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Opuntia, a genus in Cactaceae, holds considerable economic significance due to its diverse uses. However, species
identification and understanding of phylogenetic relationships within this genus are challenging, given the
extensive morphological variation and frequent hybridization. This study analyzed plastomes from 40 Opuntia
and 32 additional species within Cactaceae, focusing on plastome structure, gene content, and evolutionary
dynamics. Our findings reveal significant structural variations and changes in gene content across Opuntia
plastomes, with sizes ranging from 121,985bp to 152,717 bp. These variations are primarily driven by the
contraction and expansion of Inverted Repeat (IR) regions, which range from 338 to 30,530 bp. We identified
101 species-specific SSRs across the Opuntia plastomes, along with six high-resolution plastid markers (ndhJ-trnF,
atpE-trnM-CAU, psaJ-rpl33, ndhC-rbcL, psaA-ycf3, atpB-rbcL), which offer potential tools for accurate germplasm
identification. Our phylogenomic framework within Cactaceae traced the ancestral IR states of Opuntia through
divergence time and ancestral trait reconstruction, which suggests an origin in the Late Miocene (approximately
8.54 million years ago). Initial slight IR contraction was observed, followed by diversification involving extreme
contraction and expansion events. These events, potentially adaptive responses to climate changes, are proposed
based on patterns of IR variation and documented climate shifts during the Late Tertiary and Quaternary periods
These findings provide key molecular markers that could help resolve taxonomic challenges within the Opuntia
genus and enhance our understanding of Opuntia plastome evolution. This study offers comprehensive genomic
resources for this economically significant genus, laying a foundation for future species identification and
breeding applications.

Divergence time estimation
Plastid SSR
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Chloroplast genome evolution

Chahdoura et al., 2016; Ciriminna et al., 2019; Kumar and Sharma,
2020; Ramadan et al., 2021). Rich in polyphenols, flavonoids, and other

1. Introduction

Opuntia, comprising approximately 154 species of succulent plants
(Korotkova et al., 2021), thrives predominantly in the arid and semiarid
regions of the Americas and is cultivated globally (Anderson, 2001).
Commonly known as prickly pears, these species hold significant value
in agriculture, medicine, and various industries (Yahia and Saenz, 2011;
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bioactive compounds, Opuntia exhibits pharmacological properties
including wound healing, antibacterial, antioxidant, and
anti-inflammatory effects (Koch and Kennedy, 1980; Konings, 2010;
Ammar et al., 2015; Santos-Diaz et al., 2017; Aruwa et al., 2018). Its
therapeutic potential also extends to managing chronic diseases, such as
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diabetes, obesity, and cardiovascular disorders (Ammar et al., 2015;
Chahdoura et al., 2015, 2016; Santos-Diaz et al., 2017; Kumar and
Sharma, 2020; Ramadan et al., 2021; Zeghbib et al., 2022; Carpena
et al., 2023). Moreover, Opuntia has expanding applications in
biotechnology, food processing, and material sciences, further under-
scoring its industrial significance (Barba et al., 2017; Quintanar-Orozco
et al., 2018; Ramadan et al., 2021; Carpena et al., 2023).

Beyond its industrial applications, Opuntia aligns well with envi-
ronmental sustainability and bioenergy initiatives. Its high water-use-
efficiency, drought resilience, and rapid growth, make it a strong
candidate for bioenergy production, particularly in arid regions (Koch
and Kennedy, 1980; Yahia and Saenz, 2011; Mason et al., 2015; Yang
et al., 2019; Kumar and Sharma, 2020; Jorge et al., 2023). Recognized
by the Food and Agriculture Organization (FAO) as a strategic crop,
Opuntia, especially O. ficus-indica, is widely cultivated for food, feed, and
industrial purposes, contributing to a global market valued at $1.9
billion in 2020 (Ramadan et al., 2021; Lu et al., 2023; Rodrigues et al.,
2023; Shoukat et al., 2023).

Despite its economic significance, Opuntia presents challenges in
species identification due to high morphological similarity, intraspecific
variation, hybridization, synonymic complexity, and polyploidy (Labra
et al., 2003; Majure et al., 2012; Valadez-Moctezuma et al., 2022). Ac-
curate identification is crucial for effective germplasm utilization and
evolutionary studies (Griffith, 2004; Las Casas et al., 2018; Challa and
Neelapu, 2019; Mao et al., 2021; Rache-Cardenal et al., 2022). Current
taxonomy primarily relies on a combination of vegetative and repro-
ductive traits, such as growth form, cladode and spine characteristics,
number of areoles, as well as fruit and floral morphology (Pinkava,
2003; Majure et al., 2017; Galicia-Pérez et al., 2023). However, simi-
larities in these traits often complicate classification, highlighting the
necessity for more effective genetic tools.

Molecular markers have improved phylogenetic resolution but
remain limited in minor clades, leading to taxonomic inconsistencies
(Nyffeler, 2002; Majure et al., 2012; Granados-Aguilar et al., 2022).
Compared to nuclear markers, plastid genomes/locus offer advantages
such as uniparental inheritance, lower recombination rates, and struc-
tural conservation, making them particularly valuable for phylogenetic
studies in complex groups like Opuntia. Recent identification of ten
informative plastid markers in Opuntioideae has significantly clarified
intergeneric and tribal relationships (Kohler et al., 2020, 2023). Devel-
oping high-resolution plastid markers specifically for Opuntia will
further enhance taxonomic clarity and provide deeper insights into its
evolutionary history.

Plastid genomes typically contain a standard quadripartite circular
structure with one long single copy (LSC), one short single copy (SSC)
and two inverted repeat (IR) regions. However, an extensive analysis of
2511 plastomes across diverse lineages revealed that approximately
10.31 % of species exhibit loss of IR regions (Mohanta et al., 2020), a
phenomenon noted in families such as Euphorbiaceae, Fabaceae, Pas-
sifloraceae, and Cactaceae (Sanderson et al., 2015; Cauz-Santos et al.,
2020; Lee et al., 2021; Wei et al., 2021). This IR variation is thought to
result from repeat-mediated intra- and inter-molecular recombination,
impacting the stability and evolutionary trajectory of plastomes
(Cauz-Santos et al., 2020; Lee et al., 2021; Wei et al., 2021).

Within Cactaceae, substantial variations in plastome gene content,
order, and structure of plastomes have been linked to changes in the
length and composition of the IR regions (Solorzano et al., 2019; Kohler
et al., 2020; Dalla Costa et al., 2022; Yu et al., 2023; Kohler et al., 2023).
In Opuntia, Yu et al. (2023) identified a significant IR contraction in
O. microdasys, much shorter than the typical angiosperm plastome of
~25kb. Kohler et al. (2023) further recognized six distinct types of
plastomes in Opuntia based on IR patterns, with lengths ranging from
657 bp to 32,085 bp. These dynamic changes in IRs are thought to be
associated with the plastid DNA repair process, potentially reflecting
adaptations to arid and semi-arid environments (Sanderson et al., 2015;
Kohler et al., 2020, 2023; Yu et al., 2023). However, no studies have yet
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explored these IR variations from an evolutionary perspective, particu-
larly regarding their potential role in species’ evolutionary processes or
the existence of broader evolutionary patterns. Research on this topic,
both temporally and in terms of trait reconstruction, remains lacking.

In this study, we embarked on a comprehensive analysis of the
plastomes from 40 Opuntia species, along with 32 additional species
within Cactaceae and two outgroup species. Our research aimed to
expand the existing plastome database for the Opuntia genus, enhance
understanding of its phylogenetic relationships, investigate the structure
of Opuntia plastomes, identify potential variations, and trace the
ancestral IR state and its evolutionary trajectory.

2. Materials and methods
2.1. Samples collection, DNA extraction, and sequencing

For this study, nine Opuntia species were collected (accessions are
provided in Table B1) and sequenced using the genomic skimming
approach. Additionally, plastomes of 31 Opuntia species were obtained
from the NCBI database (Table B2), resulting in a total of 40 Opuntia
species for analysis. To study the plastome structural evolution within
the Cactaceae family, we acquired 34 plastome sequences from NCBI
and Dryad (Table B2). This expanded dataset encompasses 74 species
representing eight well-supported tribes across three Cactaceae sub-
families: Pereskioideae, Opuntioideae, and Cactoideae. Two outgroup
species, Portulaca oleraceae (Portulacaceae) and Talinum paniculatum
(Talinaceae), were also include. To optimize DNA extraction, we pre-
pared dry cactus stem epidermis to reduce excess mucilage. The
extraction of total genomic DNA was conducted using the TIANGEN
Plant Genomic DNA kit (Beijing, China), following the manufacturer’s
instructions. DNA concentration and quality were assessed with a
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) and veri-
fied through 1% agarose gel electrophoresis. Only DNA samples that
met our quality standards was sent to Majorbio Co., Ltd (Shanghai,
China) for library preparation and high-throughput sequencing.
Sequencing was performed on the Illumina NovaSeq 6000 Platform,
generating 150 bp paired-end reads.

2.2. Plastome De Novo assembly and annotation

Initial quality control and adaptor removal from the DNA pair-end
raw reads were performed using Trimmomatic v0.32 (Bolger et al.,
2014). Subsequently, the clean reads were then aligned to the complete
plastome of Opuntia quimilo (Kohler et al., 2020) using BWA v0.7.17 (Li,
2013) to evaluate sequence quality and depth. The de novo assembly of
the plastomes was achieved from these clean reads using GetOrganelle
v1.7.7.0 (Jin et al., 2020) following the recommended parameters,
which integrates Bowtie2 (Langmead and Salzberg, 2012), BLAST
(Camacho et al., 2009) and SPAdes 3.1.0 (Bankevich et al., 2012). The
assembled graph files were imported into Bandage (Wick et al., 2015)
for visualization and checking assembly result and quadripartite struc-
ture (LSC, SSC and two IRs). Qualified plastid genomes were annotated
(genes, coding regions, RNA and IR regions) using PGA (Qu et al., 2019)
with published plastid genome (Opuntia quimilo, GenBank accession:
NC083949) as reference and refined through meticulous manual in-
spection and adjustments in Geneious v9.0.2 (Biomatters Ltd., Auck-
land, New Zealand, https://www.geneious.com/). Missing genes from
the PGA annotation were manually annotated using the “Map to
Reference(s)” function, with the closest related species serving as a
reference. All structure variation and genes transcription were manually
checked in Geneious and found a putative pseudogene accD.

2.3. Whole plastome comparative analysis and codon usage

The basic statistics of the plastid genome (such as length, GC content,
and gene count, and number of IR regions) were analyzed using
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Geneious v9.0.2, and each gene sequence was carefully examined to
identify pseudogenes resulting from premature stop codons or disrup-
tion at the quadripartite boundary. To identify highly variable regions
within Opuntia, the mVISTA program (Brudno et al., 2003) in
Shuffle-LAGAN mode was employed, using O. arechavaletae (with one IR
removed) as the reference for plastome sequence comparison. The
progressive mauve algorithm (Darling et al., 2010) facilitated compar-
ative analysis of locally collinear blocks (LCBs) and genomic rear-
rangements among the plastomes. Nucleotide polymorphism (Pi) within
Opuntia was quantified using DnaSP v6 (Rozas et al., 2017) for both
coding and non-coding regions, with visualization achieved through the
R package “ggplot2” (Wickham, 2011). Identification markers were
selected based on regions exhibiting high Pi values and significant
divergence, coupled with appropriate sequence lengths. To assess the
resolution and stability of these markers among Opuntia species, we
constructed a Neighbor-Joining (NJ) tree using Tree Builder in Geneious
v9.0.2. This approach allowed us to evaluate the effectiveness of the
selected markers in differentiating between species within the Opuntia
genus. Additionally, primer pairs for amplification of these markers
were designed using Primer3 v2.3.7 (Untergasser et al., 2012). The
comparative lengths and IR regions boundaries of the quadripartite
structures in the plastomes were illustrated using CPJSdraw (Li et al.,
2023) and also in progressive mauve algorithm and in a handmade
chloroplast genome gene order plot. The MlcroSAtellite Identification
Tool (MISA) (Beier et al., 2017) was employed to identify the Simple
Sequence Repeats (SSR) within the Opuntia plastomes. Additionally, we
analyzed the nonsynonymous and synonymous substitution rates among
Opuntia chloroplast genes using the KaKs_calculator (Wang et al., 2010).
Relative Synonymous Codon Usage (RSCU) and Effective Number of
Codon (ENC) analysis were conducted among the protein-coding se-
quences of plastomes within Opuntia to provide insights into the codon
usage patterns, using CodonW 1.4.4 (John, 2004).

2.4. Phylogenetic analysis

Considering the notable structural rearrangements observed in the
plastomes of the Cactaceae family, our phylogenetic analysis primarily
focused on protein-coding sequences (CDS) of the entire plastome. The
analysis encompassed 72 representative species from 24 genera span-
ning three Cactaceae subfamilies, in addition to two outgroup species.
The CDS sequences were meticulously extracted from the genebank files
and concatenated using two python scripts (https://github.com/Kingger
m/PersonalUtilities). These sequences were then aligned using MAFFT
v7.505 (Katoh et al., 2002). For the construction of the maximum like-
lihood (ML) phylogenetic tree, IQ-TREE v1.6.8 (Minh et al., 2020) was
employed with specific parameters: -m MFP -bb 1000 -bnni. The
resulting phylogenetic tree was annotated using the R package ggtree
(Yu et al., 2017).

2.5. Divergence time estimation

The divergence time analysis was conducted using the CDS matrix of
74 plastomes, employing the BEAST v2.5 (Bouckaert et al., 2019). We
implemented a relaxed lognormal molecular clock and a birth-death
model. The best nucleotide model, GTR, was determined by Model-
Finder (Kalyaanamoorthy et al., 2017). The tree topology was set as
constraint using the ML phylogram derived from our phylogenetic
analysis. Due to the absence of reliable Cactaceae fossils, we utilized
estimated divergence times extrapolated from a comprehensive chro-
nogram encompassing the broader phylogenetic framework of Car-
yophyllales plastome evolution (Yao et al., 2019). We established two
calibration points with normal prior distributions in our dataset: the
mean root divergence time at 67.15 million years ago (Ma) with a
standard deviation (sigma) of 4.48, and the mean crown group age of the
Opuntieae at 17.1 Ma with a sigma of 1.5. The Markov Chain Monte
Carlo (MCMC) analysis was rigorously conducted for a substantial
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duration of one billion generations, ensuring adequate effective sample
sizes for all parameters. Subsequently, the initial 25 % of samples were
discarded as burn-in. Trees from the three independent runs were then
merged to construct a maximum clade credibility (MCC) tree. This tree
featured median branch lengths and 95 % highest posterior density
(HPD) intervals at nodes, using TreeAnnotator (Bouckaert et al., 2019)
within BEAST v2.5 package. The resulting MCC tree was visualized and
edited using ChiPlot (Xie et al., 2023).

2.6. Ancestral state reconstruction

Although plastid IR length is a continuous quantitative trait, its
evolutionary dynamics remain difficult to model due to complex un-
derlying mechanisms. IR variation can occur gradually via stepwise
boundary shifts and microhomology-mediated recombination, or
rapidly through large-scale structural rearrangements such as unequal
crossing-over or repeat-mediated recombination (Maréchal and Brisson,
2010; Zhu et al., 2016; Choi et al., 2019). Currently, no unified evolu-
tionary model effectively captures both modes of change. To address
this, we adopted a complementary analytical approach combining both
continuous and discrete frameworks to reconstruct ancestral IR states.
This dual approach allows for cross-validation and complements the
uncertainty inherent in modeling traits with both gradual and punctu-
ated evolutionary trajectories. For continuous trait analysis, we
employed the “fastAnc” function in the R package phytools (Revell,
2012), which estimates ancestral states under a Brownian motion model.
This method assumes a constant-rate random walk of trait evolution and
was applied to a MCC tree generated from BEAST, using the observed IR
length matrix. For discrete-state reconstruction, we categorized IR
lengths into five biologically informed bins based on observed distri-
bution patterns: 1) A: IR length 0-1000 bp; 2) B: IR length > 1000 bp and
<2500 bp; 3) C: IR length > 2500 bp and < 17,000 bp; 4) D: IR length
>17,000bp and < 30,000 bp; 5) E: IR length > 30,000 bp. Bayesian
inference was conducted using BayesTraits v3.0.1 (Meade and Pagel,
2018), implemented via RASP v4.3 (Yu et al., 2015). Ancestral states
and transition rates were estimated with MCMC sampling across 1000
random trees and one consensus tree. Model selection was conducted to
identify the best-fitting model between ER (equal rates) and ARD (all
rates different), based on Bayes factor comparisons. For this, one thou-
sand random MCMC trees and one consensus tree from BEAST were
imported into RASP along with an IR state matrix. Detailed analysis was
then conducted using the ‘Multiple States Reconstruction’ feature in
BayesTraits, accessible through the ‘Reconstruction’ module in RASP.

3. Results and discussion

3.1. Structural characteristics of Opuntia plastomes: length variation and
gene loss

Our Illumina NovaSeq 6000 sequencing generated approximately
10 Gb of raw DNA paired-end reads per Opuntia sample, with clean reads
ranging from 70,025,953 to 80,855,119 (Table B1). Mapping to the
O. quimilo plastome yielded average depths from 2040x to 9381x,
supporting robust de novo assembly of 10 plastomes (Fig. 1 & Al),
including one from NCBI SRA data (O. inaperta, SRR12440019). Addi-
tionally, 30 publicly available plastomes were incorporated (Table B2).
The chloroplast genome sizes ranged from 121,985bp to 152,717 bp
(Table 1), with structural variation largely attributable to IR contrac-
tion/expansion (see Section 3.2). The LSC, SSC, and IR regions ranged
from 50,009 to 101,684 bp, 4104 to 47,708 bp, and 338 to 30,530 bp,
respectively. Gene content varied accordingly, ranging from 110 to 139
genes per plastome, including 70-91 protein-coding genes,
30-38 tRNAs, and 4-8 rRNAs (Fig. 2, Table B3).

While most genes were present as single copies in each Opuntia
plastome, several genes exhibited lineage-specific variation in copy
number or presence/absence. These included five ndh genes (ndhA,
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Fig. 1. Circular plastome maps of Opuntia dillenii (A), O. ficus-indica (B), and O. monacantha (C). Genes inside the circle are transcribed clockwise, and those outside,
counter-clockwise. Black lines indicate the quadripartite structure: large single-copy (LSC), small single-copy (SSC), and the two inverted repeat regions (IRA and

IRB). Gray shading represents GC content.

ndhB, ndhF, ndhG, ndhH), three rpl genes (rpl2, rpl23, rpl32), four rps
genes (rps7, rps12, rpl15, rpl19), eight tRNA genes (trnE-UUC, trnF-GAA,
trnl-CAU, trnl-GAU, trnL-CAA, trnN-GUU, trnQ-UUG, trnV-GAC), four
rRNA genes (23, rrm16, rmb5, rrn4.5), and two ycf genes (ycf1, ycf2)
(Fig. 2). Notably, ycf2 was entirely lost in 14 species; ndhG was absent in
Opuntia sp. (GenBank accession: MW927506), while ndhJ and ndhK
were missing in O. polyacantha. These losses likely occurred indepen-
dently across different lineages. In addition, widespread pseudogeniza-
tion of accD, ycf1, and ycf2 was observed across the 40 plastomes, often
accompanied by the loss of the cIpP intron, suggesting coordinated
structural streamlining. Beyond pseudogenization, accD also displayed
substantial length variation among species. Nevertheless, its down-
stream region retained five conserved motifs (Fig. A2).

These frequent patterns of gene loss and pseudogenization in Opuntia
plastomes—particularly involving ndh, ycf, and accD genes—likely
reflect functional compensation rather than simple degenerative pro-
cesses. While plastome reduction is often associated with holoparasitism
(Chris Blazier et al., 2011; Lin et al., 2017; Kim et al., 2020), in Opuntia,
the variation in copy number and partial loss of ndh genes may instead
reflect adaptive responses to environmental stress, particularly under

arid conditions (Sanderson et al., 2015; Cauz-Santos et al., 2020; Yu
et al., 2023). This is consistent with the idea that gene loss does not
necessarily compromise function, especially when alternative pathways
(e.g., the antimycin A-sensitive cyclic electron flow) (Yamamoto et al.,
2011; Labs et al., 2016) or compensatory mechanisms via nuclear or
mitochondrial gene transfer are available (Lin et al., 2015; Yu et al.,
2022)

The pseudogenization and extensive length variation of accD may
similarly reflect ongoing functional relocation. Despite partial degra-
dation, conserved downstream motifs—including core domains previ-
ously identified in Cereoideae (Yu et al., 2023), —suggest residual
functionality or nuclear-encoded replacement (Rousseau-Gueutin et al.,
2013). These gene losses and structural changes may reduce the ener-
getic cost of plastid genome replication, particularly given the high copy
number of plastomes per cell. By transferring dispensable or partially
redundant genes to the nuclear genome, plants may enhance regulatory
control and stress responsiveness (Forsythe et al., 2021; Kelly, 2021; Yu
et al.,, 2023). This dynamic interaction between plastid and nuclear
genomes reflects a broader co-evolutionary process in plants, in which
endosymbiotic gene transfer contributes not only to genomic economy
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Table 1
The summary of plastome characteristics in fourteen Opuntia species.
Species GenBank Genome LSC Ssc IR
accession
Length GC% Gene CDS tRNA rRNA Length GC% Length  GC% Length  GC%
Opuntia sp. MW927506 122,617 36.00% 115 78 33 4 90,059 33.81% 31,882 37.88% 338 37.20%
Opuntia polyacantha 0Q613398 121,985 36.10% 114 77 33 4 72,678 34.95% 47,708 37.93% 657 41.10%
Opuntia dillenii OR722820 122,700 36.07% 114 78 32 4 88,469 35.21% 32,067 38.48% 1082 35.86 %
Opuntia rufida NC083952 123,145 36.08 % 117 81 32 4 89,040 35.23% 31,805 38.59 % 1150 36.26 %
Opuntia engelmannii 0Q613386 123,275 36.10% 114 78 32 4 88,784 35.27% 32,085 38.39% 1203 36.74 %
var. cuija
Opuntia setispina NC083954 123,480 36.08 % 118 82 32 4 88,297 35.18% 31,679 38.54% 1752 36.07 %
Opuntia aureispina OR722827 124,073 36.10% 116 80 32 4 88,815 35.18% 31,731 3856% 1763 36.30 %
Opuntia chisosensis NC083934 123,987 36.10% 118 82 32 4 88,729 35.20% 31,732 3856% 1763 36.30 %
Opuntia macrocentra NC083943 123,988 36.10% 118 82 32 4 88,730 35.20% 31,732 3856% 1763 36.30 %
Opuntia macrorhiza NC083944 123,881 36.10% 118 82 32 4 88,566 35.17% 31,785 38.63% 1765 35.98 %
Opuntia humifusa OR722822 123,194 36.09% 115 79 32 4 87,935 35.19% 31,727 38.57% 1766 36.24 %
Opuntia mesacantha NC083945 123,784 36.10% 118 82 32 4 88,535 35.23% 31,717 3856% 1766 36.30 %
Opuntia austrina NC083932 123,091 36.10% 118 82 32 4 87,823 35.22% 31,734 38.55% 1767 36.28%
Opuntia chlorotica NC083935 123,748 36.10% 118 82 32 4 88,511 35.23% 31,703 3856% 1767 36.33 %
Opuntia drummondii NC083938 123,611 36.10% 118 82 32 4 88,346 35.26% 31,731 3856% 1767 36.28 %
Opuntia strigil NC083956 123,994 36.08% 118 82 32 4 88,723 35.19% 31,705 38.57% 1783 36.23 %
Opuntia basilaris OR722819 123,654 36.08 % 115 78 32 5 88,407 35.30% 31,553 38.64 % 1847 33.03%
Opuntia microdasys NC083946 124,337  36.20% 119 83 32 4 87,528 35.21% 31,809 38.56% 2500 37.92%
Opuntia cochenillifera NC087798 138,084 36.00% 125 86 32 7 101,241  36.44% 4107 33.14% 16,368 34.80 %
Opuntia dejecta NC083937 137,452 35.90 % 126 87 32 7 100,607 36.39% 4107 33.14% 16,368 34.80 %
Opuntia guatemalensis NC083940 137,494 35.90% 126 87 32 7 100,636  36.42% 4104 33.19% 16,377 34.79 %
Opuntia jamaicensis NC083941 137,596  35.90% 126 87 32 7 100,735 36.44% 4107 33.11% 16,377 34.79 %
Opuntia inaperta SRR12440019 137,799 35.90 % 126 86 33 7 100,696 36.40 % 4107 33.11% 16,498 34.67 %
Opuntia gaumeri NC083939 137,818 35.90% 126 87 32 7 100,711  36.41% 4107 33.11% 16,500 34.67%
Opuntia caracassana NC083933 138,141 35.90% 126 87 32 7 101,028 36.43% 4107 33.11% 16,503 34.66 %
Opuntia auberi NC083930 138,379 35.90% 126 87 32 7 101,064 36.41% 4107 33.14% 16,604 34.57%
Opuntia sulphurea PV464448 147,442  36.70% 128 85 35 8 101,498 36.40% 4112 33.15% 20,916 39.75%
Opuntia retrorsa NC083951 147,640 36.70% 130 87 35 8 101,684 35.58% 4114 33.13% 20,921 39.75%
Opuntia colubrina NC083936 147,853  36.70% 130 87 35 8 101,636  35.59% 4115 33.07% 21,051 39.62%
Opuntia arechavaletae NC083929 149,275 36.60% 130 87 35 8 101,335 35.57% 4108 33.06% 21,916 39.34%
Opuntia monacantha OR722828 149,222 36.60% 131 88 35 8 100,934 35.56% 4110 32.97% 22,089  39.18%
Opuntia quimilo NC083949 150,374  36.56% 130 87 35 8 101,475 35.51% 4115 32.98% 22,392 39.56 %
Opuntia macbridei NC083942 148,031 36.60 % 130 87 35 8 98,975 35.48% 4104 33.19% 22,476 39.38%
Opuntia quitensis NC083950 148,114 36.60% 130 87 35 8 99,057 35.47% 4105 33.18% 22,476 39.39%
Opuntia pilifera OR722829 151,047 36.66% 134 89 37 8 88,930 35.19% 4107 33.02% 29,005 39.17%
Opuntia scheeri NC083953 151,001 36.70 % 135 90 37 8 88,718 35.23% 4105 33.03% 29,089 39.19%
Opuntia ficus-indica OR722821 152,387 36.70% 136 91 37 8 87,543 35.12% 4106 33.02% 30,369  39.23%
Opuntia pycnantha OR722830 152,541 36.67% 135 90 37 8 87,604 35.13% 4115 33.03% 30,411 39.13%
Opuntia pachyrrhiza NC083947 152,690 36.60 % 138 93 37 8 87,641 35.09% 4111 33.03% 30,469 39.11%
Opuntia stenopetala NC083955 152,717 36.70 % 139 94 37 8 87,545 35.08% 4112 33.03% 30,530 39.16 %
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Fig. 2. Gene content comparison in Opuntia plastomes. Red blocks indicate two gene copies, yellow blocks a single copy, and white blocks denote gene absence. The
right side illustrates the phylogenetic relationships within Opuntia based on phylogenomic relationships in Fig. 7.
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Fig. 3. Analysis of simple sequence repeats (SSRs) in Opuntia plastomes. (A) Number of unique and common SSRs detected in 40 Opuntia plastomes. (B) Frequency of
identified SSRs types (Mono-, Di-. Tri-, Tetra, Penta- and Hexa- nucleotide repeats).
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Fig. 4. Nucleotide polymorphism values (Pi) across Opuntia plastomes. Upper panel: Pi in coding regions; lower panel: Pi in non-coding regions. x-axis: coding genes

or intergenic regions; y-axis: Pi value.

but also to functional innovation under selective pressures (Timmis
et al., 2004; Weng et al., 2016; Kelly, 2021).

3.2. Potential markers of species identification: repeat elements,
nucleotide diversity, and Ka/Ks ratios in Opuntia plastomes

We identified ptSSRs ranging from 51 in O. engelmannii var. cuija to
67 in O. sulphurea. The majority of ptSSRs in Opuntia plastomes are
mono- (A/T, C/G) and di- nucleotides, with a presence of di-, tri-, penta-,
and hexa- nucleotide repeats (Fig. 3, Table B4-B6). Twelve Opuntia
species contained unique ptSSRs, varying from one in O. strigil to nine in
O sulphurea (Fig. 3, Table B5), suggesting their potential as efficient
species identification markers. Additionally, we selected a set of effec-
tive plastid markers based on nucleotide diversity (Pi) and comparative
divergence analysis among Opuntia plastomes. The Pi values ranged
from O to 0.02338 in coding regions and from O to 0.02408 in non-
coding regions (Fig. 4 and Table B7). Regions with high Pi values
were considered robust candidates for taxonomic markers. Furthermore,
comparative analysis using mVISTA enabled the identification of highly
divergent regions across the plastomes (Fig. A3). By integrating nucle-
otide diversity and genomic variation patterns and considering appro-
priate fragment lengths for practical use, we selected six promising non-
coding markers: ndhJ-trnF, atpE-trnM-CAU, psaJ-rpl33, ndhC-rbcL,
psaA-ycf3, atpB-rbcL). Except for atpB-rbcL, these regions have not been
previously employed in phylogenetic studies of Opuntia. A NJ tree
constructed using these six markers, including Airamopoa erectoclada
and 40 Opuntia species, produced a topology (Fig. A4) largely consistent
with that obtained using the whole CDS matrix (Fig. A5, see Section 3.4).
Only minor topological differences were observed in the Basilaris,
Macrocentra, and Humifusa clades. These markers exhibited strong
phylogenetic resolution within Opuntia, with average bootstrap values
exceeding 90.

Notably, Kohler et al. (2020) designed a separate set of ten plastid
markers—including eight CDS (accD, ycf1, ndhD, petD, ccsA, clpP, rpoC1,
rpoC2), one trnK intron, and one intergenic spacer (psbE-rpl20)—which
were optimized for resolving phylogenetic relationships across tribes
within the Opuntioideae subfamily. In contrast, none of their markers

overlapped with the six intergenic regions identified in our study, which
were specifically selected for their high discriminatory power at the
species level within Opuntia. This contrast suggests that different taxo-
nomic depths may require distinct, tailored marker sets. To facilitate
future research and application, we also developed primer pairs for the
six candidate intergenic regions (Table B5) as well as all species-specific
PtSSRs identified in this study (Table B8). Integrating these newly
identified markers with those previously used could provide a more
comprehensive framework for resolving the phylogenetic and taxo-
nomic complexities within Opuntia.

3.3. Selective pressure and codon usage bias in Opuntia plastomes

The Ka/Ks ratio analysis of Opuntia plastid genes showed that the
majority of genes had Ka/Ks values less than 1 (Table B9), indicating
overall patterns of purifying selection. However, a subset of gen-
es—including the plastid-encoded RNA polymerase (PEP) subunits rpoA,
rpoB, rpoC1, and rpoC2—exhibited Ka/Ks > 1 in multiple taxa, indi-
cating strong signals of positive selection. When combined with phylo-
genetic clade information (Table BY; see Section 3.5 for detailed clade
relationships), these patterns revealed lineage-specific variation in se-
lective pressures acting on plastid-encoded genes across Opuntia.
Notably, rpoB showed the most pronounced signal, with Ka/Ks values
exceeding 2 in most species from Clades E to H, while rpoA exhibited
elevated values specifically in Clade D. Within the same clade, increased
Ka/Ks ratios were also observed for atpA and rpl20. Ribosomal protein
genes rps2, rps15, and rps18 displayed elevated values in particular
lineages, with rps2 exceeding 2 in most taxa of Clade B. In contrast, some
genes lacked clear lineage-specific trends. For instance, ndhB showed
Ka/Ks >1 across a broad phylogenetic range, while ycfI and clpP
exhibited sporadic elevations distributed across multiple clades.

Codon usage analysis across 40 Opuntia plastomes revealed a strong
bias towards a set of 30 A/U, which were consistently preferred across
species (Fig. A6). Codons such as UUA (Leu), AGA (Arg), GUU (Val), and
AUU (Ile) exhibited RSCU values greater than 1.5 in nearly all taxa,
while G/C-ending codons like CGC (Arg), CCC (Pro), and GGC (Gly)
showed markedly lower RSCU values (< 0.6). The ENC values for these
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trnl-CAL

Fig. 5. Plastome structure and gene order in Opuntia with different IR types (IRL, IRC, IRN, IRE). Linearized plastome maps for clarity. Dotted lines link identical
genes or blocks across IR and LSC/SSC. Color coding indicates gene locations, with unique colors for each IR variation. Orange marks genes in IR region of
O. humifusa. Red highlights genes in the IR region of O. monacantha. Sky blue and blue denote unique genes in the IR region of O. ficus-indica.

plastomes ranged from 33.62 to 59.42. In ENC-GC3 plots (Fig. A7),
certain genes such as rpl36, rbcL, and psbH consistently deviated from
the standard curve across multiple species.

The consistent signals of positive selection in different functional
gene sets, particularly the PEP genes, suggest that adaptive evolution in
the Opuntia plastid genome may have occurred in a clade-specific
manner. Given the central role of the PEP complex in plastid tran-
scription, the clade-specific patterns of selection observed may reflect
evolutionary shifts in the composition or activity of the plastid tran-
scriptional machinery (Vergara-Cruces et al., 2024; Wang et al., 2024).
These shifts may have arisen in response to ecological diversification or
heterogeneous environmental pressures experienced by different line-
ages (Piot et al., 2018; Gu et al., 2023; Wu et al., 2024). Further func-
tional studies are needed to determine whether the observed amino acid
changes influence the transcriptional dynamics of plastid genes or their
interaction with nuclear-encoded sigma factors (Hwang et al., 2022;
Zhang et al., 2023).

From another perspective, the codon usage patterns reflect the AT-
rich nature of Opuntia plastid genomes and are highly conserved
across lineages. Similar to the Ka/Ks <1 values observed for most
plastid genes, this suggests that both codon usage and substitution
patterns may be shaped by shared evolutionary constraints, likely
dominated by purifying selection (Qi et al., 2015; Fages-Lartaud et al.,
2022). Such convergence in codon usage has also been reported in other
plant lineages, showing strong intra-lineage consistency (Qi et al., 2015;
Zhang et al., 2021), although intrageneric divergence has also been
observed (Liu et al., 2014).

3.4. Structural variation in Opuntia plastomes: contraction and expansion
of inverted repeat regions

Significant structural variations in the IR regions was observed
among Opuntia species, with sizes ranging from 338 bp to an expansive
30,530 bp (Table 1, Fig. A8). Substantial IR expansion and contraction
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IRL b0 w1500 o0 350 | oo _ssam oo __dsoo0 S o om0 0 wio e oo vew i il wdo e e
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I]}C

IRC
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0. macbridei

LSC IRB SSC

Fig. 6. Progressive mauve analysis of Opuntia plastomes using O. dillenii as reference (IRA removed). The figure illustrates the local collinear blocks (LCBs) across
different Opuntia plastomes. Each colored blocks represent a distinct LCB, with their respective numbers and boundaries indicated. LCBs positioned below the
horizontal black line represent regions of inversion. The color coding for different regions is as follows: pink for the large single-copy (LSC) region, green for the

inverted repeat region B (IRB), and purple for the small single-copy (SSC) region.
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led to marked genome size differences. Two species—Opuntia sp.
(MW927506) and O. polyacantha—exhibited near-complete IR loss
(<1 kb), while an additional. 15 species showed contracted IRs
(1000-2500 bp; Table A7, Table B3). Together, species with IR loss or
contraction accounted for approximately 45 % of the sampled taxa. In
contrast, six species (~15 %), including O. pilifera, O. ficus-indica, and
O. stenopetala, exhibited significantly expanded IRs (>29,000 bp). Based
on IR length and gene content, four IR structural types were defined
(Table 1, Table B10): 1) IRL: IR lost—nearly absent IRs (<1 kb, 0-1
gene); 2) IRC: IR contracted (<17 kb, 2-6 genes); 3) IRN: IR normal
(16-23 kb, 12-17 genes); 4) IRE: IR expanded (>29 kb, 21-25 genes).

Marked differences in IR length, structure, and gene content were
observed among representative plastomes of the four IR types (Fig. 5). In
the IRL type, the IR region accounted for only ~1.5 % of the typical IRN
length and was accompanied by an elongated SSC region that retained
the ndhI-trV-GAC gene block. The IRC type had slightly longer IRs
(~7.9 % of IRN length), but instead of a reduced SSC, it gained several
genes (e.g., ndh, psaC), while the LSC became relatively shorter. In the
IRN plastome (IR ~22.4 kb), the SSC was greatly reduced to ~4.1 kb,
and several genes formerly located in the SSC and IR regions were
repositioned into the LSC. In the IRE type, IR expansion (~30.4 kb) did
not notably enlarge the plastome (still ~150 kb). Instead of SSC
contraction, parts of the LSC were incorporated into the IRs, duplicating
genes like rps7, ndhB, and ycf2.

The expansion and contraction of IRs also affect regional GC content
in Opuntia plastomes. While overall GC content varied slightly across the
40 plastomes (35.9-36.7 %; Table 1 & B3), regional differences were
more pronounced. In species with contracted IRs, the IR regions had
lower GC content (avg. ~36 %), about 3 % less than in IRN or IRE types.
Notably, O. basilaris showed the lowest IR GC content at 33 %.
Conversely, their SSC regions exhibited elevated GC content, averaging
~38.6 %—approximately 5.6 % higher than in species with IRN and IRE
types.

Progressive Mauve analysis of representative species from each IR
type identified eight local colinear blocks (LCBs) and revealed multiple
structural rearrangements among Opuntia plastomes (Fig. 6). In the IRL-
type species (O. polyacantha), LCBs 2, 5, and 6 were inverted, while LCBs
1-4 were relocated to the SSC in IRC plastomes. In O. engelmannii var.
cuija, these blocks were reoriented, with LCB4 extending into the IR
region in other IRC species. With IR expansion in IRN (O. guatemalensis)
and IRE (0. monacantha, O. macbridei) types, LCB4 was transferred back
into the LSC, together with LCB5. Despite structural rearrangements, the
junctions between LSC/IR and SSC/IR were relatively conserved within
the same IR type (Fig. A8). In IRC plastomes, trnH was consistently
positioned near or at the JLB (LSC/IRb junction). In IRN plastomes,
junction-associated genes remained consistent. In IRE types, trnl or rpl23
flanked JLB and JLA, although their exact positions varied between
species (e.g., O. pilifera vs. O. scheeri).

While IR variation has been reported in the subfamily Cereoideae of
Cactaceae and in other angiosperm families such as Euphorbiaceae,
Fabaceae, and Passifloraceae (Solorzano et al., 2019; Cauz-Santos et al.,
2020; Mohanta et al., 2020; Wei et al., 2021; Yu et al., 2023), the con-
current presence of both extreme contraction and expansion within a
single genus, as observed in Opuntia, remains highly uncommon.
Although the exact role of IRs in plastids remains incompletely under-
stood, most studies agree that IRs contribute significantly to structural
stability, gene dosage balance, and functional conservation of the plas-
tome (Maréchal et al., 2009; Wicke et al., 2011; Rabah et al., 2019;
Mohanta et al., 2020). In Opuntia, the observed gene content differences,
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region-specific GC content shifts, and lineage-specific LCB rearrange-
ments associated with varying IR sizes suggest that IRs may also play a
pivotal role in plastome evolution (Kohler et al., 2023). These IR dy-
namics appear non-random and may reflect clade-specific genomic
trajectories. Together, these findings provide a foundation for the
phylogenetic and temporal investigation of IR evolution in Opuntia,
which is further explored in Section 3.5.

3.5. Phylogenomic context and integrative evolutionary perspective on IR
variation in Opuntia

The plastome phylogeny reconstructed from 72 protein-coding genes
(57,668 bp) supports the monophyly of Opuntioideae and Cactoideae,
with Pereskia aculeata recovered as the basal lineage (Fig. A5). Within
Opuntia, three major clades were identified: two South American (SA)
clades (Clades A and B) and a highly diversified North American (NA)
clade, which is further divided into six subclades (Clades C-H). These
eight clades correspond to the lineages previously described as Qui-
tensis, Elatae, Nopalea, Basilares, Scheerianae, Setispina, Humifusa, and
Macrocentra (Kohler et al., 2023; Majure et al., 2023). The accesssion
Opuntia sp. (MW927506) from Chen et al. (2022), originally identified
as O. sulphurea, was recovered within the Basilares clade (Clade D)
alongside O. basilaris (Fig. A5). In contrast, O. sulphurea in our phylogeny
was placed in the Elatae clade (Clade B). These results support the
suggestion by Kohler et al. (2023) that the MW927506 accesssion may
actually represent affinities of O. polyacantha rather than O. sulphurea.

Our time-calibrated phylogeny (Fig. 7, Table B11) places the origin
of Cactaceae at approximately 61.89 Ma, with initial diversification
around 44.49 Ma. Major divergence events within the subfamilies Cac-
toideae and Opuntioideae occurred at 27.08 Ma and 18.62 Ma, respec-
tively. Within Opuntioideae, the crown ages of the tribes
Cylindropuntieae, Tephrocacteae, and Opuntieae were estimated at
13.23 Ma, 15.42 Ma, and 14.77 Ma, respectively. The genus Opuntia
originated around 10.42 Ma, with an initial split between SA-Clade A
and SA-Clade B + NA clade at 8.54 Ma. A subsequent divergence sepa-
rated SA-Clade B from the NA clade at approximately 8.12 Ma, followed
by rapid diversification within the North American lineage during the
late Miocene to early Quaternary (ca. 7.17-1.98 Ma), with most sub-
clades forming within the past ~4 million years.

Both ancestral state reconstruction methods (Fig. 7 & A9) reveal a
dynamic history of IR evolution across Cactaceae, with pronounced
contraction and expansion events occurring mainly during the late
Tertiary to Quaternary. Early in the family’s evolutionary history
(middle Eocene to early Miocene), IR length remained relatively stable
(~9000 bp), consistent with the basal taxon Pereskia aculeata. While
moderate IR variation was observed in most Cactoideae lineages, more
drastic changes—including extreme contraction (e.g., Mammillaria,
Parodia) and complete IR loss (Carnegiea)—emerged during the Late
Miocene and Quaternary. In contrast, IR evolution within Opuntia dis-
plays a more complex and lineage-specific pattern. The ancestral IR
length in early Opuntia (~8 Ma, Late Miocene) was estimated at
approximately 16,000 bp, following a broader contraction observed in
early Opuntioideae (~3000 bp around 17.9 Ma). In the early-diverging
South American clades (Clades A & B), the IR expanded back to typical
chloroplast sizes (~22,000 bp), suggesting a possible reversal of
ancestral contraction during the Miocene-Pliocene transition. Mean-
while, the diversified North American clades exhibit a more heteroge-
neous pattern in IR length variation. The early-diverging NA Clade C
retained an intermediate IR size (~16,000 bp), whereas the later-
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diverging clades (D-H) exhibited more heterogeneous IR states. In Clade
D, frequent and extreme IR contractions occurred early in its divergence
(e.g., O. polyacantha and Opuntia sp., representing the IRL type). How-
ever, during the Pliocene-Quaternary transition, striking IR expansions
(>30,000 bp) were observed in several later-diverging lineages within
Clade D. Among Clades E-H, persistent IR contraction was prevalent
across most species—accounting for approximately 45 % of the sampled
taxa—while IR expansion events also occurred in Clade E during the
Quaternary (e.g., O. scheeri).

The inverted repeat (IR) regions are essential for plastome stability,
mediating homologous recombination-based repair, buffering against
deleterious structural rearrangements, and maintaining gene dosage
balance through duplication of core genes (Maréchal et al., 2009; Wicke
et al.,, 2011; Rabah et al., 2019; Mohanta et al., 2020). Despite their
conserved role across most angiosperms, our results show that Opuntia
plastomes exhibit both extreme IR contraction and expan-
sion—especially within North American lineages during the Late
Miocene to Quaternary (~7.17-1.98 Ma), a period of intensified aridi-
fication and climatic fluctuations (Velasco-de Leon et al., 2010; Sni-
derman et al., 2016; Bhattacharya et al., 2022).

The extensive variation in IR length, ranging from near-complete loss
to expansions exceeding 30 kb, has direct consequences for gene copy
number. IR expansion in species such as O. pilifera and O. pycnantha
leads to the duplication of rRNA operons and other core genes (e.g., rps7,
ndhB, ycf2), potentially increasing transcriptional output and buffering
against environmental stressors. In this context, large IRs may enhance
plastome robustness through increased recombinational repair and
dosage stability under conditions of high temperature, intense UV ra-
diation, and drought—characteristics of the American desert environ-
ments during the Miocene and Pleistocene (Comes and Kadereit, 1998;
Hernandez-Hernandez et al., 2014).

However, plastid IRs are not indispensable. Multiple independent
losses or contractions of IRs have been documented across plant lineages
(Zhu et al., 2016; Choi et al., 2019; Mohanta et al., 2020; Wu et al.,
2021). Recent studies show that plastomes lacking canonical IRs can still
maintain gene expression balance via dose-compensatory mechanisms
(Kramer et al., 2024). In Opuntia, lineages with contracted IRs may
retain functional integrity despite structural reduction. Moreover,
repeated IR loss or contraction may represent a resource-conserving
strategy in metabolically constrained desert environments (Kohler
etal., 2020). Accompanying IR-mediated gene loss or pseudogenization,
EGT may occur, reducing plastome maintenance costs and reallocating
resources—a process especially relevant under nutrient and water
scarcity (Kelly, 2021; Yu et al., 2022; Majure et al., 2023).

In addition, reduced IR-mediated structural buffering may expose
the plastome to greater plasticity. IR contraction has been associated
with increased rearrangement frequency, including gene inversions,
relocations, and deletions (Zhu et al., 2016). This flexibility may pro-
mote regulatory or metabolic innovation, particularly in taxa experi-
encing environmental instability (Wang et al., 2022).

The balance between plastome structural constraint and adaptive
flexibility suggests that IR variation in Opuntia is not a neutral process,
but reflects lineage-specific responses to environmental pressures,
particularly those associated with aridification in the Late Miocene and
Quaternary (Arakaki et al., 2011; Breslin et al., 2022; Majure et al.,
2023). These dynamics may have co-evolved with key physiological
adaptations, such as Crassulacean Acid Metabolism and succulent stem
morphology, which jointly enhance drought resilience (Strand et al.,
2019; Kohler et al., 2020, 2023). Similar extensive IR variation in Poales
also suggest that such variation could be related to its successful
diversification into diverse habitats (aquatic, terrestrial) and multiple
photosynthetic pathway transitions (C3, C4) (Wu et al., 2024).

In addition to their evolutionary relevance, plastome-level
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changes—particularly IR dynamics—offer practical implications for
germplasm conservation and breeding. Recent studies highlight the
potential of using plastid genome variation to guide the selection of
stress-resilient traits in crop improvement programs (Badawi et al.,
2004; Lietal., 2021; Ahmad and Nixon, 2025). For Opuntia, a genus with
high ecological and economic value, insights into plastome architecture
may inform the development of varieties with enhanced drought toler-
ance and genomic stability under environmental stress. Therefore, un-
derstanding the evolutionary trajectory and functional consequences of
IR variation not only sheds light on plastome plasticity and lineage
diversification, but also provides a molecular basis for future Opuntia
breeding strategies aimed at sustainable agriculture in changing cli-
mates (Comes and Kadereit, 1998; Davis et al., 2005; Hernandez--
Hernandez et al., 2014).

4. Conclusion

This study provides a comprehensive assessment of plastome struc-
tural variation in Opuntia, revealing extensive and lineage-specific
changes in IR regions, including both near-complete loss and extreme
expansion. Through integrative phylogenomic and ancestral state ana-
lyses, we reconstruct the evolutionary dynamics of IR variation across
clades and over time. In addition, the structural and sequence variation
captured in this study offers valuable markers for improving species
delimitation and accurate identification within Opuntia. These findings
provide not only evolutionary perspectives but also practical genomic
resources for species identification, germplasm management, and trait-
oriented breeding in Opuntia.
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Appendix A
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Opuntia macrocentra

123,998 bp

Opuntia basilaris

123,654 bp

Fig. Al. Circular plastome maps of Opuntia ficus-india, O. macrocentra, O. pilifera, O. basilaris, and O. humifusa. Genes inside the circle are transcribed clockwise, and
those outside, counter-clockwise. Black lines indicate the quadripartite structure: large single-copy (LSC), small single-copy (SSC), and the two inverted repeat

regions (IRA and IRB). Gray shading represents GC content
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Species
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Motif Locations

| AN

| il N

1o

| AN

10N

10N

Motif Consensus
TGCATCGCCCACTAGTGGTGGTGTGACAGCCAGTTTTGGTATGTTGGGGG
TCTGGAGGGGCACGGATGCAAGAAGGCATYGTGAGCTTAATGCAAATGGC
TGCCGAACCAGACGCCGAAATTGCGTTTGCGGGTAAAAGAGTAATTGAGG
GGGTTTATAGGGGGTTCTATGGGAGCCGTAGTAGGTGAAAAAATCACCCG

Fig. A2. The five conserved motifs of the accD gene across 39 Opuntia species
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Fig. A3. Comparative visualization of Opuntia plastome sequences using mVISTA with O. basilaris as a reference. The horizontal lanes display graphs for sequence
pairwise identity, where the x-axis represents the base sequence positions and the y-axis indicates the pairwise percent identity, ranging from 50 % to 100 %. Gray
arrows denote the orientations and sizes of genes. The color coding within the lane is as follows: dark-blue boxes represent exon regions, light-blue boxes denote
tRNA and rRNA regions, and red boxes highlight non-coding sequence regions
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Fig. A4. Maximum Likelihood (ML) phylogenetic tree of Opuntia based on six markers (ndhJ-trnF, atpE-trnM-CAU, psaJ-rpl33, ndhC-rbcL, psaA-ycf3, atpB-rbcL). The
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bootstraps values are shown at each node. The different color blocks represent the eight subclades within the genus Opuntia.
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Fig. A5. Maximum likelihood (ML) phylogenetic tree (log-likelihood = -95629.624) inferred using the best-fit model GTR+F+R2, based on 72 plastome protein-
coding genes from 72 Cactaceae species and two outgroups. Colored stripes on the right indicate taxonomic groupings: the outgroup and three Cactaceae sub-
families. Within Opuntia, blue and green stripes denote the South American (SA) and North American (NA) clades, respectively. Eight major subclades (A-H) are also
highlighted. A condensed version of the tree with branch lengths is shown in the lower-left inset
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Fig. A6. The heatmap of Relative Synonymous Codon Usage (RSCU) analysis among Opuntia plastid CDS

17



C. Chen et al.

Industrial Crops & Products 234 (2025) 121477

Opuntia arechavaletas Opuntia macbridei Opuntia quitensis Opunia qumio
E ° aca acs aca N aca
Opuntia monacantha Opuntia sulphurea Opunta colubrina Opuntia retrorsa
acas " aeas : acas N N acas h
Opuntia uatomalensis Opuntia caracassana Opuntiajamaicensis Opuntia gaumert
=% - Go3s Ge3s. Ge3s
Opuntia inaperta Opuntiacochenilitora Opuntia auberi Opuntia dejocta
s B oo B o3 o3
Opuntia setispina Opuntia il Opuntia engeimanniivar. cuja Opunta schoeri
o3 oo ooss B s :
Opuntiasp. Opuntia polyacantha Opunta basiars Opuntia microdasys
Gcts oo . oo Gt .
Opuntiaruida Opuntia pilfera Opunta pycrantha Opunta ficus-indica
° ot oo . oo ot .
Opunta pactyrza Opuniiasetispina Opuniia hiorotica Opunta srigi!
- =N . ! oG oo ot
Opunta hisasensis Opuniia aureispina Opuntia macrocentra Opuntis macrorhiza
“ =N N ocs . oo B acis
Opuniia humifusa Opuniiadrummondii Opuniia austrina Opuntia mesasantha

acae

ace

acae

Fig. A7. The Effective Numbers of Codons of CDS among different Opuntia plastid

18



C. Chen et al. Industrial Crops & Products 234 (2025) 121477

Opuntia sp.
122,617 bp

IRL

Opuntia polyacantha
121.985 bp

Opuntia dillenii
122,700 bp

Opuntia rufida
123,145 bp

Opuntia engelmannii var. cuija
123275 bp

ndhB 15123
T3bp \ia bp 2201 bp —
79 bp 1026p 273 bp Sibp  101bp

(o e\ (e e\

Opuntia setispina
123,480 bp

——iH {/

sabp 21p 1746p 63 bp: 39p

Opuntia chisosensis
123,987 bp

Opuntia macrocentra
123,988 bp

ndhB
—_H \mp 2201 np/r N
aabp l6bp 63bp 174 bp ~39bp

Opuntia macracan
124072 bp

IRC

Opuntia macrorhiza
123.881 bp

—iH
S3bp 16 1746 63 by +39bp

/11 bp 495 hp\ 5495 bp 32bp
2 bp bp

Opuntia humifiusa
123,1

194 by \ = dhB roi2
u s ) (o 2201 bp 828 bp
143 S63bp 174y s2bp

Opuntia mesacantha
123,784 bp

Opuntia austrina
123.091 bp

—iH (J
sbp l6bp 173bp 63 bp 52bp

b w

Opuntia drummondii
123611 bp i P =
NI s ) 828 bp

—iH
S3bp 16 ~174bp 63bp.

Opuntia chlorotica
123,748 bp

2t s05tpe so5p e
: it e .

Opuntia strigil
123,994 bp

SSC

L ,
74 w QO bp. A 828 bp
13p >131 by 2086bp  115bp 310bp

Opuntia basilari

- Opuntia microdasys
124337bp

J H—
0bp: 272bp 119bp 9bp 200bp

Fig. A8. Comparative analysis of quadripartite structure in Opuntia plastomes. The different color blocks represent the four key structural components: the Large
Single-Copy (LSC), Inverted Repeat A (IRA), Small Single-Copy (SSC), and Inverted Repeat B (IRB). Arrows indicate the location of genes situated near the boundaries
of these structural regions. The junction sites between each region are denoted as JLB (IRB/LSC), JSB (IRB/SSC), JSA (SSC/IRA), and JLA (IRA/LSC), highlighting the
specific points of transition between the different segments. The three IR types—IR contracted (IRC), IR normal (IRN), and IR expanded (IRE)—were shown on
the left.

19



C. Chen et al. Industrial Crops & Products 234 (2025) 121477

Opuntia dejecta 100,609 bp
1374520 i - — il
[T e s e
960 o oty o

103 by P

Opuntia cochenillifera [Lsc // 101241 bp]
13508 bp

) N
1537 | 1301 bp, S sty N9ty

13996y 149p Obp
1031 2\

Opuniia guatemalensis 1006361
pt : . -
137494 bp - i i
[ i frois st

13998y, L9bpe Sl obpe
103 o

[Lsc /7 100735 tp|

Opuntia jamaicensis
13 L =
—_— N S06bp ) N

157b | 1016y 102w 108y 197510

7,596 bp

(s /7" 100696 b

—i—
15576 13016y,

Opuntia inaperta
137799 bp

13996p,
103 by

[sc 7/ 100711 o]

—t—
1376p 1301 bp

Opuntia gaumeri
137,818 bp

[isc /7" 101028 o]

Opuntia caracassana
138,141 bp m T
——t )

15576 1301k Si0sby 2y

1399

(s /7 101064 o]

Opuntia auberi
158379

I ot
ssitp Loy . ssitp
é e N o P
- Opuntia sulphurea 101,495 by
e ) o V) Nii;
o0m e o2’ S
Opuntia retrorsa 101,684 bp ssc
L6tk
73hp/ \Wﬁbv
S1bpe =11 bp, 103 bp*

Opuntia colubrina
147,853 bp

=
N
RHI e
s

[

Opuntia arechavaletae 101335 bp

149275 bp :
20080

s 1t . 5300
e PR

Opuntia monacantha
192226

Opuntia quimilo
150374 bp

/,,3 . Py oty e

Opuntia macbridei
148,031 bp

Opuntia quitensis
1481145

2ty Loty o [Hr.
(% "3 by y/ 31 by 24 \\

Opuntia pllifera - L
1s1047tp Tatp N 3000p N
thp/ \m\bp 103 bps \;ysbr
1.
1, 10t e 1wtn st
Opuntia scheeri
151,001 bp v
oy g
N e N3
Opuntia ficus-indica
E 2 152,387 by
=i
Opuntia pycnanth
Tsz.sa1b

&

— o S06bp. N
EEAY =101t 108 bp: s

Opuniia pachyrrhiza
152,69

Tibp) N 00t i—1
otpe 102y 103 bp Wi 208

(s 2N G\

Opuntia stenopetala
1527176 o -

NG )

106 1030y Wb 20t

Fig. A8. (continued).

A

20



C. Chen et al.

A IR = 0-1,000 bp

BIR = Ii000-2 500 hj]

C IR = 5,000-17,000 bp

D IR = 20,000-30,000 bp

E IR > 30,000 bi

62 54

Industrial Crops & Products 234 (2025) 121477

(D) Portulaca oleracea
(D) Talinum paniculatum
(C) Pereskia aculeata

45 36 27 18

(A) Carnegiea gigantea
(D) Selenicereus undatus
(A) Parodia magnifica
(D) Parodia scopa
(C) Rhipsalis baccifera
(C) Rhipsalis teres
(A) Coryphantha macromeris
(C) Mammillaria zephyranthoides
(A) Mammillaria albiflora
(A) Mammillaria pectinifera
(C) Mammillaria solisioides
(C) Mammillaria supertexta
(C) Mammillaria crucigera
(C) Mammillaria huitzilopochtli
(A) Quiabentia verticillata
(A) Cylindropuntia bigelovii
(A) Grusonia aggeria
(A) Micropuntia pulchella
(A) Pereskiopsis diguetii
(A) Maihueniopsis atacamensis
(A) Pterocactus gonjianii
(A) Austrocylindropuntia cylindrica
(A) Cumulopuntia sphaerica
(C) Tephrocactus geometricus
(A) Tephrocactus weberi
(A) Consolea rubescens
(A) Brasiliop 7
(A) Tacinga palmadora
(A) Miqueliopuntia miquelii
(A) Airampoa erectoclada
(4) Sal puntia salnti
(D) Opuntia macbridei
(D) Opuntia quitensis
(D) Opuntia quimilo
(D) Opuntia arechavaletae
(D) Opuntia monacantha
o (D) Opuntia sulphurea
(D) Opuntia colubrina
(D) Opuntia retrorsa
(C) Opuntia guatemalensis
(C) Opuntia caracassana
R (C) Opuntia jamaicensis
sy (C) Opuntia gaumeri
-Q (C) Opuntia inaperta
G (C) Opuntia cochenillifera

Q
(C) Opuntia auberi

.z 7o
br

Q

(C) Opuntia dejecta

(B) Opuntia basilaris

(A) Opuntia polyacantha
(A) Opuntia sp.

(B) Opuntia microdasys
(B) Opuntia rufida

(D) Opuntia pilifera

(E) Opuntia pycnantha
(E) Opuntia ficus indica
(E) Opuntia pachyrrhiza
(E) Opuntia stenopetala
(B) Opuntia dillenii

(B) Opuntia engelmannii var. cuija
(D) Opuntia scheeri

(B) Opuntia setispina
(B) Opuntia strigil

(B) Opuntia chlorotica
(B) Opuntia chisosensis
(B) Opuntia aureispina
(B) Opuntia macrocentra
(B) Opuntia macrorhiza
(B) Opuntia humifusa
(B) Opuntia drummondii

Fig. A9. Ancestral IR state reconstruction in Cactaceae using BayesTraits implemented in RASP. Each node circle indicates the most probable ancestral IR state.
Different colors represent varying IR lengths: A) purple for IR 0-1000 bp; B) sky-blue for IR 1000-2500 bp; C) green for IR 25,00-17,000 bp; D) orange for IR
20,000-30,000 bp; E) red for IR more than 30,000 bp. The timeline at the bottom is measured in millions of years ago (Ma)
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