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Abstract

In this study, we acquired 234 barcoding sequences (78 rbcL, 78 matK, 78 ITS2) representing 49 species of 28 genera in
the family Cactaceae. Then we evaluated the discriminatory power of three DNA barcode regions (rbcL, matK, and ITS2) in
species of the family Cactaceae using three methods, BLAST, genetic distance, and neighbour-joining trees. In BLAST
analysis, the matK barcode region had the highest identification rate at the generic and species levels (83.33% and 50%,
respectively). With the closest genetic distance method, the barcode combination groups had higher discrimination rates than
any individual barcode region, of which the three barcodes’ combination (rbcL + matK + ITS2) obtained the highest
identification rate (52.56%). In neighbour-joining analysis, the phylogenetic tree generated with the 1TS2 region had the
highest discrimination rate (92.31%), and the best barcode combination group was the rbcL + matK (87.18%). An overlap
between the intra- and interspecific distances was observed from DNA barcoding gap analysis. Our results showed that the
matK region had a better efficiency in identification at the generic and species levels in the family Cactaceae. Additionally,
we strongly recommend using the 1TS2 as a DNA barcode region in this family due to its high classification ability in

constructing phylogenetic trees.
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Introduction

The Cactaceae family (Caryophyllales,
Angiosperms), is distributed on the American continents,
from southern South America to northern North America,
covering different habitats from arid and semiarid regions
to deciduous forests (Guerrero et al., 2019). This family
consists of approximately 1800 species, of which at least
100 genera exist; Mexico has the greatest diversification
of cactus species, with approximately 52 genera and 850
species, with an endemism that is close to 84% of the total
species (Tenorio-Escandon et al., 2022). These species
are mainly distributed in the Chihuahua and Sonoran
Deserts, where there are 141 endemic species (Villarreal-
Quintanilla et al.,, 2017) alongside the Tehuacan-
Cuicatlan Reserve (Hern&ndez-Hernandez et al., 2011).
Cactaceae is a better-known cacti group, which exhibit
hallmark features to survive under prolonged drought
conditions such as Crassulacean acid metabolism which
allows plants uptake CO. at night while reducing water
loss, a lack or reduced number of leaves, succulent tissues
to store water (Guerrero et al., 2019; Kéhler et al., 2020),
spines to protect stems from extreme temperatures,
herbivores and parasites (Aliscioni et al., 2021). The
cactus family plays an important ecological role in the
ecosystem. Flowers, fruits and pollen are food and the
plant structure provides shelter for the local fauna,

prevents soil erosion and promotes moisture and organic
material in soil ( Orr et al., 2015; Delgado-Fernandez et
al., 2017; Guerrero et al., 2019). In addition, Cactaceae
species also have other important uses such as ornamental,
medicinal, food and forage purposes (Barrios et al., 2020;
Estrada-Castillén et al., 2021), mainly in Mexico, as an
important source of income. Approximately 84 cacti
species have been cultivated (Estrada-Castillén et al.,
2021). Certain species of cacti are endangered group due
to its popularity for xeriscaping, private collectors and
illegal commercialisation, especially in rare species with
high ornamental value (Yesson et al., 2011), while some
cacti species are considered highly invasive worldwide
and most of them spread as ornamental plants, causing
negative conflicts around biodiversity, the economy and
resource availability (Novoa et al., 2017). Therefore, how
to quickly and accurately identify those species has
become an urgent problem to be solved.

Three subfamilies (Opuntioideae, Pereskioideae and
Cactoideae) are currently recognised in the family
Cactaceae. During evolution, cacti have undergone fast
diversification processes (Guerrero et al., 2019), resulting
in uncommon phenomena in plants (e.g. morphological
convergence, homoplasy), which make taxonomic
identification difficult (Breslin et al., 2021; Villalobos-
Barrantes et al., 2022). Morphological convergence refers
morphological similarities between phylogenetically



distant taxa. For example, columnar and spherical shapes
have evolved repeatedly in Cactaceae (Villalobos-
Barrantes et al., 2022). Homoplasy refers to independent
evolutionary origins of organs with the same function in
different species. For example, the giant columnar cacti of
North and South America diverge in morphological and

molecular phylogenetic classification (Copetti et al., 2017).

The subfamily Opuntioideae is the most widespread.
However, the demarcation of taxa and species within this
subfamily remains controversial (Koéhler et al., 2020).
From traditional morphological analysis, this subfamily is
divided into as many as 20 genera, while from molecular
phylogenetic studies, mostly based on molecular markers
rpl16, trnL-trnF and ITS sequences, more smaller genera
were identified (Kohler et al., 2020). Therefore, more
phylogenetic studies with different molecular markers are
needed to better understand the Opuntioideae taxonomy
(Majure & Puente, 2014; Kohler et al., 2020). The
subfamily Cactoideae has the highest diversity, including
1,222 species characterised by succulent stems with ribs or
tubercles and aroles without glochids (EI Mokni et al.,
2020; Morais da Silva et al., 2021). Likewise, demarcation
boundaries within the Cactoideade subfamily are
controversial. The division of Cactoideae into two
subfamilies has been proposed, with insufficient molecular
evidence (Hernandez-Hernadndez et al., 2011). The
subfamily Pereskioideae, considered a relict, includes cacti
with ancestral morphology that are not similar to typical
cacti but share similar physiological patterns to cacti
without leaves and a succulent stem, holding shrubs with
photosynthetic leaves and non-succulent stems. Two
clades (Leuenbergeria and Pereskia) were proposed based
on the rapid and slow (respectively) development of the
stem bark (Moore et al., 2018; Walker et al., 2018;
Guerrero et al., 2019).

Generally, there are still many drawbacks in
identifying cactus specimens morphologically. First,
morphological identification requires professional
taxonomists, but experts also have geographical
limitations. Therefore, it is often preferred to use locality
rather than morphology as the primary factor in
taxonomic identification (Helsen et al., 2009). Especially
in the Cactaceae, the above-mentioned morphological
convergence also poses challenges to taxonomists in
species identification. Second, ephemeral characteristics
of some cacti, such as flowers and fruits, as two important
morphological classification characteristics, and their
existence period is very short. This brings trouble to some
species that have similar morphological characteristics
and need to be identified by flowers and fruits (Anderson,
2001; Hunt et al., 2006; Yesson et al., 2011). Third, there
is no general consensus on the morphological
classification of species within certain genera, such as the
Opuntia Mill. genus taxonomy, which suggests that the
stability of morphological taxonomy still needs to be
improved. (Labra, 2003). Therefore, it is necessary to
develop a strategy that provides for the rapid
identification of cactus taxa, enabling the conservation of
priority species. Since 2003, DNA barcoding has become
an important tool for taxonomy, especially when
morphological features are lacking. DNA barcoding is a
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technique that uses standardized short fragments of an
organism's genomic DNA to achieve species
identification (Li et al., 2015). A DNA barcode must have
three essential characteristics: high versatility, good
quality sequences, and high discriminatory power (Hebert
et al., 2003). One of the main characteristics that an ideal
barcode should have is the separation within species
variability versus between species variability. This
concept is called the “gap barcode”, which was proposed
by Meyer and Paulay (2005), and shows the effectiveness
of DNA barcodes in distinguishing between species.
When the minimum value of the interspecific divergence
is greater than the maximum value of the intraspecific
divergence, a gap will appear (Meyer & Paulay, 2005).
As a consequence, a threshold can be established for the
species delimitation. Below this threshold are identified
as the same species (Wiemers & Fiedler, 2007).
According to current molecular and morphological
species identification, a large number of species have
interspecific distances greater than 2% and intraspecific
distances less than 1% (Phillips et al., 2022). Additionally,
barcode gaps could even be used to identify new species
(Hebert et al., 2004; Smith et al., 2006).

According to these standards mentioned above, the
Consortium for the Barcode of Life (CBOL) recommended
two chloroplast loci as the central DNA barcodes in plants:
the region of the maturase K gene (matK) and the ribulose-
bisphosphate carboxylase gene (rbcL) (CBOL Plant
Working Group et al., 2009). Additionally, The ITS2
region was selected as a barcode candidate because the
sequences generated with this region have been widely
used for phylogenetic reconstructions at the genus and
species levels (Schultz & Wolf, 2009; Keller et al., 2010;
Marghali et al., 2015; Feng et al., 2016). Chen et al., (2010)
validated and proposed the inclusion of the ITS2 region as
a complementary region in DNA barcode studies as it
seems to be essential in the identification of species.
Compared to the plastid region, this DNA region has many
advantages, such as high ubiquity, small size (200-400 bp),
and high recognition ability in closely related plant groups
(Chen et al., 2010).

To the best of our knowledge, most barcoding studies
in Mexico have focused on clade (Yesson et al., 2011;
Garcia Aguilar et al., 2013; Majure & Puente, 2014) and
species identification (Tapia et al., 2017; Aquino et al.,
2019), with few reports on the effectiveness of DNA
barcoding. The objective of our study was to analyse the
matK, rbcL, and ITS2 barcode regions to test their
universality and estimate their discriminatory power in
species of Cactaceae using three evaluation criteria
(BLAST, genetic distance, and neighbour-joining trees).
In addition, the barcode gap was evaluated in the
proposed barcodes.

Material and Methods

Plant sampling: Coahuila region is an arid zone, with 127
species of Cactaceae (Hernandez et al., 2004) but their
genetic diversity is unknown. Thus, we took a convenience
sample in Saltillo, Coahuila that comprises a total of 49
samples were collected in the southeast of Coahuila,
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Mexico (Supplementary Table 1), belonging to 17 species
of the Cactaceae; 15 species were represented by at least 2
individuals. Approximately 1 g of each sample was
collected and saved in 96% alcohol for DNA extraction.
The herbarium vouchers were prepared, morphologically
identified using morphological characters as described by
Flores (2005), and deposited at the Antonio Narro Saltillo
México (ANSM) Herbarium in Saltillo, Coahuila, Mexico.
The BOLD Systems numbers of the newly obtained
sequences are available in Supplementary Table 1.

DNA extraction, PCR amplification, and DNA
sequencing: Total genomic DNA was extracted using a
modified cetyltrimethyl ammonium bromide (CTAB)

method (Sharma et al., 2003). The concentration and
quality of the extracted DNA were checked with 0.8%
agarose gel electrophoresis. DNA was stored at —20°C
for later analysis. Polymerase chain reaction (PCR)
amplification of the matK, rbcL, and ITS2 genes was
performed with GoTaq Green Master Mix (Promega,
USA) using the respective primers. The primers and
PCR conditions are detailed in (Table 1). The amplified
PCR fragments were verified by agarose gel
electrophoresis (0.8%). PCR products were purified
using the commercial Wizard SV Gel and PCR Clean Up
SystemTM  (Promega, USA), following the
manufacturer’s instructions, and sequenced by the
Langebio sequencing service (Irapuato, Mexico).

Supplementary Table 1. List of collected samples. All specimens were identified based on the morphology of the species.
The sample collection area, sample voucher numbers and BOLD.

. . . Voucher BOLD Systems accession number
Subfamily Genus Species Collection area number hel matk | ITS2
Cactoideae Acharagma roseanum Ramos Arizpe 103261 - CACMKO004-22 CACIT004-22
Cactoideae Acharagma roseanum Ramos Arizpe 103263 CACRB007-22 CACMKO006-22 CACIT005-22
Cactoideae Acharagma roseanum Ramos Arizpe 103262 - CACMKO005-22 -
Cactoideae Ariocarpus retusus Saltillo 103247  CACRB004-22 CACMKO003-22 CACIT002-22
Cactoideae Ariocarpus retusus Saltillo 103251 CACRB006-22 - CACIT003-22
Cactoideae Ariocarpus retusus Saltillo 103250 CACRB005-22 - -
Cactoideae Astrophytum capricorne General Cepeda 103237  CACRB002-22 CACMKO001-22 CACIT001-22
Cactoideae Astrophytum capricorne General Cepeda 103236 CACRB001-22 - -
Cactoideae Astrophytum capricorne General Cepeda 103238  CACRB003-22 - -
Cactoideae Coryphantha delaetiana General Cepeda 103241 CACRB008-22 CACMKO007-22 CACIT006-22
Cactoideae Coryphantha delaetiana General Cepeda 103242  CACRB009-22 - CACIT007-22
Cactoideae Coryphantha delaetiana General Cepeda 103243 CACRB010-22 CACMKO008-22 CACIT008-22
Cactoideae Coryphantha radians Ramos Arizpe 103256 - - -
Cactoideae Coryphantha radians Ramos Arizpe 103252  CACRBO011-22 - -
Cactoideae Coryphantha radians Ramos Arizpe 103257 - - -
Cactoideae Echinocactus horizonthalonius General Cepeda 103253  CACRBO015-22 CACMKO010-22 CACIT009-22
Cactoideae Echinocactus horizonthalonius General Cepeda 103255 CACRBO016-22 CACMKO11-22 CACIT010-22
Cactoideae Echinocactus horizonthalonius General Cepeda 103254 - CACMKO009-22 -
Cactoideae Epithelantha bokei Ramos Arizpe 103275 CACRB012-22 - -
Cactoideae Epithelantha bokei Ramos Arizpe 103276 - - -
Cactoideae Epithelantha bokei Ramos Arizpe 103277 CACRB014-22 - -
Cactoideae Ferocactus hamatacanthus Ramos Arizpe 103215  CACRBO019-22 - CACIT012-22
Cactoideae Ferocactus hamatacanthus Ramos Arizpe 103216 CACRB017-22 CACMKO012-22 -
Cactoideae Ferocactus hamatacanthus Saltillo 103217  CACRBO018-22 CACMKO013-22 CACIT011-22
Cactoideae Mammillaria chionocephala Saltillo 103235 CACRB022-22 - CACIT014-22
Cactoideae Mammillaria chionocephala Saltillo 103202  CACRBO020-22 - CACITO013-22
Cactoideae Mammillaria chionocephala Saltillo 103205 CACRB021-22 - -
Cactoideae Mammillaria heyderi General Cepeda 103221 CACRB023-22 CACMKO015-22 CACIT015-22
Cactoideae Mammillaria heyderi General Cepeda 103222  CACRB024-22 CACMKO016-22 CACIT016-22
Cactoideae Mammillaria heyderi General Cepeda 103223 ~ CACRB025-22 CACMKO017-22 -
Cactoideae Mammillaria pottsii General Cepeda 103224 CACRB026-22 CACMKO018-22 -
Cactoideae Mammillaria pottsii General Cepeda 103225 - - -
Cactoideae Mammillaria pottsii General Cepeda 103226 - CACMKO019-22 -
Cactoideae Sclerocactus scheeri Saltillo 103248  CACRBO031-22 CACMKO021-22 -
Cactoideae Sclerocactus scheeri Saltillo 103274 CACRB030-22 CACMKO020-22 -
Cactoideae Sclerocactus scheeri Saltillo 103249  CACRBO032-22 CACMKO022-22 -
Cactoideae Stenocactus multicostatus Saltillo 103218 CACRB027-22 - -
Cactoideae Stenocactus multicostatus Saltillo 103219  CACRBO028-22 - -
Cactoideae Stenocactus multicostatus Saltillo 103220 CACRB029-22 - -
Cactoideae Thelocactus bicolor Saltillo 103244 - - CACIT018-22
Cactoideae Thelocactus bicolor Saltillo 103246  CACRBO033-22 - CACITO017-22
Cactoideae Thelocactus bicolor Saltillo 103245 - CACMKO023-22 CACIT019-22
Cactoideae Thelocactus phymatothele Saltillo 103258 CACRB036-22 - CACIT020-22
Cactoideae Thelocactus phymatothele Saltillo 103259  CACRB037-22 - CACIT021-22
Cactoideae Thelocactus phymatothele Saltillo 103260 CACRB038-22 - CACIT022-22
Cactoideae Thelocactus rinconensis var nidulans Saltillo 103272 CACRB039-22 - CACIT023-22
Cactoideae Thelocactus rinconensis var rinconensis ~ Ramos Arizpe 103273 CACRB040-22 CACMKO024-22 CACIT025-22
Cactoideae Thelocactus rinconensis var rinconensis  Ramos Arizpe 103240 CACRB041-22 CACMKO026-22 CACIT024-22
Cactoideae Thelocactus rinconensis var rinconensis Saltillo 103271 - CACMKO025-22 -




Data analysis

The sequences of species of the Cactaceae were
downloaded corresponding to the three DNA barcode
regions (rbcL, matK, and 1TS2) from the databases of
BOLD Systems and GenBank (Supplementary Table 2).
Sequences were filtered according to the documented
nucleotide length for each region and without
ambiguous “N” bases.

The alignment of the query sequences (generated in
the laboratory) and the reference sequences (downloaded
from the database) was carried out for each region and then
adjusted using the ClustalW tool (Thompson et al., 1994)
implemented in MEGA X (Version 10.2.6). In this study,
only the sequences of species represented by more than one
individual were used. The viable sites were verified using
MEGA X (Tamuraetal., 2011). DNA barcode gap analysis
was performed with the SPIDER package (Version 1.5.0)
in the R environment (Version 4.3.2) (Meyer & Paulay,
2005) by calculating the relative distribution of inter- and
intraspecific genetic variation under the Kimura 2-
parameter (K2P) distance model which assumed equal
transitions and different transversion rates in nucleotide
substitution pattern. The effectiveness of the barcodes was
evaluated using three methods widely used in DNA
barcode technology (BLAST, genetic distance, and
neighbour-joining trees).

The BLAST method was utilised to construct a query
database with the sequences generated in this study with
each barcode and perform a sequence query with the
support of the NCBI website, the command “blastn,” and
the MegaBlast algorithm. If avalue of E< 1 x 10—5 and a
maximum correct rate of 98 to 100% was obtained from
individuals of the expected species, the species
identification was considered successful. If the query
sequence matched several species, including the expected
species, it was treated as an ambiguous identification, and
the sequences that did not match the expected species were
considered failed (Chen et al., 2015).

To test the discrimination rates based on the distance
analysis, the “best close match” function (Meier et al.,
2008) of the SPIDER package (Brown et al., 2012) under
the Kimura 2-parameter (K2P) method was used for each
DNA region with all possible combinations. The function
“best close match” was to find the best-matching
reference barcode in the corresponding database below a
threshold value. In this study, the query sequences that
were only assigned to one correct taxon within a 95%
threshold were identified as “correct.” If the assignment
included not only the correct taxon, it was considered
“ambiguous.” When the query sequences were assigned
to the incorrect taxon, they were considered “incorrect.”
The sequences without any assignment were considered
“unidentified” (Meier et al., 2006).

In this study, neighbour-joining trees were used to
evaluate the clade recovery capabilities of barcodes The
construction of phylogenetic tree was done with MEGA X
(Kumar et al., 2018; Glen et al., 2020) using the neighbour-
joining clustering method, which used the distance matrix
derived from the multialigments and is consistent with the
use of different models of evolution to recover the true tree
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(Saitou and Nei, 1987). We used K2P genetic distance
model (Kimura, 1980) to evaluate discriminatory
performance by calculating the proportion of species by
taking the quotient of transition/transversion ratio (Saitou
& Nei, 1987). All ambiguous positions were removed for
each sequence pair (pairwise deletion option). Only all
species of one genus forming a monophyletic clade in the
tree were considered to have been successfully identified.

Results

Universality of the barcode regions and the
characteristics of the sequences: Two candidate DNA
regions (rbcL and 1TS2) showed high amplification rates in
49 samples, with percentages of 97.95% and 89.79%,
respectively. Regarding the matK region, the initially used
primer pairs 427F and 1248R showed extremely low
amplification rates (< 10%) (Yu et al., 2011). In addition,
it was impossible to generate high-quality sequences.
Therefore, this study used our newly designed specific
matK primers for Cactaceae (MmaF and MmaR) (Table 1),
with successful amplification achieved for 91.95% of the
samples. The sequence recovery rate varied for each
barcode. A relatively high rate of good quality sequences
was generated with the rbcL region (81.25%), while for the
matK (54.16%) and ITS2 regions (56.81%), recoverability
was moderately low. This study only included sequences
that lacked unambiguous nucleotides.

A total of 234 DNA barcode sequences were available,
39 of which were generated in this study (13 rbcL, 12 matK,
and 14 ITS2 marker sequences), and 195 reference
sequences were from the database. (Table 2) summarises the
sequence characteristics of the three DNA barcodes. The
aligned sequence length of rbcL, matK, and ITS2 regions
were 587, 725, and 253 bp, respectively. The matK region
showed the highest variability (57.10%), followed by the
ITS2 region (45.84%) and the rbcL region (41.56%). The
rbcL and matK regions had a similar percentage of
informative sites, 54.51% and 54.75%, respectively. The
ITS2 region showed the lowest percentage of informative
sites (39.92%). The genetic distances of these three barcode
regions were also calculated based on the K2P model. The
rbcL region showed the highest mean of intraspecific and
interspecific distances (12.66% and 27.30%, respectively),
followed by the matK (1.50% and 17.48%, respectively) and
ITS2 regions (0.45% and 6%, respectively).

Barcode gap assessment: Ideally, the genetic variation of
a barcode should show a “gap” between the intra- and
interspecific distances rather than an overlap of both. In
this study, the distributions of intra- and interspecific
divergences were examined in the three individual regions
(rbcL, matK, and ITS2) and in the four possible
combinations (rbcL + matK; rbcL + 1TS2; matK + ITS2;
and rbcL + matK + ITS2). Based on the analysis, the
frequency distribution of intra- and interspecific
divergence showed that there were no gaps in the DNA
barcodes due to intraspecific divergences overlapping with
interspecific  divergences. However, both regions’
individual and multi-region combinations showed a
different pattern in the divergence distribution (Fig. 1).
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Table 1. PCR primers and programmes used for DNA amplification.

Braé;(;gge Primers (5- 3") PCR conditions Reference
rbcLa-F: ATGTCACCACAAACAGAGACTAAAGC 94°C,5min; 35 x (94°C, 30 s; 50°C, 40s; (Kressetal.,
rbel  rpela-R: GTAAAATCAAGTCCACCRCG 72°C, 40 s); 72°C, 10 min; 004°C. 2009)
Mma-F: TAGTTTTCGGTCTAATTTGAAA 94°C, 5min; 35 x (94°C, 15 5;56°C, 20 s; (Designed in
matK  Mma-R: ATAGATTCTTCTTGGTTGAGA 72°C, 50 s); 72°C, 10 min; c04°C. this study)
ITS2 ITS-2F: ATGCGATACTTGGTGTGAAT 9 5°C, 4 min; 35 x (94°C, 45 5; 56°C, 1  (Chenetal.,
ITS-3R: GACGCTTCTCCAGACTACAAT min; 72°C, 1 min); 72°C, 10 min; o04°C. 2010b)
Table 2. Summary of the variability of three DNA barcode regions (rbcL, matK, and ITS2).
Barcode |Number of | Sequence | Length of aligned |Content of G .NO' Of. . No. Of. *.Intraspemﬂc *_InterspeCIflc
: : o variable sites| informative | distance range | distance range
region |accessions| length sequence + C (%) (%) sites (%6) (mean) % (mean)%
rbcL 78 552-592 587 0.4390 331(41.56) 320 (54.51) 0-56.14 (12.66) 0-56.75 (27.30)
matK 78 423-1041 725 0.3281 414 (57.10) 397 (54.75) 0-50 (1.50)  0-55.35 (17.48)
ITS2 78 203-680 253 0.7325 116 (45.84) 101(39.92)  0-7.46 (0.45)  0-33.33 (6.00)

NOTE: *The mean intra- and interspecific distances was calculated for the species, which were represented by > 1 individual

Table 3. Identification success rates of seven datasets using the “best close match”
function of the SPIDER package from R.

Barcode region

Best close match (%)

Threshold (%)

Ambiguous |  Correct | Incorrect | Unidentified
rbcL 23(29.49) 26 (33.33) 28 (35.90) 1(1.28) 0.51
matk 35 (44.87) 22 (28.21) 16 (20.51) 5 (6.41) 0.45
ITS2 34 (43.59) 23 (29.49) 20 (25.64) 1(1.28) 0.06
matK+1TS2 18 (23.08) 30 (38.46) 29 (37.18) 1(1.28) 0.29
rbcL+ITS2 15 (19.23) 31 (39.74) 28 (35.90) 4 (5.13) 0.27
rbcL+matK 16 (20.51) 33 (42.31) 24 (30.77) 5 (6.41) 0.15
rbcL+matK+ITS2 4 (5.13) 41 (52.56) 29 (37.18) 4 (5.13) 0.13
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Fig. 1. Relative distribution of intra- and interspecific distances for the three DNA regions (rbcL, matK, and ITS2) and multi-region
combinations (rbcL + matK, matK + ITS2, rbcL + ITS2, rbcL + matK + I1TS2). As the intraspecific divergences overlapped with
interspecific divergences no barcode gaps was confirmed.
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Supplementary Table 2. Sequences downloaded from BOLD Systems and GenBank. For each species of the list, the database accession
numbers for rbcL, matK, and ITS2 were provided.

. . Barcode region

Subfamily Genus Species vhel I matk I ITS2

Cactoideae Ariocarpus retusus - MK449033.1 -

Cactoideae Ariocarpus retusus - GBVR3489-13* -

Cactoideae Acharagma roseanum MK449086.1 - -

Cactoideae Hylocereus costaricensis JQ590992.1 JQ587174.1 JX289629.1

Cactoideae Hylocereus costaricensis JQ590993.1 JQ587175.1 JX289631.1
Pereskioideae Pereskia aculeata JX905965.1 JX905944.1 L78035.1
Pereskioideae Pereskia aculeata LN871112.1 AY042626.1 HQ872561.1
Opuntioideae Maihueniopsis ovata LN555681.1 JF786723.1 JF786887.1
Opuntioideae Maihueniopsis ovata LN555676.1 JF786724.1 JF786888.1
Opuntioideae Nopalea cochenillifera JF787166.1 JF786727.1 EUS559652.1
Opuntioideae Nopalea cochenillifera JF787167.1 JF786728.1 EU559654.1
Opuntioideae Nopalea hondurensis JF787172.1 JF786732.1 JF786896.1
Opuntioideae Nopalea hondurensis JF787171.1 JF786733.1 JF786897.1
Opuntioideae Consolea corallicola JF787157.1 F786713.1 JF786877.1
Opuntioideae Consolea corallicola JF787156.1 JF786714.1 JF786878.1
Opuntioideae Consolea nashii JF787159.1 GBVS4591-13* JF786881.1
Opuntioideae Consolea nashii JF787160.1 GBVS4592-13* JF786882.1
Opuntioideae Consolea rubescens JF787161.1 JF786719.1 JF786883.1
Opuntioideae Consolea rubescens JF787162.1 JF786720.1 JF786884.1
Opuntioideae Opuntia bravoana JF787193.1 JF786754.1 JF787038.1
Opuntioideae Opuntia bravoana F787194.1 JF786755.1 JF787039.1
Opuntioideae Opuntia camanchica JF787195.1 JF786816.1 JF786917.1
Opuntioideae Opuntia camanchica JF787253.1 JF786756.1 JF786973.1
Opuntioideae Opuntia cespitosa JF787197.1 JF786759.1 JF786920.1
Opuntioideae Opuntia cespitosa JF787198.1 JF786760.1 JF786921.1
Opuntioideae Opuntia chlorotica SDH784-14* JF786763.1 HQ872601.1
Opuntioideae Opuntia chlorotica JF787201.1 FN997530.1 JF786924.1
Opuntioideae Opuntia dillenii JF787289.1 JF786854.1 JF787011.1
Opuntioideae Opuntia dillenii JF787290.1 JF786855.1 JF787010.1
Opuntioideae Opuntia ellisiana JF787212.1 JF786775.1 JF786935.1
Opuntioideae Opuntia ellisiana JF787213.1 JF786776.1 JF786936.1
Opuntioideae Opuntia engelmannii MT254721.1 GBVR3506-13* HQ872523.1
Opuntioideae Opuntia engelmannii MT254722.1 GBVR3697-13* HQ872543.1
Opuntioideae Opuntia ficus-indica GBVE4445-11* GBVR3686-13* EU428845.1
Opuntioideae Opuntia ficus-indica SDH786-14* GBVS4658-13* EU930379.1
Opuntioideae Opuntia humifusa EF590552.1 KJ772965.1 JQ245718.1
Opuntioideae Opuntia humifusa GQ248660.1 MH621623.1 JF786949.1
Opuntioideae Opuntia leucotricha JF787231.1 JF786795.1 HQ872539.1
Opuntioideae Opuntia leucotricha F787232.1 JF786796.1 HQ872585.1
Opuntioideae Opuntia macbridei JF787236.1 JF786799.1 JF786957.1
Opuntioideae Opuntia macbridei JF787269.1 JF786800.1 JF786958.1
Opuntioideae Opuntia macrorhiza MK526261.1 JF786802.1 JF786960.1
Opuntioideae Opuntia macrorhiza JF787239.1 JF786803.1 JQ245719.1
Opuntioideae Opuntia microdasys SDH789-14* AY042622.1 HQ872501.1
Opuntioideae Opuntia microdasys JF787246.1 GBVS4683-13* HQ872548.1
Opuntioideae Opuntia oricola SDH791-14* GBVS4686-13* HQ872569.1
Opuntioideae Opuntia oricola JF787249.1 JF786812.1 JF786969.1
Opuntioideae Opuntia pachyrrhiza JF787250.1 JF786813.1 JF786970.1
Opuntioideae Opuntia pachyrrhiza JF787251.1 JF786814.1 JF786971.1
Opuntioideae Opuntia phaeacantha SDH792-14* FN997327.1 HQ872550.1
Opuntioideae Opuntia phaeacantha JF787254.1 GBVS4691-13* HQ872527.1
Opuntioideae Opuntia polyacantha MG245909.1 JF786822.1 MG236336.1
Opuntioideae Opuntia polyacantha MG248094.1 JF786823.1 HQ872573.1
Opuntioideae Opuntia pusilla KJ773704.1 KJ772966.1 JQ245721.1
Opuntioideae Opuntia pusilla JF787263.1 JF786829.1 JF786984.1
Opuntioideae Opuntia repens JF787272.1 JF786835.1 JF786993.1
Opuntioideae Opuntia repens F787273.1 JF786836.1 JF786992.1
Opuntioideae Opuntia rufida JF787276.1 JF786840.1 HQ872591.1
Opuntioideae Opuntia rufida JF787277.1 JF786841.1 JF786997.1
Opuntioideae Opuntia stricta KU877485.1 KJ772967.1 HQ872534.1
Opuntioideae Opuntia stricta JQ412402.1 JQ412275.1 HQ872558.1
Opuntioideae Opuntia strigil JF787291.1 JF786857.1 JF787014.1
Opuntioideae Opuntia strigil JF787292.1 JF786858.1 JF787012.1
Opuntioideae Opuntia tomentosa JF787296.1 JF786862.1 HQ872546.1
Opuntioideae Opuntia tomentosa JF787297.1 JF786863.1 HQ872582.1
Opuntioideae Opuntia salmiana JF787278.1 JF786842.1 JF786998.1

Opuntioideae Opuntia salmiana JF787279.1 JF786843.1 JF786999.1
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Species discrimination based on different analytical
methods: In the BLAST analytic results of our query
sequences, the matK region obtained the highest identification
rate at the generic and species levels (83.33% and 50%,
respectively), followed by the rbcL region (71.43% and
14.29%, respectively). Both matK and rbcL regions had
similar ambiguous identification rates (14.29% and 16.67%,
respectively). However, due to the lack of ITS2 reference
sequences in the database for the collected species in this study,
the identification rate of the ITS2 region was not obtained.

Based on the “best close match” analysis (Table 3), we
found that, of the three regions analysed individually, the
rbcL region had the highest correct identification rate
(33.33%), followed by the ITS2 (29.49%) and matK
regions (28.21%). However, the incorrect identification
rate of the rbcL region was also high (35.90%). For these
regions’ combination analysis, the three regions group
(rbcL + matK + ITS2) showed the highest identification
rate (52.56%), and the highest incorrect identification rate
(37.18%). The second highest combination group was rbcL
+ matK (42.31%), with the lowest incorrect identification
rate (30.77%) of combination groups. Another two
combination groups (rbcL + ITS2 and rbcL + ITS2) also
increased the identification rate (38.46% and 39.74%,
respectively) compared with the use of any single region,
but with a high incorrect identification rate (37.18% and
35.90%, respectively).

In the neighbour-joining analysis, only the species that
formed monophyletic clades according to their genus were
considered successfully identified. Of the three regions’
individual analysed results, the tree generated with the 1TS2
region had the highest discrimination rate (92.31%),
followed by matK (88.46%) and rbcL (82.05%). Of the
regions’ analysed combination results, the best combination
was rbcL + matK, with a discrimination percentage of
87.18%, followed by rbcL + matK + ITS2 (85.90%), matK
+1TS2 (83.33%), and rbcL + I1TS2 (76.92%).

Based on the morphological characteristics of the genera
and species analysis, the group of data analysed here involved
the three subfamilies, Opuntioideae, Cactoideae, and
Pereskioideae. In this study, the subfamilies were represented
by at least one species. According to this information, it could
be expected that the formation of monophyletic clades would
achieve the separation of species by subfamilies. Except for
the ITS2 region, the phylogenetic trees generated by regional
individuals and regional combinations have achieved the
separation and identification of the two monophyletic groups,
the Cactoideae and Opuntioideae subfamilies (Fig. 2 and
Supplementary Figs. 1-6). The ITS2 region achieved the
clear separation of four mainly monophyletic groups
(Cactoideae, Opuntioideae, Pereskioideae, and the genus
Hylocereus). This ITS2 barcode region separated the only
species of the Pereskioideae subfamily (Pereskia aculeata)
into a monophyletic clade, which was not observed in any
other tree with the barcode region individually or in multi-
region analysis (Fig. 2).

The phylogenetic tree generated with rbcL region did not
group complete Opuntia species into Opuntideae subfamily
(Supplementary Fig. 1). Similarly, the phylogenetic tree
generated with matK did not assign three Opuntia species into
Opuntideae subfamily, and nor did group Ariocarpus and

Hylocereus  species  into  Cactoideae  subfamily
(Supplementary Fig. 2). In the phylogenetic tree generated
with ITS2 region, only Hylocereus species were not correctly
assigned to Cactoideae subfamily (Fig. 2). In the phylogenetic
trees generated with regions’ combination, the phylogenetic
tree obtained with rbcL+ ITS2 did not group all the Opuntia
species to Opuntioideae subfamilies (Supplementary Fig. 5),
while for the phylogenetic trees generated with rbcL + matK
and matK + ITS2 groups, Ariocarpus and Hylocereus species
were not assigned correctly to Cactoideae subfamily; three
Opuntia species were not classified as Opuntioideae
subfamilies (Supplementary Figs. 3-4). The phylogenetic tree
generated with three regions’ combination (rbcL + matK +
ITS2), did not group all the Opuntia species into Opuntideae
subfamily (Supplementary Fig. 6).

Discussion

In the development of DNA barcode technology, primers
effectiveness in the analysis of biological samples is crucial.
Therefore, molecular markers must have a high degree of
universality to achieve successful amplification and
sequencing of large sample populations. In addition, they
must possess a sufficient nucleotide substitution rate to
allow for discrimination between species (Hollingsworth et
al., 2011; Naciri et al., 2012). The three candidate DNA
barcode regions selected in this study showed relatively
high universal amplification coverage in the 17 species of
Cactaceae. Despite this, the recovery rate of the matK and
ITS2 sequences was low, making it impossible to use all
query sequences generated in this study with these regions
in the bioinformatic analysis. There are varied reports on
the success of the universality of these primers in different
groups of plants (Lahaye et al., 2008; Maloukh et al., 2017).
Amplification with the designed matK primers was more
successful. However, the sequence recovery rate was still
low. Similarly, other authors reported a low recovery rate
of sequences using matK primers, which corresponded to
our results (Kress et al., 2009; Kang et al., 2017). The
elimination of matK sequences in the data analysis due to
poor quality has been reported in other studies Korotkova
et al., (2011) mentioned successful amplification with
matK primers in Cactaceae. They also pointed out that
sequencing requires greater effort than the use of other
regions. Variable results in amplification and sequencing
with matK primers may be due to the diverse evolutionary
rates in different taxa. In addition, the high rate of
nucleotide substitutions may affect the conservation of loci
in different plant groups (Gillman et al., 2010).

The high universality of the rbcL region in terms of
sequence amplification and recoverability was similar to
those obtained in other research work (CBOL Plant Working
Group et al., 2009; Kang et al., 2017; Carneiro de Melo
Moura et al., 2019; Ismail et al., 2020). Good recoverability
of the rbcL region has been mentioned (Roy et al., 2010;
Cabelin & Alejandro, 2016; Amandita et al., 2019). Several
authors have demonstrated the high universality of rbcL
primers and showed that the sequence generated by this
locus was sufficient to function as the central region of DNA
barcoding, as it provided sufficient variation for
distinguishing species among different plant groups (Kress
& Erickson, 2007; Burgess et al., 2011; Gu et al., 2011).
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Fig. 2. Neighbour-joining tree for species of the Cactaceae family using ITS2 barcode region based on K2P genetic distance.
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Supplementary Fig. 1. Neighbour-joining tree for species of the Cactaceae family using rbcL barcode region based on K2P genetic distance.
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Supplementary Fig. 2. Neighbour-joining tree for species of the Cactaceae family using matK barcode region based on K2P genetic distance.
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Supplementary Fig. 3. Neighbour-joining tree for species of the Cactaceae family using rbcL + matK barcode region based on K2P
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Supplementary Fig. 4. Neighbour-joining tree for species of the Cactaceae family using matK + ITS2 barcode region based on K2P
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Supplementary Fig. 5. Neighbour-joining tree for species of the Cactaceae family using rbcL + ITS2 barcode region based on K2P
genetic distance.
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Supplementary Fig 6. Neighbour-joining tree for species of the Cactaceae family using rbcL + matK + ITS2 barcode region based on
K2P genetic distance.



EFFECTIVENESS OF DNA BARCODES IN CACTACEAE

In 2011, CBOL proposed the incorporation of ITS and
ITS2 as a central DNA barcode along with rbcL and matK
for plants. In this study, the ITS2 region had an acceptable
amplification success rate but a low recovery rate. Despite
this, the usable sequences had a good sequence length,
suitable for bioinformatic analysis. However, a good
recovery rate of the ITS2 barcode has been reported in
different plant families (Chen et al., 2010; Chen et al.,
2015). Due to amplification and sequencing problems in
some taxa, some studies still question the use of the ITS2
region (Fu et al., 2011; Zhang et al., 2016).

For the evaluation of primer effectiveness in
Cactaceae, our study still had some limitations. This family
has around 1800 species, and more samples are necessary
to further assess the universality of these primers, which
will be useful for the barcoding project in this family.

In this study, none of the three proposed regions
showed a gap due to an overlap of the intra- and
interspecific distances of the sequences. Although the
DNA barcode gap has been reported in some specific taxa,
such as Terastigma, Abies, and Cupressus (Fu et al., 2011;
Armenise et al., 2012). However, other authors reported
the lack or non-existence of a barcode gap in some groups
of land plants (Meier et al., 2006; Lahaye et al., 2008;
Hollingsworth et al., 2009; Parmentier et al., 2013).
However, despite this absence, the barcodes generated in
this study showed relatively high discriminatory power
with other applied analytical methods.

According to the analytical methods used here, the
DNA barcodes selected in this study (two chloroplasts and
one nuclear) showed variable identification power in the 49
cactus species analysed. In this study, rbcL and matK
showed good identification rates at the genus and species
levels using the BLAST method. Different studies have
reported good identification at the generic and species
levels with the BLAST method with these barcode regions
(Chen et al., 2015; Cabelin & Alejandro, 2016; Yang et al.,
2017). Gu et al., (2011) reported high percentages of
identification in Ligustrum spp. at the genus level with the
three regions studied here and proposed the ITS region as
the most promising barcode in the identification of species
at the generic level. An important factor limiting the
success of species identification with DNA barcode
technology is the availability of sequences of the
corresponding taxa in databases. In this study, the high
identification rates of rbcL and matK regions are not only
because of the discriminatory power of the barcode itself
but also because of the rich sequence resources in the
database. However, the identification rate with the 1TS2
region was influenced by the lack of sufficient reference
sequences for the taxon of interest. Other authors have
mentioned that samples belonging to species that have not
been registered in the reference databases lead to an
increase in the rates of unidentified samples, which is
mainly due to incomplete molecular datasets rather than the
type of data analysis (Cowan & Fay, 2012; Parmentier et
al., 2013; Amandita et al., 2019).

When the samples were analysed using the genetic
(closest) distance method, the individual barcodes rbcL,
matK, and ITS2 indicated low identification rates (33.33%,
28.21%, and 29.49%, respectively). The highest
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identification rate was only achieved at 52.21% with the
rbcL + matK + ITS2 combination. Similarly, Yan et al.,
(2015) described low identification percentages with this
analysis method in species of Rhododendron. The highest
correct identification rate was obtained with four regions,
rbcL + matK + ITS2 + psbA-trnH (50.1%); individually, the
matK region achieved a percentage of 23.51%. Low
identification rates have also been described by other authors
who attributed these results to the sensitivity of this method
to divergence processes and the type of sampling performed
(Gu et al., 2011; Piredda et al., 2011; Chen et al., 2015). In
this part of the analysis, we did not get much genetic distance
and it is possible that Cactaceae is a "young" family with
number of very recently divergent lineages.

The neighbour-joining method is based on a grouping
algorithm that creates a phylogenetic tree; however, its
creation is influenced by the parameters used, mainly by the
distance matrix and index, and by the effects of lineage
classification between species with very recent divergences
(Saitou & Nei, 1987; van Velzen et al., 2012; Simeone et al.,
2013; Yanetal., 2015). The tree-based method evaluated the
discrimination efficiency at the species level, so if the
species of a genus formed a monophyletic clade, it was
considered a successful identification. In this study, the
phylogenetic tree generated with 1TS2 showed the highest
discrimination success rate of species in the individual
barcode regions analysis. Jiménez-Barron et al., (2020) have
also reported ITS had a better performance in phylogenetic
analysis in Asparagaceae. Han et al., (2016) supported the
use of ITS fragment as a barcode region in plant due to its
better species discrimination in Aceraceae. The combination
of two or more DNA regions did not improve the species
discrimination rate; the most acceptable combination was
with barcode regions rbcL + matK. In previous studies,
multi-region analysis of two or more loci did not provide a
significant gain in species discrimination (Lahaye et al.,
2008; Shneyer & Rodionov, 2019).

Conclusion

In summary, it was observed that barcode matK
represented better identification power in Cactaceae.
However, the universality of primers of this gene is still an
urgent problem to be solved. In addition, the 1TS2 region
demonstrated its strong species discrimination power in
phylogenetic tree construction but failed in the BLAST
method due to the lack of reference data in the database.
Therefore, enriching data on this barcode should be
conducted in the future. Furthermore, whether the ITS
region can be used as a barcode for species identification
in the Cactaceae is still controversial, as ITS has been
shown to have non-concerted evolution in Cactaceae
(Mammillaria) (Harpke et al., 2006). Our findings showed
the species limits in Cactaceae, divergence times, the
connection between diagnostic morphological characters
and barcodes. Thus, further studies using machine learning
algorithms that use the whole molecular, morphology,
biogeography, and barcode Cactaceae data available in
open databases could significantly improve the correct
Cactaceae species classification.
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