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• Background Plastid genomes (plastomes) have long been recognized as highly conserved in their overall struc-
ture, size, gene arrangement and content among land plants. However, recent studies have shown that some lin-
eages present unusual variations in some of these features. Members of the cactus family are one of these lineages, 
with distinct plastome structures reported across disparate lineages, including gene losses, inversions, boundary 
movements or loss of the canonical inverted repeat (IR) region. However, only a small fraction of cactus diversity 
has been analysed so far.
• Methods Here, we investigated plastome features of the tribe Opuntieae, the remarkable prickly pear cacti, 
which represent one of the most diverse and important lineages of Cactaceae. We assembled de novo the plastome 
of 43 species, representing a comprehensive sampling of the tribe, including all seven genera, and analysed their 
evolution in a phylogenetic comparative framework. Phylogenomic analyses with different datasets (full plastome 
sequences and genes only) were performed, followed by congruence analyses to assess signals underlying con-
tentious nodes.
• Key Results Plastomes varied considerably in length, from 121 to 162 kbp, with striking differences in the 
content and size of the IR region (contraction and expansion events), including a lack of the canonical IR in some 
lineages and the pseudogenization or loss of some genes. Overall, nine different types of plastomes were reported, 
deviating in the presence of the IR region or the genes contained in the IR. Overall, plastome sequences resolved 
phylogenetic relationships within major clades of Opuntieae with high bootstrap values but presented some con-
tentious nodes depending on the dataset analysed (e.g. whole plastome vs. genes only). Congruence analyses re-
vealed that most plastidial regions lack phylogenetic resolution, while few markers are supporting the most likely 
topology. Likewise, alternative topologies are driven by a handful of plastome markers, suggesting recalcitrant 
nodes in the phylogeny.
• Conclusions Our study reveals a dynamic nature of plastome evolution across closely related lineages, shed-
ding light on peculiar features of plastomes. Variation of plastome types across Opuntieae is remarkable in size, 
structure and content and can be important for the recognition of species in some major clades. Unravelling con-
nections between the causes of plastome variation and the consequences for species biology, physiology, ecology, 
diversification and adaptation is a promising and ambitious endeavour in cactus research. Although plastome data 
resolved major phylogenetic relationships, the generation of nuclear genomic data is necessary to confront these 
hypotheses and assess the recalcitrant nodes further.
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INTRODUCTION

Plastids are fundamental components of plants, acting as pluri-
potent organelles capable of interconversion between different 
types, such as chromoplasts, amyloplasts and chloroplasts, for 
distinct functions (e.g. storage, growth, photosynthesis) (Sadali 
et al., 2019). They represent an ongoing evolutionary trajectory 
of endosymbiosis from a free-living prokaryote to an organ-
elle of a eukaryotic cell, retaining the bulk of their prokary-
otic biochemistry but shrunken by orders of magnitude from 
the genome size that their ancestors possessed (Timmis et al., 
2004). Harbouring one of the three genomes in plants, plas-
tids are by far the most utilized for the investigation of the 

evolutionary history of plants, in addition to physiological and 
adaptative features (Daniell et al., 2016; Gitzendanner et al. 
2018; Ruhlman & Jansen, 2021).

Within land plants, plastid genomes (plastomes) are trad-
itionally reported to be highly conserved in structure, content, 
arrangement and size (Raubeson and Jansen, 2005; Wicke et al., 
2011). Taking angiosperms as a reference, plastomes are repre-
sented as circular quadripartite monomers, highly gene dense 
(~80 protein-coding genes), containing two regions of single 
copy (SC) distinguished by their length [a large SC (LSC, ~80 
kb) and a small SC (SSC, ~20 kb)] separated by a large in-
verted repeat region (IR, ~25 kb) (Ruhlman and Jansen, 2021). 
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However, advances facilitating the generation and assembly of 
high-throughput molecular data of several non-model groups 
have increasingly reported a salient fraction of variation in 
plastomes (e.g. Ruhlman and Jansen, 2018; Sinn et al., 2018; 
Cauz-Santos et al., 2020). In this way, numerous cases of struc-
tural rearrangements, including inversions and translocations 
(e.g. Lin et al., 2015; Li et al., 2016; Rabah et al., 2019; Cauz-
Santos et al., 2020; Charboneau et al., 2021), pseudogenization 
or gene losses (e.g. Kim and Chase, 2017; Xu and Wang, 2021), 
in addition to the lack of the IR region (e.g. Jin et al., 2020a; 
Lee et al., 2021), have been documented across disparate lin-
eages, suggesting a more dynamic nature of plastome evolu-
tion, which had previously been underappreciated.

Members of the cactus family (Cactaceae, ~1800 spp.; 
Korotkova et al., 2021) are broadly known by their peculiar 
features, such as succulence, morphological diversity, spines 
and exuberant flowers, making them one of the most charis-
matic groups of plants known worldwide (Anderson, 2001). 
Nonetheless, beyond their morphological, physiological and eco-
logical aspects, molecular components can also reveal intriguing 
traits of cacti. The study of entire cactus plastomes was initiated 
recently (Sanderson et al., 2015), and it has since been revealed 
that plastomes across cacti have undergone significant changes 
in gene content, order and structure in comparison to canonical 
angiosperm references (Majure et al., 2019; Solórzano et al., 
2019; Köhler et al., 2020; Oulo et al., 2020 ; Almeida et al., 
2021; Amaral et al., 2021; da Silva et al., 2021; Dalla Costa 
et al., 2022; Qin et al., 2022; Yu et al., 2023). Cactaceae seem 
to have the smallest plastome for an obligate photosynthetic 
angiosperm (~104–113 kb; Sanderson et al., 2015; Solórzano 
et al., 2019; Amaral et al., 2021). Furthermore, independent 
losses of the inverted repeat and the NADH dehydrogenase-like 
complex (ndh) gene suite have been reported in unrelated lin-
eages [e.g. the saguaro cactus, Carnegiea gigantea (Cactoideae: 
Echinocereeae), the cardo-ananá, Cereus fernambucensis 
(Cactoideae: Cereeae) and the Chacoan-leafy cactus, Quiabentia 
verticilata (Opuntioideae: Cylindropuntieae); Sanderson et al., 
2015; Köhler et al., 2020; Amaral et al., 2021]. Additionally, 
nearly all studied species have shown distinct features involving 
expansion or contractions of the IR region, rearrangements and 
gene losses or pseudogenization (Solórzano et al., 2019; Oulo 
et al., 2020; Almeida et al., 2021; Amaral et al., 2021; Silva et 
al., 2021; Dalla Costa et al., 2022; Qin et al., 2022; Yu et al., 
2023). Nonetheless, only a small fraction of cactus species di-
versity (<5 %) has had their plastome analysed in a comparative 
framework.

In this work, we provide a deep analysis of plastome char-
acteristics of the tribe Opuntieae, a lineage with one of the 
most species-rich genera in Cactaceae (Korotkova et al., 2021), 
the emblematic prickly pear cacti (Opuntia spp.). The group 
represents a remarkable radiation of cacti broadly distributed 
across the major arid and semi-arid regions of the Americas 
(Majure et al., 2012; Majure and Puente, 2014), which still lack 
phylogenomic information to help elucidate their diversifica-
tion history. We have assembled the plastome de novo, using 
a comprehensive taxon sampling of major groups of the tribe, 
and investigated the evolution of their characteristics in a phylo-
genetic framework. Besides describing major features and dis-
cussing the plastome evolution in the tribe, we also investigated 
conflicting phylogenetic signals along different datasets (full 

plastome sequence vs. plastidial genes only) and performed 
analyses of incongruence to assess the aspects underlying the 
alternative topologies.

MATERIALS AND METHODS

Taxon sampling, DNA extraction and sequencing

We sampled all seven genera currently recognized and accepted 
within the tribe Opuntieae (Köhler et al., 2020; Korotkova et 
al., 2021), covering a comprehensive diversity of each genus 
(ranging from 15 to 100 % representation), totalling 43 acces-
sions (Supplementary Data Table S1). Samples were from field-
collected materials or individuals grown at the Desert Botanical 
Garden (Phoenix, AZ, USA). DNA was extracted from epi-
dermal tissue dried in silica gel using a modified CTAB method 
(Doyle and Doyle, 1987) followed by chloroform/isoamyl al-
cohol precipitation and silica column-based purification steps 
(for details, see Majure et al., 2019). The quality of DNA was 
tested using a 1 % agarose gel, and whole genomic DNAs were 
quantified using the Qubit dsDNA BR Assay Kit and Qubit 2.0 
Fluorometer (Life Technologies, Carlsbad, CA, USA). Samples 
with high molecular weight DNA (>15 kb), showing no deg-
radation, were considered suitable and sent to Rapid Genomics 
LLC (Gainesville, FL, USA) for library preparation with in-
sert sizes of ~340 bp and sequencing using a genome skim-
ming approach (Straub et al., 2012) on the Illumina HiSeq X 
platform with 150 bp paired-end reads (for full details, see 
Supplementary Data Table S1).

De novo assemblies and annotation

Raw reads were quality controlled using BBDuk (Bushnell, 
2016), removing low-quality bases (Q < 20). Then, quality-
controlled paired-end reads were filtered and assembled into 
complete plastomes using the script ‘get_organelle_from_reads.
py’ from GetOrganelle v.1.7.5 (Jin et al., 2020b), which uses 
Bowtie2 (Langmead and Salzberg, 2012), BLAST (Camacho et 
al., 2009), and SPAdes 3.1.0 (Bankevich et al., 2012), in add-
ition to Python dependencies, implemented on the HiPerGator 
SLURM supercomputing cluster housed at the University of 
Florida (Gainesville, FL, USA). We used default settings, with 
kmers (-k) set as 21, 45, 65, 85, 105, 115, 127. When necessary, 
additional parameters were set [e.g. reducing word size (-w), 
increasing the maximum extension rounds (-R) or providing a 
close-relative seed database (-s)] to assemble complete graphs. 
Final assembly graphs were checked in Bandage (Wick et al., 
2015) to evaluate visually their overall structures and repeated 
regions. The boundary junctions between IR and the SC re-
gions, and the putative induced isomers were visually checked 
in Geneious v.9.0.5 (Biomatters, Auckland, New Zealand) with 
an in silico approach using the library information of paired-
end reads with a reference-mapping approach adapted from Jin 
et al. (2020a) and Oliver et al. (2010). Owing to the relatively 
short average insert size of our data (Supplementary Data Table 
S1), the confirmation of isomers in plastomes was limited to 
samples in which paired reads spanned the entire regions in-
volved (Supplementary Data Fig. S1). Other putative isomers 
resulting from the flip-flop recombination mediated by the IR 
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or the short-IRs (sIR; see Martin et al., 2014; Jin et al., 2020c) 
yielding two different orientations of the SSC were obtained in 
GetOrganelle, and one of them was selected arbitrarily, because 
they can coexist in cells and should not impact downstream 
analysis (see Palmer, 1983; Walker et al., 2015). Annotations 
were performed with GeSeq (Tillich et al., 2017), using de-
fault parameters to predict protein-coding genes by BLAST 
search, but adding as third-party references NCBI RefSeqs 
of Arabidopsis thaliana (NC_000932), Spinacia oleracea 
(NC_002202), Solanum lycopersicum (AC_000188) and 
Glycine max (NC_007942), and tRNAscan-SE v.2.0.7 (Chan 
et al., 2021) was selected as a third party to annotate tRNA. 
All sequences were imported into Geneious, and their anno-
tations were curated manually to adjust the boundaries of start 
and stop codons according to the translated CDS (coding se-
quence) of A. thaliana as a reference for each coding gene, or 
equivalent open reading frame (ORF) of the sequence. Genes 
truncated with stop codons within the frame length of the ex-
pected coding gene and/or exceedingly divergent protein trans-
lations (when compared with A. thaliana as reference) were 
treated as pseudogenes, missing CDS annotation. For accD, 
ycf1 and ycf2, we performed additional BLASTN searches 
(fragmenting the entire length region in 150–300 bp queries) 
in the nt database (excluding Cactaceae from the records) to 
check for significant alignments with the respective CDS fea-
ture, assessing putative loss or pseudogenization, as has been 
found previously in those genes (Sanderson et al., 2015; Köhler 
et al., 2020; Ruhlman and Jansen, 2021). Additionally, we 
aligned nucleotide and amino acid translations of these puta-
tive pseudogenes with other functional genes of Eucalyptus 
globulus (KC180787; Bayly et al., 2013), Nicotiana tabacum 
(NC_001879; Kunnimalaiyaan and Nielsen, 1997), Portulaca 
oleracea (NC_036236; Liu et al., 2018) and Spinacia oleracea 
(NC_002202; Schmitz-Linneweber et al., 2001) using MAFFT 
v.7.308 (Katoh and Standley, 2013) to assess their pseudogene 
status further, checking putative conserved motif regions of 
ycf1 (de Vries et al., 2017) and accD (Lee et al., 2004). The 
recognition and annotation of the LSC, SSC, IRs and sIR were 
performed using Geneious, based on the outputs from GeSeq 
and graphs analysed in Bandage.

Plastome variation and comparative analyses

We investigated the variation of plastomes of our taxon sam-
pling in a phylogenetic framework. Considering that plastomes 
are represented as circular monomers, we arbitrarily estab-
lished the 3ʹ-end of the trnHGUG gene as the beginning of the 
monomer as a linear sequence for all plastomes in downstream 
analyses. Sequences had the second copy of IR or sIR removed 
and were investigated visually regarding the overall gene order. 
We also performed analyses with the progressiveMauve algo-
rithm in Mauve v.2.3.1 (Darling et al., 2004; using Geneious 
plugin) with default settings to double-check our visual in-
spections. This analysis was performed twice: one analysis 
using an outgroup as a reference to check rearrangements com-
pared with canonical plastomes (we used Portulaca oleracea 
L., which has a canonical angiosperm plastome and is one of 
the closest relatives of Cactaceae; see Walker et al., 2018; se-
quence from GenBank accession KY490694; Liu et al., 2018) 
and one analysis with Opuntieae samples only. We categorized 

the Opuntieae plastomes into different types (arbitrarily named 
numerically following phylogenetic relationships from the root 
to tip) based on the pattern of the IR feature compared with our 
outgroup and among Opuntieae. We looked for tandem repeats 
in plastomes with Phobos v.3.3.12 (Mayer, 2006), using a per-
fect search mode and a minimum repeat unit length of 1 bp and 
a maximum of 1 kb, with default score constraints. We used the 
phylogenetic tree with more parsimony-informative sites and 
bootstrap means to map the plastome features of the lineages 
observed in our study manually (see details below).

Phylogenetic and incongruence analyses

By checking the collinear arrangement of genes within 
Opuntieae, we performed multiple sequence alignments using 
MAFFT v.7.308 (Katoh and Standley, 2013), with an automatic 
search for algorithm selection strategy and the default setting 
for score matrix and open gap penalty. We built two datasets 
for independent and comparative analyses: one representing 
the entire plastome sequences (full ptDNA) and the other with 
plastidial genes only (ptGenes, including exon, intron and 
pseudogene sequences extracted from the annotated plastome, 
with one of the IR/sIR stripped; Supplementary Data Table S2 
lists the ptGenes). For each of these datasets, we performed 
four different alignment strategies for tree inference: (1) raw, 
as output from MAFFT; and the others trimming the alignment 
using GBLOCKS v.0.91.1 (Castresana, 2000; Talavera and 
Castresana, 2007), with default settings (minimum number of 
sequences for a conserved position, b1 = 50 % + 1; minimum 
number of sequences for a flank position, b2 = 85 %; max-
imum number of contiguous non-conserved positions, b3 = 8, 
minimum length of a block, b4 = 10), but varying in the three 
options of gap presences: (2) Gblocks, no gaps allowed; (3) 
Gblocks, half gaps allowed; and (4) with all gaps allowed. We 
then performed phylogenetic inference using maximum likeli-
hood criteria implemented in RAxML 8.2.4 (Stamatakis, 2014) 
in the CIPRES Portal (Miller et al., 2010). Given that RAxML 
is designed mainly to implement generalized time-reversible 
molecular models (GTR), we used the GTR+G model for the 
entire sequence, which has been suggested for topological re-
construction skipping model selection (Abadi et al., 2019), and 
GTR+I+G is not recommended by Stamatakis (see RAxML 
v.8.2 manual) given the potential interaction between the I and 
G parameters. Support values were estimated by implementing 
1000 bootstrap pseudoreplicates, and the clade names and cir-
cumscriptions were derived from previous studies (Majure et 
al., 2012; Majure and Puente, 2014) and other ongoing pro-
jects (M. Köhler, UFSCar, São Paulo, Brazil, & L.C.Majure, 
FLMNH, Florida, USA, unpublished results).

We assessed putative phylogenetic incongruences among 
datasets and alignment strategies first visually. By checking 
incongruences between the relationship of some major 
clades across our datasets, we performed additional analyses, 
implementing the framework presented by Smith et al. (2015) 
and Shen et al. (2017). We annotated intergenic spacers from 
the plastomes using a customized R script with functions of 
the genbankr package (Becker and Lawrence, 2022), extracted 
220 genes and intergenic spacer regions, and estimated indi-
vidual gene trees in RAxML as previously described. We 
then assessed with PhyParts (Smith et al., 2015) the number 
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of markers (genes and spacers) supporting each bipartition 
in our primary topology (full ptDNA, raw, which yielded the 
highest bootstrap means and lower standard deviation values, 
see Results; Supplementary Data Table S3), in addition to the 
number of markers supporting the other main alternative top-
ology, remaining alternative topologies and not supporting any 
topology (neutral). PhyParts input included the primary top-
ology and gene trees for each marker (based on full ptDNA, 
raw dataset), under the ‘fullconcon’ analysis (-a 1). Branches 
of gene trees with bootstrap values <40 % were collapsed to 
filter spurious phylogenetic relationships. PhyParts output 
was summarized with the Python function phypartspiecharts.
py (Johnson, 2017) and functions of the R package ape v.5.6.2 
(Paradis and Schliep, 2019). Additionally, two major incon-
gruent node relationships involving the positioning of BT 
(Brasiliopuntia + Tacinga) and MSA (Miqueliopuntia + Salm
onopuntia + Airampoa) clades (delta test 1), and Nopalea and 
Basilares clades (delta test 2) were investigated (see the Results 
for details regarding topological differences). For each test, two 
phylogenies where only the position of these clades varied were 
selected from our pool of trees. Then, Shimoidara–Hasegawa 
tests (SH test; Shimodaira and Hasegawa, 1999) were per-
formed on the two alternative topologies using each individual 
marker alignment (genes and spacers), including raw align-
ments, and filtered using Gblocks with no gaps allowed. The 
marker-wise delta log-likelihood, alignment length, number of 
variant sites and number of parsimony-informative sites were 
recorded for each comparison, and significance was assessed 
through 10 000 bootstrap replicates. The SH test was performed 
with the R package phangorn v.2.10 (Schliep, 2011).

RESULTS

Sequencing and basic assembly results

We sequenced 43 new accessions across Opuntieae, repre-
senting all seven genera of the tribe and a comprehensive di-
versity of each genus (for full details, see Supplementary Data 
Table S1). Runs on the Illumina HiSeq X resulted in 484 873 
592 reads in total, between 5 279 118 (Tacinga saxatilis) and 
19 016 846 (Opuntia macrocentra) per sample, for a mean 
read number of 11 276 130 sequences per sample. Reads per 
sample following quality control were between 4 881 904 
and 18 531 942, with a mean post-quality control read pool 
number of 10 989 653 sequences per sample. The GC content 
following quality control was between 36.6 % (T. saxatilis) 
and 40.2 % (Opuntia austrina). For all samples used here, we 
successfully assembled complete plastomes, with an average 
base coverage varying between 80.1× (Brasiliopuntia schulzii) 
and 687.1× (Opuntia cuija), and the percentage of reads used 
for plastid assembly was between 1.08 % (B. schulzii) and 
11.57 % (Opuntia polyacantha). The insert size mean of 
paired reads varied between 175 and 489 bp per sample, with 
an average of 344 bp (Supplementary Data Table S1).

Plastome features and variation within Opuntieae

Plastid genomes showed striking variation in size, varying in 
length from ~121 kb (such as in T. saxatilis and O. polyacantha) 

to ~160–162 kb (e.g. Brasiliopuntia spp. and Consolea spp.) 
(Fig. 1; Table 1). This size variation was remarkably associ-
ated with the dynamic movement of expansion or contrac-
tion of the gene content in the inverted repeat region across 
Opuntieae, including the lack of the canonical IR in Tacinga 
spp. and in members of the Basilares, Scheerianeae, Setispina, 
Macrocentra and Humifusa clades, which have atypical sIR 
regions (varying from 183 to ~2 kb), and an exceptional case 
of a short direct repeat (sDR, 793 bp) and a pair of two sIR 
(657 and 708 bp) in O. polyacantha (Figs 1 and 2; Table 1; 
Supplementary Data Fig. S2).

In total, nine distinct types of plastomes were assembled and 
annotated based on the pattern of the IR feature, considering 
their presence or absence, gene content and size (Fig. 1; Table 
1; Supplementary Data Fig. S2). Three type of plastomes lack 
the canonical IR: the type 2, in Tacinga spp., presenting only 
a fragmented remnant rpl32Ѱ of ~180 bp; the type 7, in mem-
bers of Basilares, Scheerianeae, Setispina, Macrocentra and 
Humifusa clades, which presents short-IRs of ~1–2 kb mostly 
reduced to rpl23 (eventually fragmented), trnICAU, trnLCAA 
and a pseudogenized ycf2Ѱ; and the type 8, so far unique in 
O. polyacantha, presenting only an sDR of rpl23 and trnICAU, 
and a pair of sIRs, one of trnFGAA and other of trnLCAA (Table 
1). The other six plastome types (types 1, 3–6 and 9) differ in 
their gene content and size of the IR, varying in the IR size 
between ~16 kb (Nopalea clade) and ~35 kb (Consolea and 
Brasiliopuntia clades), containing most of the typical IR genes, 
but with notable expansions (encompassing genes usually pre-
sent in the SSC), or the transfer of typical IR genes to the single 
copy region.

In general, Opuntieae plastomes contain 110 unique genes, 
including 76 protein-coding sequences (CDS), 30 transfer RNAs 
(tRNA) and four ribosomal RNAs (rRNA) (Table 1). Variations 
are observed when putative pseudogenization or gene losses 
are presented in some plastomes, such as the rpl23 (which is 
pseudogenized in some lineages with plastomes type 3 and 7: 
Elatae, Scheerianeae and Macrocentra clades; Supplementary 
Data Fig. S3D), and some genes of the ndh suite (e.g. ndhE 
and ndhF, which are pseudogenized in Opuntia basilaris and 
O. polyacantha; Supplementary Data Fig. S3E; and ndhG, ndhJ 
and ndhK, which are lost in O. polyacantha). Additionally, all 
Opuntieae plastomes seem to have undergone pseudogenization 
of the ycf1, ycf2 and accD; the loss of one intron in rpl2, and 
two introns in clpP. The ycf1 region varied from ~2 kb (Opuntia 
retrorsa and Opuntia colubrina) to ~4 kb (Consolea spp.), in 
all cases containing fragmented ORFs within the length frame 
of the expected product of the gene (Supplementary Data Fig. 
S3B), accumulating highly divergent sequences with scat-
tered alignable regions across other angiosperms, and con-
serving only small fragments with BLAST identity to the 
conserved ycf1 C-terminal motif region (RLEDLACMNRFW) 
of other angiosperm lineages. Likewise, the ycf2 region varied 
greatly across Opuntieae, from ~328 bp (e.g. Opuntia rufida, 
Opuntia microdasys and Opuntia stenopetala) to >6 kb (e.g. 
O. colubrina, Opuntia arechavaletae and Brasiliopuntia spp.), 
also accumulating highly divergent sequences and fragmented 
ORFs within the length frame of the expected product of the 
gene, preserving only small and scattered fragments with 
BLAST identity to conserved ycf2 genes of other angiosperm 
lineages (Supplementary Data Fig. S3C). The species of the 
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North American clade presented a second degradation in the 
ycf2, reducing the region to ~400 bp, and the apparent loss in 
O. basilaris and O. polyacantha. The accD region is presented 
with a long ORF of ~3.5 kb, accumulating long, scattered and 
divergent fragments of alignable sequences (Supplementary 
Data Fig. S3A) and conserving the five C-terminal motifs with 
identity to canonicals accD of other angiosperm lineages.

All Opuntieae plastomes assembled here shared rearrange-
ments involving two blocks, an apparent translocation of the 
petL–rps12exon 1 (~4 kb; Fig. 1, blue dotted line) and an inversion 
involving the trnGUCC–psbE region (~58 kb; Fig. 1, red dotted 
line), compared with canonical angiosperm plastomes, as rep-
resented by Portulaca oleracea (Liu et al., 2018). Considering 
the adjacency of the two rearranged blocks, the rearrangement 
might also be caused by two inversion events, an inversion 
of the trnGUCC–rps12exon 1 region followed by an inversion of 
the rps12exon 1– petL region. Within the trnGUCC–psbE block, a 
second inversion occurred involving the trnVUAC–rbcL inversion 
(~5 kb; Fig. 1, green dotted line), which placed the accD region 
adjacent to trnVUAC, and not to rbcL, as it is in canonical angio-
sperm plastomes.

Opuntieae plastomes harbour a significant number of 
tandem repeats [simple sequence repeats (ptSSRs)], which 
are relatively conserved in number among lineages, varying 
from 816 (Opuntia guatemalensis) to 857 (Salmonopuntia 
schickendantzii), totalling from ~7.4 to 8.4 % of the plastome 
content (O. colubrina and Tacinga palmadora, respectively) 
(Table 2; for full data, see Supplementary data Table S4). Most 
of the SSRs are mononucleotide repeats derived from A/T, 
varying in length from 7 to 29 bp, but a remarkable presence 
of more complex repeats (penta, hexa and more than seven nu-
cleotides) is noteworthy in number and length.

Phylogenetic relationships and plastome evolution

Plastid genome sequences were shown to be informative to 
infer phylogenetic relationships within Opuntieae lineages, sup-
porting 11 major clades, based on our sampling, with high sup-
port values (Fig. 2, highlighted and annotated clades). The full 
ptDNA dataset resulted in a raw alignment of 137 064 bp, with 
5135 distinct patterns, 3769 parsimony-informative sites (PIS) 

OUTGROUP

Plastome (kb)
IR 120 140 160

“LSC” (kb) “IR” (kb)

80 100 120 0 15 30

“SSC” (kb)

0 15 30

Portulaca oleracea
Canonical

Consolea spp.
Type 1

Tacinga spp.
Type 2

Brasiliopuntia spp.
Type 1

Miqueliopuntia
Type 3

Salmonopuntia spp.
Type 4

Airampoa spp.*
Type 3 & 5

Quitensis
Type 3

Elatae
Type 3

Nopalea
Type 6

Basilares*
Type 1, 7 & 8

Scheerianeae*
Type 7 & 9

Setispina
Type 7

Macrocentra
Type 7

Humifusa
Type 7

Photosystem I
Photosystem II

Photosystem assembly/
stability factors

Cytochrome b/f complex

ATP Synthase
NADH Dehydrogenase

RubisCO Large subunit

RNA polymerase
Ribosomal proteins (SSU)

Ribosomal proteins (LSU)

Transfer RNAs
Ribosomal RNAs

Hypothetical chloroplast
reading frame (ycf)

clpP, matK
Other genes

trnGUCC-psbE inversion

petL-rps12exon 1 rearrangement

trnVUAC-rbcL inversion
Movement to the SC region

Shift of repeated (IR/sIR) boundary regions

Opuntieae

92

71

96

Opuntia

Fig. 1. Plastome variation across Opuntieae lineages. The linear sequences of the plastomes are depicted accompanying the phylogenetic relationships inferred 
for the tribe (for plastome type 8, see Supplementary Data Fig. S1). On the right, bar plots indicate variation in the size of plastomes and their content. Variations 
in the IR feature of plastome types are highlighted by the grey box in the linear plastome sequences. On the tree tips, asterisks (*) indicate that more than one 
plastome type is recovered in the clade. On the bar plot titles, quotation marks indicate that the term is not fully coherent with some plastomes considering that 
they lack an IR, hence the use of LSC or SSC is for convenience across the dataset. Phylogenetic nodes have total bootstrap support values, except when noted.
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and 129 283 constant sites, whereas the ptGenes resulted in a 
raw alignment of 85 574 bp, 2677 distinct patterns, 2155 PIS 
and 82 324 constant sites (results for all alignment scenarios are 
given in Supplementary Data Table S3). All full plastome align-
ment scenarios (raw and three Gblocks settings) recovered the 
same backbone topology (Supplementary Data Fig. S4), with 
the raw alignment yielding higher bootstrap means and lower 
standard variations (Supplementary Data Table S3). However, 
contrasting topologies were recovered by comparing the full 
plastome dataset (full ptDNA) with the genes-only (ptGenes) 
datasets involving two nodes (Fig. 2A–C; Supplementary Data 
Fig. S4). Consolea was sister to the rest of Opuntieae, while the 
relationship of the BT or MSA clades as sister to the Opuntia 
clade was conflicting when comparing the full ptDNA dataset 
with the ptGenes dataset, despite both scenarios recovering 
high bootstrap support values. A similar conflicting topology 
was recovered within Opuntia lineages, with the full ptDNA 
and the ptGenes (raw alignment) supporting the Nopalea clade 
as sister to the rest of the North American (NA) Opuntia clades 
(Basilares + Scheerianeae + Setispina + Humifusa + Macroce
ntra), while the ptGenes (Gblocks no gaps, half gaps and all 
gaps allowed) recovered a third topology, suggesting a sister 
relationship between the Nopalea and Basilares clades, but with 
low bootstrap support (Fig. 2C).

Concordance analyses revealed that most markers of the 
full ptDNA (raw) lack phylogenetic power (Fig. 3A, grey pie 
chart), while some nodes of the phylogeny are supported by 
a few regions of the plastome sequence (Fig. 3A, blue pie 

chart), even when they have maximum bootstrap support (bs) 
value (bs = 100; e.g. the North American clade of Opuntia has 
total bootstrap value and is supported by 14 plastome regions). 
Likewise, the alternative topologies regarding the two con-
tentious relationships involving (1) the MSA or BT clade as 
sister to Opuntia (Fig. 3B), or (2) the Nopalea clade as sister 
to Basilares or sister to the rest of the NA Opuntia clades (Fig. 
3C) are mainly driven by a handful of markers (Supplementary 
Data Table S5). Although the MSA/BT recalcitrant relationship 
seems to be a hard incongruence, with around a dozen markers 
disputing the alternative topologies, the Nopalea/Basilares con-
tentious relationship seems to be more by a lack of resolution 
across the analysed regions than a dispute for alternative top-
ologies (Supplementary Data Table S5).

Regardless of incongruent topologies, Opuntia is well re-
solved as monophyletic, including eight major clades (Fig. 
2). The South American (SA) Quitensis clade (including 
Opuntia macbridei and O. quitensis) is sister to the rest of 
the genus, while the other SA clade, Elatae (including O. 
retrorsa, O. colubrina, O. arechavaletae and O. quimilo), 
is resolved as sister to the NA clade. The NA clade encom-
passes the Nopalea clade (including Opuntia dejecta, O. 
auberi, O. gaumeri, O. guatemalensis, O. caracassana and O. 
jamaicensis) as sister to the rest of the NA clades (in the full 
ptDNA and ptGenes raw datasets) or as sister to the Basilares 
clade (including Opuntia pachyrrhiza, O. stenopetala, 
O. microdasys, O. rufida, O. pycnantha, O. polyacantha, 
and O. basilaris) in the ptGenes (Gblocks scenarios). The 
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Scheerianeae clade (Opuntia scheerii and O. cuija) and the 
Setispina (Opuntia setispina) clades are subsequent sis-
ters to a clade with the Humifusa (Opuntia drummondii, O. 
austrina, O. mesacantha and O. macrorhiza) + Macrocentra 
clades (Opuntia macrocentra, O. chisosensis, O. aureispina, 
O. chlorotica and O. strigil).

The evolution of plastome types across Opuntieae appears 
to be both homoplasious (presenting recurrent features in sev-
eral different clades) and clade or species specific. The largest 
plastomes of Opuntieae (~160–162 kb, plastome type 1), which 
have incorporated some genes that are typically in the SSC into 
the IR region, are present in the Consolea and Brasiliopuntia 
clades but are also found in distantly related species of the 
Basilares clade (Opuntia pycnantha, O. stenopetala and O. 
pachyrrhiza). Likewise, plastome type 3, which is ubiquitous 
in the Elatae clade, is also observed in the Quitensis clade 
and members of the MST clade. In contrasts, plastome type 
6, which has transferred some rRNA genes that are typically 
in the IR region to the SC region, is exclusive of the Nopalea 
clade, while the IR-lacking plastome type 2 is exclusive of the 
Tacinga clade. Likewise, the IR-lacking plastome type 7 is 
the most common in the NA Opuntia clade (pervasive in the 
Macrocentra, Humifusa and Setispina clades), although not ex-
clusive to all lineages.

A similar pattern of independent occurrence is observed with 
gene loss and some pseudogenizations. Despite the major in-
versions (trnGUCC–psbE and trnVUAC–rbcL), rearrangement 
(petL–rps12exon1), pseudogenization (accD, ycf1 and ycf2) 
and intron loss (clpP and rpl2), which were observed in all 
Opuntieae plastomes, other events seem to have occurred inde-
pendently. The rpl23 pseudogenization is characteristic of the 
Macrocentra clade but is also present in independent lineages 
of the Scheerianeae and Elatae clades. In contrast, the second 
degradation/pseudogenization of ycf2, reducing the large re-
gion of ~3–6 kb to only ~400 bp, has occurred once for the 
NA clade. Likewise, the putative loss of ycf2 and the ndhE–
ndhF pseudogenization is observed only in the sister taxa, O. 
basilaris + O. polyacantha, while the ndhG, ndhJ and ndhK 
loss is unique in O. polyacantha.

DISCUSSION

The structure, content and arrangement of plastomes have been 
widely studied in the last decades, increasing especially with the 
advent of the high-throughput sequencing era, which has revo-
lutionized innumerable aspects of evolutionary biology. Despite 
numerous advances supporting the overall conserved structure 
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of plastomes in land plants, there are also accumulating reports 
of variation in the theme across disparate lineages, which have 
challenged the idea of an overall conserved structure among 
plant lineages (Mower and Vickrey, 2018; Ruhlman and Jansen, 
2018, 2021). Furthermore, other misconceptions can obfuscate 
our understanding of the evolution of this organelle (Gonçalves 
et al., 2020). For example, the very idea of the plastome as a 
circular molecule (which seemed intuitive as bacterial descend-
ants through the endosymbiotic origin of the organelle) has 
been rethought with the understanding of predominantly linear 
and branched molecules covalently linked through repeating 
units that undergo recombination both within and between units 
and molecules (Bendich and Smith, 1990; Lilly et al., 2001; 
Bendich, 2004; Oldenburg and Bendich, 2004, 2015, 2016; Lee 
et al., 2021). In this scenario, the mechanisms underlying such 
diversity of variation in content and structure of plastomes, as 
reported here, can be more complex to discern, but at the same 
time are more likely to occur. However, the incorporation of 
these emerging ideas in the ongoing flux of data with robust 
bioinformatics tools is still a bottleneck to providing a deeper 
understanding of plastome evolution.

The mechanisms by which structural variations in plastomes 
arise and are maintained have been discussed (reviewed by 
Wicke et al., 2011; Jansen and Ruhlman, 2012; Ruhlman and 
Jansen, 2021). Inversions and deletions can occur owing to 
intra- or intermolecular homologous recombination when re-
peats are palindromic (Ogihara et al., 1988; Maliga, 1993), 
and it has been suggested to be one of the generating causes of 
atypical plastomes (Guisinger et al., 2008, 2011; Haberle et al., 
2008; Cauz-Santos et al., 2020). Plastomes seem to replicate 
by a few concomitantly or sequentially different mechanisms 
(e.g. displacement-loop, rolling circle and recombination-
dependent replication; Oldenburg and Bendich, 2015; Ruhlman 
and Jansen, 2021), which can also drive a certain amount of 
variability (Maréchal and Brisson, 2010), especially in the case 
of recombination-dependent replication (Ruhlman et al., 2017; 
Choi et al., 2019; Charboneau et al., 2021). The integrity of 
ptDNA is thought to decline during plant development, owing 
to the degradation of molecules that are damaged but not re-
paired (Oldenburg and Bendich, 2015), making mechanisms 
of plastid DNA recombination, replication and repair crucial 
steps for its maintenance. Cacti are exposed to many factors 
that can lead to DNA damage, owing to the harsh environments 
they usually occupy, which could be linked at some point with 
the noticeable variation in cactus plastomes that has been re-
ported (Sanderson et al., 2015; Majure et al., 2019; Solórzano 
et al., 2019; Köhler et al., 2020; Oulo et al., 2020; Almeida et 
al., 2021; Amaral et al., 2021; Silva et al., 2021; Dalla Costa 
et al., 2022; Qin et al., 2022; Yu et al., 2023). Additionally, 
ecophysiological constraints and the impacts of specialized 
photosynthesis systems (i.e. crassulacean acid metabolism) 
in plastome evolution are still scarcely explored. To propose 
further hypotheses of the putative mechanisms underlying 
plastome variations in Opuntieae, we encourage the generation 
of more data, including a comprehensive sampling of other 
cactus lineages (including emblematic forms of cacti, such as 
Pereskia spp., Leuenbergeria spp., Blossfeldia and Maihuenia 
spp.), which could represent additional plastome types and 
intermediate variations of that analysed here.

The transfer of genes between SC regions and the IR (shifts 
in the IR boundaries), and vice versa, is a frequent mechanism 
involved in plastome evolution, and it seems to have a major 
impact on plastome variation across disparate and closely re-
lated species (Zhu et al., 2016; Ruhlman and Jansen, 2018; 
Choi et al., 2020). In Opuntieae, this seems to be the main 
mechanism associated with the variation of plastome types ob-
served here, accompanied by the events of loss of the IR region. 
Interestingly, plastomes within Opuntieae are well conserved 
regarding gene arrangement, conserving a collinear syntenic 
block of genes, which stresses a standing idea that rearrange-
ments are more frequent when the large inverted repeat is lost 
(Palmer and Thompson, 1982). Although the presence of repeti-
tive sequences in plastomes has been reported as an important 
mechanism in plastome size evolution and genomic rearrange-
ments (Jo et al., 2011; Dugas et al., 2015; Wu et al., 2021), 
our data do not support these hypotheses fully, considering that 
Opuntieae plastomes do not present significant rearrangements. 
Furthermore, despite Opuntieae presenting a striking variation 
in plastome size across major clades, the number of tandem 
repeats is similar among the clades. However, our data might 
help in further assessments of the impact of tandem repeats in 
pseudogenization and shifts in the inverted repeat region (Sinn 
et al., 2018).

In contrast, in comparison to canonical angiosperms, as 
represented by the outgroup Portulaca oleracea, Opuntieae 
plastomes have notable rearrangements involving two blocks 
of sequences with putative inversions and translocations. All 
Opuntieae samples presented the trnVUAC–rbcL inversion (~5 
kb), which has long been proposed as a synapomorphy of 
Cactaceae (Downie and Palmer, 1994; Wallace, 1995). Some 
of these inversions might well have influenced a few features 
observed in some of the genes adjacent to the regions involved 
in the inversions, such as clpP (which has lost two introns and 
is reduced to a small, conserved domain, ~150 bp) and accD 
(which is presented as a long ORF of ~3.5 kb, accumulating a 
long and divergent fragment of sequence and only a small con-
served domain, putatively a pseudogene). However, these genes 
are also widely reported as pseudogenes, lost or under positive 
selection in several disparate lineages not necessarily related to 
inversions (e.g. Jansen et al., 2008; Wicke et al., 2011; Harris 
et al., 2013; Dugas et al., 2015; Wang et al., 2016; Ruhlman 
and Jansen, 2018), suggesting that other mechanisms might 
be involved in their modifications. Also, we have reported 
pseudogenization of ycf1 and ycf2, which are not directly in-
volved in rearrangement breakpoints but are in shift movements 
of SC/IR regions, especially ycf2. Although both genes appear 
to be essential for plastid function in most plants (Drescher et 
al., 2000; de Vries et al., 2015; Yang et al., 2016; Kikuchi et al., 
2018), their loss or pseudogenization is relatively frequent (see 
Graham et al., 2017; Ruhlman and Jansen, 2021). For example, 
all Poales have lost ycf1 and ycf2 in a progressive degradation 
of the gene sequence (Guisinger et al., 2010; de Vries et al., 
2015), which could also have occurred in Opuntieae, because 
the loss of ycf2 and small degraded fragments (~300 bp) is a 
shared feature of the most derived clades of Opuntia (the NA 
Opuntia clade: Nopalea + Basilares + Scheerianeae + Setispin
a + Humifusa + Macrocentra). However, the mechanisms re-
sponsible for such aspects remain elusive.
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Other events of pseudogenization, gene and intron loss are 
remarkable within Opuntieae, representing unique or shared 
occurrences. The rpl2 intron loss is ubiquitous in Opuntieae 
and has been reported as synapomorphic within Centrospermae 
lineages (Caryophyllales; Palmer et al., 1988; Yao et al., 2019). 
Likewise, the events of loss or pseudogenization of ndh suite 
genes have been reported in some cactus lineages (Sanderson 
et al., 2015; Solórzano et al., 2019; Köhler et al., 2020; Amaral 
et al. 2021; Silva et al., 2021; Dalla Costa et al., 2022; Qin et 
al., 2022), because this is especially associated with hemi- or 
holopasrasitism, carnivory, xerophytes and submersed plants 
(Braukmann et al., 2009; Wicke et al., 2011; Peredo et al., 
2013; Silva et al., 2016). Previous authors have suggested that 
retention of the ndh complex is associated with the transition of 
plants to stressful environments and that ndh loss would be as-
sociated with decreased environmental stressors but of limited 
biological significance in contemporary plants (Ruhlman et 
al., 2015; Lin et al., 2017). The association between ndh loss 
and the presence of crassulacean acid metabolism photosyn-
thesis has also been speculated (Strand et al., 2019; Köhler et 
al., 2020) but is still elusive. In contrast, a dynamic transfer 
of segments of the plastid genome to the nuclear or mitochon-
drial genome, and vice versa, has been reported increasingly 
(Stegemann et al. 2003; Cui et al., 2021; Hertle et al., 2021), 
which could suggest the transition of these genes to other gen-
omes. Sanderson et al. (2015) found many non-plastid copies 
of plastid ndh genes in the nuclear genome of the saguaro 
cactus, but none had intact reading frames. Based on the pres-
ence of other nuclear genes, they conclude that the existence 
of an alternative pathway, made redundant with the function 
of the plastid ndh, might have facilitated the loss of the plastid 
ndh gene suite in photoautotrophs, such as the saguaro, and pu-
tatively, other cacti.

The knowledge about plastome evolution across Opuntieae 
can help to elucidate the remarkable radiation of cactus di-
versity. Opuntia is the most species-rich lineage of the tribe, 
and likewise, across all of Cactaceae (Korotkova et al., 2021). 
Despite this high diversity, which is considered to be young in 
origin (Arakaki et al., 2011), plastome sequences are shown 
to be extremely informative in recovering the phylogenetic 
relationships of its major clades. Additionally, the identifica-
tion of different plastome features according to the presence 
or absence of the IR, content and variation within the group 
promotes new insights into the diversification of the lineages 
and the putative drivers underlying such aspects, besides pro-
viding helpful signatures for barcoding and taxonomic assess-
ment. For example, Chen et al. (2022) recently assembled a 
prickly pear plastome assigned to the Opuntia sulphurea taxon, 
which is a southern South American species. We analysed their 
assembly in our dataset and detected it as a problematic iden-
tification based on plastome features. The plastome from the 
study by Chen et al. (2022) is an IR-lacking sample (122 kb), 
similar to the IR-lacking type 7 of our dataset (or the type 8, 
present only in O. polyacantha), typical of the North American 
Opuntia species that are not part of the Nopalea clade, whereas 
O. sulphurea is part of the Elatae clade, with which it shares 
their type 3 plastome features (Köhler M., unpublished data). 
We confirmed this by checking phylogenetic analyses of the 
GenBank accession MW927506 in our dataset using max-
imum likelihood approaches with a reduced matrix using the 

chloroplast markers listed by Köhler et al. (2020) as phylogen-
etically informative within Opuntioideae (Supplementary Data 
Fig. S5), and we suggest that the sample used by Chen et al. 
(2022) might represent O. polyacantha, which slightly resem-
bles O. sulphurea, leading to erroneous identification.

Our phylogenetic analyses provided new and robust rela-
tionships within Opuntieae lineages with a comprehensive 
sampling when compared with previous studies (Griffith and 
Porter, 2009; Majure et al., 2012; Majure and Puente, 2014; 
Köhler et al., 2020, 2021). However, in our study, we revealed 
that different datasets (whole plastome sequences vs. genes 
only) and alignment strategies (raw or trimmed with different 
allowances of gaps in Gblocks) have yielded distinct topolo-
gies involving mainly two nodes. Phylogenomic analyses are 
sensitive to systematic or alignment errors and trimming biases 
(Philippe et al., 2011, 2017; Zhong et al., 2011; Walker et al., 
2019; Portik and Wiens, 2021), a pattern that was corrobor-
ated here. Furthermore, we demonstrated that a few plastid 
markers can support a major supported topology (high boot-
strap values), in addition to underlying contentious relation-
ships. Some of these recalcitrant nodes can be the result of hard 
incongruences, with a set of different markers supporting al-
ternative topologies, whereas others can result from the lack of 
resolution across molecular sequences, usually leading to weak 
bootstrap support according to our analyses. Parins-Fukuchi 
et al. (2021) have demonstrated that phylogenomic conflicts 
coincide with rapid morphological innovations. The two con-
tentious nodes recovered in our analyses might be more rep-
resentative of this phenomenon. The MSA clade represents a 
peculiar group within Opuntieae regarding morphology (with 
putative plesiomorphic characters, such as the terete stems in 
Miqueliopuntia and Salmonopuntiaa) and geography (being 
endemic to southern South American arid regions of Atacama 
and inter-Andean valleys), which represents contrasting tran-
sitions to the other mostly ubiquitous characteristics of flat-
tened stems and broader distribution of members of the BT 
and Opuntia clades. Likewise, part of the Nopalea clade is 
characterized by members with unique floral features within 
Opuntieae showing hummingbird pollination syndrome, with 
short and erected tepals forming a tube with exserted stamens 
and styles. However, we are still lacking a nuclear phylogeny 
of the Opuntieae lineages to assess a more robust phylogenetic 
hypothesis, which will aid in understanding the evolutionary 
radiation of the group.

The issues involving topological incongruence among 
chloroplast markers have been explored recently (Gonçalves 
et al., 2019, 2020; Walker et al., 2019; Xiao et al., 2020; 
Zhang et al., 2020a, b), including within the cactus subfamily 
Opuntioideae (Köhler et al., 2020), and topological incongru-
ence has been suggested to result from systematic errors, to 
which phylogenomic analyses are sensitive, or a product of bio-
logical events (e.g. heteroplasmy and horizontal gene transfer) 
that require further investigation. In recent years, some studies 
have explored using the multispecies coalescent approach for 
plastome markers stemming from the evidence of heteroplasmic 
recombination; however, most of the results tend to be con-
founding (Thode et al., 2021), while there are substantial ar-
guments to continue treating plastomes as a single estimate of 
the underlying species phylogeny (Doyle, 2022). However, we 
submit that quantifying and filtering the phylogenetic signal in 
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plastome data is an important step for evaluating topological 
concordance, especially when performing downstream com-
parative analyses based on these data.

Conclusions

Cacti are one of the most charismatic groups of plants, but with 
remarkable difficulties for taxonomic and systematic under-
standing because of several challenges, such as hybridization, 
polyploidy, rapid diversification, the evolution of homoplasious 
characters and the intimidating prickly morphology, which 
leads to a general lack of primary data, because few scientists 
feel comfortable putting their hands on them. In this study, we 
reinforce that more than a prickly morphology, cacti harbour 
intriguing molecular aspects related to their plastome variation, 
putatively linked with their diversification history. Opuntieae, 
one impressive lineage of cacti, present a striking variation in 
plastome size related to contractions, expansions and the loss of 
the IR region, in addition to several cases of pseudogenization 
or gene loss. Despite some contentious signals across markers, 
analyses of incongruence can leverage plastome sequences to 
provide a robust framework to gain a deeper understanding of 
the evolutionary radiation of this group. Further studies, put-
ting our dataset into a broader scale across the cacti tree of life 
or even exploring more closely related lineages, are necessary. 
Besides, innovative analyses should be carried out to address 
how ecological drivers, physiological constraints and mor-
phological traits of cacti might be related to the variation in 
plastomes that has been reported across the family.
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