark. The suspension was filtered through two layers of gauze and
then two layers of Miracloth (Merck), and the filtrate centrifuged at 1000x g for 10 min.
Finally, the pellet was washed in 50 mL of isolation buffer and centrifuged at 1,000x g for 10
min.

The pellet was resuspended in 5 mL of isolation buffer and the suspension slowly
laid out in a 20/45% sucrose density batch gradient in 50 mM Tris-HCI (pH 8.0), 0.3 M
sorbitol and EDTA 7 mM. The gradient was centrifuged at 2000x g for 30 min. The green
band formed at the interface containing the intact chloroplasts was collected, diluted with
three volumes of isolation buffer and centrifuged at 3,000x g for 10 min to obtain the purified
chloroplasts in the pellet.

The pellet was resuspended in 2% CTAB buffer to promote lysis. The suspension
was then incubated at 65 °C for 1 h with stirring. The supernatant was extracted 2x with an
equal volume of chloroform:isoamyl alcohol (24:1) and centrifuged at 10,000x g for 20 min.
An equal volume of isopropanol was added to the upper layer and incubated at 20 °C for 1 h.
Finally, the aqueous phase was centrifuged at 10,000x g for 20 min, and the cpDNA pellet
washed with ethanol (70%), dried and resuspended in 40 pL of TE buffer.

3.2.3. Chloroplast genome sequencing and assembly

Illumina sequencing libraries were constructed using a total of 100 ng of input
cpDNA and the Nextera DNA Flex library Kit, following the manufacturer’s instructions. The
sequencing was performed on the Illumina NextSeq platform (Fundacdo Hemocentro de
Ribeirao Preto, Brazil) in two distinct runs, the first containing 6 species using paired-end
sequencing (2x 76 bp), and the second 13 species using paired-end sequencing (2% 150 bp)
(APPENDIX D). The paired-end reads were initially trimmed and filtered in Trimmomatic v.
0.39 (Bolger et al. 2014). The adapter trimming was performed based on
ILLUMINACLIP:NexteraPE-PE.fa:2:30:10:2, and using the following quality filtering
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parameters: sliding window of 10:20, leading of 20, trailing of 20, and minimum length of
36 bp.

The filtered reads were de novo assembled in NOVOPIlasty v. 3.8.3 (Dierckxsens et
al. 2017), using the protein-coding genes psbA, rbcL and rpoB from the P. edulis cp genome
(NC_034285.1) as seeds. The k-mer sizes used in the assembly varied from 23 to 39.
(APPENDIX D). In order to obtain the final assembly, and taking into account that there were
overlapping regions, the cp sequences were merged in Geneious v. 2019.1.2

(https://www.geneious.com) using the “de novo Assembly” function. Finally, the correctness

of the assembly was checked, and coverage estimated using the “Map to reference” function
to map the paired-end raw reads onto the final assembled cp genome.

The plastid DNA sequence of P. costaricensis was obtained by long read sequencing.
Barcoded, large-insert (10 kb) libraries were constructed using 150 ng of pure high molecular
weight DNA. Sequencing was performed in an SMRT cell using P6 polymerase with C4
chemistry on the PacBio RSII instrument at the Uppsala NGI Platform (Uppsala University,
Sweden). The data was filtered to obtain high-quality reads (reads with quality < 0.75 and
length < 500 bp were removed). The sequences were assembled using the CANU assembler
with default parameters (Koren et al. 2017). Subsequently, the chloroplast contigs were
extracted in Geneious by mapping the resulting contigs to the Passiflora complete cp
genomes obtained in this study. A final assembled cp genome of P. costaricensis was
obtained in Geneious by joining the contigs using the “de novo Assembly” function
(APPENDIX D). Finally, the raw reads were mapped onto the final contig using the “Map to
reference” function.

Primer design and PCR were applied to confirm the positioning of some distinct
cpDNA arrangements (APPENDIX E). Amplification reactions were performed using 20 ng
template DNA, 1x buffer, | mM MgCl2, 0.2 mM of each dNTP, 0.3 uM of the forward and
reverse primers, 1.2 U Go Taq Flex DNA polymerase (Promega, Madison, WI, USA), and
ultra-pure water added to bring the final volume up to 20 uL.. The amplification program was
as follows: 95°C for 5 min, 35 cycles at 95°C for 40 s, 55°C for 40 s and 72°C for 1 min,
followed by a final 8 min of incubation at 72°C. The amplified fragments were checked on
1% (w/v) agarose gel with a 1000 bp molecular standard Invitrogen ladder (Carlsbad, CA,
USA).
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3.2.4. Chloroplast genome annotation, identification of repeated elements and

comparative analysis

The annotation of cp genomes was carried out in the GeSeq (Organellar Genome
Annotation) online program (Tillich et al. 2017) with default settings to identify protein
coding gene sequences (CDS), rRNAs and tRNAs based on the chloroplast reference
sequences and BLAST homology searches, followed by manual corrections for start and stop
codons, and intron positions in GenomeView software. All tRNA genes were further
confirmed using the tRNAscan-SE and ARAGORN online search server (Lowe & Chan
2016; Laslett & Canback 2004). Pseudogenes were classified based on nucleotide losses in
sequences or the presence of internal stop codons. OGDRAW software was used for
constructing the circular cp genome map (Greiner et al. 2019).

REPuter software (Kurtz et al. 2001) was used to identify direct and palindromic
repeat elements based on the following criteria: minimum repeat size > 30 bp and sequence
identities > 90% (Hamming distance equal to 3).

Two different multiple sequence alignments were run in Progressive Mauve v.2.4.0
(Darling et al. 2010) to identify possible rearrangements in the cpDNA molecules. The first
contained 11 cp genomes to represent the diversity in size and structure in each Passiflora
subgenus, in addition to the cp genomes of Dilkea retusa and Mitostemma brevifilis
(Passifloraceae), with Populus trichocarpa (Salicaceae) as a reference. The second alignment
contained all 20 cp genomes studied herein. Subsequently, to detect possible expansions or
contractions in the IR regions, the IR-boundaries of both LSC and SSC regions with full
annotations for the adjacent genes were analyzed across the cp molecules used in the first
multiple sequence alignment. In addition to reconstructing the evolutionary history of
Passiflora chloroplast genomes, we analyzed the plastome structures run in the first multiple
sequence alignment against the available Genbank cp genomes of P. foetida, P. tetrandra, P.
obovata, P. auriculata and P. biflora (APPENDIX F).

3.2.5. Phylogenomic studies in Passiflora

We performed a phylogenomic study based on all the available cp genomes of
passionflowers (49 species in total, 20 generated in this study and 29 species whose cp DNA
sequences were imported from the Genbank database, APPENDIX F).
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A set of 68 chloroplast protein coding genes was used as the ingroup in a
phylogenetic analysis, and the respective gene sequences of Populus trichocarpa (Salicaceae)
was used as the outgroup, with the aim of obtaining a rooted tree.

A local python pipeline was used to extract each gene in the data set (consisting of
50 taxa), align them individually at nucleotide level in MUSCLE and make an interleaved
Nexus matrix consisting of all individual alignments. The resulting matrix was then analyzed
in  ModelFinder (Kalyaanamoorthy et al. 2017) to determine the best partition scheme and
evolutionary models in accordance with the AIC criteria and treating each gene alignment as a
charset. Because the partition scheme indicated by ModelFinder is an a priori test based on
point estimates, and a single model was selected with GTR+G+I for the whole dataset, we
decided to include an alternative model with partition based on codon position with separate
parameters in GTR+G+I for each codon position, and then subsequently test the two-partition
scheme using Bayes Factors. In both partitioned and non-partitioned analyses, the Markov
chain Monte Carlo (MCMC) algorithm was run in MrBayes (Ronquist et al. 2012) for
10,000,000 generations, sampling one tree every 1000 generations and discarding the first
25% of trees as burn-in, to estimate the values of posterior probabilities. The convergence of
the runs was monitored based on an average standard deviation of split frequencies below
0.01, potential scale reduction factor (PSRF) values close to 1.0, and ESS values above 1,000.

Finally, the phylogenetic trees were visualized using FigTree version 1.4.4.

3.3. Results
3.3.1. Chloroplast genome structure features in Passifloraceae

In Passiflora, a large variation in cpDNA sequence length was observed (~55 kb),
ranging from 113,114 bp in P. capsularis (Decaloba) to 167,953 bp in P. deidamioides
(Deidamioides) (APPENDIX G, Table 5). The majority had the typical quadripartite structure;
the length of the LSC region ranged from 57,244 bp in P. suberosa (Decaloba) to 90,064 bp
in P. rhamnifolia (Astrophea), while the SSC region varied from 12,854 in P. cerradensis
(Astrophea) to 13,817 bp in P. suberosa. IRs ranged from 21,928 in P. edmundoi (Passiflora)
to 43,626 bp in P. suberosa (Decaloba). The cpDNA sequence lengths of the Passifloraceae
Dilkea retusa and Mitostemma brevifilis were similar to those of the Astrophea species, which
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had the shortest SSC region sequenced in this study. The GC content of all 20 cp genomes
was very similar (average 36.7%).

Comparing the four subgenera, Decaloba was the subgenus with the highest
variation, ranging from 113,114 bp in P. capsularis and 114,230 in P. costaricensis, the
smallest cp molecules sequenced herein due to the loss of an IR region (Figure 8), up to
158,313 bp in P. suberosa. This loss of the IR region in P. capsularis and P. costaricensis,
particularly the IRa, was confirmed by mapping the raw reads onto the assembled genomes
and via PCR (APPENDIX E). In contrast, the largest cp genomes were observed for the two
species of the Deidamioides subgenus. The Astrophea subgenus also had large cpDNA
molecules, whereas in the eight species of the Passiflora subgenus (which contains the vast
majority of the species in the genus) the cpDNA ranged from 142,737 bp (P. edmundoi) to
151,920 bp (P. miniata).

The cp genomes contained between 102 and 109 unique genes, and this variation is
related to the protein-coding genes identified when species were compared (68 to 75 protein-
coding genes), since all species were found to have the same tRNA (30) and rRNA (4) gene
content. Chloroplast genes are involved in different biological processes, and were annotated
accordingly with functional categories. Due to duplication and the emergence of inverted
repeat (IR) regions during the evolutionary history of the genus, 18 to 38 genes were found to
have two copies, including protein coding genes, tRNAs and all four rRNAs. The total
number of genes ranged from 102 (P. capsularis and P. costaricensis) to 141 (P. suberosa),
as a result of expansions and retractions of the IR regions, and also the gene losses described

below.
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Table 5. Summary of the 20 Passifloraceae chloroplast genomes sequenced.

Taxonomic classification

Subgenus/Supersections, sections or Cp genome LSC SSC IR  Total GC Number of Protein
Species series size (bp) (bp) (bp) (bp) % unique genes coding genes tRNAs rRNAs

Passiflora cerradensis subgenus Astrophea/section Capreolata 164,515 84,143 12,854 33,759 36,6 107 73 30 4
subgenus Astrophea/section

Passiflora haematostigma  Pseudoastrophea 163,775 89,717 12,876 30,591 36,5 106 72 30 4
subgenus Astrophea/section

Passiflora rhamnifolia Pseudoastrophea 162,217 90,064 12,921 29,616 36,4 106 72 30 4

Passiflora candollei subgenus Decaloba/section Decaloba 138,081 72,565 13,506 26,005 37,2 104 70 30 4

Passiflora capsularis subgenus Decaloba/section Xeragona 113,114 * * * 36,1 102 68 30 4

Passiflora costaricensis subgenus Decaloba/section Xeragona 114,230 * * * 36,1 102 68 30 4

Passiflora suberosa subgenus Decaloba/section Cieca 158,313 57,244 13,817 43,626 37,2 103 69 30 4

Passiflora vespertilio subgenus Decaloba/section Decaloba 138,456 72,902 13,158 26,196 37,1 104 70 30 4

Passiflora contracta subgenus Deidamioides/section Tetrastylis 166,558 87,313 13,513 32,866 36,7 107 73 30 4
subgenus Deidamioides/section

Passiflora deidamioides Deidamioides 167,953 82,571 13,744 35,819 36,8 108 74 30 4
subgenus Passiflora/supersection

Passiflora alata Laurifolia/ section Quadrangularis 147,773 85,535 13,494 24,372 36,9 105 71 30 4
subgenus Passiflora/supersection

Passiflora cristalina Distephana 145,054 85,662 13,530 22,931 36,9 104 70 30 4
subgenus Passiflora/supersection

Passiflora edmundoi Stipulata/section Kermesinae 142,737 85,567 13,314 21,928 37,2 105 71 30 4
subgenus Passiflora/supersection

Passiflora loefgrenii Stipulata/section Kermesinae 146,537 86,370 13,267 23,450 37,1 104 70 30 4
subgenus Passiflora/supersection

Passiflora miniata Distephana 151,920 85,863 13,477 26,290 37,0 105 71 30 4
subgenus Passiflora/supersection

Passiflora mucronata Stipulata/section Granadillastrum 150,839 84,839 13,552 26,224 36,9 104 70 30 4
subgenus Passiflora/supersection

Passiflora recurva Passiflora/ series Passiflora 151,837 85,863 13,504 26,235 37,0 105 71 30 4



subgenus Passiflora/supersection Stipulata/
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Passiflora watsoniana section Kermesinae 146,520 86,139 13,355 23,513 37,0 105 71 30
Dilkea retusa Dilkea genus 161,923 88,575 12,686 30,331 36,2 109 75 30
Mitostemma brevifilis Mitostemma genus 163,032 88,837 12,695 30,750 36,1 109 75 30

* Loss of an IR region
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Introns were identified in 12 to 15 sequences of protein coding and tRNA genes,
mainly in the Astrophea and Deidamioides subgenera (15 introns). The intron within the atpF
gene was not found in the Passifloraceae species analyzed in this study, but it was found in
Populus trichocarpa, the species used in the comparative analysis (Figure 8). Additionally,
the Astrophea and Deidamioides subgenera harbored an intron in the clpP gene, which was
not found in the Decaloba and Passiflora subgenera, revealing the loss of this region. In the
Decaloba subgenus we found the lowest number of introns, because of losses in the rpoC1
and rpl16 genes.

Repetitive sequence analysis detected between 115 (P. alata) and 445 (P. contracta)
repeats (Table 6). The majority were in forward orientation (ranging from 65 repeats in P.
cerradensis to 286 in P. haematostigma), followed by palindromic repeats (ranging from 22
repeats in P. edmundoi and P. loefgrenii to 183 in P. contracta). The length of the repeats
varied between 116 bp and 1,070 bp respectively in P. miniata and P. costaricensis. In most
of the species, the highest number of repeat structures was found in the LSC region, with
some detected in the IR and SSC regions. Comparing the subgenera, high numbers of repeats
were found in Deidamioides subgenus (a respective 405 and 445 total repeats in P.
deidamioides and P. contracta) and Decaloba subgenus (a respective 199 and 280 total
repeats in P. candollei and P. costaricensis) in which the largest repeat (1,070 bp identified in
P. costaricensis) possibly corresponds to a piece of the IR region that was lost in this species.

Most of the repeats were found in the intergenic sequences of the LSC or IR regions,
but some repeats were located in gene sequences, including accD, clpP, psaA, psaB, rpsl8,
ycfl, ycf2 and ycf3. Furthermore, in all species analyzed, a repeat was identified in the ndhA
gene located in the respective SSC region. Note in particular that a high number of repeats in
the accD gene and its promoter or intergenic regions was identified in all 20 cp genomes of

Passifloraceae, with up to 151 repeats in P. costaricensis.
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Table 6. Summary of the short direct-repeats identified in the cp genomes of 18 Passiflora species and the Passifloraceae, Dilkea retusa and Mitostemma brevifilis.

Taxonomic classification

Subgenus/Supersections, sectionsor ~ Cp genome  Reputer total Largest

Species series (bp) number Palindromic Forward Reverse Complement repeat (bp)

Passiflora cerradensis subgenus Astrophea/section Capreolata 164,515 118 38 65 9 6 193
subgenus Astrophea/section

Passiflora haematostigma  Pseudoastrophea 163,775 399 67 286 28 18 476
subgenus Astrophea/section

Passiflora rhamnifolia Pseudoastrophea 162,217 398 67 222 56 53 486

Passiflora candollei subgenus Decaloba/section Decaloba 138,081 199 87 112 201

Passiflora capsularis subgenus Decaloba/section Xeragona 113,114 207 55 155 1 791

Passiflora costaricensis subgenus Decaloba/section Xeragona 114,230 280 38 240 2 1070

Passiflora suberosa subgenus Decaloba/section Cieca 158,313 279 108 154 9 8 760

Passiflora vespertilio subgenus Decaloba/section Decaloba 138,456 238 73 164 1 151
subgenus Deidamioides/section

Passiflora contracta Tetrastylis 166,558 445 183 262 427
subgenus Deidamioides/section

Passiflora deidamioides Deidamioides 167,953 405 129 261 15 352
subgenus Passiflora/supersection

Passiflora alata Laurifolia/ section Quadrangulares 147,773 115 33 78 4 123
subgenus Passiflora/supersection

Passiflora cristalina Distephana 145,054 128 37 87 4 123
subgenus Passiflora/supersection

Passiflora edmundoi Stipulata/section Kermesinae 142,737 185 22 145 18 118
subgenus Passiflora/supersection

Passiflora loefgrenii Stipulata/section Kermesinae 146,537 133 22 104 5 2 137
subgenus Passiflora/supersection

Passiflora miniata Distephana 151,920 152 35 114 3 116
subgenus Passiflora/supersection

Passiflora mucronata Stipulata/section Granadillastrum 150,839 172 49 97 22 4 372
subgenus Passiflora/supersection

Passiflora recurva Passiflora/ series Passiflora 151,837 158 41 116 1 143
subgenus Passiflora/supersection

Passiflora watsoniana Stipulata/ section Kermesinae 146,520 158 25 128 5 147

Dilkea retusa Dilkea genus 161,923 214 91 110 7 6 106

Mitostemma brevifilis Mitostemma genus 163,032 398 189 209 299
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3.3.2. A repertory of rearrangments: inversions, expansions/loss of IR regions
and gene losses

The results of the genomic comparison revealed a highly rearranged structure of
cpDNAs in Passiflora. To detect all rearrangements, P. trichocarpa (Salicaceae) was used as
a reference because it is a phylogenetically close species with the same cpDNA genome
pattern as most angiosperms. The chloroplast genome comparison performed showed
different inversions (Figure 9, APPENDIX H). In total, 22 synteny blocks were identified
among the cp genomes aligned.
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Figure 9. Synteny and structural rearrangements detected in the chloroplast genomes of 11 Passiflora species in addition to
the Passifloraceae, Dilkea retusa and Mitostemma brevifilis, and the Salicaceae Populus. trichocarpa. Colored bars indicate
syntenic blocks and connecting lines indicate the correspondence between blocks.
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Inversions were identified in the Astrophea subgenus compared to Dilkea and
Mitostemma. They differed only with regard to one inversion (~15 kb) in the LSC region of
P. haematostigma and P. rhamnifolia. In fact, a high level of synteny was found between
Passifloraceae Dilkea and Mitostemma, and Salicaceae P. trichocarpa, revealing that fewer
rearrangements have occurred, a feature common to most angiosperms. A large inversion in
the LSC region flanking the clpP gene was found only in P. cerradensis, differing from the
earlier rearrangement of the clpP and accD genes in P. haematostigma and P. rhamnifolia.

The highest number of inversions was found in the Decaloba subgenus, with five
species exhibiting a large inversion in the LSC region (Figure 9). Small sequence structures
were also found inverted in the LSC region of P. suberosa. Interestingly, these small
inversions are different from the very distinct rearrangement located at the beginning of the
LSC region of P. candollei and P verspetilio, including the petB and clpP genes. P.
verspetilio also exhibited a different arrangement in the IR region, with an inversion between
the rpl2 and rrn5 genes, and this arrangement was confirmed by PCR (APPENDIX E).

The two species of the Deidamioides subgenus exhibited a different arrangement in
the gene order involving a small region in LSC containing the matK gene; in fact, this
arrangement occurred by an expansion of the IRs in P. deidamoides, as detailed below
(Figure 8). P. deidamoides also differed from P. contracta due to the presence of a small
inverted block in the LSC region. Comparing all 20 cp genomes, the species in the subgenus
Passiflora differed by the presence of a large inversion in the LSC region.

We also examined IR boundaries and detected different expansions and contractions
(Figure 10). By comparing them with P. trichocarpa, used as a reference, it was possible to
detect expansions in the Passifloraceae D. retusa and M. brevifilis, in which the ndhH gene
had expanded from the boundary of the SSC region to the IRA region (~ 550 bp) creating a
duplicated small fragment copy of the ndhH gene in the IRB region. Furthermore, the LSC
region contained an expansion including a portion (15 bp) of the rpl23 sequence up to the IR
region, and interestingly this arrangement seems to be particular to D. retusa and M.
brevifilis, and does not occur in the Passiflora genus, not even in the reference, P.
trichocarpa.

In the Astrophea subgenus, as in the Dilkea and Mitostemma genera, an expansion
was observed in the SSC/IRA extending into part of the ndhD gene, while P. cerradensis
showed an additional expansion (~ 3.5 kb) of IRA/LSC that includes the matK gene, which
was confirmed by PCR (APPENDIX E).
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Mitostemma brevifilis, and the reference species Populus trichocarpa. The red dotted lines indicate the border of the cp
genome regions, and the colored boxes indicate the gene structure.

Comparing all the species sequenced, Decaloba is the subgenus with the highest
number of rearrangements related to IR boundaries. For instance, in P. candollei and P.

vespertilio, the expansion of IRA/LSC extends up to the petD gene, and in P. suberosa this
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expansion is even larger, extending up to the psal gene and comprising important genes such
as rbcL. As a result of this significant expansion, P. suberosa has an IR of approximately 43
kb that includes 38 genes, a difference of 17 kb compared to the IRs of other Decaloba
subgenus species analyzed in this study.

A different expansion of IRB/LSC was observed in P. deidamioides (Deidamioides
subgenus), including the protein coding genes matK, psbA and psbK, and this expansion was
confirmed by amplification via PCR (APPENDIX E). This latter expansion in P.
deidamioides has an additional fragment length of 3,126 bp compared to the IRB/LSC of P.
contracta (Deidamioides subgenus). Finally, the species that belong to the subgenus
Passiflora exhibited the smallest rearrangements related to IR boundaries, with part of the
rpsl5 gene expanding from the SSC to the IRA region (64 bp in P. edmundoi).

Comparatively, there were no large variations in the length of the SSC region, and
the difference in IR sizes between species was approximately 21.5 kb, whereas in the LSC
region it reached 33 kb. These differences were due not only to IR expansions, but also gene
and intron losses. All the cp genomes showed gene losses compared to the reference, P.
trichocarpa (Figure 8). The rpl22 gene was not found to be complete in any of the species
analyzed. Additionally, accD was found as a pseudogene, containing just a piece of the
sequence or up to 18 stop codons in some species of the different subgenera. Some events
may have occurred independently alongside chloroplast genome evolution in the Passiflora
genus, such as rpl32 gene loss in some species of the Decaloba and Astrophea subgenera
(Figure 8). In addition, rpl20 was absent in the cp genomes of the Astrophea, Decaloba and
Passiflora subgenera. In the subgenus Passiflora, the rps7, ycfl and ycf2 genes were found as
pseudogenes. Finally, Decaloba subgenus exhibited most of the gene losses, over and above
the loss of rps7, ycfl and ycf2 (the last two were sometimes detected as small pseudogenes),

and the loss of rpoA was detected in P. capsularis, P. costaricensis and P. suberosa.

3.3.3. Phylogenomic studies in Passiflora

A phylogenomic study was performed based on 68 protein coding genes of 49
Passifloraceae species with available chloroplast genomes. These species of passionflowers
were used as the ingroup and P. trichocarpa (Salicaceae) was the outgroup to obtain a rooted

phylogenetic tree.
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The two different partition schemes for Bayesian analysis had no substantial effect
on the topology of the resulting trees. The analysis partitioned by codon position was highly
favored in relation to the single model based on Bayes Factors (BF= 5448.8), and also
showed slightly higher support values in nodes with posterior probabilities (PP) < 1.0. The
accuracy of the inferred species phylogeny was strongly supported by the stability of the
main clades generated, and the PP and node support values were high, with 97% (42 of 43)
reaching 1 (Figure 11).
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Figure 11. Bayesian phylogenetic reconstruction of Passiflora evolutionary history based on 68 chloroplast protein-

coding genes.

P. trichocarpa grouped as a sister taxon to Adenia manni. In addition, Dilkea and

Mitostemma formed a clade at the position Adenia + (Dilkea + Mitostemma) + Passiflora, all
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with high support in the phylogenetic tree. The Astrophea subgenus was placed on the tree as
a monophyletic group of species, sister to the remaining species in the genus. The Astrophea
clade was supported by high posterior probabilities (PP= 1), and was split into two distinct
subclades, one containing P. haematostigma and P. rhamnifolia (species from section
Pseudastrophea) and the other grouping P. cerradensis and P. pittieri. However, P.
arbelaezii (Deidamioides) was grouped as a sister taxon to the Astrophea species,
dismembering the polyphyletic group of Deidamioides.

Deidamioides, as currently defined, is a polyphyletic subgenus, and despite the clade
formed by P. contracta and P. deidamioides, other species assigned to Deidamioides were
placed in different positions on the tree. P. arbelaezii was placed as sister to the Astrophea
subgenus whereas P. obovata (Deidamioides) was embedded in the Decaloba subgenus.
Most species from the Decaloba subgenus clustered into a monophyletic clade with high
support, having as sucessive sister groups Tetrapathea and two species of Deidamioides (P.
contracta and P. deidamioides). Subgenus Passiflora was also recovered as a monophyletic
group, but its sections display paraphyletic patterns. This subgenus contains 236
morphological variable species, which are classified in supersections, sections and series
(Feuillet & MacDougal 2003).

3.4. Discussion

3.4.1. A repertory of cpDNA rearrangements concomitant with Passiflora

evolution and taxonomical implications

The cp genomes analyzed herein have the quadripartite structure common to almost
all angiosperms. However, a complete loss of one IR was identified in P. capsularis and P.
costaricensis, both species in the Xeragona section within the Decaloba subgenus (Espinoza
et al. 2018). It is worthy of note that this kind of arrangement has not previously been
reported in Passiflora cpDNAs (Cauz-Santos et al. 2017; Rabah et al. 2019; Shrestha et al.
2019). Bearing in mind that the loss of a complete IR region is rare in angiosperms, this event
may have occurred in Passiflora before the diversification of the Xeragona section.

The loss of a complete IR has been described in few species of Geraniaceae and
Cactaceae (Guisinger et al. 2011; Sanderson et al. 2015; Blazier et al. 2016), and in the large
group of Fabaceae (legumes) in which the loss of an IR occurred once, leading to a
monophyletic group within the subfamily Papilionideae, designated the IR-lacking clade, or



76

IRLC (Lavin et al. 1990). It was suggested that this IR deletion could provide a means of
testing the traditional evidence used to reconstruct Papilionideae phylogeny (Lavin et al.
1990). In addition, the rates of nucleotide substitution in genes of the IRLC papilionoids are
generally higher than those in the IR-containing papilionoids, suggesting an association
between the loss of an IR and accelerated nucleotide substitution rates (Schwarz et al. 2017).

Palmer and Thompson hypothesized that IR regions could play a part in the
stabilization of cp genome structure (Palmer & Thompson 1982). However, in later studies,
the authors reported that the deletion of a complete IR does not always lead to
rearrangements or cp genome instability (Palmer et al. 1987). Thus, it was considered to be a
different pattern of rearrangement that occurs together with other rearrangements (e.g.
inversion, gene loss) in the IRLC (Sabir et al. 2014). Interestingly, this pattern was also found
in our study. The loss of a complete IR sequence in a Xeragona section species is unique,
alongside other different rearrangements that occur in the Decaloba subgenus, such as
inversions, IR expansions and gene and intron losses.

In Passiflora, previous studies revealed the occurrence of paternal inheritance in
interspecific crosses (Muschner et al. 2006; Hansen et al. 2007). However, the potential for
biparental inheritance in intraspecific crosses involving P. costaricensis (Decaloba subgenus)
has also been reported (Hansen et al. 2007). Most surprisingly, when faced with the cp
genome structure of P. costaricensis, we noted that our results unveiled the loss of an entire
inverted repeat region. In other groups of seed plants that exhibit potential for biparental
inheritance, a highly rearranged cpDNA structure also occurs, such as in Campanulaceae
(Cosner et al. 2004; Haberle et al. 2008; Barnard-Kubow et al. 2017), and Geraniaceae
(Metzlaff et al. 1981; Chumley et al. 2006; Weng et al. 2014).

Recent studies have shown that biparental inheritance could promote chloroplast
competition mediated by accelerated rates of evolution in repeats located in the accD gene
regulatory region (Sobanski et al. 2019). In our study, a high number of repeats within the
accD gene sequence was observed in all species. Additionally, chloroplast biparental
inheritance has the potential to restore cytonuclear incompatibility (Barnard-Kubow et al.
2017; Shrestha et al. 2019), and this type of incompatibility has also been reported in the
genus Passiflora (Mracek 2005). Further studies are required to evaluate whether changes in
the inheritance of chloroplast DNA could lead rearrangements in the nucleotide sequence.

As explained, the evolutionary history of the Passiflora chloroplast genome revealed
a high number of structural rearrangements (Figure 5). Inversions were detected in the

subgenus Astrophea (P. haematostigma), but surprisingly not in the Dilkea, Mitostemma and
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even Adenia genera in the family Passifloraceae (Shrestha et al. 2019). This suggests that the
inversions in the Astrophea subgenus occurred after the separation of the Passiflora genus
from its ancestors. The other three genera have fewer species (1 to 102) and exhibit cp
genomes more closely resembling that of P. trichocarpa. It is possible that the abundance of

inversions occurred only in Passiflora and not in other Passifloraceae.
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Some inversions in the Passiflora genus seem to be the result of intramolecular
recombination of repeats, a mechanism that has been reported to impact the generation of
rearrangements (Ogihara et al. 1988; Milligan et al. 1989; Gray et al. 2009; Ruhlman et al.
2017). In our study, short direct-repeat structures in the flanking regions between the accD
and clpP genes were identified in both P. haematostigma and P. rhamnifolia (Astrophea).
These kinds of repeats are also present in wheat (Ogihara et al. 1988), Asteraceae (Kim et al.
2005) and Geraniaceae (Guisinger et al. 2011), the latter showing highly rearranged cp
genomes similar to the trends observed in Passiflora.

In addition, a distinct inversion was found in P. cerradensis (Astrophea), but since
this inversion was flanked by clpP and caused repositioning of this gene, in evolutionary
terms our results indicate that the rearrangement of accD and clpP genes in P. haematostigma
and P. rhamnifolia occurred before the unique inversion found in P. cerradensis.
Interestingly, all the inversions in Astrophea are different from those found in the other
subgenera. Therefore, it is clear that Astrophea underwent further cpDNA changes after its
separation from the clade ((Decaloba, Deidamioides), Passiflora) (~40 Mya) (Muschner et al.
2012).

As mentioned above, the Decaloba subgenus exhibits many different inversions,
possibly because of the high number of repeat structures, different modes of chloroplast
inheritance, as well as the large IR expansions that are typical of this subgenus. On the other
hand, the Deidamioides species have a similar cpDNA structure to Dilkea and Mitostemma,
with just one small inversion in the LSC region. However, the Deidamioides subgenus differs
from the other two Passifloraceae in that it has large IR expansions. Finally, Passiflora
species exhibit conserved structures and the same rearrangements in the LSC region as those
previously described for P. edulis, the main cultivated species (Cauz-Santos et al. 2017).

Chloroplast genome IR expansions have been found in different plant groups,
including Geraniaceae (Guisinger et al. 2011), Euphorbiaceae (Li et al. 2017), Solanaceae
(Amiryousefi et al. 2018) and Bignoniaceae (Thode & Lohmann 2019). Decaloba species
harbor larger variations, but P. capsularis lacks one of the IRs; P. suberosa exhibits a large
expansion of the IRa/LSC up to the psal gene. The latter IR expansions have already been
described in previous studies on the Decaloba subgenus (Rabah et al. 2019; Shrestha et al.
2019), except for the lack of IR region in P. capsularis and P. costaricensis. In Astrophea
species IRb/SSC has expanded to part of the ndhH gene, and remarkably an IRa/LSC

expansion was found to include the matK gene in P. deidamioides and P. cerradensis.
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However, these expansions do not have a common ancestor and supposedly occurred
independently in the Astrophea and Deidamioides subgenera.

All species of subgenus Passiflora exhibited an expansion to the rps19 gene, like that
of P. trichocarpa, but this expansion was not found in its sister group, suggesting that
independent events occurred in the distinct subgenera. Expansions/contractions and loss of
IRs are the main causes of variations in cpDNA sequence length, as in the Decaloba subgenus
and other plants, such as Annona (J. Chris Blazier et al. 2016) and Lamprocapnos (Park et al.
2018), as well as in monocots (Wang et al. 2008). Different mechanisms have been proposed
to explain IR expansions, such as gene conversion or double-strand DNA breaks (Goulding et
al. 1996; Wang et al. 2008).

Distinct genes have been lost during the evolution of cp genomes in the Passiflora
genus, such as rpl20 and rpl22, the latter absent in all the cp genomes studied herein. Since
the chloroplast organelle is responsible for vital processes like photosynthesis, gene loss can
impair the efficiency of some metabolic pathways, plant growth and cell survival (Neuhaus &
Emes 2000; Kode et al. 2005; Rogalski et al. 2006; Romani et al. 2012). Furthermore, rpl20
and rpl22 encode proteins necessary for chloroplast translational apparatus and have been
proven to be essential for cell viability in tobacco knockout-mutants (Rogalski et al. 2008;
Fleischmann et al. 2011). Similarly, the absence of rpl22 in legumes is offset by the existence
of a functional copy transferred from the chloroplast to the nuclear genome (Gantt et al.
1991).

Gene transfer between chloroplast and nuclear genomes has been described in some
species (Millen et al. 2001; Rousseau-Gueutin et al. 2013; Hong et al. 2017), and observed
experimentally (Stegemann et al. 2003; Stegemann & Bock 2006; Lloyd & Timmis 2011).
Despite the fact that the organelle gene needs a eukaryotic promoter to maintain its
functionality in the nuclear genome, studies have revealed that some cp promoters are weakly
active in the nucleus, which would render gene transfer viable without a nuclear promoter
(Cornelissen & Vandewiele 1989; Wang et al. 2014). The functional transfer of rpl22 from cp
to the nuclear genome has been observed in Fagaceae and it has been suggested that this
happens in Passiflora (Jansen et al. 2011).

Taxonomically speaking, Passiflora is the largest genus of Passifloraceae with
approximately 520 species, exhibiting high morphological diversity, especially in flower
shape and color, and also in genome size. Although a wide variety of morphological traits has
been applied in its traditional taxonomy, the species classification still has unresolved

positions, particularly regarding species belonging to the Deidamioides subgenus. Molecular
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phylogenies did not clarify the position of this subgenus, but they did generally recover
Astrophea, Decaloba and Passiflora as well-supported monophyletic clades based on
chloroplast, mitochondrial or nuclear nucleotide sequences (Muschner et al. 2003, 2012;
Krosnick et al. 2006, 2013). In addition to the four subgenera described, Tetrapathea
(Passifloraceae) has been put forward as a new subgenus of Passiflora, with three species
native to the Old World (Krosnick et al. 2009).

Our findings confirmed the Astrophea subgenus as a monophyletic clade, and also
grouped together P. haematostigma and P. rhamnifolia, two species that belong to section
Pseudoastrophea. Furthermore, the Astrophea subgenus was grouped as a sister clade to the
species of section Tryphostemmatoides in the subgenus Deidamioides, confirming previous
phylogenetic studies (Muschner et al. 2003, 2012; Krosnick et al. 2013). Based on the
divergence times in the Passiflora genus, the separations of the clade Astrophea plus the
Tryphostemmatoides section from the other Passiflora clades are very ancient, at around 40
Mya (Muschner et al. 2012). Interestingly, some species of the Astrophea subgenus are small
trees, very different from the lianas that characterize most species of Passiflora and Decaloba.

The Deidamioides subgenus has been recovered as polyphyletic. Only the Brazilian
endemic species P. contracta and P. deidamioides were grouped as a clade. P. arbelaezii was
sister to the Astrophea subgenus, and P. obovata placed in the Decaloba subgenus,
confirming a previously phylogenomic inference (Shrestha et al. 2019). The classical
taxonomic studies (Master 1871; Killip 1938) and the recent revision (Feuillet & MacDougal
2003) initially positioned some of these species in the Deidamioides subgenus and
subsequently the Decaloba subgenus. Conversely, P deidamioides was initially considered as
Decaloba (Harms 1923), before the creation of the Deidamioides section. P. obovata was
considered to belong to the subgenus Plectostemma, now known as Decaloba subgenus
(Harms 1923; Killip 1938), and was assigned to the Deidamioides subgenus in the
classification of Feuillet and MacDougal (Feuillet & MacDougal 2003). However, molecular
phylogenies still group this species in the Decaloba subgenus (Krosnick et al. 2006, 2013),
corroborating our findings. This controversy suggests that the classification of P. obovata
needs to be revised.

The position of P. arbelaezii (Deidamioides subgenus, section Tryphostemmatoides)
as a sister to the Astrophea clade in the phylogeny reconstructed herein confirms previous
findings (Krosnick et al. 2013). In the past, due to its morphology, Tryphostemmatoides was
considered a subgenus (Killip 1938), but later it was reduced to a section (Feuillet &

MacDougal 2003). Molecular phylogenetic inferences also recovered section
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Tryphostemmatoides as a monophyletic clade, although was found to be paraphyletic in
relation to other sections of the Deidamioides subgenus (Muschner et al. 2012; Krosnick et al.
2013). Our findings also suggest the need for revisiting the taxonomic classification of
Tryphostemmatoides.

P. tetrandra (subgenus Tetrapathea) was grouped as a sister to Decaloba, forming
the group Deidamioides + Tetrapathea + Decaloba, confirming previous findings (Krosnick
et al. 2013; Shrestha et al. 2019).

On the other hand, heteroplasmy, the existence of divergent chloroplasts types, could
be problematic and lead to the analysis of paralogous copies in phylogenetic studies (Wolfe &
Randle 2004). For this reason, Hansen et al. (2007), discussing the implications of
heteroplasmy in Passiflora, suggest that caution should be exercised when considering the
interpretation of the chloroplast phylogenies. We should also point out that phylogenomics
based on cpDNA sequences allow only one view of Passiflora evolution, and further
reconstructions of phylogenetic trees based on nuclear genes will also be necessary.

Finally, regarding the Passiflora subgenus, incongruences were found in the
positioning of some species compared with former phylogenetic studies. However, Passiflora
is the largest subgenus (236 species), and due to the relevance of taxa sampling for phylogeny
reconstruction accuracy (see Heath et al. 2008; Nabhan & Sarkar 2012), new analyses of an
increased number of species may help elucidate the taxonomy within this subgenus.
Interesting results were recently published by Sader et al. (2019) providing a robust and well-
resolved time-calibrated phylogeny including some 100 taxa, and by means of phylogenetic
comparative methods, they tested the relative importance of polyploidy in Passiflora
evolution and diversification. According to these authors, changes in chromosome number
and genome sizes may have contributed to morphological and ecological traits that explain the

pattern of diversification observed in the genus.

3.5. Conclusions

In this study, the analysis of different plastomes revealed highly rearranged
structures. These rearrangements, such as inversions, IR expansions/contractions and gene
and intron losses, occurred in all the analyzed passionflowers, including species of the four
subgenera. We have described, for the first time, the loss of a complete IR region in
Passiflora capsularis and Passiflora costaricensis, both species in the Xeragona section

within the Decaloba subgenus. Bearing in mind that the loss of a complete IR region is rare in
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angiosperms, we suggested that this event may have occurred in Passiflora before the
diversification of the Xeragona section.

The largest frequency of rearrangements has happened in the Decaloba subgenus.
We suggest that gene and intron losses may have occurred multiple times independently
alongside the Passiflora cp-genome evolution, and that the ancestor cp-genome may possibly
have had a structure like those of Dilkea retusa and Mitostemma brevifilis.

Finally, Passiflora could be regarded as an excellent model for studying the

evolution of chloroplast genomes, confirming previous reports.
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4. PLASTID PHYLOGENOMICS SUPPORT A NEW INFRAGENERIC
CLASSIFICATION IN PASSIFLORA

ABSTRACT

Passiflora is the richest genus of the Passifloraceae, characterized by a great diversity in
flower size and shape, and these attributes have been used for establishing the taxonomy of this
group. However, despite previously morphological and molecular classification, the relationships
of some Passiflora species remain unsolved. In this study, to increase knowledge on the Passiflora
evolutionary history, we have obtained the complete chloroplast genome (plastomes) across the
different Passiflora subgenera in order to reconstruct a new phylogeny. A large variation in
plastome size (~ 40Kb) was found, mainly due to expansions of the inverted repeat (IR) regions. In
addition, a comparative genomics revealed different organization structures for plastomes in
accordance with the taxonomical classification within the subgenus Deidamioides. Our study
resulted in a strongly supported tree reinforcing the monophyly of the main clades comprising the
subgenera Astrophea, Decaloba and Passiflora; however, a polyphyletic placement of species
belonging to Deidamioides is sustained. A nuclear phylogeny based on complete 18S/26S (35S
rDNA) sequences was congruent with the plastid topologies although lower values of support were
found. Based on the combined results, we suggest elevating the status of the section
Tryphostematoides (Deidamioides) to subgenus Tryphostematoides.

Keywords: Chloroplast genome; Genome rearrangements; Phylogenomics, 35S rDNA, Passiflora.

4.1. Introduction

Passifloraceae belongs to the order Malpighiales and is composed of about 950
species of herbaceous or woody vines, shrubs and trees, known as passionflowers (Tokuoka,
2012), and have emerged at 65.5 Mya (Muschner et al., 2012). The richest genus is
Passiflora, with about 520 described species with great diversity in size and shape of flowers,
and a geographic distribution particularly neotropical, being found mainly in the Americas;
however, there are occurrences in Southeast Asia, Oceania and Australia (Ulmer and
MacDougal, 2004).

Taxonomic studies in Passiflora based on morphological characters resulted in an
infrageneric classification into 22 subgenera (Killip, 1938). Only after ca. 60 years later the
taxonomy of the genus was revisited. Ulmer & MacDougal (2004), taking also into account
morphological traits, drastically reduced the Killip’s subdivision, proposing four subgenera:
Astrophea, Decaloba, Deidamioides and Passiflora. Considering the species distribution,
subgenus Passiflora has the largest number of species (approximately 236) distributed into six
supersections and 24 sections, while the subgenus Deidamioides is the one with the lowest
number of species (13). Recently, Ocampo Pérez & Coppens d’Eeckenbrugge (2017)

confirmed the Ulmer & MacDougal’s subdivision and the occurrence of subgenera taking into
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account morphological traits as descriptors, among them, the size of stems, leaves, and
flowers, the shape of bracts, the number and distribution of extrafloral nectaries, the presence
of tendrils, the androgynophore sizes and the complexity of corona which, in some species,
can show more than three rows of filaments. However, this study pointed out the fragile
positioning of the subgenus Deidamioides.

The first classification of Passiflora based on molecular data using both the nuclear
ribosomal internal transcribed spacer (ITS) and plastid trnL-trnF intergenic spacer sequences,
recovered the monophyly of three subgenera (Muschner et al., 2003) while Deidamioides
appeared as paraphyletic. The same infrageneric positioning was observed by Yockteng &
Nadot (2004) using the nuclear chloroplast-expressed glutamine synthetase gene, ncpGS.
Subsequently, Muschner et al. (2012), in a phylogenetic and biogeographic study in
Passiflora using nucleotide sequences from different genomes (plastid rbcL, rps4, trnL intron,
trnL-trnF spacer, mitochondrial nadl, nad5 and the nuclear portion of the 26S gene), also
suggested the paraphyletic position of Deidamioides; in the phylogenetic reconstruction, the
Tryphostemmatoides section appeared as a sister to the Astrophea clade.

Krosnick et al. (2009) proposed the addition of a new subgenus, Tetrapathea,
consisting of three species from Oceania. Later on, the same research group on the basis of
nuclear ITS, ncpGS gene and plastid trnF-trnL, ndhF sequences was not able to resolve the
correct positioning of the subgenus Deidamioides (Krosnick et al., 2013).

The advances provided by the next generation sequencing (NGS) approaches
permitted that phylogenomic studies emerged trying to solve the relationships unresolved by
using few molecular markers. In this way, chloroplast genomes, a molecule of 120 to 160 kb
in length, which encodes approximately 80 unique protein-coding genes, can be applied to
generate robust phylogenies (Parks et al., 2009; Song et al., 2019). Therefore, plastid
phylogenomics have been extensively used to solve the relationships in different plant groups
(Marinho et al., 2019; Moore et al., 2010, 2007; Xi et al., 2012; Zhang et al., 2017). In this
scenario, we suggested that this kind of data could be useful to get new insights on the
relationships in Passiflora (Cauz-Santos et al., 2020).

Therefore, we continue with the study of the Passiflora evolutionary history
generating 14 additional new plastomes from the four subgenera, but including Tetrapathea.
A structural comparison between the new and previously described plastomes of
Deidamioides species was conducted to answer the question: Could chloroplast genome

structure may be used for revisiting the taxonomic classification of Deidamioides?
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In addition, plastid phylogenomics and a phylogenetic study based on the complete
18S/26S rDNA sequences were conducted with the aim of: (i) discovering the position of
Deidamioides species in the Passiflora phylogeny; (ii) testing the utility of 18S/26S
sequences for establishing a high-support phylogeny; (iii) testing the congruence of the

reconstructed trees by comparing the results based on nuclear and plastid DNA data.

4.2. Material and Methods
4.2.1. Taxon sampling for chloroplast genome sequencing

The present study includes additional 14 species comprising all Passiflora
subgenera: Astrophea (1). Decaloba (4), Deidamioides (2), Passiflora (6) and Tetrapathea
(1). Most of the species were obtained from the Italian National Collection of Passiflora,
Ripalta Cremasca, Italy. In addition, Passiflora organensis (Decaloba) was field-collected in
the Atlantic forest biome of the S&o Paulo State, Brazil, which is registered at Sistema
Nacional de Gestdo do Patrimdénio Genético e do Conhecimento Tradicional Associado

(SISGEN, Brazil).

4.2.2. Chloroplast (cp) DNA obtainment

Prior to cpDNA extraction, the intact isolation of chloroplast organelles was
performed based on liquid nitrogen-sucrose gradient method. Subsequently, the resulted
chloroplast pellet was lysed in 2% CTAB buffer, and the protocol was followed by two
extractions using chloroform:isoamyl alcohol (24:1), an isopropanol precipitation, and finally
washing the pellet in an ethanol solution (70%), that was then dried and resuspended in 40 pL
of TE buffer.

4.2.3. CpDNA sequencing and assembly

The cpDNA samples were sequenced using the PacBio SMART strategy that has the
advantage of generating long reads. The large-insert (10 kb) libraries were constructed using
the Barcode method using 150 ng of pure high molecular weight DNA. The fragment sizes,
quality and DNA concentration in the libraries were checked in Fragment Analyzer (Agilent

technologies) and Qubit 2.0 Fluorometer (Invitrogen). Sequencing was performed in two
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SMRT cells using P6 polymerase with C4 chemistry on the PacBio RSII plataform at the NGI
Platform (Uppsala, Sweden).

The raw data was first demultiplexed and subsequently filtered by quality (reads with
quality < 0.75 and length < 500 bp were removed). Finally, sequences were assembled and
corrected using the CANU assembler (Koren et al., 2017).

4.2.4. Chloroplast genome annotation and comparative analysis

The new complete plastomes were annotated using the GeSeq (Organellar Genome
Annotation) online program with default settings in order to identify protein-coding gene
sequences (CDS), rRNAs and tRNAs based on cp reference sequences and BLAST homology
searches (Tillich et al., 2017). The annotation was followed by manual corrections for start
and stop codons, and intron positions in the GenomeView software; the OGDRAW software
was used for constructing the circular and linear plastome maps (Abeel et al., 2012; Greiner et
al., 2019).

A multiple sequence alignment was conducted using only the species of
Deidamioides to ecaluate the sinteny levels and identify possible rearrangements. This run
was performed in progressive Mauve v.2.4.0 (Darling et al., 2010) and in combination with
the new plastomes, the cpDNA sequences previously obtained for P. arbelaezii and P.
obovata (Shrestha et al., 2019), and P. contracta and P. deidamioides (Cauz-Santos et al.,
2020) were included. In this analysis, the Populus trichocarpa (Salicaceae) plastome was

used as a reference.

4.2.5. Plastid phylogenomic studies

A new phylogenomic study based on all the available plastomes was conducted (63
species in total, 14 generated in this study, 20 described in the 2" chapter of this thesis and 28
species whose cp DNA sequences were imported from NCBI’s Genbank. In addition, to
obtain a rooted tree, Populus trichocarpa (Salicaceae) plastome was used as outgroup
(APPENDIX ).

A set of 68 chloroplast protein-coding genes was also used in the new phylogenetic
analysis: atpA, atpB, atpE, atpF, atpH, atpl, ccsA, cemA, clpP, matK, ndhA, ndhB, ndhC,
ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, ndhK, petA, petB, petD, petG, petL, petN, psaA
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psaB, psaC, psal, psaJ, psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, pshJ, psbK, psbL,
psbM, psbN, psbT, psbZ, rbcL, rpl2, rpll4, rpll6, rpl23, rpl33, rpl36, rpoB, rpoCl, rpoC2,
rps2, rps3, rps4, rps8, rpsll, rpsl2, rpsld, rpsls, rpsl9, ycf3, ycf4.

The gene sequences were extracted from our data set (consisting of 64 taxa), aligned
individually at nucleotide level in MUSCLE (Edgar, 2004), and then all the individual
alignments contatenated in an interleaved Nexus matrix. The resulting matrix was then
analyzed in ModelFinder (Kalyaanamoorthy et al., 2017) to determine the best partition
scheme and evolutionary models according to Akaike Information Criterion (AIC), and
treating each gene alignment as a charset.

The Maximum Likelihood (ML) analysis was performed using RAXML version 8.2.4
(Stamatakis, 2014). The GTR+G+I model of nucleotide substitution was selected for whole
dataset, and a bootstrap analysis was performed on 1,000 replicates. In the Bayesian inference
(B1), the Markov chain Monte Carlo (MCMC) algorithm was run in MrBayes (Ronquist et al.,
2012) under the GTR+G+l model of nucleotide substitution, 10,000,000 generations,
sampling one tree every 1,000 generations and discarding the first 25% of trees as burn-in, to
estimate the values of posterior probabilities. The convergence of the runs was monitored
based on an average standard deviation of split frequencies below 0.01, potential scale
reduction factor (PSRF) values close to 1.0, and ESS values above 1.0. Subsequently, the
phylogenetic trees were visualized using FigTree version 1.4.4 (Rambaut, 2016).

Finally, a phylogenomic study using the complete plastomes of 24 species of
subgenus Passiflora was performed (APPENDIX ). The sequences were aligned at
nucleotide level in server-based program MAFFT version 7.221, using the FFT-NS-2
algorithm with default settings (Katoh and Standley, 2013). The substitution model for Bl was
estimated in ModelFinder (Kalyaanamoorthy et al., 2017) using AIC. The Bayesian inference
was performed in MrBayes, 10,000,000 generations, sampling one tree every 1,000
generations and discarding the first 25% of trees as burn-in. The convergence of the runs was
monitored, and the phylogenetic trees were visualized using FigTree version 1.4.4 (Rambaut,
2016).

4.2.6. 35S rDNA sequence assembly and phylogenetic analysis

The complete 35S rDNA sequence was obtained by genome skimming from the
sequencing data of 33 Passiflora species: 20 of them sequenced in a previous study using the

Illumina next generation sequencing strategy (Cauz-Santos et al., 2020), and 13 sequenced in
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this study using the PacBio sequencing approach (APPENDIX I). The de novo assembly of
the 35S for each species was performed in NovoPlasty (Dierckxsens et al., 2017) with regard
to the filtered reads generated by Illumina, and in Geneious with regard to filtered reads
generated by Pacbio. The annotation was conducted in Geneious and the sequences were
extracted to create two datasets and infer the phylogenies based on 18S and 26S complete
sequences, respectively.

Sequences were processed in a local pipeline, aligned individually in MUSCLE
software (Edgar, 2004), and concatenated in an interleaved matrix. The best evolutionary
model was estimated in ModelFinder (Kalyaanamoorthy et al., 2017) in accordance with AIC.
The phylogenetic reconstruction was performed based on maximum likelihood (ML) analysis
in RAXML v.8.2.4 software (Stamatakis, 2014). The GTR+G+I substitution model was
selected to infer the phylogenetic relationships, and to test the consistency of ML-based
phylogenies, we performed a non-parametric bootstrap analysis with 1000 repetitions.

The Bayesian inference was performed using the MrBayes v.3.2.5 software
(Ronquist et al., 2012) with the GTR+G+l evolutionary model. Markov chain algorithm
(MCMC) was conducted with 10,000,000 generations, sampling one tree every 100
generations, with the first 25% of the samples of discarded trees. The convergence of the
analysis was ensured by an average standard deviation of frequencies below 0.01, effective
sample size (EES) of all parameters above 200 and the potential scale reduction factor (PSRF)
values close to 1.0. All trees were visualized and edited using the program FigTree v.1.4.3
(Rambaut, 2016).

4.3. Results
4.3.1. Chloroplast genome structural features and gene content

The Passiflora complete chloroplast genomes investigated herein have the typical
quadripartite structure consisting of a large single copy (LSC) region and a small single copy
(SSC) region separated by two long inverted repeats (IRs) (APPENDIX K). This organization
is found in most angiosperms. A GC content ranging from 36,2% to 37,5% (Table 7) was
found. The sizes of the genomes ranged from 132,736 bp to 173,095 bp in Passiflora
adenopoda (Decaloba) and Passiflora discophora (Deidamioides), respectively. However,
while the length of the SSC region was approximately 13 kb for all species sequenced, there

was a large variation in the LSC and IR regions. A difference of ~40 kb was observed in the
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LSC regions, from the lowest 47,752 bp in P. intricata (Decaloba) up to 89,230 in P. rusbyi
(Astrophea). Interestingly, comparing the IR regions, the variation was mainly the result of
expansions. The major divergence was found in Decaloba with a difference of ~25 kb
between P. adenopoda (19,852 bp) and P. intricata (55,553 bp). The cp genome annotation
resulted in the identification of 103 and 109 unique genes representing 70 to 75 protein-
coding genes, 30 tRNA and 4 rRNA genes.

Table 7. Summary of the 14 Passiflora chloroplast genomes investigated.

Cp GC
genome content
Subgenus Species size (bp) LSC (bp) SSC(bp) IR (bp) %
Astrophea Passiflora rusbyi 163,292 89,230 12,840 30,611 36,6
Decaloba Passiflora adenopoda 132,736 79,859 13,173 19,852 36,9
Passiflora intricata 171,622 47,752 12,764 55,553 36,5

Passiflora organensis 147,532 64,505 13,157 34,935 36,6
Passiflora xiikzozdz 158,237 57,611 13,174 43,726 37,2

Deidamioides Passiflora discophora 173,095 88,767 12,034 35,647 37,0

Passiflora ovalis 169,222 88,313 13,715 33,597 36,7
Passiflora Passiflora chaparensis 150,928 85,062 13,492 26,187 37,1
Passiflora garckei 146,299 86,007 13,240 23,526 37,1

Passiflora palenquensis 149,524 85,083 13,495 25,473 36,9
Passiflora phoenicea 148,089 85,806 13,495 24,394 36,9
Passiflora popenovii 147,278 84,239 13,485 24,777 37,0
Passiflora racemosa 159,892 86,642 13,940 29,625 37,5

Tetrapathea Passiflora tetrandra 160,883 87,005 13,550 30,164 36,2

4.3.2. Comparative studies in Deidamioides based on plastome structures

The comparative studies revealed 12 synteny blocks or conserved regions within the
Deidamioides cp genomes aligned. However, rearrangements characterized by inversions, IR
expansions and contractions were detected in this group (Figure 13).

Considering the taxonomical division into the subgenus Deidamioides, P. arbelaezzi
and P. discophora are included in section Tryphostemmatoides; P. contracta and P. ovalis are
from section Tetrastylis; P. obovata is from Myapathanthus, and P. deidamioides is the
unique species classified into section Deidamioides. In our results, all species from
Deidamioides share a small inversion in the LSC region (~3kb), however, differences
between the plastome structures in each section were clearly observed. The
Tryphostemmatoides species have a collinearity in their sequences; however, it is the only
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section that presents a large inversion (~20 kb) in the LSC region between the accD and clpP
genes, differing from the other Deidamioides.

The two species of section Tetrastylis have an expansion of IRb to LSC region up to
the psbA gene, while P. deidamioides expanded the IRb to LSC region up to the psbK gene, a
difference of 3 kb more than that expansion found in the Tetrastylis species. P. deidamioides
also differs from all the others by a small inversion in the LSC region. Finally, P. obovata,
section Myapathanthus, differs from the other Deidamioides species from a contraction in the
IR region comprising the rRNA genes.
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4.3.3. The plastid phylogenomic study

The final alignment matrix of the plastid protein-coding genes was 59,350 characters
long, and the phylogenomic analysis performed with both methods, ML and BI, resulted in
trees with similar topology and high support (BS=100, PP=1) for most of the nodes (Figure
14). The species Adenia manii (Passifloraceae) clustered as sister of Populus trichocarpa
(Salicaceae), the reference species used for rooting the tree. In addition, the grouping of the
Passifloraceae Dilkea retusa and Mitostemma brevifilis was observed with high support (BS=
100, PP=1).

Regarding the formerly described Passiflora subgenera, our results revealed the
monophyly of Astrophea, Passiflora and Decaloba. In Astrophea, a clade consisting of P.
haematostigma and P. rhamnifolia species (section Pseudoastrophea) was found, grouping as
sister to P. rusbyi (PP= 1) from the section Botryastrophea. On the other hand, the species
from section Capreolata (P. cerradensis and P. pittieri) grouped together (PP= 1).
Interestingly, the clade consisting of Astrophea species has been recovered. as well as a group
sister to the species of Deidamioides in section Tryphostemmatoides was defined with high
support (BS= 100, PP=1).

These results have shown the polyphyletic positioning of Deidamioides species,
while P. discophora and P. arbelaezii (section Tryphostemmatoides) formed a clade (PP= 1)
which is sister to Astrophea, P. obovata, another species previously assigned to
Deidamioides, was embedded in subgenus Decaloba. A third clade which includes the type
species (P. deidamioides) and two species in section Tetrastylis was recovered, as well as a
group sister to Decaloba was defined with high support (BS=100, PP=1).

The Decaloba species formed a monophyletic group; however, P. microstipula
grouped with P. obovata (Deidamioides). A clade with high support (PP= 1) was observed
consisting of species of supersection Auriculata (P. jatunsachensis, P. rufa, P. intricata and
P. auriculata). The species of supersection Cieca (P. xiikzodz, P. suberosa and P tenuiloba)
grouped together and sister to supersection Bryonoides. In our study, section Decaloba
appears as paraphyletic, with the group of P. filipes and P. lutea as sister to the species of
section Xeragona (P. capsularis and P costaricensis). P. tetrandra, the type species from the
subgenus Tetrapathea, grouped as sister to Decaloba subgenus.

Our phylogenomic analysis including 28 species from the subgenus Passiflora
resulted in the monophyly of this clade. However, when comparing the distinct supersections,

paraphyly was observed. In the tree (Figure 14), two major clades with high support (BS=
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100, PP=1) was found in Pasiflora subgenus, one consisted of species from supersection
Stipulata, and the other constituted of species from different supersections (Coccinea,
Distephana, Laurifolia, and Passiflora). Although most species from Stipulata grouped

together as a single cluster, this supersection is paraphyletic with P. actinia grouping closer to

the species from supersection Laurifolia and Passiflora.
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Figure 14. Phylogenetic reconstruction of Passiflora evolutionary history based on 68 chloroplast protein-coding
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Regarding the relationships within supersection Stipulata, the placement of species
into some sections appeared paraphyletic, P. loefgrenni is from section Kermesinae, the same
of P. edmundoi and P. watsoniana; however, in our topologies, it was embedded in section
Granadillastrum, a clade formed by P garckei, P. menispermifolia, P. oerstedi and P.
retipetala. The supersection Passiflora also appeared as polyphyletic: P. cincinnata, P. edulis,
P. recurva and P. serratifolia that belong to the same series in this supersection grouped each
one with different sub-clades with species from supersection Laurifolia. In addition, P.
vitifolia, from supersection Coccinea grouped with P. miniata and P. cristalina from the
supersection Distephana with high support (BS= 100, PP=1).

To compare these results with the clustering into supersections of the Passiflora
subgenus, an addition phylogenomic analysis was performed based on whole plastome
sequences (APPENDIX L). The tree topology was congruent with the one based on the cp

genes, with the supersections Passiflora and Laurifolia grouping as paraphyletic.

4.3.4. The nuclear phylogeny based on complete 18S/26S gene sequences

The sequencing of the Passiflora cpDNAs also allowed us to capture of the complete
35S rDNA cistron, and a phylogenetic study was performed using the complete 18S and 26S
gene sequences. In our analysis, the phylogenetic tree using both Bl and ML methods resulted
in similar topologies (Figure 15 B, APPENDIX M A).

The results strongly support the monophyly of subgenus Astrophea (BS= 91, PP=
0,99). However, despite the high values that support the grouping of Passiflora (BS= 88, PP=
1) and Decaloba (BS= 100, PP= 1) species, the monophyly of these subgenera was not
observed, since P. adenopoda (Decaloba) was embedded within the Passiflora subgenus.
Deidamioides also appears paraphyletic, with P. discophora as sister to Astrophea, and P.
deidamioides as sister to P. tetrandra (Tetrapathea). In addition, the clade composed of P.

contracta and P. ovalis (Deidamioides) formed a polytomy in the tree.
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Subsequently, an analysis using 68 chloroplast protein-coding genes was conducted
with the same taxa used for reconstructing the phylogeny based on the 18S/26S sequences. In
contrast to the tree obtained using nuclear data, the other tree resulted in high support values
for most of the nodes in the topology. The same placement was observed for the Astrophea
species; however, the plastid gene-based phylogeny strengthened the monophyly of the
subgenus Passiflora (BS= 100, PP= 1) and Decaloba (BS= 100, PP= 1). The relationships
within Deidamioides still indicate that it may be paraphyletic, with P. discophora as sister to
Astrophea clade. In addition, the incongruence between the trees, generated by two different
datasets, was mainly in the clustering into the Passiflora subgenus, and differently from the

nuclear phylogeny, P. adenopoda was placed into Decaloba clade (Figure 15).

4.4. Discussion

Chloroplast genomes are known to be highly conservative in structure and gene order
in angiosperms. However, some groups present highly rearranged plastomes, as occur in
Passiflora that is characterized to have a syndrome of features related to plastome changes, as
inversions, IR expansions, contractions, gene and intron losses (Cauz-Santos et al., 2017;
Rabah et al., 2019; Shrestha et al., 2019).

The plastomes analyzed in the present study and assembled from long sequence
reads present large variations between the subgenera, confirming previous findings shown in
the 2" chapter of this thesis. Interestingly, our new results have demonstrated that some
species of the Deidamioides subgenus also show different plastome structures in comparison
to others placed in different taxonomic sections. The most noteworthy case was
Tryphostemmatoides because of species in this series show an inversion in the LSC region
that previously was only described in Astrophea species (Cauz-Santos et al., 2020). This
evolutionary event possibly occurred after the separation of the clade Tryphostemmatoides +
Astrophea from the other Passiflora species. When comparing with Populus trichocarpa, a
species that has a cpDNA structure very similar to the angiosperm ancestor plastome (Tuskan
et al., 2006), the rearrangements shared between all Deidamioides plastomes possibly
occurred before the diversification of Passiflora, since these inversions were also found in the
cpDNAs of the Passifloraceae genera, Dilkea and Mitostemma (Cauz-Santos et al., 2020).

The cpDNA structure and respective rearrangements were described to have a

potential use in plant taxonomic analyses (Downie and Palmer, 1992; Jansen and Palmer,
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1987; Raubeson and Jansen, 2005). Particularly, the cpoDNA gene order has proven to be a
good marker for phylogenetic studies in the family Campanulaceae (Cosner et al., 2004), and
in legumes resides the most classical example of cpDNA rearrangements used for taxonomic
studies. The loss of an IR region was used in the classification of some papilionoids that were
then described as an Inverted repeat-lacking clade (IRLC) (Lavin et al., 1990; McMahon and
Sanderson, 2006; Wojciechowski et al., 2004).

In our results, the divergences within the different Deidamioides taxonomic sections
do not only appear when comparing their plastome structures. In view of our findings based
on a set of plastid protein-coding genes, Deidamioides also appeared as polyphyletic, with the
species of Tryphostemmatoides appearing as sister to subgenus Astrophea with highly support
(BS 100%, PP 100%), and P. obovata grouping with Decaloba species.

Plastid phylogenomics become a potential tool in plant taxonomic classification
using both a set of genes (Jansen et al., 2007; Xi et al., 2012) or entire cp genome sequences
(Zhang et al., 2011). Actually, the increase in DNA sequence lengths and the use of
phylogenomics impact the accuracy of the phylogenies, resulting in an increase of tree
resolution at low taxonomic levels (Parks et al., 2009; Wortley et al., 2005).

We also produced a phylogeny based on the complete 18S and 26S rDNA sequences
that resulted in some well-supported clades, as the monophyly of Astrophea and Passiflora.
However, in general, lowest values were obtained in comparison with the results from the
plastid phylogenomics. The differences are possibly because the nuclear phylogeny was based
on two highly conserved gene sequences. In contrast, the plastid phylogenomics were
reconstructed based on a set of genes with different polymorphism levels.

In plant phylogenetic studies, the ITS region of 35S rDNA gene is a potential nuclear
marker due to its high level of variation (Alvarez and Wendel, 2003; Feng et al., 2016; Jobst
et al., 1998; Ké&ss and Wink, 1997). Previously, the ITS region was used to reconstruct the
first molecular Passiflora phylogenies (Krosnick et al., 2013; Muschner et al., 2003). The
high levels of ITS variation could lead to the loss of phylogenetic signal by saturation, mainly
in higher differentiated levels as it was reported by Muschner et al. (2003). In this scenario,
we decided to use of the complete 18S and 26S rDNA genes which, in turn, resulted in strong
support nodes at least for the subgenera Astrophea and Passiflora. The potential of these gene
sequences to infer phylogenies was also suggested by Maia et al. (2014) when analyzing a
large sample of angiosperm species; nonetheless, due to the low phylogenetic signal of this
region, low support for some clades was obtained. In addition, considering that to generate an

assembly we used a combination of sequences from multiple copies of the 35S ribosomal
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cistron, the resulting tree need to be interpreted carefully, due to the difficulty in determining
the accurate homology for a single copy from 35S rDNA (Fonseca and Lohmann, 2020). To
solve this question, the use of nuclear low copy genes in plant phylogeny (Huang et al., 2016;
Sang, 2002; Zhang et al., 2012) would be an alternative to propose a nuclear phylogenetic
hypothesis for Passiflora.

The classical study of Killip (1938) based on morphological traits proposed the
existence of 22 Passiflora subgenera which posteriorly were drastically reduced to four
(Ulmer & MacDougal, 2004). Considering both morphological and ecological information,
these authors suggested the existence of Astrophea, Decaloba, Deidamioides and Passiflora.

Extraordinary is the morphological diversity of the Passiflora species that also lead
to a considerable distinction between the different subgenera. For instance, Decaloba (ca. 230
species described) are herbaceous vines presenting small fruits and flowers while Passiflora
(ca. 250) are lianas or herbaceous vines with a corona with multiple rows of filaments, large
flowers with great variation in colors and presenting long tubes in some species. In
Deidamioides (14 species), the species are characterized by the occurrence of tiny stipules,
petiolar glands, small bracts and plicate operculum (Ulmer and MacDougal, 2004). Astrophea
(ca. 60 species), on the other hand, consists of woody lianas or even shrubs and small trees
lacking tendrils or presenting short spines. The preference for specific pollinators was
reported in Passiflora supersection Tacsonia in which there are species with flowers adapted
for hummingbirds (Abrahamczyk et al., 2014). However, the Passiflora flowers are also
visited by a variety of pollinators, such as small and large insects and bats, the latter adapted
for species from the series Tetrastylis (Deidamioides) (Buzato and Franco, 1992; Fleming et
al., 2009). Considering the Passiflora geographic distribution, despite its predominantly
distribution in the neotropics, mainly in South America, 22 species from supersection
Disemma (Decaloba) have been found in southeast Asia, as well as in Australia and New
Zealand (Krosnick and Freudenstein, 2005).

The necessity of an improvement in the Deidamioides classification, cited as a
diverse group, was firstly proposed by Feuillet and MacDougal (2003) who have also
recognized the subdivisions of the four subgenera into supersections. The first molecular
phylogeny based on nuclear and cpDNA markers revealed the existence of three well-
supported clades, defined as Astrophea, Decaloba and Passiflora, although not resolving the
position of Deidamioides (Muschner et al., 2003). The subsequent molecular phylogeny also
supported Deidamioides as a polyphyletic group (Yockteng and Nadot, 2004), proposing the

existence of eight subgenera: Astrophea, Deidamioides, Dysosmia, Granadilla,
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Plectostemma, Polyanthea, Tetrapathea, and Tryphostemmatoides. In this phylogeny based
on the nuclear cp-expressed glutamine synthetase gene, ncpGS, the species of
Tryphostemmatoides appeared in a distinct clade in relation that of other Deidamioides
belong, and were placed near Astrophea species, similarly to our results from the plastid
phylogenomics.

Hansen et al. (2006) studying the phylogenetic relationships and chromosomal
number evolution in Passiflora also support the clades Astrophea, Decaloba and Passiflora,
and suggested the monophyly of Deidamioides. However, these results were limited to taxon
sampling, and indicated the monophyly of a clade consisted of section Tetrastylis and
Deidamioides, the same demonstrated in our findings. Muschner et al. (2012) compiling
sequences of plastid, nuclear and mitochondrial origin observed a paraphyletic position of
subgenus Deidamioides, with P. tryphostemmatoides clustering as a sister species to
Astrophea clade, while the other Deidamioides species clustered as sister to Decaloba. This
result was corroborated by Krosnick et al. (2013) findings, in which species from the section
Tryphostemmatoides also grouped as a sister to the ancestral Astrophea.

Besides to the described Astrophea, Decaloba, Deidamioides and Passiflora,
Krosnick et al. (2009) proposed an additional subgenus, Tetrapathea, which is represented in
our study by P. tetrandra. Taxonomically speaking, Tetrapathea is a genus of the family
Passifloraceae; however, due to its phylogenetic position and the distinct morphological
characters, as dioecy and variable numbers of stamens and carpels, it was suggested that it
would be a new Passiflora subgenus. The species are endemic from Australia, and in our
analysis Tetrapathea was placed as a sister to Decaloba corroborating previous phylogenetic
findings (Krosnick et al., 2013).

Recently, Sader et al. (2019) using a probabilistic approach implemented in the
ChromEvol software revealed that chromosome changes could had an impact on the
diversification of Passiflora species. While the established basic chromosome number for the
genus Passiflora (x=6) is the same reported for Decaloba species, events of ascending
dysploidy could have led to changes from x=6 to x=9 in the subgenus Passiflora. Despite the
important role of polyploidy in plant speciation (Pelé et al., 2018; Wood et al., 2009),
apparently it is not correlated with the diversification in Passiflora, since polyploidy has been
detected only in a few lineages.

Passiflora genus emerged at 42.9 Mya in the Eocene period (Sader et al., 2019), an
age corresponding to the same period for the oldest seed fossil of Passifloraceae found in

Colombia, that revealed its presence in the Neotropics at late Eocene (Martinez, 2017). Sader
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et al. (2019) also described Decaloba as the oldest clade in the genus Passiflora (37.04 Mya).
In contrast, Astrophea shows a more recent diversification (20.59 Mya); however, a very
ancient separation of Astrophea clade from other Passiflora clades was detected (around 40
Mya), corroborating with Muschner et al. (2012) studies that have placed
Tryphostemmatoides (subgenus Deidamioides, series Tryphostemmatoides) as a sister to

Astrophea diverging from this subgenus at 25.4 Mya.

4.5. Conclusions

In this study, the obtainment of new chloroplast genomes allowed us to perform a
robust phylogenomics analysis in the genus Passiflora. A comparative genomics in the
Deidamioides subgenus unveiled that each taxonomic section presents a particular cp-genome
rearrangement. In this way, these rearrangements could be used as an additional information
in classification studies within this subgenus. Furthermore, our phylogenomic analysis
corroborates with earlier studies regarding the monophyly of the subgenera Astrophea,
Decaloba and Passiflora. Based on the plastome comparative analyses and taking into
account the polyphyletic positioning of Deidamioides species, we suggest to elevate the status
of Tryphostemmatoides to subgenus. In this way, we propose an infrageneric classification of
Passiflora into six subgenera Astrophea, Decaloba, Deidamioides, Passiflora, Tetraphatea

and Tryphostemmatoides.
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5. CONCLUSIONS AND FUTURE PERSPECTIVES

In this thesis, the evolutionary history of Passsiflora chloroplast (cp) genomes
(plastomes) was investigated. We started by sequencing of the first cp genome in
Passifloraceae, precisely of the sour passion fruit, P. edulis, that has different structural
rearrangements in comparison with other species from Malphighiales order, or even the
conserved plastomes found in angiosperms. These changes were inversions, losses of genes
and introns and expansions. One could then hypothesize that these events are possibly
exclusive to the Passiflora genus. As expected, this hypothesis was confirmed when we
enlarged our sampling and investigated in depth the plastomes in Astrophea, Decaloba,
Passiflora and Deidamioides.

The plastome evolutionary history in Passiflora is uncommon. Interestingly, this
group shows a great diversity in morphology (flowers and vegetative structures) and distinct
chromosome numbers (n=6, 7, 9, 11, 12) (discussed in Sader et al., 2019). There is still huge
variation in genome sizes (from 0.413 pg on average in Decaloba up to 1.311 pg on average
in Passiflora), and all these attributes contribute for Passiflora to be considered as a model in
plastome evolutionary studies.

The high number of rearrangements has possibly occurred after the diversification of
the genus, since the plastomes of other Passifloraceae species presented less structural
changes (e.g. Dilkea retusa and Mitostemma brevifilis). Sequence rearrangements were
mostly inversions of gene order and were distinct in the different subgenera; however, some
inversions were congruent with the evolution of Passiflora (as shown in Figure 12). In
addition to the inversions, gene and intron losses also occurred independently and repeatedly
during the evolution process, the same for expansions of IR regions. Most intriguingly is the
loss of an IR region, a rare event in angiosperms, which was detected in P. costaricensis a
species from supersection Xeragona in Decaloba.

The subgenus Decaloba presents a high number of rearrangements, and interestingly
is the group which shows cytonuclear incompatibility and chloroplast biparental inheritance,
suggesting there is link between these processes. In fact, all these changes possibly occurred
in Passiflora in a way for rescuing the cytonuclear incompatibility, a process that could lead
to speciation.

Regarding the phylogeny, we may conclude that Deidamioides is polyphyletic, and

suggest that the botanical classification of Passiflora needs to consider elevating
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Tryphostemmatoides (Deidamioides section) to subgenus status. In addition, a revision on the
supersections in the Passiflora subgenus is also required.

Finally, both the plastid phylogenomics and the 18S/26S rDNA reconstructed
phylogeny were congruent in the topologies among subgenera. However, the obtention of new
genome sequences in Passiflora could open the way for mitochondrial and nuclear-based
phylogenies, for example, using low-copy nuclear genes with different levels of variation.
Regarding the plastome evolution, the description of other complete cp genomes in the family
Passifloraceae would be important in order to reconstruct the ancestral plastome.
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APPENDIX A.

(Corresponds to the Supplementary Table S1 published in Cauz-Santos et al., 2017)

List of complete cp-genomes and cp-gene sequences used in comparative and phylogenomic analysis.
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Border Sinteny and Phylogenomics  Phylogenomics .
Species Genus Family Order comparison Em_\qm.samBm:ﬁ (Complete (Gene Genbank acession
(Figure 2) m:m_ﬁ_m @m.:OBmMV mmmcm:ommV number
(Figure 3) (Figure 5) (Figure 6)

Pentactina rupicola Pentactina Rosaceae Rosales * NC_016921.1
Prunus persica Prunus Rosaceae Rosales * NC_014697.1
Prinsepia utilis Prinsepia Rosaceae Rosales * NC_021455.1
Pyrus pyrifolia Pyrus Rosaceae Rosales * NC_015996.1
Fragaria vesca Fragaria Rosaceae Rosales * NC_015206.1
Rosa odorata Rosa Rosaceae Rosales * KF753637.1
Humulus lupulus Humulus Cannabaceae Rosales * NC_028032.1
Morus indica Morus Moraceae Rosales * NC_008359.1
Castanea mollissima Castanea Fagaceae Fagales * NC_014674.1
Quercus rubra Quercus Fagaceae Fagales * NC_020152.1
Trigonobalanus doichangensis ~ Trigonobalanus Fagaceae Fagales * NC_023959.1
Corynocarpus laevigata Corynocarpus Curcubitaceae Curcubitales * NC_014807.1
Cucumis melo Cucumis Curcubitaceae Curcubitales * NC_015983.1
Pisum sativum Pisum Fabaceae Fabales * NC_014057.1
Trifolium subterraneum Trifolium Fabaceae Fabales * NC_011828.1
Medicago truncatula Medicago Fabaceae Fabales * NC_003119.6
Cicer arietinum Cicer Fabaceae Fabales * NC_011163.1
Lotus japonicus Lotus Fabaceae Fabales * NC_002694.1
Phaseolus vulgaris Phaseolus Fabaceae Fabales * NC_009259.1
Vigna unguiculata Vigna Fabaceae Fabales * NC_018051.1
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Glycine max
Populus alba
Populus trichocarpa
Populus balsamifera
Populus fremonti
Populus tremula
Populus euphratica
Salix purpurea
Salix suchowensis
Salix interior
Passiflora ciliata

Passiflora edulis

Passiflora biflora
Manihot esculenta
Hevea brasiliensis
Ricinus communis
Jatropha curcas
Hirtella physophora
Hirtella racemosa
Licania heteromorpha
Licania alba
Licania sprucei
Couepia guianensis
Parinari campestris

Chrysobalanus icaco
Elaeodendron orientale
Euonymus americanus

Averrhoa carambola

Glycine
Populus
Populus
Populus
Populus
Populus
Populus
Salix
Salix
Salix
Passiflora

Passiflora

Passiflora
Manihot
Hevea
Ricinus
Jatropha
Hirtella
Hirtella
Licania
Licania
Licania
Couepia
Parinari

Chrysobalanus
Elaeodendron
Euonymus

Averrhoa

Fabaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Salicaceae
Passifloraceae

Passifloraceae

Passifloraceae
Euphorbiaceae
Euphorbiaceae
Euphorbiaceae
Euphorbiaceae
Chrysobalanaceae
Chrysobalanaceae
Chrysobalanaceae
Chrysobalanaceae
Chrysobalanaceae
Chrysobalanaceae
Chrysobalanaceae

Chrysobalanaceae
Celastraceae
Celastraceae

Oxalidaceae

Fabales

Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales

Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales
Malpighiales

Celastrales
Celastrales

Oxalidales

K*

K*

5
v
v
o
o

K*

K*
K*

NC_007942.1
NC_008235.1
NC_009143.1
NC_024735.1
NC_024734.1
NC_027425.1
NC_024747.1
NC_026722.1
NC_026462.1
NC_024681.1
IX661828 to JX665018

KX290855
EU017064.1 to
EU017137.1

NC_010433.1
NC_015308.1
NC_016736.1
NC_012224.1
NC_024066.1
NC_024060.1
NC_024062.1
NC_024064.1
NC_024065.1
NC_024063.1
NC_024067.1

NC_024061.1
JX661810.1 to
JX664998.1
EU002160.1 to
GQ998211.1
JX661801.1 to
JX664986.1



EU002165.1 to
Oxalis latifolia Oxalis Oxalidaceae Oxalidales GQ998572.1

EU002159.1 to
Bulnesia arborea Bulnesia Zygophyllaceae  Zygophyllales GQ998067.1
Vitis vinifera Vitis Vitaceae Vitales NC_007957.1
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¥ Cp genomes available from the order Malpighiales used in the phylogenomic analyses.
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APPENDIX B.
(Corresponds to the Supplementary Figure S1 published in Cauz-Santos et al., 2017)

LSC inversions found in Passiflora edulis cp-genome validated by PCR and submitted to
Sanger sequencing.

PCR products run on agarose gel (1%) using primers to anneal inversion boundaries. A — inversion 1, 5’end;
B — inversion 1, 3’end; C — inversion 2, 5’ end; D — inversion 2, 3’end; E — inversion 3, 5’end; F — inversion
3, 3’end. ¢ — PCR assay without DNA template. M, 100-bp ladder DNA molecular size marker
(Invitrogen®).



APPENDIX C. List of Passiflora species, locality of collection, and methodological analyses in which they were included

Mauve first Mauve second IR expansion

Subgenus Species Locality of collection alignment alignment analysis
Astrophea Passiflora cerradensis Juara (Mato Grosso) X X X

Passiflora haematostigma ~ Sao Bento (rio Grande do Sul) X X X

Passiflora rhamnifolia Chapada Diamantina (Bahia) X X X
Decaloba Passiflora candollei Alta Floresta (Mato Grosso) X X X

Passiflora capsularis Ribeirao Grande (Séo Paulo) X X X

Passiflora costaricensis Costa Rica, Central America ** X X X

Passiflora suberosa Piracicaba (Sdo Paulo) X X X

Passiflora vespertilio Alta Floresta (Mato Grosso) X X X
Deidamioides Passiflora contracta Itabera (Bahia) X X X

Passiflora deidamioides Paranapiacaba (S&o Paulo) X X X
Passiflora Passiflora alata Piracicaba (S&o Paulo) X X X

Passiflora cristalina Alta Floresta (Mato Grosso) X

Passiflora edmundoi Palmeiras (Bahia) X X X

Passiflora loefgrenii Ribeirao Grande (S&o Paulo) X

Passiflora miniata Alta Floresta (Mato Grosso) X

Passiflora mucronata Itacare (Bahia) X

Passiflora recurva Palmeiras (Bahia) X X X

Passiflora watsoniana Palmeiras (Bahia) X
Dilkea Dilkea retusa Santarém (Pard) X X X
Mitostemma  Mitostemma brevifilis Ribas do Rio Pardo (Mato Grosso do Sul) X X X

* The names of the Brazilian states are given within brackets

** Species obtained from the Italian National Collection of Passiflora
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APPENDIX D. Assembly report of the Passiflora chloroplast genomes as well as of Dilkea retusa and Mitostemma brevifilis.

NOVOPIlasty _ Geneious

IHlumina Seed K-mer  Number Largest Final Mapped Standard
Species Sequencing  Total reads sequence size of contigs N50 (bp) contig (bp) contig (bp) reads Coverage deviation
Passiflora cerradensis 2x150 22,754,226 psba 27 8 95,494 95,494 164,515 312,931 273,6 42,4
Passiflora haematostigma 2x150 17,430,270 psbha 33 4 66,798 78,410 163,775 495,185 406,5 83,7
Passiflora rhamnifolia 2X76 41,545,758 psba 33 1 162,217 162,217 162,217 3,159,608 1459,1 416,1
Passiflora candollei 2x150 17,418,848 psba 25 3 78,011 78,011 138,081 610,704 596,8 99,3
Passiflora capsularis 2x150 20,764,460 psba 33 3 98,968 98,968 113,114 1,385,507 1678,6 265,7
Passiflora suberosa 2X76 39,288,936 psba 23 7 50,453 64,935 158,313 3,500,674 1668,4 354,6
Passiflora vespertilio 2x150 24,924,420 psba 33 4 83,679 83,679 138,456 1,469,520 1455,2 214,5
Passiflora contracta 2X76 40,087,112 rpoB 35 12 52,316 58,232 166,558 1,323,274 589,5 1146
Passiflora deidamioides 2X76 39,856,504 rbcL 25 6 64,351 70,361 167,953 2,337,851 1034,3 244.6
Passiflora alata 2X76 34,408,974 psba 25 10 62,093 64,622 147,773 591,986 297,3 69,4
Passiflora cristalina 2x150 22,320,626 rbcL 33 3 112,944 112,944 145,054 203,402 190,5 30,7
Passiflora edmundoi 2x150 22,450,584 psba 25 4 63,137 66,405 142,737 846,246 801,3 134
Passiflora loefgrenii 2X76 38,113,682 psba 33 2 81,924 81,924 146,537 5,879,056 2977,3 586,3
Passiflora miniata 2x150 13,862,202 psba 39 5 46,879 67,475 151,920 197,290 1747 37,4
Passiflora mucronata 2x150 20,276,596 psba 23 6 38,580 66,292 150,839 802,974 719,6 112,4
Passiflora recurva 2x150 17,888,470 rbcL 23 5 40,041 67,107 151,837 670,343 598,4 108
Passiflora watsoniana 2x150 16,526,196 rbcL 39 5 37,941 71,878 146,520 227,824 209,7 36,7
Dilkea retusa 2x150 21,899,744 rbcL 27 6 54,747 60,013 161,923 117,425 98,6 17,5
Mitostemma brevifilis 2x150 23,891,314 psbha 39 6 135,027 135,027 163,032 1,652,427 1379,1 207,3

Canu _ Geneious
PacBio cp contigs Final
Sequencing Mean read  Number Largest identified contig Standard

Species data (Gb) Total reads lenght (bp) of contigs N50 (bp) contig (bp) (bp) Coverage  deviation
Passiflora costaricensis 1,1 247,741 4,441 4,322* 7,061 61,771 4 114,230 538 115

*The high number of contigs and small N50 was a result of nuclear contamination in the chloroplast sample.
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APPENDIX E. PCR primers used to confirm the chloroplast DNA sequence in five
Passiflora species

Region within

Species the chloroplast Primer code Primer sequence 5'-3'
genome

Passiflora capsularis ndhB - psbA Pcapl_F ACCCCTCACGTGCGAAATTA
ndhB - psbA Pcapl_R ACCGTCCGAAAAGCTTCCTT

rpsl5 - rrnab Pcap21_F AGATAGTAGTCGTCGGCGTT
rpsl5-rrma5  Pcap2l R GGGGAAGTCCTGCGGAAAAA
rps15 - rrnab Pcap22_F TCCATTTAACCAAGGCCGGT
rpsl5 - rrnab Pcap22_R TCCTAGGCGTAGAGGAACCA
rpsl5 - rrnab Pcap23_F TCTGACTCCCGAATATCCAATTTAC
rpsis - rrnad Pcap23_R GCTCAGGTTTATATTGGCAGCA
ndhF - rpl23 Pcap31_F GACACCAAAGAAGAGTTCGGC
ndhF - rpl23 Pcap31_R GAATTACCAATGGGGTCGGC
ndhF - rpl23 Pcap32_F CGGCCCAATGCTTTATTTCTGT
ndhF - rpl23 Pcap32_R CCCACTTCGGTAACTCGTTCT
ndhF - rpl23 Pcap33_F GCACTAGCGTTGGTAATGTGG
ndhF - rpl23 Pcap33_R GCCTTTTCTTTCTATAAGCCGGT

rpsll - rpoA Pcap4d_F TGATTCCTTGCCCTGGCTTC
rpsll rpoA Pcap4_R GCCGATTTAAGGGACCACGA
Passiflora costaricensis rpsll - ndhF Pcostl F GTTTCGCAAGAAAGGCGGTT
rpsll - ndhF Pcostl_R CGGCAGCCGTATCTCTTCTT
rpoA - rpl23 Pcost2_F CTTGCCCTGGCTTCAGGTTA
rpoA - rpl23 Pcost2_R ACCCGGTTGAAGCGTAATGA
rps15 - rrn5 Pcost3_F GGAACAAGCGCTCGTATCTTT

rpsis - rrn5 Pcost3_R ACTGTAGGGGAAGTCCTGCG
ndhB - psbA Pcost4_F TAACCCCTCACGTGCGAAAT
ndhB - psbA Pcost4_R ACCGTCCGAAAAGCTTCCTT

Passiflora cerradensis matK - rpl23 Pcerra_F CGGGAGTCGATGGCTATGAA
matK - rpl23 Pcerra_R ACTCCCGAAACATAAGTGGGT

Passiflora deidamioides psbK - rpl23 Pdeid F ACCCGGTTGAAGCGTAATGA
psbK - rpl23 Pdeid_R ATGCCAGTAATCCCCCTGTTC

Passiflora vespertilio ndhF - rpl2 Pvespl_F GCCAGATGAAGGAACGGGAA
ndhF - rpl2 Pvespl R GAATTACCAATGGGTTCGGCA

rpsi5 - rpl2 Pvesp2_F TAGTAGTCGTCGGCGTTTTTCT
rpsls - rpl2 Pvesp2_R AACCCTGTAGACCATCCCCAT
rrn5 - rps19 Pvesp3_F TCCTAGGCGTAGAGGAACCA
rrn5 - rps19 Pvesp3_R TTCTCCCAATTTATGACCCACCA
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APPENDIX F. List of chloroplast genomes of Passiflora species available in NCBI’s
Genbank database as well as of Adenia mannii and Populus trihocarpa

Subgenus Species Genbank accession number  Reference
Astrophea Passiflora pittieri NC_038125.1 Rabah et al. 2019
Decaloba Passiflora microstipula NC_043827.1 Shrestha et al. 2019
Passiflora auriculata NC_038119.1 Rabah et al. 2019
Passiflora jatunsachensis NC_043813.1 Shrestha et al. 2019
Passiflora rufa NC_043817.1 Shrestha et al. 2019
Passiflora tenuiloba NC_043816.1 Shrestha et al. 2019
Passiflora filipes NC_043822.1 Shrestha et al. 2019
Passiflora lutea NC_043815.1 Shrestha et al. 2019
Passiflora affinis NC_043823.1 Shrestha et al. 2019
Passiflora biflora NC_038120.1 Rabah et al. 2019
Passiflora misera NC 043821.1 Shrestha et al. 2019
Deidamioides  Passiflora arbelaezii NC_043819.1 Shrestha et al. 2019
Passiflora obovata NC 043824.1 Shrestha et al. 2019
Tetraphatea Passiflora tetrandra NC_043820.1 Shrestha et al. 2019
Passiflora Passiflora actinia NC _038118.1 Rabah et al. 2019
Passiflora quadrangularis NC_038126.1 Rabah et al. 2019
Passiflora laurifolia NC 038121.1 Rabah et al. 2019
Passiflora nitida NC_038123.1 Rabah et al. 2019
Passiflora cincinnata NC_037690.1 Pacheco et al. 2017
Passiflora edulis NC_034285.1 Cauz-Santos et al. 2017
Passiflora vitifolia NC_038128.1 Rabah et al. 2019
Passiflora ligularis NC_038122.1 Rabah et al. 2019
Passiflora serratodigitata NC_038127.1 Rabah et al. 2019
Passiflora serratifolia NC_038129.1 Rabah et al. 2019
Passiflora menispermifolia NC_043826.1 Shrestha et al. 2019
Passiflora oerstedii NC_038124.1 Rabah et al. 2019
Passiflora retipetala NC_038188.1 Rabah et al. 2019
Passiflora foetida NC_043825.1 Shrestha et al. 2019
Adenia mannii NC 043791.1 Shrestha et al. 2019
Populus trihocarpa NC_009143.1 Tuskan et al. 2006




APPENDIX F. lllumina sequencing results of Passiflora chloroplast genomes

127

Total no. of
Subgenus Species Sequence technology Data (Gb) wmoho_mm > P cpDNA reads Cp genome size Coverage (X)
Passiflora Passiflora cerradensis Ilumina NextSeq 550 2,11 22,754,226 319,997 164,276 292
Passiflora
haematostigma Illumina NextSeq 550 1,63 17,430,270 545,841 161,755 506
Passiflora rhamnifolia Illumina NextSeq 550 1,93 41,545,758 3,449,715 162,601 1,612
Decaloba Passiflora candollei Illumina NextSeq 550 1,65 17,418,848 679,600 138,081 738
Passiflora capsularis Ilumina NextSeq 550 1,95 20,764,460 1,528,512 113,152 2,026
Passiflora suberosa Ilumina NextSeq 550 1,84 39,288,936 3,498,296 156,355 1,700
Passiflora vespertilio Illumina NextSeq 550 2,30 24,924,420 1,596,101 138,456 1,730
Deidamioides  Passiflora contracta Ilumina NextSeq 550 1,84 40,087,112 1,498,172 167,141 681
Passiflora deidamioides Illumina NextSeq 550 1,83 39,856,504 2,546,610 167,827 1,152
Passiflora Passiflora alata Illumina NextSeq 550 1,65 34,408,974 654,895 148,113 335
Passiflora cristalina Ilumina NextSeq 550 2,09 22,320,626 892,441 145,053 922
Passiflora edmundoi IHlumina NextSeq 550 2,10 22,450,584 935,400 142,646 983
Passiflora loefgrenii Illumina NextSeq 550 1,81 38,113,682 6,500,728 146,320 3,375
Passiflora miniata Illumina NextSeq 550 1,32 13,862,202 225,762 151,758 223
Passiflora mucronata Ilumina NextSeq 550 1,91 20,276,596 884,293 151,259 875
Passiflora recurva Illumina NextSeq 550 1,67 17,888,470 746,730 151,976 737
Passiflora watsoniana Illumina NextSeq 550 1,57 16,526,196 252,586 146,782 258
Dilkea retusa Illumina NextSeq 550 1,99 21,899,744 133,896 161,923 124
Mitostemma brevifilis Ilumina NextSeq 550 2,20 23,891,314 1,822,971 162,350 1,684




128

APPENDIX G. Chloroplast genome maps of 18 Passiflora species in addition to the
Passifloraceae, Dilkea retusa and Mitostemma brevifilis.
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APPENDIX H. Comparative analysis of chloroplast genomes from 18 Passiflora species in
addition to the Passifloraceae, Dilkea retusa and Mitostemma brevifilis. Populus trichocarpa
(Salicaceae) was used as a reference.
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APPENDIX 1. List of species used in the plastid phylogenomics and nuclear phylogenetic

studies.
Subgenus Species Data Plastid Genes Whole Plastid 185/26S
Astrophea Passiflora cerradensis ~ This study X X
E:grsr::for;igma This study X X
Passiflora pittieri NC_038125.1 X
Passiflora rhamnifolia  This study X X
Passiflora rusbyi This study X X
Decaloba Passiflora adenopoda  This study X X
Passiflora affinis NC_043823.1 X
Passiflora auriculata NC_038119.1 X
Passiflora biflora NC_038120.1 X
Passiflora candollei This study X X
Passiflora capsularis This study X X
Passiflora costaricensis This study X X
Passiflora filipes NC_043822.1 X
Passiflora intricata This study X X
;?Zigla?(:rriansis NC_043813.1 X
Passiflora lutea NC _043815.1 X
Passiflora microstipula NC_043827.1 X
Passiflora misera NC _043821.1 X
Passiflora organensis ~ This study X X
Passiflora rufa NC 043817.1 X
Passiflora suberosa This study X X
Passiflora tenuiloba NC_043816.1 X
Passiflora vespertilio This study X X
Passiflora xiikzozdz This study X X
Deidamioides Passiflora arbelaezii NC_043819.1 X
Passiflora contracta This study X X
Ceidamiores Thisstudy x x
Passiflora discophora  This study X X
Passiflora obovata NC_043824.1 X
Passiflora ovalis This study X X
Tetraphatea Passiflora tetrandra This study X X
Passiflora Passiflora actinia NC_038118.1 X X
Passiflora alata This study X X X
Passiflora chaparensis  This study X X X
Passiflora cincinnata NC_037690.1 X X
Passiflora cristalina This study X X X
Passiflora edmundoi This study X X X
Passiflora edulis NC _034285.1 X X
Passiflora foetida NC _043825.1 X X
Passiflora garckei This study X X X
Passiflora laurifolia NC 038121.1 X X
Passiflora ligularis NC_038122.1 X X
Passiflora loefgrenii This study X X X
Passiflora NC_043826.1 X X
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menispermifolia

Passiflora miniata This study X X X
Passiflora mucronata  This study X X X
Passiflora nitida NC_038123.1 X X

Passiflora oerstedii NC _038124.1 X X

Passiflora palenquensis This study X X X
Passiflora phoenicea This study X X X
Passiflora popenovii This study X X X
(F])L?:lzl:llzrgaularis NC_038126.1 X X

Passiflora racemosa This study X X

Passiflora recurva This study X X X
Passiflora retipetala NC_038188.1 X X

Passiflora serratifolia  NC_038129.1 X X

Passiflora

serratodigitata NC_038127.1 X X

Passiflora vitifolia NC_038128.1 X X

Passiflora watsoniana  This study X X X
Adenia mannii NC 043791.1 X

Dilkea retusa This study X X
Mitostemma brevifilis ~ This study X X
Populus trihocarpa NC_009143.1 X




APPENDIX J. PacBio sequencing results.

Subgenus Species Number of ZcB_o.mq of _<_mx. Contig
Data (Gb) reads contigs N50 size (bp)
Astrophea Passiflora rusbyi 1,03 166,773 6,233 9,909 92,786
Decaloba Passiflora adenopoda 0,13 27,93 4,907 9,294 124,092
Passiflora intricata 3,30 623,544 5,451 8,233 154,278
Passiflora xiikzozdz 0,46 84,887 5,265 8,187 44 588
Deidamioides  Passiflora discophora 2,05 62,393 6,932 11,293 109,214
Passiflora ovalis 0,50 90,496 5,606 9,741 73,360
Passiflora Passiflora chaparensis 1,2 724,271 6,385 8,233 127,466
Passiflora garckei 3,50 547,863 6,415 9,271 77,447
Passiflora palenquensis 3,07 472,178 6,522 8,580 115,869
Passiflora phoenicea 1,2 250,990 5,715 8,577 93,946
Passiflora popenovii 1,2 479,303 6,132 8,421 139,036
Passiflora racemosa 0,54 15,888 3,407 9,856 127,276
Tetrapathea Passiflora tetrandra 0,42 62,393 6,974 8,329 72,454
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APPENDIX K. Chloroplast genome maps of 14 Passiflora species assembled with PacBio
reads.
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APPENDIX L. Phylogenetic tree obtained using Bayesian inference and whole chloroplast genome sequences from the subgenus Passiflora.
The colors of the taxons indicate the supersections’ classification.
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genes; B) Phylogenetic tree with 68 chloroplast protein-coding genes. * indicates BS < 50
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APPENDIX M. Phylogenetic tree of Passiflora genus obtained with Maximum Likelihood analysis. A) Phylogenetic tree with the complete sequences of nuclear 185/26S
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