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A B S T R A C T

Members of the genus Opuntia exhibit extensive morphological variation that is seemingly linked to their
propensity for occupying extreme environments all over the world. The plants are very important to the agri-
culture industry as they have many health-promoting nutritional and bioactive compounds. Also, as succu-
lents, they are interesting because they develop peculiar stems � which, however, fulfil the role of leaves �
that enable the storage of copious amounts of water. Yet, little is known about the genomes of Opuntia spe-
cies although having such data can give insight into the genetic diversity that regulates the observed mor-
phological variation as well as the molecular processes responsible for the development of succulent leaves.
The current study aimed to sequence and de novo assemble a partial reference genome of Opuntia that would
be used to find sequence variants for differentiating species and cultivars of this important agricultural crop.
Illumina sequencing was performed on 10 cultivars that represented two species (Opuntia ficus-indica and O.
robusta) within the South African Opuntia germplasm. Sequence assembly of 214 million filtered high-quality
reads generated a 657 Mbp partial pan-genome that represented »30 % of a predicted O. ficus-indica genome.
Functional annotation of the assembled sequences at different bioinformatic databases revealed many genes
relating to diverse developmental pathways as well as water storage. Further, sequence variants including
some 60,000 simple sequence repeats (SSRs) and 118,000 biallelic single nucleotide polymorphisms (SNPs)
were discovered by mapping reads of each cultivar against the assembled partial reference pan-genome of
Opuntia. While the identified number of SNPs is significant it, however, corresponded to moderate and higher
frequency variants only (minor allele frequency [MAF] > 0.2). Also, a random selection of 1,000 SNPs geno-
typed across all specimens were able to differentiate the 10 cultivars and two species studied herein. Overall,
the current study reports the first partial reference pan-genome of Opuntia specimens. The generated data
should serve as a valuable genetic resource for future studies seeking to analyze diversity-related phenom-
ena or elucidate the molecular development and growth of Opuntia specimens.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Opuntia ficus-indica, also known as cactus pear, is a drought toler-
ant plant that occurs mostly in semi-arid and arid environments all
over the world (Russell and Felker, 1987). The plant has many uses in
human and animal lives, and these include being consumed as fruit,
vegetables, or livestock feed. In addition to the agriculture industry,
cactus pear is also a rich source of many additives that are used in the
cosmetic, pharmaceutical and civil construction industries, whereas
others apply the additives to alternative fuels (Martins et al., 2023;
Stintzing and Carle, 2005). In commercial plantations, cactus pear is
commonly propagated asexually via terminal cladodes due to the
ease of growing these organs and the resultant plantlets will tend to
have shorter juvenile phases and higher survival rates (Wessels et al.,
1997). Over time, such plantlets may present uniform phenotypes
and maintain ‘true-to-type’ phenotypic traits (Pe~na-Valdivia et al.,
2008). Such uniformity, however, can make it challenging for novices
to accurately differentiate Opuntia species and cultivars. The need to
accurately differentiate Opuntia taxa draws from their intrinsic per-
formance differences when grown under different climatic condi-
tions (Kumar et al., 2023; Neupane et al., 2021). Hence, other
methods are needed to distinguish members of Opuntia effectively.

Molecular DNA markers have long been established as genomic
identifiers that can distinguish plant cultivars and species accurately.
Markers that have been generally used for this purpose include single
nucleotide polymorphisms (SNPs, Chen et al. 2009; Oliveira et al.
2014), simple sequence repeats or short tandem repeats (SSRs/STRs,
Bandelj et al. 2002; Choudhary et al. 2012), amplified fragment length
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polymorphisms (AFLPs, Aranzana et al. 2003; Parks and Moyer, 2004)
and randomly amplified polymorphic DNA (RAPD, Forapani et al.
2001; Diederichsen and Fu, 2006). An increase in genome sequencing
projects due to the accessibility of next-generation sequencing (NGS)
platforms in recent years has encouraged genome-wide marker iden-
tification and applications, particularly in non-model species. Conse-
quently, genetic diversity estimates are now being performed at the
genome level while also identifying and functionally annotating
genes found in those genomes (Shalev et al., 2022; Wang et al., 2021;
Xu et al., 2017). In all, NGS has not only aided the sequencing and
functional annotation of genes in non-model genomes, but also the
discovery of genetic markers that can be used to evaluate levels of
diversity and differentiation of taxa.

Despite the significant progress made in the genome sequencing
of non-model plant species until now (Marks et al., 2021; Sun et al.,
2022), the sequencing and characterization of cacti has, however,
been very limited. Prior to this, only three studies had previously
reported the (nuclear) genome sequencing of cacti within the Cacta-
ceae (Franco et al., 2022) � the plant family into which the genus
Opuntia is classified (Wallace and Gibson, 2002). Several studies had,
however, sequenced cacti plastomes for assessing phylogenomic and
evolutionary relationships, whereas others sequenced and analyzed
cacti transcriptomes to study the effect of diverse stresses toward
ecological and environmental adaptations (Franco et al., 2022). In
addition, the development and application of genetic markers in cacti
is well established, with most studies, however, using variants in the
internal transcribed spacer (ITS) region and/or SSRs as markers of
choice (Franco et al., 2022; Omar et al., 2021). While these markers
have been effective, there is still a need to grow the collection of
genetic markers that can be used to study other aspects of cacti biol-
ogy. In South Africa, especially, efforts to find and develop more
markers will be significant to the world-renowned collection of culti-
vars known as the South African Opuntia germplasm (Chapman et al.,
2002). The germplasm has been acclimatizing to the local conditions
for more than a century (Potgieter and Mashope, 2009). During this
period, the cultivars were sustained at several sites across the coun-
try and also bred to serve different purposes in the agricultural indus-
try (Mashope et al., 2011). Overall, accessibility of NGS platforms and
the exclusive Opuntia germplasm present an opportunity for South
Africa to disseminate knowledge on the genetics of cacti.

Herein, the aims were to sequence and assemble a partial Opuntia
reference genome that will be used for finding sequence variants that
can differentiate species and cultivars within this taxonomic group.
Notably, the reference genome was projected to be partial due to the
limited sequencing done on each cultivar. Also, the reference genome
will be assembled using DNA sequenced from different cultivars and
species within the genus Opuntia so as to make it representative � a
model that is currently termed a ‘pan-genome’ (Della Coletta et al.,
2021; Li et al., 2022). While partial, the current study pioneered the
sequencing and annotation of an Opuntia genome while discovering
thousands of SNPs and SSRs that may be efficient in distinguishing
cultivars and species of Opuntia. The generated data will surely
expand the pool of genetic markers that can be used to study Opuntia
specimens (Franco et al., 2022). Moreover, the current Opuntia refer-
ence pan-genome will provide a great resource for future studies
seeking to unravel the molecular genetics of development in this key
agricultural succulent plant.

2. Materials and methods

2.1. Plant material and DNA extraction

One-year old cladodes of Opuntia cultivars were harvested from a
local plantation established at the University of the Free State (UFS)
campus in Bloemfontein, Free State Province, Republic of South Africa
(RSA). The cultivars were mainly selected for study due to their
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importance in the commercial cactus pear industry, whereby they
are used for fruit production or as livestock feed (Mashope et al.,
2011), or they displayed potential for being valuable in the industry
(Coetzer et al.; unpublished data). Cladode tissues were cut up (5 £ 5
cm2) to gather material for extracting genomic DNA. All cultivars,
except one, corresponded to the species Opuntia ficus-indica and
these included ‘Algerian’, ‘Berg x Mexican’, ‘Direkteur’, ‘Fusicaulis’,
‘Gymno Carpo’, ‘Meyers’, ‘Morado’, ‘Santa Rosa’ and ‘Sicillian Indian
fig’. The cultivar ‘Robusta’ represented the species O. robusta. Geno-
mic DNA was isolated from each sample through the NucleoSpin�

Plant II Kit (Macherey-Nagel GmbH & Co. KG, D€uren, Germany). How-
ever, the protocol was adjusted due to the mucilage that is abundant
in cladode tissues of cactus pear plants. For this purpose, the incuba-
tion time during cell lysis was changed to 60 min, whereas centrifu-
gation of crude lysates was done for 7 min. Also, the centrifugation
time for binding DNA to columns was set to 5 min and columns were
washed twice. The extracted DNA was measured by spectrophotome-
try (NanoDrop ND-1000, Thermo Fisher Sci., Waltham, MA, USA),
while quality was analysed by gel electrophoresis using 1 % (w/v)
TAE agarose gels that were stained with GelRed nucleic acid dye (Bio-
tium Inc., Fremont, CA, USA). Gels were pictured under UV light using
a G:Box Gel Documentation system (Syngene, Cambridge, UK).
2.2. NGS, adapter removal and quality trimming of raw reads

The extracted Opuntia genomic DNA was subjected to NGS
through a TruSeq Kit (Illumina Inc., San Diego, CA, USA) that gener-
ated 125 bp paired-ends (PE) reads. NGS services were performed at
the Agricultural Research Council Biotechnology Platform (ARC-BP
Pretoria, RSA; https://www.arc.agric.za/pages/btp.aspx) through an
Illumina HiSeq 2500 Sequencing System. The statistics and quality
assessment of raw reads were analysed with the software FastQC
(v.0.12.1; https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Read trimming and the removal of adapter sequences as
well as low-quality reads was performed with the software BBDuk,
which forms part of the BBTools package (https://sourceforge.net/
projects/bbmap/). Reads were length trimmed on either or both
ends, whereas quality trimming was performed along read lengths
with average base quality set to 15 (trimq = 15). The kmer size was
set to 23 (k = 23) and permitted one mismatch (hdist = 1) between
matched reads. All these procedures were applied equally on PE
reads. Where reads were filtered, but their matching mates passed
the filtering criteria; the latter were saved for subsequent analysis
procedures.
2.3. De novo sequence assembly and sequence annotation

Before assembling the Opuntia pan-genome, all trimmed high-
quality reads were mapped against the chloroplast and mitochondrial
genomes of Opuntia quimilo (MN114084.1; https://www.ncbi.nlm.
nih.gov/) and cultivated beet (Beta vulgaris subsp. vulgaris;
NC_002511.2), respectively. Read mapping was performed via the
CLC Genomics Workbench platform (v21.0.5; https://digitalinsights.
qiagen.com/) using default settings while saving all unaligned (both
the PE and unpaired) reads. The unaligned PE reads were assembled
de novo using the multi-kmer software SPAdes (v3.15.5; Bankevich et
al. 2012) and IDBA-UD (v1.1.3; Peng et al. 2012). Also, another assem-
bly was made using the built-in de novo assembler of the CLC Geno-
mics Workbench. The assembler was set to automatically choose a
suitable kmer based on input data and subsequently mapped the
input PE reads against the assembly for error correction. The three
assemblies were individually extended by mapping the unpaired
high-quality reads that were kept earlier and this was done with the
tool Tadpole (v38.90; BBTools suite). An assembly with the best
parameters was verified using a web application of QUAST (http://
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cab.cc.spbu.ru/quast/; Gurevich et al. 2013) and, henceforth, consid-
ered to be an Opuntia pan-genome.

Putative protein-coding genes in the Opuntia pan-genome were
predicted using the software package AUGUSTUS (v3.5.0; Stanke et
al. 2004). Given that genome annotation is still lacking in most plants,
the putative Opuntia genes were predicted based on gene models in
the Arabidopsis thaliana genome as applied in the AUGUSTUS work-
flow. The predicted Opuntia proteins were annotated by searching
them against proteins at the NCBI non-redundant (NR release 255,
https://ftp.ncbi.nlm.nih.gov/blast/db/) and UniProtKB/SwissProt
(release 2023_03; UniProt, 2023) databases using BLASTp algorithms
(Altschul et al., 1990). The searches were performed through the
high-throughput alignment platform DIAMOND (v2.1.6.160; Buch-
fink et al. 2015), with significant alignments set to exhibit E-values �
1e-5 and percentage identity � 50 %. Following that, accession num-
bers of protein subjects were used to describe the functions of pre-
dicted genes based on the gene ontology (GO; Ashburner et al. 2000),
plant ontology (PO; Avraham et al. 2008) and plant reactome (PR;
Naithani et al. 2017) vocabularies. Enzyme-coding genes were char-
acterized by mapping the sequences against the Kyoto Encyclopedia
of Genes and Genomes (KEGG; Kanehisa and Goto 2000; Kanehisa et
al. 2015) pathways as applied at the Plant Gene Set Annotation Data-
base (PlantGSAD; Ma et al. 2022). Throughout these analyses,
enriched annotation pathways were verified by hypergeometric dis-
tribution analysis along with false discovery rate (FDR) correction
(p � 0.05). All the gene annotation analyses were performed with the
graphical web application ShinyGO (v0.77; Ge et al. 2020).
Table 1
Statistics of the raw paired-end (PE) reads sequenced from the
10 Opuntia cultivars.

Cultivar Raw PE reads %GC Length (bp)

Algerian 5,440,685 37 70 � 125
Berg x Mexican 15,768,448 38 125
Direkteur 48,906,938 39 125
Fucicaulis 7,167,350 38 70 � 125
Gymno Carpo 7,566,508 39 70 � 125
Meyers 7,918,839 38 70 � 125
Morado 6,336,871 38 70 � 125
2.4. Discovery and characterization of sequence variants

The identification of sequence variants in the 10 Opuntia cultivars
was preceded by indexing the de novo-assembled pan-genome using
the software Burrows-Wheeler Alignment (BWA v0.7.17-r1188; Li
and Durbin, 2009). Subsequently, the high-quality PE reads of each
sample were separately mapped against the indexed genome, with
quality threshold of trimming reads prior to alignments set to 10
(q = 10). The ensuing mapping files were pooled, used to call
sequence variants and filtered through the packages SAMtools (Li et
al., 2009), BCFtools (Li, 2011) and VCFtools (Danecek et al., 2011). The
filtering criteria included retaining biallelic SNP sites only, in addition
to deleting base positions with low call quality (QUAL � 20),
sequence depth (DP < 10) and minor allele frequency (MAF < 0.2).
The data was further filtered to only include sites that were geno-
typed across all 10 Opuntia samples. A subset of the genotyped posi-
tions were used to perform multidimensional scaling (MDS) analysis
through the software PLINK (v1.90; Purcell et al. 2007) and the
results where plotted via the R-based ggplot2 package (Wickham,
2016).
Robusta 6,612,292 38 70 � 125
Santa Rosa 6,065,206 38 70 � 125
Sicillian Indian fig 6,762,034 38 70 � 125
Total 118,545,171 39 70 � 125

Table 2
Statistics on the quality filtering and mapping of reads against the plant organellar
genomes (i.e., chloroplast and mitochondria). Mapped reads included both trimmed
paired-end (PE) and unpaired reads.

NGS read data Number of reads Total bases (bp)

Total raw PE reads 237,090,342 28,177,618,483
Filtered PE reads 223,533,516 21,672,283,943
Filtered unpaired reads 6,001,712 594,447,203
cpDNA-mapped PE and unpaired reads 7,329,909 692,076,208
mtDNA-mapped PE and unpaired reads 949,338 83,602,795
De novo-assembled PE reads 214,746,510 20,852,660,752
2.5. Identification of SSRs in the Opuntia pan-genome

The Opuntia pan-genome was searched to find and characterize
SSRs using the software programme MISA (Thiel et al., 2003). The
searches were based on loci containing a tandem array of no less
than eight repeats for 2-mers, seven repeats for 3-mers, six repeats
for 4-mers, five repeats for 5-mers and four repeats for each of the 6-
and 7-mers. The 8- to 10-mers, on the contrary, were each set to con-
sist of at least three repeats. When encountered, composite SSRs �
e.g., (CT)n(GA)n, whereby n indicates the number of repeats per motif
� were also recorded if they occurred at distances of 6 � 100 bp
apart. Imperfect SSRs � e.g., (CT)nNNNNN(GA)n, whereby N = A, T, G
or C �were also documented, so long as adjacent loci were separated
by no more than 5 bp of non-motif nucleotides.
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2.6. Primer design and polymerase chain reaction (PCR) amplification of
selected SSR loci

Oligonucleotide primers were designed with the software pack-
age Geneious Prime (Biomatters Ltd., Auckland, New Zealand) to
have the following features: sequence length of 18 � 27 bp, a GC con-
tent of 40 � 70 % and a melting temperature (Tm) of about 60 °C.
Moreover, each primer pair was designed to have a maximum Tm dif-
ference of 5 °C and yield amplification products of 100 � 400 bp in
length. PCR amplification of SSR loci was performed using the
EmeraldAmp� GT PCR Master Mix (Takara Bio. Inc., Shiga, Japan).
Each reaction comprised 40 � 50 ng of template DNA, 0.2 mM of each
primer, 1 £ EmeraldAmp� GT PCR Master Mix and filled to 10 uL
with nuclease-free water. Thereafter, the following PCR conditions
were completed on an Applied Biosystems 2720 Thermal Cycler
(Applied Biosystems, Foster City, CA, USA): initial denaturation at
98 °C for 3 min, followed by 30 cycles of denaturation at 98 °C for
10 s, primer annealing at locus-specific temperatures for 20 s and
primer extension at 72 °C for 20 s. Final extension was done at 72 °C
for 1 min. Following PCR, amplicons were stained with GelRed (Bio-
tium Inc.) and electrophoresed on 3 % (w/v) TAE agarose gels loaded
with a PCR DNA ladder (Ampliqon A/S, Odense M, Denmark) for
determining amplicon sizes. Gels were visualized under UV light
(Syngene G:Box).
3. Results

3.1. NGS, adapter removal and quality trimming of raw reads

Illumina sequencing of the 10 Opuntia cultivars generated
>118.5 million raw PE reads that totalled 28.1 Gbp (Table 1). The
reads ranged in length from 70 � 125 bp and showed an overall GC
content of 39 %. After read trimming, just over 94 % of the PE reads
remained along with six million unpaired high-quality reads that
were stored (Table 2). Aligning PE reads against the chloroplast and
mitochondrial genomes from related taxa returned over 214 million
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Table 3
Statistics for the de novo assembly and extension of the filtered high-quality reads using three different sequence assemblers.

Assembly parameter SPAdes IDBA-UD CLC

Number of sequences Total length (bp) Number of sequences Total length (bp) Number of sequences Total length (bp)

Scaffolds 235,184 523,444,959 335,539 657,330,882 320,774 408,424,949
Scaffolds � 50 Kbp 18 1,005,714 21 1,198,338 0 N/A
Scaffolds � 25 Kbp 941 29,345,610 874 27,487,674 15 459,690
Scaffolds � 10 Kbp 11,628 183,935,985 11,498 180,927,769 1,881 24,224,500
Scaffolds � 5 Kbp 30,333 315,110,338 138,506 327,113,118 13,104 99,364,827
Scaffolds � 1 Kbp 97,905 474,301,111 138,506 559,794,161 110,585 306,108,691
Scaffold N50 6,942 5,028 2,382
Scaffold L50 20,377 32,221 44,112
Longest scaffold 67,530 79,713 47,115
Mean scaffold length 2,225 1,959 1,273
N’s per 100 kbp 24.62 2.22 909.52
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unaligned sequences that should correspond to the Opuntia nuclear
genomic DNA. De novo read assembly followed by extension with
unpaired reads that were saved earlier yielded assemblies of 408
Mbp (CLC), 523 Mbp (SPAdes) and 657 Mbp (IDBA) (Table 3). The lat-
ter presented the best parameters among the three assemblies and,
as such, was used in subsequent analyses as a partial Opuntia pan-
genome.

3.2. Annotation of the partial Opuntia pan-genome

The prediction of protein-coding genes based on gene models
from the Arabidopsis thaliana genome yielded 135,243 protein
sequences that ranged from 30 to 4,736 (with an average of 245)
amino acids in length (data not shown). Searching the protein
sequences against proteins at the NR and SwissProt databases
revealed that around 58 % (78,318) of the queries had matches at the
NR database, but only 17 % (22,977) matched subjects at the Swis-
sProt database (data not shown). Most subjects at the NR database
originated from Carnegiea gigantea (32,494; 41.49 %), Beta vulgaris
subsp. vulgaris (4,992; 6.37 %), Chenopodium quinoa (2,987; 3.81 %)
and Spinacia oleracea (2,612; 3.34 %). On the contrary, most subjects
at the SwissProt database came from Arabidopsis thaliana (15,569;
67.76 %), followed by Oryza sativa Japonica Group (1,082; 4.71 %),
Oenothera berteroana (1,019; 4.43 %) and Nicotiana tabacum (590;
2.57 %). Notably, some subjects at the SwissProt database were
recorded as transposon sequences from the common fruit fly (Dro-
sophila melanogaster; 157 sequences, 0.68 %) and budding yeast (Sac-
charomyces cerevisiae S288C; 83 sequences, 0.36 %). Nonetheless,
given that most hits at the NR database featured vague identifiers
including ‘uncharacterised’, ‘hypothetical’, ‘putative’, or ‘unnamed’,
protein and enzyme functions encoded by the Opuntia pan-genome
were classified using the SwissProt subjects only.

Sequence analysis based on GO term assignments revealed that
the most gene-enriched pathway in the subgroup Biological Process
(BP) was ‘shoot system development’, with 492 of the 964 pathway
genes (FDR< 6.1£ 10�21) having been detected (Fig. 1A). Other path-
ways with many identified genes included ‘developmental process’
(1,597 genes; FDR< 3.3 £ 10�53), ‘anatomical structure development’
(1,553 genes; FDR < 3.8 £ 10�55), ‘cellular component organization
or biogenesis’ (1,525 genes; FDR < 4.4 £ 10�32) and ‘multicellular
organismal process’ (1,510 genes; FDR < 2.4 £ 10�46). In the sub-
group Cellular Component (CC), pathways with many identified
genes included ‘plasma membrane’ (1,443 genes; FDR < 1.4 £ 10�08),
‘organelle membrane’ (1,352 genes; FDR < 1.4 £ 10�30) and ‘plastid’
(1,282 genes; FDR < 4.8 £ 10�12). The pathways ‘late endosome’ and
‘endosome membrane’ were, however, the most gene-enriched with
70 of 109 genes (FDR < 3.2 £ 10�07) and 118 of 190 genes (FDR <

1.1£ 10�10) identified, respectively (Fig. 1B). The subgroup Molecular
Function (MF) presented several pathways of which many genes have
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been found and these included ‘small molecule binding’ (1,476 genes;
FDR < 7.1 £ 10�23), ‘anion binding’ (1,421 genes; FDR < 1.4 £ 10�21)
along with ‘nucleotide binding’ and ‘nucleotide phosphate binding’
(1,390 genes; FDR < 4.9 £ 10�22) (Fig. 1C). Regarding gene-enrich-
ment, three pathways stood out as highly enriched and these
included ‘protein serine kinase activity’ (358 of 673 pathway genes;
FDR < 1.1 £ 10�20), ‘ATP hydrolysis activity’ (278 of 513 pathway
genes; FDR < 1.6 £ 10�17) and ‘ATP-dependent activity’ (438 of 828
pathway genes; FDR < 4.2 £ 10�24).

Regarding pathway mapping at the KEGG database, many sequen-
ces were mapped under ‘metabolic pathways’ (530 genes; FDR <

2.8 £ 10�71), while the pathway ‘aminoacyl-tRNA biosynthesis’ was
the most gene-enriched with 39 of the 48 pathway genes having
been found (FDR < 1.2 £ 10�15) (Fig. 2A). Other notable pathways
included the ‘biosynthesis of plant hormones’ (114 genes; FDR <

9.0 £ 10�08), ‘oxidative phosphorylation’ (62 genes; FDR <

6.1 £ 10�07), ‘spliceosome’ (57 genes; FDR < 2.9 £ 10�10) and ‘ubiq-
uitin mediated proteolysis’ (52 genes; FDR < 2.8 £ 10�09). Last, the
pathways ‘glycerolipid metabolism’ (20 of 30 pathway genes; FDR <

2.9 £ 10�06) and ‘glycerophospholipid metabolism’ (32 of 49 path-
way genes; FDR < 5.1 £ 10�09) were, interestingly, among the most
gene-enriched.

Annotation of the predicted Opuntia proteins at plant-specific
databases yielded many gene-enriched pathways of interest. At the
PO database, such pathways included ‘radicle’ (14 of 22 pathway
genes; FDR < 2.0 £ 10�03), ‘adult vascular leaf’ (22 of 40 pathway
genes; FDR < 7.6 £ 10�04), ‘style’ (19 of 35 pathway genes; FDR <

2.5 £ 10�03), ‘apical meristem’ (20 of 37 pathway genes; FDR <

2.0 £ 10�03) and ‘leaf trichome’ (40 of 76 pathway genes; FDR <

7.4 £ 10�06) (Fig. 2B). However, the majority of genes were associ-
ated with the pathway ‘pollen tube cell’ (1,787 genes; FDR <

9.7 £ 10�85), with ‘fruit’ (339 genes; FDR < 1.2 £ 10�13), ‘rosette leaf’
(199 genes; FDR < 2.5 £ 10�21) and ‘inflorescence’ (112 genes; FDR <

2.3 £ 10�08) also being notable. The PR database revealed the path-
way ‘biotin biosynthesis II’ as the most gene-enriched, with eight of
the 12 pathway genes having been detected (FDR < 5.8 £ 10�06)
(Fig. 2C). Other gene-enriched pathways of significance included ‘cel-
lulose biosynthesis’ (six of nine pathway genes; FDR < 6.4 £ 10�05)
and ‘sphingolipid metabolism’ (10 of 17 pathway genes; FDR <

1.1 £ 10�06), whereas ‘brassinosteroid signalling’ (22 genes; FDR <

7.3 £ 10�14) and ‘auxin signalling’ (19 genes; FDR < 3.7 £ 10�10)
stood out as containing the most identified genes.

3.3. Discovery and characterization of sequence variants

Initially, analysis of sequence data from the 10 Opuntia cultivars
revealed over 15.3 million variants in the form of single nucleotide
substitutions (i.e., SNPs), insertions and/or deletions (i.e., indels) as
well as SSRs (data not shown). Data filtering based on the criteria



Fig. 1. Annotation of the partial Opuntia pan-genome based on gene ontology (GO; Ashburner et al. 2000) terms. The three GO subcategories are presented as follows: A) biological
process (BP), B) cellular component (CC) and C) molecular function (MF). The graphics show the top 20 annotations only, and the numbers of annotated genes (N. of Genes) are plot-
ted to scale as illustrated by different sizes of dotplots. ‘Fold Enrichment’ refers to the number of genes identified per annotation pathway, whereas FDR = false discovery rate
(p � 0.05).
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defined earlier (Section 2.4) reduced the number of variants to
2,598,481 biallelic SNPs. Further filtering involving the removal of
variants with partial genotypes returned 118,010 high-quality bial-
lelic SNPs, of which 1,000 were selected at random and used to create
a MDS plot. The MDS plot revealed complete differentiation of the
cultivars, with the cultivars forming three distinct clusters (Fig. 3). In
addition, the cultivar ‘Robusta’ (Opuntia robusta) appeared to be fairly
separated from the other nine cultivars of the species O. ficus-indica.

3.4. Identification of SSR loci in the Opuntia pan-genome

Screening the 335,539 sequences constituting the partial Opuntia
pan-genome produced 59,963 SSR loci distributed on 38,807 sequen-
ces (11.57 %) (Table 4). One-third (34.31 %) of these sequences had
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more than one SSR locus each, whereas 8,502 sequences (21.91 %)
contained 11,131 composite SSR loci. Imperfect SSR loci appeared on
368 of the 8,502 sequences (4.33 %). The majority of SSR loci involved
2-mers (38,840; 64.77 %), followed by 3-mers (12,176; 30.31 %), 4-
mers (3,782; 6.31 %) and 6-mers (2,535; 4.23 %) (Table 4). Interest-
ingly, 8-mers (775; 1.30 %) were equivalent to 5-mers (887; 1.48 %).
Also, most loci had motifs that were repeated eight- (10,171;
16.96 %), nine- (7,238; 12.07 %) or ten-fold (5,384; 8.98 %). Motifs
repeated five-fold were, on the contrary, underrepresented (1,113;
1.86 %) in the current data (Table 4).

The most frequent motif sequence in the current study was the
dinucleotide AT (Table 5). It occurred a total of 7,434 instances that
corresponded to an overall rate of 19.14 % among 2-mers. Other pop-
ular motifs included the 4-mer TATG and 10-mer AGATGTAAGA that



Fig. 2. Annotation of the partial Opuntia pan-genome using the plant-specific A) PlantGSAD (Ma et al., 2022), B) Plant Ontology (PO, Avraham et al. 2008), and C) Plant Reactome (PR,
Naithani et al. 2017) databases. Each graphic displays the top 20 annotations only, and the numbers of annotated genes (N. of Genes) are plotted to scale as indicated by different
sizes of dotplots. ‘Fold Enrichment’ refers to the number of genes identified per annotation pathway, whereas FDR = false discovery rate (p � 0.05).
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each occurred at frequencies greater than 17 % within their motif cat-
egories. Considering paired sequence motifs, the AT/TA dinucleotides
were also the most popular with 13,495 occurrences that represented
a 34.75 % rate within the 2-mers. Other frequent motif pairs included
the 4-mer ACAT/ATGT (67.85 %), the 3-mer AAT/ATT (56.03 %) and
the 10-mer AAGAAGATGT/ACATCTTCTT, which occurred at a remark-
ably high rate of 35.04 % (Table 5).

3.5. Primer design and PCR amplification of selected SSR loci

Oligonucleotide primers were designed to PCR amplify a random
set of 10 SSR loci identified in the Opuntia pan-genome (Table 6).
Chosen loci included two 2-mer motifs as well as four each of the 3-
and 4-mer motifs. After PCR, optimal annealing temperatures for the
loci ranged from 50.0 � 65.7 °C. PCR validation of the primers in
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selected Opuntia cultivars revealed that all but two loci appeared to
be polymorphic (Fig. 4). Therefore, the polymorphic loci can be effec-
tive towards distinguishing and assessing the levels of genetic diver-
sity in Opuntia samples.

4. Discussion

The plant family Cactaceae (order Caryophyllales) contains
numerous agricultural crops that are good sources of nutritional and
bioactive compounds (de Ara�ujo et al., 2021). Some members in the
family are commercially exploited all over the world (e.g., Opuntia
ficus-indica and several Hylocereus sp.), yet others have been largely
underutilised (de Ara�ujo et al., 2021). Until now, the genomic land-
scapes of seven species in the Cactaceae have been sequenced and
characterized to some degree (Amaral et al., 2021; Copetti et al.,



Fig. 3. A multidimensional (MDS) plot indicating the differentiation of the 10 Opuntia cultivars based on 1,000 random, biallelic SNPs. Cultivar names are abbreviated as follows:
ALG (Algerian), BXM (Berg x Mexican), DIR (Direkteur), FUCI (Fusicaulis), GYM (Gymno Carpo), MEY (Meyers), MOR (Morado), ROB (Robusta), SANTA (Santa Rosa) and SIC (Sicillian
Indian fig). All cultivars, except for ROB (Opuntia robusta), belong to the species Opuntia ficus-indica. The cultivars clustered in line with the three clades generated previously based
on SSR data (Modise et al., 2024).

Table 4
The characterization of SSR loci identified in the partial Opuntia pan-genome.

Motifs Number of sequences within repeat category Total %Total

3 4 5 6 7 8 9 10 �11
2-mer 8,210 5,891 4,304 20,435 38,840 64.77
3-mer 2,333 1,388 906 791 6,758 12,176 20.31
4-mer 1,172 692 510 401 264 743 3,782 6.31
5-mer 635 170 43 16 8 4 11 887 1.48
6-mer 1,752 426 127 53 47 31 20 79 2,535 4.23
7-mer 301 43 11 1 0 1 1 45 403 0.67
8-mer 718 44 8 4 1 0 0 0 0 775 1.29
9-mer 200 12 1 1 0 0 0 0 0 214 0.36
10-mer 346 5 0 0 0 0 0 0 0 351 0.59
Total 1,264 2,114 1,113 1,485 3,123 10,171 7,238 5,384 28,071 59,963
%Total 2.11 3.53 1.86 2.48 5.21 16.96 12.07 8.98 46.81

Table 5
The abundance of frequent motifs per motif category in the partial Opuntia pan-genome.

Motif Sequence Occurrences % per class Sequence Occurrences % per class

2-mer AT 7,434 19.14 AT/AT 13,495 34.75
3-mer AAT 1,595 13.10 AAT/ATT 6,820 56.03
4-mer TATG 645 17.05 ACAT/ATGT 2,566 67.85
5-mer AAAAG 91 10.26 AAAAG/CTTTT 239 26.94
6-mer TATATG 79 3.12 ACATAT/ATATGT 529 20.87
7-mer AACAGCT 38 9.43 AAACCCT/AGGGTTT 112 27.79
8-mer AAAAATTT 43 5.55 AAAAAAAT/ATTTTTTT 137 17.68
9-mer TTTTTAAAT 8 3.74 AAAAAATTT/AAATTTTTT 32 14.95
10-mer AGATGTAAGA 61 17.38 AAGAAGATGT/ACATCTTCTT 123 35.04
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Table 6
Information on primers designed to amplify 10 random SSR loci in the Opuntia cultivars.

Sequence ID Reference for primers SSR motif sequence
and repeats

Primer sequences (50 ! 30) Primer length %GC Ta

Scaffold_4377 Locus L5354
(Modise et al., 2024)

(TTTC)10 For: TTAGGACTCGCCAATCTTCTGG 22 50.0 62.5
Rev: TTCCATTAGCCTCCTCCATCAA 22 45.5

Scaffold_40838 Locus L10464
(Modise et al., 2024)

(ACAT)7 For: GGTGGCTCAAGGAAGTGTATGG 22 54.5 62.5
Rev: TGCATGTTTGGCAGCTCAGTAT 22 45.5

Scaffold_571 This study (TC)10 For: GCCATCGGAAGTGCTCTCA 19 57.9 55.7
Rev: TGCAGCCCAACCCAAACATA 20 50.0

Scaffold_25280 Locus L23031
(Modise et al., 2024)

(GAG)12 For: GAGTGATGAATGTTGGTGGTGCT 23 47.8 62.5
Rev: ACCATCTCCTCCTTCTGGTTGAC 23 52.2

Scaffold_31908 Locus L28477
(Modise et al., 2024)

(ATT)11 For: TGCGAGGTAGACGTGTTGGA 20 55.0 62.5
Rev: TGCTCTCGACTCTCCCCACT 20 60.0

Scaffold_15531 Locus L37320
(Modise et al., 2024)

(AAAG)8 For: CAGCCAACGACCCAACATCTAT 22 50.0 62.5
Rev: CAATGTCCTCCCTTCCACTGTC 22 54.5

Scaffold_30887 Locus L38909
(Modise et al., 2024)

(TTCT)5 For: AGGTCCGTCATAGTCCCTCC 20 60.0 55.7
Rev: TCATCGGTTGAGAATGGGCT 20 50.0

Scaffold_64939 Locus L86067
(Mokoboki et al., 2009)

(ATT)13 For: CCACATCACCATGCAAACCATT 22 45.5 62.5
Rev: TGTTGTTGCGCCTGCTCTATG 21 52.4

Scaffold_1150 This study (TA)14 For: TGCTGATTATCCACTGAGCGT 21 47.6 50.0
Rev: CAGATGGTTGCCTCACTCAA 20 50.0

Scaffold_127085 Locus L161092
(Modise et al., 2024)

(TGT)10 For: TGCAAGGGTAAGACTGCCTAC 21 52.4 55.7
Rev: AAAGCCGACTCAAGCACGA 19 52.6
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2017; Zheng et al., 2021). Yet, the species O. ficus-indica has been
afforded little attention, though it is one of the key species in the fam-
ily. Importantly, genome sequences offer an opportunity to gain
insight into the biology and evolution of taxa (Henry, 2022; Marks et
al., 2021). For instance, comparative genomics in Cactaceae revealed
extensive hemiplasy that is said to produce phenotypic trait parallel-
isms that are extensive among cacti (Copetti et al., 2017). Further,
Zheng et al. (2021) described the chromosomal co-localization of Car-
yophyllales-restricted betacyanin genes in dragon fruit, whereas
Amaral et al. (2021) identified signals for the positive selection of
metabolic genes that influence drought stress and nutrient absorp-
tion in the cactus Cereus fernambucensis Lem. (Cereeae) from South
America. On the contrary, this study aimed to sequence and assemble
a partial reference Opuntia pan-genome for the purpose of identifying
sequence variants (in the form of SNPs and SSRs) that can be used to
distinguish and assess genetic diversity in different cultivars of
Fig. 4. Agarose gel electrophoresis of the 10 SSR loci amplified from selected Opuntia cult
fold_4377, B) Scaffold_40838, C) Scaffold_25280, D) Scaffold_31908, E) Scaffold_15531, F
fold_127085. Cultivar names were abbreviated as follows: Alg = ‘Algerian’, AmeG = ‘Americ
Fus = ‘Fusicaulis’, Gym = ‘Gymno Carpo’, Mey = ‘Meyers’, San = ‘Santa Rosa’ and SIF = ‘Sicillian
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Opuntia. In the end, our sequencing efforts were expectedly quite
inadequate to assemble a complete reference genome, yet the assem-
bled partial pan-genome revealed thousands of high-quality
sequence variants and should serve as a valuable resource to aid
molecular studies in Opuntia species.

The lack of a complete nuclear genome from Opuntia species, thus
far, is most likely because of their very large sizes. Nuclear DNA con-
tent in O. ficus-indica was determined through flow-cytometry to be
2C = 4.90 pg, and, thus, 1C = 2.45 pg (Segura et al., 2007). Considering
this amount, the genome size of O. ficus-indica can, therefore, be esti-
mated via the equation: genome size (bp) = (0.978 £ 109) x DNA con-
tent (pg) (Dolezel et al., 2003), to be »2.4 Gbp. This size is noticeably
larger than genomes of all Cactaceae species sequenced to date
(»0.98 � 1.68 Gbp; Copetti et al. 2017; Amaral et al. 2021; Zheng et
al. 2021). That the current study assembled data totalling only 657
Mbp means roughly 30 % of the predicted O. ficus-indica genome was
ivars. The loci occur on Opuntia genomic sequences with the following tags: A) Scaf-
) Scaffold_64939, G) Scaffold_ 571, H) Scaffold_30887, I) Scaffold_1150 and J) Scaf-
an Giant’, Arb = ‘Arbiter’, BxM = ‘Berg x Mexican’, Blue = ‘Blue Motto’, Dir = ‘Direkteur’,
Indian fig’. Lane M contains the PCR DNA ladder.
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sequenced and much more is still missing. Indeed, it was anticipated
that the generated sequence data would not be enough to assemble
an entire pan-genome. Accordingly, additional efforts involving both
short- and long-read sequencing (Henry, 2022; Li and Harkess, 2018)
are required to sequence an entire Opuntia reference genome and
improve the current pan-genome.

To our knowledge, the current study is the first to sequence and
assemble nuclear genomic sequences of Opuntia species. Lately, there
have been a few NGS studies in Opuntia, however, and they included
reports on chloroplast genomes of different species (Chen et al.,
2022; K€ohler et al., 2020; Majure et al., 2023), the analysis of micro-
RNA expression during fruit development in O. robusta (Guerrero-
Garibay et al., 2023) as well as the analyses of differential gene
expression in fruit and cladode tissues of three Opuntia species (Vala-
dez-Moctezuma et al., 2023). The present study, in contrast, gener-
ated much more data even if it was still inadequate to assemble a
complete Opuntia pan-genome. Precisely, the 28.1 Gbp of data repre-
sents sequence coverage of around 12-fold based on the estimated
genome size of O. ficus-indica being »2.4 Gbp. For the de novo assem-
bly of genomes, however, it is advised that sequence coverage should
be above 50-fold because high-coverage would help resolve the
highly repetitive genomic regions that are generally difficult to
sequence and order (Li et al., 2017; Miller et al., 2010). Further, that
the de novo assembler IDBA-UD yielded a better assembly was not
surprising because it seems to be good at assembling genome
sequences having large regions with heterozygous positions (Lischer
and Shimizu, 2017), as in the current data. Thus, although it is still
short, the current data is the largest produced so far for Opuntia spe-
cies, and the assembled partial pan-genome is likely the most optimal
that can be created using the available sequence data.

Despite the relatively small amount of genome sequence assem-
bled herein, a large portion of the data could not be annotated at the
NCBI NR or UniProtKB/SwissProt protein databases. Having said that,
the annotated Opuntia sequences generally matched protein sequen-
ces from other plant species, with subjects at the NR database mainly
representing taxa from different members of Caryophyllales � the
same taxonomic order to which Opuntia belongs (Simpson, 2010).
Nonetheless, Valadez-Moctezuma et al. (2023) likewise achieved a
low annotation rate (23 %) for the 16,068 Opuntia transcripts queried
at the SwissProt database. In this study, the low annotation rate can
be reasoned by three causes. First, the Opuntia protein-coding gene
regions were predicted based only on gene models from Arabidopsis
thaliana, as this is the best characterized plant genome. However, the
enormous genomes of Opuntia taxa imply that there is potential for
novel Caryophyllales- or Opuntia-specific genes occurring in the
genome, which would not be identified using this tactic. Also, ab ini-
tio gene prediction based on large draft genomes can be quite an
error-prone process (Scalzitti et al., 2020). As such, the protein-cod-
ing genes predicted in the partial Opuntia pan-genome must be vali-
dated in future, after additional efforts of genome sequencing.
Nonetheless, the current data should still provide a good preliminary
resource for gene-based studies in Opuntia.

Second, the unannotated sequences may correspond to non-cod-
ing genic regions including promoters and introns. In addition, some
sequences may represent intergenic regions, and these can be hun-
dreds of kilobases long in certain plant genomes (Gottlieb et al.,
2013). The non-coding genic and intergenic sequences do not occur
in protein databases, and so, cannot be annotated via the current
plan. Notably, genome collinearity has been used as a key concept
toward the annotation of intergenic sequences in different grass
genomes (Gottlieb et al., 2013). Accordingly, further characterization
of the currently sequenced Cactaceae genomes could help annotate
non-coding sequences in the partial Opuntia pan-genome.

Third, the unannotated sequences may correspond to sequence
misassemblies that are inherent to de novo assembly methods (Sohn
and Nam, 2018). Correcting such misassemblies may involve the use
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of new software tools and suitable reference genomes (Chawla et al.,
2016; Zhu et al., 2015) � a plan that is currently not viable for the
Opuntia pan-genome because available putative reference genomes
are not only smaller and but also annotated partially. Another issue is
that the larger Opuntia genomes may comprise lineage-specific
sequences that will be challenging to assemble and annotate accu-
rately especially as read coverage in this study was limited. Perhaps
the method of reference-guided de novo assembly, which involves
using genomes from species that are closely related to the study
organism, may offer a better result for correcting sequence misas-
semblies (Lischer and Shimizu, 2017). Overall, the current partial
Opuntia pan-genome requires improvement via additional sequenc-
ing and analysis with appropriate tools that can resolve assembly
challenges including misassemblies.

Annotation of sequences in the partial Opuntia pan-genome
showed that they were enriched for genes involved in the formation
of new shoots and developmental structures including vegetative
and flower tissues. Such functions are expected in actively growing
plant tissues (Gaillochet and Lohmann, 2015; Srivastava, 2002) and
these results correlate with the sequenced Opuntia specimens origi-
nating from young, actively growing tissues. Other genes were asso-
ciated with the ‘protein serine kinase activity’, which effects cellular
functions including hormone-mediated signalling and cell-cycle con-
trol during plant development (Laurie and Halford, 2001; Srivastava,
2002). Indeed, genes in the brassinosteroid and auxin signalling path-
ways � whose end-products are key hormones that enable plant
growth and development (Gaillochet and Lohmann, 2015; Srivastava,
2002; Tian et al., 2017) �were similarly enriched in the partial Opun-
tia pan-genomic sequences. Moreover, that the glycerophospholipid
and glycerolipid pathway genes were also enriched in the current
data is reasonable since their metabolic products aid survival in
water-stressed environments (Xu et al., 2020). The genus Opuntia
comprises succulent plants that can endure harsh temperatures and
water-stressed conditions (Granados-Aguilar et al., 2022; Snyman et
al., 2007). Valadez-Moctezuma et al. (2023), however, found that the
Opuntia tissues were enriched with transcripts corresponding to
peculiar GO functions, and these were linked to varying climatic con-
ditions endured by the plants around the time they were harvested.
In any case, our results correlate with the fact that the sequenced
samples originated from actively growing tissues. Genes identified
herein should benefit future efforts aiming to study the molecular
genetics of growth and development in Opuntia specimens. Such
information can help understand the genetic control of leaf develop-
ment in other succulent plants (Heyduk, 2021).

An underlying aim of this study was to identify SNP and SSR loci
that can be used to distinguish and assess the levels of genetic diver-
sity in Opuntia samples. The discovery of such variants in non-model
plant genomes is now common due to the increased accessibility of
NGS platforms. Recent examples on the genome-wide discovery of
SNPs from NGS data include studies in avocado (Persea americana
Mill.; Talavera et al. 2019), African oil palm (Elaeis guineensis L.; Xia et
al. 2019), selected pumpkin species (Cucurbita spp.; Nguyen et al.
2020), Oriental melon (Cucumis melo L. var. makuwa; Kishor et al.
2021) and lettuce (Lactuca sativa L.; Park et al. 2022). Because differ-
ent studies apply different threshold criteria to locate sequence var-
iants, the identified variants ranged from 5,640 biallelic SNPs
genotyped across 48 melon varieties (Kishor et al., 2021) to
>1.2 million loci showing MAF > 0.05 across 200 oil palm individuals
(Xia et al., 2019). In this study, the 10 Opuntia samples yielded over
118,000 biallelic SNPs that each occurred at a relatively higher level
of frequency (MAF > 0.2). A higher MAF cutoff applied in this study
means that the identified variants were of moderate to high fre-
quency � implying that the studied cultivars harbour moderate to
high levels of genetic diversity. Just as a small selection of the SNPs
were adequate to distinguish the 10 Opuntia cultivars from each
other, future studies can extract SNPs from the collection 118,000
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and develop a core dataset for widespread cultivar identification
(Park et al., 2022; Yuan et al., 2022) or even perform trait-marker
association analyses (Hou et al., 2018; Kishor et al., 2021). In Opuntia,
fruit quality has become one of the most desirable traits (Coetzer et
al., 2019; Mokoboki et al., 2009) that can serve as a good model trait
for association analysis using SNP data. The association of SNPs with
fruit quality has earlier been done in peach (Prunus persica L.; Font i
Forcada et al., 2019) and Chinese jujube (Ziziphus jujuba Mill.; Hou et
al., 2020). Therefore, the identified SNPs provide a valuable molecular
resource for exploring trait-marker associations within the South
African Opuntia germplasm.

The genomic characterization of SSRs has been done in many non-
model plants and recent examples include sago palm (Metroxylon
sagu Rottb.; Purwoko et al. 2019), olive (Olea europaea L.; Li et al.
2020), Siberian wild rye (Elymus sibiricus L.; Xiong et al. 2021), the
Australian silver oak (Grevillea robusta A. Cunn. ex R. Br.; Dabral et al.
2021) and black pepper (Piper nigrum L.; Negi et al. 2022). Unlike the
59,963 loci detected in the partial Opuntia pan-genome, SSRs
reported in the above studies ranged from 13,335 loci in the partial
genome of silver oak (Dabral et al., 2021) to as many as 276,230 loci
across the entire black pepper genome (Negi et al., 2022). Almost all
studies including the current observed 2-mers to be the most fre-
quent motif (however, 2-mers were left out of the analysis on olive
accessions; Li et al. 2020) and this finding correlates with reports
from other plant genomes (Kalia et al., 2011; Ranade et al., 2014). A
random selection of 10 SSR loci in the Opuntia pan-genome showed
that not only were they amplifiable, but eight of the loci also
appeared to be polymorphic. Indeed, the eight loci have since been
used to distinguish and assess levels of diversity in 44 cultivars that
makeup the South African Opuntia germplasm (Modise et al., 2024).
Therefore, the generated library of SSRs expands the collection of
molecular markers that can be used to examine genetic relationships
among specimens of Opuntia (Caruso et al., 2010; Reis et al., 2018;
Samah et al., 2016).
5. Conclusions

Opuntia species are succulent plants known for occupying and
surviving in extreme temperature and water-scarce environments.
They are also good sources for many nutrients and bioactive com-
pounds. Notwithstanding, very little has been done in terms of deci-
phering the very large genomes of Opuntia species � a feat that has
already been achieved in a few members of the Cactaceae family. The
current study pioneered the sequencing and assembly of an Opuntia
pan-genome using DNA originating from 10 different cultivars. The
generated sequence data corresponded to a low coverage of about
12-fold, relative to the predicted 2.4 Gbp genome of O. ficus-indica.
Thus, the assembled pan-genome remains mostly unfinished, though
it contained many genes that correlated with actively growing tissues
and survival in water-stressed conditions. In the future, further
sequencing using different NGS platforms (thus, short- and long-read
sequencers) should permit the assembly of a complete Opuntia refer-
ence genome and validate the annotation of genes identified herein.
Screening the partial pan-genome for sequence variants returned
>118,000 biallelic SNPs and »60,000 SSR loci. This collection of SNPs
presents a valuable genetic resource for developing cultivar-specific
and trait-linked markers that are missing in Opuntia, while a few
SSR loci have already been found to be useful in discriminating
and measuring the levels of genetic diversity in Opuntia cultivars
that form the South African germplasm (Modise et al., 2024).
Overall, the current study has set the genomics foundation in
Opuntia and future research should aim to improve the Opuntia
pan-genome as well as associate the identified genetic diversity
with variation in phenotypic characters such as fruit colour and
quality (Felker et al., 2008).
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