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ABSTRACT

DALLA COSTA, Tanara Pletsch, M.Sc., Universidade Federal de Vigosa, October, 2022.
Plastomes of the subfamily Cactoideae (Cactaceae): genomic, structural and evolutionary
aspects. Adviser: Marcelo Rogalski.

The family Cactaceae represents the greatest lineage of succulent plants, which contains a set
of anatomical, morphological, and physiological modifications allowing adaptation and
diversification in arid and semi-arid regions. Cactoideae is the richest subfamily in species
diversity within Cactaceae. Representative species of this subfamily, such as Melocactus
glaucescens, Lepismium cruciforme, and Schlumbergera truncata demonstrate interesting
evolutionary aspects. They have different lifestyles and inhabit places with specific
environmental conditions. Their distribution varies from a high degree of endemism and risk of
extinction, to wide occurrence and status of extensive ornamental cultivation. Therefore, they
are notable species to be used in studies related to plastid genomics. Plastid genomics allows
analyzing and understanding phylogenetic and evolutionary relationships at the level of
family/subfamily, as well as providing molecular markers that can help in conservation of
natural resources. Although few cactus species with complete plastid sequences are available,
many unusual features have been identified in the plastomes of the family. Thus, to expand the
information concerning plastid evolution in Cactaceae, this study aimed at sequencing,
assembling and analyzing the plastomes of M. glaucescens, L. cruciforme, and S. truncata. In
addition, to provide complete plastome sequences, enabling analysis of plastome structures,
frequency of codon usage, phylogeny, nucleotide diversity hotspots, gene divergence,
signatures of positive selection, RNA editing sites and mapping of repetitive sequences.
According to the data obtained, the plastomes showed several losses of genes and/or
pseudogenization, including essential genes. Pseudogenization of the trn7-GGU gene in L.
cruciforme was the first loss of gene functionality reported in the family. Moreover, M.
glaucescens lost the trnV-GAC, trnV-UAC (common loss to the subfamily Cactoideae), and
trnA-UGC genes, the last two being essential for plastid translation and cell survival, which
strongly suggest the importation of tRNAs from the cytosol to the plastids in Cactoideae.
Concerning plastomic structures, M. glaucescens showed unique rearrangements that
culminated in the expansion of the inverted repeat (IRs) regions, the largest in the subfamily,

and the duplication of unusual genes. On the other hand, the analysis of the plastomes of L.



cruciforme and S. truncata revealed a conserved structure among the tribe Rhipsalideae, with
tribe-specific rearrangements and some variations in the size and content of the IRs. Molecular
analyses in plastomes of the family Cactaceae was essential to identify high genetic divergence,
numerous signatures of positive selection, and polymorphism of RNA editing sites.
Furthermore, hundreds of plastid molecular markers were mapped for the three species, which
will be useful for accessing the genetic information of natural populations and conservation of
species, especially those threatened. Therefore, this study provides new insights into plastid
evolution in Cactaceae, which is an exceptional lineage adapted to extreme environmental

conditions and a notorious example of atypical plastome evolution.

Keywords: Cactaceae. Plastid evolution. Rearrangements. Gene divergence. RNA editing.

Plastid molecular markers.



RESUMO

DALLA COSTA, Tanara Pletsch, M.Sc., Universidade Federal de Vigosa, outubro de 2022.
Plastomas da subfamilia Cactoideae (Cactaceae): aspectos gendmicos, estruturais e
evolutivos. Orientador: Marcelo Rogalski.

A familia Cactaceae representa a maior linhagem de plantas suculentas, as quais possuem uma
série de caracteristicas anatdmicas, morfologicas e fisioldgicas que permitiram sua adaptagado e
diversificacdo em regides aridas e semidridas. A subfamilia Cactoideae ¢ a mais rica em
diversidade de espécies. Representantes desta subfamilia, como Melocactus glaucescens,
Lepismium cruciforme e Schlumbergera truncata, contém aspectos evolutivos interessantes.
Possuem diferentes estilos de vida e habitam locais com condigdes ambientais especificas, a
distribuicdo varia desde um alto grau de endemismo e risco de extingdo até a ampla ocorréncia
e status de extenso cultivo ornamental. Assim, sdo espécies notaveis para estudos em gendmica
de plastidios, a qual permite analisar e compreender as relagdes filogenéticas e evolutivas da
familia, além de fornecer marcadores moleculares plastidiais que auxiliam no acesso e
conservacdo dos recursos naturais. Embora ainda existam poucas espécies de cactos com
sequéncias plastidiais completas disponiveis, muitas caracteristicas incomuns foram
identificadas nos plastomas da familia. Dessa forma, visando ampliar as informagdes sobre a
evolugdo do genoma plastidial de Cactaceae, este estudo teve como objetivo sequenciar, montar
e analisar detalhadamente os plastomas de M. glaucescens, L. cruciforme ¢ S. truncata. Além
de fornecer as sequéncias plastidiais completas, foram realizadas andlises comparativas das
estruturas plastomicas, frequéncia de uso de cddons, inferéncias filogenéticas, identificagao de
hotspots de diversidade de nucleotideos, divergéncia génica, predi¢ao de sitios de assinatura de
selecdo positiva e sitios de edicdo de RNA e mapeamento de sequéncias repetitivas. De acordo
com os dados obtidos, os plastomas apresentaram extensa perda de genes e pseudogenizagdes,
incluindo genes essenciais. A pseudogenizagdo do gene trn7-GGU em L. cruciforme foi a
primeira perda de funcionalidade do gene relatada na familia. Além disso, M. glaucescens
perdeu os genes trnV-GAC, trnV-UAC (perda comum para a subfamilia Cactoideae) e trnA-
UGC, sendo os dois ultimos indispensaveis para a tradugdo plastidial e sobrevivéncia celular,
sugerindo fortemente a importagdo de tRNAs do citosol aos plastidios em Cactoideae. Em
relagdo as estruturas plastomicas, M. glaucescens apresentou rearranjos unicos que culminaram

na expansao das IRs, a maior da subfamilia, e na duplicacdo de genes incomuns. Por outro lado,



a analise dos plastomas de L. cruciforme e S. truncata revelou uma estrutura conservada entre
a tribo Rhipsalideae, com rearranjos tribo-especificos e algumas variagdes no tamanho e
conteudo das regides invertidas repetidas (IRs). Quanto a andlise da evolugcdo molecular na
familia Cactaceae, foi identificada alta divergéncia génica, inimeras assinaturas de selecao
positiva e polimorfismo de sitios de edicado de RNA. Além disso, foram mapeados centenas de
marcadores moleculares plastidiais para as trés espécies, que serdo uteis para acessar
informacdes genéticas de populagdes naturais e na conservacao de espécies, principalmente
aquelas ameagadas. Portanto, este estudo fornece novos insights sobre a evolugao plastidial em
Cactaceae, que € uma linhagem excepcionalmente adaptada a condi¢des ambientais extremas e

um notorio exemplo de evolugdo atipica dos plastomas.

Palavras-chave: Cactaceae. Evolugdo plastidial. Rearranjos. Divergéncia génica. Edi¢ao de

RNA. Marcadores moleculares plastidiais.
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1. GENERAL INTRODUCTION

Plants are responsible for one of the most important processes to maintain the life on
Planet Earth: the photosynthesis. In this process, solar energy is converted into chemical energy
to synthesize organic compounds for the plant, releasing oxygen into the atmosphere (Stirbet et
al. 2020). Photosynthesis occurs in chloroplasts (i.e. differentiated plastids specialized in
photosynthesis), organelles responsible for the synthesis of several essential compounds such
as fatty acids, amino acids, pigments, hormones, nitrogen assimilation, among other functions
(Daniell et al. 2016; Dobrogojski et al. 2020).

Chloroplasts are semiautonomous organelles since they import thousands of nuclear
proteins, but they have their own DNA, called plastid genome or plastome (Dobrogojski et al.
2020). According to the endosymbiotic theory, a primitive eukaryotic cell would have engulfed
an ancestral photosynthetic cyanobacterium, which originated the plastid (Allen 2015).
However, plastomes have undergone an intense reorganization of structure and gene content
throughout evolution, leading to a significant reduction in size (i.e. massive gene transfer to the
nucleus; Allen 2015; Rogalski et al. 2015). The plastome is generally a circular molecule,
containing a typical quadripartite structure, composed of two single-copy regions, one large
single copy (LSC), and one small single copy (SSC), interspersed by two repeated and inverted
sequences, the inverted repeats (IRA and IRB) (Lopes et al. 2019; Pacheco et al. 2020; Silva et
al. 2021). The plastomes of land plants vary in size between 120-220 kb, which encode around
130 genes (Rogalski et al. 2015).

Plastid genes are mainly involved in two functional classes: photosynthetic and gene
expression machineries. The first group is formed by: components of photosystems I and II,
cytochrome b6f complex and ATP synthase (psa, psb, pet and atp genes, respectively);
photosystem assembly factors (ycf3 and ycf4 genes); NAD(P)H-plastoquinone oxidoreductase
complex (ndh genes); and the large subunit of the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO — rbcL gene). The second group is composed of RNA
polymerase subunits, ribosomal proteins, as well as ribosomal and transport RNAs (rpo, rps,
rpl, rrn and trn genes), translation initiation factor (inf4); and intron maturase (matK). Other
genes act in fatty acid biosynthesis (accD), cytochrome biogenesis (ccsA4), inner envelope
protein that acts on CO; uptake (cemA), protein homeostasis (c/pP), and protein import to the

plastids (ycf1 and ycf2) (Bock 2007; Wicke et al. 2011; Daniell et al. 2016).
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Plastid genomics offers useful tools for different studies (Rogalski et al. 2015). For
example, comparative analyses among plastomes can elucidate relationships with
environmental adaptation and speciation (Lopes et al. 2018; Lopes et al. 2021). Spacer regions
and molecular markers are used for population genetics and phylogeography studies (Stefenon
et al. 2019). Phylogenetic inferences and plant evolution can be determined through coding
regions and genome rearrangements (Lopes et al. 2019; Pacheco et al. 2020; Silva et al. 2021).
Furthermore, it is possible to genetically transform chloroplasts for studies in functional
genetics and biotechnological approaches (Rogalski and Carrer 2011; Bock 2015).

Although the plastid genome of angiosperms has conserved structure and gene content
(Dobrogojski et al. 2020), recent studies have revealed atypical events in several lineages. These
events include IR expansion (Chumley et al. 2006) and contraction (Guisinger et al. 2011) in
Geraniaceae, IR loss in Fabaceae (Moghaddam and Kazempour-Osaloo 2020), gene transfer to
the nuclear genome in Ranunculaceae (Park et al. 2015) and Euphorbiaceae (Algahtani and
Jansen 2021), and numerous gene losses and pseudogenization in all the lineages mentioned
above, as well as in Passifloraceae (Pacheco et al. 2020a; Pacheco et al. 2020b), Amaryllidaceae
(Scobeyeva et al. 2021), Gentianaceae (Fu et al. 2021), among others.

The family Cactaceae, for example, exhibits several unusual characteristics. Among
them, the reduction of plastomes (M. zephyrantoides with 107,343 kb in size; Solérzano et al.
2019), loss of the IR region in six species (Carnegiea gigantea, Sanderson et al. 2015;
Lophocereus schottii; Echinocactus grusonii; Ferocactus latispinus; Ferocactus setispinus,
Leuchtenbergia principis; information available in the NCBI database), IR expansion and
contraction events, as well as highly rearranged genomes (Silva et al. 2021; Dalla Costa et al.
2022). In addition, many gene losses have been reported (i.e., genes rpl20, rpl23, rpl33, rpl36,
rpsl6, rpsi8, ycfl, ycf2 and ycf4 and some tRNAs), including degeneration of the ndh complex
in the subfamily Cactoideae (Sanderson et al. 2015; Soldérzano et al. 2019; Silva et al. 2021;
Oulo et al. 2020; Almeida et al. 2022; Dalla Costa et al. 2022). High gene divergence, intron
loss, RNA editing sites, and positive selection signatures have also been described (Silva et al.
2021; Dalla Costa et al. 2022).

The family Cactaceae, belonging to the Caryophyllales order, has more than 100 genera
and about 1400 recognized species. It is the largest lineage of succulent plants, adapted to arid
and semi-arid environments, whose main centers of diversification are the Andes region,
Central Mexico, and northeastern Brazil (Guerreiro et al. 2019). Although they grow slowly

and under conditions unfavorable to survival, cacti diverged and diversified rapidly throughout
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evolution (Arakaki et al. 2011), due to the anatomical, morphological, and physiological
modifications in cacti. The main adaptations are: wax deposition and thick cuticle, a large
proportion of parenchymatic tissue, leaves reduced to spines, photosynthetically active stem,
superficial roots, and the acid metabolism of crassulacean (CAM) (Griftiths and Males 2017,
Guerreiro et al. 2019).

Cactaceae is composed of four subfamilies, namely Cactoideae, Maihuenioideae,
Opuntioideae and “Pereskioideae”. The Cactoideae subfamily is the richest in species diversity,
which represents about 85% of the family and is distributed within nine tribes (Anderson 2001;
Guerreiro et al. 2019). These species are highly variable in growth habit and morphology,
including tree-like, shrub, cespitose, vine or epiphytic (Anderson 2001).

The tribe Cereeae comprises most genera and about three-quarters of the species in the
Cactaceae family. In Brazil, it is the most representative tribe, having the Brazilian Northeast
as its center of diversity (Taylor 1997). One of the genera that make up the tribe Cereeae is
Melocactus Link & Otto, which houses 37 species, of which 21 are endemic to northeastern
Brazil, with Bahia being the main center of diversity for this genus (Taylor 2000). Species of
the genus Melocactus are rich in bioactive compounds and have antimicrobial, antiparasitic,
and antioxidant activity, among others (Brandao et al. 2017; Aquino-Martins et al. 2019). For
this reason, they are widely used in folk medicine (Silva et al. 2015).

However, several species of the genus Melocactus are endangered, due to several
factors, such as slow growth, high degree of endemism, small populations, degradation of the
natural habitat, associated with predatory collection with the removal of entire individuals from
nature, either to their use or for the trade of ornamental plants (Machado 2009; Goettsch et al.
2015). One of the species on the IUCN Red List of Endangered Species with a high risk of
extinction is Melocactus glaucescens Buining & Brederoo. Endemic to a small area of 1,742.10
km? located in Morro do Chapéu-BA, M. glaucescens occurs in rupestrian fields, with only four
small recognized populations (Taylor and Zappi 2004). M. glaucescens has low genetic
variability, a high level of inbreeding, and evidence of hybridization with M. ernestii,
characteristics that compromise the reproductive success of the species and reinforce the risk
of extinction (Taylor and Zappi 2004).

In turn, Rhipsalideae represents the main tribe of epiphytic cacti of the Cactaceae family
(Anderson 2001; Calvente et al. 2011a). Its distribution is restricted to South America, except
for Rhipsalis baccifera, inhabiting tropical and subtropical forests. The Brazilian Atlantic

Forest is considered the center of diversity of the Rhipsalideae tribe, which ranges from coastal
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environments to altitudes higher than 3,000 meters and, therefore, has rare, endemic and
restricted species (Hunt et al. 2006; Calvente et al. 2011b). The tribe is formed by the genera
Rhipsalis, Hatiora, Lepismium and Schlumbergera (Anderson 2001; Calvente et al. 2011a).
Lepismium cruciforme (Vell.) Miq. is widely distributed in the South and Southeast regions of
Brazil and occurs in most forest formations (Anderson 2001). Schlumbergera truncata (Haw.)
Moran, popularly known as “flor-de-maio” or “Christmas cactus”, is endemic to the state of
Rio de Janeiro. Both species are grown in pots for ornamental purposes, much appreciated for
the beauty of their flowers (Leal et al. 2007; Chornobrov and Bilous 2021).

Cacti are key species for the aridest regions, as, beyond their important ecological role,
they are used for food, fodder, civil construction, fuel, folk medicine, cosmetics, as well as for
ornamental purposes (Silva et al. 2015). However, the Cactaceae family is among the five most
endangered taxonomic groups, with more than 30% of the species threatened, mainly by human
action, associated with intrinsic factors of the species, such as slow growth, high degree of
endemism, and reduced populations (Goettsch et al. 2015). In addition, there is still little
information published on the plastid genome of the Cactaceae family, only 21 complete
plastomes are available in databases such as the NCBI (National Center for Biotechnology

Information; https://www.ncbi.nlm.nih.gov/).

In this context, this is a very interesting taxon to expand studies in plastid genomics, to
better understand the evolutionary relationships of the Cactaceae family and how the different
lifestyles and specific environmental conditions of each habitat in which these species live are
inserted imply the evolution of plastomes. In addition, plastomes are rich sources of molecular
markers, such as simple sequence repeats (SSRs), which allow the identification of specific
markers at different taxonomic levels. These markers are extremely useful for screening and
detection of conservation strategies of natural populations and endangered species (Lopes et al.
2019; Lopes et al. 2021).

Therefore, we extensively sequenced and analyzed the plastomes of M. glaucescens, L.
cruciforme and S. truncata. In addition to the sequenced plastomes, we provided data regarding
phylogenetic inferences, polymorphism hotspots, structural analysis, codon usage, gene
divergence, positive selection, prediction of RNA editing sites, and mapping of molecular
markers. Taken together, these data allow new insights into the evolution of the family
Cactaceae, as well as help in conservation approaches and risk mitigation of endangered

species.
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Abstract
Main conclusion The plastome of Melocactus glaucescens shows unique rearrangements, IR expansion, and unprec-
edented gene losses in Cactaceae. Our data indicate tRNA import from the cytosol to the plastids in this species.

Abstract Cactaceae represents one of the richest families in keystone species of arid and semiarid biomes. This family
shows various specific features comprehending morphology, anatomy, and metabolism, which allow them to grow under
unfavorable environmental conditions. The subfamily Cactoideae contains the most divergence of species, which are highly
variable in growth habit and morphology. This subfamily includes the endangered species Melocactus glaucescens (tribe
Cereeae), which is a cactus endemic to the biome Caatinga in Brazil. Aiming to analyze the plastid evolution and develop
molecular markers, we sequenced and analyzed in detail the plastome of M. glaucescens. Our analyses revealed that the M.
glaucescens plastome is the most divergent among the species of the family Cactaceae sequenced so far. We characterized
here unique rearrangements, expanded IRs containing an unusual set of genes, and several gene losses. Some genes related
to the ndh complex were lost during the plastome evolution, while others have lost their functionality. Additionally, the loss
of three tRNA genes (trnA-UGC, trnV-UAC, and trnV-GAC) suggests tRNA import from the cytosol to the plastids in M.
glaucescens. Moreover, we identified high gene divergence, several putative positive signatures, and possible unique RNA-
editing sites. Furthermore, we mapped 169 SSRs in the plastome of M. glaucescens, which are helpful to access the genetic
diversity of natural populations and conservation strategies. Finally, our data provide new insights into the evolution of
plastids in Cactaceae, which is an outstanding lineage adapted to extreme environmental conditions and a notorious example
of the atypical evolution of plastomes.

Keywords Caatinga - Cactaceae - Plastid evolution - Molecular markers - tRNA import - RNA editing

Introduction

The family Cactaceae represents one of the biggest lineages
of succulent plants adapted to arid and semiarid regions,
whose main centers of diversification are the Andes, Cen-
Communicated by Anastasios Melis. tral Mexico, and northeastern Brazil (i.e., biome Caatinga;
Arakaki et al. 2011; Guerreiro et al. 2019). The capacity
to grow and develop under adverse environments is related
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to a set of evolving features such as anatomy, morphology,
! Laboratério de Fisiologia Molecular de Plantas, physiological modifications, and different lifestyles acquired
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Vigosa, Vigosa, MG, Brazil comprises four subfamilies: Cactoideae, Maihuenioideae,
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highly diversified in growth habit and morphology (i.e., tree-
like, shrubby, caespitose, climbing, or epiphytes; Guerreiro
et al. 2019).

Although they are species of great importance to human
populations in arid regions, being used for food, animal for-
age, traditional medicine, or other uses (Shetty et al. 2012;
Osuna-Martinez et al. 2014; Mayer and Cushman 2019),
cacti are found among the five taxonomic groups most
threatened with extinction (Goettsch et al. 2015). Melocac-
tus glaucescens Buining & Brederoo is one of the species
listed as endangered in the [IUCN Red List of Threatened
Species (IUCN 2020).

The genus Melocactus (Tribe Cereeae) harbors 37 spe-
cies, of which 21 are endemic to northeastern Brazil. The
state of Bahia is the main diversity center of this genus (Tay-
lor 2000). Some species of the genus Melocactus are rich
in bioactive compounds, such as essential oils, flavonoids,
steroids, terpenoids, and alkaloids. In the same way, they
also contain compounds with antimicrobial, antiparasitic,
and antioxidant activities (Brandao et al. 2017; Aquino-
Martins et al. 2019); therefore, they are widely used in folk
medicine (Albuquerque et al. 2007). Given the importance
of the genus, approaches related to in vitro propagation and
conservation are being carried out to attenuate the risk of
extinction (Torres-Silva et al. 2018, 2020, 2021a, b). In
this context, plastid genomics can also assist in conserva-
tion strategies given that simple sequence repeats (SSRs)
can provide plastid molecular markers useful for population
genetic studies (Wheeler et al. 2014; Rogalski et al. 2015;
Lopes et al. 2018a, b, ¢; Pacheco et al. 2020a, b, ¢). Further-
more, plastid genomics allows us to determine the evolution-
ary history of a plant group via structural rearrangements
and coding regions of plastomes (Rogalski et al. 2015; Lopes
et al. 2021). Recently, some reports have highlighted the
importance of plastid genomics for studies related to plas-
tid-cytoplasm incompatibility and plant speciation (Greiner
et al. 2008a, b; 2011; Greiner and Kohl 2014; Pacheco et al.
2020b; Zupok et al. 2021).

Angiosperm plastomes encode a conserved set of
approximately 120 genes. These genes are mainly involved
in photosynthesis (i.e., photosystems I and II, cytochrome
bef complex, and ATP synthase) and plastid expression
(RNA polymerase subunits, ribosomal proteins, rRNA,
and tRNA) (Bock 2007; Daniell et al. 2016). The plastid
genes are responsible for about 80 proteins, 30 tRNAs, and
4 rRNAs (Hu et al. 2015). Most plastid proteins make up
large chimeric complexes, whose subunits are encoded by
plastid and nuclear genes. Therefore, the functionality of
these complexes is dependent on well-established genetic
interactions and co-evolution of both genomes (Greiner et al.
2013). On the other hand, plastids normally contain a mini-
mal set of tRNA genes sufficient to carry out plastid transla-
tion via wobble and superwobbling rules, whereby a single
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tRNA can read up to four synonymous codons (Crick 1966;
Rogalski et al. 2008a; Alkatib et al. 2012a, b).

Although the structure and gene content of most angio-
sperm plastomes are conserved, recent studies have revealed
atypical events in Cactaceae, including plastome size reduc-
tion, new IR configurations, loss and pseudogenization of
several genes, and family-specific rearrangements (Sander-
son et al. 2015; Soldrzano et al. 2019; Kohler et al. 2020;
Oulo et al. 2020; Silva et al. 2021). However, only 13 species
of cacti have their complete plastome available to date in
databases such as the NCBI (National Center for Biotechnol-
ogy Information). Therefore, this is a very interesting taxon
to expand studies in plastid genomics to understand specific
evolutionary relationships within this intriguing family.

Here, we report the complete plastome of M. glaucescens
with extensive analyses concerning its structure and genetic
content. M. glaucescens has several unique characteristics
within Cactaceae, including rearrangements, gene losses,
and unusual gene duplication. Additionally, we have iden-
tified high gene divergence, genes under putative positive
selection, and possible new RNA-editing sites, which along
with phylogenetic inference provide new insights into the
evolution of plastome within Cactaceae. Moreover, we map
the repetitive sequences of the M. glaucescens plastome,
which are helpful to manage natural populations aiming for
conservation strategies. In addition to the loss of ndh com-
plex, we highlight the loss of three tRNA genes (trnA-UGC,
trnV-GAC, and trnV-UAC). The loss of the three tRNA genes
indicates the occurrence of tRNA import from the cytosol
to the plastids given that two tRNAs are essential for plastid
translation and cell survival.

Materials and methods

Plant material, chloroplast isolation, and plastid
DNA extraction

Fresh and young cladodes of the Melocactus glaucescens
were collected from plants maintained in the greenhouse and
obtained as described by Torres-Silva et al. (2020). Before
chloroplast isolation, the plants were kept in the dark at a
temperature of 4 °C, for 5 days to reduce starch levels. Sub-
sequently, chloroplast isolation and plastid DNA extraction
were carried out as described before by Vieira et al. (2014).

Sequencing, assembly, annotation, and data
archiving statement

To prepare the sequencing libraries, approximately 1 ng of
chloroplast DNA was used with Nextera XT DNA Sample
Prep Kit (Illumina Inc., San Diego, CA, USA) according
to the manufacturer's instructions, and sequenced using
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the Illumina MiSeq platform (Illumina Inc., San Diego,
CA, USA). The sequencing of M. glaucescens resulted in
538,422 reads (average length of 194.4 bp). Four contigs
were used to assemble the M. glaucescens plastome, which
ranged from 490.02 to 222.87 of average coverage. The
reads were trimmed under the threshold with a probability
of error < 0.05. The trimmed reads (537,878) were de novo
assembled in contigs using the CLC genomics Workbench
8.0.2 software (CLC Bio, Aarthus, Denmark). After that, a
gap of 219 bp was identified. To close the gap and confirm
the plastome sequence, we performed a second sequencing,
which resulted in 546,506 reads (average length of 192.17).
The gap of 219 bp was completely closed with the data from
the second sequencing using a contig of 119.16 average
coverage. In addition, we used the software NOVOPlasty
4.0 and a pre-assembled genome to check the sequence
(Dierckxsens et al. 2016). The genes were first annotated
by the Annotation of Organellar Genomes (GeSeq) (Tillich
et al. 2017) and BLAST programs. Subsequently, initiation,
termination, and intron-codon positions were determined
based on alignment with plastid genomes of related spe-
cies available in the GenBank database. Gene losses were
verified through a search along the plastome of M. glauces-
cens, using the coding sequences of the respective functional
genes of the species Nicotiana tabacum, Spinacia oleracea,
and Portulaca oleracea. The tRNA sequences were analyzed
using the tRNAscan-SE webserver (Lowe and Chan 2016).
The physical genome of the plastome was drawn using the
software Organellar Genome DRAW (OGDRAW) (Greiner
et al. 2019). The complete nucleotide sequence of M. glauce-
scens plastome was deposited in the GenBank database
under accession number OK298499.

Comparative analyses of plastome structure

The structural features of the M. glaucescens plastome were
determined by multiple alignment analysis using the Mauve
Genome Alignment v.2.4.0 (MAUVE) software (Darling
et al. 2004). For this analysis, we used as a reference the
LSC region of P. oleracea, which extends from the trnH-
GUG gene to the rps19 gene. Posteriorly, we compared with
the corresponding regions of the plastomes of M. glauce-
scens, Rhipsalis teres, and Carnegiea gigantea (subfam-
ily Cactoideae). The linear maps of the plastid genes were
drawn by OGDRAW (Greiner et al. 2019).

Codon usage

Codon usage frequency was determined using the Codon
Usage webserver (http://www.geneinfinity.org/sms/sms_
codonusage.html). Thus, we extracted the sequences of all
functional protein-coding genes of nine species of the family

Cactaceae, P. oleracea, and S. oleracea listed in Supplemen-
tary Table S1.

Phylogenetic inference

To infer the phylogenetic position of M. glaucescens within
the suborder Cactineae, 26 taxons belonging to the subor-
der Cactineae, containing complete plastome sequences
available in GenBank. The sampling included representa-
tive species of the families Cactaceae, Basellaceae, Mon-
tiaceae, Halophytaceae, Portulacaceae, and Talinaceae. To
root the tree, S. oleracea (Chenopodiaceae: Caryophyllales)
was used as an external species. All plastomes sampled and
analyzed here are listed in Supplementary Table S2. The
phylogenetic inference was performed using the maximum-
likelihood (ML) method based on 54 concatenated plastid
genes. For this purpose, plastid genes were first extracted
from the GenBank database and individually aligned using
the MUSCLE software (Edgar 2004) implemented in
MEGA 7.0.14 (Tamura et al. 2013). The gene sequences
were concatenated using DnaSP v.6.12.03 software (Rozas
et al. 2017). Subsequently, a maximum-likelihood tree was
constructed using IQTREE v.1.6.12 (Nguyen et al. 2015).
Five hundred non-parametric bootstrap replications were
used to evaluate the branch supports, which generated five
partitions, grouping the genes in the best replacement evolu-
tionary models: TVM +F +1+ G4 (atpA, atpB, atpE, atpF,
ccsA, cemA, matK, petA, psaC, psbH, psbJ, psbK, rbcL,
rpll4, rpll6, rpoA, rpoB, rpoCl, rpoC2, rps4, rps8, rpsi4,
and ycf3); GTR+F+1+ G4 (atpH, atpl, petB, petD, petG,
petN, psaA, psaB, psal, psbA, psbB, psbC, psbD, psbE,
psbF, psbL, psbN, psbT, and psbZ); TIM3 +F + G4 (clpP);
TVM +F+ G4 (infA, psbM, rpl2, rps2, rps3, rps7, rpsll,
rpsi12, rpsl5, rps19); TVM +F 4+ G4 (rpl22). Finally, the
consensus tree generated in this analysis was visualized
using the FigTree v.1.4.4 software (http://tree.bio.ed.ac.uk/
software/figtree/).

Gene divergence analysis in plastomes of Cactaceae

We aligned 59 protein-coding genes found in all 14 plasto-
mes of the family Cactaceae, including M. glaucescens, and
the other eight genes absent in one or more of these species,
using the software Muscle implemented in Mega 7.0 (Edgar
2004; Tamura et al. 2013). The phylogenetic reconstruction
of each gene was performed to assess the gene divergence.
The phylogenies were inferred based on the ML method fol-
lowing the same steps above-mentioned for the phylogenetic
inference. The gene divergence was estimated by the sum
of total branch lengths that link the operational taxonomic
units to the common ancestor of the species sampled here.
To investigate the presence of putative positive signa-
tures (positive selection), 67 protein-coding genes were
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aligned with 26 other related species as described before.
The aligned codon sequences were used as input data for
the server Selecton (http://selecton.tau.ac.il/index.html;
Stern et al. 2007). The synonymous rate (Ks) and the non-
synonymous rate (Ka) were estimated under the M8 evolu-
tion model (Yang et al. 2000). We consider in our analysis
only sites where the positive selection was reliable (lower
bound > 1).

Prediction of RNA-editing sites and SSRs

Potential RNA-editing sites in plastid protein-coding genes
of the M. glaucescens, Rhipsalis baccifera, and Selenicereus
undatus were predicted by the program Predictive RNA Edi-
tor for Plants (PREP) (Mower 2009). The sites found in our
analysis were compared with sites previously identified in
other species of the family Cactaceae by Silva et al. (2021).
We analyzed 27 genes, with a cut-off value defined as 0.8.
Absent genes (rpl23, ndhA, ndhF, and ndhG), pseudogenes
(ndhB, and ndhD), and highly divergent genes (accD, and
clpP) were excluded from this predictive analysis.

Simple sequence repeats (SSRs) were mapped using the
webserver MIcroSAtellite (MISA) Identification (https://
webblast.ipk-gatersleben.de/misa/), 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.

Results

General features of Melocactus
glaucescens plastome

The M. glaucescens plastome is a circular molecule of
129,806 bp in length. The typical quadripartite structure
contains two single-copy regions, a large single copy (LSC)
of 51.465 bp and a small single copy (SSC) of 19.097 bp,
interspersed between two inverted repeats, IRA and IRB
(IRs), of 29.622 bp (Fig. 1). This plastome contains 98
unique genes, of which 67 are protein-coding genes, 27
are tRNAs, and 4 are rRNAs (Table 1). A total of 11 genes
harbor one intron, four of them are tRNAs, and seven are
protein-coding genes. The ycf3 gene contains two introns.
Two genes have lost one intron, rpl2 and rpoC1, and the
clpP gene has lost the two introns normally conserved in
the sequence.

Concerning the gene content, 15 genes are absent from
M. glaucescens plastome. Ten of them were lost, including
three tRNA genes (trnA-UGC, trnV-GAC, and trnV-UAC),
rpl23 gene, and six genes of the ndh complex (A, E, F, G, I,
and K subunits). The other five genes of the ndh complex (B,
C, D, H, and J subunits) are putative pseudogenes due to the
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presence of premature stop codons in its coding sequences or
the presence of incomplete sequences, lacking initiation and
termination codons. On the other hand, the M. glaucescens
plastome exhibits two cIpP gene segments, without introns,
of which only one is functional, located between the trnS-
GCU and trnG-UCC genes. The second segment of the cIpP
gene, located between the rpl20 and psbB genes, is not func-
tional and contains a copy of the first exon of the rpsi2 gene.

M. glaucescens plastome is the second largest one of the
subfamily Cactoideae among the cacti sequenced to date
(Table 2). Furthermore, it exhibits the largest IRs of the fam-
ily Cactaceae, which is possibly due to the expansion of the
IRA/LSC border, resulting in the duplication of 26 genes. Of
them, 22 are commonly located in the LSC region of angio-
sperms, such as accD, rbcL, rps4, rps16, psbA, psbM, psal,
petN, atpB, atpE, matK, ycf4, and nine tRNAs (1rnS-GGA
, trnL-UAA, trnF -GAA, trnT-UGU, trnC-GCA, trnE-UUC,
trnY-GUA, trnM-CAU, trnK-UUU, trnH-GUG).

The region harboring the genes between the trnH-GUG
and the rps19 gene (i.e., part of IRA and all LSC region)
of the M. glaucescens plastome was compared by multiple
alignments by MAUVE with P. oleracea as a reference and
other cacti (subfamily Cactoideae; Supplementary Fig. S1).
The local collinear blocks (LCB) represent conserved seg-
ments among the species. The analysis revealed unique rear-
rangements in the M. glaucescens plastome, which include
events of translocations, inversions, gene loss, expansion of
the IRs, and contraction of the LSC region (Supplementary
Fig. S1; Fig. 2).

To improve the visualization of the rearrangements, we
performed a comparative analysis between the complete
plastomes of M. glaucescens and P. oleracea, using linear
genetic maps of the plastomes (Fig. 2). Thus, we identified
translocation and inversion events involving a large seg-
ment in the LSC region, covering the sequence from the
trnQ-UUG gene to ycf4 gene (LCB B, C, D, H, I, and J—
event 1; Fig. 2). This event resulted in a new configuration
of the order and direction of the genes in the plastome of M.
glaucescens (LCB J, H, 1, D, C, E, and B). Subsequently, the
LSC region underwent secondary inversions in two small
segments of the plastome (event 2; Fig. 2), which reestab-
lished the direction of the genes, if we compare with the
plastome of P. oleracea. One of them corresponds to the
gene block from trnY-GUA to trnD-GUG (LCB C and D),
and the other to the gene block from trnM-CAU to rbcL
(LCB H and I). Three blocks of the LSC region (LCB B,
E, and J; Fig. 2) remained inverted in the plastome of M.
glaucescens.

The blocks highlighted in red (i.e., Losses 1-7; Fig. 2)
represent the gene losses of M. glaucescens plastome. Three
genes were lost from the LSC region (ndhK, trnV-UAC, and
rpl23), two genes from the IRs (¢rnA-UGC and trnV-GAC
), and five genes from the SSC (ndhA, ndhE, ndhF, ndhG,
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Fig. 1 Gene map of M. glaucescens plastome. Two inverted repeats,
IR, 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 counter-

and ndhl) in comparison with the plastome of P. oleracea. In
addition to gene losses, a reorganization of the SSC region in
the plastome of M. glaucescens is also observed. The expan-
sion of the SSC/IRA border culminated in the transfer of the
four ribosomal genes (rRNA) from the IRs to the SSC region
(i.e., Event 3; Fig. 2). Finally, the expansion of the IRA/LSC
border resulted in IR expansion and LSC contraction in the
plastome of M. glaucescens (i.e., Event 4; Fig. 2).

Melocactus glaucescens
chloroplast genome
129,806 bp

clockwise. Genes belonging to different functional groups are color-
coded. The darker gray in the inner circle corresponds to GC content,
while the lighter gray corresponds to AT content. The dotted circle
corresponds to 50% of AT/GC content

Codon usage

The M. glaucescens plastome lost three tRNA genes: trnA-
UGC, trnV-GAC, and trnV-UAC, which encode three tRNAs,
tRNAAM(UGC), tRNAY(GAC), and tRNAYY(UAC), respec-
tively. Given the complete absence of these genes in the
plastome of M. glaucescens, we analyzed the codon usage
frequency of the protein-coding genes in this cactus by
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Table 1 List of genes identified in the plastome of Melocactus glaucescens

Group of gene

Name of gene

Gene expression machinery
Ribosomal RNA genes
Transfer RNA genes

Small subunit of ribosome

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

Subunits of photosystem I (PSI)
Subunits of photosystem II (PSII)
Subunits of cytochrome bgf
Subunits of ATP synthase

Large subunit of Rubisco

Other genes

Maturase

Envelope membrane protein
Subunit of acetyl-CoA carboxylase
C-type cytochrome synthesis gene
Clp Protease

Component of TIC complex

Component of 2-MD heteromeric ppAAA-
ATPase complex

Translation initiation factor IF-1
Pseudogenes
Absent

rrnl6; rrn23; rrnS; rrn4.5

trnC-GCA?; trnD-GUC?; trnE-UUC?; trnF-GAA®; trnfM-CAU; trnG-UCC®; trnG-GCC; trnH-
GUG?; trnl-CAU?; trnl-GAU®; trnK-UUU®; trnL-CAA®; trnL-UAA®; trnL-UAG; traM-CAU?;
trnN-GUU; trnP-UGG; trnQ-UUG; trnR-ACG; trnR-UCU; trnS-GCU; trnS-UGA; trnS-GGA

b trnT-UGU; trnT-GGU; trnW-CCA; trnY-GUA®?
rps2; rps3; rpsd®; rps7; rps8; rpsll; rpsI2®; rpsi4; rps1S; rps16°; rpsI8; rpsl9
rpl2; rpll4; rpll6%; rpl20; rpl22; rpl32; rpl33; rpl36
rpoA; rpoB; rpoCl; rpoC2

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

psbA®; psbB; psbC; psbD; psbE; psbF; psbH; psbl; psbJ; psbK; psbL; psbM’; psbN; psbT;: psbZ
petA; petB®; petD*; petG; petL; petN”
atpA; athb; atpEb; atpF?; atpH; atpl

rbel?

matk®
cemA
accD?
ccsA
clpP*¢
yefl©
yef2b

infA

ndhB; ndhC; ndhD; ndhH; ndhJ

trnA-UGC; trnV-GAC; trnV-UAC; rpl23; ndhA; ndhE; ndhF; ndhG; ndhl; ndhK

#Genes containing introns
*Duplicated gene
“Partially duplicated genes

Table 2 General features of plastomes within Cactaceae

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

M. glaucescens Cactoideae 129,806 51,465 19,097 29,622 98 36.5 0K?298499
Rhipsalis teres Cactoideae 122,389 81,397 24,016 8,488 99 36.7 MT387452
Rhipsalis baccifera Cactoideae 122,333 81,459 23,531 8530 101 36.7 MT821847
Selenicereus undatus Cactoideae 133,326 68,256 21,716 21,677 99 36.4 NC_053698
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
M. pectinifera Cactoideae 108,561 72,273 29,744 772 95 36.4 MN519716
M. crucigera Cactoideae 115,505 71,565 29,418 7,261 96 36.3 MN517613
M. huitzilopochtli Cactoideae 115,886 71,997 29,401 7,244 97 36.3 MN517612
M. solisioides Cactoideae 115,356 71,690 29,238 7,214 95 36.4 MN518341
M. supertexta Cactoideae 116,175 72,240 29,445 7,245 97 36.4 MN508963
M. zephyranthoides Cactoideae 107,343 71,811 7,281 14,126 95 38.5 MN517611
Opuntia quimilo Opuntioideae 150,347 101,475 4,115 22,392 109 36.6 MN114084
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M. glaucescens
(129.806 bp)

Events:

(1) Translocation and primary inversion of LCB B. C.D.E. H.I. and J

(2) Secundary inversion of LCB C.D.H. I,
(3) Expansion of the SSC/IRA border
(4) Expansion of the IRA/LSC border

Fig.2 Comparison of gene content and order between the plastomes
of M. glaucescens and P. oleracea that presents the general structure
of plastomes found in most angiosperms. The colored squares cor-
respond to the LCB obtained by multiple alignments performed by
MAUVE (Supplementary Fig. S1). Gene losses are pointed out by
red squares in the plastome of P. oleracea. Solid cross lines mean
translocation and inversion of the gene order. Dotted cross lines sig-

comparing it with other species of the family Cactaceae
(Fig. 3). Both alanine and valine amino acids are encoded by
a codon box (GC and GT, respectively). The alanine amino
acid shows a high frequency of GCT codon (0.44), followed
by GCA (0.29), GCC (0.16), and GCG (0.11) codons. These
values are similar to the frequency of other cacti, whose
averages were 0.43, 0.29, 0.16, and 0.10, respectively. In the
same way, the frequencies of the valine codons observed in
M. glaucescens and the average observed in other cacti are
very similar. The most frequent codons are GTA (0.38 and
0.38) and GTT (0.36 and 0.37), and the less frequent ones
are the GTG (0.14 and 0.14) and GTC codons (0.12 and
0.11), for M. glaucescens and the average of other species,
respectively. These results indicate that despite the absence
of tRNAs in the M. glaucescens plastome, the frequency of
codon usage for the amino acids, alanine and valine, fol-
lows the same proportions observed in other species of the
subfamily Cactoideae.

Phylogenetic reconstruction of the suborder
Cactineae

The phylogenetic reconstruction of the suborder Cactineae by
the maximume-likelihood (ML) method, based on concatenated
plastid genes, generated a consensus tree with a log-likelihood
(InL) of -143,668,505 (Fig. 4). The family Montiaceae clade

RB IRA

] ] |
":mr-'] 1 —
® f
—
IRB ssc IRA

Losses of genes:
(1) ndhK
(2) tmV-UAC
(3) pl23
(4) mV-GAC

(5) trnd-UGC
(6) ndhF
(7) ndhE, ndhG, ndhl and ndhA

nify the only inversion of the gene order. Arrows indicate events of
SSC/IRA and IRA/LSC border expansion. Rearrangement events are
described according to the indicated numbering. Linear gene maps
were drawn using OGDRAW (Greiner et al. 2019). LSC, large single-
copy regions; IRA/B, inverted repeats A/B; SSC, small single-copy
region

formed a sister group with the other families of the suborder
Cactineae (100% of ML-BS). Basellaceae and Halophytaceae
formed a sister group (50% of ML-BS), being Halophytaceae
more divergent. Finally, the family Talinaceae was more
closely related to the families Portulacaceae and Cactaceae
(100% of ML-BS), which formed a well-supported sister
group (91% of ML-BS). Within Cactaceae, Opuntia quimilo
constituted the early branching of the family Cactaceae and
formed a sister group with the subfamily Cactoideae clade
(100% of ML-BS). The genus Mammillaria formed a mono-
phyletic group highly supported and a sister group with the
clade composed of the other species of the subfamily Cac-
toideae (100% of ML-BS). This group shows two clades: the
first, a sister group among S. undatus and tribe Echinocereeae
(C. gigantea and L. schottii); and the second, a sister group
among the genera Melocactus (M. glaucenscens) and Rhip-
salis (R. baccifera and R. teres), with 100% of ML-BS for
all branches. M. glaucescens shows the longest branch length
within Cactaceae, which means that it is the most divergent
species in the family among the species analyzed here.
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Fig.3 Frequency and standard deviation (SD) of the codon usage
analysis of M. glaucescens plastid protein-coding genes, compared to
species of the family Cactaceae, P. oleracea, and S. oleracea. The red

Gene divergence analysis and identification
of putative positive signatures in plastid
protein-coding genes of Melocactus glaucescens

From 67 plastid protein-coding genes of Cactaceae analyzed
here, 35 demonstrated a low substitution rate, with branch
length < 0.05 for all species (Supplementary Fig. S2). The
other 32 genes exhibited branch lengths containing values
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squares highlight the codons for the amino acids alanine and valine,
whose respective tRNA genes (trnA-UGC, tnrV-GAC, and trnV-UAC)
were lost from the M. glaucescens plastome

higher than 0.05 in at least one species. The genes accD,
vefl, clpP, rpl22, rpl32, and rpsl9 were the most diver-
gent genes, demonstrating values of branch length > 0.2
(Fig. 5a). The rpl32 gene showed the highest variation of
branch lengths among the species. The highest substitution
rate was observed in M. glaucescens (0.87) and lower rates
for the genus Mammillaria (from 0.15 to 0.17). The accD
is the most divergent gene for the family Cactaceae, with
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Fig.4 Phylogenetic tree of 26 species of the suborder Cactineae and
Spinacia oleracea as an outgroup, based on 54 protein-coding plas-
tid genes using the maximum-likelihood (ML) method. Numbers (%)
associated with branches are ML bootstrap support (BS) values. The

branch length values varying from 1.29 (M. huitzilopochtli)
to 1.95 (0. quimilo). The ycfl gene, absent in M. zephy-
ranthoides, showed branch lengths ranging from 0.34 (C.
gigantea) to 0.71 (O. quimilo). The rpl22 gene presented
the lower substitution rate in O. quimilo (0.20), followed
by the genus Mammilaria (0.24—0.31) and the higher sub-
stitution rate in M. glaucescens (0.58). On the other hand,
the clpP gene exhibited branch lengths varying from 0.26
(C. gigantea) to 0.49 (M. glaucescens). Finally, in the gene,
rps19 was observed a variation of branch lengths from 0.16
(0. quimilo) to 0.31 (C. gigantea, M. glaucescens, and M.
solisioides). Our analysis revealed that M. glaucescens
showed higher substitution rates in 21 out of 67 genes ana-
lyzed here (31.3%); most of them (15 genes) involved in
plastid gene expression machinery.

To investigate whether any plastid gene of Cactaceae
underwent positive selection, we utilized the Selecton pro-
gram. A total of 450 putative positive signatures distrib-
uted in 32 different genes were identified (Fig. 5b). More
than half of genes under putative positive selection (18) are
related to plastid gene expression [i.e., including subunits of
RNA polymerase (rpo genes), RNA maturation (matK gene),
and ribosomal proteins (rpl and rps genes)]. The other genes
(14) are involved in functions such as photosynthesis [i.e.,
subunits of PSII (psb genes), ATP synthase (atp genes)],
translation initiation (infA gene), cytochrome biosynthesis
(ccsA gene), fatty acid biosynthesis (accD gene), protein
import from the cytosol (ycfI and ycf2 genes), and protein

Mammillaria crucigera

Mammillaria huitzilopochdi
A .

P
zephyranthoid
Selenicereus undatus

Camegiea giganea
Lophoceseus schowi

Rhips:
Rhipsalis baccifera

Spinacia oleracea

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 M. glaucescens is highlighted in red

degradation (cIpP gene). The sites under putative positive
selection were plotted against the phylogeny based on con-
catenated plastid genes of the suborder Cactineae (Fig. 6;
Supplementary Figs. S3—S24). The sites of putative positive
selection are related to gene divergence, since most diver-
gent genes also presented a high number of positive signa-
tures. The high gene divergence naturally found in the family
Cactaceae (for example in the ycfI and ycf2 genes) is directly
related to signatures of putative positive selection. Although
the program Selecton interprets them as positive selection
sites, we should interpret them with caution due to the high
gene divergence found in plastomes of this family.

RNA-editing sites in plastid protein-coding genes
of Melocactus glaucescens and other species
of the subfamily Cactoideae

Here, we identified a total of 29 putative RNA-editing sites
in 15 genes of M. glaucescens (Supplementary Table S3).
All modifications are cytidine (C) to a uridine (U), at the
first (27,6%) or second (72,4%) codon positions. Most edi-
tions changed the amino acid polarity (22 of 29) from polar
to apolar (62,1%) or from apolar to polar (13,8%). Seven
RNA-editing sites did not change amino acid polarity (three
polar-polar and four apolar-apolar).

From a total of 29 RNA-editing sites, 11 are shared with
all species of the subfamily Cactoideae analyzed here [i.e.,
atpA (424), atpB (138), petB (140), psbL (1), rpoB (158),
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«Fig.5 Molecular evolution analyses of plastid genes within the fam-
ily Cactaceae. a Divergence of protein-coding genes. The gene diver-
gence was estimated by the sum of total branch lengths in each gene
tree inferred (mean=+SD). b Number of putative sites under positive
selection

rpoB (189), rpoCl (11), rpoCl1 (209), rpoC2 (488), rpsi4
(27), and rps14 (50)]. Three sites atpA (305), rpl20 (87), and
rps2 (83) were found in almost all species of the subfamily
Cactoideae, except in one taxon. Aiming at understanding
the evolution of polymorphic sites, we traced RNA-editing
sites of M. glaucescens with the phylogeny of the subfamily
Cactoideae (Fig. 7). Two sites, psbF (26) and rpoA (28),
are shared among closely related species of the Core Cac-
toideae. The site rpoB (184) is shared among Core Cac-
toideae, M. albiflora, and M. zephyranthoides. The site rpoA
(295) is only shared among M. glaucescens, M. albiflora,
and M. zephyranthoides. On the other hand, M. glaucescens
does not contain two common sites found in species of the
family Cactoideae species: rpl20 (24) and rpl20 (91). These
exceptions are due to the mutations in plastid DNA, which
fix a T, dismissing the need for RNA editing.

We identified here 11 possible specific sites in seven
genes of M. glaucescens, atpF(31), rpl20(100), rpoB(358),
rpoC1(390), rpoC1(420), rpoC2(725), rpoC2(739),
rpoC2(1142), rpoC2(1311), rps8(48), and ycf3(26); Fig. 7
and Supplementary Table S3). In addition, other four pos-
sible specific RNA-editing sites were identified in the sub-
family Cactoideae, being two in R. baccifera [rpoA (9) and
rpoA (188)], and two in S. undatus, [rpoC1 (321) and rpoC2
(163)]. Another two sites are specific to the genus Rhipsalis:
rpoC1 (157) and rpoC2 (606). Finally, the site rpoC2 (770)
is shared among some species of Core Cactoideae I (S. unda-
tus, C. gigantea, and L. schottii) (Supplementary Table S3).

Identification of SSRs in Melocactus glaucescens
plastome

The plastome of M. glaucescens contains 169 SSR loci,
of which 82 are localized in intergenic spacers (IGSs), 59
in coding sequences (CDS), and 28 in introns. The SSRs
localized in CDS were found with high frequency in the fol-
lowing genes: ycfI (11), rpoC2 (6), ycf2 (5), rpoB (3), and
matK (3). The 28 SSRs located in introns are distributed
on nine genes [e.g., trnL-UAA (6), atpF (5), and ycf3 (4)
genes]. Concerning the IGS, trnS-UGA/psbZ, trnQ-UUG
[cemA, rpsd4/trnT-UGU, and psaClrpl32 showed three SSRs
each. The most frequent type of SSRs are mono- (117) and
dinucleotides (41), the others are tri- (2), tetra- (6), penta-
(2), and hexapolymers (1). The bases A/T compose most
of mono- and dinucleotide SSRs, with 97,4% and 63,4%,
respectively (Supplementary Table S4). The size, sequence,

and location of the SSRs identified in the M. glaucescens
plastome are shown in Supplementary Table S5.

Discussion

Unusual rearrangements, IR expansion, and massive
gene losses characterize the M. glaucescens
plastome

Usually, the plastome of angiosperms is a circular molecule
containing a conserved structure and gene content (Bock
et al. 2007). However, recent studies have revealed several
plant lineages with atypical features (i.e., reduction of plas-
tome size, unusual rearrangements, expansions and contrac-
tions of IRs, and losses and/or pseudogenization of several
genes) (Chumley et al. 2006; Guisinger et al. 2011; Lee et al.
2017; Lopes et al. 2018b, 2019; Pacheco et al. 2020a, b),
which include the family Cactaceae (Sanderson et al. 2015;
Solérzano et al. 2019; Oulo et al. 2020; Silva et al. 2021).

Several plastome configurations have been frequently
observed in plastomes of the subfamily Cactoideae, which
are related to the SSC region and IRs (Sanderson et al. 2015;
Solérzano et al. 2019; Silva et al. 2021). An outstanding
example is related to the ribosomal RNA genes, which are
commonly located in the IRs of plastomes of angiosperms
(Lopes et al. 2018b,c, 2021; Pacheco et al. 2019, 2020a),
including the cactus Opuntia quimilo of the subfamily Opun-
tioideae (Kohler et al. 2020). However, in M. glaucescens,
S. undatus, and other cacti of the genera Mammilaria and
Rhipsalis, they are located in the SSC, which appears to be
a common feature found in species of the subfamily Cac-
toideae (Soldrzano et al. 2019; Oulo et al. 2020; Silva et al.
2021).

Nevertheless, the M. glaucescens plastome underwent
intense and unprecedented structural reorganization, which
does not follow either of the two rearrangement patterns
(Tribe Cacteae and Core Cactoideae) previously observed
in the subfamily Cactoideae (Silva et al. 2021). The trans-
location and inversion of a large segment of the LSC region
and other subsequent events (e.g., the expansion of the IRs)
resulted in the duplication of genes commonly located in the
LSC. Thus, the plastome of M. glaucescens evolved under
selective pressure to maintain these genes in the IRs. How-
ever, the reasons for such plastome rearrangement are still
unclear.

Another feature of M. glaucescens plastome is a massive
loss of genes, which totalizes 15 genes that were lost or are
not functional (i.e., pseudogenes). Out of this total, 11 genes
of the ndh complex were lost, indicating a complete loss of
its functionality in M. glaucescens. The ndh complex acts in
the cyclical electron transport and production of ATP around
Photosystem I (PSI) under stress conditions (Rumeau et al.
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psbC, psbM, and rbcL genes. The amino acids are plotted across the scens plastid genes. The Ka/Ks scores for each codon position are
Cactineae phylogeny inferred based on plastid genes (Fig. 4). Differ- indicated in the last line
ent amino acid types identified at the same position are highlighted

apF 31) | matK 218) | pshF (26) [ mpi20 1) [ 120 (100) [ rpod 9) | rpod 28) | rped (188) [rpoB (184) [rpoB (358)
M albifl craw) |cat@ay | e [ teesy | TR TCC (S) TAT (V) TCT(S) | Tca(sL) | TCA(S)
M. pectinifera CTAQL) | CATHY) | TIT(® | TCG(SL) | TIT( TCC (S) TAT (V) TCT (S) TTA@L) | TCA(S)
_E M. solisioides CTA (L) CAT (H-Y) TTT (F) TCG (S-L) TTT (F) TCC (S) TAT (Y) TCT (S) TTA@L) | TCA(S)
— M. crucigera CTAML) | CATHY) | TIT® | 1¢6sL) | TIT(H) TCC (S) TAT (Y) TCT (S) TTA@L) | TCA(S)
I_E M. huitzilopochtli CTA (L) CAT (H-Y) TTT (F) TCG (S-L) TTT (F) TCC(S) TAT (Y) TCT (S) TTA(L) | TCA(S)
] M. supertexta ctaw) | catavn | i [ ey | tmre TCC (S) TAT (Y) TCT (S) TTA@L) | TCA(S)
- M. zephyranthoides| CTA@L) | CATEY) | TIT® | TcG(L) [ TTT(H) TCC (S) TAT (Y) TCT(S) | TCA(SL)| TCA(S)
S. und CTA(L) | CATH-Y) | TCT(SF) | TCG(SL) | TTAL) TCC(S) | CATH-Y) | TCT(S) | TCA(SL)| TCA(S)
_LE C. gig cta@) | tatm | ersH [ tecsy | 1T TcT(s) | cat@EY) | TcT(8) [T1casy | Tcacs)
L. schottii CTA@L) TAT (Y) TCT (S-F) | TCG(S-L) TTT (F) TCT (S) CAT (H-Y) TCT (S) TCA (S-L) | TCA(S)
M. glaucescens cca®eLD | tatn [ tersh | tre@ [ TcasL)| tecc) | cat@vn [ 1eres) [ Tca s |cca @l
_ER‘ teres CTAML) | CATHY) | TTTF | 1¢6sL) | TIT(H) TCT(S) | CATH-Y) | TCT(5) [TcasL) | TCA(S)
R. baccifera CTA@) | caT@Y) | TcT(sF | 1eesL) | 1T [ ceres) [ car@y) | cere-s)y [teasL | Tcas)

rpoCl (157) | rpoCI (321) | rpoCl (420) | rpoC2 (163) | rpeC2 (606) | 7poC2 (739) | rpoC2 (770) | rpeC2 (1311) | rps2(83) | 7vs8 (48)

M albiflora TIT (F) AGG (R) TCG (S) GTA (V) TAT (Y) GTT (V) GTT (V) ATG (M) TTAQL) | GTG(V)

M. pectinifera TIT (F) AGG (R) TCG(S) TTA L) TAT (Y) TIT (F) GTT (V) ATGM) | TCA(SL) | GTG(V)

_EM solisioides TTT (F) AGG (R) TCG(S) TTA L) TAT (Y) TTT () GTIT (V) ATGM) | TCA(SL) | GTIG(V)

. M. crucigera TTT (F) AGG (R) TCG (S) GTA (V) TAT (Y) GTT (V) GTT (V) ATGM) | TCA(S-L) | GTG(V)

_‘EM huitzilopochtli TTT (F) AGG (R) TCG (S) GTA (V) TAT (Y) GTT (V) GIT (V) ATGM) | TCA(SL) | GTG(V)

| M. supertexta TTT (F) AGG (R) TCG (S) GTA (V) TAT (Y) GTT (V) GTT (V) ATG(M) | TCA(S-L)| GTG(V)

- M. zephyranthoides| _TTT (F) AGG ®) TCG(S) GTA (W) TAT(Y) GIT(V) GIT (V) ATGQM) |TCAESL) | GTIG(V)
S. und TITE | ACG(T-M) | TcGs) | ccael) | TaT(m) GIT(V) [cec@awv) | Aatcen [TecasL)| TCG(S)

M. glaucescens TTT (F) AGG (R) | CCG (P-S) GTA (V) TAT(Y) | GCT(A-V) | GTT(V) ACG (T-M) [ TCA (S-L) | GCG (A-V)
R. teres cITh [ AGGR) | TcGs) | 6Taw) [cat@Y) | 6TT(V) [ GTT(W) ATGOM) | TCA(SL) | GTG (V)
R. baccifera CTT(LF) | AGG®R) | TCG(S) | GTA(V) | CATHY) | GTT(V) | GIT(V) ATG(M) | TCA(SL) | GTG (V)

_LE C. gig TTT (F) G6CG) | Tces) | otaw) | taty) | 6T [oecav) | ateom [Tcasy) | TCG ()
L. schorttii TTT (F) GeGA) | TcGs) | 6taw) | Taton | otTv) [occav) | atcon [rtcasi)| TCG(s)

Fig. 7 Distribution of putative RNA-editing sites across the family Cactaceae phylogeny based on concatenated plastid genes. The codons high-
lighted in red have an editing site (underlined nucleotide)
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2007; Strand et al. 2019). Several plant lineages have lost
their ndh genes, including gymnosperms and angiosperms
(Braukmann and Stefanovi¢ 2009; Blazier et al. 2011; Kim
e Chase 2017; Lin et al. 2017; Fu et al. 2021). Although
the reasons for the loss of ndh genes are unknown, it seems
to be a common event in the subfamily Cactoideae (Silva
et al. 2021). Likewise, the rpl23 gene was lost from the M.
glaucescens plastome, while in the other species of the sub-
family Cactoideae, it is a pseudogene (Silva et al. 2021). The
loss or pseudogenization of rpl23 appears to be recurrent in
Caryophyllales (Ramam and Park 2015). This gene encodes
the L.23 protein, an essential component of the 50S ribosome
subunit (Fleischmann et al. 2011). Therefore, it is reasonable
to assume that a similar L23 protein is nucleus-encoded and
it is imported by the chloroplast from the cytosol as observed
in other lineages (Lopes et al. 2018b).

On the other hand, the rpl/33 gene is functional in M.
glaucescens, but it was lost or is a pseudogene in the other
species of the subfamily Cactoideae (i.e., genus Mammi-
laria, genus Rhipsalis, C. gigantea, L. schottii, and S. unda-
tus; Sanderson et al. 2015; Solérzano et al. 2019; Oulo et al.
2020; Silva et al. 2021). The rpl33 gene encodes the .33
protein of the ribosome 50S subunit, which is required for
proteins synthesis during the early stages of plant growth
and development, especially during the formation of thyla-
koid membranes (Rogalski et al. 2008b). M. glaucescens is
a slow-growing species, so the retention of this gene indi-
cates that it is important for the maintenance of fitness and
adaptation to its geographical occurrence and specific envi-
ronmental condition.

Loss of essential tRNAs from the M. glaucescens
plastome indicates tRNA import from cytosol

According to the wobbling rules proposed by Crick (1966),
32 tRNAs are needed to read all existing codons. However,
plastomes of angiosperms harbor normally 30 tRNAs,
which by nucleoside modification in the wobbling position
and supperwobbling suffice for the reading of all codons
(Rogalski et al. 2008a; Agris et al. 2007; Weixlbaumer et al.
2007; Kurata et al. 2008; Alkatib et al. 2012a, b; Mandal
et al. 2014). Although it is an uncommon feature, some line-
ages of higher plants show less than 30 tRNAs in plastomes
(Chumley et al. 2006; Guisinger et al. 2011; Lee et al. 2017).
However, the loss of an essential tRNA (i.e., containing uri-
dine in the wobbling position; trnV-UAC) has been reported
recently in species of the subfamily Cactoidae (Silva et al.
2021). This kind of loss would require another mechanism to
replace the essential tRNA for translation and cell viability,
since plastid translation is essential for cell viability in most
angiosperms (Rogalski et al. 2006, 2008a; b; Fleischmann
et al. 2011; Alkatib et al. 2012b). A mechanism that would
replace the loss of an essential tRNA is the tRNA import

from the cytosol to the plastids, but this mechanism was
still not demonstrated experimentally in plastids or even
evidenced via genetic reverse in plastids (Legen et al. 2007;
Rogalski et al. 2008a; Alkatib et al. 2012a, b; Agrawal et al.
2020). This is known that this mechanism is used in mito-
chondria to replace the absence of various tRNAs (Akashi
et al. 1998; Dietrich et al. 1996; Alfonzo and So6ll1 2009;
Salinas-Giegé et al. 2015; Murcha et al. 2016).

Here, we reported the loss of three tRNA genes (trnA-
UGC, trnV-GAC, and trnV-UAC) in the plastome of M.
glaucescens. As previously reported by Silva et al. (2021),
the loss of the trnV-UAC gene appears to be a common fea-
ture of the subfamily Cactoideae. Surprisingly, M. glauces-
cens lost the two tRNA genes, trnV-GAC, and trnV-UAC, for
the amino acid valine, both tRNAs are normally responsible
to decode the four valine codons (i.e., GUA, GUC, GUG,
and GUU) using the wobbling rules (Crick 1966). It means
that plastid translation must operate with tRNAs presumably
imported from the cytosol given that they are not encoded by
plastids. The reverse genetics in plastids demonstrated that
the trnV-GAC gene is dispensable, whereas the trnV-UAC
is essential for cell viability (Alkatib et al. 2012b). More
surprisingly, the trnA-UGC is also absent from the plastome
of M. glaucescens. The tRNAAUGCQ) is responsible for the
decoding of four alanine codons (i.e., GCA, GCC, GCG, and
GCU), which can be done with high efficiency by uridine,
containing an unknown modification, in the wobbling posi-
tion (Pfitzinger et al. 1990; Alkatib et al. 2012b).

Given the total absence of valine and alanine tRNAs in
the plastome of M. glaucescens, we analyzed codon usage
in protein-coding genes of M. glaucescens, other cacti, and
related species (i.e., spinach as a species of order Caryophyl-
lales and model species for plastid studies). The codon usage
analysis demonstrated that codon frequencies for the amino
acids alanine and valine are very similar to frequencies found
in the other species. Therefore, our data and results strongly
suggest the import of tRNAs, at least tRNAAYUGC) and
tRNAY¥(UAC) according to decoding rules, from the cytosol
to the plastids in M. glaucescens.

Suborder Cactineae phylogenetic reconstruction
based on plastid genes

Our phylogenetic tree based on plastid protein-coding genes
was similar to that reported by Silva et al. (2021). The same
pattern of distribution of species within the families Monti-
aceae, Basellaceae, Portulacaceae, and subfamily Cactoideae
was observed in both phylogenetic trees. However, some
inconsistencies related to the families Halophytaceae and
Talinaceae were verified. Our results demonstrated, with low
support, that H. ameghinoi forms a sister group to the fam-
ily Basellaceae, which differs from the results obtained by
Silva et al. (2021). On the other hand, Talinum paniculatam
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forms a sister group with the family Portulacaceae in the
phylogenetic tree proposed by Silva et al. (2021), although
this relationship is poorly supported. In our tree, the clade
Portulacaceae is highly supported to be a sister group to
the family Cactaceae. Complete plastome sequences from
other species of families Halophytaceae and Talinaceae will
resolve such inconsistencies.

Opuntia quimilo (Opuntioideae) constituted the early
branching of the family Cactaceae and formed a sister group
to the subfamily Cactoideae. Two clades compose the sub-
family Cactoideae, one of genus Mammillaria and the other
formed by the Core Cactoideae, corroborating with the phy-
logeny proposed by Guerrero et al. (2019). In our phyloge-
netic analysis, all species of the genus Mammillaria were
grouped as previously reported by Solérzano et al. (2019)
and Silva et al. (2021). However, a more comprehensive phy-
logeny of the clade Mammilloid was recently performed by
Breslin et al. (2021), based on the LSC region of plastomes,
which revealed that Mammillaria is no longer considered
monophyletic. Probably, the limited number of plastomes of
this genus available in the database and the proximity of the
Mammillaria species analyzed here resulted in the formation
of the clade Mammillaria. Finally, two groups form the Core
Cactoideae clade. The first is composed of C. gigantea and
L. schottii (a sister group of the tribe Echinocereeae) and S.
undatus (tribe Hylocereeae), representing North American
columnar cacti. The second group is formed by M. glauce-
scens (Cereeae), and a sister group composed of R. teres
and R. baccifera (Rhipsalideae). These clades follow the
phylogenetic inference reported by Guerrero et al. (2019),
which are called Core Cactoideae I and Core Cactoideae 11,
respectively.

Molecular evolution of plastid protein-coding genes
of M. glaucescens

The family Cactaceae shows a high divergence in several
protein-coding genes. The genes accD, ycfl, clpP, rpl22,
rpl32, and rps19 exhibited mean values for branch length
above 0.2. As previously reported by Silva et al. (2021), the
accD is the most divergent gene from the family Cactaceae.
This gene encodes the f-carboxyl-transferase subunit of the
acetyl-CoA carboxylase, which is related to plastid fatty acid
biosynthesis (Rogalski and Carrer 2011; Salie and Thelen
2016). Although it is divergent, the C-terminus, where is
located the carboxyl-transferase domain, remains conserved
(Greiner et al. 2008b; Silva et al. 2021). The ycfI and ycf2
genes are involved in the protein import machinery in plas-
tids, being essential for cell survival (Drescher et al. 2000;
Kikuchi et al. 2013, 2018). However, the high divergence of
both genes has been reported in several plastomes of angio-
sperms, as well as events of pseudogenization and gene loss
(Vries et al. 2015; Lopes et al. 2018b, 2021), including cacti
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(Soléarzano et al. 2019; Kohler et al. 2020). The clpP gene
is also an essential gene for cell viability (Shikanai et al.
2001; Kuroda and Maliga 2003), whereas some plant line-
ages show highly divergent sequences (Erixan and Oxelman
2008; Rockenbach et al. 2016; Pacheco et al. 2020a, b).

To obtain more information about the evolution of the
plastid genes in Cactaceae, we next analyzed the presence
of positive selection in each protein-coding gene. We iden-
tified a total of 450 putative positive signatures in almost
half of the genes analyzed (32 out of 67), including genes
related to gene expression, photosynthesis, fatty acid biosyn-
thesis, cytochrome, and others. According to our analyses,
most divergent genes also contain a high number of putative
positive signatures. The presence of positive signatures was
also characterized in other plant lineages, but the reason for
such signatures and their effects are still poorly understood
(Lopes et al. 2018a, 2021). Curiously, we observed in our
analyses a correlation between gene divergence and positive
signatures.

The ycf1 and ycf2 genes harbor more than half of all puta-
tive positive signatures identified in our analysis (303 signa-
tures), which are distributed throughout the protein. In the
accD gene, we identified five putative positive signatures,
none of them located in the C-terminal region. Although
the accD gene has an outstanding importance for the plant
cell (Kode et al. 2005), accelerated rates of evolution and
even functional transfer to the nucleus have been previously
reported (Rousseau-Gueutin et al. 2013; Rockenbach et al.
2016). The sequence of clpP gene revealed 20 putative
sites of positive signatures in our analysis. According to the
Conserved Domains Database (https://www.ncbi.nlm.nih.
gov/cdd), only one of them, clpP (153), is located at the
protein—protein interaction interface and represents a wide
change of amino acid among the species of Cactaceae. The
conserved amino acid (lysine) was changed to six different
amino acids among the species. Oligomerization is essential
to build a functional protein complex, wherefore it is likely
that the nuclear genes (i.e., other subunits) and plastid clpP
gene are undergoing a process of co-evolution in Cactaceae
(Greiner and Bock 2013; Zhang et al. 2015).

The genes involved in plastid translation also acquired
several sites of putative positive signatures in the family Cac-
taceae. As demonstrated in the previous studies, accelerated
evolutionary rates and positive selection frequently occur in
plastid genes involved in gene expression (Krawczyk and
Sawicki 2013; Hu et al. 2015; Xu et al. 2015; Weng et al.
2016). Four genes (rpl20, rps2, rps7, and rpsi2) encoding
plastid ribosomal proteins have signatures at sites of interac-
tion with ribosomal proteins and ribosomal RNA. The L.20
(i.e., amino acid position 100) is a binding site interacting
with protein L21 in the 50S ribosomal subunit. In our analy-
sis, this site is under putative positive selection and contains
six different amino acids considering the different species



Planta (2022) 255:57

Page 150f 19 57

of Cactaceae. Three sites that interact directly with 16S
rRNA, located in the ribosomal proteins S2 (39), S7(94),
and S12(31), are under putative positive selection (Wimberly
et al. 2000; Schuwirth et al. 2005; Krawczyk and Sawicki
2013; Hu et al. 2015; Xu et al. 2015; Weng et al. 2016). Our
analysis revealed that genes from several functional classes
are under putative positive selection. The consequences of
these signatures on protein function remain unclear and have
to be investigated functionally. However, they suggest that
natural selection acts on different sites, possibly bringing
adaptation in each species to specific environmental condi-
tions (Greiner and Bock 2013; Hu et al. 2015; Lopes et al.
2021).

The M. glaucescens plastome shows possible unique
RNA-editing sites

The RNA editing is a post-translational mechanism of nucle-
otide correction, which changes the bases from C to U or
more rarely from U to C. Plastid RNA editing occurs in most
land plants to regulate gene expression under different stress
conditions or adaptation needs (Takenaka et al. 2013). In
this study, we identified 29 putative RNA-editing sites in 15
genes of M. glaucescens plastome using the PREP program.

Here, all RNA-editing sites were identified at the first or
second positions of the codons and C-to-U conversions as
observed in other studies (Lopes et al. 2018a,c; Silva et al.
2021). Of the total of 29 RNA-editing sites, 18 of them were
also identified in other species of subfamily Cactoideae
(Silva et al. 2021). However, we found new sites for this
subfamily, being two in S. undatus [rpoCI (321) and rpoC2
(163)], two in R. baccifera [rpoA(9) and rpoA(188)] and 11
in M. glaucescens.

M. glaucescens revealed 11 possible specific RNA-edit-
ing sites distributed among the genes atpF(31), rpl20(100),
rpoB(358), rpoC1(390, 420), rpoC2(725, 739, 1142, and
1311), rps8 (48), and ycf3 (26). This is the first species of
the tribe Cereeae to have the complete plastome widely ana-
lyzed. The sequencing and publication of other plastomes
will enable us to infer whether these putative sites are unique
to M. glaucescens or occur at the level of genus or tribe.

The high number of SSRs identified in the M.
glaucescens plastome represents an important
source of molecular markers aiming at conservation
strategies

A total of 169 SSR loci were identified in the plastome of M.
glaucescens (Supplementary Table S4 and S5), being domi-
nant occurrence in non-coding regions (IGS and introns).
These regions evolve faster than coding regions and thereby
are more interesting to study the genetic variability of popu-
lations (Rogalski et al. 2015). The plastid molecular markers

show several interesting features for various genetic studies
such as high polymorphism, non-recombinant, and uniparen-
tal inheritance in most angiosperms (Wheeler et al. 2014).
More than 93% of SSRs found here are characterized as
mono and dinucleotides, constituted by A and T. Only three
SSRs mononucleotides G/C were observed in this plastome.
The location and the type of SSRs identified are congruent
with other studies (Pacheco et al. 2019, 2020c; Lopes et al.
2021; Silva et al. 2021).

The family Cactaceae is one of the most threatened tax-
onomic groups, with more than 30% of species at risk of
extinction (Goettsch et al. 2015). M. glaucescens is among
the endangered species of cacti, due to a high degree of end-
emism, reduced population, slow growth, and anthropogenic
action, either by the indiscriminate collection of specimens
or by habitat destruction (Taylor and Zappy 2004; Machado
et al. 2009). Therefore, the full plastome sequence and SSRs
characterized in this study are useful information for investi-
gation in natural populations of M. glaucescens and assist in
conservation strategies for this threatened species.

Conclusions

Here, we report the complete plastome of M. glaucescens,
an endemic cactus to a small region of the State of Bahia
(Brazil) and highly endangered. The plastome of M. glauces-
cens contains unique structural features within the subfamily
Cactoideae. Several rearrangement events culminated in the
expansion of IRA/LSC border, the largest IRs found in Cac-
toidae, and the duplication of 22 genes commonly located
in the LSC. Concerning gene divergence, we identified high
divergent genes, a high number of putative positive signa-
tures in the plastid protein-coding genes, and possible unique
RNA-editing sites. Additionally, all ndh genes were lost or
became pseudogenes. Moreover, the trnA-UGC, trnV-UAC
, and trnV-GAC genes are absent from the M. glaucescens
plastome. The absence of both tRNAs suggests the mecha-
nism of tRNA import from the cytosol to the plastids in this
plant lineage, since they are essential genes for plastid trans-
lation and cell viability. Furthermore, we characterize in the
plastome of M. glaucescens plastome several SSRs, which
represent an extremely useful tool for conservation strategies
in natural populations of endangered species. Finally, we
also emphasize the importance of environmental conserva-
tion since different and specific habitats represent hotspots
of endemic species with risk of extinction and importance
for understanding the evolution of plastomes, plant cells,
and species.
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Supplementary Fig. S1. Multiple alignments of M. glaucescens, R. teres, C. gigantea plastomes (subfamily
Cactoideae), and P. oleracea as reference species. The region aligned corresponds to the LSC of P. oleracea
plastome, from the #7rnH-GUG to the rpsl9 genes. Locally collinear blocks (LCB) are color-coded. More details

about the gene content of the LCBs involved in rearrangements are present in Figure 2
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Supplementary Fig. S3. Non-synonymous substitutions in the 7p/2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acid types identified at the same
position are highlighted in distinct colors. The amino acid positions are relative to M. glaucescens plastid genes.
The Ka/Ks scores for each codon position are indicated in the last line
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Supplementary Fig. S4. Non-synonymous substitutions in the 7p/22 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acid types identified at the same
position are highlighted in distinct colors. The amino acid positions are relative to M. glaucescens plastid genes.
The Ka/Ks scores for each codon position are indicated in the last line
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Supplementary Fig. S5. Non-synonymous substitutions in the rpl16, rpl20, rpl32, rpoA, rpoB, rpoCI and rpoC2
genes. The amino acids are plotted across the Cactineae phylogeny inferred based on plastid genes (Figure 4).
Different amino acid types identified at the same position are highlighted in distinct colors. The amino acid
positions are relative to M. glaucescens plastid genes. The Ka/Ks scores for each codon position are indicated in
the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S6. Non-synonymous substitutions in the 7ps2, rps7, rps8, and rps11 genes. The amino acids
are plotted across the Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acid types
identified at the same position are highlighted in distinct colors. The amino acid positions are relative to M.
glaucescens plastid genes. The Ka/Ks scores for each codon position are indicated in the last line
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Supplementary Fig. S7. Non-synonymous substitutions in the 7ps/2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acid types identified at the same
position are highlighted in distinct colors. The amino acid positions are relative to M. glaucescens plastid genes.
The Ka/Ks scores for each codon position are indicated in the last line
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Supplementary Fig. S8. Non-synonymous substitutions in the rpsi35, rpsi6, rpsi8, and rps19 genes. The amino
acids are plotted across the Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acid
types identified at the same position are highlighted in distinct colors. The amino acid positions are relative to M.
glaucescens plastid genes. The Ka/Ks scores for each codon position are indicated in the last line. Absent genes
are indicated by an asterisk
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Supplementary Fig. S9. Non-synonymous substitutions in the accD, ccsA, inf4, and matK genes. The amino acids
are plotted across the Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids
identified at the same position are highlighted in distinct colors. Amino acid positions are relative to M.
glaucescens plastid genes. The Ka/Ks scores for each codon position are indicated in the last line. Absent genes
are indicated by an asterisk

i
By

cipP
2426 41 128 120 133 134 135 137 139 140 143 145 146 148 149 153 154 193 201

Calandrinia eremea Y R S 8 ] Y K D - - K E I L F R H Y G E
Calandrinia granulifera ¥ R S S S Y E = S Q E F 1 A E Q \ G -
Montia fontana Y R S S S ¥ E - - Q E I L A E K L A -
Cistanthe grandifiora Y R S S S Y E A - - Q E 1 L A E K L A -
Cistanthe longiscapa Y R S S S Y E A - - Q E I L A E K L A -
Anredera cordifolia Y R S S S Y E A - - Q E I L A E K L A -
Basella alba Y R S § S Y E A - - Q E I L A E K L A -
Halophytum ameghinoi Y R S S S Y E S - - Q E I L A E K L A -
Talinum paniculatum Y R S S S Y E A - - Q E I L A E K L A -
Portulaca grandifiora Y L 5 A I Q D - - K D L ¢ A Y L A E
P. pilosa Y R s A I K A - - K D v L A K I L A -
P. dleracea Y R s S S Y E A - - Q E i | L A E K L A -
Opntia quimilo Y E E G T 1y E - - N H VYV N s T N L G P
Mammillaria albiflora N E A A N N K Y P D E L Y 4 F T ¥ L G -
M. pectinifera D E D v Q E Y E E E L Y T F A I L G -
M. solisicides D E D v Q E Y E E E ¥ Y T F A i § L G -
M crucigera D E D 1 E E D - Q Y A F A I I G -
M huitzilopoc htli D E D I E E D D - Q ¥ F E 1 I G -
M supertexta D D D I A 1 E D - Q L L A I I G -
M zephyranthoides H E A v Q K K D P D E K H T F T I L G -
Selenicereus undarus T Q T I T F A D K R E Y N L E s I K S
Caimegiea gigantea E Q T A A ) & S P E R E E Y N L E A I K S
Lephocereus schortii T Q T A A T s K E R A E [ S L Q V 1 K S
Meiocactus glaucescens : T E D P E ¥ N L Q L K

Rhipsalis teres K A b v E v D D K D ¥ N L F s I K S
Rhipsalis baccifera T H T N v F P XN D K P Y S L E 8 I L
Spinacia oleracea Y R 8 S S ¥ E A - Q E L A E K L A -

2.6

Supplementary Fig. S10. Non-synonymous substitutions in the c/pP gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S11. Non-synonymous substitutions in the ycf/ gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S12. Non-synonymous substitutions in the ycf/ gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S13. Non-synonymous substitutions in the ycf/ gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S14. Non-synonymous substitutions in the ycf! gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S15. Non-synonymous substitutions in the ycf/ gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S16. Non-synonymous substitutions in the ycf/ gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S17. Non-synonymous substitutions in the ycf2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S18. Non-synonymous substitutions in the ycf2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S19. Non-synonymous substitutions in the ycf2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S20. Non-synonymous substitutions in the ycf2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S21. Non-synonymous substitutions in the ycf2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S22. Non-synonymous substitutions in the ycf2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk
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Supplementary Fig. S23. Non-synonymous substitutions in the ycf2 gene. The amino acids are plotted across the
Cactineae phylogeny inferred based on plastid genes (Figure 4). Different amino acids identified at the same
position are highlighted in distinct colors. Amino acid positions are relative to M. glaucescens plastid genes. The
Ka/Ks scores for each codon position are indicated in the last line. Absent genes are indicated by an asterisk



Supplementary Tables

Supplementary Table S1. List of species included in the codon usage analysis

Species Family GenBank
Melocactus glaucescens Cactaceae 0K298499
Rhipsalis teres Cactaceae MT387452
Rhipsalis baccifera Cactaceae MTS821847
Selenicereus undatus Cactaceae NC 053698
Carnegiea gigantea Cactaceae NC 027618
Lophocereus schottii Cactaceae NC 041727
Mammillaria albiflora Cactaceae MN517610
Mammillaria supertexta Cactaceae MNS508963
Mammillaria zephyranthoides Cactaceae MNS517611
Opuntia quimilo Cactaceae MN114084
Portulaca oleracea Portulacaceae NC_041264.1
Spinacia oleracea Chenopodiaceae NC_002202.1




Supplementary Table S2. List of species included in the analysis of Cactineae phylogeny

Species Family GenBank

Melocactus glaucescens Cactaceae 0K298499

Rhipsalis teres Cactaceae MT387452

Rhipsalis baccifera Cactaceae MT821847
Selenicereus undatus Cactaceae NC 053698
Carnegiea gigantea Cactaceae NC 027618
Lophocereus schottii Cactaceae NC 041727
Mammillaria albiflora Cactaceae MN517610
M. pectinifera Cactaceae MNS519716

M. crucigera Cactaceae MN517613

M. huitzilopochtli Cactaceae MN517612

M. solisioides Cactaceae MNS518341

M. supertexta Cactaceae MN508963

M. zephyranthoides Cactaceae MN517611
Opuntia quimilo Cactaceae MN114084
Anredera cordifolia Basellaceae NC 041274.1
Basella alba Basellaceae NC_041293.1
Calandrinia eremea 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 pilosa Portulacaceae NC 036236.1
Portulaca oleracea Portulacaceae NC_041264.1
Talinum paniculatum Talinaceae NC _037748.1
Spinacia oleracea * Chenopodiaceae NC 002202.1

* Outgroup
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Supplementary Table S3. List of RNA editing sites predicted by PREP program. The species analyzed belong to the subfamily Cactoideae (family Cactaceae). The abbreviation

“aa pos” meaning the amino acid position of the RNA editing site in the aligned sequence

Gene

aa pos

M. glaucescens

R. baccifera

S. undatus

Observation based on Silva et al. (2021)
Predictive analyses

atpA

atpB
atpF

matK
petB

PpSbF
psbL

rpl20

rpoA

rpoB

rpoCl

305

424
138
31

217
140
26

20
83

87
100

28

291
188
158

184

189
358
11

TCA (S) => TTA (L)

CCC (P) => TCC (S)
ACC (T) => ATC (I)
CCA (P) => CTA (L)

TAT (Y)
CGG (R) => TGG (W)
TCT (S) => TTT (F)
ACG (T) => ATG (M)
TTC (F)

CAC (H) => TAC (Y)
TTG (L)

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

CAT (H) => TAT (Y)
TCG (S) => TTG (L)
TCT (S)

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

TCA (S) => TTA (L)

CCC (P) => TCC (S)
ACC (T) => ATC (I)
CTA (L)

CAT (H) => TAT (Y)
CGG (R) => TGG (W)
TCT (S) => TTT (F)
ACG (T) => ATG (M)
TCC (S) => TTC (F)
CAC (H) => TAC (Y)
TCG (S) => TTG (L)
TTT (F)

CCT (P)=> TCT (S)
CAT (H) => TAT (Y)
TTG (L)

CCT (P) => TCT (S)
TCA (S) => TTA (L)
TCA (S) => TTA (L)
TCG (S) => TTG (L)
TCA (S)

TCA (S) => TTA (L)

TCA (S) => TTA (L)

CCC (P) => TCC (S)
ACC (T) => ATC (I)
CTA (L)

CAT (H) => TAT (Y)
CGG (R) => TGG (W)
TCT (S) => TTT (F)
ACG (T) = ATG (M)
TCC (S) => TTC (F)
CAC (H) = TAC (Y)
TCG (S) => TTG (L)
TTA (L)

TCC (S)

CAT (H) => TAT (Y)
TTG (L)

TCT (S)

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

TCA (S)=>TTA (L)

Editing site conserved in subf. Cactoideae, except in
M. albiflora (T fixed)

Editing site conserved in subf. Cactoideae
Editing site conserved in subf. Cactoideae

T fixed in other species of the subf. Cactoideae

Editing site conserved in subf. Cactoideae, except in
C. gigantea and L. schottii (T fixed)

Editing site conserved in subf. Cactoideae

Editing site in C. gigantea and L. schottii,
the other species has a T fixed

Editing site conserved in subf. Cactoideae
Editing site conserved in subf. Cactoideae

Editing site conserved in subf. Cactoideae, except in
M. zephyranthoides (T fixed)

Editing site conserved in subf. Cactoideae
T fixed in other species of the subf. Cactoideae

T fixed in other species of the subf. Cactoideae

Editing site conserved in subf. Cactoideae, except in
Mammillaria genus (T fixed)

Editing site in M. albiflora and M. zephyranthoides
T fixed in other species of the subf. Cactoideae

Editing site conserved in subf. Cactoideae

Editing site in R. teres, C. gigantea, L. schottii,
M. albiflora and M. zephyranthoides

Editing site conserved in subf. Cactoideae
T fixed in other species of the subf. Cactoideae

Editing site conserved in subf. Cactoideae



rpoC2

rps2
rps8

rpsi4

yef3

157
209
321
390
420
163
498
606
725
739

747

1142
1311

83

48
27
50
26

TTT (F)
ACT (T) => ATT ()
AGG (R)

CCA (P) => TCA (S)
CCG (P) => TCG (S)
GTA (V)

ACG (T) => ATG (M)
TAT (Y)

CAT (H) => TAT (Y)
GCT (A) => GTT (V)
GTC (V)

TCT (S) => TTT (F)
ACG (T) => ATG (M)
TCA (S) => TTA (L)
GCG (A) => GTG (V)
TCA (S) => TTA (L)
CCA (P) => CTA (L)
ACT (T) => ATT ()

CTT (L) => TTT (F)
ACT (T) => ATT ()
AGG (R)

TCA (S)

TCG (S)

GTA (V)

ACG (T) => ATG (M)
CAT (H) = TAT (Y)
TAT (Y)

GTT (V)

GTC (V)

TTC (F)
ATG (M)
TCA (S) => TTA (L)
GTG (V)
TCA (S) => TTA (L)
CCA (P)=>CTA (L)
ATT (1)

TTT (F)

ACT (T) => ATT ()
ACG (T) => ATG (M)
TCA (S)

TCG (S)

CCA (P)=>CTA (L)
ACG (T) => ATG (M)
TAT (Y)

TAT (Y)

GTT (V)

GCC (A) => GTC (V)

TTC (F)
ATG (M)
TCA (S) => TTA (L)
TCG (S)
TCA (S) => TTA (L)
CCA (P)=>CTA (L)
ATT (I)

54

Editing site in R. teres; the other species has a T fixed
Editing site conserved in subf. Cactoideae
T fixed in other species of the subf. Cactoideae
T fixed in other species of the subf. Cactoideae
T fixed in other species of the subf. Cactoideae
T fixed in other species of the subf. Cactoideae
Editing site conserved in subf. Cactoideae
Editing site in R. teres; the other species has a T fixed
T fixed in other species of the subf. Cactoideae

T fixed in other species of the subf. Cactoideae

Editing site in C. gigantea and L. schottii,
the other species has a T fixed

T fixed in other species of the subf. Cactoideae

T fixed in other species of the subf. Cactoideae

Editing site conserved in subf. Cactoideae, except in
M. albiflora (T fixed)

T fixed in other species of the subf. Cactoideae
Editing site conserved in subf. Cactoideae
Editing site conserved in subf. Cactoideae

T fixed in other species of the subf. Cactoideae
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Supplementary Table S4. List of simple sequence repeats (SSRs) identified in the plastome of M. glaucescens

SSR sequence 3 4 5 6 7 8 9 10 11 12 13  Total
A/T - - - - - 58 31 13 9 - 3 114
C/G - - - - - 3 - - - - - 3
AC/GT - 1 - - - - - - - - - 1
AG/CT - 14 - - - - - - - - - 14
AT/AT - 15 4 1 5 - 1 - - - - 26
AAT/ATT - 2 - - - - - - - - - 2
AAAG/CTTT 2 - - - - - - - - - - 2
AAAT/ATTT 2 - 1 - - - - - - - - 3
AATT/AATT 1 - - - - - - - - - - 1
AAAGT/ACTTT 1 - - - - - - - - - - 1
AATAG/ATTCT 1 - - - - - - - - - - 1
AAAGTT/AACTTT 1 - - - - - - - - - - 1
Total 169
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Supplementary Table S5. Distribution of SSR loci in the plastome of M. glaucescens

SSR type SSR Size Start End Location
mono (A)8 8 498 505 yef3 (intron)
mono A)10 10 1151 1160 ycf3 (intron)

di (TA)4 8 1385 1392 yef3 (intron)
mono (A)8 8 1764 1771 yef3 (intron)
mono (M11 11 2168 2178 vef3/psad (1GS)

di (AG)4 8 2436 2443 vef3/psad (1GS)

di (AG)4 7176 7183 rps14 (CDS)
mono ()9 7841 7849 trufM-CAU/trnG-GCC (IGS)

di (AT)7 14 7995 8008 trnG-GCC/psbZ (1GS)

di (CT)4 8 8822 8829 trnS-UGA (CDS)
mono (A)8 8 8923 8930 trnS-UGA/psbC (IGS)
mono (A)11 11 8962 8972 trnS-UGA/psbC (IGS)
mono ()9 9 8987 8995 trnS-UGA/psbC (IGS)
mono (T)8 8 11564 11571 psbD/trnT-GGU (IGS)
mono (A)8 8 11781 11788 psbD/trnT-GGU (IGS)
mono (A)9 9 12415 12423 trnT-GGU/rpoB (1GS)
mono (T)9 9 12473 12481 trnT-GGU/rpoB (IGS)
mono (A)10 10 13318 13327 rpoB (CDS)
mono (A)8 8 13424 13431 rpoB (CDS)

di (GA)4 8 15055 15062 rpoB (CDS)
mono (T)8 16455 16462 rpoCl1 (CDS)

di (AT)S 10 18889 18898 rpoC2 (CDS)
mono (A)8 8 19722 19729 rpoC2 (CDS)
mono (A)11 11 20163 20173 rpoC2 (CDS)

di (AT)4 8 20200 20207 rpoC2 (CDS)
mono (M8 8 20984 20991 rpoC2 (CDS)
mono (A)9 9 22037 22045 rpoC2 (CDS)
mono (A)8 8 22850 22857 rps2 (CDS)
mono (M11 11 24271 24281 atpl/atpH (IGS)
mono (T)9 9 25040 25048 atpF (intron)
mono (A)8 8 25257 25264 atpF (intron)
mono (T)8 25344 25351 atpF (intron)
mono (A)10 10 25426 25435 atpF (intron)
mono (M8 25505 25512 atpF (intron)
mono ()9 26141 26149 atpF/atpA (1GS)
mono (A)9 28424 28432 trnG-UCC (intron)
mono (A)10 10 28501 28510 trnG-UCC (intron)
mono (M10 10 28820 28829 trnG-UCC/clpP (IGS)
mono (A)8 8 29311 29318 clpP (CDS)

di (AT)4 8 29766 29773 clpP/trnS-GCU (1GS)

di (TA)4 8 29805 29812 clpP/trnS-GCU (1GS)
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29991
31224
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31346
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32379
32739
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41599
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46949
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trnS-GCU/psbl (1GS)
trnQ-UUG/cemA (1GS)
trnQ-UUG/cemA (1GS)
trnQ-UUG/cemA (IGS)
cemA (CDS)
petA (CDS)
petA (CDS)
petA/psbJ (IGS)
petA/psbJ (1GS)
psbJ/psbL (1GS)
trnP-UGG/psaJ (IGS)
trnP-UGG/psaJ (IGS)
psat/rpl33 (IGS)
rpl33/rpsi8 (IGS)
rpsl18 (CDS)
rps18/rpl20 (1GS)
rpl20 (CDS)
rpl20/rpsi2 (1GS)
rpsi2/clpP (1GS)
psbB/psbT (IGS)
petB (intron)
petB (intron)
petB (intron)
petB/petD (1GS)
petD (intron)
petD (intron)
petD (intron)
rpoA (CDS)
rpoA (CDS)
rpoA/rpsl1 (IGS)
rpl36 (CDS)
infA (CDS)
rps8/rpll4 (1GS)
rpll6 (intron)
rps3 (CDS)
rpl22 (CDS)
rpl22/rpsi19 (1GS)
rps19 (CDS)
rps19/rpl2 (1GS)
trnS-GGA/rps4 (1GS)
rps4/trnT-UGU (IGS)
rps4/trnT-UGU (1GS)
rps4/trnT-UGU (1GS)
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53678
53717
53813
53881
53900
53951
54285
54863
55443
55672
56302
57178
57402
57613
58024
58541
58580
58784
59886
60561
60668
61038
62952
64829
65688
65962
66053
66357
66676
66690
67130
67181
67646
67771
67894
68384
68487
68603
68999
69337
69720
70366
70950

53686
53725
53820
53894
53907
53958
54292
54870
55450
55689
56309
57187
57409
57626
58032
58548
58587
58791
59893
60568
60675
61047
62963
64836
65695
65973
66060
66364
66683
66700
67137
67188
67655
67778
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68610
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trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA/trnF-GAA (IGS)
trnF-GAA/ndhJ (IGS)
ndhJ/trnD-GUC (I1GS)
trnD-GUC/psbM (1GS)
psbM/petN (IGS)
petN/trnC-GCA (IGS)
petN/trnC-GCA (1GS)
trnC-GCA/trnE-UUC (IGS)
trnC-GCA/trnE-UUC (1GS)
trnY-GUA/ndhC (1GS)
trnY-GUA/ndhC (1GS)
ndhC/rbcL (1GS)
rbeL (CDS)
rbeL/atpB (1GS)
rbeL/atpB (IGS)
atpB (CDS)
atpE/trnM-CAU (1GS)
aceD (CDS)
accD (CDS)
accD/psal (IGS)
accD/psal (IGS)
psal/ycf4 (IGS)
yef4 (CDS)
yef4 (CDS)
yef4/rps16 (1GS)
yef4/rps16 (IGS)
rps16 (intron)
rps16 (intron)
rps16 (intron)
rpsl16 (CDS)
rps16/trnK-UUU (IGS)
rps16/trnK-UUU (I1GS)
trnK-UUU/matK (IGS)
matK (CDS)
matK (CDS)
matK (CDS)
matK/trnK-UUU (IGS)
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mono (T)10 10 72592 72601 psbA/trnH-GUG (IGS)
mono (T)10 10 72676 72685 psbA/trnH-GUG (IGS)
mono (T)9 9 72921 72929 trnH-GUG/trnl-CAU (1GS)
tetra (ATAA)S 20 73206 73225 trnl-CAU/ycf2 (IGS)

di (GA)4 8 73344 73351 yef2 (CDS)

di (GA)4 8 73356 73363 vef2 (CDS)

di (GA)4 8 74265 74272 vef2 (CDS)
mono (A)9 9 76132 76140 yef2 (CDS)

di (GA)4 8 76153 76160 vef2 (CDS)
mono (A)9 9 80049 80057 trnL-CAA/ycfl (IGS)
mono (A)10 10 80879 80888 yefl (CDS)
mono (A)13 13 81467 81479 vefl (CDS)
mono (A)8 8 81596 81603 yefl (CDS)
mono (A)9 9 81680 81688 vefl (CDS)
mono (T)8 8 82873 82880 vefl (CDS)
mono (A)8 8 83789 83796 yefl (CDS)
mono (A)9 9 83814 83822 vefl (CDS)
tetra (AATT)3 12 83845 83856 yefl (CDS)
mono (A)8 8 83900 83907 yefl (CDS)
mono (A)8 8 84482 84489 vefl (CDS)
mono (A)13 13 84814 84826 yefl (CDS)
mono (A)9 85805 85813 rpsl5 (CDS)
mono (T)9 86490 86498 ndhH/trnL-UAG (IGS)
mono (T)9 87899 87907 cesA/mdhD (IGS)
tetra (TTTC)3 12 88570 88581 ndhD (CDS)
mono (A)9 9 89133 89141 ndhD/psaC (1GS)
mono (T)8 8 89443 89450 psaC/rpl32 (IGS)
penta (AGTAA)3 15 89478 89492 psaC/rpl32 (IGS)
tetra (TAAA)3 12 89565 89576 psaC/rpl32 (IGS)
mono (T)13 13 89676 89688 rpl32 (CDS)
mono (T)8 8 89815 89822 rpl32 (CDS)

di (AT)6 12 90046 90057 rpl32/trnN-GUU (IGS)
mono (T)9 9 90232 90240 rpl32/trnN-GUU (IGS)

di (CA)4 8 90519 90526 truN-GUU/trnR-ACG (IGS)
mono (A)8 8 90720 90727 trnR-ACG/rrn5 (IGS)

di (GA)4 8 91036 91043 rrn5/rrn4.5 (IGS)

di (AG)4 8 92478 92485 rrn23 (CDS)
hexa (CTTTAA)3 18 94200 94217 rrn23/trnl-GAU (IGS)
mono (A)9 9 94831 94839 trnl-GAU (intron)
mono (A)8 8 98598 98605 rps7 (CDS)
mono (T)8 8 99148 99155 rps7/ndhB (IGS)

di (TC)4 8 100127 100134 ndhB/ycf1 (1GS)

CDS, coding sequences; IGS, intergenic spacers
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Abstract

Recent studies have revealed atypical features in the plastomes of the family Cactaceae, the
largest lineage of succulent species adapted to arid and semi-arid regions. However, few
plastomes are available to date, and many genera do not have any sequenced species, including
Lepismium and Schlumbergera. Aiming to contribute with new insights into the plastid
evolution of Cactaceae, we sequenced and analyzed the plastomes of Lepismium cruciforme
and Schlumbergera truncata, two South American epiphytic cacti (Rhipsalideae tribe). Our data
revealed many gene losses in both plastomes and the first loss of functionality of the trnT-GGU
gene in the family Cactaceae. The #rnT-GGU gene was pseudogenized in L. cruciforme
plastome and appears to be degenerating in the tribe Rhipsalideae. Although the plastomic
structure is conserved among the species of the tribe Rhipsalideae, with tribe-specific
rearrangements, we identified nine nucleotide polymorphism hotspots, useful to improve the
phylogenetic resolutions of Rhipsalideae. Furthermore, our analysis indicated high gene
divergence and rapid evolution of RNA editing sites in plastid protein-coding genes from
Cactaceae. Finally, we mapped repetitive sequences from the plastomes of L. cruciforme and
S. truncata, which can be used to access natural populations and assist in conservation strategies
for both species.

Keywords: Atlantic Forest, Rhipsalideae, Plastome evolution, Gene divergence,
Polymorphism hotspots, Plastid SSRs

Introduction

Chloroplasts are responsible, among other functions, for the process of photosynthesis,
therefore, they are essential for the maintenance of life on Earth (Stirbet et al. 2020). These
organelles of endosymbiotic origin have an independent genome called the plastid genome or
plastome (Allen 2015). This genome usually is represented as a circular DNA molecule, with a
quadripartite structure in two single copy regions (large single copy - LSC; and small single
copy - SSC), separated by two inverted repeat regions (IRA and IRB) (Pacheco et al. 2020a; b;
Lopes et al. 2021; Silva et al. 2021). Unique features such as relatively small molecules,
multiple copies per organelle, mutation rate lower than the nuclear genome, uniparental
inheritance, and non-recombinant nature make the plastome an excellent object for different
genetic studies (Bock 2007; Wicke et al. 2011; Rogalski et al. 2015; Daniell et al. 2016).

Of the more than 400,000 recognized land plants (Lugadha et al. 2016), only 8,000 have
their complete plastid genome available in NCBI database (National Center for Biotechnology

Information; https://www.ncbi.nlm.nih.gov/). Therefore, a lot of new information can be

discovered by plastid genomics. In angiosperms, for example, although it has been postulated
that gene structure and content are generally conserved (Wicke et al. 2011; Daniell et al. 2016),

atypical events have been revealed in several lineages (Chumley et al. 2006; Park et al. 2015;
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Moghaddam and Kazempour-Osaloo 2020; Algahtani and Jansen 2021; Fu et al. 2021;
Scobeyeva et al. 2021). A lineage that is extremely unusual in terms of structure and plastome
genomic content is the family Cactaceae. Intensely rearranged plastomes, different
configurations of IR regions, intron losses, massive gene losses, unusual gene duplications,
gene divergence, polymorphic RNA editing sites, and positive selection signatures are some
characteristics previously reported (Sanderson et al. 2015; Solorzano et al. 2019; Oulo et al.
2020; Silva et al. 2021; Almeida et al. 2022; Dalla Costa et al. 2022).

All these discoveries allowed new insights into the evolution of the family Cactaceae,
indicating that such characteristics imposed on the plastomes allowed them to adapt and
diversify to the hostile environments they inhabit (Silva et al. 2021). This family represents the
largest lineage of succulent plants, rich in species diversity, which are anatomically,
morphologically, and physiologically adapted to arid and semi-arid regions (Anderson 2001;
Arakaki et al. 2011; Griffiths and Males 2017; Guerrero et al. 2019). However, only 21 of the
more than 1400 species (Guerrero et al. 2019) have the complete plastome sequences available.
Many genera do not have any plastome sequenced yet, as is the case with Lepismium Pfeiff.
and Schlumbergera Lem., for example. Both genera belong to the tribe Rhipsalideae, the largest
group of epiphytic cacti, which occur in tropical and subtropical humid South American forests
(Anderson 2001; Calvente et al. 2011a; b), with the Brazilian Atlantic Forest as their center of
diversification (Hunt et al. 2006; Calvente et al. 2011).

In this work, we sequenced and analyzed the plastomes of L. cruciforme (Vell.) Miq.
and S. truncata (Haw.) Moran, two epiphytic cacti of ornamental importance. Our data revealed
conserved plastomic structure among species of the tribe Rhipsalideae and tribe-specific
rearrangements, with some variations at the IR region boundaries. We report here the extensive
loss of genes from these plastomes, as well as the first loss of functionality of the trn7T-GGU
gene in the family Cactaceae. Furthermore, we inferred the phylogenetic position of both
species within the family Cactaceae, identified nucleotide polymorphism hotspots of the tribe,
analyzed gene divergence, predicted new putative RNA editing sites, and mapped repetitive

sequences in the plastomes of L. cruciforme and S. truncata.

Materials and methods

Plant material, chloroplast isolation, and plastid DNA extraction
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The plant material was obtained from plants of Lepismium cruciforme and
Schlumbergera truncata cultivated under greenhouse conditions. Fresh and young cladodes
were collected and stored for five days in a dark environment at a temperature of 4 °C to reduce
starch levels. Then, chloroplast isolation and plastid DNA extraction was carried out as

previously described by Vieira et al. (2014).

Sequencing, assembly, annotation, and data archiving statement

The sequencing libraries were prepared with approximately 1 ng of chloroplast DNA
using the sample preparation kit NexteraXT (Illumina Inc., San Diego, CA, USA), according
to the manufacturer's instructions. The library was sequenced using the Illumina MiSeq
platform (Illumina Inc., San Diego, CA, USA) at the Federal University of Parana, Brazil. The
readings were trimmed under the threshold with a probability of error < 0.05 and de novo
assembled in contigs using the CLC genomics Workbench 8.0.2 software (CLC Bio, Aarthus,
Denmark). We performed three sequencings for L. cruciforme, with a total of 334,196 to
521,463 paired reads, and average length between 182.7 and 198.7. The contigs used to
assemble the L. cruciforme plastome ranged from 650.53 to 137.06 of average coverage. One
gap from 358 bp was closed using NOVOPlasty 4.0 software (Dierckxsens et al. 2017) and a
pre-assembled genome. To assemble the S. truncata plastome, we used one sequencing with a
total of 499,582 paired reads and 189.28 average length. The contigs used for assembling the
S. truncata plastome varied from 489.33 to 107.99 of average coverage. Three gaps of 5,984
bp, 4,130 bp, and 134 bp also were resolved through the NOVOPIlasty 4.0 software, using a
second sequencing and the pre-assembled genome.

To close one gap of 403 bp in the S. truncata plastome, we carried out a PCR
amplification using the following pair of primers:
5S'"GTCTTTCATTAGTCAATTCTTGACTGA-3" and
S'TTACACGATTCCATAGAGTTTTTGTTTAT-3". In 25 pl reactions, 50 ng total genomic
DNA was amplified in a reaction mixture containing 200 uM of each dNTP, 2 mM MgCl2,
10 pmol of each primer and 1U Platinum™ Taq DNA Polymerase (Invitrogen). The standard
PCR program was 40 cycles of 30 s at 94 °C, 40 s at 61 °C and 45 s at 72 °C, with 5 min
extension of the first cycle at 94 °C and 5 min final extension at 72 °C. PCR products were
analyzed by electrophoresis in 1,5% agarose gels. For sequencing, PCR products were purified
by electrophoresis on 1,5% agarose gels and subsequent extraction from gel slices using the

Quick Gel Extraction & PCR Purification Combo Kit (Invitrogen). The samples were
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sequenced by the Sanger method (sequencer ABI 3500xl) by GoGenetic Company

(www.gogenetic.com.br).

The genes were annotated initially by the Annotation of Organellar Genomes (GeSeq)
(Tillich et al. 2017) and BLAST programs. Subsequently, initiation, termination, and intron
codon positions were determined based on alignment with plastid genomes of related species
available in the GenBank database. The gene losses were verified through a search along the
plastomes, using the coding sequences of the respective functional genes of the Nicotiana
tabacum, Spinacia oleracea, and Portulaca oleracea species, whose plastomes are conversed.
The tRNA sequences were analyzed using the tRNAscan-SE webserver (Lowe and Chan 2016).
The physical maps of the plastomes were drawn using the online software Organellar Genome
DRAW (OGDRAW) (Greiner et al. 2019). The complete nucleotide sequences of plastomes
were deposited in the GenBank database under accession ON005622 for L. cruciforme and

ONO005623 for S. truncata.

Comparative analyses of plastome structure

To analyze the structural characteristics of the L. cruciforme and S. truncata plastomes,
we performed multiple alignments using the Mauve Genome Alignment v.2.4.0 (MAUVE)
software (Darling et al. 2004). For this, we used the complete sequence of plastomes, excluding
only the IRa region. The comparative analysis included species Rhipsalis baccifera, Rhipsalis
teres and Pereskia aculeata (family Cactaceae), and Portulaca oleracea, used as reference.

Linear maps of plastid genes were drawn by OGDRAW (Greiner et al. 2019).

Comparative analyses of the secondary structure of frn7-GGU and Codon Usage

Pseudogenization of the trnT-GGU gene in the plastome of L. cruciforme was confirmed
by annotation using tRNAscan-SE v.2.0.744. Structural variations within trn7-GGU were
analyzed by alignment through the clustal W (Thompson et al. 1994) implemented in Mega7.0
(Kumar et al. 2016) and manually inspected. We compared the secondary structure of the plastid
trnT-GGU of L. cruciforme with 24 species from different taxonomic groups. Among them,
three other species of the tribe Rhipsalideae (S. truncata, R. baccifera, and R. teres), 11 species
of cacti, dicots, monocots, gymnosperm, pteridophyte, and marcanthiophyta (Supplementary
Table S1).

To analyze the effect of trnT-GGU pseudogenization on protein-coding gene sequences,

we performed codon usage analysis. For that, we sampled sequences of all genes encoding
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functional proteins from 21 species of the family Cactaceae, P. oleracea and Spinacia oleracea,
listed in Supplementary Table S2. The frequencies were determined by the Codon Usage web

server (http://www.geneinfinity.org/sms/smscodonusage.html).

Phylogenetic reconstruction

The L. cruciforme and S. truncata phylogenetic positions within the suborder Cactineae
were inferred based on 54 concatenated plastid genes. Thirty nine taxons belonging to the
suborder Cactineae were sampled, including representative species of Cactaceae, Basellaceae,
Montiaceae, Halophytaceae, Portulacaceae, and Talinaceae families. S. oleracea
(Chenopodiaceae: Caryophyllales) was used as outgroup species. All complete plastome
sequences sampled are available in GenBank and listed in Supplementary Table S3. A total of
54 protein-coding genes were extracted from each species and individually aligned using
Muscle software (Edgar 2004) implemented in Mega 7.0 (Kumar et al. 2016). Subsequently,
the gene sequences were concatenated using DnaSP v.6.12.03 software (Rozas et al. 2017). The
phylogenetic inference based on maximum likelihood (ML) method was performed using
IQTREE v.1.6.12 (Nguyen et al. 2015). The branch supports were evaluated using 500 non-
parametric bootstrap replications, which grouped the genes into six different partitions each
partition with genes sharing the best replacement evolutionary models: TVM+F+1+G4 (atpA,
atpB, atpE, atpF, ccsA, cemA, petA, psal, psbH, psbJ, psbK, psbT, psbZ, rbcL, rpli4, rpoA,
rpoB, rpoCl, rps4, rpsi4, ycf3); GTR+F+1+G4 (atpH, atpl, petB, petD, petG, petN, psaA, psaB,
psaC, psbA, psbB, psbC, psbD, psbE, psbF, psbL, psbN); GTR+F+G4 (clpP, infA, matK, psbM);
TVM+F+1+G4 (rpl2, rpoC2, rps2, rps3, rps7, rps8, rpsll, rpsi2, rpsl5, rps19); K3Pu+F+G4
(rpl16); TVM~+F+G4 (rpl22). The same dataset was used for carried out Bayesian inference
(BI), using Partition Finder version 1.1.1 (Lanfear et al. 2012) to estimate the best evolutionary
model for each gene. The genes were grouped in two models, being then GTR+I+G (atpA, atpB,
atpE, atpF, atpH, atpl, ccsA, cemA, clpP, matK, petA, petB, petD, petG, petN, psaA, psaB,
psaC, psal, psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbJ, psbK, psbL, psbN, psbT, psbZ,
rbel, rpli4, rpll6, rpl2, rpoA, rpoB, rpoCl, rpoC2, rps2, rps3, rps4, rps7, rpsS, rpsll, rpsi2,
rpsi4, rpsl5, ycf3) and GTR+G (infA, psbM, rps19, rpl22). Posteriorly, the BI was constructed
by the MrBayes version 3.2 software (Ronquist et al. 2012), with one million generations of
two runs of four Markov Chains (three hot and one cold per run). Finally, the consensus trees

were visualized using the software FigTree v.1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).




66

Gene divergence analysis in plastomes of Cactaceae

We aligned 59 protein-coding genes found in all 28 plastomes of the Cactaceae family,
including L. cruciforme and S. truncata, and eight genes absent in one or more of these species,
using the software Muscle implemented in Mega 7.0 (Edgar 2004; Kumar et al. 2016). The
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 above mentioned
for the phylogenetic inference. The gene divergence was estimated by the sum of total branch
lengths that link the operational taxonomical units to the common ancestor of the species

sampled here.

Sliding window analysis

Nucleotide polymorphism hotspots from the tribe Rhipsalideae (i.e., L. cruciforme, S.
truncata, R. baccifera, and R. teres) were inferred by sliding window analysis. Firstly, we
aligned six different combinations of whole plastomes from the four species mentioned above,

excluding the IRa region, through the MAFFT web server

(https://mafft.cbrc.jp/alignment/server/; Katoh et al. 2019). Then, we performed the analysis of
the sliding window, with window length adjustment set to 300 bp and the step sizes at 75 bp,
using the DnaSP v.6.12.03 software (Rozas et al. 2017).

Prediction of RNA editing sites and SSRs

Putative RNA editing sites in genes encoding plastid proteins were identified using the
Predictive RNA Editor for Plants (PREP) program (Mower 2009). In addition to L. cruciforme
and S. truncata, we analyzed the potential RNA editing sites in eight other cactus species
(Ferocactus latispinus, F. setispinus, Echinocactus grusonii, Leuchtenbergia principis,
Hylocereus polyrhizus, Selenicereus anthonyanus, S. grandiflorus, and S. validus). The data
obtained were compared with sites previously identified in other species of the Cactaceae
family by Silva et al. (2021) and Dalla-Costa et al. (2022). A total of 27 genes were analyzed,
with a cut-off value set at 0.8. Missing genes (ndhA, ndhF, and ndhG), pseudogenes (rpl23,
ndhB, and ndhD), and highly divergent genes (accD and clpP) were excluded from this
predictive analysis.

Simple sequence repeats (SSRs) were mapped using the webserver MlcroSAtellite

(MISA) Identification (https://webblast.ipk-gatersleben.de/misa/), with thresholds of eight
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repeat units for mononucleotide SSRs, four repeat units for di- and trinucleotide SSRs, and

three repeat units for tetra-, penta-, and hexanucleotide SSRs.

Results

Gene content and structure of Lepismium cruciforme and Schlumbergera
truncata plastomes

The L. cruciforme and S. truncata plastomes are typical circular DNA molecules of
123,113 bp and 119,945 bp in length, respectively, with two single-copy regions (LSC and
SSC) separated by two inverted repeats regions (IRs - IRa and IRb) (Fig. 1 and 2). Both species
present 99 unique genes, of which 11 genes contain one intron, one gene harbor two introns
(ycf3), and three genes lose their introns (clpP, rpl2, and rpoC1) (Table 1). The L. cruciforme
plastome presents 67 protein-coding, 28 tRNAs, and four rRNAs genes. The S. truncata
plastome exhibit 66 protein-coding, 29 tRNAs, and four rRNAs genes. The two species shared
six gene losses (i.e., trnV-UAC, ndhA, ndhE, ndhG, ndh, and ndhl) and six pseudogenes (i.e.,
ndhB, ndhC, ndhD, ndhF, ndhK, and rpl23). In addition, L. cruciforme lost the rpl/33 gene and
trnT-GGU is a pseudogene. In S. truncata plastome, the ycf4 is a putative pseudogene due to
the presence of a premature stop codon. The gene content and general features from both
plastomes are shown in Table 1 and Supplementary Table S4.

To analyze the structure of the plastomes, we performed multiple alignments by
MAUVE (Supplementary Fig. S1). Here we compared the whole plastomes, excluding the IRa
region, of Schlumbergera truncata, Lepismium cruciforme, Rhipsalis baccifera, Rhipsalis teres,
Pereskia aculeata (Cactaceae family), and Portulaca oleracea as reference. In this analysis, the
plastomes were delimited in 10 locally collinear blocks (LCBs), which refers to conserved
regions among species. Events of inversion, translocation, expansion and contraction of the IR
boundaries were identified in L. cruciforme and S. truncata plastomes.

To visualize in detail the rearrangements, was carried out a comparative analysis with
linear genetic maps of the species plastomes mentioned above (Fig. 3). Three initial events
occurred in the P. aculeata plastome, a primitive species of the family Cactaceae. A primary
inversion of the LCBs D and E in the LSC region, which harbors the gene segment from #rn V-
UAC to rbcL genes, changed the order and direction of genes (event 1; Fig. 3). In the SSC
region, the block of genes from ccsA4 to ycfl (LCB J) suffered an inversion (event 2; Fig. 3), so
that the ycfI gene fragment that was partially in the IR of P. oleracea was lost (red squared 1;
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Fig. 3). In addition, P. aculeata plastome presented a contraction of the IRb/SSC border,
culminating in the expansion of the SSC region in comparison with P. oleracea (event 3;
Fig. 3).

Concerning the rearrangements of the tribe Rhipsalideae, (i.e., L. cruciforme, S.
truncata, R. teres, and R. baccifera) inversion of two segments of the region LSC was observed.
One inversion occurred in the LCB B, harboring the genes from #rn7-GGU to ndhJ (event 4;
Fig. 3). The other event refers to the secondary inversion of the LCB E, which restored the
initial direction of the rbcL gene found in the P. oleracea plastome (event 5; Fig. 3). In the SSC
region, there were inversion and translocation of the gene segment, that comprehends the genes
from ndhB to rp/32 (LCB G), changing the order and direction of genes (event 6; Fig. 3).

Despite the similarity among the plastomes of the tribe Rhipsalideae, there are some
variations in the size and gene content of the IR region. The Rhipsalideae tribe presented an
event of initial expansion of the IRb/SSC border, incorporating part of the ycfl gene and
expanding the IR region, in comparison with P. aculeata (event 7; Fig. 3). This expansion
provided L. cruciforme with the largest IR region of the tribe, with 9.675 bp in size, harboring
rps19, rpl2, rpl23, trnl-CAU, ycf2, trnL-CAA, and ycf1 (fragment) genes. On the other hand, an
event of the expansion of the LSC/IRb border in the S. fruncata plastome encompassed the rp/2
and rp/23 genes in the LSC region (event 8; Fig. 3), leading to the reduction of its IR region,
which is the smallest IR of the tribe (8,380 bp), and contain the trnl-CAU, ycf2, trnL-CAA genes
and fragments of the genes ycfl and rpsi9. Finally, both Rhipsalis species also underwent
LSC/IRb border expansion, reducing their gene content to four genes (trnl-CAU, ycf2, trnlL-
CAA, and ycf1 fragment). The gene losses and pseudogenes of L. cruciforme and S. truncata
are highlighted by red squares and asterisks, respectively, and described according to the

indicated numbering in Figure 3.

Comparative analyses of 7rnT-GGU gene and Codon Usage

The threonine amino acid is transported in plastids by two tRNAs, tRNA™(UGU) and
tRNA™(GGU), encoded by trnT-UGU and trnT-GGU genes, respectively. However, the trnT-
GGU is a pseudogene in the L. cruciforme plastome. By analyzing the ##rnT-GGU sequence, we
identified six mutations, being three transitions (1, 30 and 32 positions), two transversions (2
and 28 positions), and one insertion (67 position) of nucleotides (Supplementary Fig. S2). Some
of these mutations also occurred in the other three species of the tribe Rhipsalideae, with R.

baccifera having five mutations and R. feres and S. truncata having three alterations each. The
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transitions in positions 1, 30 and 32 are common to the tribe, except for position 1, which is
conserved in R. teres. A transversion at position 36 is shared between the two Rhipsalis species,
and another transversion at position 42 occurs only in R. baccifera (Supplementary Fig. S2).

A comparative analysis of the secondary structure of t#rn7-GGU was carried out among
Rhipsalideae species and Spinacia oleracea (Fig. 4) and other 20 species of different taxonomic
groups, including other cactus, dicots, monocots, marcanthiophyta, pteridophyte, and
gymnosperm species (Supplementary Fig. S3). All the species analyzed here presented the
perfect cloverleaf structure, except for the four species of the tribe Rhipsalideae. In these
species, mutations occurred mainly in the acceptor stem and the anticodon loop, resulting in
mismatched regions (Fig. 4). The secondary structures of Rhipsalideae, predicted by the
webserver tRNAscan-SE, showed lower infernal values than S. oleracea (61.3), which ranged
from 28.9 (L. cruciforme) to 44.0 (R. teres). The infernal value reflects the accuracy of the
predicted tRNAs and their functional classification, compared to tRNAs available in databases.
Therefore, the low infernal value of ##nT-GGU in L. cruciforme reinforces its pseudogenization.
On the other hand, the trnT-GGU gene appears to be functional in S. truncata, R. baccifera and
R. teres.

To analyze the effect of trnT-GGU pseudogenization on protein-coding gene sequences
of L. cruciforme, we compared the codon usage frequency of this species with 12 species of the
family Cactaceae, P. oleracea, and S. oleracea (Fig. 5). The threonine amino acid is encoded
by four codons (i.e., ACA, ACC, ACG, and ACT), which codon usage frequencies were very
similar among L. cruciforme and other species analyzed here. The codon most frequent for
threonine amino acid in the L. cruciforme plastome was the ACT (0.41), followed by ACA
(0.30), while ACC and ACG codons were the less frequent (0.18 and 0.10, respectively).
Similar frequencies were verified in the mean of the codon usage of cacti, being them 0.41
(ACT), 0.29 (ACA), 0.19 (ACC), and 0.10 (ACG). Therefore, the pseudogenization of the trnT-

GGU gene did not change the codon usage frequency in L. cruciforme plastome.

Phylogeny of the suborder Cactineae based on plastid genes

To infer the position of L. cruciforme and S. truncata within the family Cactaceae, we
performed a phylogenetic analysis based on concatenated plastid genes. For that, we updated
our Cactaceae phylogeny previously published (Dalla-Costa et al. 2022) with the addition of 14
species of the family. A consensus tree was produced by the maximum likelihood (ML) method,

with a log-likelihood (InL) of - 140,997.1611 (Figure 6). The relationships among the families
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and the species within subfamilies followed our previous results (Dalla-Costa et al. 2022),
except in the subfamily Halophytaceae position. Within the family Cactaceae, Pereskia
aculeata constituted the early branching, forming a sister group with Opuntioideaec and
Cactoideae subfamilies. The subfamily Opuntioideae configured a clade well-supported (100%
of ML-BS), in which Opuntia monacantha exhibited the longest branch, being the species most
divergent of the subfamily. Concerning the subfamily Cactoideae, two clades were formed
(100% of ML-BS): the first formed by the tribe Cacteae (Mammillaria, Echinocactus,
Ferocactus, and Leuchtenbergia genres), and the second by the Core Cactoideae. In the Core
Cactoideae, the Selenicereus genus formed a sister group with C. gigantia and L. schottii (tribe
Echinocereeae), and M. glaucescens formed a sister group with Rhipsalideae tribe, both with
high support of ML-BS (100 and 99%, respectively). Curiously, within the tribe Rhipsalideae,
the two species of Rhipsalis (R. teres and R. baccifera) did not group together. R. baccifera
formed a sister group with S. fruncata, and R. teres formed a sister group with L. cruciforme,
which relationships were highly supported (100% of ML-BS). To certify this result, a Bayesian
inference (BI) analysis was carried out with the same dataset. A Bayesian phylogenetic tree was
generated, with a - InL = 160,149.4898 (Supplementary Fig. S6). The BI presented a similar
pattern of distribution of the families and species within the families, except for H. ameghinoi
and S. anthonyanus positions. However, the same relationship within the tribe Rhipsalideae was

observed, with 100% of the posterior probability.

Hotspots of nucleotide diversity in the plastomes of the tribe Rhipsalideae

Because the two species Rhipsalis were not grouped together in our phylogeny (Fig. 6),
we decided to characterize the plastid regions of rapid evolution among the four species of the
tribe Rhipsalideae. For this, we performed sliding window analysis for six different
combinations of whole plastome alignments (i.e., L. cruciforme x S. truncata, L. cruciforme x
R. baccifera, L. cruciforme x R. teres, S. truncata x R. baccifera, S. truncata X R. teres, and
R. baccifera x R. teres) (Fig. 7). Therefore, we identified nine regions as nucleotide diversity
hotspots of the tribe Rhipsalideae plastomes. The highest polymorphism peak encompasses the
IGS regions of trnM-CAU/accD and CDS of the accD gene (pi>0.36), observed in all
combinations analyzed here. Another point of high polymorphism among the four species is at
the end of the SSC region, where the ndhB (pi>0.24) is located, which is a pseudogene in
Rhipsalideae. The clpP gene also showed high nucleotide variability when comparing the

plastomes of L. cruciforme x S. truncata and S. truncata x R. teres (pi>0.22) (Fig. 7).
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The other polymorphic regions are specific for each pair of plastomes analyzed. For
example, a comparison between the plastomes of L. cruciforme and R. teres revealed that the
IGS trnl-GAU/rrnl6 region (pi>0.38) is even more polymorphic than the accD gene (pi>0.35).
Likewise, the rpoB/trnC-GCA and ycf4/cemA intergenic regions presented high nucleotide
diversity (pi>0.26) between the plastomes of L. cruciforme and R. baccifera. Between R. teres
and R. baccifera plastomes, the intergenic region petN/psbM showed high polymorphism
(pi>0.26). Finally, comparing the S. fruncata and R. baccifera plastomes was identified high
nucleotide diversity in the ycfl gene (pi>0.2) and the 1GS rpl32/ndhF region (pi>0.25) (Fig.
7).

Gene divergence and RNA editing sites in protein-coding genes of L. cruciforme and
S. truncata

To expand the study of plastid gene evolution within the family Cactoideae, we inferred
the gene divergence of the 67 protein-coding genes based on phylogenetic trees. Of the 67 genes
analyzed, only 32 of them showed a low substitution rate for all cacti species (<0.05)
(Supplementary Fig. S2). On the other hand, eight genes were highly divergent, namely accD,
clpP, infA, rps18, ycfl, rpl32, rpl22, and rps19, whose mean branch length values were higher
than 0.2 (Supplementary Fig. S3). The greatest variations in branch lengths among species were
observed in the accD and rpsi8 genes. The accD gene is the most divergent in the Cactaceae
family, whose branch length ranged from 0.82 (L. principis) to 1.84 (O. ficus-indica). The rps18
gene showed the highest substitution rate in F. setispinus (1.12) and the lowest rate for P.
aculeata (0.08). Although the average branch length of the psbM gene was low (0.09), this gene
also presented a high divergence among species, whose branch lengths ranged from 0.01 to
0.66 (Supplementary Fig S2-S3).

Concerning the RNA editing sites in the protein-coding genes, a total of 37 putative
RNA editing sites distributed in 17 genes among species were predicted (Supplementary Table
S5). All editions are cytidine (C) to uridine (U), at the first or second codon position. L.
cruciforme and S. truncata showed 22 and 24 putative RNA editing sites, respectively. Of these,
19 sites are shared between both species, and most of them are conserved within the subfamily
Cactoideae [i.e., atpA (305), atpA (424), atpB (138), matK (217), petB (140), psbL (1), rpl20
(20), rpl20 (83), rpl20 (87), rpoB (158), rpoB (184), rpoB (189), rpoClI (14), rpoCI (210),
rpoC2 (498), rps2 (83), rps14 (27), and rps14 (50)]. The rpoC1 (157) and rpoC2 (605) sites are

present only in L. cruciforme, S. truncata, R. baccifera, and R. teres, therefore, are specific to
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the tribe Rhipsalideae. The psbF (26) site found in L. cruciforme is shared with other species
of Core Cactoideae, but absent in S. fruncata and R. teres (Supplementary Table S3). Here we
identified three putative specific sites in two genes of S. truncata: rpoB (664), rpoC2 (652), and
rpoC2 (769). Furthermore, four species also exhibited unique sites, being them E. grusonii [atpl
(33)], F. latispinus [rpl2 (217)], F. setispinus [psbB (193), rpoC2 (69), and rps2 (203)], and S.
grandiflorus [petB (163)]. Two new sites [rpoC2 (163) and rpoC2 (747)] are shared among H.
polyrhizus, S. anthonyanus, S. grandifloras, and S. validus (Supplementary Table S5).

Simple sequence repeats analysis

A total of 214 and 165 SRRs loci were identified in L. cruciforme and S. truncata
plastomes, respectively. In both species, the most frequent of SSRs are mono and dinucleotides,
with 158 and 127, and 39 and 33 repeats, respectively. The bases A/T compose most of the SSR
mono (96%) e dinucleotides (41%) (Supplementary Table S6). The repeats are localized most
frequently in intergenic spacers (IGSs), followed by coding sequences (CDS), and last in
introns. The L. cruciforme plastome show 118 SSRs in IGS, being most abundant in psbK/psbl
(6) and rpoB/trnC-GCA (6) regions. The 65 SSRs in CDS are distributed principally in ycf1
(11), rpoC2 (9), and ycf2 (7) genes. And the SSRs localized in introns are greater occurrences
in atpF, petD, and trnL-UAA, with five SSRs each. In its turn, the S. truncata plastome presents
88 SSRs localized in IGS, 50 in CDS, and 27 in intron regions, respectively. The rbcL/atpB,
trnK-UUU/rps16, rps16/trnQ-UUG, and ycf3/psaA 1GS regions content more repeats, all with
four SSRs. Again, the SSRs localized in CDS were most frequent in ycf7 (8), rpoC2 (8), and
yef2 (6) genes. Concerning SSR in introns, the genes more abundant were atpF (6), rpll16 (5),
and petD (4). The size, sequence, and location of the SSRs identified in the L. cruciforme and

S. truncata plastomes are shown in Supplementary Table S7-S8.

Discussion

General features of the Lepismium cruciforme and Schlumbergera truncata plastomes
reveal conserved structure in the Rhipsalideae tribe

The plastid genomes of angiosperms commonly have structure and gene content
conserved, and gene loss is extremely rare (Wicke et al. 2011). However, this conserved pattern
does not occur in the family Cactaceae. In addition to presenting the greatest diversity of species

in the family, the subfamily Cactoideae exhibits many unusual features in its plastomes. This



73

includes intense rearrangements, losses or expansions and contractions of the IR region, and
extensive gene losses (Sanderson et al. 2015; Soldrzano et al. 2019; Koler et al. 2020; Oulo et
al. 2020; Almeida et al. 2021; Silva et al. 2021; Dalla Costa et al. 2022; Qin et al. 2022).

The tribe Rhipsalideae (i.e., L. cruciforme, S. truncata, R. teres, and R. baccifera) has a
conserved plastome structure, with some variations of IRs boundaries. The four species exhibit
the same pattern of rearrangements, of which two inversions in the LSC region (LCBs B and
E, Fig. 3 and Supplementary Fig. S1) appear to be recent and tribe-specific events. On the other
hand, the SSC region of species of the subfamily Cactoideae has undergone intense
rearrangement and, currently, harbors genes generally located in the IRs of angiosperms, such
as the ribosomal RNA genes (Pacheco et al. 2020a, b; Lopes et al. 2021). This configuration
also occurs in Pereskia aculeata (unpublished data), a basal species of the family Cactaceae,
indicating that this complex rearrangement occurred earlier than the changes in the IRs
boundaries (Silva et al. 2021), which may have triggered the different configurations of cacti
plastomes.

Regarding the gene content, L. cruciforme and S. truncata had extensive loss and
pseudogenization. Shared losses between both species include the genes of the ndh complex,
rpl23, and trnV-UAC. Furthermore, ycf4 is a pseudogene in S. truncata plastome due to a
premature stop codon in the sequence, and the rp/33 gene was lost from the L. cruciforme
plastome. All of them have been previously reported in the subfamily Cactoideae and are widely
discussed by Silva et al. (2021) and Dalla Costa et al. (2022). However, the pseudogenization

of trnT-GGU in L. cruciforme, discussed below, is a novelty for the family Cactaceae.

Is the rnT-GGU gene in the process of degeneration in the Rhipsalideae tribe?

The plastid genome contains two genes encoding transfer RNA for the aminoacid
threonine: trnT-UGU and trnT-GGU, which encode tRNA™(UGU), and tRNA™(GGU),
respectively. These transporters recognize four codons for threonine (i.e., ACA, ACC, ACG,
and ACT), according to Crick's (1966) oscillation rules. However, the trnT-GGU gene appears
to be degenerating in the tribe Rhipsalideae. All four species of the tribe analyzed here present
at least three mutations in the gene sequence, reflected in the alteration of the secondary
structure of the tRNAs, with some pairing incompatibilities and consequent pseudogenization
in L. cruciforme.

Independent #rnT-GGU pseudogenization has been previously reported in three

families, namely Geraniaceae (Chumley et al. 2006), Cupressaceae (Hirao et al. 2008), and
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Asteraceae (Lee et al. 2017). More recently, Abdullah et al. (2021) carried out a comprehensive
investigation of the #7rn7T-GGU gene in the Asteraceae family, analyzing species from 13
subfamilies, and found that this is a pseudogene in the core of Asteraceae. Two possible causes
for the pseudogenization of the #n7-GGU gene have been proposed. One is related to an
inversion event of a large gene segment, in which the #n7-GGU gene was located (Chumley et
al. 2006). The other refers to an insertion event, which can increase mutation rates and cause
pseudogenization or even gene loss (Abdullah et al. 2021). In Rhipsalideae, there was also an
inversion in the gene segment that harbors the genes from ndhJ to trnT-GGU, but this did not
lead to pseudogenization in the four species of the tribe. On the other hand, only L. cruciforme
obtained an insertion in the gene sequence, which is the possible cause for the pseudogenization
of rnT-GGU.

In a work based on reverse genetics with tobacco, Alkatib et al. (2012) reported the
essentiality of the #rnT-UGU gene, while #rnT-GGU is dispensable for translation and cell
viability in plastids. This can be explained by the superwobbling mechanism, in which a tRNA
containing uridine with an unknown change in wobble position (t#rnT-UGU) can efficiently
decode all codons (Pfitzinger et al. 1990; Rogalski et al. 2008; Alkatib et al. 2012; Abdullah et
al. 2021). In a similar way, L. cruciforme plastome may be using the superwobbling mechanism
to compensate the lack of functionality of #n7-GGU, since there was no change in the
frequency of use of codons for the protein-coding sequences of L. cruciforme, but frequencies

similar to species that keep the functionality of both threonine tRNAs.

Suborder Cactineae phylogeny and nucleotide divergence hotspots as a tool for
phylogenetic analysis of the tribe Rhipsalideae

The phylogenetic tree based on 54 protein-coding plastid genes was very similar to the
inferences previously published by Silva et al. (2021) and Dalla Costa et al. (2022). Comparing
with these previous inferences, the phylogenetic positions of the families Halophytaceae and
Talinaceae remain inconsistent, as both families have only one taxon with their complete
plastomes available in databases (Halophytum ameghinoi and Talinum paniculatam,
respectively). Within Cactaceae, Pereskia aculeata constituted the initial branch of the family,
forming a sister group with the subfamilies Opuntioideae and Cactoideae, both of monophyletic
origin, as previously reported (Hernandez-Hernandez et al. 2011; Guerrero et al. 2019a). The
relationships found within the Cactoideae subfamily, referring to the Cacteac and Core

Cactoideae clades (I and II), are congruent with recen resolved phylogenies (Guerrero et al.
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2019a; Silva et al. 2021; Dalla Costa et al. 2022). However, a curious relationship in the tribe
Rhipsalideae was inferred. The species Rhipsalis baccifera and Rhipsalis teres did not
constitute a clade, but formed a sister group with S. truncata and L. cruciforme, respectively,
in a highly supported relationship.

Korotkova et al. (2011) inferred the phylogeny of Rhipsalideae through seven different
regions, being two introns (trnkK, rpl16), three intergenic spacers (psbA-trnH, trnQ-rps16, and
rps3-rpll6) and two coding regions (rbcL and matK), sampling all 52 recognized species of the
tribe. In this study, the genera Rhipsalis and Lepismium were found to constitute a clade, and
a monophyletic origin of both genera was corroborated(Korotkova et al. 2011). Other
phylogenies based on intergenic regions trnK-matK (Bércenas et al. 2011), psbA-trnH, trnQ-
rps16, and rpl32-trnl (Calvente et al. 2011a), as well as with plastid and nuclear markers
(Calvente et al. 2011b) also reported the Rhipsalis monophyly. Resolving phylogenetic trees
for Cactaceae has been challenging, and many relationships remain unresolved, especially in
South American lineages, namely Core Cactoideae II (Korothova et al. 2011; Guerrero et al.
2019a). Although the phylogenetic relationship of the tribe Rhipsalideac was strongly
supported in our analyses, this will be better understood when more taxa with complete plastid
sequences become available.

Hotspots of nucleotide polymorphisms in plastome sequences provide interesting
information for genetic studies, being useful for improving phylogenetic resolutions at the tribe
level, for example (Rogalski et al. 2015; Lopes et al. 2018). Our sliding window analysis
revealed nine nucleotide diversity hotspots within the tribe Rhipsalideae. Of these nine regions,
only two of them have been used in phylogenetic studies of Cactaceae previously, that is, the
spacer region rp/32/ndhF (Majure et al. 2012) and the coding region ycfI (Cruz et al. 2016;
Larridon et al. 2018; Guerrero et al. 2019b). However, none of these studies covered species of
the tribe Rhipsalideae. We identified the largest nucleotide polymorphisms in trnM-CAU/accD,
petN/psbM, rpoB/trnC-GCA, trnl-GAU/rrnl6, and rpl32/ndhF 1GS, as well as in accD, ycf1,
clpP, and ndhB CDS. 1t is already known that accD, ycf1, and clpP genes are more divergent,
including in Cactaceae (Silva et al. 2021; Dalla Costa et al. 2022). Due to this divergence, the
ycfl gene is considered the most promising plastid DNA barcode of land plants (Dong et al.
2015). Likewise, the accD gene is suggested as a plastid marker for genetic studies and, in
addition, accD and clpP can be used in phylogenies in lower taxa in Cactaceae (Silva et al.
2021). Therefore, these hotspots bring genetic information that can improve the phylogeny of
the tribe Rhipsalideae.
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Molecular evolution of plastid protein-coding genes and RNA editing sites in L. cruciforme
and S. truncata plastomes

According to our data and previous publications, the protein-coding genes of the family
Cactaceae are highly divergent (Silva et al. 2021; Dalla Costa et al. 2022). Our analysis
indicated that the genes with the highest substitution rates are accD, clpP, infA, rps18, ycfl,
rpl32, rpl22, and rpsl9, respectively. Six of these eight genes had already shown mean
replacement rates above 0.2 in our previous analysis (Dalla Costa et al. 2022). As expected
(Silva et al. 2021; Dalla Costa et al. 2022), the accD gene is the most divergent in the family
Cactaceae. On the other hand, the analysis upload with the inclusion of 14 new cactus species
revealed the high divergence of the inf4 and rpsi8 genes. The infA gene encodes a translation
initiation factor and, together with two other factors encoded by the nuclear genome, initiates
plastid translation (Wicke et al. 2011; Daniell et al. 2016). The high divergence of inf4 in
Cactaceae also was reported by Silva et al. (2021). In addition, many losses (Pacheco et al.
2020b; Scobeyeva et al. 2021) and pseudogenization (Pacheco et al. 2020a; Algahtani and
Jansen 2021), as well as the transfer of the inf4 gene to the nucleus (Park et al. 2015) have been
described in several species. In turn, the rps/8 gene encodes the protein S18, an essential
component of the 30S ribosome subunit (Rogalski et al. 2006). For this reason, few losses and
pseudogenization have been reported (Cai et al. 2008; Dong et al. 2013). However, rpsi8 is
pseudogenized in the genus Mammilaria (Solérzano et al. 2019) and Leuchtenbergia principis.
Furthermore, the most divergent sequences were identified in Ferocactus setispinus and
Echinocactus grusonii species. All these species belong to the tribe Cacteae, so it is possible
that the 7ps8 gene is degenerating in the tribe and that a functional copy has been transferred
to the nuclear genome (Silva et al. 2021).

All land plants have a post-transcriptional modification mechanism based on RNA
editing, except for some Marchantiales species (Small et al. 2020). Through conversions from
cytidine to uridine, or less frequently from U-to-C, start or stop codons can be created and
amino acids can be changed, either for error correction and functional regulation or for
adaptation and stress conditions (Takenaka et al. 2013). In this study, were predicted 37 putative
RNA editing sites and all edits are C-to-U conversions, at the first or second codon position, as
occurs in most angiosperms (Takenaka et al. 2013). Of these 37 sites, 26 had already been
identified in the subfamily Cactoideae in previous studies (Silva et al. 2021; Dalla Costa et al.
2022). Only 12 sites (32.4%) are shared with all species of the subfamily. On the other hand,

we identified 11 new putative RNA editing sites. S. truncata has three possibly unique sites,
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namely rpoB (664), rpoC2 (652), and rpoC2 (769). The other eight new sites found are
distributed among the species E. grusonii, F. latispinus, F. setispinus, H. polyrhizus, S.
anthonyanus, S. grandiflorus, and S. validus. These results reveal the high polymorphism of

editing sites in the subfamily Cactoideae, indicating the rapid evolution of this mechanism in

the subfamily (Silva et al. 2021).

Simple sequence repeats in L. cruciforme and S. truncata plastomes

Plastid markers present a high level of polymorphism, uniparental inheritance, and non-
recombinant nature in most angiosperms, and for this reason, they are widely used (Wheeler et
al. 2014). Among them are the SSRs, useful for several studies, such as genetic diversity
(Angioi et al. 2010), phylogenetic relationships (Liu et al. 2012), demographic history of
species (Jaramillo-Correa et al. 2015), gene flow for herbicide resistance alleles (Busconi et al.
2012) identification of maternal lines and clones in vegetatively propagated cultures (Gardner
et al. 2015), among others. Here we identified and mapped a high number of SSRs in L.
cruciforme (214) and S. truncata (165) plastomes, predominantly in non-coding regions (IGS
and intros). These regions are advantageous for studies related to the genetic variability of
populations because they present faster evolution in comparison with the coding regions
(Rogalski et al. 2015). The high number of SSRs is common among Rhipsalideae species, as
the R. baccifera and R. teres species have 169 and 200 SSRs, respectively (Silva et al. 2021).
In M. glaucescens, 169 SSRs were also previously identified (Dalla Costa et al. 2022). The
Cactaceae family is one of the most endangered taxa, either by anthropic action or by intrinsic
characteristics of cactus (Machado et al. 2009; Goettsch et al. 2015). Therefore, the SSRs
provided here are useful for accessing the genetic diversity of natural populations and assisting

in conservation strategies for L. cruciforme and S. truncata.

Conclusions

Here we report the L. cruciforme and S. truncata complete plastomes, two species of
South American epiphytic cacti of the tribe Rhipsalideae. The plastomic structure is conserved
among species of the tribe Rhipsalideae, with two recent tribe-specific inversion events in the
LSC region and some variations in the boundaries of the IR region. On the other hand, these
plastomes suffered a massive loss of genes and pseudogenization, including the ndh complex,

rpl23, rpl33, ycf4, and trnV-UAC genes. Additionally, trn7-GGU is a pseudogene in the
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plastome of L. cruciforme and appears to be degenerating in the tribe Rhipsalideae. In addition,
the plastid protein-coding genes of the family Cactaceae show high gene divergence and rapid
evolution of the RNA editing mechanism. Curiously, our phylogenetic inference based on
concatenated plastid genes resulted in the separation of the species Rhipsalis baccifera and
Rhipsalis teres, which grouped with S. truncata and L. cruciforme, respectively. Thus, we
identified nine regions of high nucleotide polymorphism among Rhipsalideae species, which
may help to clarify the phylogenetic relationships of the tribe. Finally, we mapped the SSRs in
L. cruciforme and S. truncata plastomes, useful for genetic studies, access to natural

populations, and conservation strategies for both species.
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Figure 1. Gene map of Lepismium cruciforme plastome. Genes drawn inside the circle are transcribed clockwise
and genes drawn outside are expressed counterclockwise direction. Different functional groups of genes are color-
coded. The darker gray in the inner circle corresponds to GC content, while the lighter gray corresponds to AT
content. LSC Large Single Copy, SSC Small Single Copy, IRA/IRB Inverted Repeats A and B.
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content. LSC Large Single Copy, SSC Small Single Copy, IRA/IRB Inverted Repeats A and B.
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Figure 3. Gene content and order among the plastomes of Lepismium cruciforme, Schlumbergera truncata, Rhipsalis teres, Rhipsalis baccifera and Pereskia aculeata compared
with the Portulaca oleracea plastome, which represents a plastome conserved of the angiosperms. The colored squares correspond to the LCB obtained by the multiple
alignments performed by MAUVE (Supplementary Fig. S1). The red squares pointed out in the plastome of P. oleracea, and P. aculeata represent gene losses; red asterisks
indicate the pseudogenes. Dotted cross lines indicate events of translocation and inversion of the gene order. Black arrows represent LSC/IRB, and IRB/SSC border expansion

and contraction events. The rearrangement events are described according to the indicated numbering. Linear gene maps were drawn by using OGDRAW. LSC Large Single
Copy, SSC Small Single Copy, /RA/IRB Inverted Repeats A and B.
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highlights codons for the amino acid threonine, whose respective tRNA gene (#rn7-GGU) is a pseudogene in the
L. cruciforme plastome.
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Figure 6. Maximum likelihood (ML) phylogenetic analysis based on 54 protein-coding plastid genes shows the position of Lepismium cruciforme and Schlumbergera truncata
(highlighted in red) within the suborder Cactineae. The families are indicated to the right of the respective species. Numbers (%) associated with branches are ML bootstrap
support (BS) values. The branch length is proportional to the inferred divergence level, and the scale bar indicates the number of inferred nucleic acid substitutions per site.

Spinacia oleracea was used to root the tree.



LSC |_Rb |

91

LSC | IRb |

(Pi)

M-CAUlaceD
3 —ndhB

TOSEY T N TR Y Y 1 VR 11 101 1081

L. cruciforme x S. runcata

05

TRV BT T N ANV A "l O [ T

e
>
1

T T i T O

R teres x R. baccifera

40 50 60 70 80 90 100 110 120

0 10 20 30 40 50 60 70 80 920 100 110 120
Nucleotide position (kb) Nucleotide position (kb)
| LSC | _Rb | SSC | | LSC | IRb | SSC |
[ [ | | a [ I I |
(Pi) (Pi)
04 05
o 1-rpoBit L. cruciforme x R. baccifera 1 -accD L. cruciforme x R. teres

2= tml-GAUIrmi6

04

0 10 20 30 40 50 60 70 80 920 100 110 120 0 10 20 30 40 50 60 70 80 20 100 110 120
Nucleotide position (kb) Nucleotide position (kb)
| LSC |_Rb | SSC | | LSC | _IRb | SSC |
[ | = | |
(Pi) ! I (Pi) | ]
05 0s

1 - rnM-CAUlaccD

2-yef.

S. runcatax R. baccifera

40 50 60 70 80 90 100

110 120
Nucleotide position (kb)

S. truncatax R. teres

40 50 60 70 80 9% 100

110 120
Nucleotide position (kb)

Figure 7. Sliding window analysis of the combination of whole plastome alignments of Lepismium cruciforme,
Schlumbergera truncata, Rhipsalis baccifera, and Rhipsalis teres. The numbers indicate the regions with high
nucleotide variability (Pi>0.2, above the red line). Pi (y-axis) represents the nucleotide diversity of each window,
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Table 1. List of genes identified in the plastomes of Lepismium cruciforme and Schlumbergera truncata

Group of gene

Name of gene

Gene expression machinery
Ribosomal RNA genes
Transfer RNA genes

Small subunit of ribosome

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

Subunits of photosystem I (PSI)
Subunits of photosystem II (PSII)

Subunits of cytochrome bgf
Subunits of ATP synthase
Subunits of NADH dehydrogenase
Large subunit of Rubisco

Others genes

Maturase

Envelope membrane protein
Subunit of acetyl-CoA carboxylase
C-type cytochrome synthesis gene
Clp Protease

Component of TIC complex
Component of 2-MD heteromeric
ppAAA-ATPase complex
Translation initiation factor IF-1
Pseudogenes

Absent

rrnl6; rrn23; rrns; rrnd.5

trnA-UGC; trnC-GCA; trnD-GUC; trnE-UUC; trnF-GAA; trnfM-
CAU; trnG-UCC* trnG-GCC; trnH-GUG; trnl-CAU®; trnl-GAU?;
trnK-UUU?; trnL-CAA®; trnL-UAA?; trnL-UAG, trnM-CAU; trnN-
GUU; #rnP-UGG; trnQ-UUG; trnR-ACG; trnR-UCU; trnS-GCU; trnS-
UGA; trnS-GGA; trnT-UGU; trnT-GGU!; trnV-GAC; trnW-CCA;
trnY-GUA

rps2; vps3; rpsd; rps7; vps8; rpsll; rps12?; rpsl4; rpsls; rps16%,
rpsl8; rpsl9°

rpl2%; rpll4; rpll6%; rpl20; rpl22; rpl32; rpl33”; rpl36

rpoA; rpoB; rpoCl; rpoC2

psad; psaB; psaC; psal; psaJ; ycf3%; ycf4?

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

petd; petB®; petD*; petG, petL; petN

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

ndhJ?

rbcL

matk®
cemA
accD
ccsA
clpP*
yefl®
yef2°

infA
ndhB; ndhC; ndhD; ndhF; ndhK; rpl23°
trnV-UAC; ndhA; ndhE; ndhG; ndhH; ndhl

3Genes containing introns; "Duplicated gene in both species; °Partially duplicated genes in both species;
dDuplicated gene in L.cruciforme; Partially duplicated genes in L. cruciforme; 'Pseudogene in L. cruciforme
plastome; Pseudogene in S. truncata plastome; “Gene loss in L. cruciforme plastome.
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Supplementary Fig. S1. Multiple alignments of Schlumbergera truncata, Lepismium cruciforme, Rhipsalis
baccifera, Rhipsalis teres, Pereskia aculeata plastomes (Cactaceae family) and Portulaca oleracea as reference.
The region aligned corresponds to complete plastome sequence, except for removal of IRA. Locally collinear
blocks (LCB) are color-coded. More details about the gene content of the LCBs involved in rearrangements are
present in Figure 3.
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Supplementary Fig. S2. Multiple sequence alignment of the plastid threonine (trnT-GGU) gene. Asterisks represent mutation events in the sequences of species Rhipsalideae
tribe (highlighted by the red square); blue asterisks signify transitions and red asterisks indicate transversions. The red arrow points to the insertion of a nucleotide in the
Lepismium cruciform gene sequence.
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Supplementary Fig. S3. Putative secondary structure of #7n7-GGU in different taxonomic groups of plants.
Elevenspecies of the Cactaceae family, along with species of dicots, monocots, marcanthiophyta, pteridophyte,
and gymnosperm were included. All species show the perfect cloverleaf structure, containing the D-loop, T-loop,
variable loop, and anticodon loop. The secondary structure was predicted by the tRNAscan-SE.
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Supplementary Fig. S4. Divergence of protein-coding genes in the plastomes of family Cactaceae based on
phylogenetic reconstruction. The gene divergence was estimated by the sum of total branch lengths until the
common ancestor node in each gene tree inferred.
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Supplementary Tables

Supplementary Table S1. List of species included in comparative analysis of #rnT-GGU structure secondary

Species Taxonomic Group / Family GenBank
Lepismium cruciforme Eudicotyledons/Cactaceae ON005622
Schlumbergera truncata Eudicotyledons/Cactaceae ON005623
Rhipsalis teres Eudicotyledons/Cactaceae MT387452
Rhipsalis baccifera Eudicotyledons/Cactaceae MT821847
Melocactus glaucescens Eudicotyledons/Cactaceae 0K298499
Carnegiea gigantea Eudicotyledons/Cactaceae NC 027618
Lophocereus schottii Eudicotyledons/Cactaceae NC 041727
Selenicereus undatus Eudicotyledons/Cactaceae NC 053698
Echinocactus grusonii Eudicotyledons/Cactaceae MW553048
Leuchtenbergia principis Eudicotyledons/Cactaceae MW553057
Ferocactus latispinus Eudicotyledons/Cactaceae MW553072
Mammillaria zephyranthoides Eudicotyledons/Cactaceae MN517611
Brasiliopuntia brasiliesis Eudicotyledons/Cactaceae 0OK448351
Opuntia quimilo Eudicotyledons/Cactaceae MN114084
Pereskia aculeata Eudicotyledons/Cactaceae 0K448353
Talinum paniculatum Eudicotyledons/Talinaceae NC 037748.1
Basella alba Eudicotyledons/Basellaceae NC 041293.1
Cistanthe longiscapa Eudicotyledons/Montiaceae NC 035140.1
Montia fontana Eudicotyledons/Montiaceae NC 041269.1
Spinacia oleracea Eudicotyledons/Chenopodiaceae NC 002202.1
Oryza sativa Monocotyledons/Poaceae NC 031333.1
Acrocomia aculeata Monocotyledons/Arecaceae NC _037084.1
Dumortiera hirsuta Marchantiophyta/Dumortieraceae NC _039590.1
Alsophila gigantea Pteridophyte/Cyatheaceae NC_044079.1
Araucaria angustifolia Gymnosperm/Araucariaceae NC 039155.1
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Supplementary Table S2. List of species included in the codon usage analysis

Species Family GenBank
Lepismium cruciforme Cactaceae ONO005622
Schlumbergera truncata Cactaceae ON005623
Rhipsalis teres Cactaceae MT387452
Rhipsalis baccifera Cactaceae MTS821847
Melocactus glaucescens Cactaceae 0K298499
Carnegiea gigantea Cactaceae NC 027618
Lophocereus schottii Cactaceae NC 041727
Hylocereus polyrhizus Cactaceae MWS553055
Selinecereus anthonyanus Cactaceae MWS553068
Selenicereus grandiflorus Cactaceae MWS553069
Selenicereus undatus Cactaceae NC 053698
Selenicereus validus Cactaceae MWS553070
Echinocactus grusonii Cactaceae MW553048
Leuchtenbergia principis Cactaceae MW553057
Ferocactus latispinus Cactaceae MW553072
Ferocactus setispinus Cactaceae MW553071
Mammillaria albiflora Cactaceae MNS517610
Mammillaria supertexta Cactaceae MNS508963
Mammillaria zephyranthoides Cactaceae MNS517611
Brasiliopuntia brasiliesis Cactaceae 0K448351
Opuntia ficus-indica Cactaceae 0K448352
Opuntia monacantha Cactaceae MZ579523
Opuntia quimilo Cactaceae MN114084
Portulaca oleracea Portulacaceae NC 041264.1

Spinacia oleracea Chenopodiaceae NC_002202.1




Supplementary Table S3. List of species included in the Cactineae phylogeny analysis

Species Family GenBank
Lepismium cruciforme Cactaceae ONO005622
Schlumbergera truncata Cactaceae ON005623
Rhipsalis teres Cactaceae MT387452
Rhipsalis baccifera Cactaceae MTS821847
Melocactus glaucescens Cactaceae 0K298499
Carnegiea gigantea Cactaceae NC 027618
Lophocereus schottii Cactaceae NC 041727
Hylocereus polyrhizus Cactaceae MWS553055
Selinecereus anthonyanus Cactaceae MWS553068
Selenicereus grandiflorus Cactaceae MWS553069
Selenicereus undatus Cactaceae NC 053698
Selenicereus validus Cactaceae MWS553070
Echinocactus grusonii Cactaceae MW553048
Leuchtenbergia principis Cactaceae MW553057
Ferocactus latispinus Cactaceae MW553072
Ferocactus setispinus Cactaceae MW553071
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
Brasiliopuntia brasiliesis Cactaceae 0OK448351
Opuntia ficus-indica Cactaceae 0K448352
Opuntia monacantha Cactaceae MZ579523
Opuntia quimilo Cactaceae MN114084
Pereskia aculeata Cactaceae 0OK448353
Anredera cordifolia Basellaceae NC 041274.1
Basella alba Basellaceae NC 041293.1
Calandrinia eremea 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 pilosa Portulacaceae NC 036236.1
Portulaca oleracea Portulacaceae NC 041264.1
Talinum paniculatum Talinaceae NC _037748.1
Spinacia oleracea " Chenopodiaceae NC _002202.1

* Outgroup.



Supplementary Table S4. General features of plastid genomes within the family Cactaceae.

Species Subfamily Size (bp) LSC (bp) SSC (bp) IR (bp) Number of genes GC (%) GenBank
Lepismium cruciforme Cactoideae 123,113 79,309 24,454 9,675 99 36.5 ON005622
Schlumbergera truncata Cactoideae 119,945 80,276 22,909 8,380 99 36.6 ONO005623
M. glaucescens Cactoideae 129,806 51,465 19,097 29,622 98 36.5 0OK298499
Rhipsalis teres Cactoideae 122,389 81,397 24,016 8,488 99 36.7 MT387452
Rhipsalis baccifera Cactoideae 122,333 81,459 23,531 8,530 101 36.7 MT821847
Hylocereus polyrhizus Cactoideae 133,146 68,076 21,716 21,677 99 36.4 MW553055
Selenicereus anthonyanus Cactoideae 133,317 68,203 21,766 21,674 99 36.4 MW553068
S. grandiflorus Cactoideae 134,211 68,839 22,014 21,679 99 36.3 MW553069
S. undatus Cactoideae 133,326 68,256 21,716 21,677 99 36.4 NC 053698
S.validus Cactoideae 134,211 68,839 22,014 21,679 99 36.3 MW553070
Carnegiea gigantea Cactoideae 113,064 - - - 99 36.7 NC 027618
Lophocereus schottii Cactoideae 113,204 - - - 99 36.5 NC 041727
Echinocactus grusonii Cactoideae 119,201 - - - 101 36.1 MW553048
Ferocactus latispinus Cactoideae 116,692 - - - 99 36.2 MW553072
Ferocactus setispinus Cactoideae 110,524 - - - 97 36.2 MWS553071
Leuchtenbergia principis Cactoideae 116,863 - - - 99 36.2 MW553057
Mammillaria albiflora Cactoideae 110,789 78,380 31,061 674 96 36.4 MN517610
M. pectinifera Cactoideae 108,561 72,273 29,744 772 95 36.4 MNS519716

M. crucigera Cactoideae 115,505 71,565 29,418 7,261 96 36.3 MN517613

M. huitzilopochtli Cactoideae 115,886 71,997 29,401 7,244 97 36.3 MN517612

M. solisioides Cactoideae 115,356 71,690 29,238 7,214 95 36.4 MN518341

M. supertexta Cactoideae 116,175 72,240 29,445 7,245 97 36.4 MN508963

M. zephyranthoides Cactoideae 107,343 71,811 7,281 14,126 95 38.5 MN517611
Pereskia aculeata “Pereskioideae” 140,922 88,158 34,268 9,248 113 35.8 0OK448353
Brasiliopuntia brasiliensis Opuntioideae 162,211 87,186 4,393 35,316 109 36.8 0K448351
Opuntia ficus-indica Opuntioideae 152,387 87,248 4,109 30,515 110 36.7 0OK448352
Opuntia monacantha Opuntioideae 149,076 101,384 4,110 21,791 110 36.6 MZ579523
Opuntia quimilo Opuntioideae 150,347 101,475 4,115 22,392 109 36.6 MN114084
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Supplementary Table S5. List of RNA editing sites predicted by PREP program. The species analyzed belong to the subfamily Cactoideae (Cactaceae family). The abbreviation
“aa pos” meaning the amino acid position of the RNA editing site in the aligned sequence

H. polyrhizus

Observation based on Silva et al.

Gene a:s crucfjtorme trmf;'ata latisF.inus setisE inus rtfvv.onii ri:c.'i is and S. ram}st;lorus va;‘;ius (2021) and Dalla Costa et al.
P P P 8 p P anthonyanus 8 (2021/2022) predictive analyses
TCA(S)=> TCA(S)=> TCA(S)=> TCA(S)=> TCA(S)=> TCA (S)=> TCA (S)=>TTA TCA (S)=>TTA TCA (S)=> Editing site conserved in subf.
305 TTA (L) TTA (L) TTA (L) TTA (L) TTA (L) TTA (L) L) (L) TTA (L)  Cactoideae, except in M. albiflora
atpA (T fixed)
44 CCCP®=  CCC (P)=> CCC((P)=> CCC(P)=> CCC((P)=> CCC((P)=> CCC (P)=>TCC CCC (P)=>TCC CCC (P)=> Editing site conserved in subf.
TCC (S) TCC (S) TCC (S) TCC (S) TCC (S) TCC (S) S) (S) TCC (S) Cactoideae
B 138 AccC (T)=> ACC(T)=> ACC(T)=> ACC (T)=> ACC(T)=> ACC(T)=>  ACC (T)=> ACC (T)=>  ACC (T)=> Editing site conserved in subf.
atp ATC (I) ATC (I) ATC (I) ATC (I) ATC (I) ATC (I) ATC (I) ATC (I) ATC (I) Cactoideae
CTC (L) => T fixed in other species of the subf.
atpl 33 TTC (F) TTC (F) TTC (F) TTC (F) TTC (F) TTC (F) TTC (F) TTC (F) TTC (F) Cactoideac
Editing site conserved in subf.
CAT (H)=> CATH)=> CAT (H)=> CAT(H)=> CATH)=> CAT (H)=> CATH)=> Cactoideae, except in C. gigantea,
matk 217 “raryy  maryy  TAT®M TATM) Tmaryy tatr(w) TAT(Y) TAT(Y)  TAT(Y) L. schottii and M. glaucescens (T
fixed)
140 C€GG (R)=> CGG(R)=> CGG(R)=> CGG[R)=> CGG([R)=> CGG[R)=> CGG (R)=> CGG (R)=>  CGG (R)=> Editing site conserved in subf.
TGG (W) TGG (W) TGG (W) TGG (W) TGG (W) TGG (W) TGG (W) TGG (W) TGG (W) Cactoideae
petB
CCA (P) = T fixed in other species of the subf.
163 TCA(S) TCA(S) TCA(S) TCA(S) TCA(S) TCA(S) TCA(S) TCA (S) TCT (S) Cactoideac
CTT (L) => T fixed in other species of the subf.
psbB 193 TTT (F) TAT (Y) TTT (F) TTT () TTT (F) TTT (F) TTT (F) TTT (F) Ly Cactoideae
Editing site in C. gigantea, L.
TCT (S) => TCT (S)=>TTT TCT (S)=>TTT TCT(S)=> schottii, S. undatus, M. glaucescens
psbF 26 “ppp  TTTO  TITE  TITE - TITE T () ia) TIT(F)  and R. baccifera; the other species
has a T fixed
bL 1 ACG (T)=> ACG (T)=> ACG(T)=> ACG(T)=> ACG(T)=> ACG(T)=> ACG (T)=> ACG (T)=>  ACG (T)=> Editing site conserved in subf.
ps ATG (M) ATG (M) ATG (M) ATG (M) ATG (M) ATG (M) ATG (M) ATG (M) ATG (M) Cactoideae
GCA (A) => T fixed in other species of the subf.
pl2 217 GTA (V) GTA (V) GTA (V) GTA (V) GTA (V) GTA (V) GTA (V) GTA (V) GTA (V) Cactoideae



rpl20

rpoA

rpoCl1

20

87

28

294

158

184

189

664

14

157

210

TCC (S) =>
TTC (F)

CAC (H)=>
TAC (Y)

TCG (S) =
TTG (L)

CAT (H) =>
TAT (Y)

TTG (L)

TCA (S) =
TTA (L)

TCA (S) =
TTA (L)

TCG (S) =
TTG (L)

TAT (Y)

TCA (S) =>
TTA (L)

CTT (L) =>
TTT (F)

ACT (T) =
ATT (D)

TCC (S) =
TTC (F)

CAC (H) =
TAC (Y)

TCG (S) =>
TTG (L)

CAT (H) =
TAT (Y)

TTG (L)

TCA (S) =>
TTA (L)

TCA (S) =>
TTA (L)

TCG (S) =>
TTG (L)

CAT (H) =
TAT (Y)

TCA (S) =>
TTA (L)

CTT (L) =>
TTT (F)

ACT (T) =>
ATT (D)

TCC (S) =>
TTC (F)

CAC (H) =
TAC (Y)

TCG (S) =>
TTG (L)

TAT (Y)

TTG (L)

TCA (S) =
TTA (L)

TCA (S) =>
TTA (L)

TCG (S) =>
TTG (L)

TAT (Y)

TCA (S) =>
TTA (L)

TTT (F)

ACT (T) =>
ATT (D)

TCC (S) =
TTC (F)

CAC (H)=>
TAC (Y)

TCG (S) =
TTG (L)

TAT (Y)

TCG (S) =
TTG (L)

TCA (S) =>
TTA (L)

TCA (S) =
TTA (L)

TCG (S) =
TTG (L)

TAT (Y)

TCA (S) =>
TTA (L)

TTT (F)

ACT (T) =>
ATT ()

TCC (S) =>
TTC (F)

CAC (H)=> CAC (H) =

TAC (Y)

TCG (S) =
TTG (L)

TAT (Y)

TTG (L)

TCA (S) =
TTA (L)

TCA (S) =
TTA (L)

TCG (S) =
TTG (L)

TAT (Y)

TCA (S) =>
TTA (L)

TTT (F)

ACT (T) =
ATT ()

TCT (S) =>
TTT (F)

TAC (Y)

TCG (S)=> TCG (S)=>TTG TCG (S)=>TTG

TTG (L)

TAT (Y)

TTG (L)

TCA (S) =
TTA (L)

TCA (S) =>
TTA (L)

TCG (S) =>
TTG (L)

TAT (Y)

TCA (S) =>
TTA (L)

TTT (F)

ACT (T) =>
ATT (D)

TCT (S)=> TTT

()

CAC (H) =
TAC (Y)

((9)

CAT (H) =
TAT (Y)

TTG (L)

TCA (S)=>TTA TCA (S)=>TTA

((®)

TCA (S)=>TTA TCA (S)=>TTA

((9)

TCG (S)=>TTG TCG (S)=> TTG

((9)

TAT (Y)

TCA (S)=>TTA TCA (S)=>TTA

(9]

TTT (F)

ACT (T) =>
ATT (D)

TTT (F)

CAC (H)=>

TAC (Y)

@®

CAT (H) =>
TAT (Y)

TTG (L)

@®

@®

@®

TAT (Y)

L)

TTT (F)

ACT (T) =>
ATT ()

TTT (F)

CAC (H) =
TAC (Y)

TCG (S) =
TTG (L)

CAT (H) =>
TAT (Y)

TTG (L)

TCA (S) =
TTA (L)

TCA (S) =
TTA (L)

TCG (S) =
TTG (L)

TAT (Y)

TCA (S) =>
TTA (L)

TTT (F)

ACT (T) =
ATT ()
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Editing site conserved in subf.
Cactoideae

Editing site conserved in subf.
Cactoideae, except in M.
zephyranthoides (T fixed)
Editing site conserved in subf.
Cactoideae, except in M.
glaucescens (T fixed)
Editing site in C. gigantea, L.
schottii, S. undatus, M. glaucescens,
R. baccifera and R. teres; the other
species has a T fixed
Editing site in M. albiflora, M.
zephyranthoides and M.
glaucescens; the other species has a
T fixed

Editing site conserved in subf.
Cactoideae
Editing site in C. gigantea, L.
schottii, S. undatus, M. glaucescens,
R. baccifera, R. teres, M. albiflora
and M. zephyranthoides; the other
species has a T fixed

Editing site conserved in subf.
Cactoideae

T fixed in other species of the subf.
Cactoideae

Editing site conserved in subf.
Cactoideae

Editing site in R. baccifera and R.
teres; the other species has a T fixed

Editing site conserved in subf.
Cactoideae



rpoC2

ps8

rpsl4

322

69

163

498

605

652

742

747

769

83

203

48

27

50

AGG (R)

ATA (I)

GTA (V)

ACG (T) =
ATG (M)

CAT (H) =>
TAT (Y)

TTT (F)

TGG (W)

CCC (P)

GTT (V)

TCA (S) =>
TTA (L)

TCG (S)

GTG (V)

TCA (S) =
TTA (L)

CCA (P) =>
CTA (L)

TGG (W)

ATA (1)

GTA (V)

ACG (T) =
ATG (M)

CAT (H) =
TAT (Y)

TCT (S) =>
TTT (F)

TGG (W)

CCC (P)

GCT (A) =
GTT (V)

TCA (S) =>
TTA (L)

TCG (S)

GTG (V)

TCA (S) =>
TTA (L)

CCA (P) =>
CTA (L)

ACG (T) =>
ATG (M)

ATA (I)

TTA (L)

ACG (T) =
ATG (M)

TAT (Y)

TTT (F)

CGG (R) =>
TGG (W)

CCC (P)

GTT (V)

TCA (S) =>
TTA (L)

TCG (S)

GCG (A) =>
GTG (V)

TCA (S) =>
TTA (L)

CCA (P) =>
CTA (L)

ACG (T) =>
ATG (M)

ACA (T) =>
ATA (I)

TTA (L)

ACG (T) =
ATG (M)

TAT (Y)

TTT (F)

CGG (R) =>
TGG (W)

CCC (P)

GTT (V)

TCA (S) =>
TTA (L)

CCG (P) =
TCG (S)

GCG (A) =>
GTG (V)

TCA (S) =>
TTA (L)

CCA (P) =>
CTA (L)

ACG (T) =>
ATG (M)

ATA (I)

GTA (V)

ACG (T) =
ATG (M)

TAT (Y)

TTT (F)

CGG (R) =>
TGG (W)

CCC (P)

GTT (V)

TCA (S) =>
TTA (L)

TCG (S)

ACG (T)

TCA (S) =
TTA (L)

CCA (P) =>
CTA (L)

ACG (T) =>
ATG (M)

ATA (I)

TTA (L)

ACG (T) =
ATG (M)

TAT (Y)

TTT (F)

CGG (R) =>
TGG (W)

CCC (P)

GTT (V)

TCA (S) =>
TTA (L)

TCG (S)

GCA (A) =>
GTA (V)

TCA (S) =>
TTA (L)

CCA (P) =>
CTA (L)

ACG (T) =>
ATG (M)

ATA (I)

CCA (P)=>
CTA (L)

ACG (T) =
ATG (M)

TAT (Y)

TTT (F)

TGG (W)

GCC (A) =
GTC (V)

GTT (V)

ACG (T) =>
ATG (M)

ATA (1)

CCA (P) =>
CTA (L)

ACG (T) =
ATG (M)

TAT (Y)

TTT (F)

TGG (W)

GCC (A) =>
GTC (V)

GTT (V)

ACG (T) =>
ATG (M)

ATA (I)

CCA (P)=>
CTA (L)

ACG (T) =
ATG (M)

TAT (Y)

TTT (F)

TGG (W)

GCC (A) =>
GTC (V)

GTT (V)

TCA (S)=>TTA TCA (S)=>TTA TCA (S)=>

@®

TCG (S)

TCG (S)

L)

TCG (S)

TCG (S)

TTA (L)

TCG (S)

TCG (S)

TCA (S)=>TTA TCA (S)=>TTA TCA (S)=>

@®

CCA (P) =>
CTA (L)

@)

CCA (P) =>
CTA (L)

TTA (L)

CCA (P) =>
CTA (L)
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Editing site in S. undatus

T fixed in other species of the subf.
Cactoideae

T fixed in other species of the subf.
Cactoideae

Editing site conserved in subf.
Cactoideae

Editing site in R. baccifera and R.
teres; the other species has a T fixed

T fixed in other species of the subf.
Cactoideae

Editing site in Mammillaria genus;
the other species has a T fixed

C fixed in other species of the subf.
Cactoideae

T fixed in other species of the subf.
Cactoideae

Editing site conserved in subf.
Cactoideae, except in M. albiflora
(T fixed)

T fixed in other species of the subf.
Cactoideae

Editing site in M. glaucescens; T
fixed in other species of the subf.
Cactoideae
Editing site conserved in subf.
Cactoideae

Editing site conserved in subf.
Cactoideae
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Supplementary Table S6. List of simple sequence repeats (SSRs) identified in the L. cruciforme and S. truncata plastomes
Lepismium cruciforme plastome

SSR sequence 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Total
A/T - - - - - 65 38 37 8 2 - 2 3 1 156
C/G - - - - - 1 1 1 - - - - - - 3
AC/GT - 1 - - - - - - - - - - - - 1
AG/CT - 13 1 - - - - - - - - - - 14
AT/AT - 15 5 3 1 - 1 - - - - - - - 25
AAG/CTT - 2 - - - - - - - - - - - - 2
AAT/ATT - 1 - - - - - - - - - - - - 1
ACG/CGT - - - - - - 1 - - - - - - - 1
ACT/AGT - 1 - - - - - - - - - - - - 1
AAAG/CTTT 1 - - - - - - - - - - - - - 1
AATC/ATTG 1 - - - - - - - - - - - - - 1
AATT/AATT 1 - - - - - - - - - - - - - 1
ACCT/AGGT 1 - - - - - - - - - - - - - 1
AGGG/CCCT 1 - - - - - - - - - - - - - 1
AAAGT/ACTTT 2 - - - - - - - - - - - - - 2
AAATT/AATTT 1 - - - - - - - - - - - - - 1
AAAAAT/ATTTTT 1 - - - - - - - - - - - - - 1
AAATTG/AATTTC 1 - - - - - - - - - - - - - 1
AATACT/AGTATT 1 - - - - - - - - - - - - - 1

Schlumbergera truncata plastome

SSR sequence 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 Total
A/T - - - - - 39 22 33 12 8 4 - - 1 - 1 - - 1 1 122
C/G - - - - - 1 - 1 - - - - - - - - - - - - 2
AC/GT - 1 - - - - - - - - - - - - - - - - - - 1
AG/CT - 10 - - - - - - - - - - - - - - - - - - 10
AT/AT - 14 3 5 2 - - - - - - - - - - - - - - - 24
AAT/ATT - 1 - - - - - - - - - - - - - - - - - - 1
AAAG/CTTT 1 - - - - - - - - - - - - - - - - - - - 1
AAAT/ATTT 2 1 - - - - - - - - - - - - - - - - - - 3
AATC/ATTG 1 - - - - - - - - - - - - - - - - - - - 1
ACCT/AGGT 1 - - - - - - - - - - - - - - - - - - - 1
ACAGAG/CTCTGT - 1 - - - - - - - - - - - - - - - - - - 1




Supplementary Table S7. Distribution of simple sequence repeats (SSR) loci in the Lepismium cruciforme
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plastome
SSR type SSR Size Start End Location
mono (M11 11 112 122 trnH-GUG/psbA (1GS)
mono (M14 14 147 160 trnH-GUG/psbA (IGS)
mono (A)9 9 193 201 trnH-GUG/psbA (1GS)
mono (M8 1842 1849 trnK-UUU/matK (IGS)
mono (A)8 2426 2433 matK (CDS)
mono (M9 3077 3085 matK (CDS)
mono (A)10 10 3461 3470 matK/trnK-UUU (IGS)
mono (T)9 9 3817 3825 matK/trnK-UUU (IGS)

di (TA)6 12 4270 4281 trnK-UUU/rps16 (1GS)
mono (A)9 9 4388 4396 trnK-UUU/rps16 (1GS)
mono (A)8 8 4459 4466 trnK-UUU/rps16 (1GS)
mono (M10 10 4490 4499 trnK-UUU/rps16 (1GS)
mono (A)8 8 4961 4968 rps16 (intron)

di (AT)4 8 5269 5276 rps16 (intron)

di (AT)4 5754 5761 rps16/trnQ-UUG (IGS)
mono (M1l 11 5776 5786 rps16/trnQ-UUG (IGS)

tri (AAT)4 12 5794 5805 rps16/trnQ-UUG (IGS)
mono (A)10 10 5807 5816 rps16/trnQ-UUG (IGS)
mono (M9 9 5970 5978 rps16/trnQ-UUG (IGS)
mono (A)9 9 6523 6531 trnQ-UUG/psbK (1GS)
mono (T8 8 7087 7094 psbK/psbI (1GS)
mono (A)9 9 7116 7124 psbK/psbl (IGS)
mono (M10 10 7401 7410 psbK/psbI (1GS)
mono (A)8 8 7413 7420 psbK/psbI (1GS)
mono (M11 11 7596 7606 psbK/psbl (IGS)
mono (A)8 8 7609 7616 psbK/psbI (1GS)
mono (A)9 9 7956 7964 trnS-GCU/clpP (1GS)
mono (A)8 8 8264 8271 trnS-GCU/clpP (1GS)
mono (T8 8 8719 8726 clpP (CDS)

tri (GAC)9 27 8733 8759 clpP (CDS)
mono (T)9 9 9382 9390 trnG-UCC (intron)
mono (10 10 9459 9468 trnG-UCC (intron)
mono (A)10 10 9560 9569 trnG-UCC (intron)
mono (T8 8 10122 10129 trnR-UCU/atpA (IGS)
mono (A)9 9 11771 11779 atpA/atpF (1GS)

di (CT)5 10 12368 12377 atpF (intron)
mono (A)8 8 12394 12401 atpF (intron)
mono (A)14 14 12413 12426 atpF (intron)
mono (D11 11 12496 12506 atpF (intron)
mono (A)9 9 12589 12597 atpF (intron)
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rpoC2 (CDS)
rpoC2 (CDS)
rpoC2 (CDS)
rpoC1 (CDS)
rpoB (CDS)
rpoB (CDS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
rpoB/trnC-GCA (IGS)
trnC-GCA/petN (1GS)
trnC-GCA/petN (1GS)
trnC-GCA/petN (1GS)
trnC-GCA/petN (1GS)
petN/psbM (1GS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
trnD-GUC/ndhJ (1GS)
trnF-GAA/trnL-UAA (1GS)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA/trnT-UGU (IGS)
trnL-UAA/trnT-UGU (1GS)
trnT-UGU/rps4 (1GS)
trnT-UGU/rps4 (1GS)
rps4/trnS-GGA (IGS)
trnS-GGA/ycf3 (1GS)
trnS-GGA/ycf3 (1GS)
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50656
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55935
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58342
58663
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59167

33850
33863
34155
34532
35193
35333
36215
36389
36579
43117
43227
43268
46122
46763
46963
47459
47521
47575
47720
48297
48906
49582
50665
50678
51124
51450
53451
53779
54378
54481
54511
55238
55376
55949
55960
56350
57724
57955
58038
58351
58671
58687
59175

trnS-GGA/ycf3 (1GS)
trnS-GGA/ycf3 (1GS)
vef3 (intron)
vef3 (intron)
ycf3 (intron)
vef3 (intron)
yef3/psad (IGS)
yef3/psad (IGS)
yef3/psad (1GS)
trnS-UGA (CDS)
trnS-UGA/psbC (1GS)
trnS-UGA/psbC (1GS)
psbD/trnT-GGU (I1GS)

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

trnY-GUA/ndhK (1GS)
trnY-GUA/mdhK (1GS)
trnY-GUA/ndhK (1GS)
ndhK (CDS)
ndhK/ndhC (1GS)
ndhC/rbcL (1GS)
rbcL (CDS)
rbeL/atpB (IGS)
rbeL/atpB (IGS)
rbeL/atpB (1GS)
atpB (CDS)
atpE/trnM-CAU (1GS)
trnM-CAU/aceD (1GS)
trnM-CAU/aceD (1GS)
trnM-CAU/aceD (1GS)
trnM-CAU/aceD (1GS)
accD (CDS)
accD (CDS)
accD (CDS)
accD (CDS)
accD (CDS)
accD/psal (1IGS)
accD/psal (1IGS)
accD/psal (1GS)
psal/ycf4 (IGS)
yef4 (CDS)
yef4 (CDS)
yef4/cemA (1GS)
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yef4/cemA (1GS)
petA (CDS)
petd (CDS)
petL/petG (1GS)
trnW-CCA/trnP-UGG (1GS)
trnP-UGG/psaJ (1GS)
psat/rps18 (IGS)
psat/rps18 (IGS)
rpl20 (CDS)
rpl20 (CDS)
rpl20 (CDS)
rpl20/rps12 (IGS)
clpP/psbB (IGS)
psbB/psbT (1GS)
psbB/psbT (IGS)
psbB/psbT (IGS)
petB (intron)
petB (intron)
petB (intron)
petB/petD (IGS)
petD (intron)
petD (intron)
petD (intron)
petD (intron)
petD (intron)
petD (CDS)
rpoA (CDS)
rps11/rpl36 (IGS)
rpl36/inf4 (IGS)
rps8/rpll4 (1GS)
rps8/rpli14 (1GS)
rpl14 (CDS)
rpll6 (intron)
rpl16 (intron)
rpll6 (intron)
rpll6 (intron)
rps3 (CDS)
rpl22 (CDS)
rps19 (CDS)
rps19 (CDS)
rps19 (CDS)
rps19/rpl2 (IGS)
yef2 (CDS)
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(CTAC)3
(T3
(AAAGT)3
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(TC)4
(AGGG)3
(AG)4
(A)9
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81189
82122
83326
84085
84106
84759
88862
90384
91548
91986
92037
92060
92069
92924
93082
93280
93956
94488
94799
96148
96404
96427
97607
98347
98390
98597
98680
98711
99073
99333
99420
99566
101059
101134
103267
103299
104890
107159
107207
107223
107256
107729
110107

81196
82129
83343
84093
84113
84770
88869
90392
91555
91993
92046
92067
92080
92932
93089
93287
93963
94496
94807
96157
96412
96436
97616
98354
98397
98606
98689
98720
99080
99340
99429
99573
101066
101141
103274
103310
104897
107173
107214
107230
107267
107736
110115

yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
vefl (CDS)
vefl (CDS)
yefl (CDS)
vefl (CDS)
yefl (CDS)
yefl (CDS)
vefl (CDS)
yefl (CDS)
vefl (CDS)
vefl (CDS)
vefl/rpsl5 (1GS)
rps15/psaC (IGS)
psaC/ndhD (1GS)
ndhD (CDS)
ndhD/ccsA (1GS)
ndhD/ccsA (IGS)
cesA/trnL-UAG (IGS)
trnL-UAG/rpl32 (1GS)
trnL-UAG/rpl32 (1GS)
trnL-UAG/rpl32 (IGS)
trnL-UAG/rpl32 (1GS)
trnL-UAG/rpl32 (1GS)
rpl32 (CDS)
rpl32/ndhF (1GS)
rpl32/ndhF (IGS)
rpl32/ndhF (IGS)

trnN-GUU/trnR-ACG (1GS)
trnN-GUU/trnR-ACG (1GS)

rrn23 (CDS)

rrn23 (CDS)

rrm23 (CDS)
trnl-GAU/rrnl6 (1GS)
trnl-GAU/rrnl6 (1GS)
trnl-GAU/rrnl6 (1GS)
trnl-GAU/rrn16 (1GS)
trnl-GAU/rrnl6 (1GS)
trnV-GAC/rps12 (1GS)
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mono (T)16 16 112734 112749 ndhB (CDS)
mono (T)9 9 112766 112774 ndhB (CDS)

CDS, coding sequences; IGS, intergenic spacers
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Supplementary Table S8. Distribution of simple sequence repeats (SSR) loci in the Schlumbergera truncata

plastome
SSR type SSR Size Start End Location
tetra (AAAT)3 12 345 356 trnH-GUG/psbA (1GS)
mono (A)11 11 386 396 trnH-GUG/psbA (IGS)
mono (A)8 8 2622 2629 matK (CDS)
mono (M9 9 3279 3287 matK (CDS)
mono (A)10 10 3663 3672 matK/trnK-UUU (IGS)
mono (M9 9 4019 4027 matK/trnK-UUU (IGS)

di (TA)S 10 4472 4481 trnK-UUU/rps16 (1GS)
mono (A)9 9 4602 4610 trnK-UUU/rps16 (1GS)
mono (A)8 8 4673 4680 trnK-UUU/rps16 (1GS)
mono (M13 13 4710 4722 trnK-UUU/rps16 (1GS)
mono (A)18 18 5184 5201 rps16 (intron)

di (AT)4 8 5502 5509 rps16 (intron)

tri (ATT)4 12 6008 6019 rps16/trnQ-UUG (IGS)
mono (A)22 22 6027 6048 rps16/trnQ-UUG (IGS)
mono (T)9 9 6191 6199 rps16/trnQ-UUG (IGS)
mono (A)11 11 6308 6318 rps16/trnQ-UUG (IGS)
mono (A)10 10 6749 6758 trnQ-UUG/psbK (1GS)
mono (M8 8 7313 7320 psbK/psbI (1GS)
mono (A)9 9 7342 7350 psbK/psbl (1GS)
mono (A)12 12 7527 7538 psbK/psbl (IGS)

compound (TA)3(T<A>)(A)7 15 7993 8007 trnS-GCU/clpP (1GS)
hexa (AGAGAC)4 24 8626 8649 clpP (CDS)
mono (10 10 9213 9222 trnG-UCC (intron)
mono (T)8 8 9292 9299 trnG-UCC (intron)
mono (A)8 8 11607 11614 atpA/atpF (1GS)
mono (A)8 8 12225 12232 atpF (intron)
mono (A)10 10 12247 12256 atpF (intron)
mono (M10 10 12326 12335 atpF (intron)
mono (A)10 10 12422 12431 atpF (intron)
mono (M10 10 12511 12520 atpF (intron)
mono (A)8 8 12743 12750 atpF (intron)
mono (M10 10 15631 15640 rps2/rpoC2 (IGS)
mono (A)8 8 16037 16044 rps2/rpoC2 (1GS)
mono ()9 9 16203 16211 rpoC2 (CDS)
mono (A)8 8 17266 17273 rpoC2 (CDS)

di (AT)4 8 18074 18081 rpoC2 (CDS)
mono (M11 11 18108 18118 rpoC2 (CDS)
mono (M10 10 18302 18311 rpoC2 (CDS)
mono (M12 12 18317 18328 rpoC2 (CDS)
mono (M8 8 18618 18625 rpoC2 (CDS)
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19458
25050
25989
26135
26625
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28727
29066
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30204
30243
30254
30650
30659
30830
31022
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31140
32354
32707
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34054
35100
35248
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35483
41920
42029
42070
44924
45556
46540
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46802
47367
48176
48852
49824
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rpoC2 (CDS)
rpoB (CDS)
rpoB/trnC-GCA (IGS)
trnC-GCA/petN (1GS)
trnC-GCA/petN (1GS)
petN/psbM (1GS)
petN/psbM (1GS)
psbM/trnD-GUC (IGS)
psbM/trnD-GUC (IGS)
trnD-GUC/ndhJ (1GS)
trnF-GAA/trnL-UAA (1GS)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA (intron)
trnL-UAA/trnT-UGU (IGS)
trnL-UAA/trnT-UGU (IGS)
trnL-UAA/trnT-UGU (1GS)
trnT-UGU/rps4 (1GS)
trnT-UGU/rps4 (1GS)
trnT-UGU/rps4 (1GS)
trnS-GGA/ycf3 (1GS)
trnS-GGA/ycf3 (1GS)
ycf3 (intron)
ycf3 (intron)
vef3 (intron)
yef3/psad (IGS)
yef3/psad (1GS)
yef3/psad (1GS)
yef3/psad (IGS)
trnS-UGA (CDS)
trnS-UGA/psbC (IGS)
trnS-UGA/psbC (IGS)
psbD/trnT-GGU (IGS)
trnT-GGU/trnE-UUC (1GS)
trnY-GUA/mdhK (1GS)
trnY-GUA/ndhK (1GS)
ndhK (CDS)
ndhK/ndhC (1GS)
ndhC/rbcL (1GS)
rbeL (CDS)
rbeL/atpB (1GS)
rbeL/atpB (IGS)
rbeL/atpB (1GS)
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rpl22 (CDS)
rpl22 (CDS)
trnl-CAU/ycf2 (1GS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
yef2 (CDS)
vefl (CDS)
yefl (CDS)
yefl (CDS)
vefl (CDS)
yefl (CDS)
vefl (CDS)
vefl (CDS)
yefl (CDS)
yefl/rps15 (IGS)
rps15/psaC (IGS)
psaC (CDS)
ndhD/ccsA (1GS)
ndhD/ccsA (IGS)
cesA/trnL-UAA (1GS)
trnL-UAA/rpl32 (1GS)
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rpl32 (CDS)
rpl32/ndhF (1GS)
rpl32/ndhF (IGS)
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ndhB/ycfl (IGS)
ndhB/ycfl (1IGS)

CDS, coding sequences; IGS, intergenic spacers
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4. GENERAL CONCLUSIONS

Here, the complete plastomes of Melocactus glaucescens, Lepismium cruciforme, and
Schlumbergera truncata, three species of the subfamily Cactoideae, were reported. The detailed
analysis of these genomes revealed a series of unique features that bring new insights into the
atypical evolution of the plastomes of the family Cactaceae, most likely imposed by the
environment for the adaptation and diversification of these species to extreme environmental
conditions. Structurally, the plastome of M. glaucescens presented unique rearrangements,
culminating in the alteration of the gene order of the LSC region and reconfiguration of the IR
region, whose expansion resulted in the unusual duplication of 22 genes, such as accD and
rbcL, generally located in the LSC. On the other hand, the analysis of the plastomes of L.
cruciforme and S. truncata revealed a conserved structure among the tribe Rhipsalideae, with
tribe-specific rearrangements and some variations in the size and content of the IR region.

Extensive gene loss and pseudogenization occurred in the plastomes analyzed here.
Shared losses among the three species include the genes of the ndh complex, rp/23, and trnV-
UAC. Additionally, S. fruncata lost the gene functionality of ycf4 (pseudogene). In turn, L.
cruciforme lost the rpl33 and trnT-GGU genes. The trnT-GGU is a pseudogene in L. cruciforme
plastome due to a nucleotide insertion and several mutation events in the sequence. These
mutations also occurred in three other species of the tribe Rhipsalideae, indicating a possible
process of degeneration of the ##n7-GGU gene in the tribe and the action of the superwobbling
mechanism (trnT-UGU) in L. cruciforme plastome to supply the loss of gene functionality. M.
glaucescens lost two other genes, trnA-UGC and trnV-GAC. The trnA-UGC and trnV-UAC
gene losses did not change the codon usage frequency of protein-coding genes and, unlike the
trnT-GGU gene, they cannot be compensated by superwobbling, indicating the importation of
tRNAs from the cytosol into the plastid in Cactoideae.

Regarding molecular evolution, the plastid genes of the family Cactaceae showed high
gene divergence, with the accD, clpP, and ycfI genes being the most divergent. Furthermore,
almost half of the plastid genes had sites under putative positive selection, most of them
involved in plastid gene expression. Another characteristic of the family is the polymorphism
of RNA editing sites since several gains and losses were identified in the plastomes, revealing
the rapid evolution of this molecular mechanism in Cactaceae. Although phylogenetic analyzes
based on concatenated genes resulted in well-supported trees capable of resolving close

relationships, a curious relationship was found in the tribe Rhipsalideae. The genus Rhipsalis
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commonly described as monophyletic did not cluster but formed two distinct clades with L.
cruciforme and S. truncata. Nine highly polymorphic regions were identified among the
plastomes of the tribe Rhipsalideae, which may be useful to improve the phylogenetic
resolutions of the tribe, in addition to the sequencing and availability of new plastomes. Finally,
hundreds of plastid molecular markers were mapped here, wich will be useful both for
population genetics studies and to assist in the access and conservation of natural resources,

mainly for endangered species such as M. glaucescens.



