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Abstract: Orchids of the genus Paphiopedilum, also called slippers, are among the most valued
representatives of the Orchidaceae family due to their aesthetic qualities. Due to overexploitation,
deforestation, and illegal trade in these plants, especially in the vegetative phase, Paphiopedilum
requires special protection. This genus is listed in Appendix I of the Convention on International Trade
in Endangered Species of Wild Fauna and Flora. Their precise identification is of great importance for
the preservation of genetic resources and biodiversity of the orchid family (Orchidaceae). Therefore,
the main objective of the study was to investigate the usefulness of the DNA barcoding technique for
the identification of endangered orchids of the genus Paphiopedilum and to determine the effectiveness
of five loci: matK, rbcL, ITS2, atpF-atpH and trnH-psbA as potential molecular markers for species of
this genus. Among single locus barcodes, matK was the most effective at identifying species (64%).
Furthermore, matK, ITS2, matK + rbcL, and matK + trnH-psbA barcodes can be successfully used as a
complementary tool to identify Paphiopedilum orchids while supporting morphological data provided
by taxonomists.

Keywords: DNA barcodes; Paphiopedilum; identification; orchid

1. Introduction

The genus Paphiopedilum includes about 100 species of orchids, which belong to the
orchid family (Orchidaceae) and the subfamily Cypripedioideae, most of which are geophytes,
tropical epiphytes growing on branches or tree trunks, or lithophytes growing in rock
crevices [1]. The genus Paphiopedilum was first described by Ernst Hugo Heinrich Pfitzer in
1886. Its members’ natural habitats are tropical and subtropical regions, mainly Southeast
Asia, southern China, northern India, and New Guinea [2]. Under natural conditions,
these orchids take nutrients from air and rain; they do not have pseudobulbs that store
water [3]. They are often called “slipper orchids” due to the characteristic structure of
the labellum that resembles a slipper. They are extremely attractive to plant collectors
because of their beautiful and durable flowers, which contribute to the destruction of their
natural habitats. Overexploitation, deforestation, and illegal trade, especially during the
vegetative phase, put the genus at risk of extinction [4]. Some orchids are commonly used
in Eastern folk medicine to treat infections and cancers, but little is known about the actual
chemical composition of these plants. Metabolites with anti-inflammatory, anticancer,
antifungal, and cytotoxic properties have been successfully isolated from several species of
Paphiopedilum [5–7]. Identification of species of Paphiopedilum during flowering is relatively
easy due to the varied pattern of the inner whorl of the flower; however, outside the
flowering period, it can be difficult or even impossible [8].

Various coding and noncoding regions of plastid, mitochondrial, and nuclear genomes
have been suggested as potential barcodes of plant DNA [9]. In 2009, the Consortium
for the Barcode of Life (CBOL) proposed the chloroplast loci matK and rbcL as preferred

Genes 2024, 15, 689. https://doi.org/10.3390/genes15060689 https://www.mdpi.com/journal/genes

https://doi.org/10.3390/genes15060689
https://doi.org/10.3390/genes15060689
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/genes
https://www.mdpi.com
https://orcid.org/0000-0002-6159-5568
https://orcid.org/0009-0001-5081-1341
https://doi.org/10.3390/genes15060689
https://www.mdpi.com/journal/genes
https://www.mdpi.com/article/10.3390/genes15060689?type=check_update&version=2


Genes 2024, 15, 689 2 of 13

barcodes for plant DNA [10]. However, the search for a universal plant barcode is still
ongoing, since currently used loci are effective only for specific taxonomic groups, and
their species discrimination varies depending on the plant species [11].

Most candidate sequences for plant barcodes are fragments of the chloroplast genome
(cpDNA). This genome shows a higher rate of evolution compared to mitochondrial
DNA (mtDNA) and is also characterized by a stable structure and lack of recombination.
Therefore, the search for bar-side loci within cpDNA seems reasonable [12]. The rbcL gene
is the best characterized chloroplast gene and was the first to be sequenced and used for
phylogenetic studies of plants. It encodes a large subunit of ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO). The main advantage of the rbcL barcode is the ease of
its amplification and sequencing. Unfortunately, due to low sequence variation and high
levels of homoplasia, it is not suitable for differentiation at the species level [13]. Analysis
of the matK gene encoding the enzyme maturase K is a good complement to phylogenetic
linkages as it provides more information than the rbcL gene. It is characterized by adequate
length, high rate of evolution, and low transition and transversion coefficients [14,15]. A
huge disadvantage of the matK barcode is the difficulty in amplification using universal
primers in the PCR reaction [16].

The non-coding piece of nuclear DNA, the internal transcribed sequence (ITS2), is
located between the genes that encode ribosomal DNA. Due to its characteristics: the
availability of conservative regions to design universal primers, ease of amplification,
and sufficient variability to distinguish even closely related species, ITS2 appears to be a
promising, standardized barcode region for plants [17]. Unfortunately, due to uncertainties
in the evolution of the sequence and the possibility of paralogues (gene duplications) within
a single individual, a working group operating within the CBOL consortium indicated that
ITS2 should only serve as an alternative DNA barcode [10].

Increasingly, chloroplast intergenic regions such as atpF-atpH and trnH-psbA are used
during the barcoding of plant DNA. The former is located between the atpF and atpH genes,
which encode two subunits of the ATP synthase genes [18]. The non-coding intergenic
region of trnH-psbA is located between the trnH genes (tRNAHisGUG) and the psbA that
encodes protein D1 of the second photosystem. The trnH-psbA region is characterized by a
high level of variation and high insertion/deletion coefficients. Unfortunately, frequent
mononucleotide repeats and the presence of pseudogenes pose serious problems, which
may result in premature termination of reading during sequencing [16].

The Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES), signed in Washington, D.C., on March 3 1973, regulates the international movement
of species whose population status indicates that uncontrolled harvesting from natural
sites would be detrimental to the survival of these taxa. The species of concern are listed
in one of the 3 Appendices, which currently contain more than 40,000 species. It is worth
noting that orchids make up 70% of the species on the CITES list. All species belonging
to the genus Paphiopedilum are included in Appendix I of the Washington Convention.
Trade in specimens of these species should be subject to particularly strict regulation in
order to prevent further threats to their existence and may be allowed only in exceptional
circumstances [19,20]. Orchids are a family of plants facing significant survival pressures
in the face of increasing threats to their natural habitats. Their precise identification is
of great importance for the conservation of the genetic resources and biodiversity of the
Orchidaceae family. The main objective of this study was to investigate the usefulness of
the DNA barcoding technique for the identification of endangered orchids of the genus
Paphiopedilum. Furthermore, the objective of the study was to determine the effectiveness of
five selected DNA barcodes (rbcL, matK, ITS2, trnH-psbA, atpF-atpH) as potential molecular
markers for orchid species of this genus.
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2. Materials and Methods
2.1. Sampling

Young and undamaged leaves were taken from all available Paphiopedilum species
belonging to the orchid house collection, which is part of the castle and park complex
Muzeum-Zamek w Łańcucie (Figure 1). Samples were selected from various infrageneric
groups of the genus. Field work consisted of plant collection, data documentation and
photography. During field work, all the specimens were initially identified taxonomically
(leaves, stem, flower, and whole plant) with the help of an herbalist. Based on morpho-
logical traits, all plant samples were identified and verified by a team of taxonomists.
Herbarium vouchers of respective plant samples were deposited in Muzeum-Zamek w
Łańcucie. The samples were stored at −80 ◦C until DNA was isolated.
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Figure 1. Examined species of Paphiopedilum. (A) Paphiopedilum sukhakulii subg. Sigmatopetalum;
(B) Paphiopedilum primulinum flavum subg. Cochlopetalum; (C) Paphiopedilum sukhakulii subg. Sig-
matopetalum; (D) Paphiopedilum niveum subg. Brachypetalum; (E) Paphiopedilum micranthum subg.
Parvisepalum; (F) Paphiopedilum malipoense subg. Parvisepalum; (G) Paphiopedilum charlesworthii subg.
Paphiopedilum; (H) Paphiopedilum jackii subg. Parvisepalum; (I) Paphiopedilum primulinum flavum subg.
Cochlopetalum; (J) Paphiopedilum spicerianum subg. Paphiopedilum; (K) Paphiopedilum villosum subg.
Paphiopedilum; (L) Paphiopedilum henryanum subg. Paphiopedilum.

2.2. DNA Isolation

To isolate DNA from plant cells, the CTAB method was used [21], the protocol of
which was independently modified to obtain the best DNA extraction efficiency.

Each of the 11 samples weighing approximately 100 mg was placed in a 2 mL Ep-
pendorf tube, and 1 mL of STE buffer (0.25 M sucrose, 0.03 M Tris, 0.05 M EDTA) was
added. The tissue was shredded using a hand homogenizer until the material disinte-
grated completely. It was then centrifuged for 10 min at 2000× g. The supernatant was
discarded, and the flushing with STE buffer was repeated. The supernatant was discarded
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and 600 µL of CTAB buffer (2% hexadecyltrimethylammonium bromide, 1.4 M NaCl, 1%
polyvinylpyrrolidone, 20 mM EDTA, 100 mM Tris-HCl, pH 8) was added to each tube
and then vortexed. The samples were incubated at 60 ◦C for 40 min, occasionally stirring,
and 600 µL of chloroform was added to each. The tubes were shaken vigorously until a
homogeneous suspension was obtained, and were then centrifuged for 2 min at 7000× g
at 4 ◦C. The top aqueous layer was transferred to new tubes and 600 µL of isopropanol
was added to precipitate DNA. The tubes were inverted several times and incubated at
room temperature for about 5 min. They were then centrifuged at 13,500 rpm for 5 min at
4 ◦C and the supernatant was discarded. Each tube was filled with 800 µL of 80% ethanol
and stirred until sediment was removed from the bottom of the tube. The tubes were then
centrifuged at 13,500 rpm for 5 min at 4 ◦C, after which the supernatant was discarded.
Then the rinsing with 80% ethanol was repeated, the tubes were centrifuged with the same
parameters, and the supernatant was discarded. The precipitate was air-dried for approxi-
mately 1 h and then dissolved in 30 µL of TE buffer (10 mM Tris-HCl, 1 mM EDTA). DNA
concentration was measured using the NanoDrop spectrophotometer ND-2000 version
(Thermofisher Scientific Inc., Waltham, MA, USA).

2.3. Polymerase Chain Reaction (PCR)

Primers: rbcL [22], matK [22], ITS2 [23]. trnH-psbA [24], atpF-atpH [24] were used
in this study. All PCR reactions were carried out in 0.2 mL tubes using Taq PCR Master
Mix (2×) (ThermoFisher Scientific Inc, Waltham, MA, USA Catalog number: K0171). The
PCR cocktail consisted of 1 µL DNA extract, 1.25 µL of each of the primers (forward and
reverse at 10 nmol concentration), 12,5 µL Taq PCR Master Mix (2×) and 9 µL water. The
total volume of the PCR mixture was 25 µL. PCR was carried out using the following
thermocycling conditions: for rbcL: an initial 1 min at 94 ◦C, followed by 35 cycles at 94 ◦C
for 30 s, 52 ◦C for 60 s, 72 ◦C for 60 s and a final cycle of 7 min at 72 ◦C. For matK: an initial
3 min at 94 ◦C, followed by 30 cycles at 94 ◦C for 60 s, 52 ◦C for 60 s, 72 ◦C for 2 min, and a
final cycle of 7 min at 72 ◦C. For ITS2: an initial 4 min at 94 ◦C, followed by 35 cycles at
94 ◦C for 45 s, 56 ◦C for 45 s, 72 ◦C for 1 min 30 s and a final cycle of 10 min at 72 ◦C. For
trnH-psbA: an initial 5 min at 80 ◦C, followed by 35 cycles at 94 ◦C for 30 s, 53 ◦C for 30 s,
72 ◦C for 60 s and a final cycle of 10 min at 72 ◦C. For atpF-atpH: an initial 5 min at 94 ◦C,
followed by 35 cycles at 94 ◦C for 30 s, 51 ◦C for 40 s, 72 ◦C for 40 s, and a final cycle of
10 min at 72 ◦C. Amplifications were carried out on a PCR thermocycler Labcycler Basic
(Sensoquest, Göttingen, Germany).

2.4. Agarose Gel Electrophoresis

All PCR products were separated by electrophoresis on 1.5% agarose gel in 1× TBE
buffer and visualized using Gelview staining (Novazym, Poznań, Poland, Catalog number
641-GL1000-01). GeneRuler 100 bp DNA ladder (ThermoFisher Scientific Inc, Waltham, MA,
USA, Catalog number: SM0241) was used as a molecular size standard. Electrophoresis
was performed at 200 V for 30 min, and the bands were visualized using a Gel Doc XR+
Gel Documantation System with Image Lab 6.1 (BioRad, Richmond, VA, USA).

2.5. Sequencing and Data Analyses

Sequencing was performed by the Molecular Biology Techniques Laboratory, Adam
Mickiewicz University, using Sanger sequencing. Sequence editing processes were per-
formed using Bioedit v7.2.5 [25].

Species identification was based on comparing the sequences obtained with those
deposited in the Gene Bank, accessible from the NCBI (https://www.ncbi.nlm.nih.gov/
accessed on 15 April 2024) using the BLASTn 2.14.0 version (basic local alignment search
tool) accessed on 27 May 2023. In situations where there was more than one match,
the species with the lowest E value and the highest coverage was selected. The results
were then verified using photographs of the specimens examined and the accompanying
labels. A species was considered properly identified if its sequence after identification with

https://www.ncbi.nlm.nih.gov/
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the BLASTn tool matched the morphologically identified species. Otherwise, when the
query sequence was identified among the best-matched results as common to more than
one species within the genus, including the expected species, the result was considered
ambiguous. A species whose best sequence matches did not indicate the expected species
was incorrectly identified. Phylogenetic trees were constructed using a neighbor-joining
phylogenetic tree with 1000 bootstrap replicates. All trees were constructed in MEGA
11 [26].

3. Results

PCR-amplified products rbcL, matK, ITS2, trnH-psbA and atpF-atpH were fractionated
by gel electrophoresis. Amplification was 100 percent successful for almost all candidate
loci. The exception was the matK locus initially selected for the study, amplified using
a pair of primers, matK-1RKIM-f and matK-3FKIM-r [27], for which the amplification
success rate was only 27.3%. Therefore, for further study and sequencing, the matK locus
amplified with a pair of primers 390F and 1326R [27] was chosen, with an amplification
success of 100%. All samples selected for further work were successfully sequenced. The
characteristics of the five regions are shown in Table 1. The ITS2 sequences had the highest
average percentage of guanine and cytosine vapors, at 52.5%. The most variable sites were
recorded in the trnH-psbA and ITS2 sequences, at 13.17% and 10.51%, respectively.

Table 1. Characteristics of the analyzed barcode regions.

rbcL ITS2 atpF-atpH trnH-psbA matK

PCR amplification success (%) 100 100 100 100 63.6

Sequencing success (%) 100 100 100 100 100

Sequence length (bp) 267–528 474–490 262–494 550–921 834–873

Aligned sequence length (bp) 536 504 500 987 883

Number of conservative sites 497/536 433/504 480/500 786/987 825/883

Number of variable sites 28/536 53/504 18/500 130/987 53/883

Guanine and cytosine content in
nucleotide sequences (%) 40.8–43.9 52.0–53.3 34.4–36.9 31.8–34.0 31.6–33.1

The next step was to analyze the frequency of base substitution in the matK and rbcL
regions. Data are presented in Table 2. A higher incidence of transition than of transversion
was observed, both in the matK and rbcL regions. In the matK region, these substitutions
were mainly guanine to adenine, while in the case of rbcL, they were guanine to adenine
and cytosine to thymine.

Table 2. Incidence of substitution in the matK and rbcL regions. Substitution rates were estimated
based on the Tamura–Nei (1993) model. Transitions are marked in bold.

matK rbcL

A T C G A T C G

A - 8.08% 3.72% 15.19% - 7.74% 5.54% 9.60%

T 6.38% - 3.95% 3.30% 7.11% - 10.66% 4.57%

C 6.38% 8.57% - 3.30% 7.11% 14.91% - 4.57%

G 29.33% 8.08% 3.72% - 14.91% 7.74% 5.54% -

Percentage identity (PID) refers to a quantitative measurement of similarity between
sequences. Closely related species are expected to have a higher percentage of identity
for a given sequence than less related species, and thus the percentage of identity reflects
relatedness to some extent. Among the eleven members of the genus Paphiopedilum studied,
the similarity of their ITS2 sequences ranged from 87.2% to 99.7%, with an average of 94.1%.
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For the matK sequence, the value ranged from 91.2% to 99.4%, with an average of 95.4%.
The greatest sequence similarity was observed for the same species: P. primulinum I and P.
primulinum II (99.7%) for the ITS2 region, and P. jackii and P. malipoense (99.4%) for matK.
The results are presented in Table 3.

Table 3. Similarity of ITS2 (top diagonally) and matK (bottom diagonally) sequences among the
studied Paphiopedilum species expressed as a percentage. Calculated using BioEdit 7.2.5.

Species
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P. henryanum 97.9% 97.9% 95.6% 93.8% 98.5% 94.2% 95.4% 91.0% 95.8% 95.6%

P. villosum 99.0% 97.1% 94.8% 93.0% 97.7% 93.4% 94.6% 90.4% 95.0% 96.4%

P. spicerianum 98.6% 98.6% 95.8% 94.2% 98.1% 94.6% 95.8% 90.8% 96.0% 95.8%

P. primulinum II 96.0% 95.8% 95.0% 92.5% 95.6% 92.5% 94.0% 88.6% 99.7% 93.4%

P. jackii 94.2% 93.5% 92.9% 96.3% 94.0% 98.9% 96.2% 87.2% 92.3% 91.7%

P. charlesworthii 96.5% 95.6% 95.2% 98.8% 96.7% 94.8% 95.6% 90.8% 95.8% 95.8%

P. malipoense 93.7% 93.0% 92.5% 95.7% 99.4% 96.2% 96.2% 87.6% 92.7% 92.3%

P. micranthum 95.5% 95.5% 95.3% 92.4% 94.5% 92.2% 94.2% 88.6% 93.8% 93.6%

P. niveum 96.5% 96.6% 95.8% 93.9% 92.2% 93.2% 91.7% 95.6% 88.8% 89.4%

P. primulinum I 97.3% 97.3% 96.4% 98.3% 95.8% 97.7% 95.3% 93.8% 95.1% 93.6%

P. sukhakulii 95.3% 94.8% 94.0% 98.1% 95.2% 97.9% 94.7% 91.2% 92.5% 97.0%

The efficacy of the five barcodes matK, rbcL, ITS2, atpF-atpH, trnH-psbA and their com-
binations were analyzed using the BLASTn tool. The identification result was considered
normal only if the best-matched identification result from among the genes registered in
the gene bank clearly indicated the species tested. The degrees of similarity of the studied
single locus barcodes to the reference sequences from the NCBI database are presented in
Table 4.

The regions of matK, rbcL, ITS2, atpF-atpH, and trnH-psbA selected for the study were
characterized by different effectiveness in verifying taxonomic affiliation. All barcodes
examined made it possible to correctly assign them to the level of the family and genus. The
greatest success of species-level assignment using the BLASTn tool for a single locus was
reported for the matK region (64%) and ITS2 (55%). Furthermore, matK was the only single
barcode locus that did not produce abnormal results. The rbcL barcode allowed for correct
identification only in 9% of the cases. In contrast, the matK + rbcL combination correctly
identified 55% of all species, as did all three locus combinations studied. The largest
number of inconclusive results was generated by rbcL sequences and the combination of
the atpF-atpH + trnH-psbA locus. The results are presented in Figure 2.

The following sequences were selected for the construction of phylogenetic trees:
nuclear ITS2 and chloroplast matK sequence, derived from eleven representatives of Paphio-
pedilum. The neighbor-bonding method and the Kimura biparametric distance model (K2P)
were used. As expected, the main branches of the tree correctly grouped the species of
Paphiopedilum analyzed and the outgroup. The outgroup sequences were selected based on
their genetic distance to Paphiopedilum used in the phylogenetic analyses [28]. Due to the
high sequence similarity of P. jackii and P. malipoense (99.4%), the two species were grouped
into a single clade with a bootstrap support value (BS) of 97 for both trees constructed, as
shown in Figure 3A,B. Both representatives of P. primulinum were correctly grouped into a
single monophyletic clade with support values of 51 and 98 for the tree constructed on the
basis of the matK region and ITS2, respectively. A bootstrap endorsement percentage above
70 allows a high probability to be assigned to the resulting node.
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Table 4. Results of DNA barcoding. The sequences labeled as “properly identified” are denoted by
the green color, while those classified as “ambiguous” are highlighted in yellow. Sequences marked
with a red color indicate incorrectly identified ones.

Molecular Identification
rbcL

Accession Number Similarity Best Match Sequence E Value
P. sukhakulii OR786325 98.27% NC_069897.1 0.0

P. primulinum I OR786326 99.62% KX755536.1 0.0
P. niveum OR786327 99.62% MG522891.1 0.0

P. micranthum OR786328 99.39% NC_045278.1 0.0
P. malipoense OR786329 97.46% KX264992.1 0.0

P. charlesworthii OR786330 98.63% OL875129.1 0.0
P. jackii OR786331 99.42% NC_069882.1 0.0

P. primulinum II OR786332 99.41% KX755536.1 0.0
P. spicerianum OR786333 98.86% OM066324.1 0.0

P. villosum OR786334 98.15% NC_069906.1 3.00 × 10−127

P. henryanum OR786335 97.65% OM066293.1 0.0

Molecular Identification
matK

Accession Number Similarity Best Match Sequence E Value
P. sukhakulii OR772083 99.66% NC_069897.1 0.0

P. primulinum I OR772084 99.53% NC_069888.1 0.0
P. niveum OR772085 98.82% NC_026776.1 0.0

P. micranthum OR772086 99.02% KX886268.1 0.0
P. malipoense OR772087 99.65% NC_069881.1 0.0

P. charlesworthii OR772088 99.89% OL875129.1 0.0
P. jackii OR772089 99.88% NC_069882.1 0.0

P. primulinum II OR772090 99.66% NC_069888.1 0.0
P. spicerianum OR772091 99.28% OM066324.1 0.0

P. villosum OR772092 99.64% NC_069906.1 0.0
P. henryanum OR772093 99.88% KY966920.1 0.0

Molecular Identification
ITS2

Accession Number Similarity Best Match Sequence E Value
P. sukhakulii OR671174 99.43% JQ929349.1 1.00 × 10−178

P. primulinum I OR671175 99.45% AY643439.1 0.0
P. niveum OR671176 99.45% AY643436.1 0.0

P. micranthum OR671177 99.50% KX931039.1 0.0
P. malipoense OR671178 99.20% HQ123427.1 0.0

P.charlesworthii OR671179 99.44% JQ929310.1 0.0
P. jackii OR671180 99.44% MH550872.1 8.00 × 10−180

P. primulinum II OR671181 99.45% AY643439.1 0.0
P. spicerianum OR671182 99.45% HQ998468.1 0.0

P. villosum OR671183 99.71% HQ998477.1 7.00 × 10−176

P. henryanum OR671184 99.46% AY643445.1 0.0
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Figure 3. (A) Phylogenetic tree constructed by the neighbor-linking method based on the matK region.
Sequences of Cypripedium parviflorum and Vanilla aphylla (Orchidaceae) from the NCBI database were
used as an outgroup. Assessment of statistical significance of the tree was obtained by performing
one thousand repetitions of a self-sampling test. (B) Phylogenetic tree constructed using the neighbor-
linking method based on the ITS2 region. Sequences of Cypripedium parviflorum and Vanilla aphylla
(Orchidaceae) from the NCBI database were used as an outgroup. Assessment of statistical significance
of the tree was obtained by performing one thousand repetitions of a self-sampling test.
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4. Discussion

DNA barcoding, as a way to identify organisms from even a small amount of tissue,
is an effective strategy to control the illegal trade of endangered animal and plant species.
This technique has already been used to uncover cases of illicit trade in products such
as ivory, eggs of endangered parrots, and fins of protected shark [29–31]. In addition,
DNA barcodes have already been developed to identify plants from several vulnerable
families, such as Arecaceae (ornamental palms), Meliaceae (timber plants), Euphorbiaceae, and
Cactaceae (popular ornamental plants). The aim of this action is to facilitate the protection
of these plants and prevent illicit trade [32–35]. So far, no specific locus or loci that could be
successfully used to barcode all plant species has been found. Therefore, in order to create
effective DNA barcodes for a specific group of plants, it is necessary to study different
regions in advance in terms of their ability to distinguish species.

Based on previous recommendations from the CBOL Consortium Plant Working
Group, five loci (matK, rbcL, ITS2, atpF-atpH, trnH-psbA) were selected for the study to test
their efficacy as molecular markers of orchids of the genus Paphiopedilum. Although rbcL
and atpF-atpH have been reported to have little variability in the past among candidate loci,
they have been used in a number of studies. Also, combinations of loci composed of the
above mentioned regions have been proposed by various groups as universal multilocus
barcodes for plants [10,36,37]. Therefore, this work also performed an analysis of the
combination of two and three loci, taking into account the fact that if a single locus did not
provide a complete distinction between species, then the combination of several regions
could provide an optimal barcode for the species studied. The high success rates of
PCR amplification and sequencing observed in the study for the barcodes rbcL, ITS2,
atpF-atpH, and trnH-psbA are consistent with previous results described in the scientific
literature [38–40]. The low success rate of matK region amplification when certain primer
pairs are used may be due to high sequence variability at primer binding sites, the large
size of the PCR product (approximately 900 bp), which is prone to degradation, or due
to single nucleotide substitutions that prevent PCR amplification [9,41]. This problem is
not unique to Orchidaceae, but has also been reported for other angiosperms [42,43] and
gymnosperms [44,45]. Many studies have shown that variation in nucleotide sequences
among highly conserved regions or coding sequences can be used not only as a valuable
source of information on phylogenetic relationships, but also as a tool for initial species
differentiation [46]. In the present study, among eleven Paphiopedilum representatives, the
percentage identity of the matK sequence, which refers to a quantitative measurement of
similarity between sequences, ranged from 91.2% to 99.4%. The greatest sequence similarity
was observed for P. jackii and P. malipoense (99.4%). The highest value of identity of the ITS2
sequence was observed between two representatives of the species P. primulinum (99.7%)
and P. jackii and P. malipoense (98.9%), while the lowest identity was between P. niveum and
P. jackii (87.2%). According to the literature, P. jackii is more closely related to P. malipoense
than to P. niveum. These results are consistent with previous reports on the phylogeny of
Paphiopedilum [47].

Phylogenetic trees were constructed on the basis of eleven matK and ITS2 sequences
and two sequences that constituted the outgroup. Single, main branches grouped all species
of Paphiopedilum studied, differentiating them from Cypripedium parviflorum and Vanilla
aphylla into three distinct groups. The nodes of the matK and ITS2 trees that group the
analyzed Paphiopedilum species into a clade were characterized by support values of 100
and 99, respectively. For matK and ITS2 trees, both representatives of P. primulinum were
combined into one clade. In the case of ITS2, the support value for this node is 98, thus a
high probability can be assigned to it. As reported by many authors, plastid regions such as
matK and rbcL typically have lower species identification rates based on their phylogenetic
trees than nuclear sequences [48–50].

On the basis of the obtained BLASTn results, all barcodes tested made it possible to
correctly assign the samples to the level of the family and genus. In the case of a large
part of the sequences analyzed, inconclusive results were obtained, reaching up to 82% for
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the rbcL locus. In a situation where the comparative analysis of the examined sequences
with those deposited in the NCBI database showed that both species were indicated by
the BLAST program with the same probability, the identification result was considered
inconclusive. This situation may be related to the relatively high degree of homology of
barcode sequences among the genus studied. As a result, even single incorrectly recognised
nucleotides can cause misidentification of species [51]. The highest efficiency of taxonomic
verification among the regions analyzed was observed in the case of locus matK. It allowed
to assign 64% of the studied specimens to the corresponding species. MatK is a chloroplast
gene about 1500 bp long, located in the trnK intron. MatK encodes a protein, maturase
K, that is involved in the splicing of group II introns. This gene exhibits a high rate of
nucleotide substitution, and therefore considered useful in the study of plant systematics
and evolution [52]. Also, in this study, it was found that the rate of nucleotide substitution,
especially transitions in matK sequences, was higher than that in the other plastid genome
loci analyzed. The effectiveness of this region is due to its high variability and higher
rate of molecular evolution compared to other loci [53]. Its usefulness is confirmed by
numerous previously published works: Rajaram et al. [28] and Poovitha et al. [54], who
suggested that matK is the most efficient DNA barcode for the Orchidaceae and Malvaceae
families, respectively. The results of a number of published studies indicate that matK,
despite lower amplification success rates, has a greater ability to distinguish species than
other chloroplast loci, also among Paphiopedilum [55–57]. The effectiveness of this type of
analysis may also be affected by the size of the research sample. In this study, 11 sequences
were collected from 10 species of Paphiopedilum for each barcoding locus: matK, rbcL, ITS2,
atpF-atpH, and trnH-psbA. A 2012 study analysed eight species of Paphiopedilum, all of
which were successfully identified from the matK region [55]. The authors of another study
were able to achieve a species resolution of 32.7% with 77 matK sequences [8].

Similar results were obtained by several other research groups [58,59]. It has been
concluded that the rate of successful taxonomic identification is low in species rich clades [8].
The low effectiveness of taxonomic identification using a single barcode locus was already
noticed at the beginning of the application of this method in botanical analyses. In this study,
different combinations of two and three markers were used, most of which were effective
in 55% of cases. The exception was multilocus atpF-atpH + trnH-psbA, which provided only
8% correct matches. The efficacy of species verification using the combination of matK +
rbcL locus was 55%, and the addition of a third locus (atpF-atpH or trnH-psbA) showed no
improvement. Over the course of several years, various research groups have suggested
a variety of combinations of diagnostic loci that are effective for species identification.
Raskoti and Ale [60] pointed to the combination of the chloroplast and nuclear locus of
matK + ITS, while showing that the combination of matK + rbcL exhibits relatively low
efficiency in identifying orchid species. In contrast, Kress and Erickson [16] recommended
the use of rbcL + trnH-psbA barcodes to identify terrestrial plants.

Our results are partially consistent with those of Guo et al. [8]. Both in their study
and ours, the efficiency of rbcL is too low (7% and 9%, respectively). According to their
research, ITS is the most effective single locus barcode (53%), while in our case, the result
is approximately 55%. In our study, the most effective single locus barcode turned out
to be matK (64%). In the results of Guo et al. [8], matK has lower efficiency (33%). The
discrepancy between these results may be due to the difference in the number of sequenced
species or selected subgenera. In our study, we used five infrageneric clades (Parvisepalum,
Brachypetalum, Paphiopedilum, Cochlopetalum, Sigmatopetalum). Guo et al. [8] sampled only
three subgenera of Paphiopedilum (Parvisepalum, Brachypetalum, Paphiopedilum). In our case,
it is about 10% of all known species of this genus, while in their study, it is about 70—90%.
We suggest that barcodes might need to be selected depending on the proportion of species
and clades represented within the genus. The efficiency seems to be higher with a greater
number of clades analyzed and also higher with a lower number of species analyzed. This
hypothesis needs further investigation.
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Regarding atpF-atpH, the efficiency is 23% in Guo et al. [8], which is similar to our
result of 27%. Multilocus matK + rbcL + atpF-atpH in our study shows higher efficiency
(55%) than in Guo et.al [8] (28%), as does multilocus matK + rbcL (55% to 19%, respectively).
The best combination proposed by Guo et al. [8] is matK + atpF-atpH and ITS, while we
would propose matK + rbcL, matK + trnH-psbA, ITS2 and matK. We do not recommend
increasing the number of tested loci in multilocus barcode from two to three. As our results
have shown, increasing the number of loci does not affect the efficiency of the barcode.

5. Conclusions

Testing plant barcodes on different species and collections is very important as it
allows for their validation. The results obtained suggest that none of the single barcoding
regions analyzed are sufficient to determine the species affiliation of orchids of the genus
Paphiopedilum. MatK is the most effective of the single locus barcodes tested, correctly
identifying 64% of orchid species; however, it must be tested on a broader research material.
MatK and ITS2, matK + rbcL, and matK + trnH-psbA barcodes can be successfully used
as complementary tools for the identification of Paphiopedilum orchids while supporting
the morphological data provided by taxonomists. Barcodes might need to be selected
depending on the proportion of species and clades represented within the genus.
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their time in pointing out the specimens and for help with the sampling.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Guo, Y.-Y.; Luo, Y.-B.; Liu, Z.-J.; Wang, X.-Q. Reticulate Evolution and Sea-Level Fluctuations Together Drove Species Diversifica-

tion of Slipper Orchids (Paphiopedilum) in South-East Asia. Mol. Ecol. 2015, 24, 2838–2855. [CrossRef] [PubMed]
2. Teoh, E.-S. Orchids of Asia, 3rd ed.; Times Editions-Marshall Cavendish: Singapore, 2005; ISBN 978-981-261-015-7.
3. Naik, S.K.; Usha Bharathi, T.; Barman, D.; De Rampal, L.C.; Medhi, R.P. Basics of Orchid Nutrition; ICAR-NRC for Orchids: Sikkim,

India, 2010.
4. Gurung, D.B.; Gyeltshen, N.; Tobgay, K.; Dalström, S.; Wangdi, J.; Ghalley, B.B.; Chaida, L.; Phuntsho, P.; Gyeltshen, N.; Dawa,

K.; et al. Distribution and Habitats of Paphiopedilum Pfitzer (Orchidaceae) Known to Occur in Bhutan. J. Threat. Taxa 2019, 11,
14101–14111. [CrossRef]

5. Lertnitikul, N.; Jittham, P.; Khankhampoch, L.; Pattamadilok, C.; Sukrong, S.; Suttisri, R. Cytotoxic Stilbenes from the Roots of
Paphiopedilum godefroyae. J. Asian Nat. Prod. Res. 2016, 18, 1143–1150. [CrossRef] [PubMed]

6. Naphatsawan, P.; Nonthalert, L.; Rutt, S. Stilbenes from Paphiopedilum Exul Roots. Thai J. Pharm. Sci. 2016, 40, 116–119.
7. Nwe, S.Y.; Tungphatthong, C.; Laorpaksa, A.; Sritularak, B.; Thanakijcharoenpath, W.; Tanasupawat, S.; Sukrong, S. Bioassay

Guided Isolation of Topoisomerase I Poison from Paphiopedilum Callosum (Rchb.f.) Stein. Rec. Nat. Prod. 2019, 14, 89–97.
[CrossRef]

8. Guo, Y.-Y.; Huang, L.-Q.; Liu, Z.-J.; Wang, X.-Q. Promise and Challenge of DNA Barcoding in Venus Slipper (Paphiopedilum).
PLoS ONE 2016, 11, e0146880. [CrossRef] [PubMed]

9. Hollingsworth, P.M.; Graham, S.W.; Little, D.P. Choosing and Using a Plant DNA Barcode. PLoS ONE 2011, 6, e19254. [CrossRef]
[PubMed]

10. CBOL Plant Working Group; Hollingsworth, P.M.; Forrest, L.L.; Spouge, J.L.; Hajibabaei, M.; Ratnasingham, S.; Van Der Bank,
M.; Chase, M.W.; Cowan, R.S.; Erickson, D.L.; et al. A DNA Barcode for Land Plants. Proc. Natl. Acad. Sci. USA 2009, 106,
12794–12797. [CrossRef] [PubMed]

https://doi.org/10.1111/mec.13189
https://www.ncbi.nlm.nih.gov/pubmed/25847454
https://doi.org/10.11609/jott.3431.11.9.14101-14111
https://doi.org/10.1080/10286020.2016.1183651
https://www.ncbi.nlm.nih.gov/pubmed/27311018
https://doi.org/10.25135/rnp.144.19.06.1298
https://doi.org/10.1371/journal.pone.0146880
https://www.ncbi.nlm.nih.gov/pubmed/26752741
https://doi.org/10.1371/journal.pone.0019254
https://www.ncbi.nlm.nih.gov/pubmed/21637336
https://doi.org/10.1073/pnas.0905845106
https://www.ncbi.nlm.nih.gov/pubmed/19666622


Genes 2024, 15, 689 12 of 13

11. Liu, Z.-F.; Ma, H.; Zhang, X.-Y.; Ci, X.-Q.; Li, L.; Hu, J.-L.; Zhang, C.-Y.; Xiao, J.-H.; Li, H.-W.; Conran, J.G.; et al. Do Taxon-Specific
DNA Barcodes Improve Species Discrimination Relative to Universal Barcodes in Lauraceae? Bot. J. Linn. Soc. 2022, 199, 741–753.
[CrossRef]

12. Chase, M.W.; Fay, M.F. Barcoding of Plants and Fungi. Science 2009, 325, 682–683. [CrossRef] [PubMed]
13. Walker, T. Plant Diversity and Evolution. Genotypic and Phenotypic Variation in Higher Plants; Henry, R.J., Ed.; CABI Publishing:

Wallingford, UK, 2005; p. 332. ISBN 0-85199-904-2. [CrossRef]
14. Ismail, M.; Ahmad, A.; Nadeem, M.; Javed, M.A.; Khan, S.H.; Khawaish, I.; Sthanadar, A.A.; Qari, S.H.; Alghanem, S.M.; Khan,

K.A.; et al. Development of DNA Barcodes for Selected Acacia Species by Using rbcL and matK DNA Markers. Saudi J. Biol. Sci.
2020, 27, 3735–3742. [CrossRef] [PubMed]

15. Selvaraj, D.; Sarma, R.K.; Sathishkumar, R. Phylogenetic Analysis of Chloroplast matK Gene from Zingiberaceae for Plant DNA
Barcoding. Bioinformation 2008, 3, 24–27. [CrossRef] [PubMed]

16. Kress, W.J.; Erickson, D.L. A Two-Locus Global DNA Barcode for Land Plants: The Coding rbcL Gene Complements the
Non-Coding trnH-psbA Spacer Region. PLoS ONE 2007, 2, e508. [CrossRef] [PubMed]

17. Vu, T.H.T.; Le, T.L.; Nguyen, T.K.; Tran, D.D.; Tran, H.D. Review on molecular markers for identification of Orchids. Vietnam. J.
Sci. Technol. Eng. 2017, 59, 62–75. [CrossRef] [PubMed]

18. Hebert, P.D.N.; Cywinska, A.; Ball, S.L.; deWaard, J.R. Biological Identifications through DNA Barcodes. Proc. R. Soc. Lond. B
2003, 270, 313–321. [CrossRef] [PubMed]

19. Zeng, S.; Wu, K.; Teixeira Da Silva, J.A.; Zhang, J.; Chen, Z.; Xia, N.; Duan, J. Asymbiotic Seed Germination, Seedling Development
and Reintroduction of Paphiopedilum Wardii Sumerh., an Endangered Terrestrial Orchid. Sci. Hortic. 2012, 138, 198–209.
[CrossRef]

20. CITES—Convention on International Trade in Endangered Species of Wild Fauna and Flora. Available online: https://cites.org/
eng (accessed on 27 May 2023).

21. Doyle, J. DNA Protocols for Plants. In Molecular Techniques in Taxonomy; Hewitt, G.M., Johnston, A.W.B., Young, J.P.W., Eds.;
Springer Berlin Heidelberg: Berlin/Heidelberg, Germany, 1991; pp. 283–293. ISBN 978-3-642-83964-1.

22. Srivastava, D.; Manjunath, K. DNA Barcoding of Endemic and Endangered Orchids of India: A Molecular Method of Species
Identification. Phcog Mag. 2020, 16, 290. [CrossRef]

23. Feng, S.; Jiang, Y.; Wang, S.; Jiang, M.; Chen, Z.; Ying, Q.; Wang, H. Molecular Identification of Dendrobium Species (Orchidaceae)
Based on the DNA Barcode ITS2 Region and Its Application for Phylogenetic Study. Int. J. Mol. Sci. 2015, 16, 21975–21988.
[CrossRef] [PubMed]

24. Hollingsworth, M.L.; Andra Clark, A.; Forrest, L.L.; Richardson, J.; Pennington, R.T.; Long, D.G.; Cowan, R.; Chase, M.W.;
Gaudeul, M.; Hollingsworth, P.M. Selecting Barcoding Loci for Plants: Evaluation of Seven Candidate Loci with Species-level
Sampling in Three Divergent Groups of Land Plants. Mol. Ecol. Resour. 2009, 9, 439–457. [CrossRef] [PubMed]

25. Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT.
England. OUP 1999, 95–98.

26. Tamura; Stecher; Kumar MEGA11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021, 38, 3022–3027.
[CrossRef] [PubMed]

27. Kuzmina, M.L.; Johnson, K.L.; Barron, H.R.; Hebert, P.D. Identification of the Vascular Plants of Churchill, Manitoba, Using a
DNA Barcode Library. BMC Ecol. 2012, 12, 25. [CrossRef] [PubMed]

28. Rajaram, M.C.; Yong, C.S.Y.; Gansau, J.A.; Go, R. DNA Barcoding of Endangered Paphiopedilum Species (Orchidaceae) of
Peninsular Malaysia. Phytotaxa 2019, 387, 94–104. [CrossRef]

29. Johnson, R.N. The Use of DNA Identification in Prosecuting Wildlife-Traffickers in Australia: Do the Penalties Fit the Crimes?
Forensic Sci. Med. Pathol. 2010, 6, 211–216. [CrossRef] [PubMed]

30. Lee, E.; Lee, Y.; Moon, S.; Kim, N.; Kim, S.; Yang, M.; Choi, D.; Han, M. The Identification of Elephant Ivory Evidences of
Illegal Trade with Mitochondrial Cytochrome b Gene and Hypervariable D-Loop Region. J. Forensic Leg. Med. 2013, 20, 174–178.
[CrossRef] [PubMed]

31. Gonçalves, P.F.M.; Oliveira-Marques, A.R.; Matsumoto, T.E.; Miyaki, C.Y. DNA Barcoding Identifies Illegal Parrot Trade: Figure 1.
JHERED 2015, 106, 560–564. [CrossRef] [PubMed]

32. Aubriot, X.; Lowry, P.P.; Cruaud, C.; Couloux, A.; Haevermans, T. DNA Barcoding in a Biodiversity Hot Spot: Potential Value for
the Identification of M AlagasyE Uphorbia L. Listed in CITES Appendices I and II. Mol. Ecol. Resour. 2013, 13, 57–65. [CrossRef]
[PubMed]

33. Yesson, C.; Bárcenas, R.T.; Hernández, H.M.; De La Luz Ruiz-Maqueda, M.; Prado, A.; Rodríguez, V.M.; Hawkins, J.A. DNA
Barcodes for Mexican Cactaceae, Plants under Pressure from Wild Collecting: DNA Barcodes for Mexican Cactaceae. Mol. Ecol.
Resour. 2011, 11, 775–783. [CrossRef] [PubMed]

34. Jeanson, M.L.; Labat, J.-N.; Little, D.P. DNA Barcoding: A New Tool for Palm Taxonomists? Ann. Bot. 2011, 108, 1445–1451.
[CrossRef] [PubMed]

35. Muellner, A.N.; Schaefer, H.; Lahaye, R. Evaluation of Candidate DNA Barcoding Loci for Economically Important Timber
Species of the Mahogany Family (Meliaceae). Mol. Ecol. Resour. 2011, 11, 450–460. [CrossRef] [PubMed]

https://doi.org/10.1093/botlinnean/boab089
https://doi.org/10.1126/science.1176906
https://www.ncbi.nlm.nih.gov/pubmed/19644072
https://doi.org/10.1017/S0014479705223335
https://doi.org/10.1016/j.sjbs.2020.08.020
https://www.ncbi.nlm.nih.gov/pubmed/33304185
https://doi.org/10.6026/97320630003024
https://www.ncbi.nlm.nih.gov/pubmed/19052662
https://doi.org/10.1371/journal.pone.0000508
https://www.ncbi.nlm.nih.gov/pubmed/17551588
https://doi.org/10.31276/VJSTE.59(2).62
https://www.ncbi.nlm.nih.gov/pubmed/38782805
https://doi.org/10.1098/rspb.2002.2218
https://www.ncbi.nlm.nih.gov/pubmed/12614582
https://doi.org/10.1016/j.scienta.2012.02.026
https://cites.org/eng
https://cites.org/eng
https://doi.org/10.4103/pm.pm_574_19
https://doi.org/10.3390/ijms160921975
https://www.ncbi.nlm.nih.gov/pubmed/26378526
https://doi.org/10.1111/j.1755-0998.2008.02439.x
https://www.ncbi.nlm.nih.gov/pubmed/21564673
https://doi.org/10.1093/molbev/msab120
https://www.ncbi.nlm.nih.gov/pubmed/33892491
https://doi.org/10.1186/1472-6785-12-25
https://www.ncbi.nlm.nih.gov/pubmed/23190419
https://doi.org/10.11646/phytotaxa.387.2.2
https://doi.org/10.1007/s12024-010-9174-9
https://www.ncbi.nlm.nih.gov/pubmed/20640536
https://doi.org/10.1016/j.jflm.2012.06.014
https://www.ncbi.nlm.nih.gov/pubmed/23472798
https://doi.org/10.1093/jhered/esv035
https://www.ncbi.nlm.nih.gov/pubmed/26245790
https://doi.org/10.1111/1755-0998.12028
https://www.ncbi.nlm.nih.gov/pubmed/23095939
https://doi.org/10.1111/j.1755-0998.2011.03009.x
https://www.ncbi.nlm.nih.gov/pubmed/21457479
https://doi.org/10.1093/aob/mcr158
https://www.ncbi.nlm.nih.gov/pubmed/21757475
https://doi.org/10.1111/j.1755-0998.2011.02984.x
https://www.ncbi.nlm.nih.gov/pubmed/21481203


Genes 2024, 15, 689 13 of 13

36. Burgess, K.S.; Fazekas, A.J.; Kesanakurti, P.R.; Graham, S.W.; Husband, B.C.; Newmaster, S.G.; Percy, D.M.; Hajibabaei, M.;
Barrett, S.C.H. Discriminating Plant Species in a Local Temperate Flora Using the rbcL + matK DNA Barcode: Barcoding Plants in a
Local Flora. Methods Ecol. Evol. 2011, 2, 333–340. [CrossRef]

37. Vasconcelos, S.; Nunes, G.L.; Dias, M.C.; Lorena, J.; Oliveira, R.R.M.; Lima, T.G.L.; Pires, E.S.; Valadares, R.B.S.; Alves, R.;
Watanabe, M.T.C.; et al. Unraveling the Plant Diversity of the Amazonian Canga through DNA Barcoding. Ecol. Evol. 2021, 11,
13348–13362. [CrossRef] [PubMed]

38. Dunning, L.T.; Savolainen, V. Broad-Scale Amplification of matK for DNA Barcoding Plants, a Technical Note: Amplification of
matK for DNA Barcoding Plants. Bot. J. Linn. Soc. 2010, 164, 1–9. [CrossRef]

39. Wu, S.; Yin, L.; Deng, Z.; Chen, Q.; Fu, Y.; Xue, H. Using DNA Barcoding to Identify the Genus Lolium. Not. Bot. Horti Agrobo 2015,
43, 536–541. [CrossRef]

40. Yan, L.-J.; Liu, J.; Möller, M.; Zhang, L.; Zhang, X.-M.; Li, D.-Z.; Gao, L.-M. DNA Barcoding of Rhododendron (Ericaceae), the
Largest Chinese Plant Genus in Biodiversity Hotspots of the Himalaya-Hengduan Mountains. Mol. Ecol. Resour. 2015, 15, 932–944.
[CrossRef]

41. Fazekas, A.J.; Kuzmina, M.L.; Newmaster, S.G.; Hollingsworth, P.M. DNA Barcoding Methods for Land Plants. In DNA Barcodes;
Kress, W.J., Erickson, D.L., Eds.; Methods in Molecular Biology; Humana Press: Totowa, NJ, USA, 2012; Volume 858, pp. 223–252.
ISBN 978-1-61779-590-9.

42. Yu, J.; Xue, J.-H.; Zhou, S.-L. New Universal matK Primers for DNA Barcoding Angiosperms. J. Syst. Evol. 2011, 49, 176–181.
[CrossRef]

43. Tan, S.-L.; Luo, Y.-H.; Hollingsworth, P.M.; Burgess, K.S.; Xu, K.; Li, D.-Z.; Gao, L.-M. DNA Barcoding Herbaceous and Woody
Plant Species at a Subalpine Forest Dynamics Plot in Southwest China. Ecol. Evol. 2018, 8, 7195–7205. [CrossRef] [PubMed]

44. Sass, C.; Little, D.P.; Stevenson, D.W.; Specht, C.D. DNA Barcoding in the Cycadales: Testing the Potential of Proposed Barcoding
Markers for Species Identification of Cycads. PLoS ONE 2007, 2, e1154. [CrossRef] [PubMed]

45. Pang, X.; Luo, H.; Sun, C. Assessing the Potential of Candidate DNA Barcodes for Identifying Non-Flowering Seed Plants: DNA
Barcoding in Non-Flowering Seed Plants. Plant Biol. 2012, 14, 839–844. [CrossRef] [PubMed]

46. Wu, C.-T.; Gupta, S.K.; Wang, A.Z.-M.; Lo, S.-F.; Kuo, C.-L.; Ko, Y.-J.; Chen, C.-L.; Hsieh, C.-C.; Tsay, H.-S. Internal Transcribed
Spacer Sequence Based Identification and Phylogenic Relationship of Herba Dendrobii. J. Food Drug Anal. 2020, 20. [CrossRef]

47. Tsai, C.-C.; Liao, P.-C.; Ko, Y.-Z.; Chen, C.-H.; Chiang, Y.-C. Phylogeny and Historical Biogeography of Paphiopedilum Pfitzer
(Orchidaceae) Based on Nuclear and Plastid DNA. Front. Plant Sci. 2020, 11, 126. [CrossRef] [PubMed]

48. Chen, S.; Yao, H.; Han, J.; Liu, C.; Song, J.; Shi, L.; Zhu, Y.; Ma, X.; Gao, T.; Pang, X.; et al. Validation of the ITS2 Region as a Novel
DNA Barcode for Identifying Medicinal Plant Species. PLoS ONE 2010, 5, e8613. [CrossRef] [PubMed]

49. China Plant BOL Group; Li, D.-Z.; Gao, L.-M.; Li, H.-T.; Wang, H.; Ge, X.-J.; Liu, J.-Q.; Chen, Z.-D.; Zhou, S.-L.; Chen, S.-L.; et al.
Comparative Analysis of a Large Dataset Indicates That Internal Transcribed Spacer (ITS) Should Be Incorporated into the Core
Barcode for Seed Plants. Proc. Natl. Acad. Sci. USA 2011, 108, 19641–19646. [CrossRef] [PubMed]

50. Li, Y.; Tong, Y.; Xing, F. DNA Barcoding Evaluation and Its Taxonomic Implications in the Recently Evolved Genus Oberonia
Lindl. (Orchidaceae) in China. Front. Plant Sci. 2016, 7I, 1791. [CrossRef] [PubMed]

51. Vu, H.-T.; Vu, Q.-L.; Nguyen, T.-D.; Tran, N.; Nguyen, T.-C.; Luu, P.-N.; Tran, D.-D.; Nguyen, T.-K.; Le, L. Genetic Diversity and
Identification of Vietnamese Paphiopedilum Species Using DNA Sequences. Biology 2019, 9, 9. [CrossRef] [PubMed]

52. Hochbach, A.; Linder, H.P.; Röser, M. Nuclear Genes, matK and the Phylogeny of the Poales. Taxon 2018, 67, 521–536. [CrossRef]
53. Hilu, K.W.; Borsch, T.; Müller, K.; Soltis, D.E.; Soltis, P.S.; Savolainen, V.; Chase, M.W.; Powell, M.P.; Alice, L.A.; Evans, R.; et al.

Angiosperm Phylogeny Based on Mat K Sequence Information. Am. J. Bot. 2003, 90, 1758–1776. [CrossRef] [PubMed]
54. Poovitha, S.; Stalin, N.; Balaji, R.; Parani, M. Multi-Locus DNA Barcoding Identifies matK as a Suitable Marker for Species

Identification in Hibiscus L. Genome 2016, 59, 1150–1156. [CrossRef] [PubMed]
55. Parveen, I.; Singh, H.K.; Raghuvanshi, S.; Pradhan, U.C.; Babbar, S.B. DNA Barcoding of Endangered Indian Paphiopedilum

Species. Mol. Ecol. Resour. 2012, 12, 82–90. [CrossRef] [PubMed]
56. Cabelin, V.L.; Alejandro, G.D. Efficiency of matK, rbcL, trnH-psbA, and trnL-F (cpDNA) to Molecularly Authenticate Philippine

Ethnomedicinal Apocynaceae through DNA Barcoding. Phcog Mag. 2016, 12, 384. [CrossRef]
57. Algarni, A.A. Molecular Identification and Phylogenetic Analysis of Aloe Shadensis from Saudi Arabia Based on matK, rbcL and

ITS DNA Barcode Sequence. Saudi J. Biol. Sci. 2022, 29, 1125–1133. [CrossRef] [PubMed]
58. Sun, X.-Q.; Zhu, Y.-J.; Guo, J.-L.; Peng, B.; Bai, M.-M.; Hang, Y.-Y. DNA Barcoding the Dioscorea in China, a Vital Group in the

Evolution of Monocotyledon: Use of matK Gene for Species Discrimination. PLoS ONE 2012, 7, e32057. [CrossRef]
59. Alves, T.L.S.; Chauveau, O.; Eggers, L.; De Souza-Chies, T.T. Species Discrimination in Sisyrinchium (Iridaceae): Assessment of

DNA Barcodes in a Taxonomically Challenging Genus. Mol. Ecol. Resour. 2014, 14, 324–335. [CrossRef] [PubMed]
60. Raskoti, B.B.; Ale, R. DNA Barcoding of Medicinal Orchids in Asia. Sci. Rep. 2021, 11, 23651. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.2041-210X.2011.00092.x
https://doi.org/10.1002/ece3.8057
https://www.ncbi.nlm.nih.gov/pubmed/34646474
https://doi.org/10.1111/j.1095-8339.2010.01071.x
https://doi.org/10.15835/nbha4329747
https://doi.org/10.1111/1755-0998.12353
https://doi.org/10.1111/j.1759-6831.2011.00134.x
https://doi.org/10.1002/ece3.4254
https://www.ncbi.nlm.nih.gov/pubmed/30073078
https://doi.org/10.1371/journal.pone.0001154
https://www.ncbi.nlm.nih.gov/pubmed/17987130
https://doi.org/10.1111/j.1438-8677.2011.00554.x
https://www.ncbi.nlm.nih.gov/pubmed/22309105
https://doi.org/10.38212/2224-6614.2051
https://doi.org/10.3389/fpls.2020.00126
https://www.ncbi.nlm.nih.gov/pubmed/32174935
https://doi.org/10.1371/journal.pone.0008613
https://www.ncbi.nlm.nih.gov/pubmed/20062805
https://doi.org/10.1073/pnas.1104551108
https://www.ncbi.nlm.nih.gov/pubmed/22100737
https://doi.org/10.3389/fpls.2016.01791
https://www.ncbi.nlm.nih.gov/pubmed/27994608
https://doi.org/10.3390/biology9010009
https://www.ncbi.nlm.nih.gov/pubmed/31906128
https://doi.org/10.12705/673.5
https://doi.org/10.3732/ajb.90.12.1758
https://www.ncbi.nlm.nih.gov/pubmed/21653353
https://doi.org/10.1139/gen-2015-0205
https://www.ncbi.nlm.nih.gov/pubmed/27753524
https://doi.org/10.1111/j.1755-0998.2011.03071.x
https://www.ncbi.nlm.nih.gov/pubmed/21951639
https://doi.org/10.4103/0973-1296.185780
https://doi.org/10.1016/j.sjbs.2021.09.053
https://www.ncbi.nlm.nih.gov/pubmed/35197782
https://doi.org/10.1371/journal.pone.0032057
https://doi.org/10.1111/1755-0998.12182
https://www.ncbi.nlm.nih.gov/pubmed/24119215
https://doi.org/10.1038/s41598-021-03025-0
https://www.ncbi.nlm.nih.gov/pubmed/34880330

	Introduction 
	Materials and Methods 
	Sampling 
	DNA Isolation 
	Polymerase Chain Reaction (PCR) 
	Agarose Gel Electrophoresis 
	Sequencing and Data Analyses 

	Results 
	Discussion 
	Conclusions 
	References

