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ABSTRACT

SILVA, Maria Carolina, M.Sc., Universidade Federal de Vicosa, July, 2021. Evolutionary
aspects of Opuntioideae subfamily (Cactaceae) plastomes. Advisor: Marcelo Rogalski. Co-
adviser: Amanda de Santana Lopes.

The plastid emerged through endosymbiosis. This organelle has a circular genome (plastome)
of 100 to 220 kb with a quadripartite structure and harboring around 130 genes. The plastid
genes are mainly involved in two processes, photosynthesis and gene expression. The non-
propagation of plastid genes trough pollen, results at reduced evolutionary variation of these
genes, favoring their use as molecular markers in phylogenetic studies at higher taxonomic
ranks. On the other hand, there is a high variation in intergenic spaces and introns, which can
be used in phylogenetic at lower taxonomic ranks and population genetic studies. Plastid
genomics allow us to visualize the evolution of species through plastome rearrangements, gene
divergence and degeneration, positive selection, and RNA editing sites. Therefore, the aim of
this study was the sequencing of three plastomes of the subfamily Opuntioideae: Brasiliopuntia
brasiliensis, Opuntia monacantha, and Opuntia ficus-indica. These species are widely
cultivated and used for food, animal fodder, and ornamental purposes. Besides, they have
pharmacological applications, as they present interesting bioactive compounds. Here, we
characterize in detail the plastome structures, evolution of plastid genes, mapping of molecular
markers, and phylogenetic relationships based on plastid sequences. Structurally, Opuntioideae
shows unique rearrangements within Cactaceae, such as expansion of the inverted regions.
Molecular evolution analyses of the protein-coding genes show a high divergence of genes
involved in essential plastid functions. Furthermore, more than half of these plastid genes bear
signatures of positive selection. Several shared RNA editing sites were predicted to occur in the
plastid genes of the three species in study. Besides, hundreds of molecular markers were
mapped in the plastomes sequenced here, which are informative sequences useful to improve
taxonomic classifications and conservation strategies of these species. Moreover, the phylogeny
based on concatenated genes resulted in a well-supported tree; with Opuntioideae forming a
monophyletic clade that is a sister group of Cactoideae. Finally, this study shades light on the
evolutionary patterns of the subfamily Opuntioideae (Cactaceae), and contributes with plenty
of useful data to be explored and applied to access and understand the genetic diversity of these

Opuntioideae species and trace adequate strategies of rational use and conservation.



Keywords: Plastome evolution. Gene divergence. Rearrangements. Positive selection. RNA
editing. Molecular markers.



RESUMO

SILVA, Maria Carolina, M.Sc., Universidade Federal de Vigosa, julho de 2021. Evolutionary
aspects of Opuntioideae subfamily (Cactaceae) plastomes. Orientador: Marcelo Rogalski.
Coorientadora: Amanda de Santana Lopes.

O plastideo emergiu por endossimbiose. Essa organela possui um genoma circular (plastoma)
de 100 a 220 kb com estrutura quadripartida e abrigando cerca de 130 genes. Os genes
plastidiais estdo principalmente envolvidos em dois processos, fotossintese e expressdo génica.
A ndo propagacdo de genes de plastidios através do pélen, resulta na reducdo da variacao
evolutiva desses genes, favorecendo seu uso como marcadores moleculares em estudos
filogenéticos em classificacdes taxondmicos superiores. Por outro lado, existe uma grande
variacdo nos espagos intergénicos e introns, que podem ser usados na filogenética em
classificacOes taxondOmicas mais baixas e estudos de genética populacional. A gendmica dos
plastidios nos permite visualizar a evolu¢do das espécies por meio de rearranjos nos plastomas,
divergéncia e degeneracdo génica, selecdo positiva e locais de edicdo de RNA. Portanto, o
objetivo deste estudo foi o sequenciamento de trés plastomas da subfamilia Opuntioideae:
Brasiliopuntia brasiliensis, Opuntia monacantha e Opuntia ficus-indica. Essas espécies siao
amplamente cultivadas e usadas para alimentacdo, forragem animal e fins ornamentais. Além
disso, apresentam aplicagcdes farmacoldgicas, pois possuem compostos bioativos interessantes.
Aqui, caracterizamos em detalhes as estruturas dos plastidios, a evolu¢@o dos genes plastidiais,
o mapeamento de marcadores moleculares e as relacdes filogenéticas com base nas sequéncias
dos plastidios. Estruturalmente, Opuntioideae mostra rearranjos unicos dentro de Cactaceae,
como expansdo das regides invertidas. As andlises de evolucdo molecular dos genes
codificadores de proteinas mostram uma alta divergéncia de genes envolvidos nas fungdes
essenciais dos plastidios. Além disso, mais da metade desses genes de plastidios carregam
assinaturas de selecao positiva. Vérios sitios compartilhados de edicao de RNA foram previstos
para ocorrer nos genes plastidiais das trés espécies em estudo. Além disso, centenas de
marcadores moleculares foram mapeados nos plastomas aqui sequenciados, que sido sequéncias
informativas uteis para melhorar as classificacOes taxondmicas e estratégias de conservacao
dessas espécies. Além disso, a filogenia baseada em genes concatenados resultou em uma
arvore bem sustentada; com Opuntioideae formando um clado monofilético que € um grupo
irmao de Cactoideae. Por fim, este estudo elucida os padrdes evolutivos da subfamilia

Opuntioideae (Cactaceae), e contribui com muitos dados tteis a serem explorados e aplicados



para acessar e compreender a diversidade genética dessas espécies de Opuntioideae e tragar

estratégias adequadas de uso racional e conservacao.

Palavras-chave: Evolug¢do do plastoma. Divergéncia génica. Rearranjos. Selecdo positiva.

Edicdo de RNA. Marcadores moleculares.
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GENERAL INTRODUCTION

Plastids, as well as mitochondria, emerged through endosymbiosis. Specifically, plastids
emerged from the incorporation of a cyanobacterium by ancestral free-living eubacteria billions
of years ago (Sagan 1967; Gray 2017). From this and other endosymbiotic processes, arose the
compartmentalized plant cell where it is possible to separately access the nuclear genome,
mitochondrial genome, and plastid genome (plastome). The plastome has gone through an
intense re-organization which leads to loss of shared genetic information, transference of genes
to the nucleus, and importation of products. Ultimately, this process culminated in a complex
interaction between nucleus and plastome (Timmis et al. 2004; Bock and Timmis 2008;
Zimorski et al. 2014; Rogalski et al. 2015). This interaction is so well adjusted that in superior
plants the nucleus supplies the plastome with almost 3000 imported proteins (Allen 2015).
Currently, 130 functional genes are identified within the 100kb to 220kb that compose the
plastome, while a cyanobacterium presents around 5000 genes (Allen 2015; Rogalski et al.
2015). Hence, the massive loss of plastome genes is a trend in plant evolution. The circular
genome of the plastid is a quadripartite structure with two inverted regions (IRs) that can be
divided into two regions of simple copies, the larger one (LSC) and the smaller one (SSC) (Bock
2007; Daniell et al. 2016).

The majority of terrestrial plants present primarily two groups of genes. The (1) first
group is linked to the photosynthetic apparatus (photosystem I and II), transport of secondary
electrons, ATP synthase, and major subunit of Rubisco, while the (ii) second group is related to
gene expression in the ribosome subunit, tRNAs, maturase, RNA polymerase, fatty acids
biosynthesis, protein degradation (protease clpP) and import of proteins (Wicke et al. 2011;
Allen 2015; Book 2007).

Most angiosperms have a maternal inheritance of the plastid genome. Hence, they do
not propagate the plastid genes through the pollen grain (Bock 2007). This characteristic is
associated with the reduced evolutionary variation of these genes, favoring their use as
molecular markers in phylogenetic studies of groups above order (Jansen et al. 2007; Rogalski
et al. 2015; Yao et al. 2019). On the other hand, intergenic spaces, characterized by being non-
coding regions (introns), present high variation and can be used in phylogenetic studies at lower
taxonomic levels (Shaw et al. 2005, 2007; Rogalski et al. 2015). To analyze population-level
variations, whether intra- or interspecific, simple repeated sequences present in the plastome
can be useful (Rogalski et al. 2015). In addition, plastid genome sequencing allows visualization

of the species evolution through rearrangements, deletions, gene loss, and recombinations that
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can occur in the plastome at different taxonomic levels (Lopes et al. 2017, 2018abc, 2019;
Pacheco et al. 2018 and 2020).

Members of the family Cactaceae have highly rearranged plastomes (Solorzano et al.
2019; Morais da Silva et al. 2021; Sanderson et al. 2015; Oulo et al. 2020; Kohler et al. 2020).
These reported rearrangements include contraction and loss of IRs, deletion, and inversion of
genes in LSC, and massive gene loss, probably due to the rearrangements. Most genes lost in
cacti are related to photosynthetic machinery, ycf4 more precisely related to photosystem I,
genes of the NDH complex, which act in electrochemical gradient dissipation, and genes related
to expression in the plastid, 7ps and rpl genes (Krech et al. 2012; Strand et al. 2019; Allen 2015).

Cactaceae appeared approximately 35 million years ago, it belongs to the order
Caryophyllales with about 11600 species. This family is a monophyletic group, and is
composed of four subfamilies: Cactoideae, Maihuenioideae, Opuntioideae, and Pereskioideae,
comprising approximately 124 genera and around 1,400 species. (Arakaki et al. 2011; Anderson
2001; Guerrero et al. 2019). Morphologically and anatomically, they present cladodes with
leaves reduced to thorns, adaptations that give the species better resistance to drought, and
metabolically exhibit CAM metabolism or predominantly C3 in well-watered (Anderson 2001;
Ogburn and Edwards 2010; Winter et al. 2011).

Opuntioideae is the subfamily within Cactaceae that occurs in the greatest diversity of
habitats and is composed of 16 genera that are distributed in 3 tribes (Cylindropuntieae,
Opuntieae, and Tephrocacteae) (Guerrero et al. 2019). The phylogenetic delimitations in
Opuntioideae, are still poorly understood. In part, due to the high rate of hybridism between
species, resulting in varied morphological characteristics in the hybrids. Phylogenies based on
phenotypic aspects circumscribed the delimitation of several taxa within the subfamily. Conflict
is seen when there is a construction of molecular phylogenies using nuclear ribosomal regions.
However, phenotypic phylogenies are sustained when using plastid intergenic regions, such as
the trnK/matK regions (Griffith and Porter 2009; Ritz et al. 2012). Phylogenetic complexity is
amplified by speciation via polyploidy after hybridization, generating meta-species complexes
due to the high degree of polyphilia (Anderson 2001; Majure and Puente 2014). Furthermore,
the gap of sampling of individuals and the poverty of genetic information make more complete
and conclusive studies difficult.

The genus Opuntia is popularly known as the prickly pear, belonging to the tribe
Opuntieae, it is the most widespread, diverse genus, besides having largest number of species

of Opuntioideae (Guerrero et al. 2019). Native to the Western Hemisphere and comprising
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approximately 200 species of cacti, its distribution is concentrated in Mexico (Anderson 2001;
Bauer and Waechter 2006; Lim 2012; Realini et al. 2015). The genus has high economic
importance for many reasons, such as it is well distributed; widely cultivated for feeding
purposes in arid areas since it serves as food for cattle, sheep, and goats; also, because the fruits
are edible, being consumed both in natura and processed; widely cultivated for ornamental
purposes (Lim 2012; Majure et al. 2012; Anderson 2001; Realini et al. 2015; Feugang et al.
2006). Furthermore, the intensification of global desertification aggravates the limitation of
water resources making Opuntia spp. even more interesting as a food resource (Stintzing and

Carle 2005).

Opuntia ficus-indica (L.) Mill.
The palm is a cactus with a shrubby habit that can reach up to 5 meters in height. It is

probably native to Mexico but naturalized also in South Africa, Australia, and the
Mediterranean (Anderson 2001). It features photosynthetic flattened phylloclades (Griffiths and
Males 2017). The Indian fig tree has been cultivated for a long time, both for ornamental and
feeding purposes (Anderson 2001; Griinwaldt et al. 2015). In the semiarid region of Brazil,
cultivated O. ficus-indica clones stood out with a greater increase in dry mass compared to
Nopalea cochenillifera (Silva et al. 2015), proving to be a very efficient alternative for animal
forage production.

The fruits, that can be consumed both fresh and cooked, have a high content of
antioxidants and vitamins, adding significantly to the nutrition of animals and humans. It is
estimated that only the production in urban areas of Mexico City of the fig tree fruit (nopal, as
it is known in the locality) moves a large market (Dieleman 2017).

In addition to the previously mentioned uses, the species has high ecological
importance in the regions where it occurs, since it is home to several transitional animal and
plant species (Oliveira et al. 1999). O. ficus-indica also showed potential for bioremediation,
as mucilage was used to remove lead and cadmium from contaminated water (Miretzky et al.

2008).

Opuntia monacantha Haw
They are herbaceous plants that reach up to 2m in height, distributed in Argentina,
Paraguay, Uruguay, and the coastal region of Brazil, where it is found along the south and

southeast coast (Bauer and Waechter 2006). Therefore, occurring in the Atlantic Forest Biome,
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one of which is more fragmented, degraded, and threatened by anthropic actions, due to intense
tourist activity and agricultural expansion (Zappi et al. 2011).

O. monacantha has been reported for presenting bioactive compounds, antioxidants
with high efficiency in fighting free radicals. These flavonoids, when they undergo acid
hydrolysis, exhibit antioxidant and antidiabetic activities (Valente et al. 2010; Yang et al. 2008).

Antitumor and trypanocidal activities were also reported for the species using in vitro
DNA repair bioassay in Saccharomyces cerevisiae and trypomastigote forms of Trypanosoma
cruzi. The extracts of O. monacantha proved to be efficient for both species tested (Valente et

al.2007). In addition, cladodes can be used to treat indigestion, asthma, and burns (Lim 2012).

Brasiliopuntia brasiliensis (Willd.) A. Berger

Brasiliopuntia, previously included in the genus Opuntia, is currently one among
several other groups that present themselves in distinct genera within Opuntioideae. In this new
classification, this Brasiliopuntia genus is composed of only two species, namely, B.brasiliensis
and Opuntia schikendantzii (Majure et al. 2012). This species presents differentiated growth
through dimorphic shoots, a ring of staminodes similar to trichomes in the flowers, and the
exclusivity of having single pollen, with the pulporate grains with spinulose perforations (or
bullate perforations) supporting the particularity of this genus (Anderson 2001; Majure and
Puente 2014).

Brasiliopuntia brasiliensis, a specie native to Brazil, whose main habitat is humid
forests, also occurring in the Cerrado and Caatinga and can still be found in other South
American countries such as Peru, Bolivia, and Paraguay, it has, therefore, a wide distribution
(Anderson 2001; Zappi et al. 2011; Majure and Puente 2014; Zappi and Taylor 2020).

The occurrence in these three biomes characterizes one of the important points of this
study for obtaining genetic information on the specie in question, as they are extremely
threatened environments and because they present a high number of endemic species.
Emphasizing this characteristic of B. brasiliensis occupying such heterogeneous environments,
from the semiarid in the Caatinga, a region characterized by low rainfall to Cerrado, where they
occupy more rocky places and humid forests (Giulietti et al. 2004; Zappi et al. 2011).

It is an arboreal species that can reach up to 20 m in height, with a lignified trunk and
lateral disposition of its cladodes (Anderson 2001; Mauseth and Mauseth 2006). B. brasiliensis

has extrafloral nectaries that resemble common thorns, favoring their pollination and dispersal,
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as they are also attractants that increase the number of nutrients in the soil around them, further
reducing the presence of harmful insects for the species (Mauseth et al. 2016).

This work presents the complete plastomes of three species belonging to the subfamily
Opuntioideae, characterizing their structures and evolutionary aspects. Besides, the sequence
data and analyses turned available through this study aim to diminish the genetic information

gap within this group.
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CHAPTER I: The Brasiliopuntia brasiliensis (Willd.) A. Berger plastome reveals unique gene
loss within Cactaceae and strong evidence of cytosolic tRNA valine import

ABSTRACT

The suborder Cactineae is characterized by having species associated with xeric habitats. These
environmental conditions influenced these species anatomically and metabolically. The
Cactaceae family occurs from Canada to the south of South America, in the most varied sizes
and shapes. The genus Brasiliopuntia belongs to the family Cactaceae and comprises only two
species, Brasiliopuntia brasiliensis and Opuntia schikendantzii. Here, we sequenced B.
brasiliensis plastome and characterized it structurally and evolutionarily. Several analyzes were
performed on plastid protein-coding genes, in order to understand how they have evolved within
Cactaceae. Structurally, we identified several rearrangements in B. brasiliensis involving all
regions of the plastome (LSC, SSC, and IR). We detect the presence of four genes that have
degenerated to pseudogenes (ycfl, ycf2, rpl120, and trnV-UAC). The trnV-UAC gene, here
identified as a pseudogene due to mutations in its sequence that affected its structure, has been
showed to be an essential gene by superwobbling theory. As our codon usage analysis reveal
no difference in the frequency of valine codons between B. brasiliensis and other model species,
we have hypothesized the import of the tRNA-Val from the cytosol. Interestingly, our analyses
of synonymous and non-synonymous substitutions indicate that genes of the NDH complex
missing in the subfamily Cactoideae are under negative selection in Opuntioideac. We have
mapped 236 simple sequence repeats (SSR) along the B. brasiliensis plastome, providing
informative sequences for further genetic studies. Lastly, our phylogenetic inference based on
plastid sequences shows B. brasiliensis grouped with Opuntia quimilo and both forming a sister
group with the other cacti belonging to the subfamily Cactoideae. Overall, the data generated
and analyses discussed here shade light on the understanding of evolutionary patterns in
Cactaceae.

Keywords: Opuntioideae, Superwobbling, gene divergence, rearrangements, molecular

markers

1. INTRODUCTION

The Cactaceae family belongs to the suborder Cactineae, which is characterized by
having species associated with xeric habitats, which reflects in morphological and anatomical
characteristics, such as succulent tissues for water storage and CAM metabolism (Ocampo and

Columbus 2010; Marinho et al. 2018). Cacti family occur only in the New World, from Canada
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to the south of South America, inhabiting places with the most varied conditions and
characteristics, therefore having the most varied sizes and shapes (Anderson 2001). The
suborder Cactineae encompass about 130 genera and eight families, designated ACTP clade,
well supported (Marinho et al. 2019).

The genus Brasiliopuntia belongs to the Cactaceae family and comprises two species,
Brasiliopuntia brasiliensis and Opuntia schikendantzii (Majure et al. 2012). Brasiliopuntia
brasiliensis has a wide distribution. It is a Brazilian native species, whose main habitat is humid
forests but it is also spread into Cerrado and Caatinga biomes. Furthermore, this species can be
found in other South American countries such as Peru, Bolivia, and Paraguay (Anderson 2001;
Zappi et al. 2011; Majure and Puente 2014). It is an arboreal species that can reach up to 20 m
in height, with a lignified trunk and lateral disposition of its cladodes (Mauseth and Mauseth
2006).

Plastid DNA is mostly maternally inherited and is, therefore, a molecule with an
inheritance pattern without recombination (Rogalski et al. 2015; Vieira et al. 2016; Lopes et al.
2018a). Its set of genes that is responsible for coding essential plant functions is separated into
two groups, genes related to the photosynthetic apparatus and the expression machinery.
Generally, angiosperms present these groups of conserved genes, which includes 79 protein-
coding genes involved with both processes mentioned above, 30 tRNAs, and 4 rRNAs (Daniell
et al. 2016; Allen 2015; Rogalski et al. 2015). Hence, changes in essential genes can result in
changes in plant phenotype and metabolism (Drescher et al. 2000; Kode et al. 2005; Rogalski
et al. 2006, 2008a; Agrawal et al. 2020; Alkatib et al. 2012b).

Complete plastome sequences are a powerful source of molecular markers, particularly
spread in regions with higher mutation rate such as introns and intergenic spacers. These
sequences can be used in genetic studies as a molecular tool for species identification,
phylogenetic inference, to understand the evolution of groups of plants (Rogalski et al. 2015;
Pacheco et al. 2020b; Nyffeler 2002; Lopes et al. 2019).

A total of 18 plastomes belonging to the Cactaceae family have been completely
sequenced to date (Sanderson et al. 2015; Solérzano et al. 2019; Oulo et. al 2020, Morais da
Silva et al. 2021; Kohler et al. 2020, Liu et al. 2020; Qin et al. 2021), but, there is still little
genetic income available from such a diverse family. The most species sequenced to date belong
subfamily Cactoideae, and different from what is found in most angiosperm plastomes, this
family interestingly revealed several rearrangements and losses of genes. More genetic

information on Cactaceae is important for understanding the evolutionary patterns, in addition
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to the complete plastome sequences being used to better support phylogenetic relationships,
through molecular markers, study populations, and better identification between subfamilies.
Here, we reported the complete plastome sequence of B. brasiliensis, which was
molecularly characterized in detail. The plastome of B. brasiliensis is a circular DNA molecule
of 162,211 bp, the largest known plastome sequence within Cactaceae species to date. The B.
brasiliensis plastome shows IRB-SSC expansion involving the ycfl gene. We detected 109
unique genes and 3 pseudogenes (ycfl, ycf2 and trnV-UAC). The trnV-UAC gene is essential
and was identified as a pseudogene, through mutations along its sequence, probably making its
secondary structure non-functional, but our analysis of the use of codons indicates that this gene
may be being imported from the cytosol. Also, we analyzed the divergence of plastid protein-
coding genes, the synonymous and non-synonymous substitution rates of ndh genes and
mapping of simple sequence repeats (SSRs). Finally, the phylogenetic inference of B.

brasiliensis in the suborder Cactineae was performed.

2. MATERIAL AND METHODS

Plant material and plastid DNA extraction

Fresh and young Brasiliopuntia brasiliensis’ cladodes were kept on dark for one week
at 4 °C to decrease the starch content. Afterwards, chloroplast isolation and plastid DNA

extraction were performed according to Vieira et al. (2014).

Plastid genome sequencing, assembling and annotation

The sequencing library was prepared with approximately 1 ng of plastid DNA using the
sample preparation kit NexteraXT (Illumina Inc., San Diego, CA), according to the
manufacturer’s instructions. The obtained library was sequenced using MiSeq Reagent Kit v3
(600 cycles) on Illumina MiSeq Sequencer (Illumina Inc., San Diego, California, USA) at the
Federal University of Parand, Brazil. We performed four sequencing, with the better sequencing
reaching a total of 636,811paired readings. They were trimmed below the limit with probability
of error < 0.05. The trimmed readings (639,138) were de novo assembled in contigs using the
CLC genomics Workbench 8.0.2 software (CLC Bio, Aarthus, Denmark). The contigs used for

the assembly of the B.brasiliensis plastome ranged from 1,195.43 to 748.46 average coverage.
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The gap ranged from 1 to 88 bp, which were closed using data from the other 3 sequencing,
using SPAdes 3.13.0 software and pre-assembled genome (Bankevich et al. 2012).

Initial annotation of the plastome was carried out using Annotation of Organellar
Genomes (Tillich et al. 2017), Dual Organellar GenoMe Annotator (DOGMA) (Wyman et al.
2004) and BLAST searches. From the initial annotation, putative start codons, stop codons, and
introns were determined based on comparisons to homologous genes in other plastid genomes
found in the GenBank database. All tRNA genes were manually verified by using tRNAscan-
SE (Lowe and Chan 2016). A physical map of the plastid circular genome was drawn using
Organellar Genome DRAW (OGDRAW) version 1.3.1 (Greiner et al. 2019). The complete
nucleotide sequence of B. brasiliensis plastome was deposited in the GenBank database under

accession number OK448351.

Plastome structure analysis

The LSC regions of B.brasiliensis and Portulaca oleracea, species available in the
database containing a typical plastome organization, were compared based on strategy of
multiple alignments using the software Mauve Genome Alignment v2.3.1 (MAUVE) (Darling
et al. 2004). The MUMmer nucleotide script (NUCmer) Perl from the MUMmer 3.23 software
was used to compare the complete plastomes of both species. Similarly, it was also used to
compare the plastomes of B.brasiliensis and Opuntia quimilo (Kurtz et al. 2004). The linear
map of genes was drawn by using OGDRAW aiming identification of possible rearrangements

(Greiner et al. 2019).

Phylogenetic inference

The inference of the phylogenetic position of B. brasiliensis within the suborder
Cactineae was realized using a phylogenetic approach, which was based on 54 plastid genes.
The plastome of Spinacia oleracea (family Chenopodiaceae) was used as an outgroup species.
The GenBank accession number of each taxon used here is shown in the Supplementary Table
S1. The plastid genes were individually extracted from GenBank and aligned by the software
MUSCLE (Edgar 2004) implemented in MEGAX (Kumar et al. 2018). The best-fit
evolutionary models: TVM+F+I+G4 (atpA, atpB, atpE, atpF, ccsA, cemA, matK, petA, psaC,
psal, psbH, psbK, psbT, rbcL, rpli4, rpll6, rpoB, rpoCl, rpoC2, rps2, rps4, rpsi14 and ycf3);
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GTR+F+1+G4 (atpH, atpl, petB, petD, petG, petN, psaA, psaB, psbA, psbB, psbC, psbD, psbE,
psbF, psbJ, psbL, psbN and psbZ); TIM3+F+G4 (clpP); TVM+F+G4 (infA, psbM, rpl2, rpoA,
rps3, rps7, rps8, rpsll, rpsi2, rpsl5 and rps19); TVM+F+G4 (rpl22), were selected after the
maximum likelihood (ML) estimation be conducted using IQTREE v 1.6.10 (Nguyen et al.
2015). Posteriorly, 500 nonparametric bootstrap replications were used to assess branch
support.  Lastly, the consensus tree was visualized wusing FigTree 1.4.4

(http://tree.bio.ed.ac.uk/software/figtree/).

Gene divergence analysis

For the gene divergence analysis, we selected the 56 protein-coding genes conserved in
all 12 Cactaceae plastomes sequenced and published so far, including B. brasiliensis plastome.
Additionally, other seven genes absent in one or more cacti species but present in B. brasiliensis
were also analyzed. Portulaca oleracea was used as external group. The sequences were
extracted from GenBank database and aligned using the software Muscle (Edgar 2004)
implemented in Mega X (Kumar et al. 2018). The phylogenetic reconstruction of each gene
was performed to estimate the gene divergence. The phylogenies were inferred based on the
ML method, following the same steps used for the phylogenetic inference aforementioned. The
gene divergence was estimated as the sum of total branch lengths linking the operational

taxonomical units to the common ancestor of Cactaceae species sampled here.

Codon usage

All functional protein-coding genes were extracted from B. brasiliensis plastome and
from other species available in the GenBank (Supplementary Table S3). The genes were
individually set and submitted to the software Sequence Manipulation Suite: Codon Usage

(https://www.bioinformatics.org/sms2/codon_usage.html).

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

Pairwise dS and dN substitution rates between B. brasiliensis and other representatives

of Cactineae (shown in the Supplementary Table S2) were calculated based on 11 protein-

coding genes of the NDH complex (ndhA, B, C, D, E, F, G, H, I, J, K). Some genes of this
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complex were lost or are pseudogenes in the other cacti available in the database therefore we
avoid the use of them in the divergence analysis. Firstly, the sequences of each gene were
individually aligned by MUSCLE (Edgar 2004) implemented in MEGA X (Kumar et al. 2018),
with pairwise deletion set to gaps and missing data. After, we calculated the dS and dN values

using MEGA X under the Kumar model for each alignment (Kimura 2-parameter).

Repeat sequence analysis

Simple sequence repeats (SSRs) in the B. brasiliensis plastome were detected using the
MicroSAtellite (MISA) Perl script (Thiel et al. 2003), with thresholds of eight repeat units for
mononucleotide SSRs, four repeat units for di- and trinucleotide SSRs, and three repeat units

for tetra-, penta- and hexanucleotide SSRs.

3. RESULTS

Overview of the Brasiliopuntia brasiliensis plastome

The B. Brasiliensis plastome is a circular DNA molecule of 162,211 bp in length and
contains the general quadripartite structure, found in most flowering plants. It comprises two
split inverted regions (IRs) of 35,316 bp separated by a large and a small regions of simple copy
(LSC and SSC) with 87,186 and 4,393 bp, respectively (Figure 1). B. brasiliensis plastome is
the largest one found in the family Cactaceae so far. It is characterized by containing expanded
IRs and a reduced SSC. In Cactaceae, several structural plastome variations have been observed
in different species, but a reduction of IRs and an increase of SSC are common features (Table
1). The overall GC content determined for B. brasiliensis is 36.8%, which is similar to all
species of this family (Table 1).

The plastome contains 109 unique genes, of which 18 are completely duplicated and
three (ndhG, rpsi2 and rpsl9) are partially duplicated in the IRs (Table 2). The set of genes
found in B. brasiliensis accounts for 76 unique protein-coding genes (11 are completely and
three are partially duplicated), 29 unique tRNA genes (seven duplicated) and four unique rRNA
genes (all of them duplicated). Among them, 14 genes harbor one intron (five tRNA genes and
nine protein-coding genes) and one harbors two introns (ycf3). Four genes (rpl20, ycfl, ycf2

and trnV-UAC) were identified as pseudogenes. The three protein-coding genes contain internal
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stop codons in the coding sequence. The tRNA has some modifications in the sequence, which
avoid the formation of a functional conformation. The two introns of the clpP gene and one
intron of the rpl2 gene were lost.

The LSC region (from trnH-GUG gene to rpsl19 gene) of B. brasiliensis plastome was
compared with the LSC of P. oleracea by multiple genome alignment by MAUVE
(Suplementary Figure S1). Here, we hypothesize two possible explanations for the
rearrangements founded. The first, a large inversion of block E to B was observed in B.
brasiliensis in comparison with P. oleracea, species with a typical plastome in angiosperms.
The analysis also demonstrated that gene position and gene are altered within the LSC in B.
brasiliensis. Additionally, a second inversion occurred possibly later, because the LCB and D
have the same orientation and order of genes as the ancestor. This second inversion probably
reverted the primary inversion in the LCB B and LCB D blocks, which correspond from petL
to rps12, and the pseudogene trnV-UAC only in B. brasiliensis to rbcL, leaving these blocks
without rearrangements if we compare with the ancestor. It is clearly observed in the linear map
(Figure 3). Other hypothesis would be the inverse of the first, that is, inversions occurred in
blocks E and C first. The second inversion encompassed the entire region involved in these
rearrangements (E to B), consequently it involved the blocks E and C, who have already
suffered inversion.

Moreover, the complete plastome was analyzed by MUMmer (Figure 2) and some
differences between B. brasiliensis and P. oleracea were also identified. The aforementioned
rearrangements localized in the LSC region are indicated by the B to E letters in Figure 2.
Besides, other rearrangmentes are pointed out in the IR borders (numbers 1 to 3 in Figure 2).
Firstly, the ycfl gene was deleted from the boundary IRB-SSC (1). Secondly, an inversion
occurred in the region corresponding to the SSC in P. oleracea, from ycfI gene to trnL-UAG
gene (2). The last event observed in the plastome of B. brasiliensis indicates an expansion of
the IRs. This feature occurs in the SSC/IRB boundary (3), which is demonstrated by the
presence of a set of genes within the IRs usually found at the end of the SSC in P. oleracea.
We also detailed these events in a linear map (Figure 3). Moreover, we also compared B.
brasiliensis with Opuntia quimilo (Figure 3 and Supplementary Figure S2), both species
belonging the same subfamily. O. guimilo shows the same rearrangements, except for the
contraction event from the IRs to the IRB-LSC boundary [Figure 3 (4)]. This is the opposite of

what occurred in B. brasiliensis and also compared with the ancestral P. oleracea.
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Phylogenetic inference

The phylogenetic position of B. brasiliensis in the suborder Cactineae was inferred
based on the sequence of 54 plastid protein-coding genes. This analysis included cacti of the
subfamily Opuntioideae, represented by Opuntia quimilo and B. brasiliensis; subfamily
Cactoideae, represented by Carnegia gigantea, Lophocereus schotti, Rhipsalis teres, and seven
species of genus Mammillaria; and other 12 species of the suborder Cactineae (families
Basellaceae, Montiaceae, Halophytaceae, Portulacaceae and Talinaceae). The species Spinacea
oleracea (Chenopodiaceae) was used as outgroup (Suplemmentary Table S1). The maximum
likelihood (ML) analysis produced a consensus tree (Figure 4) with a log-likelihood of -
131303.593952.

The tree topology within Cactaceae, B. brasiliensis formed a sister group with O.
quimilo, both species of the subfamily Opuntioideae, and a sister group with other cacti of the
subfamily Cactoideae. Within the family Cactaceae, all nodes showed bootstrap support (BS)
values of 100%, except for two nodes within the genus Mammillaria, including one with 99%
(M. zephrranthoides) and another with 73% (M. crucigera and M. hitzilopochtli). The genus
Mammillaria formed a monophyletic group inside this tree. Curiously, Rhipsalis teres formed
a sister-group with Carnegiea gigantea and Lophocereus schottii, given that R. teres has
epiphytic habit and the other two species are known to have terrestrial habitat and are giant
cacti. Portulacaceae forms a sister-group with Cactaceae (BS of 88%) and both families formed
a group-sister to Talinaceae (BS of 100%). Montiaceae diverged before the other families
within Cactineae. Concerning the three genera of Montiaceae, Calandrinia is closely related to
Montia, which form a sister group with Cistanthe (BS of 100%). Halophytaceae diverged first
from Cactaceae, Portulacaceae, Talinaceae and Basellaceae (BS of 96%). The relationships

among Cactaceae, Talinaceae and Baselaceae were low supported (BS of 50%).

Gene divergence analysis in Cactaceae plastomes

To analyze the evolution of plastidial genes within Cactaceae, we estimated the gene
divergence of 63 protein-coding genes based on phylogenetic trees. We found that 56 out of 63
genes have low substitution rates (> 0.1) in all sampled taxa, suggesting their strong
conservation within Cactaceae. The remain seven genes (rpl22, psbM, rps19, petL, infA, clpP

and accD), on the other hand, show higher substitution rates (> 0.1) for some or all sampled
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taxa (Figure 5). The psbM and rpl22 genes showed high divergence in some species within the
subfamily Cactoideae, whilst they remain quite conserved among Opuntioideae species
(substitution rates around 0.01). Similarly, the infA gene is slight more divergent in most
Cactaceae species, varying from 0.1 to 0.19, while in B. brasiliensis the branch length is below
0.1. On the contrary, the petL gene showed a branch length of 0.13 in Opuntioideae, while its
sequence is highly conserved in Cactoideae. The clpP and accD genes have a remarkably high
substitution rates among all Cactaceae species sampled, ranging from 0.23 to 0.39 and from
0.72 to 1.8, respectively. In B. brasiliensis, the branch lengths are 0.32 and 1.73 for clpP and
accD, respectively. Noteworthy, the accD gene, which shows the greatest variation of branch

lengths, has the highest substitution rates within Opuntioideae.

Structural analysis trnV-UAC gene and codon usage

We compare here the sequence of rrnV-UAC gene from B. brasiliensis with other 16
species from different taxonomic groups (i.e., angiosperms, gymnosperms, pteridophyte,
bryophyte and hepatophyte). The analysis revealed several modified bases in the sequence,
occurring transversions in positions 12, 27, 49 and 50 (highlighted by red arrow) and transitions
in positions 25 and 42 (highlighted by blue arrow), modifying its primary structure
(Supplementary Figure S3). The modified bases, transversions (12, 49 and 50) and transition
(42), resulted in no correct pairing in the arms (D and C) and anticodon, if compared with the
other species in the same region of the secondary structure (Figure 8, Supplementary Figure
S4).

We then evaluated the use of valine codons in the plastid proteins of B. brasiliensis by
comparing with other species (Figure 6, black circle). The analysis showed that the use of
codons follow the same pattern found in other species (i.e. the rate of use of each codon is

similar to that observed in plastomes containing both valine tRNAs).

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

The genes related to the NAD (P) H dehydrogenase complex (ndh genes), were lost or
pseudogenes in the subfamily Cactoideae. Relationship of the ndh complex in the Cactaceae
family, highlighted in the red blocks missing genes, pseudogene in the yellow block and

functional gene in green (Supplementary Figure S6).
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Therefore, in order to understand the behavior of the plastid genes related to the ndh
genes within Cactaceae, substitutions synonyms (dS), non-synonyms (dN), and dN/dS values
were estimated for the 11 ndh genes present in B. brasiliensis plastome and in closer relatives
of the suborder Cactineae that have also maintained the whole set of ndh genes (species listed
in Supplementary Table S2).

In general, dS values were low and ranged from 0.01 to 0.13 for B. brasiliensis and other
species (Supplementary Figure S5a), although the dS values of most genes were slight lower
in B. brasiliensis compared to the other species. The ndhE gene showed the highest dS value,
whilst ndhB gene presented the lowest value. Similarly, we observed low dN values (below
0.05) in B. brasiliensis ndh genes, as well as in the other species sampled (Supplementary
Figure S5b). Concerning the dN/dS ratio, all ndh genes from B. brasiliensis showed values
very below (ranging from 0.1 to 0.4) (Supplementary Figure S5c¢). Altogether, these data
indicates that the whole set of ndh genes found in B. brasiliensis are surprisingly under negative

selection.

Repeat sequence analysis

The identification, type and distribution of simple sequence repeats (SSRs) in the
plastome of B. brasiliensis were mapped, revealing a total of 236 SSR loci (Supplementary
Table S3). Of them, the majority were classified as monopolymers (172) and dipolymers (43).
In contrast, tripolymers (3), tetrapolymers (13), pentapolymers (3) and compound SSRs (1)
were identified in lower frequency. The majority of the SSRs (88.13%) detected here are
composed of A and T. Of the total mapped in the B. brasiliensis plastome, 172 are located in
the LSC, 13 in the SSC and 51 in the IRs. In addition, 145 occur in intergenic spacers (IGS),
54 in CDS and 42 in introns. The SSRs located in CDSs comprise 29 genes, being the higher
frequency identified in the rpoc2 (7), ycfl (7), ycf2 (4) and accD (4) genes. Most of the SSRs
mapped to the introns occurred in the ndhA (6), rpll6 (5), trnK-UUU (5), trnL-UAA (4), atpF
(4), and ycf3 (4) genes.

4. DISCUSSION

B. brasiliensis shows the largest plastome within Cactaceae, expanded IRs and a

conserved set of genes
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To date, B. brasiliensis has the largest plastome among cacti already sequenced. In
addition, the B. brasiliensis plastome maintains a conserved set of genes and the typical
quadripartite structure found in most flowering plants (Wicke et al. 2011; Ruhlman and Jansen
2014; Rogalski et al. 2015). The inversions and translocations of blocks of genes found in the
LSC of B. brasiliensis, if compared with P. oleracea plastome (typical gene order), occurred in
the same way in O. quimilo. Regarding the IR dynamics, however, some differences are
reported beteween both Opuntioideae, in which B. brasiliensis bears a specific expansion of the
IRB-SSC boundary while O. quimilo shows a contraction of the IRB-LSC boundary (Figures
3).

In the subfamily Cactoideae, complete plastome sequences of several species revealed
intriguing rearrangements, gene losses and pseudogenes (Sanderson et al. 2015; Soldérzano et
al. 2019; Morais da Silva et al. 2021), while we identified that most of the genes reported as
pseudogenes in Cactoideae are functional in B. brasiliensis. Besides, a tendency towards
contracted IRs has been observed in Cactoideae, whereas in B. brasiliensis and O. quimilo we
notice expanded IRs. However, ycf] and ycf2 gene have degenerated into pseudogenes in B.
brasiliensis as observed in other species of Cactaceae (M. zephranthoides, O. quimilo and R.
baccifera) and other angiosperms (Solérzano et al. 2019; Kohler et al. 2020; Oulo et al. 2020;
Guisinger et al. 2011; Fajardo et al. 2013; Rabah et al. 2019; Pacheco et al. 2020). A peculiar
feature of B. brasiliensis plastome is the loss of the rpl20 gene. This gene encodes the L.20
ribosomal protein (50S subunit), which is essential for ribosome biogenesis and cell viability
(Rogalski et al. 2008b). Replacement of rpl20 gene by a nuclear copy was characterized in
Passiflora (Sherestha et al. 2020), and a similar mechanism could be also occurring in B.
brasiliensis to supply the lack of this essential gene.

All plastomes of the subfamily Cactoideae sequenced so far have lost the ndh genes, or
they are present, but as pseudogenes. This is not the case of the subfamily Opuntioideae, in
which B. brasiliensis and O. quimilo contain the whole set of 11 plastid ndh genes encoding
subunits for the NDH complex, suggesting that this complex is fully functional in Opuntioideae.
To investigate the putative functionality of ndh genes, we analyze the dN/dS ratio aiming to
infer the evolution of these genes. The analysis surprisingly demonstrated that they are under
negative selection in B. brasiliensis, which means that they are under pressure to be maintained
functional in the subfamily Opuntioideae. The NDH complex works by dissipating

electrochemical gradient and generating protomotor force in the thylakoid membrane (Shikanai
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2016). Several reports demonstrated that plant mutants containing an inactivated NDH complex
are weakly affect negatively in photosynthesis and growth (Burrows et al. 1998; Horvith et al.
2000), but the importance of the NDH complex in Cactaceae is still unclear and remains to be
investigated in different species and environmental conditions. Several groups of plants
growing under diverse environments have degenerated or lost the plastid ndh genes (Martin and
Sabater 2010; Blazier et al. 2011; Lin et al. 2015, 2017; Ni et al. 2017; Strand et al. 2019).
Nonetheless, the selection pressure acting to maintain or loss these genes is still unclear (Strand
et al. 2019).

Furthermore, our analysis of gene divergence pointed out some highly divergent genes,
particularly c/pP and accD genes. The divergence found in the pefL gene in Opuntioideae, but
not in Cactoideae (0.01), may be a specific feature of this subfamily. The cIpP gene is essential
because compose a proteolytic subunit of the ATP-dependent Clp protease related to plastid
protein homeostasis (Kuroda and Maliga 2003), and this gene has lost its introns in all
Cactaceae sequenced so far, a trait also shared by other families with highly divergent clpP
such as Passifloraceae, Linaceae (Lopes et al. 2018; Morais da Silva et al 2020; Kohler et al.
2020; Oulo et al. 2020; Pacheco et al. 2020). The accD gene is essential for fatty acid
biosynthesis in plastids and cellular viability (Salie and Thelen 2016; Kode et al. 2005; Rogalski
and Carrer 2011). The accD is the most divergent gene within Cactaceae, being considered as
a pseudogene in Cactoideae by previous reports (Sanderson et al. 2015; Solorzano et al. 2019;
Kohler et al. 2020). However, Cactaceae accD sequences do not contain any internal stop codon
that would produce a truncated version of its product and, additionally, its 3’-end portion is
fairly conserved (C-terminal domain that holds the B-carboxyl transferase activity), suggesting

that the gene is also functional in Cactoideae (Morais da Silva et al. 2021).

Valine transporter RNA import signs

Plastomes usually contain genes (trnV-UAC and trnV-GAC) for isoacceptors of valine
tRNAs tRNAV4(UAC) or tRNAVY¥(GAC), which are responsible for reading of the four codons
(GTC, GTT, GTA, GTG) of the mRNA (Crick 1961). According to the conventional wobble
rules, the tRNAY#(UAC) encoded by the trnV-UAC gene would decode the two valine codons
with a purine in the third codon position (GTA and GTG), whereas the tRNAY¥(GAC) encoded
by the trnV-GAC gene would read the two valine codons with a pyrimidine in the third codon

position (GTC and GTU) (Crick 1961). Afterwards, the mechanism of superwobbling was
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demonstrated to improve the reading capacity of tRNAs containing a uridine (U) in the wobble
position to four codons in box families (Rogalski et al. 2008a; Alkatib et al 2012a). Curiously,
the trnV-UAC gene was lost in the subfamily Cactoideae (Morais da Silva et al. 2021) and the
tRNAV#(GAC), for stearic reasons, can not read the codons GTA and GTG. Consequently, the
mutations in the #nV-UAC gene make the tRNAY¥(UAC) no functional in B. brasiliensis.
Although the tRNAY¥(UAC) was considered functional in O. quimilo (Kohler et al. 2020), the
gene contains the same mutations found in B. brasiliensis, and consequently, it is also
nonfunctional. In other cacti of the subfamily Cactoideae, the trnV-UAC gene is absent
(Sanderson et al. 2015; Soldérzano et al. 2019; Oulo et al. 2020). The extremely rearranged
region from the trrnM-CAU to rbcL genes could be related to the loss of the tRNA in Cactoideae
but an essential gene can not simply be lost without a replacing mechanism for the same
essential function (Morais da Silva et al. 2021).

Our analysis of codon usage suggests a possible import mechanism for the
tRNAVA(UAC) given that it is not possible, for stearic reasons, for trnV-GAC to decode the four
codons present in the mRNA (Rogalski et al. 2008a; Alkatib et al. 2012b). Heretofore,
sequenced cactus plastomes contain only the rrnV-GAC gene, however, the deletion of this gene
in tobacco plants revealed that it is not essential for cell survival (Corneille et al. 2001; Alkatib
et al. 2012b). The literature is rich in examples descripting tRNA import from the cytosol to the
mitochondria and the mechanisms involved in that in different taxonomic groups, from
Marchantiophyta to flowering plants (Akashi et al. 1998; Salinas-Giegé et al. 2015; Murcha et
al. 2016; Warren and Sloan 2020; Reinbothe et al. 2021), whereas in plastids there is no
experimental evidence of tRNA import so far (Legen et al. 2007; Rogalski et al. 2008a; Alkatib
et al. 2012a, b; Agrawal et al. 2020).

Cactaceae phylogeny based on plastid sequences

Here we used concatenated plastid genes to construct the Cactineae phylogeny. Our
phylogeny affirms the monophyly of Cactaceae, as the sampled Opuntioideae and Cactoideae
subfamilies has formed a clade sister to Portulacaceae family. As expected, the species
sequenced in this study, B. brasiliensis, was grouped with Opuntia quimilo, since both species
belong to the subfamily Opuntioideae (Griffith and Porter 2009; Majure et al. 2012, Majure and
Puente 2014). Regarding the subfamily Cactoideae, we sampled ten taxa comprising 4 genera .

The genus Mammillaria (seven species) formed a monophyletic group, which is sister to a clade
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encompassing Lophocereus schottii, Carnegiea gigantea and Rhipsalis teres species. These
data agree with the current classification within this subfamily in which
Carnegiea and Lophocereus belong to the core Pachycereeae (Core Cactoideae I) that is sister
to the Core Cactoideae II, which includes the tribe Rhipsalidae, while Mammilaria is ranked
into the tribe Cacteae (Copettii et al. 2017; Guerrero et al. 2019; Morais da Silva et al. 2021).
The phylogenetic inferences coherently corroborate with the evolutionary and structural
features observed in the plastomes of these species (Sanderson et al. 2015; Solérzano et al.
2019; Morais da Silva et al. 2021).

Several phylogenetic reconstructions based on IGS, ITS and transcriptomes formed a
sister group among Cactaceae and Portulacaceae, and with Anacampserotaceae. Here, it is
partially corroborated because no complete plastome of species of family Anacampserotaceae
is available (Ocampo and Columbs 2010; Walker et al. 2018; Wang et al. 2019; Moore et al.
2018).

Importance of plastid molecular markers for Opuntioideae

We mapped in the plastome of B. brasiliensis 236 SSRs, which are simple sequence
repeats normally characterized in plastid regions with a high mutation rate. They are interesting
molecular markers with broad applications, such as in genetic studies of natural populations or
germplasm collection (Rogalski et al. 2015). For more than 30 years, plastid markers have been
used in analyses related to phylogenetic and genetic relationships among plants at different
taxonomical levels (Gitzendanner et al. 2018). Cactaceae family has diversified from its
ancestor approximately 35 million years ago (Mya) and the diversification of Opuntioideae
subfamily is estimated around 6-8 Mya (Arakaki et al. 2011). The diversification of species
under adverse environmental condition (Arakaki et al. 2011) may have contributed for
rearrangements, gene losses and high mutation rates in plastomas of Cactaceae. Some regions
mapped here containing many repetitions and are already widely used in phylogenies based on
intergenic plastid regions, such as trnK-UUU /matK and trnL-UAA (Majure et al. 2012;
Nyffeler 2002; Ritz et al. 2012). This kind of molecular markers can contribute to the
classification of species, given that it is reported as monophyletic clade, but several hybrid
plants were identified within the subfamily Opuntioideae (Griffith and Porter 2009; Majure et
al. 2012).
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S. CONCLUSIONS

The plastome of B. brasiliensis (162,211 bp) reported here is the largest among the cacti
so far. This specific feature of the plastome can be determined by events of expansion of the
IRB-SSC junction, with the fixation of ycfl sequence (pseudogene) in the IRs, and several
inversions in the LSC. Unlike Cactoideae subfamily, gene losses and degeneration into
pseudogenes is less frequent in Opuntioideae, a markable antagonistic feature between both
subfamilies. Besides, we discussed here the strong evidence of trnV-UAC import from cytosol
within Cactaceae. This essential plastid tRNA was lost in Cactoideae and we have showed here
evidence of its degeneration in Opuntioideae. Notwithstanding, the codon usage of plastidial
transcripts has surprisingly remained conserved in Cactaceae according our data, prompting us
to hypothesed the import of cytosolic tRNA-Val(UAC) to circunvent the lack of a functional
trnV-UAC gene. Finally, we have presented here the Cactaceae phylogeny based on
concatenated-plastid genes and the complete mapping of SSRs loci in the B. brasiliensis
plastome, turning available many useful and informative sequences for future genetic studies
to acess the diversity of this Brasilian native species belonging to the outstanding family of

cacti.
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7. FIGURES

Brasiliopuntia brasiliensis

chloroplast genome
162,211 bp

[ photosystem |

[ photosystem Il

[ cytochrome brf complex
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[ NADH dehydrogenase

[ RubisCO large subunit
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[ ribosomal proteins (LSU)

[ transfer RNAs

[l ribosomal RNAs
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Figure 1. Gene map and genome organization of B. brasiliensis. Two inverted repeat regions
IRA and IRg divide the circular DNA molecule into large (LSC) and small (SSC) single copy
regions. Genes drawn inside the circle are transcribed clockwise, and genes drawn outside are
expressed counterclockwise. Genes belonging to different functional groups are color-coded.
The dark gray in the inner circle corresponds to GC content, while the light gray corresponds
to AT content. Dotted circle corresponds to 50% of AT/GC content.
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Figure 2. Dot-plot analyses comparing the plastomes of Brasiliopuntia brasilienses (x-axis)
against Portulaca oleracea (y-axis). A positive slope denotes that the pair of sequences
compared is in the same orienta- tion. A negative slope denotes that the pair of sequences
compared can be aligned, but their orientation is opposite. Sequences in the same direction are
purple and inversions are blue. The black arrows indicate contratrion and expansions in the
region IRB-SSC. Vertical green lines indicate the regions SSC, LSC and IR's in B. brasiliensis,
while in P. oleracea is indicates by yellow horizontal lines the same regions. More details about
regions highlighted with letters and numbers Figure 2.
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(1) Deletion of the yef7 at IRB-SSC junction (2) Inversion: ycf! — trnL-UAG (3) Expansion at IRB-SSC junction

Rearrangements at LSC, IRA, IRB regions:
(4) Contraction IRB-LSC junction

Figure 3. Comparison of the gene content and order between the Brasiliopuntia brasiliensis with Portulaca oleracea plastomes, which presents
the general structure found in most angiosperms plastomes, and also between Opuntioideas. B.brasiliensis is also compared with Opuntia quimilo,
both Opuntioideae. The genes involved in inversions are highlighted by crossed and straight lines gray arrows, while a secondary inversion (ie,
occurred in a region that suffered inversion before) is highlighted by red (B) and blue (D) square. The white arrows indicates contraction and
expansion. The (*) indicates pseudogene. Dotted black lines horizontally separate as regions of the plastoma, LSC and SSC, large and small single-
copy regions; IRA / B, inverted repeat region. The linear gene maps were drawn by using OGDRAW.
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Figure 4. Cactineae phylogenetic tree of 25 taxa (24 species of suborder Cactineae and one outgroup) based on 54 protein-coding plastid genes
using maximum likelihood (ML) method. Numbers (%) associated with branches are ML bootstrap support (BS) values. The branch length is
proportional to the inferred divergence level. The scale bar indicates the number of inferred nucleic acid substitutions per site. The position of
Brasiliopuntia brasiliensis is highlighted in red. Spinacia oleracea was used to root the tree. Tree reconstruction was performed using IQTREE
software, with TVM+F+1+G4, GTR+F+1+G4, TIM3+F+G4 and TVM+F+G4, models.
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Figure 5. Divergence of plastid protein-coding genes among species of the family Cactaceae.
The gene divergence was estimated by the sum of total branch lengths in each gene tree infererd.
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Figure 6. Secondary structure of the trnV-UAC consists of 3 arms, 2 of which are non-variable
(C-arm and D-arm), and arm where the anticondon is located. A variable portion (Variable
arm). The reading pattern is also indicated 5'end (start) and 3'end stop. The red arrows indicate
the non-pairing of 1 base pair in the arms of B. brasiliensis and O. quimilo when compared with
S. oleracea and P. oleracea. Change of bases bases (highlighted by red circle, base transverse
comparing B. brasiliensis and O.quimilo in compare P.oleracea and Spinacia oleracea and blue
circle base transition. The numbers indicates position variable base in B.brasiliensis and
O.quimilo compared with other species alignment in (Supplementary Figure S3).
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Figure 7. Comparison of the Codon usage between 10 species represented by balls with their
respective colors (legend) in the graph. The x-axis represents the fractions (0 to 1) and the left
most standard deviation (SD) in gray bars. The y-axis is representing the codons and a vertical
line and the respective names of the amino acids are highlighted beside it.
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Table 1. Comparison of plastome size and GC content between B. brasiliensis, subfamily Opuntioideae and other species of Cactaceae.

Species Subfamily Size LSC SSC IR Number of genes GC GenBank
(bp) (bp) (bp) (bp) (%)

Brasiliopuntia brasiliensis Opuntioideae 162,211 87,186 4393 35,316 109 36.8 0OK448351
Opuntia quimilo Opuntioideae 150,347 101,475 4,115 22,392 109 36.6  MNI114084
Carnegiea gigantea Cactoideae 113,064 - - - 99 36.7 NC 027618
Lophocereus schottii Cactoideae 113,204 - - - 99 36.5 NC 041727
Mammillaria albiflora Cactoideae 110,789 78,380 31,061 674 96 36.4  MNS517610
Mammillaria pectinifera Cactoideae 108,561 72,273 29,744 772 95 36.4 MNS519716
Mammillaria crucigera Cactoideae 115,505 71,565 29.418 7,261 96 36.3 MN517613
Mammillaria huitzilopochtli Cactoideae 115,886 71,997 29,401 7,244 97 36.3 MN517612
Mammillaria solisioides Cactoideae 115,356 71,690 29,238 7,214 95 36.4 MN518341
Mammillaria supertexta Cactoideae 116,175 72,240 29,445 7,245 97 36.4 MN508963
Mammillaria zephyranthoides Cactoideae 107,343 71,811 7,281 14,126 95 38.5 MN517611
Rhipsalis teres Cactoideae 122,389 81,397 24,016 8,488 99 36.7  MT387452
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Table 2. List of genes identified in the plastome of Brasiliopuntia brasiliensis.

Group of gene

Name of gene

Gene expression machinery

Ribosomal RNA genes

rml6”; rrm23° rrnS®; rrm4.5°

Transfer RNA genes

trnA —UGC®; trnC —GCA; trnD —GUC; trnE —UUC; trnF —
GAA; trnfM —CAU; trnG —UCC?; trnG —GCC; trnH —GUG;
trnl —CAUP; trnl —-GAU®; trnK —UUU?; trnl. —CAAY; trnL
~UAA?, trnL. ~UAG; trnM —CAU; truN ~GUU; trnP —
UGG; trnQ ~UUG; trnR ~ACG"; trnR —UCU; trnS -GCU;
trnS —UGA; trnS —-GGA; trnT -UGU; trnT —-GGU; trnV —
GACP: trnW —CCA; trnY -GUA

Small subunit of ribosome

rps2; rps3; rpsd; rps7; rps8; rpsll; rps12%; rpsl4; rpsl 5’
rps16%; rps18; rpsl19°

Large subunit of ribosome

rpl2; rpll4; rpll6%; rpl22; rpl23°; rpl32°; rpl33; rpl36

DNA-dependent RNA
polymerase

rpoA; rpoB; rpoCI%; rpoC2

Translational initiation factor

infA

Genes for photosynthesis

Subunits of photosystem I
(PSI)

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

Subunits of photosystem II
(PSII)

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

Subunits of cytochrome besf
complex

petA; petB?; petD“; petG; petL; petN

Subunits of ATP synthase

atpA; atpB; atpE; atpF*; atpH; atpl

Subunits of NADH ndhA™; ndhB*™; ndhC; ndhD; ndhE; ndhF°; ndhG¢; ndhH?;
dehydrogenase ndhl’; ndhJ; ndhK
Large subunit of Rubisco rbcL

Others genes

Maturase matK

Envelope membrane protein ~ cemA

Subunit of acetyl-CoA accD

carboxylase

C-type cytochrome synthesis  ccsA

gene

ATP-dependent Protease clpP

Pseudogenes

trnV —“UAC?; rpl20; ycfI?; ycf2"

*Genes containing introns; > Duplicated gene, ¢ Partially duplicated genes
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9. SUPPLEMENTARY MATERIAL

SUPPLEMENTARY FIGURES

Portulaca oleracea
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il i PO A
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¥

C E

Brasiliopuntia brasiliensis

Locally colinear blocks (LCBs)

A) 1-8300 (8299 bp) B) 8300-12840 (4532 bp)
C) 13400-23859 (10404 bp) D) 24315-29921 (5748 bp)
E) 30117-73793 (43893 bp) F) 74119-87091 (13081 bp)

Supplementary Figure S1. Multiple alignment of Brasiliopuntia brasiliensis plastomes and Portulaca oleracea as reference. The region aligned
corresponds region LSC of P. oleracea plastome, from the trnH-GUG to rps19 gene. Locally collinear blocks (LCBs) are color-coded. The LCBs
related to inverted segments are drawn down. More details about the gene content of the LCBs involved in rearrangements are present in Figure 3
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Supplementary Figure S2. Dot plot analyses comparing the plastomes of Brasiliopuntia
brasilienses (x-axis) against Opuntia quimilo (y-axis). A positive slope denotes that the pair of
sequences compared is in the same orientation. A negative slope denotes that the pair of
sequences compared can be aligned, but their orientation is opposite. Sequences in the same
direction are purple and inversions are blue. The black arrow (4) indicates contratrion in the
region IRB-LSC. Vertical green lines indicates the regions SSC, LSC and IR's in B. brasiliensis,
while in O. quimilo 1s indicates by yellow horizontal lines the same regions. More details about
regions Figure 2.
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Brasiliopuntia brasiliensis 73
Opuntia quimilo 73
Portulaca oleracea 73
Spinacia oleracea 74
Talinum paniculatum 13
Halophytum ameghinoi C GA z 13
Anredela cordifolia CGA : 13
Basella alba (ofe 73
Montia Fontana CGZ 73
Cistanthe grandiflora CG 73
Calandrinia eremae CG AGC : 13
Acrocomia aculeata CG elﬂTL,TALl;l;TTL,H?-\ eTL,L,lJTATA GC 76
Oryza sativa CGA B CCGTATAGC 76
Araucaria angustifolia CG [ele CCGTATAGC 76
Alsophila gigantea CG GTCEACGGTTCGARMECCGTATAGC 72
Sphagnum palustre GTCEBCGGTTCGARMICCGTATAGCCC 74

Dumortiera hirsuta : , & g e GAG & GTCEBCGGTTCGARMCCGTATAGCCCT AN
AGGGCTATAGCtCAG GGTAGAGC cCTCGTTTACAC CGAgAA GTCtaCGGTTCGA tCCGTATAGCCCTA

Supplementary Figure S3. Clustal W alignment of the primary structure of trnV-UAC, showing the change of bases (highlighted by red arrows,
base transverse comparing B. brasiliensis and O.quimilo with other species and blue arrows base transition). Black shadowing indicates conserved
sequence among all taxa in the alignment, dark gray indicates conserved sequence among all except for five taxon, light gray indicate conserved
sequence among for eleven taxa, and white indicate non conserved nucleotide. The numbers above of line indicate the nucleotide position in the
alignment. The numbers in the end of line indicates the total length of trnV-UAC in each species.
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Supplementary Figure S4. Secondary structure of the trnV-UAC of thirteen species, of these
7 dicots, 2 monocots, 1 gymnosperm, 1 pteridophyte, 1 bryophyte and 1 Marchantiophyta.
The structure consists of 3 arms, 2 of which are non-variable (C-arm and D-arm), and arm
where the anticondon is located. A variable portion (Variable arm). The reading pattern is also

indicated 5'end (start) and 3'end stop.
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11 plastid- protein-coding genes of ndh complex. B. brasiliensis is represented by black circles
and the mean the other species (see Supplementary Table S2) is represented by light gray
circles.
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Supplementary Figure S6. Relationship of the ndh complex in the Cactaceae family,
highlighted in the red blocks missing genes, pseudogene in the yellow block and functional
gene in green.



SUPPLEMENTARY TABLE

Supplementary Table S1. List of the taxa sampled in the phylogenetic analysis. (*) Outgroup.

Species Family GenBank
Brasiliopuntia brasiliensis Cactaceae

Opuntia quimilo Cactaceae MN114084
Rhipsalis teres Cactaceae MT387452
Carnegiea gigantea Cactaceae NC 027618.1
Lophocereus schottii Cactaceae NC 041727.1
Mammillaria albiflora Cactaceae MNS517610
Mammillaria pectinifera Cactaceae MN519716
Mammillaria crucigera Cactaceae MN517613
Mammillaria huitzilopochtli Cactaceae MNS517612
Mammillaria solisioides Cactaceae MN518341
Mammillaria supertexta Cactaceae MNS508963
Mammillaria zephyranthoides Cactaceae MNS517611
Anredera cordifolia Basellaceae NC 041274.1
Basella alba Basellaceae NC 041293.1
Calandrinia eremaea Montiaceae NC 041259.1
Calandrinia granulifera Montiaceae NC 041260.1
Cistanthe grandiflora Montiaceae NC 041295.1
Cistanthe longiscapa Montiaceae NC 035140.1
Montia fontana Montiaceae NC 041269.1
Halophytum ameghinoi Halophytaceae NC 040949.1
Portulaca grandiflora Portulacaceae NC 041299.1
Portulaca oleracea Portulacaceae NC 036236.1
Portulaca pilosa Portulacaceae NC 041264.1
Talinum paniculatum Talinaceae NC 037748.1
Spinacia oleracea™ Chenopodiaceae NC 002202.1




Supplementary Table S2. List of the taxa sampled in the non-synonymous analysis.

Species Family GenBank
Brasiliopuntia brasiliensis Cactaceae

Opuntia quimilo Cactaceae MN114084
Anredera cordifolia Basellaceae NC 041274.1
Basella alba Basellaceae NC 041293.1
Calandrinia eremaea Montiaceae NC 041259.1
Calandrinia granulifera Montiaceae NC 041260.1
Cistanthe grandiflora Montiaceae NC 041295.1
Montia fontana Montiaceae NC _041269.1
Portulaca grandiflora Portulacaceae NC 041299.1
Portulaca oleracea Portulacaceae NC 036236.1
Portulaca pilosa Portulacaceae NC 041264.1

Talinum paniculatum Talinaceae NC 037748.1

Supplementary Table S3. List of the taxa sampled in the codon usage analysis

Species Family Quantity of coding genes used
Brasiliopuntia brasiliensis Cactaceae 76
Opuntia quimilo Cactaceae 76
Rhipsalis teres Cactaceae 64
Carnegiea gigantea Cactaceae 63
Lophocereus schottii Cactaceae 63
Mammillaria albiflora Cactaceae 62
Mammillaria supertexta Cactaceae 63
Mammillaria zephyranthoides Cactaceae 58
Portulaca oleracea Portulacaceae 78
Spinacia oleracea Chenopodiaceae 78




Supplementary Table S4. List of simple sequence repeats (SSRs) identified in the plastome of B. brasiliensis.
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SSR sequence Number of repetitions Total
3 4 5 8 9 10 11 12 13 14 15 16 17
A/T - - - 79 39 20 10 8 4 3 - 3 2 168
C/G - - - 1 2 1 - 1 - - - - - 5
AG/CT - 10 - - - - - - - - - - - 10
AT/AT - 22 7 - - 1 1 - - - - - - 33
AAT/ATT - 3 1 - - - - - - - - - - 4
AAAC/GTTT 1 - - - - - - - - - - - - 1
AAAG/CTTT 5 - - - - - - - - - - - - 5
AAAT/ATTT 2 - - - - - - - - - - - - 2
AATC/ATTG 2 - - - - - - - - - - - - 2
ACAT/ATGT 1 - - - - - - - - - - - - 1
ACCT/AGGT 1 - - - - - - - - - - - - 1
ATCC/ATGG 1 - - - - - - - - - - - - 1
AAAAC/GTTTT 1 - - - - - - - - - - - - 1
AAAGT/ACTTT 1 - - - - - - - - - - - - 1
AATAT/ATATT 1 - - - - - - - - - - - - 1
Total 236
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Supplementary Table S5. Distribution of SSR loci in the B. brasiliensis plastome.

SSRtype SSR Size  Start End Location

mono (A)13 13 234 246 trnH-GUG/psbA (1GS)
mono (A)16 16 350 365 trnH-GUG/psbA (IGS)
mono (T)9 9 2001 2009 trnK-UUU (intron)

mono (A)8 8 2586 2593  trnK-UUU (intron)/matK (CDS)
mono (T)9 9 3237 3245  trnK-UUU (intron)/matK (CDS)
mono (A)8 8 3621 3628  trnK-UUU (intron)/rpsi16 (IGS)
mono (T)8 8 3974 3981 trnK-UUU (intron)/rps16 (IGS)
mono (T14 14 4544 4557 trnK-UUU/rps16 (IGS)
mono (A)8 8 4607 4614 trnK-UUU/rps16 (I1GS)

tri (TAA)4 12 4765 4776 trnK-UUU/rps16 (1GS)
mono (A)9 9 4850 4858 trnK-UUU/rps16 (IGS)
mono (D10 10 4957 4966 trnK-UUU/rps16 (1GS)
mono (A)9 9 5426 5434 rps16 (intron)

di (AT)4 8 5727 5734 rps16 (intron)

di (AT)4 8 6207 6214 rps16/trnQ-UUG (IGS)
mono (D13 13 6229 6241 rps16/trnQ-UUG (IGS)
mono (A)8 8 6256 6263 rps16/trnQ-UUG (IGS)
mono (A)12 12 6967 6978 trnQ-UUG/psbK (IGS)
mono (A)8 8 7475 7482 psbK/psbl (IGS)

compound (A)I0(AAT)S* 23 7574 7596 psbK/psbl (IGS)
mono (A)8 8 7779 7786 psbl/trnS-GCU (IGS)

di (TA)4 8 7817 7824 psbl/trnS-GCU (IGS)

di (AT)4 8 8084 8091 trnS-GCU/petL (IGS)

di (AT)S 10 8239 8248 trnS-GCU/petL (IGS)
mono (T)9 9 8316 8324 trnS-GCU/petL (IGS)
mono (A)11 11 8509 8519 trnS-GCU/petL (IGS)
mono (M12 12 8802 8813 petL/petG (IGS)
mono (A)8 8 9249 9256 trnW-CAA/trnP-UGG(IGS)

di (AT)4 8 9546 9553 trnW-CAA/trnP-UGG(IGS)
mono (A)9 9 9628 9636 trnW-CAA/trnP-UGG(IGS)
mono (A)8 8 9793 9800 trnW-CAA/trnP-UGG(IGS)
mono ()10 10 10748 10757 rpl33/rps18 (IGS)
mono (T)9 9 11456 11464 rps18/rpl20 (IGS)
mono (T)8 8 11480 11487 rps18/rpl20 (IGS)
mono (T)8 8 11900 11907 rpl20 (CDS)
mono (T8 8 12114 12121 rpl20/rps12 (IGS)

di (AT)5 10 12870 12879 rps12 (intron)

di (TA)4 8 13268 13275 rps12/psbE (IGS)

tetra (ATCA)3 12 13379 13390 rps12/psbE (IGS)
mono (A)8 8 13539 13546 rps12/psbE (IGS)
mono (M9 9 15197 15205 psbl/psbA (IGS)
mono (A)16 16 15322 15337 psbl/psbA (IGS)
mono ©)9 9 15478 15486 psbJ/psbA (IGS)
mono (A)12 12 15662 15673 psbl/psbA (IGS)
mono (A)8 8 15676 15683 psbJ/psbA (IGS)
mono (T)8 8 16417 16424 petA (CDS)

di (TA)4 8 16776 16783 petA (CDS)
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cemA (CDS)/ycf4 (IGS)
cemA/yct4 (IGS)
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psbD/trnT-GGU(IGS)
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trnT-GGU/trnE-UUC(IGS)
trnT-GGU/trnE-UUC(IGS)
trnT-GGU/trnE-UUC(IGS)
trnT-GGU/trnE-UUC(IGS)
trnD-GUC/psbM(IGS)
trnD-GUC/psbM(IGS)
trnD-GUC/psbM(IGS)
psbM/petN(IGS)
psbM/petN(IGS)
petN/trnC-GCA(IGS)
petN/trnC-GCA(IGS)
trnC-GCA/rpoB(IGS)
trnC-GCA/rpoB(IGS)
trnC-GCA/rpoB(IGS)
trnC-GCA/rpoB(IGS)
rpoB(CDS)
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rpoCl(intron)
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rpoC2(CDS)
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atpF(intron)
atpF(intron)
atpF(intron)

62



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

di
mono
mono
mono
mono

tetra

di

tetra
mono
mono
mono
mono

tetra
mono

di

di
mono
mono
mono

di
mono
mono
mono
mono
mono

tetra

di

di
mono
mono
penta
mono
mono
mono
mono

di

(T)10
(A)9
(D9
(D)8
(D)8

(A)11
(D)8
(D)8
()8
(A)8
(A)11
(AG)4
(T)10
(AT)11
(GA)4
(D9
(19
(A)9
(D)8
(CAAA)3
(TA)S
(TTTC)3
(T)17
(A)9
(D)8
(D9
(AATA)3
(A)12
(GA)4
(GA)4
(A)9
(D)8
(D9
(AG)4
(19
(A)8
(D9
(D)8
()8
(AGGT)3
(CT)4
(GA)4
(A)10
()8

(TATAA)3
(A)13
(A)8
()8
(A)8
(AT)4

[a— [a—
00 00 00 00 T 00 0 \O O I

—
oo

N —
|\ e

—_— — — —_
OOOOOOOOUJU]OOOOOOONOOOO\OOO\OOO©OO\OOOOONN©OO©

71309
73708
74052
74746
74768
74928
76769
76833
77997
78182
79340
79481
79625
79779
81680
82345
83462
83478
83597
83954
84804
85309
85366
85419
85558
87320
88765
88789
88898
89852
91776
93650
95985
96617
99038
99505
101230
104121
105452
107468
107506
107830
109258
109659
110481
110532
111280
111403
112898
113157

71318
73716
74060
74753
74775
74938
76776
76840
78004
78189
79350
79488
79634
79800
81687
82353
83470
83486
83604
83965
84813
85320
85382
85427
85565
87328
88776
88800
88905
89859
91784
93657
95993
96624
99046
99512
101238
104128
105459
107479
107513
107837
109267
109666
110495
110544
111287
111410
112905
113164

63

atpF/atpA(IGS)
trnG-UCC(CDS)
trnG-UCC/clpP(IGS)
clpP/psbB(IGS)
clpP/psbB(IGS)
clpP/psbB(IGS)
psbB/psbT(IGS)
psbB/psbT(IGS)
petB(intron)
petB(intron)
petB/petD(IGS)
petD(intron)
petD(intron)
petD(intron)
rpoA(CDS)
rps11/rpl36(1GS)
rps8/rpl14(IGS)
rps8/rpl14(IGS)
rpl14(CDS)
rpl14/rpl16(IGS)
rpl16(intron)
rpl16(intron)
rpl16(intron)
rpl16(intron)
rpl16(intron)
rps19/rpl2(IGS)
trnl-CAU/ycf2(IGS)
trnl-CAU/ycf2(IGS)
ycf2(CDS)
ycf2(CDS)
ycf2(CDS)
ycf2(CDS)
trnL-CAA/ndhB(IGS)
ndhB(CDS)
rps7(CDS)
rps12(intron)
rps12/trnV-GAC(IGS)
trnl-GAU(intron)
trnA-UGC(intron)
rr23s(CDS)
rr23s(CDS)
rr23s(CDS)
rrn5s/trnR-ACG(IGS)
trnR-ACG/trnN-GUU(IGS)
trnN-GUU/ndhF(IGS)
trnN-GUU/ndhF(IGS)
ndhF(CDS)
ndhF(CDS)
ndhF/rpl32(1GS)
ndhF/rpl32(1IGS)



mono (D12 12 113388 113399 ndhF/rpl32(IGS)

penta (TTACT)3 15 113449 113463 ndhF/rpl32(1IGS)
mono (A)9 9 113484 113492 ndhF/rpl32(IGS)
mono (A)10 10 113603 113612 ndhF/rpl32(1GS)
di (AT)10 20 113874 113893 ndhF/rpl32(1IGS)
mono (A)8 8 114128 114135 rpl32(CDS)
mono (A)10 10 114210 114219 rpl32(CDS)
mono (A)8 8 114221 114228 rpl32(CDS)
mono (A)8 8 114315 114322 ycf1(CDS)
mono (T)8 8 114786 114793 ycf1(CDS)
mono (A)8 8 115316 115323 ycf1(CDS)
mono (A)9 9 115537 115545 ycf1(CDS)
mono (A)9 9 115560 115568 ycf1(CDS)
mono (A)9 9 116238 116246 ycf1(CDS)
mono (A)10 10 116248 116257 ycf1(CDS)/rps15(IGS)
mono (A)8 8 116262 116269 ycfl/rps15(1GS)
mono (A)10 10 117227 117236 ycfl/rps15(1GS)
tetra (CCAT)3 12 117692 117703 ndH(CDS)
tetra (TCTT)3 12 119457 119468 ndhA (intron)
tetra (CTTT)3 12 119959 119970 ndhA (intron)
mono (A)8 8 120027 120034 ndhA (intron)
mono (T)9 9 120107 120115 ndhA (intron)
mono (A)8 8 120124 120131 ndhA (intron)
mono (T)8 8 120166 120173 ndhA (intron)
mono (A)8 8 121018 121025 ndhA/ndhI(IGS)
mono (T8 8 122687 122694 ndhG/ndhE(IGS)
mono (D12 12 123111 123122 ndhE/psaC(IGS)
mono (D11 11 123272 123282 ndhE/psaC(IGS)
mono (A)10 10 123417 123426 ndhE/psaC(IGS)
mono (T8 8 123724 123731 psaC/ndhD(IGS)
mono (A)8 8 124707 124714 ndhD(CDS)
mono (T)8 8 125057 125064 ndhD(CDS)
mono (T)8 8 125292 125299 ndhD(CDS)
mono (A)8 8 125335 125342 ndhD/ccsA(IGS)
mono (A)10 10 125345 125354 ndhD/ccsA(IGS)
mono (T8 8 126218 126225 ccsA(CDS)
mono (A)10 10 126508 126517 ccsA/trnL-UAG(IGS)
mono ()10 10 126769 126778 trnL-UAG/ndhG(IGS)

CDS, coding sequences; IGS, intergenic spacers
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CHAPTER II: The plastomes of two Opuntia, Opuntia monacantha Haw and Opuntia
ficus-indica (L.) Mill. reveal little gene loss and unique rearrangements within Cactaceae

ABSTRACT

Opuntia arose ca.6-8 million years ago (MA) and comprises around 220-350 species, with the
center of origin is South America. Opuntia is cultivated worldwide due to its economic
importance, being used in food, animal fodder, ornamental purposes, and medicinal purposes.
We sequenced and characterized in detail the plastomes of Opuntia monacantha and Opuntia
ficus-indica. Aiming to understand the evolutionary patterns in Cactaceae and in the suborder
Cactineae, we conducted extensive analyzes with the plastid genes. The analyzes showed genes
with high divergence (accD, clpP, infA, rpl22, rps18) and we also found that 49 of 79) plastid
genes under positive selection. A total of 1758 nucleotides are under positive selection and the
high divergence genes mentioned above with are responsible for more than half of these
nucleotide sites. Moreover, we predicted 68 RNA editing sites in Opuntioideae, and mapped
240 and 253 simple sequence repeats (SSR) to O. monacantha and O. ficus-indica, respectively.
Furthermore, we performed a phylogeny analysis based on 54 concatenated genes of 30 taxa,
representing the suborder Cactineae, in which Opuntia formed a monophyletic group. The data
presented here is important for genetic studies in Cactaceae and provide an elucidation of the

evolution on plastid genes.

Keywords: Prickly pear, Opuntioideae, Positive selection, Plastome evolution, Expansion LSC,

Expansion IRs

1. INTRODUCTION

The Cactaceae family contains approximately 1400 species (Guerrero et al. 2019).
Opuntia comprises about 220-350 species (Britton and Rose 1919; Anderson 2001), and has
South America as its center of origin, having diversified thought the Miocene a 6-8 million
years ago (Majure et al. 2012; Arakaki et al.2011). Opuntia commonly known prickly pear,
belong to subfamily Opuntioideae, and is cultivated worldwide due to its economic importance.
It is used in food, animal fodder, for ornamental and medicinally purposes, (Stintzing and Carle

2005; Griinwaldt et al. 2015; Santiago et al. 2018; Feugang et al. 2006; Yang et al. 2008).



66

In the semiarid region of Brazil and in Mexico, Opuntia ficus-indica is popularly known
as palma forrageira and Nopal (figueira da india), respectively. In those locations, harvest takes
place biannually (Silva et al. 2015; Dieleman et al. 2017). The fruits have a high content of
antioxidants and vitamins, adding significantly to the nutrition of animals and humans (Lucena
et al. 2013; Dieleman et al. 2017). Also, the species has high ecological importance, since it is
home to several transitional animal and plant species (Oliveira et al. 1999).

In Brazil, Opuntia monacantha occurs along the south and southeast coast, in the
Atlantic Forest biome, which is among the biome most fragmented, degraded, and threatened
by human activities, such as tourist activity and agricultural expansion. This species has been
widely studied because its bioactive compounds and antioxidants, wich have high efficiency in
fighting free radicals (Bauer and Waechter 2006; Zappi et al. 2011; Valente et al. 2010).

Generally, superior plants have a plastome with a typical quadripartite structure, with
conserved genes, divided into two groups. The first group is linked to the photosynthetic
apparatus (photosystem I and II, ATP synthase, and complex cytochrome b6f). The second
group is related to gene expression in the ribosomes subunit, tRNAs, rRNAs, and RNA
polymerase (Daniell et al. 2016; Allen 2015; Rogalski et al. 2015).

The structure, order, and gene content are generally conserved in angiosperms, but there
are reports of groups that present highly rearranged plastomes, gene losses, wich involve genes
considered essential (e.g., ycfl, ycf2, trnV-UAC) (Kikuchi et al. 2013 and 2018; Alkatib et al
2012). Some of these groups are Fabaceae (Schwarz et al. 2015), Campunalaceae (Haberle et
al. 2008), Geraniaceae (Weng et al. 2014), Passifloraceae (Rabah et al. 2019; Pacheco et al.
2020), and Cactaceae (Sanderson et al. 2015; Solérzano et al. 2019; Oulo et. al 2020, Morais
da Silva et al. 2021; Kohler et al. 2020), a family that is the object of study in this work.

Obtaining the complete plastomes of the species, we can perform several analyses,
including the study of population genetics through molecular markers mapped and listed for the
group, and phylogenetic inferences at various taxonomic levels (Rogalski et al. 2015; Quiao et
al. 2016). Furthermore, understanding the evolution of plastid genes through the prediction of
RNA editing sites, positive selection, gene divergence, evaluating functionality, degeneration,
and/or gene loss (Lopes et al. 2018ab; Pacheco et al. 2019 and 2020).

Here, we report the complete plastomes of Opuntia monacantha and Opuntia ficus-
indica, we characterize in detail the structures identifying unique rearrangements and
translocations in Opuntioideae (expansion of regions like IR and LSC). With the complete

plastome sequenced we map the simple sequence repeat (SSR) and use the protein-encoding
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genes we predict possible RNA editing sites. We inferred the gene divergence and positive

selection in addition to the phylogenetic position of these species in the suborder Cactineae.

2. MATERIAL AND METHODS

Plant material and plastid DNA extraction, sequencing, assembling and annotation

Opuntia monacantha and Opuntia ficus-indica fresh and young cladodes were collected
at Universidade Federal de Vigosa, Vigosa-MG, Brazil and kept on dark for 1 week at 4 °C to
decrease the starch content. After that, the chloroplast isolation and plastid DNA extraction

were performed according to Vieira et al. (2014).

Plastome sequencing, assembling, and annotation

Around 1 ng of plastid DNA was used to prepare sequencing libraries with Nextera XT
DNA Sample Prep Kit (Illumina Inc., San Diego, CA), according to the manufacturer’s
instructions. Obtaining the library was sequencing using Illumina MiSeq platform (Illumina
Inc., San Diego, California, USA) at the Universidade Federal do Parand, Brazil. The reads
obtained were trimmed (threshold with a probability of error <0.05) and de novo assembled in
contigs using CLC genomics Workbench 8.0.2 software (CLC Bio, Aarthus, Denmark). The
sequencing of O. monacantha and O. ficus-indica resulted, respectively, in 2,283 reads of
average coverage 1,152.56 and 3,845 reads of average coverage 451.45.

The contigs used for assembling the plastomes varied from 631.39 to 1,156.59 for O.
monacantha and from 926.88 to 240.02 for O. ficus-indica, average coverage. Additionally, a
gap of 247 bp in O ficus-indica was closed with a contig of 118299 size and 51.27 coverage,
using the SPAdes 3.13.0 software (Bankevich et al. 2012), based on the pre-assembled genome
and the aid of another sequencing.

For annotation of genes, we use Annotation of Organellar Genomes (Tillich et al. 2017)
, Dual Organellar GenoMe Annotator (DOGMA) (Wyman et al. 2004) and BLAST searches.
From this initial annotation, putative start codons, stop codons, and intron positions were
determined based on comparisons to homologous genes in other plastid genomes at the
GenBank database. All tRNA genes were further verified by using tRNAscan-SE (Lowe and

Chan 2016). The physical map of the plastid circular genome was drawn using Organellar
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Genome DRAW (OGDRAW) version 1.3.1 (Greiner et al. 2019) . The complete nucleotide
sequences and gene features of the plastomes of O. monacantha and O. ficus-indica were
deposited in the GenBank database under accession number MZ579523 and OK448352,

respectively.

Comparative analysis of plastome structure Opuntia

The LSC region of O. monacantha, O. ficus-indica, O. quimilo, and Portulaca oleracea,
specie available in the database had a typical plastome organization, were compared through
multiple alignment using the software Mauve Genome Alignment v2.3.1 (MAUVE) (Darling
et al. 2004). After that, the MUMmer nucleotide script (NUCmer) Perl from the MUMmer 3.23
software was used to compare the complete plastome of O. monacantha and O. ficus-indica
with that of P. oleracea (Kurtz et al. 2004). The linear maps of genes were drawn by using

OGDRAW for identification of possible rearrangements (Greiner et al. 2019) .

Phylogenetic inference

The inference of phylogenetic position of O. monacantha and O. ficus-indica inside the
suborder Cactineae was realized based on 54 plastid genes. Spinacia oleracea
(Chenopodiaceae) was used as an outgroup (Supplementary Table S1). The plastid genes were
extracted from GenBank individually and aligned the by MUSCLE (Edgar 2004) implemented
in MEGAX (Kumar et al. 2018) The best- fit evolutionary models: TVM+F+I+G4: (atpA, atpB,
atpE, atpF, ccsA, cemA, matK, petA, psaC, psbH, psbK, psbT, rbcL, rpli4, rpll6, rpoA, rpoB,
rpoCl, rpoC2, rps4, rpsi4, ycf3); GTR+F+I+G4: (atpH, atpl, petB, petD, petG, petN, psaA,
psaB, psal, psbA, psbB, psbC,psbD, psbE, psbF, psbJ, psbL, psbN, psbZ); TIM3+F+G4: (clpP);
TVM+F+G4: (infA, psbM, rpl2, rps2, rps3, rps7, rps8, rpsll, rpsi2, rpsl5, rpsl9);
TVM+F+G4: (rpl22), were selected after the a maximum likelithood (ML) estimation was
conducted using IQTREE v 1.6.10 (Nguyen et al. 2015). Posteriorly 500 non-parametric
bootstrap replications were used to asses branch support. Finally, the consensus tree was

visualized through FigTree 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

SSR identication and RNA editing sites prediction
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Simple sequence repeats (SSRs) in the O. monacantha and O. ficus-indica plastome
were detected using the MIcroSAtellite (MISA) Perl script (Thiel et al. 2003), with thresholds
of eight repeat units for mononucleotide SSRs, four repeat units for di- and trinucleotide SSRs,
and three repeat units for tetra-, penta- and hexanucleotide SSRs.

Potential RNA editing sites where predicted 35 plastid protein-coding genes (accD, atpA, atpB,
atpF, atpl, ccsA, clpP, matK, ndhA, ndhB, ndhD, ndhF, ndhG, petB, petD, petG, petL, psaB,
psal, psbB, psbE, psbF, psbL, rpl2, rpl20, rpl23, rpoA, rpoB, rpocl, rpoc2, rps2, rps8, rpsi4,
rps16, and ycf3) of the species O. monacantha, O. ficus-indica, O.quimilo and Brasiliensis
brasiliensis, using the software Predictive RNA Editor for Plants (PREP) suite (Mower 2009).

The cutoff value was set to 0.8.

Gene divergence analysis in cacti and identification of positive signatures in plastid

protein-coding genes within Cactineae

The 57 protein-coding genes present in all 17 Cactaceae plastomes already sequenced,
including O. monacantha and O. ficus indica, other 7 genes absent in some species and
Portulaca oleracea (as external group) were extracted from GenBank and aligned using the
software Muscle (Edgar 2004) implemented in Mega X (Kumar et al. 2018) . Phylogenetic
reconstruction of each gene was performed to assess the gene divergence. The phylogenies were
inferred based on the ML method following the same steps mentioned above for the
phylogenetic inference using plastid genes. The gene divergence was estimated by the sum of
total branch lengths that link the operational taxonomical units to the common ancestor of
Cactaceae species sampled here.

We also investigated for the presence of positive signatures (positive selection) of 77
functional genes in O. monacantha and O. ficus indica, that were aligned as described before.
The positive signatures were analyzed using Selecton version 2.4 (http://selecton.tau.ac.il//;
Stern et al.2007), performing the comparison M8 (allows positive selection) against M8a (null
model) with one degree of freedom and cutoft (¢) of 0.1. We consider in our analysis only sites

where reliable positive selection was inferred (lower bound >1 and test with probability <0.01.

3. RESULTS

General features of the plastomes Opuntia


http://selecton.tau.ac.il/
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The plastomes of O. monacantha (Figure 1) and O. ficus-indica (Figure 2) has a
circular DNA molecule with the typical quadripartite structure, containing two inverted repeat
regions (IRA and IRB) among two single copy regions (LSC and SSC), the larger and the
smaller, respectively. The SSC region was the only one that practically did not vary among
these species, 4109 bp in O. monacantha to 4110bp in O. ficus-indica. On the other hand, LSC
varied significantly, 101,384 bp in O. monacantha to 87.248 bp in O. ficus-indica and IR
21,791bp to 30,515 bp, respectively (Table 1). The overall GC content determined to O.
monacantha is 36.6%, and O.ficus-indica 36.7%, similarlly to all species in this family (Table
1).

The gene content of both Opuntia plastomes includes 110 unique genes, of which 77 are
protein-coding genes, 29 are tRNAs genes, and four are rRNA genes (Table 2 and 3). O.
monacantha has 17 completely duplicated genes, including 8 protein-coding genes, four tRNAs
genes, and four rRNA genes. Three pseudogenes (ycf1, ycf2, and trnV-UAC) were identified by
the presence of stop codons in the two protein-coding genes. O. ficus-indica on the other hand
has 25 completely duplicated genes, and rps/9 gene partially duplicated in the IRs boundaries.
The set of completely duplicated genes include, 14 of protein-coding, seven tRNA, and four
rRNA. Two pseudogenes, ycfI and trnV-UAC, and a lost gene ycf2. Both species have 14 genes
harbor one intron (five tRNA genes and nine protein-coding genes) and one harbor two introns
(vcf3 gene). The two introns of the c/pP gene and one intron of the rpl2 gene were lost in both
species.

To facilitate interpretation, we used multiple alignment analyses to compare only the
LSC region (from trnH-GUG to rps19 genes) (1) P. oleracea with O. monacantha and O. ficus-
indica (i1) O. monacantha, O. ficus-indica and O. quimilo (Supplementary Figure S1). Here,
we hypothesize two possible explanations for the rearrangements founded. The first hypothesis
is that a large inversion of block E to B has occurred, explaining why Opuntia has a different
position and gene order inside LSC. Posteriorly, a second inversion has occurred, reversing the
effects of the first, in LCB E the region petL to rpsI2 and in LCB C the region trnV-UAC
pseudogene in Opuntia to rbcL, explaining why these blocks have the same orientation and
order of genes of their ancestor.

Other hypothesis would be the inverse of the first, that is, inversions occurred in blocks

E and C first. The second inversion encompassed the entire region involved in these
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rearrangements (E to B), consequently it involved the blocks E and C, who have already
suffered inversion, (see Figure 3).

When comparing the complete plastomes of O. monacantha and O. ficus-indica with P.
oleracea, by Mummer (Supplementary Figure S2 and S3), respectively. The rearrangements
and inversions found here in the SSC-IRs region of Opuntia, in addition to the LSC region
mentioned earlier (Supplementary Figure S1, Figure 3 (E and C), are shared with
Brasiliopuntia brasiliensis (Chapter 1).

The differences found between the two Opuntia consist in the fact O.mocantha shares IRB/LSC
contraction with O.quimilo, both having a more expanded LSC when compared to O.ficus -
indica and P.oleracea (Figure 3).

In addition to the rearrangements that have been identified in Opuntioideae, only
O.ficus-indica shows the loss of the ycf2 gene (Supplementary Figure S2 (number 1 highlight
in red)), which in theory would be in the IR, due to the SSC/IRB contraction event (Figure
3(3)). O. monacantha and O. quimilo, present the ycf2 in the LSC region, but as a pseudogene
(Figure 3).

Cactineae phylogenetic reconstruction based on plastid genes

We carried out phylogenetic analysis, based 54 protein-coding plastid genes aiming to
infer the position of Opuntia monacantha and Opuntia ficus-indica within Cactaceae and
suborder Cactineae. This analysis is an update of the phylogeny of the suborder Cactineae
(Chapter 1; Morais da Silva et al. 2020). In this update were included cacti of the subfamily
Opuntioideae, O. monacantha and O. ficus-indica, sequenced in this work, one basal specie,
represented by Pereskia aculeata, and from the subfamily Cactoideae, were included
Selenicereus undatus and Rhipsalis baccifera (Supplementary Table S1). The maximum
likelihood (ML) analysis produced a consensus tree (Figured4) with a log-likelihood of -
137906.927813. In this tree topology, the relationships among the families are in accordance to
previously works (Chapter 1; Morais da Silva et al. 2020).

The separation of the two subfamilies (Opuntioideae and Cactoideae) is noticeable and
has high branch support, most with 100% of ML-BS. In Cactoideae, this phylogeny groups
Rhipsalis teres with R. baccifera, within the Carnegiea and Lophocereus clade. C. gigantea

and L. schotti forming a sister group with Seleniceus undatus.
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Within Opuntioideae, O. ficus-indica diverged a little earlier, but it stays grouped with
O. monacantha and O. quimilo, forming a sister group, which, in turn, all formed a sister group

with Brasiliopuntia brasiliensis.

Sequence repeats content and identification of putative RNA editing sites in plastid

protein-coding genes of three species of genus Opuntia

We identified 240 and 253 SSR loci in the plastomes of O. monacantha and O. ficus-
indica (Supplementary Table S2 and S4), respectively. Most of them, approximately 70%,
comprises A/T mononucleotide repeats (Supplementary Table S3 and S5). Of the total simple
sequence repeat mapped in O. monacantha plastome, 188 are located in the LSC region, 13 in
the SSC and 37 in the IRs. Already in O. ficus- indica, 176, 15 and 59, respectively.
Additionally, in O. monacantha the total SSR mapped, 150 are present in intergenic spacers
(IGS), 38 in introns and 52 in CDS. In O. ficus-indica similar numbers were found for the
regions, 154 (IGS), 46 (intron) and 53 (CDS). The distribution of SSR loci is well conserved
among species, 227 occurrences are shared among them.

The predictive analysis of the RNA editing sites in plastid protein-coding genes of the
subfamily Opuntioideae was carried using the webserver PREP. We identified 68 sites for O.
ficus-indica, O. monacantha and Brasiliopuntia brasiliensis, distributed in 22 genes for species
genus Opuntia and in 20 genes for B.brasiliensis. O. quimilo, in turn, showed 69 sites,
distributed in 21 genes (Supplementary Table S6). All RNA editions predicted are cytidine
(C) to uridine (U) conversions, at the first (24.6%) or second (75.4%) positions of the codons.

Most predicted RNA sites (63,23%) changed the encoded amino acid from polar to
apolar. When a change from apolar to polar occurred, only 6 of 68 sites of change were
predicted, representing 8,83% of sites. There were also 17 editions that did not change the
polarity of the amino acid (sixteen changes of apolar to apolar and three polar to polar), filling
27.34% of the changes in general.

Of the 68 sites predicted for Opuntioideae, 64 of these are shared by all 4 species
analyzed. Some RNA editing sites are unique in the Opuntioideae subfamily, except from accd
gene, which is a very divergent gene and presents distinct sites between species. The psbB gene
(e.g., CTT(Ly=TTT(F)) in O. ficus-indica, rpoc2 gene (e.g. TCC(S)=> TTC(F)) in O. quimilo,
and matK gene (e.g. CCG(P)) =>CTG(L)) B. brasiliensis.
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Molecular evolution analysis of protein-coding genes in Opuntia plastomes

This analysis of gene divergence in these cacti indicates that 50 of those genes are
evolving under low substitution rates, around 0.01, in all species (Figure 5).

In general, the gene divergence analysis indicates that the plastid protein-coding genes
in Cactaceae are very divergent. The rps genes varied significantly in branch length, being close
to 0.1 for all species. Genes like accD followed by clpP and inf4, show extensive variation
Mainly accD in species of subfamily Opuntioideae, reaching 0.80 branch length. Other genes,
such as psbM, and rpl22, are more divergent in subfamily Cactoideae, on the other hand, petL
is divergent only in Opuntioideae.

We also investigate if any plastid gene in Cactineae undergoes positive selection. We
identified a total of 189 putative positive signatures distributed in just over half of plastid genes
(35 of 79 protein-coding genes). This positive selection analysis corroborates what was
identified in the genetic divergence analysis. The more divergent the gene, the greater the
number of positive signatures.

Positive signatures were identified and evolutionary patterns were identified in
Cactineae. We plotted the sites under positive selection against phylogenetic inference in
several genes involved in different functions, such as photosynthesis and others functions
[(Figure 6) ATP synthase (atpA, B and F), RNA maturation (matk), cythocrhome biosynthesis
(ccsA gene), envelope membrane protein (cem A), and translation initiation factor (infA4),
(Figure 7) (psb genes, rbcl), and ndh complex (ndh genes) (Figure 8)]. The genes related to
express machinery including subunits of RNA polymerase (rpo genes), and ribossomal proteins
(rpl and rps genes), (Supplementary Figure S4, S5, S6, and S7).

Some evolutionary types are notorious when we compare the selection signatures to the
phylogeny (relationship between the suborder Cactineae). In the case of the rp/ and rps genes,
for example, the sites are quite heterogeneous and position does not always occur in all species
(Supplementary Figure S5, S6 and S7). However, most of the times the positive selection site
in Opuntioideae is shared. Genes related to photosynthesis, usually more conserved genes, the
sites identified are shared in different families (Figure 6 and 7). The genes related to the ndh
complex, absent in the Cactoideae subfamily, but present in Opuntioideae, showed positive

selection sites, identical to the other species in this topology, not closely related (Figure S8).

4. DISCUSSION
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Opuntia have few genetic losses and/or pseudogenization, and have the same IRB/SSC

inversions and rearrangements

The plastomes of Opuntioideae are conserved in gene content (Table 1; Chapter 1) and

the rearrangements are just the expansion in the IRB-SSC junction. The LSC and IRs are the
regions in which these plastomes have wide variation while SSC is very similar between
species. Opuntia has the smaller plastomes compared to B. brasiliensis, but Opuntioideae has
the largest plastomes within Cactaceae (Table 1).
The inversions and translocations in the LSC region that occurred in Opuntioideae, occur in the
same way for all species this group, but the rearrangements we have exceptions, in addition, to
rearrangements in IRB-SSC that occurred in O. ficus-indica and B. brasiliensis, O. monacantha
shared contraction IRB-LSC with O. quimilo, therefore both having the largest LSC, ~20 kb
more than other species in Opuntioideae. In general, Cactaceac with present lot of
rearrangements in their plastomes, from species with total IR loss (Sanderson et al. 2015) to a
very reduced IR with SSC expansion (Solorzano et al. 2019; Oulo et al. 2020; Morais da Silva
et al. 2021). However, until now, the expansion of IRs and LSC was reported only in
Opuntioideae (Chapter 1; Kohler et al. 2020).

Opuntia has a very conserved gene content, except for the pseudogenes ycf1, ycf2, trnV-
UAC. The ycf2 gene was lost in O. ficus-indica. Degeneration of ycfI and ycf2 is not recurrent
in Cactaceae, only Mammillaria zephyranthoides, Rhipsalis baccifera, and Opuntia quimilo,
present these genes as pseudogenes (Solorzano et. al 2019; Oulo et al. 2020; Kohler et al. 2020).
However, in angiosperms, complete loss or degeneration of these genes is common (Guisinger
et al. 2011; Fajardo et al. 2013; Rabah et al. 2019; Pacheco et al. 2020). Although both genes
are considered essential, their functions have not been discovered and there are no reports of
alternative mechanisms to make up for the lack of both (Drescher et al. 2000).

The trnV-UAC is an essential transporter RNA, according to the Superwobling theory
(Alkatib et al 2012; Rogalski et al. 2008). This gene in Cactoideae as missing, and the loss is
justified because it occurs in a region of the LSC where a lot of rearrangements has been
reported for a long time (i.e., LCB C Figure 3) (Sanderson et al. 2015; Solérzano et al. 2019;
Oulo et al. 2020; Morais da Silva et al. 2021; Wallace 1995). However, identified trnV-UAC as
a pseudogene in B. brasiliensis (Chapter 1), through analysis of the primary and secondary
structure of this gene, in addition the structural analysis, through analysis codon usage, verified

that it is possibly used of that RNA transporter valine, indicating import. Here we identified this
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trnV-UAC as a pseudogene in Opuntia and based on the work of Silva and collaborators, we
continue to hypothesize the import due to your essentiality.

All species of the subfamily Cactoideae available to the database, have revealed in their
plastomes a vast gene loss and/or degeneration to pseudogenes. The NDH complex, related to
NAD(P)H dehydrogenase, acting mainly in the cyclic transfer of electrons under stressful
conditions (Li et al. 2014; Yamori and Shikanai 2016), has been the most reported in these
cases, followed by genes related to the machinery of expression, more precisely the 50s (7pl23,
rpl33, rpl36) and 30s (rpsi6 and rpsi8) subunits of the ribosome, in addition to the
photosynthesis-related ycf4 (Krech et al. 2012).

In Opuntia, all these genes degenerated to pseudogenes and/or lost in Cactoideae are
functional, most of the ndh genes are present in the region of the IRs, and we could even
hypothesize that they were being maintained because they were undergoing gene conversion
(mutation corrections) (Khakhlova and Bock 2006). Although, we believe that this is not the
case due to the fact that 5 subunits (ndhC, D, E, J, and K) occur in the LSC and SSC region,
sites that do not have gene coverage, as they do not have duplicate copies in the plastome.

Interestingly, these genes are directly involved with processes that impact plant growth
(protein biosynthesis, especially in the early stages of development and photosynthesis),
although most are not considered essential. Cactoideae has a slow development compared to
Opuntioideae, which are cacti of long, and flat cladodes, it is likely that the absence of these

genes may be impairing development.

SSR mapping and prediction

To date, plastid molecular markers have not been reported in Opuntia populations.
Likewise, the Cactaceae family in general is poorly studied in several aspects related to genetic
diversity of populations. Here we detect, 240 SSR in the plastome of O. monacantha and 253
in O. ficus-indica, which represents a contribution of genetic data to the genus Opuntia that can
be used in studies of conservation and population genetics, in addition to helping to identify the
population structure (Rogalski et al. 2015). Most of the simple sequence repeats
(microsatellites) mapped here in Opuntia occurred mainly in intergenic spaces (IGS), and are
monopolymers of A and T (Morais da Silva et al. 2021; George et al. 2015; Wheeler et al.
2014).



76

In Brasiliopuntia brasiliensis, 236 microsatellites were mapped, of which 218 are shared
with Opuntia, signaling that these potential molecular markers can be used at the subfamily
level (Chapter 1).

Morais da Silva and collaborators (2021) signaled, that genes with a high degree of
divergence (e.g., accD and clpP) would be good molecular markers for the Cactoideae
subfamily. Here, we complement the use of these two genes already mentioned, with the genes

petL, for Opuntioideae, psbM, rps18 and rpl22, for all cacti.

RNA editing sites are highly conserved in Opuntioideae

Plastid RNA editing is a post-transcriptional modification mechanism in RNA, in
flowering plants (C-U), and in ferns and mosses (U-C). In parallel with the number of RNA
edits being decreasing with the evolution of plants (Takenaka et al. 2013), it was identified that
there is a tendency for these edits to occur more in non-essential genes and that if they occur in
essential genes, it is in portions that the change does not interfere with the gene's functionality
(Fiebig et al. 2014). In addition, RNA editing can act to correction mutations, indirectly
repairing (restoring amino acids, start and stop codons) (Takenaka et al. 2013; Ichinose and
Sugita 2017).

We identified a total of 68 RNA editing sites, of which 64 were shared by all
Opuntioideae analyzed (Supplementary Table S6), demonstrating a high conservation of the
edited sites. Edits occurred in the first and second positions of the codons, which has been
reported for angiosperms (Takenaka et al. 2013). More than half of the predicted sites caused
the amino acid change from polar to apolar, increasing the number of hydrophobic proteins,
which can impact the interaction of protein complexes and transmembrane domains (He et al.
2016; Lopes et al. 2019).

Comparing to the RNA editing sites identified in the subfamily Cactoideae by Morais
da silva and collaborators (2021), we can consider as gain the site in the psbB gene (193), which
was identified only in O. ficus-indica, matK (54) in B. brasiliensis. Already (610) rpoc2 in O.
quimilo, it was identified in all Cactoideae, but it is unique among Opuntioideae species.

Also comparing with that found in Cactoideae, the sites in the ccsA, ndh complex and
rps8 genes identified here occur only in Opuntioideae. On the other hand, sites identified by
Morais da Silva and collaborators (2021) in the rpl2 and rpoA genes only occur in species of

the Opuntioideae subfamily.
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It is noteworthy that the genes of the ndh complex are responsible for 30 out of 68 of
the editing sites and that in Cactoideae there was degeneration of the complex. Several
angiosperms have an accumulation of RNA editing sites in genes of this complex (Tsudzuki et
al. 2001).

We present here results of the first RNA editing prediction analysis performed for
Opuntioideae, but due to the lack of taxa it is not possible inferring the evolutionary pattern for

the subfamily.

Molecular evolution of plastid protein-coding genes with Opuntioideae

We performed analyzes to identify gene divergence and also investigate positive
selection in protein-coding genes, in order to elucidate the evolution of these genes in Cactineae.
In our gene divergence analysis, we identified some genes with wide variations in branch length
(e.g., accD, clpP, psbM, rps19, infA, and petL genes).

All of these genes, with the exception of the petL gene, were reported as highly divergent
in Cactoideae (Morais da Silva et al. 2021). The accD gene had been considered a pseudogene
in Cactoideae (Sanderson et al. 2015; Soldrzano et al. 2019; Kohler et al. 2020), but it is only
responsible for all fatty acid biosynthesis Rogalski and Carrer 2011; Salie and Thelen 2016),
here we take into account the finding by Morais da Silva and collaborators (2021) that the C-
terminal portion houses the domains that guarantee the functionality of the gene is conserved,
therefore considering the gene to be functional even with a high degree of divergence. This
gene is also reported to be well divergent in Passiflora and Brasiliopuntia brasiliensis (Rabah
et al. 2019; Pacheco et al. 2020; Chapter 1).

The loss of introns and the fact that it is very divergent has been reported for c/pP in
several cacti and other species (Morais da Silva et al 2020; Kohler et al. 2020; Oulo et al. 2020;
Pacheco et al.2020; Lopes et al. 2018; Chapter 1).

There are reports in the Silene genus that the high divergence of accD and clpP genes
coincide with rapid nuclear evolution and also rapid evolution of these plastid genes coinciding
with high mitochondrial divergence, since, these genes encode multi-subunits and are formed
by nuclear and plastid gene products (Rockenbach et al. 2016; Sloan et al. 2012; Greiner and
Bock 2013)

Furthermore, we investigated if any Cactineae plastid gene were under positive
selection. We expected that very divergent genes might be under positive selection, we detected

189 nucleotides under selection, distributed across 35 protein-coding genes.
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We inquired whether the nucleotides under positive selection occurred in a protein
domain interaction  site. According to  Conserved Domains  Database
(https://www.ncbi.nlm.nih.gov/cdd), where out of a total of 35 genes, 19 genes were available
for consultation, and of these, only rps2 and rps7 genes had interactions identified.

In the rps2 gene occurred indication of interaction between the protein domains, in
position (39) rRNA interaction site. For the rps7 gene at position 93, rRNA binding site. The
plastid genes involved in gene expression, especially the rpl and rps genes, is reported evolving

in an accelerated way (Weng et al. 2016).

S. CONCLUSIONS

In this study we reported the complete plastomes of two species of the genus Opuntia,
O. monacantha and O. ficus-indica. Our comparative analyzes revealed well rearranged
plastomes, both compared within Opuntioideae, and only within the genus Opuntia. The
plastome of Opuntia monacantha revealed a contraction at the IRB-LSC junction that is shared
only with Opuntia quimilo, both forming a sister group phylogenetically, while Opuntia ficus-
indica showed all shared rearrangements within Opuntia except for the loss of the ycf2 gene in
the region of IRs, in other closely related species, this gene is located in the LSC region, but is
apseudogene. Both species present the ycfI and trnV-UAC gene as pseudogenes, genes reported
in the literature as essential. Regarding the evolution analysis of plastid genes, we found high
genetic divergence for the genes accD, clpP, rpsl19, infA, rpl22, and petL. We also identified
189 putative positive selection sites. Moreover, we identified 68 RNA editing sites, distributed
in 22 genes and also mapped 240 and 253 microsatellites to Opuntia monacantha and O. ficus-
indica, respectively. Finally, the complete Opuntia plastomes, sequenced here, helped to
understand the evolution of the Cactaceae family and the Opuntioideae subfamily, in addition
to the molecular markers listed here are useful for population genetic studies, as these species

in specific inhabit well degraded biomes.
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Figure 1. Gene map and genome organization of O. monacantha. Two inverted repeat regions
IRA and IRg divide the circular DNA molecule into large (LSC) and small (SSC) single copy
regions. Genes drawn inside the circle are transcribed clockwise, and genes drawn outside are
expressed counterclockwise. Genes belonging to different functional groups are color-coded.
The dark gray in the inner circle corresponds to GC content, while the light gray corresponds
to AT content. The dotted circle corresponds to 50% of AT/GC content.
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Figure 2. Gene map and genome organization of O. ficus-indica. Two inverted repeat regions
IRA and IRg divide the circular DNA molecule into large (LSC) and small (SSC) single copy
regions. Genes drawn inside the circle are transcribed clockwise, and genes drawn outside are
expressed counterclockwise. Genes belonging to different functional groups are color-coded.
The dark gray in the inner circle corresponds to GC content, while the light gray corresponds
to AT content. The dotted circle corresponds to 50% of AT/GC content.



87

Portulaca oleracea

: 88C
J—i
Uf' Mo+

Opuntia ficus-indica i
) !
_— ' !
I NI | Il I/l ;
M T . ] [ T :
[
! E D C B i : B) I ] ; i
Opuntia monacantha ! ' ' !
[ . 1 1 1
L[ i Loy o :
il 10 | : P T T,
i Pt !
@ ’
: 1 1 1
Opuntia quimilo ! i i i
'Il"T”F ” | LI\ 5 \ ’
1
; P i
. P :
Events
Locally colinear blocks (LCBs) at LSC region:
LCB E: petL —rpsi2 LCB D: pshE — accD LCB C: traV-UAC* — rbcL LCB B: ndhC—tranG-UCC
Rearrangements at SSC. [RA, IRB regions:
(1) Deletion of the ycfi at IRB-SSC junction (2) Inversion: ycfl — trnL-UAG (3) Expansion at IRB-SSC junction

Rearrangements at LSC, IRA, IRB regions:
(4) Contraction IRB-LSC junction

Loss of the ycf2 gene 1
Figure 3. Comparison of the gene content and order between the Opuntia ficus-indica and Opuntia monacantha with Portulaca oleracea plastomes,
which presents the general structure found in most angiosperms plastomes, and also between Opuntioideas. O.ficus-indica and O.monacantha is
also compared with Opuntia quimilo, all Opuntioideae. The genes involved in inversions are highlighted by crossed and straight lines gray arrows.
The white arrows indicate contraction and expansion. The (*) indicates pseudogene. Gene loss is pointed out by a red square in the plastome of
P.oleracea. Dotted black lines horizontally separate as regions of the plastome, LSC and SSC, large and small single-copy regions; IRA /B, inverted
repeat region. The linear gene maps were drawn by using OGDRAW.



Calandrivia eremaea

100

100

Calandrinia granulifera

100

Montia foni

_@] Gstanthe grandiflora
Ostanthe longiscapa

Riapsakis teres
Rhipsals baccfera

Selemicereus undatus

Carnegiea gigantea
100 gea g g

Lophocereus schoti

Mamnullaria albiflora

D 0}‘lo]{ammz'IIari a pectinifera

Mamngllania sobsioides

96

M hik

100 Mamnillaria crucigera
2 . . P
ﬂ;lm llaria ndtalop
Mammillaria supertexta

A1

illaria zephyranthoides

|~ Brasiliopuniia brasikenss

o Anredera cordfola
53 L Busellaalba
Halophytum ameghinoi
% Tabknum pariculaium
? ™ Poriulaca grandiflora
100 I: Portulaca pilosa
10 = Fortulaca oleracea
Pereskia aculeata
o8 100
100
100
100

By 100

100
—193
100 Cpunia qanilo
Spinacia oleracea

0.009

Figure 4. Cactineae phylogenetic tree of 30 taxa (29 species of suborder Cactineae and one outgroup) based on 54 protein-coding plastid genes
using maximum likelihood (ML) method. Numbers (%) associated with branches are ML bootstrap support (BS) values. The branch length is

L]@ng.‘mi[d monacantha

Opuniia ficus-indica

88

proportional to the inferred divergence level. The scale bar indicates the number of inferred nucleic acid substitutions per site. The position of
Opuntia monacantha and Opuntia ficus-indica is highlighted in red. Spinacia oleracea was used to root the tree. Tree reconstruction was performed
using IQTREE software, with TVM+F+1+G4, GTR+F+1+G4, TIM3+F+G4 and TVM+F+G4, models.
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Figure 5. Divergence of plastid protein-coding genes among species of the family Cactaceae.
The gene divergence was estimated by the sum of total branch lengths in each gene tree infererd.
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aa position 791308 (427|456 | 459 (476 | 3 127|228 | 387 452 93 (174|177 67 |5 |59| 258

Calandrinia eremaea
~‘—{ Calandrinia granulifera
Montia fontana
L Cistanthe grandifilora

Cistanthe longiscapa
— Anredera cordifolia
| Basella alba
Talinum paniculatum
Halophyvtum ameghinoi
Portulaca grandiflora
Portulaca pilosa
Portulaca oleracea
Pereskia aculeata
Rhipsalis teres
Rhipsalis baccifera
Selenicereus undatus
Carnegiea gigantea
— Lophocereus schottii
Mammillaria albiflora
Mammillaria pectinifera
Mammillaria solisioides
Mammillaria crucigera
— Mammillaria huitzilopochtli
Mammillaria supertexta
Mammillaria zephvranthoides

Brasiliopuntia brasiliensis

Opuntia monacantha
E Opuntia quimilo

Opuntia ficus-indica

Spinacia oleracea
Figure 6. Sites under positive selection in plastid genes involved in the photosynthetic process and others fumctions. The amino acids are plotted
across Cactineae phylogeny, based on plastid genes concatenated. Colored amino acids in orange mean the nucleotide is under positive
selection.The amino acids positions are relative to O. monacantha plastid genes.
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Figure 7. Sites under positive selection in plastid genes involved in the photosynthetic process. The amino acids are plotted across Cactineae
phylogeny, based on plastid genes concatenated. Colored amino acids in orange mean the nucleotide is under positive selection.The amino acids
positions are relative to O. monacantha plastid genes.
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Figure 8. Sites under positive selection in plastid genes involved in the photosynthetic process.
The amino acids are plotted across Cactineae phylogeny, based on plastid genes concatenated.
Colored amino acids in orange mean the nucleotide is under positive selection.The amino acids
positions are relative to O. monacantha plastid genes.
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8. TABLES
Table 1. Comparison of plastome size and GC content between O.monacantha and O. ficus-indica, both subfamily Opuntioideae and other species
of Cactaceae.
. ) Size LSC SSC IR Num-ber GC

Species Subfamily (bp) (bp) (bp) (bp) of genes (%) GenBank
Opuntia monacantha Opuntioideae 149,076 101,384 4110 21791 110 36.6 MZ579523
Opuntia ficus-indica Opuntioideae 152,387 87,248 4109 30,515 110 36.7 0OK448352
Opuntia quimilo Opuntioideae 150,347 101,475 4,115 22,392 109 36.6 MN114084
Brasiliopuntia brasiliensis Opuntioideae 162,211 87,186 4,393 35,316 109 36.8 0OK448351
Carnegiea gigantea Cactoideae 113,064 - - - 99 36.7 NC_027618
Lophocereus schottii Cactoideae 113,204 - - - 99 36.5 NC_041727
Mammillaria albiflora Cactoideae 110,789 78,380 31,061 674 96 36.4 MN517610
Mammillaria pectinifera Cactoideae 108,561 72,273 29,744 772 95 364 MN519716
Mammillaria crucigera Cactoideae 115,505 71,565 29,418 7,261 96 36.3 MN517613
Mammillaria huitzilopochtli Cactoideae 115,886 71,997 29,401 7,244 97 36.3 MN517612
Mammillaria solisioides Cactoideae 115,356 71,690 29,238 7,214 95 36.4 MN518341
Mammillaria supertexta Cactoideae 116,175 72,240 29,445 7,245 97 36.4 MN508963
Mammillaria zephyranthoides Cactoideae 107,343 71,811 7,281 14,126 95 38.5 MN517611
Pereskia aculeata Cactoideae 140,922 88,221 34,207 9,247 113 35.8 0OK448353
Rhipsalis teres Cactoideae 122,389 81,397 24,016 8,488 99 36.7 MT387452
Rhipsalis baccifera Cactoideae 122,333 81,459 25,531 8,530 103 36.7 NC_05355
Selenicereus undatus Cactoideae 133,326 68,256 21,715 21,676 100 36.4 NC_053681




Table 2. List of genes identified in the plastome of Opuntia monacantha.

Group of gene

Name of gene

Gene expression

machinery
Ribosomal RNA genes rrnl6; rrn23% rrns®; rrn4.5°
Transfer RNA genes trnA “UGC®; trnC —GCA; trnD —-GUC; trnE —UUC; trnF —

GAA,; trnfM —CAU; trnG —UCC?; trnG —-GCC; trnH —-GUG;
trnl —CAU; trnl -GAU®; rnK “UUU?; trnL —CAA; trnL —
UAA?; trnl ~UAG; trnM —~CAU; trnN —-GUU®; trnP ~UGG;
trnQ —-UUG; trnR —ACG®; truR —UCU; trnS —-GCU; trnS —
UGA; trnS —-GGA; trnT -UGU:; trnT -GGU; trnV —-GACP;
trnW —CCA; trnY -GUA

Small subunit of ribosome

rps2; rps3; rpsd; rps7; rps8; rpsll; rps12°; rps14; rpsl 5’
rps16“; rpsl8; rpsl9

Large subunit of ribosome

rpl2; rpll4; rpll6%; rpl20; rpl22; rpl23; rpl32°; rpl33; rpl36

DNA-dependent RNA
polymerase

rpoA; rpoB; rpoCI?; rpoC2

Translational initiation
factor

infA

Genes for photosynthesis

Subunits of photosystem I
(PSI)

psad; psaB; psaC; psal; psaJ; ycf3*; ycf4

Subunits of photosystem II
(PSII)

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

Subunits of cytochrome besf
complex

petA; petB; petD’; petG, petL; petN

Subunits of ATP synthase

atpA; atpB; atpE; atpF*; atpH, atpl

Subunits of NADH ndhA™; ndhB?; ndhC; ndhD; ndhE; ndhF°; ndhG®; ndhH";
dehydrogenase ndhl?; ndhJ; ndhK
Large subunit of Rubisco rbcL

Others genes

Maturase matK

Envelope membrane protein cemA

Subunit of acetyl-CoA accD

carboxylase

C-type cytochrome synthesis ccsA4

gene

ATP-dependent Protease clpP

Pseudogenes

trnV -UAC?; ycf1°; ycf2

Genes containing introns; ® Duplicated gene, ¢ Partially duplicated genes
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Table 2. List of genes identified in the plastome of Opuntia ficus-indica.

Group of gene

Name of gene

Gene expression

machinery
Ribosomal RNA genes rrnl6; rrn23% rrns®; rrn4.5°
Transfer RNA genes trnA “UGC®; trnC —GCA; trnD —-GUC; trnE —UUC; trnF —

GAA,; trnfM —CAU; trnG —UCC?; trnG —-GCC; trnH —-GUG;
trnl —CAUP; trnl -GAU®; trnK —~UUU?, trnL —CAA®; trnL —
UAA?, trnl “UAG; trnM —CAU; trnN ~GUUP; trnP —-UGG;
trnQ —-UUG; trnR —ACG®; truR —UCU; trnS —-GCU; trnS —
UGA; trnS —-GGA; trnT -UGU:; trnT -GGU; trnV —-GACP;
trnW —CCA; trnY -GUA

Small subunit of ribosome

rps2; 1rps3; rpsd; rps7P; rps8; rpsll; rpsl12; rpsl4; rpsl5P;
rps16“; rpslS; rpsl9°

Large subunit of ribosome

rplI2°; rpll4; rpll6%; rpl20; rpl22; rpl23°; rpl32°; rpl33; rpl36

DNA-dependent RNA
polymerase

rpoA; rpoB; rpoCI?; rpoC2

Translational initiation
factor

infA

Genes for photosynthesis

Subunits of photosystem I
(PSI)

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

Subunits of photosystem II
(PSII)

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

Subunits of cytochrome besf
complex

petA; petB; petD’; petG, petL; petN

Subunits of ATP synthase

atpA; atpB; atpE; atpF*; atpH, atpl

Subunits of NADH ndhA™; ndhB®; ndhC;: ndhD; ndhE; ndhF’; ndhG®; ndhH’;
dehydrogenase ndhl?; ndhJ; ndhK
Large subunit of Rubisco rbcL

Others genes

Maturase matK

Envelope membrane protein cemA

Subunit of acetyl-CoA accD

carboxylase

C-type cytochrome synthesis ccsA4

gene

ATP-dependent Protease clpP

Pseudogenes trnV -UAC?; ycf1?
Absent vef2

*Genes containing introns; > Duplicated gene, ¢ Partially duplicated genes
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9. SUPPLEMENTARY MATERIAL

SUPPLEMENTARY FIGURES
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Supplementary Figure S1. Multiple alignment of Opuntia ficus-indica, Opuntia monacantha, Opuntia quimilo plastomes and Portulaca oleracea
as reference. The region aligned corresponds region LSC of P. oleracea plastome, from the trnH-GUG to rps19 gene. Locally collinear blocks
(LCBs) are color-coded. The LCBs related to inverted segments are drawn down. More details about the gene content of the LCBs involved in
rearrangements are present in Figure 3.
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Supplementary Figure S2. Dot-plot analyses comparing the plastomes of Opuntia
monacantha (x-axis) against Portulaca oleracea (y-axis). A positive slope denotes that the pair
of sequences compared is in the same orientation. A negative slope denotes that the pair of
sequences compared can be aligned, but their orientation is opposite. Sequences in the same
direction are purple and inversions are blue. The black arrows indicate contraction and
expansions in the region IRB-SSC. Vertical green lines indicate the regions SSC, LSC and IRs
in O. monacantha, while in P. oleracea is indicates by yellow horizontal lines the same regions.
More details about regions highlighted with letters and numbers Figure 3.
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Supplementary Figure S3. Dot plot analyses comparing the plastomes of Opuntia ficus-indica
(x-axis) against Portulaca oleracea (y-axis). A positive slope denotes that the pair of sequences
compared is in the same orientation. A negative slope denotes that the pair of sequences
compared can be aligned, but their orientation is opposite. Sequences in the same direction are
purple and inversions are blue. The black arrows indicate contraction and expansions in the
region IRB-SSC. Gene loss is pointed out by red number 1. Vertical green lines indicate the
regions SSC, LSC and IRs in O. ficus-indica, while in P. oleracea is indicates by yellow
horizontal lines the same regions. More details about regions highlighted with letters and
numbers Figure 3.
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Supplementary Figure S4. Sites under positive selection in plastid genes involved in the subunits DNA- dependent RNA polymerase. The amino
acids are plotted across Cactineae phylogeny, based on plastid genes concatenated. Colored amino acids in orange mean the nucleotide is under
positive selection.The amino acids positions are relative to O. monacantha plastid genes.
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Supplementary Figure SS. Sites under positive selection in plastid genes involved in expression machinery. The amino acids are plotted across
Cactineae phylogeny, based on plastid genes concatenated. Colored amino acids in orange mean the nucleotide is under positive selection.The

amino acids positions are relative to O. monacantha plastid genes.
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Supplementary Figure S6. Sites under positive selection in plastid genes involved in expression machinery.The amino acids are plotted across
Cactineae phylogeny, based on plastid genes concatenated. Colored amino acids in orange mean the nucleotide is under positive selection.The
amino acids positions are relative to O. monacantha plastid genes.
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Supplementary Figure S7. Sites under positive selection in plastid genes involved in expression machinery.The amino acids are plotted across
Cactineae phylogeny, based on plastid genes concatenated. Colored amino acids in orange mean the nucleotide is under positive selection.The
amino acids positions are relative to O. monacantha plastid genes.
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SUPPLEMENTARY TABLES

Supplementary Table S1. List of the taxa sampled in the phylogenetic analysis (*) Outgroup.

Species Family GenBank
Opuntia monacantha Cactaceae MZ579523
Opuntia ficus indica Cactaceae 0OK448352
Opuntia quimilo Cactaceae MN114084
Brasiliopuntia brasiliensis Cactaceae 0OK448351
Carnegiea gigantea Cactaceae NC 027618.1
Lophocereus schottii Cactaceae NC 041727.1
Mammillaria albiflora Cactaceae MNS517610
Mammillaria pectinifera Cactaceae MNS519716
Mammillaria crucigera Cactaceae MN517613
Mammillaria huitzilopochtli Cactaceae MN517612
Mammillaria solisioides Cactaceae MN518341
Mammillaria supertexta Cactaceae MN508963
Mammillaria zephyranthoides Cactaceae MNS517611
Pereskia aculeata Cactaceae 0OK448353
Rhipsalis teres Cactaceae MT387452
Rhipsalis baccifera Cactaceae NC 05355
Selenicereus undatus Cactaceae NC 053681
Anredera cordifolia Basellaceae NC 041274.1
Basella alba Basellaceae NC 041293.1
Calandrinia eremaea Montiaceae NC 041259.1
Calandrinia granulifera Montiaceae NC 041260.1
Cistanthe grandiflora Montiaceae NC 041295.1
Cistanthe longiscapa Montiaceae NC 035140.1
Montia fontana Montiaceae NC 041269.1
Halophytum ameghinoi Halophytaceae NC 040949.1
Portulaca grandiflora Portulacaceae NC 041299.1
Portulaca oleracea Portulacaceae NC _036236.1
Portulaca pilosa Portulacaceae NC 041264.1
Talinum paniculatum Talinaceae NC _037748.1
Spinacia oleracea™ Chenopodiaceae NC 002202.1
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Supplementary Table S2. List of simple sequence repeats (SSRs) identified in the plastome
of O. monacantha

SSR sequence Number of repetitions Total
3 4 567 8 9 10 11 12 13 14 15 16 17
A/T - - - - -80 42 23 4 8 3 3 3 1 1 168
C/G - - - - - - - - 3
AG/CT - 10 - - - - - - - - e e 10
AT/AT - 24 lr- - 1 1 - - - - - - - 33
AAG/CTT -1 - - - - - - e e e e e
AAT/ATT
AAAC/GTTT
AAAG/CTTT
AAAT/ATTT
AATC/ATTG
AATT/AATT
ACCT/AGGT
ATCC/ATGG
AAAAC/GTTTT
AAAGT/ACTTT
AAATT/AATTT
ACCCC/GGGGT
ACTAG/AGTCT

—_ O\ 1
1
1
—
pr—
—

TN
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
S - N oy S SIS S NG TN N, ST NG NS )

e e e e e e\ B SN, T S |
1
1
1
1
1
1
1
1
1
1
1
1
1
1

240

Supplementary Table S3. Distribution of SSR loci in the plastome of O. monacantha

SSR type SSR Size Start End Location
compound (ATAA)2(A)8 19 258 276 trnH-GUGI/psbA (1GS)
mono (A)13 13 380 392 trnH-GUG/psbA (1GS)
mono (T)9 9 2028 2036 trnK-UUU (intron)
mono (A)8 8 2613 2620 matK (CDS)
mono (T)9 9 3264 3272 matK (CDS)
mono (A)10 10 3648 3657 trnk-UUU(intron) )/rps16 (I1GS)
mono (T)8 8 4003 4010 trnk-UUU(intron) )/rps16 (I1GS)
mono (T)8 8 4574 4581 trnk-UUU/rps16 (IGS)
mono (A)8 8 4631 4638 trnk-UUU/rps16 (1GS)
tri (TAA)4 12 4789 4800 trnk-UUU/rps16 (IGS)
mono (A)8 8 4874 4881 trnk-UUU/rps16 (IGS)
mono (T)12 12 4980 4991 trnk-UUU/rps16 (IGS)
mono (A)10 10 5451 5460 rps16 (intron)
di (AT)4 8 5753 5760 rps16 (intron)

di (AT)4 8 6233 6240 rps16/ trnQ-UUG (I1GS)
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di
mono
mono
mono
penta
mono
mono
mono
di
mono
mono
tetra
penta
mono
mono
mono
mono
mono
di
mono
mono

(T)12
(A)8
(A)17
(A)8
(A))(AAT)3
(A)9
(TA)4
(AT)4
(AT)5
(D3
(A)13
(M9
(A)8
(AT)4
(A)12
(A)8
(AT)5
(T)10
(D9
(T8
(T)8
(T8
(AT)4
(TA)5
(A)8
(T)10
(A)14
(TAGTC)3
(A)10
(A)8
(T)8
(TA)4
(T)8
(T)8
(ATCA)3
(CAAAA)3
(D11
(A)10
(A)8
(G)8
(T)10
(TA)4
(A)8
(T)8

6255
6281
6993
7506
7605
7807
7846
8113
8268
8345
8537
8832
9276
9573
9655
9823
10792
10858
11566
11590
12010
12224
12980
13361
13516
15162
15288
15501
15629
15641
16382
16741
17773
17900
18146
18240
18484
18583
19130
19147
19767
19850
19970
20088

6266
6288
7009
7513
7624
7815
7853
8120
8277
8352
8549
8840
9283
9580
9666
9830
10801
10867
11574
11597
12017
12231
12987
13370
13523
15171
15301
15515
15638
15648
16389
16748
17780
17907
18157
18254
18494
18592
19137
19154
19776
19857
19977
20095

rps16/ trnQ-UUG (IGS)
rps16/ trnQ-UUG (IGS)
trnQ-UUG/psbK (1GS)
psbK/psbl (IGS)
psbK/psbl (IGS)
psbl/trnS-GCU (1GS)
psbl/trnS-GCU (1GS)
trnS-GCU/petL (IGS)
trnS-GCUI/petL (IGS)
trnS-GCU/petL (IGS)
trnS-GCU/petL (IGS)
petLipetG (1GS)
trnW-CCA/trnP-UGG (IGS)
trnP-UGG/psal (IGS)
trnP-UGG/psal (IGS)
trnP-UGG/psal (IGS)
rpl33/rps18 (IGS)
rpl33/rps18 (IGS)
rps18/rpl20 (IGS)
rps18/rpl20 (IGS)
rpl20 (CDS)
rpl20/rps12 (IGS)
rpsi2/psbE (IGS)
rpsi2/psbE (I1GS)
rpsi2/psbE (IGS)
psbJipetA (1GS)
psbJipetA (1GS)
psbJlpetA (1GS)
psbJipetA (1GS)
psbJlpetA (1GS)
petA (CDS)
petA (CDS)
cemAlycf4 (IGS)
cemAlycf4 (IGS)
cemAlycf4 (IGS)
cemAlycf4 (IGS)
cemAlycf4 (IGS)
cemAlycf4 (IGS)
yef4 (CDS)
yef4 (CDS)
psallaccD (1GS)
psallaccD (1GS)
psallaccD (1GS)
psallaccD (1GS)
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mono
mono
di
di
mono
tri
mono
mono
mono
mono
mono
di
mono
mono
mono
mono
di
di
mono
mono
mono
tetra
penta
mono
mono
mono
di
di
mono
mono
mono
mono
di
mono
mono
mono
mono
di
tetra
mono
mono
mono
mono
di

(A)8
(33
(AT)4
(AT)4
(D3
(TCT)5
(A)8
(A)9
(M9
(D3
(D9
(TA)4
(T)10
(T)10
(T8
(A)12
(AT)4
(GA)4
(D9
(T8
(A)9
(AAAT)3
(TGGGG)3
(©)10
(G)9
(A)14
(AT)4
(TA)6
(T)8
(T)10
(T)14
(T)8
(AT)4
(T)12
(A)8
(T)9
(D15
(AT)4
(TGAT)3
(A)8
(M15
(A)8
(A)8
(TA)4

o0 OO0 0 OO o0

20118
20141
20197
20625
20638
20963
22639
24397
24553
25005
25145
25441
25504
27501
27711
27822
28185
28864
30347
31748
31799
31845
32643
32708
32804
32936
33881
33931
34010
34109
34149
34310
34567
34742
35035
35076
35265
36498
36855
37358
37672
38734
38869
38965

20125
20148
20204
20632
20645
20977
22646
24405
24561
25012
25153
25448
25513
27510
27718
27833
28192
28871
30355
31755
31807
31856
32657
32717
32812
32949
33888
33942
34017
34118
34162
34317
34574
34753
35042
35084
35279
36505
36866
37365
37686
38741
38876
38972

psallaccD (1GS)
psallaccD (1GS)
psallaccD (1GS)
accD (CDS)
accD (CDS)
accD (CDS)
accD (CDS)
accD/trnV-UAC (IGS)
trnV-UAC (intron)
trnV-UAC (intron)
trnV-UAC/trnM-CAU (IGS)
trnM-CAU/atpE (1GS)
trnM-CAU/atpE (IGS)
atpB (CDS)
atpB/rbcL (IGS)
atpB/rbcL (IGS)
atpB/rbcL (IGS)
rbeL (CDS)
rbcLindhC (IGS)
ndhK/ndhJ (1GS)
ndhK/ndhJ (1GS)
ndhK/ndhJ (1GS)
ndhJ/trnF-GAA (IGS)
ndhJ/trnF-GAA (IGS)
ndhJ/trnF-GAA (IGS)
ndhJ/trnF-GAA (IGS)
trnlL-UAA (intron)
trnL-UAA (intron)
trnlL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA/trnT-UGU (IGS)
trnL-UAA/trnT-UGU (IGS)
trnL-UAA/trnT-UGU (IGS)
trnL-UAA/trnT-UGU (IGS)
trnL-UAA/trnT-UGU (IGS)
trnT-UGU/rps4 (IGS)
rps4/trnS-GGA (IGS)
trnS-GGA/ycf3 (IGS)
trnS-GGA/ycf3 (IGS)
ycf3 (intron)
ycf3 (intron)
ycf3 (intron)
ycf3 (intron)
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mono
di
mono
tetra
di
di
tetra
di
di
di
mono
mono
mono
mono
tetra
mono
di
tri
tri
di
mono
mono
mono
mono
mono
mono
di
mono
mono
mono
mono
mono
mono
mono
di
mono
mono
mono
mono
mono
mono
mono
mono
mono

(T)9
(AT)4
(A)8
(TTTC)3
(AT)4
(AT)5
(ATTT)3
(CT)4
(TA)4
(CT)4
(A)8
(A)10
(D10
(A)10
(AAGA)3
(A)10
(TA)4
(TAT)4
(ATA)4
(AT)4
(T)8
(T)16
(A)8
(T)8
(D11
(T)9
(AT)4
(A)9
(T)9
(A)8
(T)8
(T)8
(T)8
(T)9
(AT)5
(A)8
(A)9
(A)8
(T)8
(A)9
(T)10
(T)8
(A)12
(T)9

10
12
10

12

O OO0 OO0 OO0 00 \O \© &0 O

—
=]

O o0 0 O o0

12
9

39869
40004
40297
44934
45908
45917
46008
46093
46636
46866
46974
47013
47042
49700
50056
50493
51244
51518
51548
52459
52822
53096
53924
54900
55254
55397
55497
55986
56201
57208
60370
60591
61028
62954
63472
64305
64784
64956
65606
66671
69384
70276
70686
70767

39877
40011
40304
44945
45915
45926
46019
46100
46643
46873
46981
47022
47051
49709
50067
50502
51251
51529
51559
52466
52829
53111
53931
54907
55264
55405
55504
55994
56209
57215
60377
60598
61035
62962
63481
64312
64792
64963
65613
66679
69393
70283
70697
70775

vef3lpsaA (IGS)
vef3lpsaA (IGS)
vef3lpsaA (IGS)
psaB/rps14 (IGS)
trnG-GCClpsbZ (1GS)
trnG-GCClpsbZ (1GS)
trnG-GCClpsbZ (1GS)
trnG-GCClpsbZ (1GS)
trnS-UGA (CDS)
trnS-UGA (CDS)
trnS-UGA/psbC (IGS)
trnS-UGA/psbC (IGS)
trnS-UGA/psbC (1GS)
psbD/trnT-GGU (IGS)
psbD/trnT-GGU (IGS)
psbD/trnT-GGU (1GS)

trnT-GGU/trnE-UUC (1GS)
trnT-GGU/trnE-UUC (IGS)
trnT-GGU/trnE-UUC (IGS)

trnD-GUC/psbM (IGS)
trnD-GUC/psbM (1GS)
trnD-GUC/psbM (IGS)
psbM/petN (1GS)
petN/trnC-GCA (IGS)
petN/trnC-GCA (IGS)
trnC-GCA/rpoB (IGS)
trnC-GCA/rpoB (IGS)
trnC-GCA/rpoB (1GS)
trnC-GCA/rpoB (IGS)
rpoB (CDS)
rpocl (intron)
rpocl (intron)
rpocl (CDS)
rpoc2 (CDS)
rpoc2 (CDS)
rpoc2 (CDS)
rpoc2 (CDS)
rpoc2 (CDS)
rpoc2 (CDS)
rpoc2 (CDS)
atpllatpH (IGS)
atpF (intron)
atpF (intron)
atpF (intron)
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mono
mono
mono
mono
tri
mono
mono
mono
mono
mono
mono
mono
mono
di
mono
di
di
mono
mono
mono
mono
mono
tetra
di
tetra
mono
mono
mono
mono
mono
tetra
mono
di
di
mono
mono
mono
di
mono
mono
mono
mono
mono
tetra

(T)9
(A)10
(A)8
(T)9

(TCT)4

(A)9
(T)8
(A)8
(T)8
(T)8
(19
(A)8
(A)10
(AG)Y4
(D10
(AT)9
(GA)4
(19
(T)8
(A)8
(A)9
(T)8

(CAAA)3

(TA)S

(TTTC)3

(D12
(A)9
(T)8
(T)10
(T)8

(AATA)3

(A)9
(GA)Y4
(GA)4

(A)9

(T)8

(19
(AG)4

(19

(A)8

(19

(T)8

(T)8

(AGGT)3

0 0 O 0 O 0 O & O 0 0 O

—_—
(\)

71406
73728
73812
74227
74799
74875
74948
75106
76944
77008
78172
78358
79516
79656
79800
79954
81851
82516
83634
83649
83658
83773
84130
84980
85485
85542
85590
85729
87491
88402
88937
88961
89067
90021
91945
93819
96154
96786
99207
99674
101399
104290
105621
107633

71414
73737
73819
74235
74810
74883
74955
75113
76951
77015
78180
78365
79525
79663
79809
79971
81858
82524
83641
83656
83666
83780
84141
84989
85496
85553
85598
85736
87500
88409
88948
88969
89074
90028
91953
93826
96162
96793
99215
99681
101407
104297
105628
107644
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atpFlatpA (IGS)
trnG-UCC (intron)
trnG-UCC (intron)
trnG-UCC/clpP (1GS)
clpP (CDS)
clpP/psbB (1GS)
clpPlpsbB (1GS)
clpPlpsbB (1GS)
psbBIpsbT (1GS)
psbBlpsbT (1GS)
petB (intron)
petB (intron)
petB/petD (I1GS)
petD (IGS)
petD (IGS)
petD (1GS)
rpoA (CDS)
rpsl1/rpl36 (IGS)
rps8/rpli14 (IGS)
rps8/rpl14 (1GS)
rps8/rpli14 (IGS)
rpl14 (CDS)
rpli14/rpll16 (IGS)
rpl16 (intron)
rpl16 (intron)
rpl16 (intron)
rpl16 (intron)
rpl16 (intron)
rps19/rpl2 (IGS)
rpl2/rpl23 (IGS)
trnl-CAU/ycf2 (IGS)
trnl-CAU/ycf2 (1GS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
trnL-CAA/ndhB (IGS)
ndhB (CDS)
rps7 (intron)
rpsl2 (intron)
rps12 (CDS)
trnl-GAU (intron)
trnA-UGC (intron)
rrn23s (CDS)



di
di
mono
mono
mono
mono
mono
mono
mono
di
mono
penta
mono
mono
di
tetra
mono
mono
mono
mono
mono
mono
di
mono
mono
mono
tetra
tetra
tetra
mono
mono
mono
mono
penta
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono

(CT)4
(GA)
(A)9
(T)8
(A)13
(A)8
(T8
(A)8
(A)8
(AT)4
(M11
(TTACT)4
(A)10
(A)9
(AT)10
(TAAT)3
(A)8
(A)10
(A)8
(T8
(A)8
(A)9
(TA)4
(A)9
(A)9
(A)12
(CCAT)3
(CTTT)3
(TCTT)3
(A)8
(T)9
(A)9
(T)8
(TTAAA)3
(T)9
(T)8
(A)10
(T)9
(T)8
(A)8
(T)8
(T)8
(A)8
(A)9

oo O o0 o0

[S—
(98]

O OO0 OO0 OO0 OO0 o0 \O

107671
107995
109423
109823
110691
111439
111562
113057
113283
113323
113554
113614
113654
113774
114044
114154
114302
114384
114395
115029
115568
115789
116492
116711
116724
117690
118157
120424
119922
120492
120572
120589
120632
123176
123593
123751
123893
124200
124250
125185
125535
125770
125813
125823

107678
108002
109431
109830
110703
111446
111569
113064
113290
113330
113564
113633
113663
113782
114063
114165
114309
114393
114402
115036
115575
115797
116499
116719
116732
117701
118168
120435
119933
120499
120580
120597
120639
123190
123601
123758
123902
124208
124257
125192
125542
125777
125820
125831

rrn23s (CDS)
rrn23s (CDS)

rrn5s/trnR-ACG (IGS)
trnR-ACG/trnN-GUU (IGS)
trnN-GUU/IndhF (1GS)

ndhF(CDS)
ndhF(CDS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (1GS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (IGS)
rpl32 (CDS)
rpl32 (CDS)
rpl32 (CDS)
yefl (CDS)
ycfl (CDS)
yefl (CDS)
yefl (CDS)
yefl (CDS)
yefl (CDS)
yefl/rps15 (IGS)
ndhH (CDS)
ndhA (intron)
ndhA (intron)
ndhA (intron)
ndhA (intron)
ndhA (intron)
ndhA (intron)
ndhG/ndhE (1GS)
ndhE/psaC (IGS)
ndhE/psaC (IGS)
ndhE/psaC (IGS)
psaClndhD (IGS)
psaClndhD (IGS)
ndhD (CDS)
ndhD (CDS)
ndhD (CDS)
ndhD/ccsA (IGS)
ndhD/ccsA (IGS)
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110

mono (T)8 8 126695 126702 ccsA (CDS)
mono (A)15 15 126985 126999 cesAltrnL-UAG (1GS)
mono (D11 11 127251 127261 trnL-UAG/ndhG (I1GS)

CDS, coding sequences; IGS, intergenic spacers

Supplementary Table S4. List of simple sequence repeats (SSRs) identified in the plastome
of O. ficus-indica

SSR sequence Number of repetitions Total
3 4 567 8 9 10 11 12 13 14 15 16

A/T - 82 40 21 10 9 4 2 1 3 172

C/G -
AG/CT -
AT/AT -
AAT/ATT -
AAAC/GTTT -
AAAG/CTTT -
AAAT/ATTT -
AATC/ATTG -
AATT/AATT -
ACCT/AGGT -
ATCC/ATGG -
AAAAC/GTTTT -
AAAGT/ACTTT -
AAGTG/ACTTC -
AATAT/ATATT -
ACTAG/AGTCT -
AAAATT/AATTTT
AATAGT/ACTATT
AATATT/AATATT

[\
o *
~ 1
L 1 1

1 1 1

1 1 L
_— N

1 1 1

1 1 1
_— [\9]

1 1 1

1 1 1

1 1 1

1 1 1
(O8]
A oo W

[SE NG O J T e W N T ) T S
1
1
1
1
1
1
1
1
1
1
1
1

1
1
[S—
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
— e e e = DN = = = = = O N =

1
1
—
1
1
1
1
1
1
1
1
1
1
1

253

Supplementary Table SS. Distribution of SSR loci in the plastome of O. ficus-indica

SSR type SSR Size Start End Location

tetra (ATAA)3 12 207 218 trnH-GUGI/psbA (1GS)
mono (A)13 13 326 338 trnH-GUG/psbA (IGS)
mono (T)9 9 1974 1982 trnK-UUU (intron)
mono (A)8 8 2559 2566 trnK-UUU (intron)/matk (CDS)
mono (T)9 9 3210 3218 trnK-UUU (intron)/matk (CDS)
mono (A)9 9 3594 3602 trnK-UUU (intron)/rps16 (IGS)
mono (D)8 8 3948 3955 trnK-UUU (intron)/rps16 (IGS)
mono (T)9 9 4519 4527 trnK-UUU Irps16 (IGS)



mono
tri
mono
mono
mono
di
di
mono
mono
mono
mono
mono

compound

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

mono
mono
mono
penta
mono
mono
mono
di
mono

(A)8
(TAA)4
(A)3
(D11
(A)10
(AT)4
(AT)4
(T)12
(A)8
(A)11
(T)12
(A)8
(A)10-
(AAT)3
(A)9
(TA)4
(AT)4
(AT)5
(M9
(A)14
(T)12
(A)8
(AT)4
(A)8
(AT)4
(AT)5
(T)9
(D11
(T)8
(T)8
(T)8
(AT)4
(A)10
(TA)5
(TTTAAT)6
(A)8
(D11
(A)13
(TAGTC)3
(A)9
(A)8
(T)8
(TA)4
(T)8

8

11
10

12

11

12
8

O o0 OO0 o0 \O

4577
4735
4820
4926
5396
5698
6178
6200
6226
6938
6968
7445

7544

7747
7786
8053
8208
8285
8478
8774
9221
9518
9767
10709
10736
10821
11528
11554
11974
12188
12944
13164
13328
13367
13481
15137
15264
15476
15604
15615
16356
16715
17747

4584
4746
4827
4936
5405
5705
6185
6211
6233
6948
6979
7452

7564

7755
7793
8060
8217
8293
8491
8785
9228
9525
9774
10716
10745
10829
11538
11561
11981
12195
12951
13173
13337
13402
13488
15147
15276
15490
15612
15622
16363
16722
17754

trnK-UUU Irps16 (IGS)
trnK-UUU Irps16 (IGS)
trnK-UUU Irps16 (IGS)
trnK-UUU Irps16 (IGS)
rps16 (intron)
rps16 (intron)
rps16/trnQ-UUG (IGS)
rps16/trnQ-UUG (1GS)
rps16/trnQ-UUG (IGS)
trnQ-UUG/psbK (IGS)
trnQ-UUG/psbK (IGS)
psbK/psbl (IGS)

psbK/psbl (IGS)

psbl/trnS-GCU (IGS)
psbl/trnS-GCU (IGS)
trnS-GCUI/petL (IGS)
trnS-GCUI/petL (IGS)
trnS-GCU/petL (1GS)
trnS-GCUI/petL (IGS)
petL/petG (IGS)

trnW-CCA/trnP-UGG (1GS)

trnP-UGG/psaJ (1GS)
trnP-UGG/psaJ (IGS)
rpl33/rpsi8 (IGS)
rpl33/rpsi8 (IGS)
rpl33/rps18 (IGS)
rps18/rpl20 (IGS)
rps18/rpl20 (IGS)
rpl20 (CDS)
rpl20/rpsi2 (IGS)
rpsi2/psbE (IGS)
rpsi2/psbE (IGS)
rpsi2/psbE (IGS)
rpsi2/psbE (IGS)
rpsi2/psbE (IGS)
psbJipetA (1GS)
psbJipetA (1GS)
psbJipetA (1GS)
psbJipetA (1GS)
psbJipetA (1GS)
petA (CDS)
petA (CDS)
cemA (CDS)/ycf4 (IGS)
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mono
penta
mono
mono
mono
mono
mono
di
mono
mono
mono
mono
di
di
mono
mono
mono
mono
di
mono
di
mono
penta
mono
mono
di
di
mono
mono
mono
tetra
mono
mono
mono
mono
di
di
mono
mono
mono
mono
di
mono
mono

(T8
(CAAAA)3
(D3
(A)10
(A)3
(G)8
(M9
(TA)4
(A)11
(D3
(A)3
(T8
(AT)4
(AT)4
(T8
(T)10
(T)12
(D9
(TA)4
(T)10
(TA)4
(T)10
(TAAAG)3
(T)8
(A)10
(AT)4
(GA)4
(T8
(T)8
(A)15
(AAAT)3
(G)12
(C)9
©)12
(A)13
(AT)4
(TA)6
(T)10
(T)12
(D11
(T)12
(AT)4
(T)8
(A)8

8

[S—
[S—

17874
18210
18454
18549
19096
19113
19733
19815
19935
20058
20088
20111
20167
20595
23801
24400
24858
25002
25298
25361
25450
27359
27443
27579
27690
28055
28734
30198
31589
31640
31692
32496
32555
32628
32781
33725
33775
33854
33955
33997
34155
34414
34589
34878

17881
18224
18461
18558
19103
19120
19741
19822
19945
20065
20095
20118
20174
20602
23808
24409
24869
25010
25305
25370
25457
27368
27457
27586
27699
28062
28741
30205
31596
31654
31703
32507
32563
32639
32793
33732
33786
33863
33966
34007
34166
34421
34596
34885

cemAlycf4 (IGS)
cemAlycf4 (IGS)
cemAlycf4 (IGS)
cemAlycf4 (IGS)
ycf4 (CDS)
vef4 (CDS)
psallaccD (1GS)
psallaccD (1GS)
psallaccD (1GS)
psallaccD (1GS)
psallaccD (1GS)
psallaccD (1GS)
psallaccD (1GS)
accD (CDS)
accD/trnV-UAC (IGS)
trnV-UAC (intron)
trnV-UAC (intron)
trnV-UAC/trnM-CAU (IGS)
trnM-CAU/ atpE (1GS)
trnM-CAU/ atpE (IGS)
trnM-CAU/ atpE (1GS)
atpB (CDS)
atpB/rbcL (IGS)
atpB/rbcL (IGS)
atpB/rbcL (IGS)
rbecL (CDS)
rbecL (CDS)
rbcL/ ndhC (IGS)
ndhK/ndhJ (1GS)
ndhK/ndhJ (1GS)
ndhK/ndhJ (1GS)
ndhJ/trnF-GAA (IGS)
ndhJ/trnF-GAA (IGS)
ndhJ/trnF-GAA (IGS)
ndhJ/trnF-GAA (I1GS)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA/ trnT-UGU (IGS)
trnL-UAA/ trnT-UGU (IGS)
trnL-UAA/ trnT-UGU (IGS)
trnL-UAA/ trnT-UGU (IGS)
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mono
mono
di
tetra
mono
mono
mono
mono
di
mono
di
mono
tetra
di
di
tetra
di
di
di
mono
mono
mono
mono
tetra
mono

(M9
(T)16
(AT)4

(TGAT)3

(A)3
(D13

(A)8

(A)3
(TA)4

(D9
(AT)4

(A)8

(TTTC)3
(AT)5
(AT)5

(TATT)3
(CT)4
(TA)4
(CT)4

(A)9

(A)9
(T)10

(A)9

(AAGA)3
(A)14

(ATATTA)2

compound (ATAT<TA

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

>)(TA)3
(TAT)4
(ATA)4
(AT)4
(T)8
(M16
(9
(T)8
(M12
(T)9
(AT)4
(ATAA)3
(A)9
(9
(A)8
(T)8
(T)8

9

34919
35108
36337
36694
37197
37511
38571
38705
38801
39686
39821
40114
44751
45719
45730
45848
45906
46449
46679
46787
46827
46855
49513
49868
50305

51095

51362
51392
52303
52658
52932
53452
54731
55085
55229
55329
55673
55821
56036
57043
60205
60426

34927
35123
36344
36705
37204
37523
38578
38712
38808
39694
39828
40121
44762
45728
45739
45859
45913
46456
46686
46795
46835
46864
49521
49879
50318

51118

51373
51403
52310
52665
52947
53460
54738
55096
55237
55336
55684
55829
56044
57050
60212
60433

trnL-UAA/ trnT-UGU (IGS)
trnT-UGU/rps4 (IGS)
rps4/ trnS-GGA (IGS)
trnS-GGA/lycf3 (IGS)
trnS-GGA/ycf3 (IGS)
ycf3 (intron)
ycf3 (intron)
ycf3 (intron)
ycf3 (intron)
yvef3/psaA (IGS)
yvef3/psaA (IGS)
yef3/psaA (IGS)
psaB/rpsi14 (1GS)
trnG-GCClpsbZ (1GS)
trnG-GCClpsbZ (1GS)
trnG-GCClpsbZ (I1GS)
trnG-GCClpsbZ (1GS)
psbZ/trnS-UGA (1GS)
trns-UGA (CDS)
trnS-UGA/psbC (IGS)
trnS-UGA/psbC (1GS)
trnS-UGA/psbC (IGS)
psbD/trnT-GGU (IGS)
psbD/trnT-GGU (1GS)
psbD/trnT-GGU (IGS)

trnT-GGU/trnE-UUC (IGS)

trnT-GGU/trnE-UUC (IGS)
trnT-GGU/trnE-UUC (IGS)
trnD-GUC/psbM (1GS)
trnD-GUC/psbM (IGS)
trnD-GUC/psbM (1GS)
psbM/petN (1GS)
petN/trnC-GCA (IGS)
petN/trnC-GCA (IGS)
trnC-GCA/rpoB (1GS)
trnC-GCA/rpoB (I1GS)
trnC-GCA/rpoB (I1GS)
trnC-GCA/rpoB (1GS)
trnC-GCA/rpoB (I1GS)
rpoB (CDS)
rpocl (intron)
rpocl (intron)
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mono
mono
di
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
mono
di
mono
di
mono
di
mono
mono
mono
mono
tetra
di
tetra
mono
mono
mono
mono
mono
mono
mono
penta

(T8
(D9
(AT)5
(A)8
(A)9
(A)8
(T8
(A)9
(T)10
(D3
(A)16
(T)10
(D9
(A)10
(A)10
(D9
(T8
(A)8
(T)8
(T8
(A)8
(T8
(A)8
(A)10
(AG)4
(T)9
(AT)9
(T)9
(GA)4
(T)9
(T)8
(A)8
(T)8
(CAAA)3
(TA)5
(TTTC)3
(T)8
(A)10
(T)8
(T)10
(A)10
(A)8
(A)8
(AAGTG)S

O OO0 OO0 0 OO0 o0 o0 \O

P P
o © X oS

o0 OO0 o0 \O o0 \O

10

60863
62793
63311
64144
64623
64795
65445
66510
69223
70115
70525
70610
71250
73572
73656
74073
74798
74956
76794
76858
77590
78022
78207
79365
79505
79649
79802
80833
81703
82368
83495
83510
83637
83994
84835
85340
85397
85441
85581
87343
88789
88813
88835
88849

60870
62801
63320
64151
64631
64802
65452
66518
69232
70122
70540
70619
71258
73581
73665
74081
74805
74963
76801
76865
77597
78029
78214
79374
79512
79657
79819
80841
81710
82376
83502
83517
83644
84005
84844
85351
85404
85450
85588
87352
88798
88820
88842
88888

rpocl(CDS)
rpoc2(CDS)
rpoc2(CDS)
rpoc2(CDS)
rpoc2(CDS)
rpoc2(CDS)
rpoc2(CDS)
rpoc2(CDS)
atpl/atpH (IGS)
atpF (intron)
atpF (intron)
atpF (intron)
atpA (CDS)
trnG-UCC (intron)
trnG-UCC (intron)
trnG-UCC/clpP (1GS)
clpP/psbB (1GS)
clpP/psbB (1GS)
psbB/psbT(IGS)
psbB/psbT(IGS)
petB (intron)
petB (intron)
petB (intron)
petBlpetD (IGS)
petD (intron)
petD (intron)
petD (intron)
rpoA (CDS)
rpoA (CDS)
rps11/rpl36 (intron)
rps8/rpl14 (intron)
rps8/rpll4 (intron)
rpl14 (CDS)
rpli14/rpll6 (IGS)
rpll16 (intron)
rpl16 (intron)
rpll16 (intron)
rpl16 (intron)
rpl16 (intron)
rps19/rpl2 (1GS)
trnl-CAU/trnL-CAA (IGS)
trnl-CAU/trnL-CAA (IGS)
trnl-CAU/trnL-CAA (IGS)
trnl-CAU/trnL-CAA (IGS)
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mono
penta
mono
penta
penta
penta
mono
di
mono
mono
mono
mono
mono
mono
tetra
di
di
mono

(A)8
(AAGTG)13
(A)3
(AAGTG)4
(AAGTG)4
(AAGTG)3
(T)10
(AG)4
(M9
(A)3
(D9
(G)9
(T)8
(M9
(AGGT)3
(CT)4
(GA)4
(A)9
(T)7(<T>AT

compound TAC)(TATT

penta
mono
mono
mono
mono
mono
di
mono
mono
mono
penta
mono
mono
di
mono
mono
mono
mono
mono
mono
mono
mono
di

AC)2
(TATAA)3
(A)9
(A)8
(T)8
(A)8
(A)8
(AT)4
(A)8
(D11
(A)8
(TTACT)3
(A)9
(A)11
(AT)12
(A)8
(A)12
(A)8
(A)8
(T)8
(A)8
(A)9
(A)9
(TA)4

8
65
8
20
20
15
10

O o0 \O O &0 O o©

O o0 OO

25

[S—
NOO

0 \O \O o0 o0 o0 o0

88892
88906
88974
89000
89049
89098
90044
90677
93098
93565
95290
95765
98181
99512
101526
101564
101888
103316

103716

104556
104607
105351
105474
106969
107189
107229
107438
107461
107500
107522
107557
107676
107948
108206
108288
108301
108455
108926
109438
109659
109682
110676

88899
88970
88981
89019
89068
89112
90053
90684
93106
93572
95298
95773
98188
99520
101537
101571
101895
103324

103740

104570
104615
105358
105481
106976
107196
107236
107445
107471
107507
107536
107565
107686
107971
108213
108299
108308
108462
108933
109445
109667
109690
110683

trnl-CAU/trnL-CAA (IGS)
trnl-CAU/trnL-CAA (IGS)
trnl-CAU/trnL-CAA (IGS)
trnl-CAU/trnL-CAA (IGS)
trnl-CAU/trnL-CAA (IGS)
trnl-CAU/trnL-CAA (IGS)
trnL-CAA/ndhB (1GS)
ndhB (CDS)
rps7 (CDS)
rps12 (CDS)
rps12/trnV-GAC (IGS)
trnV-GAC/rrnl6s (IGS)
trnl-GAU (intron)
trnA-UGC (intron)
rrn23s (CDS)
rrn23s (CDS)
rrn23s (CDS)
rrnSs/trnR-ACG (IGS)

trnR-ACG/trnN-GUU (IGS)

trnN-GUU/ndhF (IGS)
trnN-GUU/ndhF (IGS)
ndhF (CDS)
ndhF (CDS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (1GS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (1GS)
ndhF/rpl32 (1GS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (1GS)
ndhF/rpl32 (IGS)
ndhF/rpl32 (IGS)
rpl32 (CDS)
rpl32 (CDS)
rpl32 (CDS)
rpl32/ycfl (IGS)
yefl (CDS)
yefl (CDS)
yefl (CDS)
yefl (CDS)
yefl (CDS)
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mono
di
mono
mono
mono
tetra
tetra
tetra
mono
mono
mono
mono
mono
tetra
mono
mono
mono
mono
mono
mono
mono
mono
mono
tetra
mono
mono
mono

(A)8
(TA)4
(A)9
(A)10
(A)10
(CCAT)3
(TCTT)3
(CTTT)3
(A)8
(T)9
(A)9
(T)8
(D11
(AATA)3
(T)9
(A)10
(T)8
(T)8
(A)8
(T)8
(T)8
(A)8
(A)9
(TTAA)3
(T)8
(A)12
(T8

O OO0 OO0 0 OO0 o0 OO

12
8
12
8

110874
111081
111300
111313
112280
112745
114510
115012
115080
115160
115177
115220
118176
118310
118340
118483
118790
118839
119774
120124
120359
120402
120412
120593
121288
121578
121841

110881
111088
111308
111322
112289
112756
114521
115023
115087
115168
115185
115227
118186
118321
118348
118492
118797
118846
119781
120131
120366
120409
120420
120604
121295
121589
121848

vefl (CDS)
yefl (CDS)
yefl (CDS)
vefl (CDS)
yvefllrps15 (IGS)
ndhH (CDS)
ndhA (intron)
ndhA (intron)
ndhA (intron)
ndhA (intron)
ndhA (intron)
ndhA (intron)
ndhE/psaC (IGS)
ndhE/psaC (IGS)
ndhE/psaC (IGS)
ndhE/psaC (IGS)
psaClndhD (1GS)
psaClndhD (1GS)
ndhD (CDS)
ndhD (CDS)
ndhD (CDS)
ndhD/ccsA (IGS)
ndhD/ccsA (IGS)
ccsA (CDS)
ccsA (CDS)

cesAltrnL-UAG (IGS)
trnL-UAG/ndhG (IGS)
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Gene aa pos

Opuntia ficus-indica

aa pos

O. monacantha

aa pos

0. quimilo

aa pos Brasiliopuntia brasiliensis

accD

atpA
atpB
ccSA
clpP
matK

ndhA

ndhB

585
677
862
931
1123
1128

305
424
140
188
143
217

42
114
182
189
358

50
156
181
196
204
246
249
277

CCA (P) => TCA (S)
CCT (P) => TCT (S)
TCG (S) => TTG (L)
CCC (P) => TCC (S)
GCT (A) => GTT (V)
CTT (L) => TTT (F)

TCA (S) => TTA (L)
CCC (P) => TCC (S)
ACC (T) => ATC (1)
TCT (S) => TTT (F)
CTT (L) => TTT (F)
CAT (H) => TAT (Y)

ACA (T) => ATA (I)

TCA (S) => TTA (L)

ACA (T) => ATA (I)

TCA (S) => TTA (L)

TCC (S) => TTC (F)

TCA (S) => TTA (L)

CCA (P) => CTA (L)
ACG (T) => ATG (M)
CAT (H) => TAT (Y)
TCA (S) => TTA (L)

CCA (P) => CTA (L)
TCT (S) => TTT (F)

TCA (S) => TTA (L)

566
649
658
676
678
1071
1212
305
424
140
188
143
217

42
114
182
189
358

50
156
181
196
204
246
249
277

CCG (P) => TCG (S)
GCG (A) => GTG (V)
CCG (P) => TCG (S)
CTT (L) => TTT (F)
CCT (P) => TCT (S)
GCA (A) => GTA (V)
CTT (L) => TTT (F)
TCA (S) => TTA (L)
CCC (P) => TCC (S)
ACC (T) => ATC (1)
TCT (S) => TTT (F)
CTT (L) => TTT (F)
CAT (H) => TAT (Y)

ACA (T) => ATA (I)

TCA (S) => TTA (L)

ACA (T) => ATA (I)

TCA (S) => TTA (L)

TCC (S) => TTC (F)

TCA (S) => TTA (L)

CCA (P) => CTA (L)
ACG (T) => ATG (M)
CAT (H) => TAT (Y)
TCA (S) => TTA (L)

CCA (P) => CTA (L)
TCT (S) => TTT (F)

TCA (S) => TTA (L)

584
727
761
1018
1084
1220
1225
914
1270
140
188
143
217

42
114
182
189
358

50
156
181
196
204
246
249
277

CCG (P) => TCG (S)
CCC (P) => TCC (S)
CCT (P) => TCT (S)
TCC (S) => TTC (F)
GCA (A) => GTA (V)
GCT (A) => GTT (V)
CTT (L) => TTT (F)
TCA (S) => TTA (L)
CCC (P) => TCC (S)
ACC (T) => ATC (1)
TCT (S) => TTT (F)
CTT (L) => TTT (F)
CAT (H) => TAT (Y)

ACA (T) => ATA (I)
TCA (S) => TTA (L)
ACA (T) => ATA (I)
TCA (S) => TTA (L)
TCC (S) => TTC (F)

TCA (S) => TTA (L)
CCA (P)=> CTA (L)
ACG (T) => ATG (M)
CAT (H) => TAT (Y)
TCA (S) => TTA (L)
CCA (P)=> CTA (L)
TCT (S) => TTT (F)

TCA (S) => TTA (L)

541
580
590
629
703
1146
1151
305
424
140
188
142
54
217
42
114
182
189
358
50
156
181
196
204
246
249
277

CCG (P) => TCG (S)
TCT (S) => TTT (F)
CAT (H) => TAT (Y)
CCA (P) => CTA (L)
CCT (P) => TCT (S)
GCT (A) => GTT (V)
CTT (L) => TTT (F)
TCA (S) => TTA (L)
CCC (P) => TCC (S)
ACC (T) => ATC (1)
TCT (S) => TTT (F)
CTT (L) => TTT (F)
CCG (P) => CTG (L)
CAT (H) => TAT (Y)
ACA (T) => ATA (I)
TCA (S) => TTA (L)
ACA (T) => ATA (I)
TCA (S) => TTA (L)
TCC (S) => TTC (F)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
ACG (T) => ATG (M)
CAT (H) => TAT (Y)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
TCT (S) => TTT (F)
TCA (S) => TTA (L)



ndhD

ndhF

ndhG

petB
psbB
psbF
psbL
rpl20
rpoB

279
371
494

128
182
293
433
437
466
482
490
97
291
56
84
105
140
193
26

&9
158
184
189
478
505
767

TCA (S) => TTA (L)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
ACA (T) => ATA (I)
TCG (S) => TTG (L)
GCT (A) => GTT (V)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
ACT (T) => ATT (I)
GCT (A) => GTT (V)
GCG (A) => GTG (V)
TCA (S) => TTA (L)
ACG (T) => ATG (M)
CAT (H) => TAT (Y)
CCA (P) => TCA (S)
ACA (T) => ATA (I)
CGG (R) => TGG (W)
CTT (L) => TTT (F)
TCT (S) => TTT (F)
ACG (T) => ATG (M)
TCG (S) => TTG (L)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
TCG (S) => TTG (L)
ACG (T) => ATG (M)
TCC (S) => TTC (F)
GCA (A) => GTA (V)

279
371
494

128
182
293
433
437
466
482
490
97
291
56
84
105
140

26

89
158
184
189
478
505
767

TCA (S) => TTA (L)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
ACA (T) => ATA (I)
TCG (S) => TTG (L)
GCT (A) => GTT (V)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
ACT (T) => ATT (I)
GCT (A) => GTT (V)
GCG (A) => GTG (V)
TCA (S) => TTA (L)
ACG (T) => ATG (M)
CAT (H) => TAT (Y)
CCA (P) => TCA (S)
ACA (T) => ATA (I)
CGG (R) => TGG (W)

TCT (S) => TTT (F)
ACG (T) => ATG (M)
TCG (S) => TTG (L)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
TCG (S) => TTG (L)
ACG (T) => ATG (M)
TCC (S) => TTC (F)
GCA (A) => GTA (V)

279
371
494

128
182
293
433
437
466
482
490
97
291
56
84
105
140

26

149
164
190
195
484
511
773

TCA (S) => TTA (L)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
ACA (T) => ATA (I)
TCG (S) => TTG (L)
GCT (A) => GTT (V)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
ACT (T) => ATT (I)
GCT (A) => GTT (V)
GCG (A) => GTG (V)
TCA (S) => TTA (L)
ACG (T) => ATG (M)
CAT (H) => TAT (Y)
CCA (P) => TCA (S)
ACA (T) => ATA (I)
CGG (R) => TGG (W)

TCT (S) => TTT (F)
ACG (T) => ATG (M)
TCG (S) => TTG (L)

TCA (S) => TTA (L)

TCA (S) => TTA (L)

TCG (S) => TTG (L)
ACG (T) => ATG (M)
TCC (S) => TTC (F)

GCA (A) => GTA (V)

279
371
494

128
182
293
433
437
466
482
490
97
291
56
84
105
140

26

158
184
189
478
505
767
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TCA (S) => TTA (L)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
ACA (T) => ATA (I)
TCG (S) => TTG (L)
GCT (A) => GTT (V)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
ACT (T) => ATT (I)
GCT (A) => GTT (V)
GCG (A) => GTG (V)
TCA (S) => TTA (L)
ACG (T) => ATG (M)
CAT (H) => TAT (Y)
CCA (P) => TCA (S)
ACA (T) => ATA (I)
CGG (R) => TGG (W)

TCT (S) => TTT (F)
ACG (T) => ATG (M)

TCA (S) => TTA (L)
TCA (S) => TTA (L)
TCG (S) => TTG (L)

ACG (T) => ATG (M)
TCC (S) => TTC (F)
GCA (A) => GTA (V)
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809 TCA (S)=>TTA (L) | 809 TCA (S)=>TTA (L) | 815 TCA (S)=>TTA (L) | 809 TCA (S) => TTA (L)

rpocl 14  TCA(S)=>TTA(@L) | 14 TCAS)=>TTAL) | 14 TCA(S)=>TTA(L) | 14 TCA (S) => TTA (L)
210 ACT(T)=>ATT({) | 210 ACT(T)=>ATT () | 210 ACT(T)=>ATT ) | 210 ACT (T) => ATT (I)

rpoc2 379 CTT(L)=>TTT(F) | 379 CTT(@L)=>TTT(F) | 383 CTT(@L)=>TTT([F) | 379 CTT (L) => TTT (F)
498 ACG (T)=>ATG M) | 498 ACG (T)=>ATG M) | 502 ACG (T)=>ATG M)| 498  ACG (T)=> ATG (M)

643 CTT(L)=>TTT(F) | 643 CTT(@L)=>TTT(F) | 610 TCC (S)=>TTC (F) | 643 CTT (L) => TTT (F)
741 CGG (R)=>TGG (W) | 741 CGG (R)=>TGG (W)| 647 CTT((L)=>TTT(F) | 741  CGG (R)=>TGG (W)

743 ACC(T)=>ATC () | 743 ACC(T)=>ATC () | 745 CGG (R)=>TGG (W)| 743 ACC (T) => ATC (1)

905 TCG(S)=>TIG (L) | 905 TCG(S)=>TIG (L) | 747 ACC (T)=>ATC (I) | 905 TCG (S) => TTG (L)

913 CCT(P)=>TCT(S) | 913 CCT(P)=>TCT(S) | 909 TCG (S)=>TTG (L) | 913 CCT (P) => TCT (S)

1050 GCA (A)=>GTA (V) | 1050 GCA (A)=>GTA (V)| 917 CCT(P)=>TCT(S) | 1050  GCA (A) => GTA (V)

1054 GCA (A) => GTA (V)

rps2 83  TCA(S)=>TTA(L) | 83 TCA(S)=>TTA(L) | 83 TCA(S)=>TTA (L) | 83 TCA (S) => TTA (L)
rps8 48 GCG(A)=>GTIG (V)| 48 GCG(A)=>GIG (V)| 48 GCG (A)=>GTG (V)| 48 GCG (A) => GTG (V)
mpsl4 27 TCA(S)=>TTA(@L) | 27 TCA(S)=>TTA(@L) | 27 TCAS)=>TTA L) | 27 TCA (S) => TTA (L)
50 CCA®P)=>CTA(@L)| 50 CCA®P)=>CTA(L) | 50 CCAP)=>CTAL)| 50 CCA (P)=> CTA (L)

Supplementary Table S6. List of RNA editing sites by PREP program. The four species analyzed here belong to the subfamily Opuntioideae
(Cactaceae). The abbreviation “aa pos” meaning the amino acid position of the RNA editing site in the aligned sequence. The codons highlighted
in red edition gain in specie. The underlined under the amino acid refers to the edit position at the codon.
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GENERAL CONCLUSIONS

In this work, we reported the complete plastomes of Brasiliopuntia brasiliensis, Opuntia
monacantha, and Opuntia ficus-indica, all species belonging to the subfamily Opuntioideae,
and B. brasiliensis being the biggest plastome at the moment in Cactaceae, 162,211 bp. We
identified in the plastomes, a lot of rearrangements, inversions and translocation in the LSC
region, expansions IRB-SSC boundaries, and only O. manacantha present IRB-LSC
contraction.

Concerning the gene content, the plastomes of all species present the genes, ycf, ycf2 e
trnV-UAC as a pseudogene, in addition, B. brasiliensis present rpl20 gene like pseudogene, and
O. ficus indica with gene loss ycf2. The gene trnV-UAC is absent in all Cactoideae, but is an
essential gene, and how is it here a pseudogene, we lead analysis structural and also of the
codon usage e the importation is hypothesis more possible.

More than half of genes identified under positive selection are the coding-protein plastid
genes: accD, clpP, rpl, rps genes, with are the most divergence genes. These genes related to
essential functions in the plastid (i.e., fatty acid biosynthesis, gene expression, and
photosynthesis).

The NDH complex is degenerate in Cactoideae, here in Opuntioideae this complex is
functional, therefore, we calculation substitutions synonymous (dS) and non-synonymous (dN)
rates for these ndh genes, and all 11 genes compose this complex present low ratio substitution
dN/dS in B. brasiliensis. In addition, these genes present low divergence in Opuntioideae,
demonstrating to be conserved within this subfamily.

The features of plastid genes of the plastome sequenced here included 68 sites of RNA
editing sites, of which 64 shared in Opuntioideae. We also map microsatellites (SSR), and 227
occurrences are shared among Opuntia and B. brasiliensis. These plastid molecular markers
could provide information useful for genetic studies in Cactaceae, and conservation of natural
resources.

The phylogeny presents here, based on concatenated plastid genes, result in well-
supported. Opuntioideae and Cactoideae got separated, and Opuntioideac formed a
monophyletic group.

Finally, the complete Opuntia and Brasiliopuntia plastomes, sequenced here, helped to

understand the evolution of the Cactaceae family and the Opuntioideae subfamily.
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