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Abstract

The islands of the Caribbean are considered to be a “biodiversity hotspot.” Collectively,
a high level of endemism for several plant groups has been reported for this region.
Biodiversity conservation should, in part, be informed by taxonomy, population status,
and distribution of flora. One taxonomic impediment to species inventory and man-
agement is correct identification as conventional morphology-based assessment is
subject to several caveats. DNA barcoding can be a useful tool to quickly and accu-
rately identify species and has the potential to prompt the discovery of new species.
In this study, the ability of DNA barcoding to confirm the identities of 14 endangered
endemic vascular plant species in Trinidad was assessed using three DNA barcodes
(matK, rbcL, and rpoC1). Herbarium identifications were previously made for all species
under study. matK, rbcL, and rpoC1 markers were successful in amplifying target re-
gions for seven of the 14 species. rpoC1 sequences required extensive editing and
were unusable. rbcL primers resulted in cleanest reads, however, matK appeared to be
superior to rbclL based on a number of parameters assessed including level of DNA
polymorphism in the sequences, genetic distance, reference library coverage based on
BLASTN statistics, direct sequence comparisons within “best match” and “best close
match” criteria, and finally, degree of clustering with moderate to strong bootstrap
support (>60%) in neighbor-joining tree-based comparisons. The performance of both
markers seemed to be species-specific based on the parameters examined. Overall,
the Trinidad sequences were accurately identified to the genus level for all endemic
plant species successfully amplified and sequenced using both matK and rbcL markers.
DNA barcoding can contribute to taxonomic and biodiversity research and will com-
plement efforts to select taxa for various molecular ecology and population genetics

studies.
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1 | INTRODUCTION

Trinidad and Tobago (latitudes 10.0°N and 11.3°N and longitudes
60.3°W and 62°W) are the southernmost islands in the Caribbean
and are bordered by the Atlantic Ocean and Caribbean Sea. The is-
lands are located 11.3 and 32 km northeast of the Venezuelan coast
of South America (Lesser Antilles; Kenny, Comeau, & Katwaru, 1997;
Kenny, 2008). Although both islands are positioned on the South
American Continental Shelf, it was proposed that Trinidad separated
from the South American continent later (ca. 1,500 years ago) than
Tobago (ca. 11,000-13,000 years ago; Kenny, 2008). The flora of
Trinidad and Tobago is estimated to include 2, 407 vascular plant spe-
cies of which approximately 4.5% are endemic (Baksh-Comeau et al.,
2016). This level of endemism is reflective of the close proximity to,
and the relatively short geological time frame since separation from
the South American mainland, and cannot be compared with oceanic
islands in the Greater Antilles, such as Jamaica (12%-50% endemism;
MacArthur, 1972; van den Eynden, Oatham, & Johnson, 2008; Baksh-
Comeau et al., 2016).

The Caribbean islands are among the world’s most important
“biodiversity hotspots” (Mittermeier et al., 2004; Shi, Singh, Kant,
Zhu, & Waller, 2005), and, in global terms, can be compared to the
Madagascar and Cape Floristic hotspots in terms of the number of
endemic genera (Francisco-Ortega etal., 2007; Maunder etal.,
2008; Mittermeier et al., 2004). Based on the International Union for
Conservation of Nature (IUCN) Red List categories, and the Global
Star rating system, species located in hotspots of high conservation
value should be inventoried to assess the distribution and population
status of endemics (Baksh-Comeau et al., 2016). The conservation of
natural plant resources in the Caribbean is especially critical for pro-
viding essential ecosystem services (Kress & Horvitz, 2005). However,
in many biodiversity hotspots, the botanical inventory is usually in-
complete, perhaps because taxonomic assignment is frustrated by low
discriminatory power of morphological descriptors for very closely
related species (Francisco-Ortega et al., 2007; Zanoni, 1989). DNA
barcoding has the potential to support species identification and dis-
covery, vegetation, and floristic species surveys, in addition to studies
on ecological forensics, all of which are critical to biodiversity man-
agement (Hollingsworth, Li, van der Bank, & Twyford, 2016; Valentini,
Pompanon, & Taberlet, 2008; von Crautlein, Korpelainen, Pietildinen,
& Rikkinen, 2011).

Apart from biodiversity conservation, accurate taxonomic assign-
ment is important to the practice of traditional or herbal medicine
(Techen, Parveen, Pan, & Khan, 2014). In the Caribbean, herbal rem-
edies are referred to as “bush medicine” (Laguerre, 1987; Mahabir &
Gulliford, 1997; Quinlan & Quinlan, 2007). In Trinidad, approximately
one-third of the flora is composed of exotic species which are used
as bush medicines according to an ethno-botanical survey conducted
between 2007 and 2008 (Clement, Baksh-Comeau, & Seaforth,
2015). The danger of collecting plants for use as herbal remedies lies
in some medicinal plant species having multiple synonyms, in addi-
tion to having a vernacular name, which may be mistakenly used to

identify more than one plant species (Bellakhdar, Claisse, Fleurentin,

& Younos, 1991). Endangered species may be mistakenly collected
to extinction if their identity is confused with more abundant mor-
phologically similar-looking individuals. Consumption of plant mate-
rial from misidentified species could also result in serious health risks
to end users (Barthelson, Sundareshan, Galbraith, & Woosley, 2006;
Bruni et al., 2010; Mahabir & Gulliford, 1997). For example, the Food
and Drug Association (FDA) has advised that consumption of prod-
ucts containing aristolochic acid (derived from plants belonging to the
Atristolochia genus) has been associated with permanent kidney dam-
age, and development of certain cancers associated with the urinary
tract (http:/www.cfsan.fda.gov). Similarly, toxic effects have been re-
ported for fruit and leaf consumption of plant species of the genus
llex (Weiner & Weiner, 1999) and Maytenus (Da Silva, Serrano, & Silva,
2011). Aristolochia, llex, and Maytenus sp. are used in the Caribbean
for their proposed medicinal properties (Mahabir & Gulliford, 1997).
Preservation of indigenous knowledge concerning medical ethno-
botany is a key aspect of bioprospecting with the proviso of accurate
species identification (Harvey & Gericke, 2011; Kumar, Sharma, &
Chattopadhyay, 2013; Theodoridis et al., 2012).

Conventionally, taxonomic assignment has been the purview of tax-
onomic experts (Waugh, 2007), however, DNA barcoding may enable
rapid and accurate species identification by nonspecialists using nucle-
otide comparisons of approved gene regions (Coissac, Hollingsworth,
Lavergne, & Taberlet, 2016; Hebert, Cywinska, Ball, & deWaard, 2003).
A 648-basepair region of the mitochondrial cytochrome c oxidase 1
gene (“CO1") is the accepted barcode for almost all animal groups but,
it is not a useful barcode in plants because this region (i) has a slow
rate of evolution (Chase & Fay, 2009), (ii) is prone to structural rear-
rangements (Kelly, Ameka, & Chase, 2010; Palmer et al., 2000), and
(iii) does not accommodate for the existence of interspecific and inter-
generic hybrids in plants (Rieseberg, Wood, & Baack, 2006). Selection
of a plant DNA barcode must meet a number of criteria which have
already been described elsewhere (Ford et al., 2009; Hollingsworth
et al., 2009; Kress & Erickson, 2008; Li et al., 2015). The chloroplast
ribulose-1, 5-bisphosphate carboxylase/oxygenase large subunit gene
(rbcL) and maturase K gene (matK) are the approved barcodes for land
plants (CBOL Plant Working Group 2009). However, plant-plastid bar-
codes typically have lower resolving power to separate closely related
plant species compared to the animal barcode, and in several cases,
conspecifics or recently diverged species do not form highly sup-
ported, distinct sequence clusters that allow species discrimination
(Hollingsworth et al., 2016; van Velzen, Weitschek, Felici, & Bakker,
2012; Zhang et al., 2012). In fact, a uniquely identified species in a
given genus is the exception rather than the rule in most plant barcod-
ing studies (Hollingsworth, Graham, & Little, 2011). For these reasons,
standard plant barcodes are more appropriately used as “molecular
augmentations” to preexisting herbarium identifications as the current
plant barcode sequences do not contain sufficient variation to define
a species-level framework for every plant species (Hollingsworth et al.,
2016). Further, in using plant barcodes, it is important to understand
the limited resolving power of the technique when formulating the
objectives of a particular study (Hollingsworth et al., 2016). There are
other practical issues to consider which include but are not limited
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to, the requirement for species-specific primer combinations which
directly determines recovery of matK sequences, DNA extraction
methods for recalcitrant species whose genomic DNA may be con-
taminated with PCR inhibitors, for example, muco-polysaccharides,
proteins, polyphenols, and tannins, the need for and expense involved
in automated DNA extraction for high-throughput processing of large
sample sizes, and the difficulty in constructing reference sequence
datasets or libraries (Hollingsworth et al., 2011, 2016). The most re-
cent development in plant DNA barcoding is to sequence the com-
plete chloroplast genome which will be used as a “super-barcode” in
order to overcome some of the issues associated with low resolving
power of the single or multiple loci barcode approach (Hollingsworth
et al, 2016; Li et al., 2015).

In this study, we evaluated the ability of three DNA barcodes
(matK, rbcL, and rpoC1) to identify specimens of 14 vascular endemic
plant species in Trinidad which are endangered or vulnerable accord-
ing to The International Union for Conservation of Nature and Natural
Resources (IUCN) Red List criteria.

2 | MATERIALS AND METHODS

2.1 | Plant collection

Fourteen endemic vascular plant species were selected for this study
(Table 1; Figure 1). Expeditions were led by Mr. Winston Johnson,
retired field plant taxonomy expert of the National Herbarium of

Trinidad and Tobago. The main consideration for collection was the

TABLE 1 Plant species collection data

Family Species IUCN Status®
Araceae Philodendron simmondsii Mayo  Endangered
Aristolochiaceae  Aristolochia boosii Panter Endangered
Begoniaceae Begonia mariannensis Wassh. Critically

& McClellan endangered

Caesalpinaceae Macrolobium trinitense Urb. Near endangered

Celastraceae Maytenus monticola Sandwith ~ Near threatened

Clusiaceae Clusia aripoensis Britton Least concern
Clusiaceae Clusia intertexta Britton Deficient data
Clusiaceae Clusia tocuchensis Britton Endangered
Cyperaceae Scleria orchardii C.Adams Vulnerable
Euphorbiaceae Acalypha grisebachiana Vulnerable
(Kuntze) Pax & Hoffm.
Xyridaceae Xyris grisebachii Malme Critically
endangered
Asclepiadaceae Cynanchum freemani (N.E.Br.) Endangered

Woodson (syn. Metastelma
freemani N.E. Br.)

Aquifoliaceae llex arimensis (Loes.) Britton Least concern

Myrtaceae Myrcia stenocarpa Krug &

Urban, Bot. Jahrb. Syst

Near endangered

2JUCN Status—International Union for Conservation of Nature (IUCN) Red
List categories.
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fact that the majority of species collected were endangered according
to the IUCN Red List criteria (Baksh-Comeau et al., 2016), and this,
therefore, restricted the number of individuals collected. In addition,
some mountainous species were difficult to retrieve and accessibility
was an issue. Five individuals per species per location were collected
in labeled bags and transported on ice to the laboratory. Specimen
identification and species assignment were independently confirmed
prior to DNA analysis and was based on an assessment of morpho-
logical descriptors developed by the National Herbarium of Trinidad
and Tobago (http://sta.uwi.edu/herbarium/). Voucher specimens
were deposited at the National Herbarium of Trinidad and Tobago.
Information concerning the endemic species used in this study can
be accessed through The National Herbarium of Trinidad and Tobago
in conjunction with the University of Oxford through the Darwin

Initiative online database, http://herbaria.plants.ox.ac.uk/bol/trin.

2.2 | DNA extraction, amplification, and sequencing

Total genomic DNA was extracted from freshly collected leaf mate-
rial according to the modified CTAB protocol of Koboyashi, Horikoshi,
Katsuyama, Handa, and Takayanagi (1998). The Kobayashi protocol
was selected because it is known to successfully extract amplifi-
able genomic DNA from a number of woody plant tissue with high
amounts of polysaccharides including muco-polysaccharides, poly-
phenols, and various secondary metabolites such as alkaloids, flavo-
noids, and phenols, all of which inhibit PCR amplification (Kobayashi
et al. 1998). In some cases, the DNA pellet had to be washed up to
three times with Buffer 1 and the chloroform-isoamyl alcohol ex-
traction step was repeated if the aqueous layer was not clear and/or
the color of the pellet was brown and sticky according to the recom-
mendations of Koboyashi et al. (1998). DNA extracts were diluted to
10 ng/pl and this served as the initial working DNA concentration for
PCR amplification.

Three markers were assessed for species identification: the recom-
mended two-locus cpDNA barcode (matK + rbcL; CBOL Plant Working
Group 2009), and one cpDNA regions (rpoC1; Chase et al., 2005; Kress,
Wurdack, Zimmer, Weigt, & Janzen, 2005; Table 2). PCR amplification
reagents and thermal conditions were used according to the CBOL lab-
oratory manual guidelines (http:/www.barcoding.si.edu/ plant_work-
ing_group.html). However, optimization was required for each primer
pair and for each species which included the following: (i) varying the
concentrations of DMSO, Tween 20, and BSA as PCR enhancers, (ii)
titrating the concentration of MgSO,, and (iii) assessment of primer
annealing temperature through gradient annealing temperature analy-
sis. Optimal amplification was achieved using 1.5 mmol/L MgSO,, 1%
Tween-20, 0.8 mg/ml BSA, and 60°C annealing temperature.

Amplicons were sequenced in both directions by Amplicon Express
(Pullman, WA, USA) using Sanger dideoxy sequencing. Verified base
calls were carried out by the sequencing company independently as
a first check that the sequence reads were correct. The sequences
were also checked against the chromatograms using Sequencher
v 5.4.1 (https:/www.genecodes.com/, Gene Codes Corp., Ann Arbor,
Michigan, USA). The data from the rpoC1 marker was eliminated
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FIGURE 1 Location map of endemic vascular plant species sampled in this study. The white shaded areas indicate elevation, and it is noted

that the majority of endemic species included in this study were located in mountainous regions in North Trinidad

TABLE 2 Primer data

Marker/Barcode Primers F/R
rpoC1 2F
4R
matK 3F
1R
rbcL rbcLa_R
rbcLa_F

Primer sequence (5’-3’)
GGCAAAGAGGGAAGATTTCG
CCATAAGCATATCTTGAGTTGG
CGTACAGTACTTTTGTGTTTACGAG
ACCCAGTCCATCTGGAAATCTTGGTTC
GTAAAATCAAGTCCACCRCG
ATGTCACCACAAACAGAGACTAAAGC

Average amplicon size/bp
(amplicon size range)

494 (462-556)

794 (656-861)

704 (702-883)

from further analysis as the sequences were not clean reads de-
spite repeated sequencing attempts. Sequences obtained from the
two barcodes were deposited in GenBank (GenBank Accession Nos.
KX228511 to KX228515 and KX212893 to KX212899).

2.3 | Data analysis

Data were analyzed using a compendium of supporting methods as
there is no one singular approach that best determines barcoding suc-
cess in species discrimination (Gong, Liu, Chen, Hong, & Kong, 2016;
Mao, Zhang, Nakamura, Guan, & Qiu, 2014). As far as possible, the
recommendations for data analysis were followed as outlined by
Casiraghi, Labra, Ferri, Galimberti, and De Mattia (2010) and Collins
and Cruickshank (2013).

2.4 | BLAST and reference datasets

Verified representative sequences of each taxon were provisionally
identified using the BLASTN algorithm available on NCBI (https://
blast.ncbi.nlm.nih.gov/Blast). The similarity indices and query cov-
erage were recorded. A reference sequence library was then con-
structed for each species which consisted of sequences matching
98%-100% in sequence similarity with 97%-100% query coverage
(Larranaga & Hormaza, 2015).

There were significantly different nucleotide lengths sizes for
each barcode and the two-locus combinations prevented accept-
able alignment for several species. It was, therefore, difficult to
construct multilocus barcodes using the same alignment associ-
ated with the corresponding single-locus barcodes for each taxon
in the reference dataset. This difficulty has been reported by others
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TABLE 3 PCR amplification and
sequencing success

Species
Acalypha grisebachiana

Atristolochia boosii

Begonia mariannensis
Clusia aripoensis
Clusia tocuchensis

llex arimensis

Macrolobium trinitense

Maytenus monticola

Metastelma freemani

Myrcia stenocarpa

Philodendron simmondsii

Scleria orchardii
Clusia intertexta

Xyris grisebachii
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Best Worst
Primer PCR amplification sequence sequence
success after optimization reads® reads®
rbcL; rpoC1 100% rbcL rpoC1
matK; rbcL; 100% rbcl rpoC1
rpoC1
none N/A N/A N/A
rbcL 100% rbcL rpoC1
none N/A N/A N/A
matK; rbcL; 100% rbcl rpoC1
rpoC1
none N/A N/A N/A
matK; rbcL; 100% rbcl rpoC1
rpoC1
matK; rbcL; 100% rbcl rpoC1
rpoC1
None N/A N/A N/A
matK; rbcL; 100% rbcL rpoC1
rpoC1
None N/A N/A N/A
None N/A N/A N/A
None N/A N/A N/A

?Best sequence reads—clear reads without incorporation of ambiguous bases.
bWorst sequence reads—sequence reads with numerous ambiguous bases, base deletion or addition,
premature termination of sequence.

(Hollingsworth et al., 2016). As such, analyses were conducted for
separate barcodes.

Sequences were aligned using MAFFT v7 (http:/mafft.cbrc.jp/
alignment/software/, Katoh, 2013). The aligned sequences were ex-
amined visually, and manual adjustments were made to ensure com-
mon start and end lengths. MEGA7 software (Tamura et al. 2011) was
used to calculate pairwise distances among the aligned sequences
using the Kimura 2-parameter model (Kimura, 1980) to assess intra-
and interspecies differences.

2.5 | DNA polymorphism analysis

The level of DNA polymorphism of the aligned sequences of each
reference sequence dataset was carried out using DnaSP software
(http://www.ub.edu/dnasp/; Rozas, 2009; Librado & Rozas, 2009).
DNA polymorphism analysis is an approach that can potentially iden-
tify important diagnostic differences among sequences that are not de-
tected by distance or tree-based query assignment methods (DeSalle,
Egan, & Siddall, 2005; Pettengill & Neel, 2010). This approach has not
been previously applied for analyzing barcode sequences, and this is
the first reported use here.

2.6 | Direct sequence comparison

The “Species Identifier” suite of tools in the Taxonomy-aware DNA se-

quence processing toolkit (TaxonDNA,; http://taxondna.sourceforge.

net/; Meier, Kwong, Vaidya, & Ng, 2006) was used to explore intra-
and interspecific genetic distances, matching sequences, and cluster-
ing sequences based on pairwise distances. Genetic distance data was
used to implement a threshold for determining species identity. This
threshold represented the pairwise genetic distance at which 95%
of all conspecific individuals were correctly classified. There must be
multiple accessions of most species in the reference sequence da-
tabase, and conspecifics should be present in the database in order
to apply the threshold value. BLAST analysis produced similarity hits
with sequences belonging to genera outside of the query sequence
and as such, demonstrated close genetic affinities to other congeneric
species. These sequences were, therefore, also included in the refer-
ence sequence dataset.

To evaluate species identity success, the criteria “Best Match” and
“Best Close Match” implemented in TaxonDNA were evaluated. “Best
Match” is designated if the query sequence is assigned to the genus of
the most similar reference sequence. “Best Close Match” is designated
if the query sequence is assigned to the genus of the most similar li-
brary sequence based on K-2-P distance threshold. A query that falls
below the determined threshold value will be classified as unidenti-
fied (“no match”). The Barcode of Life Data Systems (BOLD), assigns
identities using a pairwise genetic distance threshold of 1% for animal
species (Ratnasingham & Hebert, 2007). However, the threshold has
to be determined for each taxon as it is expected that there is no com-
mon threshold value across several different taxonomic groups (Rach,
DeSalle, Sarkar, Schierwater, & Hadrys, 2008).
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TABLE 4 DNA polymorphism data for the matK barcode
DNA Polymorphism  Aristolochia Philodendron
Marker Parameters boosii llex arimensis Maytenus monticola Metastelma freemani simmondsii
matK N 81 89 65 57 101

Aligned sequence 815 698 628 799 715
length (nt)

# monomorphic 582 657 640 581 615
sites

# polymorphic sites 214 41 128 188 82

# singleton sites 58 21 69 75 31

# parsimony 150 20 59 113 50
informative sites

# indel sites 24 0 0 30 54

# mutations (Eta) 55 41 140 223 88

# nucleotide 29.206 3.061 11.641 30.031 7.754
differences (k)

Nucleotide diversity 0.039 0.004 0.015 0.038 0.011
(m)

Conservation 0.83 1 0.93 0.83 0.98
threshold (CT)

Sequence 0.734 0.941 0.833 0.734 0.884
conservation (C)

Conservation NCRF Region 1 = 0.022 Region = 0.003 Region = 0.011 NCRF
P-value (nt370-429 Region (nt655-745) (nt1-83)

2 =0.004 (nt435-518)

NCRF, No conserved region found.

Assignment of each query sequence to a specific taxon was at-
tempted with three possible outcomes for “Best Match” and “Best
Close Match” analyses: (i) A “correct” assignment (i.e., the query was
assigned to a taxon), (i) an “ambiguous” assignment (i.e., if there were
no barcodes in the library within the set threshold, the assignment
was considered to be “ambiguous”), and an “incorrect” assignment
(i.e., the query was not assigned to a taxon). A “correct” assignment
was then checked with the morphology-based identification and if
there was concordance, the assignment was considered to be TRUE,
or FALSE if there was disagreement with the morphology-based iden-
tification (Ross, Murugan, & Li, 2008; Wilson et al., 2011). An “am-
biguous” assignment was concluded where the true taxon based on
morphological descriptors was not represented in the reference data-
set for that barcode which meant that the library was incomplete with
inadequate coverage for that specific taxon (Ross et al., 2008; Wilson
etal., 2011).

2.7 | Tree-based analysis

Neighbor-joining (NJ; Saitou & Nei, 1987) analysis was carried out
to determine phylogenetic placement of a query sequence in rela-
tion to a reference sequence dataset. Bootstrap values >70% at a
given branch were considered strong support for the existence of
that branch. The model implemented was the K-2-P genetic distance
model with 1,000 pseudoreplicates (Felsenstein 1985). Using tree-

based criteria, query sequences are assigned to a species when they

clustered with barcodes from their correct taxon with high bootstrap
support (Elias et al., 2007; Mao et al., 2014). Controversy arises
when correct assignment via this method of analysis requires that
the taxon be monophyletic and when deep phylogenies cannot be
tracked. The NJ algorithm is used here to determine clustering of
closely related individuals and not as an absolute confirmation of
taxon identification.

3 | RESULTS

3.1 | PCR and sequencing

Table 3 summarizes the outcome of PCR amplification and sequenc-
ing after optimization. With respect to sequencing, the rpoC1 PCR
product was the most difficult to sequence. rbcL gave the clean-
est reads compared to rpoC1 and matK. These sequences also had
zero InDels for all species except Aristolochia. The rbcL sequences
of the reference library mined from GenBank had fewer ambiguous
bases (“M,” “S,” “Y,” “K,” “N,” “W”") compared to matK and were easily

aligned.

3.2 | DNA polymorphism analysis

Tables 4 and 5 summarizes the DNA polymorphism detected in the
matK and rbcL sequences. matK sequences had a higher level of

polymorphism and had more parsimony informative sites than rbcL
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838 — AB060799 Anstolochia peruviana

S0 DQ882186 Aristolochia cruenta
AB060786 Aristolochia arcuala

82 ADBO060802 Aristolochia pilosa
AB060802 Anstolochia pilosa
DQ532055 Aristolochia labiata
ARNBOTY8 Aristolochia odorafissima
AB060793 Arisiolochia gigantea
AB211561 Anstolochia odoratissima
KP998787 Aristolochia tentacuiata
ABO71816 Aristolochia taliscana
ABOG60/91 Ansiolochia hmbnata
AB211563 Anstolochia fimbriata
AB211589 Anstolochia praevenosa
AB211588 Aristolochia triactina
AB211590 Aristolochia promissa
DQ532065 Anistolochia promissa
AB060788 Anstolochia burelae
AB211565 Aristolochia pentandra
ARN71815 Aristolochia micrantha
ABO060781 Aristoluchia nelsornii
ABO0B0783 Anstolochia maxima
DQ532049 Aristolochia maxima
AB060782 Aristolochia maxima

Anstolochia boosii ( Irimdad)
ABO060785 Anstolochia ovalifolia
DQ532048 Anstolochia acutifolia
KIP998779 Aristolochia grandifiora
DQ532052 Aristolochia grandiflora
ADO071812 Anstolochia grandifiora
%9 KP998790 Aristolochia pothien
81 !_[ KP998783 Aristolochia pothieri

L. ARNBOTTT Aristolochia kankauensis

ABOT 1818 Aristuluchia sp.
] DQ532064 Anstolochia albida
il E DQ296648 Aristolochia albida
% AB211566 Aristolochia albida
\; ABOG6U/ 16 Anstolochia jacki
90 KF498583 Aristolochia indica
8o AB211579 Anstolochia indica
KIr444212 Aristolochia krisagathra
DQ532059 Aristolochia bracteolata
DQ296647 Anstolochia bracteolata
AB060775 Anstolochia gaudichaudii

929
KF498584 Aristolochia tagala
4[ ARNBOTAN Aristolochia tagala
KP398789 Aristuluchia lagala
KP998788 Anstolochia tagala
KP998786 Aristolochia tagala
DQ532063 Aristolochia acuminata
DQZ96646 Ansioloctia acurminata
ABOSB0779 Anstolochia tagala
AB211567 Anstolochia tagala
o |KP998782 Aristolochia pierrei
% ABO060771 Anistolochia indica
ADB211572 Anistolochia kerrii
AB060778 Anstolochia pierrei
929
%E
a7

KP998780 Aristolochia kerrii
NAO296650 Aristolochia kerrii
ABOG60TT0 Aristulochia goliatfiana
ABOB0772 Anstolochia papilliifolia
AB211578 Aristolochia sp.
ABO080774 Aristolochia sp.
ABOGBU/ /3 Ansiolochia sp.
FJ428697 Anstolochia debilis
AB060768 Anstolochia debilis

AB211581 Aristolochia contorta
DQ532060 Aristolochia clematitis
DQ296651 Anistolochia clematitis
AB060767 Anstolochia clematitis
DQ296652 Aristolochia pistolochia
AF543724 Aristolnchia pisfolochia
DQ532062 Anstolochia pislulochia
DQ296662 Anstolochia paucinervis
DQ882190 Aristolochia parvifolia
DQ296659 Aristolochia boftae
ABZ11560 Aristolochia sempervirens
ABO0B0766 Anstolochia baetica
DQ296666 Anistolochia clusii
DQ296668 Aristolochia sicula
DQ296667 Aristolochia tymhena

FIGURE 2 (a-e) Neighbor-joining tree for five species based on
matK sequences. Clustering of all query sequences of species under
study was inferred using the neighbor-joining method in MEGAG.
The condensed tree (50% bootstrap consensus tree) showing only
clustering topology is presented and the percentage of replicate trees
in which the associated taxa clustered together in the bootstrap
test (1,000 replicates) is indicated next to the branches. The genetic
distances were computed using the Kimura 2-parameter method
and are in the units of the number of base substitutions per site.

All positions containing gaps and missing data were eliminated.
a—Aristolochia boosi, b—llex arimensis, c—Maytenus monticola,
d—Metastelma freemani, e—Philodendron simmondsii

sequences regardless of species. matK sequences also enabled a higher
percentage of correct identifications compared to rbcL regardless of
species. matK sequences yielded a higher number of BLASTN hits to
the same genus as the query sequence regardless of species. matK
sequences extracted from GenBank had “R,” “Y,” “N,” “S,” “K,” and “M”
bases. matK sequences had a higher number of nucleotide differences
than rbcL sequences. matK sequences in the reference library dataset
had lower CT and C values compared with rbcL sequences especially
for Aristolochia, llex, and Philodendron species. GenBank accession
numbers for all references sequences used in this study are indicated
in the NJ trees inferred for each species (Fig. 2a-e for matK sequences
and Fig. 3a-f for rbcL sequences).

BLASTN resulted in mixed hits for rbcL sequences for 50% of the
species under study. However, Aristolochia and llex sequences resulted
in 100% genus hits for both matK and rbcL sequences. rbcl sequences
extracted from GenBank were clean reads with few sequences having
“R) Y, “N,)” “S) “K.” and “M” bases. rbcl sequences of the endemic
species also had a higher query coverage (99%-100%) and higher
similarity (99%) compared with matK sequences. rbcL sequences also
had fewer InDels than matK sequences and contained several regions
or blocks of nucleotides with conserved sequences which resulted in
high CT (CT = 1) and C values (close to 1).

3.3 | Sequence identification

Specimen identification success for the two markers, matK and rbclL, is
outlined in Tables 6 and 7. There was a higher proportion of correctly
identified species obtained with matK sequences compared with rbcL
sequences. rbcL sequences had a higher proportion of ambiguously
classified sequences compared to matK sequences. The matK refer-
ence dataset also had a higher number of conspecifics compared with
the rbcL reference dataset. In terms of genetic distance, Aristolochia
sequences shared the highest distance and Metastelma sequences
shared the lowest distance, regardless of marker, when compared
with other species according to K-2-P analysis. All of the endemic
species from Trinidad, except Clusia aripoensis, shared a common clas-
sification as “ambiguous” regardless of marker. Clusia aripoensis could
not be matched according to TaxonDNA's “best match” and “best
close match” criteria, and there was no placement of this species into
genus-specific cluster in the NJ tree generated by the K-2-P model.
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86 KP093889 liex ficoidea
HQ415252 llex memecylifolia
JF954080 llex aculeolata
KP0932486 liex asprella
HQ427294 llex wilsonii
|KJ687632 llex hayatana
KJB87646 llox pubescens
KP093247 liex aspreila
|KJEE7607 llex asprella
KP093895 liex lohfauensis
KJ687624 llex goshiensis
KP094137 liex cochinchinensis
B4 11Q415256 llex cochinchinensis
HQ42/291 llex pubescens
E JN407001 llex asprella
JNA07084 llex asprella
JN407082 llex asprella
KP093894 liex lohfauensis
KJG87925 llex cochinchinensis
KP093446 liex pubescens
HQ415255 llex rotunda
HQA415254 llex chapaensis
KP093975 llex chapaensis
KP093343 liex rotunda
JIN407088 liex rotunda
KJ687651 llex rotunda
KP093342 liex rotinda
JN407086 llex rotunda
JF354096 llex excelsa
|HQ427290 llex micrococca
KJGBT640 ilex micrococca
JF354107 Nlex micrococca
KJEB/634 llex lonicenifolia
KJ592999 llex verticillata
KJ592998 llex verticillata
AB925047 llex wallichii
HQ427293 llex suaveolens
— KM212084 llex vertivillala
g2L— KP102325 liex verticillata
JF954086 lex chinensis
KJB87928 llex maximowicziana
KP093476 liex triflora
KP093958 liex vindis
K.1592994 llex mucronala
KJ592995 llex mucronata
K.J5972997 llex miicronata
KJ592993 llex mucronata
&b — HO427292 llex purpurea
JF854082 lex chinensis
KPOY3624 llex microcacca
53 KF569898 llex litseifolia
KP0Y3625 llex micrococca
KJG87G36 llex lonicerifolia
KJ592996 llex verticillata
KJO12644 llex macfadyenii subsp. macfadyenii

KF555394 llex theizans
I—E JQ588043 Calalula custaricensis

’_( llex avimensis (Trinidad)
KF981300 llex pseudobuxus

KF981299 llex amara

GQ248141 llex paraguariensis

. ’_E GQ248140 llex opaca

\

(b)

mﬁm

‘ﬁﬂ |

il

ks

KP643067 llex opaca
KP642824 licx opaca
HQ427289 llex iatifolia
|HQ427288 llex ficoidea
GQ997309 llex corniita
AJ429376 llex sp.
HMB50938 llex perado subsp azorica
395435 lex aquifolium
JNBIGT6O Hex aquifolium
JNBS5298 liex aquifolium
|KJEB/ 608 llex hcoidea
KJGO7616 llex formosana
JNBYS29/ llex aquifolium
KJG87930 llex uraiensis
HEQ67420 llex aguifolium
KP093952 liex cunferliflora
KP093977 liex memecylifolia
KP093252 llex lalifolia
KP093253 llex latifolia
KP093951 llex confertifiora
KP093888 liex ficoidea
JFA5408T7 Nex cormina
Ar542607 llex aguifolium
JF954094 lex cornita

62

FIGURE 2 (Continued)
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59

EF135565 Maytenus arbutifolia
EF135566 Maytenus senegalensis
DQ217550 Gymnosporia mossambicensis

DQ217549 Putterlickia verricosa
4|£ |HQ267098 Gymnosporia littoralis
EU328975 Gymnosporia polyacantha

DQ217548 Lydenburgia cassinoides

DQ217556 Lydenburgia abbotti

DQ217533 Salaciopsis glomerata

53 DQ217552 Cassine peragua
st DQ217536 Cassine schinoides
60 DQ217559 Catha edulis
64 EU328966 Catha edulis
89 FJ670051 Paxistima canbyi
9 E EU328964 Paxistima canbyi
EU328965 Paxistima myrsinites

JX203613 Brexiella ilicifolia
DQ217532 Elaeodendron xylocarpum
EF135531 Elaeodendron orientale
JX203622 Celastraceae sp.

64 JX203627 Celastraceae sp.

96— EU328982 Gymnosporia haberiana

L EU328984 Gymnosporia urbaniana
66— HQ393844 Glyptopetalum rhytidophyllum

L Evooz170 Euonymus americanus

HQ393836 Euonymus oxyphyllus
HQ393831 Evonymus macroplerus

HQ415365 Euonymus laxiflorus
62
L

HQ393822 Euonymus fimbriatus

HQ427390 Euonymus centidens

HQ415364 Euonymus nitidus

HQ393830 Euonymus latifolius
HQ393832 Euonymus melananthus
HQ427388 Euonymus myrianthus
HQ393835 Euonymus nitidus
HQ427391 Euonymus nitidus
HQ427389 Euonymus carmosus
HQ393837 Evonymus phellomanus
HQ593291 Euonymus alatus
EU328950 Euonymus alatus
EF135537 Euonymus alatus

DQ217557 Pseudosalacia streyi

HQ267103 Maytenus aquifolium

EU328949 Maytenus disticha
65 —— HQ267104 Maytenus distichophylla

L HQ267115 Maytenus robusta

FJ514623 Maytenus oblongata

HQ267108 Maytenus evonymoides

JQ812686 Maytenus sp.

— HQZ267116 Maytenus salicifolia
L HQ267105 Maytenus domingensis
Maytenus monticola (Trinidad)
JQ626557 Maytenus oblongata
HQ267106 Maytenus elliptica
EU328961 Maytenus floribunda
FJ514687 Maytenus sp.
JQ626459 Maytenus sp.
GQ428644 Maytenus sp.

100 |: HM230178 Loeseneriella sp.
JX203584 Pristimera aff. malifolia

FIGURE 2 (Continued)

JF410093 Rzedowskia tolantonguensis
87 HQ267102 Gyminda tonduzii
8 EU328981 Gyminda latifolia
68 JF410104 Schaefferia stenophylla
97 JF410103 Schaefferia pilosa
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DQO26725 Ditassa hastata

_|: DQO26729 Ditassa tomentosa

DQO026728 Ditassa retusa
Metastelma freemanii (Trinidad)

DQO026733 Metastelma myrtifolium
DQO026721 Ditassa burchellii

DQO26719 Ditassa banksii

DQO026726 Ditassa hispida
DQO26723 Ditassa ditassoides

DQO026727 Minaria magisteriana
85
W: DQO26722 Minaria decussata

798196 Matelea quirosi

DQO0267 34 Orthosia scoparia

_99|: DQO026741 Philibertia lysimachioides
DQO026732 Philibertia discolor
HM850832 Araujia sericifera

97

87

490|: DQO0267 35 Oxypetalum banksii
% DQO026740 Oxypetalum wightianum
67 DQO0267 38 Oxypetalum sublanatum

—|: DQO26731 Oxypetalum minarum

82

DQO026739 Oxypetalum warmingii
66 DQO267 37 Oxypetalum pannosum
DQO026730 Funastrum clausum

EF456381 Vincetoxicum rossicum
JE 798192 Vincetoxicum nigrum
HQ593259 Vincetoxicum rossicum

99 KT344854 Calotropis procera
8 — 1 JN228932 Calotropis gigantea
72 KT176585 Asclepias verticillata
DQO026716 Asclepias curassavica
HQ384551 Asclepias syriaca
98 DQ660501 Asclepias syriaca
EF456383 Fockea edulis

0k

AJ312404 Secamone falcata
DQ660541Secamone elliptica
AJ312401 Secamone sparsiflora
798184 Secamone geayii

L2

AJ312407 Secamone ecoronata
AJ312400 Secamone cristata

798183 Secamone parvifolia
AY899954 Secamone oleifolia

— 798181 Pervillea venenata

96— AJ312408 Pervillaea phillipsonii

EF456379 Toxocarpus villosus
100 —— EF456333 Motandra guineensis

FIGURE 2 (Continued)

L DQ221121 Motandra guineensis
EF456307 Elytropus chilensis

94 EF456357 Farquharia elliptica
99 EF456354 Alafia barteri

DQ660544 Strophanthus boivinii

EF456256 Anodendron oblongifolium
EF4563370dontadenia lutea

EF456297 Allotoonia woodsoniana

i 100 DQ660532 Peltastes peltatus

2 EF456301 Peltastes isthmicus
DQ522652 Rhodocalyx rotundifolius
94 EF456308 Rhodocalyx rotundifolius

L
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JX024978 Homalormena vivens
JX0219/8 Homalomena vivens
JX024996 Homalomena giamensis
KM580704 Homalomena vivens
KMB580710 Homalomena vivens
JX0UZ24971 Homaiomena hanneage
JX(124974 Homalomena hanneae
JX(24981 Homalomana sp.
JX024982 F
KM580682 Homalomena sp.
KM530688 Homalomena ovata
KM580708 Homalomena hanncae
KM580709 Homalomena sengkenyang
KM580/7 11 Homalormena hanneae
KM580712 Homalomena sengkenyang
KM5807 13 Hormalormena hanneae
KM5807 14 Homalomena sengkenyang
KM580716 Homalomena clandestina
KM580717 Homalomena sengkenyang
KM580718 Homalomena hanneae
KM5807 19 Homalomena josefi
KM580720 Homalomena symplocarpifolia
KM580721 Homalomena debilicrisia
KM5807 15 Hormalormena josefii
JX02499% Homalomena rostrata
KP3086973 Homalomena wallisii
KP386971 Homalomena wallisii
KPAQ86970 Homalomena speariae
KP986964 Adelonema sp.
KM580683 Homalomena wallisii
JX(r24992 Homalomena wallisii
[_ KC466578 Hormalornena speariae
KM580706 Homalomena aspenifolia
KM580705 Homalomena sp.

KM580692 Homalomena sp.
KM580691 Homalormena asmae

WWWWWW

JX024970 F asmae
JX0249687 Homalomena 3p.

FRB832766 Furtadoa mixta
GQ434256 Homalomena occulta

JNUSD0BY Homalomena occulta

6434257 Homalomena occulta
JN0I0093 Homalomena oceulia
60434258 Homalomena occulta
KMS580707 Homalomena tonkinensis
JX024985 Homalomena havilandii
75 - KM580690 Homalomena lunduensis
fiad | L| i F insignis

L JX024987 Homalomena insignis

KM580694 F
KM580686 Furladoa surmalrensis
JX024991 Homalomena sp.
JX024989 Homalomena punclulata
KM580689 Homalomena sp.
KM580696 Hormalormena sp.

ﬁ?| I—E KM580695 Homalomena sp.

JX024990 Homalomena vagans
JX(124988 Homalomena sp.
KM580703Homalomena curvala

KM3B0702 Homalomena curvata
KM580701 Homalomena atrox
KM580700 Homalomena sp
KM580685 Hormalormena expedila

JX024966 Homalomena curvata

JX024965 Homalomena expedita
KM580699 Homalomena humilis
H KM580698 Homalornena humilis
KM580683 Homalomena atrox
JX024969 Homalomeana humilis
KM580697 Homalomena sp.
HQBB/ 76/ Furtadoa sumatrensis
AM920536 Homalomena magna
KPA986969 Adelonema piclurala
o1 KP986967 Adelonema picturata
,— KP386966 Homalomena pelfala

T L[— KP388: picturats
714 KP986965 Hornalomena ciimpes
M [ KM5806G84 Philodendron bipinnatifrdum
JX024993 Philodendron bipinnatifidum
66 r JQ586600 Araceae sp.

JQ586601 Aracane sp.

DQ401355 Philodendron hederaceum var. oxycardium

59| - JX024894 Philodendron radialum
JQ586641 Philodendron radiaturn
89 - JQSB6GA0 Philodendron radiatum
2 JQ569969 Monstera sp.
JQ586638 Philodendron fragrantissimurm
JQ589971 Monstera sp
KP8869/72 Pinlodendron sp.
Philodendron simmondsi (Trimdad)
AMS20587 Philodendron delloideum
69 [_ FNB68813 Philodendron sp.

99 ~ AM920639 Cercestis mirabilis
’5_6{-[ LF173529 Cercestis mirabilis

[E KMS80687 Philodendron radiaturm

AM20595 Callopsis valkensii
56 - AM920640 Monlrichardia arborescens

FIGURE 2

L KC466579 Nephthytis binfuluens:s
AMI20582 Pseudohydrosme gabunensis
98, L GQ220885 Anchomanes difforrmis
78 AF387427 Anchomanes difformis

3.4 | Reference dataset coverage

Library representation and similarity in the BLAST reference li-
brary for each species and marker are summarized in Table 8 and
9. Coverage was representative for only Aristolochia, llex, and
Philodendron matK sequences. Reference dataset coverage was
representative for Aristolochia, llex, and Acalypha rbclL sequences.
A minimum cutoff value for query coverage was applied at 97% if
the subject sequence belonged to the same genus as the query se-
quence. Similarly, a minimum similarity value was applied at 97%
if the subject sequence belonged to the same genus as the query
sequence with the exception of Clusia aripoensis which only had
94% maximum similarity regardless of genus. BLASTN hits for Clusia
aripoensis also revealed poor reference dataset coverage with the
lowest similarity scores (94%) of all the species included in this
study. The distances among the conspecifics in the dataset were
also very low. This may explain the “no match” designation for Clusia
aripoensis.

BLAST searches revealed very poor reference dataset coverage for
all species for the rpoC1 marker. Aristolochia had only 11 sequences
belonging to this genus (97%-100% query coverage; 97%-98% simi-
larity); Acalypha had no other sequences belonging to this genus; llex
had four sequences belonging to this genus (96%-100% query cov-
erage; 98% similarity); Maytenus had 15 (98%-100% query coverage;
99% similarity); Metastelma had just five other sequences belonging to
this genus (100% query coverage; 97%-98% similarity); Philodendron
had no other sequences belonging to this genus. In most cases, the
BLAST reference dataset also included other sequences belonging to
at least 15 other genera designated as hits with the same query cov-
erage and similarity as those sequences belonging to the same genus
as the query sequence. Further analysis was, therefore, not carried out

for this marker.

3.5 | Clustering of query sequences in NJ trees

matK sequences allowed specific placement of Trinidad species within
genus-specific clusters with moderate to high bootstrap support
(>60%-90%; Table 8; Fig. 2a-e), for all but one species, llex arimensis,
which was not placed into a discernible cluster even though the ref-
erence dataset was representative (100%), query coverage and simi-
larity of sequences in this reference dataset was optimal (94%-99%;
99%), but whose sequence variation was low for this marker (0.72%).
Polytomies were also evident in the NJ tree generated for llex and
Philodendron.

rbcl sequences did not allow specific placement of Trinidad spe-
cies into genus-specific clusters with moderate to high bootstrap
support (>60%) except for Philodendron simmondsii (bs = 73%; Table 9;
Fig. 3a-f). Although sequences generally were positioned in genus-
specific clusters, these were not well supported (bs < 50%). There
were also polytomies in the NJ trees constructed for rbcL sequences
for all species. K-2-P genetic distances were lower for rbcL sequences

than for matK sequences.
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_|: KJ594105 Aristolochia maxima
JQ590505 Aristolochia tonduzii

JQ590504 Aristolochia tonduzii
JQ590503 Anstolochia tonduzii

JQ594761 Anistolochiaceae sp.

KJ594108 Aristolochia tonduzii
KJ594106 Aristolochia maxima

AB205594 Aristolochia maxima

Arnistolochia boosii (Trinidad)

_|: KP998765 Aristolochia grandifiora
95 AB205592 Aristolochia grandifiora
KPY98773 Aristolochia tentaculata

KP998767 Aristolochia littoralis

7

AB205590 Aristolochia eriantha

59

AB205591 Aristolochia gigantea

KP903720 Aristolochia anguicida

GU135225 Anistolochia littoralis
_|: KJ594102 Aristolochia cordiflora
AY572268 Anistolochia grandiflora

KP998764 Aristolochia gigantea
KP998771 Aristolochia sp.
ABZ205600Aristolochia reniformis

75

KP998770 Anstolochia ringens

?: KF498588 Aristolochia ringens
81 AB205595 Aristolochia micrantha
—|: AB205596 Aristolochia pentandra

81

AB205587Aristolochia burelae
_|: AB205588 Aristolochia clematitis
JX944485 Anstolochia debilis

62

KM360650 Aristolochia clematitis
_|: AF543711 Anistalochia pistolochia
AB205599 Aristolochia zollingeriana

67

DQ182332 Aristolochia pistolochia

92 KP998769 Aristolochia pothieri
!—|: KP998776 Aristolochia pothieri

KP998766 Aristolochia kerrii
i|: KF498586 Aristolochia indica
KF425775 Aristolochia indica

KF498589 Aristolochia krisagathra
KP998768 Aristolochia pierrei

AB205585 Aristolochia albida

KP998772 Aristolochia tagala

KP998774 Aristolochia tagala
KP998775 Aristolochia tagala
KF498587 Aristolochia tagala

_|: AB586208 Aristolochia sp.
KF496713 Aristolochia thozetii
AB205601 Arnistolochia praevenosa

74 AB205602Aristolochia promissa
AB205603 Aristolochia triactina

JQ255457 Aristolochia mollissima
80 AB205589 Aristolochia convolvulacea

m

FIGURE 3 (a-f) Neighbor-joining tree for six species based on rbcL sequences. Clustering of all query sequences of species under study was
inferred using the neighbor-Joining method in MEGA6. The condensed tree (50% boot strap consensus tree) showing only clustering topology
is presented, and the percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) is
indicated next to the branches. The genetic distances were computed using the Kimura 2-parameter method and are in the units of the number
of base substitutions per site. All positions containing gaps and missing data were eliminated. a—Aristolochia boosi, b—Clusia aripoensis, c—Ilex
arimensis, d—Maytenus monticola, e—Metastelma freemani, f—Philodendron simmondsii
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HQ332041 Clusia major

HQ332038 Clusia hammeliana
AB233849 Clusia rosea

FJ038013 Clusia grandiflora
JX664041 Clusia rosea

AF518380 Chrysochlamys membranacea
HQ332122 Tovomita weddelliana
HQ332039 Clusia lanceolata
HQ332031 Chrysochlamys eclipes
HQ332030 Chrysochlamys allenii
HQ332120 Tovomita longifolia
AF518387 Dystovomita brasiliensis
AF518392 Tovomita sp.

HQ332119 Tovomita calophyllophylla
AY380342 Archytaea multiflora
JX664065 Ploianium sp.

FJ670161 Ploiarium alternifolium
GQ436685 Mesua ferrea

AY625024 Mesua ferrea

AY663620 Savia sessiliflora
AY663619 Savia dictyocarpa
AJ418815 Gonatogyne brasiliensis
HM849992 Euphorbia peplis
AY794820 Chamaesyce mesembryanthemifolia
HM849994 Fuphorbia prostrata
AB267955 Chamaesyce atoto
KF432064 Euphorbia hirta
GU441776 Chamaesyce hirta
HQ590027 Euphorbia serpyliifolia
HM849991 Euphorbia nutans
JX664045 Euphorbia maculata
HM849995 Euphorbia serpens
AB233884 Euphorbia humifusa
KJ773378 Euphorbia maculata
HM849990 Euphorbia maculata
HE963406 Euphorbia maculata
HQ247587 Stigmaphyllon sagraganum
AB233902 Stigmaphylion diversifolium
KT627022 Populus nigra

KF940819 Populus simonii
KC485203 Populus afghanica
JX664069 Quiina glaziovii

Clusia aripoensis (Trinidad)

r[ EU213502 Myrothamnus flabellifolia
e

(b)

EU213501 Myrothamnus flabellifolia
EU213503 Myrothamnus flabeliifolia
DQ875820 Platanus occidentalis var. glabrata
DQY23116 Platanus occidentalis
JN114832 Platanus orientalis

9% 92 KP900647 Platanus racemosa
AYB858644 Platanus orientalis
AF081073 Platanus occidentalis
DQ352366Flatanus racemosa
M77032 Nelumbo lutea

AF543715 Nelumbo lutea
DQ182337 Nelumbo lutea
FJ754269 Nelumbo lutea
JQ336992 Nelumbo lutea
KT119346 Nelumbo nucifera
KT119345 Nelumbo nucifera
KM655836 Nelumbo nucifera
KF009944 Nelumbo nucifera
JQ336993 Nelumbo nucifera
JN407325 Nelumbo nucifera
JN407324 Nelumbo nucifera
JN407323 Nelumbo nucifera
JN407322 Nelumbo nucifera
JF942596 Nelumbo nucifera
FJ754270 Nelumbo nucifera
GQY97596 Nelumbo nucifera
FJ626615 Nelumbo nucifera
M77033 Nelumbo nucifera

FIGURE 3 (Continued)
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AJ492704 llex cassine KJ751183 Maytenus sp.
( G) o GQ248624 llex opaca ( d) JQ626135 Maytenus sp.
FJ394602 llex cumulicola JQ625829 Maytenus myrsincides
FJ394650 llex attenuata KJ082599 Tabebuia ngidat
KPG43690 llex opaca Satior: Szl
FJ394608 lex dugesii sl
KJ751191 May sp.
FJ394634 llex paraguariensis i (Trinidad)
FJ394638 llex rubra 6Q420600 5
HQG699086 Unidentified plant clone AC3 KF901209 Maytenus robusta
KP094854 llex confertifiora GQ426601 sp
AJ492705 flex guianensis JQ626042 Maytenus sp.
AB586203 llex sp. FJ037995 Maytenus oblongala
FJ394639 llex sebertii KJOB2413 Maytenus laevigata
X9B719 | brovicuspi ’E KJ0B2412 Maylenus elongata
AJ492703 llex theezans . ;‘ﬁz{;“g’,‘;’m g -
7 15735 Peripterygia margin
AMBE, 702_ Raxiverodania 55 AYS35724 Dicarpellum panchen
X98726 Lintegra KR528945 Celastraceae sp.
|KF561915 llex theizans o FJGTU183 Siphonodon celastineus
.| KF561914 llex theizans ‘ FJ670182 Plagiopteron suaveolens
llex arimensis (Trinidad) = KJ594294 Hylenaea praecelsa
FJ394591 llex asperula 5 JQH92237 Semialanum mexicanum
KF981197 llex theizans 84 AJ02896 Reissaniia sp.
FJ394636 llex quercetorum AY/8E198 Paxisima canbyi
AJ492700 flex liebmannii ‘f‘:': ?fzz;am“a:mmha
. . ia madagascanensis
— F394596 llex CJSlSD!dGQ AM?Z34953 Flacodendron fransvaalense
FJ394631 lex nitida JX572548 Elacodendron croceurn
AY725859 llex repanda L JIX572392 Catha edulis
FJ394607 lex discolor | JIF285407 Flavadendron fransvaalense
66 — MB8583 llex vomitoria 83— KM895912 Flacodendron melanocs
84 — FJ394640 lox sp. .| f dandron australe
KF496854 llex sp KF496632 odendron melanocarpurn
FJ394568 Jox amara KF432049 Cassine glauca
= = KF981195 flex armara wl JIXB64043 Flavodamdran (mr.'ul.'iln‘
AJigaad lax chamsentyiol: JX57288 Plourasiylia capensis
GQ420623Mlox sp. [ 41402980 Prourostyiiawight
X98735 llex brasisiensis L KM895492 Pleurostylia opposita
KF981196 llex psevdobuxus KJ365502 Salacia chinensis
X98727 [ canariensis L KJ365495 Salacia chinensis
FJ394626 llex maingayi KR091518 Salacia chinensis
— X98736 | psaudabuxus KF181503 Salacia of.
AJ492719 flex oppositifolia E— JQ592233 Salacia petenensis
FJ394590 llex arnhemensis zﬁg: g:;’zf‘;’m’"m
HIR529453 lox o, A1402998 Salacia undulata
KRBI0452 Rax 3p. KC628512 Safacia lehmbachii
FJ394655 llex 2ygophylla U5 L— KC628027 Salacia lehmbachit
KR529451 llex sp. KF496393 Salacia chinensis
AJ492716 llex colling 63— KR091509 Salacia oblonga
KJ773585 lex coriacea L — KJ365497Salacia oblonga
FJ394632 llex nothofagifolia 58 — AB925305 Salacia typhina
FJ394597 llex colchica KPAD1307 Salacii $p.
FJ394589 llex aquifolium %:Z; gafma a;longa var. kakkayamana
PrE alacia obionga
FU204042 Rox spingers KR529979 Saiacia polysperma
HETE000 Nex aquiollng JX163306 Salacia oblonga
KM360831 llex aquifolivm 04— KR091493 Salacia futicosa
65 — L01928 llex crenata KJ365498 Salacia fruticosa
KF255700 llex pubescens KR091492 Salacia fruticosa
X98732 | yunnanensis o KJ365505 Salacia macrosperma
AJ492707 llex shennongjiaensis JX163304Salacia fuaicose
AJ492711 llex purpurea JX163305 Salacia macrosperma
AJ492712 flax mutchagara A0 s budiomeal
— AF499234 Maytonus hooken
;;;32;3 fex triffora JF265463 Gymnosporia senegalensis
- AM234956 Lauridia tetragona
KF255707 llex nanchuanensis 5 L— UX572264 Allocassine laurifolia
KF255694 lex hirsuta AY380352 May ifoli
83— AJ492710 llex purpurea AM234952 Cassine peragua
FU394613 lex geniculata 84— JQ412336 Catha edulis
X98721 |.micrococca KF521884 Kokoona sp
JN407235 Bex rolunda [ AvaAEas My
71— JN407234 lex rotunda 1 Zﬁﬁ;f Bangula.
KR0aa130 T lafl@e AMZ31954 Glovena integnfolia
KF255703 lox corallina var. aberrans 1572628 Glovena integnfolia
KF255701 llex pernyi JQU14163 Gymnospona capitata
KF255695 lex hainanensis AM234955 Gymnospona buxifolia
JF942017 llex pentagona JF265460 Gymnospona oxycama
JF942008 lex latifolia AYB35725Empleundium jumpennum
JF942005 llex kaushue JXBF27G65 Maytenus sp
60436364 llex comuta KM360777 Evonymus vuropacus
Q897347 llex comudta KP189362 Eonymus japonicus
FJ394627 llex matanoana AIzbIEE var
X JX572763 Maylonus olooidas
FJ394619 Jox inlogra JX572906 Plorocolastus echinalus
FJ394610 Nex fargesii JIX572750 Maylanus abbollii
FJ394609 lex fargesii AM?234958 Mystroxylon asthiopicum
FJ334606 llex dimorphophylia JX572760 Maylenus acuminaia
FJ394605 llex cyrtura |KE181472 Colastrus monospormus
FJ394601 llex cornuta KP094800 S MONOSPEITUS
FJ394600 Jex comnula KF181502 Colastus sp
F304598 llex corallina AJS235775 Celastrus orbiculatus
A KF022456Celasin
204003 Box bowgian R DQO06083 Celastrus scandens
FJ394592 lex bioritsensis AY788194 Colastrus orbiculatus
AJ492728 llex leucoclada AY788193 Tripterygium regelii
KP094921 llex memeacylifolia KF181480 Celastrus paniculatus

FIGURE 3 (Continued)



HOSEIN ET AL

7326 WI LEY—ECOlOgy and Evolution

Open Access,

(e)

N710459 Asclepias coulteri

KU757329 Pergularia tomentosa
JNT10464 Asclepias macrotis
JNT10470 Asclepias albicans x Asclepias subulata
JN710466Asclepias subaphyila
JNT10461 Asclepias cutleri

EU916742 Asclepias curassavica
JNT710467 Asclepias subaphylla
KF539844 Asclepias nivea
N710465Asclepias masonii
JNT10460 Asclepias cutleri
AM234835 Gomphocarpus cancellatus
HMB850038 Gomphocarpus fruticosus
JNT10468 Asclepias subulata
JNT10462 Asclepias leptopus
JN710457 Asclepias albicans
KT178105 Asclepias verticillata
HQ589967 Asclepias incarnata

JNT710469 Asclepias subulata

JNT10463 Asclepias macrolis

JNT10458 Asclepias albicans

AM234830 Aspidoglossum heterophyllum
X91774 A.curassavica

KP279362 Cynanchum dalfonii

KP279361 Cynanchum daltonii

86

KP279360 Cynanchum dalfonii
KP279359 Cynanchum daltonii
KP279358 Cynanchum daltonii
KF539850 Matelea biflora
GQ436511 Vincetoxicum atratum
AJ419744 Fischeria stellata
KT220734 Cynanchum auriculatum
KT220733 Cynanchum wilfordii
— KF425762 Calotropis procera

FIGURE 3 (Continued)

4 | DISCUSSION
In this study, we examined the suitability of the proposed CBOL
Plant Working Group barcoding markers for land plants to confirm
the identity of specimens of 14 endemic and rare vascular plant spe-
cies in Trinidad. Our results indicated that 50% of the species under
study were not identified using a barcoding approach due to amplifi-
cation failure. It was evident that the quality of DNA was an impor-
tant factor in amplification success and PCR failure may be a result of
DNA quality and not necessarily poor primer annealing. The method
of DNA extraction and quality of DNA are critical to successful am-
plification. Others explained amplification failure as a result of poor
annealing with standard matK or rbcL primers and highlighted the
need to redesign species-specific primers (Kress & Erickson, 2007;
Sass et al. 2007; Fazekas et al., 2008; Lahaye et al., 2008; Casiraghi
et al., 2010; Roy et al., 2010). According to Casiraghi et al. (2010),
matK sequences were analyzed in different plants but the univer-
sality of this barcode ranged from routine success to low recovery.
Casiraghi et al. (2010) also acknowledged that even the most con-
served rpoB, rpoC1, and rbcL or a portion of matK that demonstrates
a rapid rate of evolution, in some plant families, these genes are dif-
ficult to amplify. For example, matK and rbcL were able to identify
species to the Betus and Salix genus level, but did not allow adequate
resolution to distinguish among species belonging to these genera

and the rate of amplification was low (only 21% of the Salix samples
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amplified; Jarvinen et al. 2004; Fazekas et al., 2008; von Crautlein
et al., 2011).

DNA barcoding can be suitable for two different purposes: (i)
the molecular identification of already described species, and (ii) the
discovery of undescribed species (Casiraghi et al., 2010). In a typical
DNA barcoding strategy, the sequence of a given species is compared
against reference sequences in a library database (sequences of previ-
ously identified individuals) for a given barcode. This comparison can
result in a query sequence match to another sequence in the library,
which leads to species identification (Hajibabaei, Singer, Hebert, &
Hickey, 2007). A case where there is no match to any record in the
database could also indicate the existence of a new species (Hebert
et al. 2004). Trinidad sequences were accurately identified to the
genus level for all endemic plant species successfully amplified and
sequenced using both matK and rbcL markers. Accurate genus-level
identification is important for poorly described (or sampled) groups as
well as for the enforcement of quarantine and trafficking regulations
as regulators more commonly list genera rather than species (Little,
2011). In this study, our endemics did not match any other species
with 100% similarity in the reference libraries created for each Trinidad
species. Does this mean new species assignments for Trinidad endem-
ics? Casiraghi et al. (2010) cautions against assigning biological mean-
ing to genetic ranks, unless these sequences are able to clearly and
unequivocally link a species to the variability pattern of a single DNA
barcoding marker.
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KU757329 Pergularia tomentosa
JN710464 Asclepias macrotis
JNT10470 Asclepias albicans x Asclepias subulata
JN710466Asclepias subaphylla
JN710461 Asclepias cutleri

EU916742 Asclepias curassavica
JN710467 Asclepias subaphylla
KF539844 Asclepias nivea
N710465Asclepias masonii

JN710460 Asclepias cutleri
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KT178105 Asclepias verticillata
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JNT10462 Asclepias leptopus
65

HQ589967 Asclepias incamata

JN710469 Asclepias subulata

JNT 10463 Asclepias macrotis

JN710458 Asclepias albicans

AM234830 Aspidoglossum heterophyllum

X91774 A.curassavica
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KP279361 Cynanchum daltonii

KP279360 Cynanchum daltonii
KP279359 Cynanchum daltonii
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KF539850 Matelea biflora
GQ436511 Vincetoxicum atratum
AJ419744 Fischeria stellata
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KT220733 Cynanchum wilfordii
— KF425762 Calotropis procera

FIGURE 3 (Continued)

There is no single optimal method to determine the resolv-
ing power of DNA barcodes for all taxa (Austerlitz et al., 2009;
Casiraghi etal., 2010; Collins & Cruickshank, 2012; Meyer &
Paulay, 2005; Moritz & Cicero, 2004; Ross et al., 2008). Different
approaches exist for matching an unknown query sequence with
sequences in a reference database or library and tend to be based
on ad hoc criteria which may include the frequency of the highest
hits, percentage sequence similarity, bootstrapping, BLAST scores
or tree-based clustering assessment (Kress et al.,, 2009; Wilson
et al. 2009). Although there is no consensus on the “best approach”
and in reality, the most appropriate approach may be dependent on
a number of variables, it is recommended that, as far as possible, the
taxonomic origin and assignments be independently confirmed (i.e.,
using morphological characters) to improve the accuracy of taxo-
nomic assignment through barcoding (Hollingsworth et al., 2016;
Wilson et al. 2009).

The main challenge to using distance-based methods to species
identification is that no single genetic distance threshold distin-
guishes all species (Ferguson, 2002; DeSalle et al., 2005; Little and
Stevenson 2007; Wilson et al. 2009). A threshold value calculated
from genetic distances may be more appropriate than using a single
arbitrary 1% or 3% threshold (Meier et al., 2006; Fazekas et al. 2009;
Collins & Cruickshank, 2012). In this study, there was little change in
the proportion of “correct,” “ambiguous,” and “incorrect” assignments
when threshold values of 1%, 3% and a separate calculated thresh-

old for each reference sequence library dataset were used. Despite

52— Metastelma freemani (Trinidad)

using threshold values calculated from K-2-P genetic distances for
each taxon, all of the endemic species were still classified as “am-
biguous” but, they were all assigned to the correct genus for matK
and rbcL barcodes. Clusia aripoensis was the only species with a “no
match” status based on rbcl sequence comparisons. Two reasons for
this result may be explained as: (i) there was poor library sequence
database coverage, and (ii) genetic distances were higher than the
calculated threshold for this taxon. In this study, DNA barcoding was
useful in flagging atypical specimens or in identifying cryptic species
for further taxonomic investigation (Hajibabaei et al., 2007).

The low rate of “correct” classification for both methods that
provide “ambiguous” and “no match” classifications are important
because they reveal several gaps in the approach to analysis includ-
ing (i) reference sequence library coverage, (ii) low genetic variation
among barcode sequences, and (iii) whether markers are targeting
regions of the genomes whose genetic distances can vary from
species to species (Hollingsworth et al., 2016). Therefore, the need
for further research into understanding the cause of the “ambigu-
ous” or “no match” status in identity is highlighted. One approach
to ensure good reference library coverage would be to barcode
congenerics for each species selected for study sharing the same
geography. Even if this were feasible, in terms of availability of spec-
imens, there is no guarantee that these congeneric barcodes would
be sufficient to discriminate among all species as was found to be
the case with Dendrobium species (Singh, Parveen, Raghuvanshi, &
Babbar, 2012).
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TABLE 6 Kimura 2-parameter threshold data and sequence matches in the reference library

K-2-P pairwise
distance and
Marker Species threshold (%)
matK Aristolochia boosii 4.96
Maytenus monticola 2.92
Metastelma freemanii 0.25
Philodendron simmondsii 0.53
llex arimensis 0.72
rbcl Aristolochia boosii 1.72
Maytenus monticola 0.79
Metastelma freemanii 0.19
Philodendron simmondsii 0.57
llex arimensis 1.16
Acalypha grisebachiana 1.75
Clusia aripoensis 0.19

Tree-based methods involve assignment of a query sequence to a
certain taxon if it is found in a clade consisting of reference sequences
with moderate to high bootstrap support. These methods require ap-
propriate alignment of all sequences which may be difficult for highly
divergent sequences (Mao et al., 2014; Wilson et al. 2009). While
barcode libraries are somewhat similar to molecular phylogenetic data
(i.e., they are both built from sequence information from different spe-
cies), DNA barcodes do not usually have sufficient phylogenetic sig-
nal to infer evolutionary relationships (Hajibabaei et al., 2006, 2007).
In this study, NJ trees were used to establish clustering of query
sequences into correct genus-specific groups with strong bootstrap
support and were not used to infer phylogeny. Poor resolution in tree
topologies with low bootstrap scores and polytomies obtained for rbcL
sequences were obtained which may be due to inadequate low ge-
netic distances for most species (Hebert et al., 2003; Hollingsworth
et al., 2016; Kress et al., 2009; Ross et al., 2008; Wilson et al. 2009).
Others have reported low resolution in rbcl because it is known to
have insufficient nucleotide sequence variability to distinguish among
closely related species (Kress & Erickson, 2007; Newmaster, Grguric,
Shanmughanandhan, Ramalingam, & Ragupathy, 2013).

In this study, it was difficult to concatenate relevant sequences
mined from GenBank for the matK and rbcL markers for each species.
As such, we analyzed separate markers. Hollingsworth et al. (2016)
also reported on the difficulty in concatenating sequences available
in reference libraries. Others found no improvement in species iden-
tification using a combined multilocus approach and loci rarely dis-
criminated among samples that were not already correctly classified
using the better performing of the two loci separately (Lahaye et al.,
2008). In fact, it seems counterintuitive to combine a high-performing
marker with a low performing marker in an effort to improve the pro-
portion of correct assignments. In this study, the matK marker had
a higher percentage of correct identifications compared to the rbcL

marker.

Sequences with at
least one matching
sequence in the

Sequences with at least
one matching
conspecific sequence in

Sequences with a
closest match at

dataset the dataset 0%
80 48 29
63 18 21
56 8 11

100 76 76
84 63 68
52 30 32

101 43 65
34 16 28
97 32 55
83 31 59
30 20 19
71 37 58

5 | CONCLUSIONS

DNA barcoding has the potential to distinguish among species that
are closely related and among those which are evolutionarily diver-
gent using single barcodes. We have found that barcoding success
is dependent on having taxonomically appropriate representation
in the reference sequence database, the genetic distance among
the sequences in this database, the species under study which
affects both technical and species discrimination success, the ac-
curacy of identity of species in the reference sequence database,
the barcodes used and whether there is a high level of monophyly
among species of a given genus. In other words, the performance
of the matK and rbcL approved barcodes appeared to be species-
specific or genus-specific, which is what has been cautioned by
others (Casiraghi et al., 2010). The “best close match” tool imple-

mented in the TaxonDNA suite was useful because of its ability

to discriminate among “correct,” “ambiguous,” “incorrect,” and “no
match” classifications for each species in the reference sequence
database in addition to query sequences. The tree-based method
generally reflected the genetic distances among the sequences in
the reference sequence database, and in most cases, our endemic
species were positioned in clusters that were genus-specific based
on the matK barcode. This was not the case for the rbcL barcode
as the tree topology was poorly resolved due to very low varia-
tion among the sequences of the reference sequence database.
Others have used different barcodes such as ITS2 in similar ethno-
pharmacology-based identifications with success (Chen et al,,
2010; Gao et al., 2010). DNA barcoding also involves massive sam-
ple sets with often industrial-scale laboratory practices and bioin-
formatics pipelines (Hollingsworth et al., 2016). These challenges
are especially important to developing countries with high levels of
biodiversity but with limited resources to conduct DNA barcoding
work.
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