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The families Lamiaceae and Verbenaceae comprise several closely related species that possess high mor-
phological synapomorphic traits. Hence, there is a tendency of species misidentification using only the mor-
phological characters. Herein, we evaluated the discriminatory power of the universal DNA barcodes (matK
and rbcL) for 53 species spanning the two families. Using these markers, we inferred phylogenetic relation-
ships and conducted species delimitation analysis using four delimitation methods: Automated Barcode Gap
Discovery (ABGD), TaxonDNA, Bayesian Poisson Tree Processes (bPTP) and General Mixed Yule Coalescent
(GMYC). The phylogenetic reconstruction based on the matK gene resolved the relationships between the
families and further suggested the expansion of the Lamiaceae to include some core Verbanaceae genus, e.g.,
Gmelina. The rbcL marker using the TaxonDNA method displayed high species delimitation resolutions, while
the ABGD, GMYC, and bPTP generated different number of Operational Taxonomic Units/genetic clusters.
Our results underscored the efficiency of the matK and rbcL genes as reliable markers for resolving phylo-
genetic relationships and species delimitation of both families, respectively. The current study provides insights
into the DNA barcode applications in these families, at the same time contributing to the current understanding
of genetic divergence patterns in angiosperms.
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1. Introduction

Taxonomy of the families Lamiaceae Martinov and
Verbenaceae J.St.-Hil sensu lato as core members of
the order Lamiales have long been known (Cronquist
1981; Dahlgren 1983; Thorne 1983, APG 2009). Pre-

vious taxonomic studies revealed that the family
Lamiaceae evolved from the Verbenaceae, indicating
the possibility of close morphology affinities between
the families (Abu-Asab and Cantino 1992; Cantino
1992; Scheen et al. 2010). Morphological characteris-
tics such as opposite leaves, zygomorphic flowers, and
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bicarpellate gynoecium, which develop into four
uniovulate locules through the formation of false par-
titions are synapomorphic while the ovary structure is
autapomorphic between these families (Ryding 1995;
Wagstaff and Olmstead 1997). In the past, these mor-
phological characters were employed as delimiting
traits for taxa (Marx et al. 2010). Nevertheless, mor-
phological-based species identification is complex
between these families, hence resulted in ambiguous
species discrimination and incorrect phylogenetic
inferences.
Previous phylogenetic studies present unstable phy-

logenetic relationships between the Lamiaceae and
Verbenaceae (Wagstaff and Olmstead 1997; Olmstead
et al. 2000, 2001, Sanders 2001; Atkins 2004; Oxel-
man et al. 2005). For instance, the placement of genera
(e.g., Clerodendrum L., Gmelina L., Lamium L., Pre-
mna L., Tectona L. f., Verbena L., and Vitex L.) are still
controversial (Wagstaff et al. 1998; Bremer et al. 2002;
GRIN 2004; Chen et al. 2014; Li et al. 2016). Both the
plastid (coding and non-coding regions, single and
multiple loci) and nuclear (ITS) markers have been
utilized to resolve the evolutionary relationships
between these families (Chen et al. 2014; Li et al.
2016). The unresolved relationship may be funda-
mental, i.e., linked with indeterminate taxonomic
identification using morphological-based assessment.
To address this, a molecular-based identification
method for the species of Lamiaceae and Verbenaceae
is imperative. It is fascinating that efforts have been
channeled on the selection of accurate DNA barcodes
for plant species identification (Fazekas et al. 2008; Liu
et al. 2011).
The advent of DNA barcoding improves rapid spe-

cies identification and enables the resolution of enig-
matic phylogenetic relationships (Fazekas et al. 2008;
Kress and Erickson 2007). Molecular markers are less
prone to environmental influences; thus, they have a
vast application (Lahaye et al. 2008; Surya et al. 2014).
Successful implementation of plastid (matK, rbcL,
rpoB, rpoC1, atpF–atpH, trnH-psbA, and psbK–psbI)
and nuclear ribosomal (internal transcribed spacers
[ITS]) DNA markers in species identification at dif-
ferent taxonomic ranks have been reported in previous
studies (Liu et al. 2011; Kress and Erickson 2007; Yan
et al. 2015; Baldwin et al. 1995; Pennisi 2007; Kress
et al. 2010). Moreover, the matK and rbcL markers
have been accepted as universal DNA barcode for
plants (CBOL 2009).
DNA barcode approach, a proposed method of

molecular taxonomy or systematics, identifies species
based on the fragments of DNA nucleotide sequences

(Xiang et al. 2011; Li et al. 2012; Chen et al. 2015).
Many automatic, fast, and user-friendly approaches for
species delimitation process have been recommended
with zenith outcomes (Chen et al. 2015; Saddhe et al.
2017). The most common methods are Automatic
Barcode Gap Discovery (ABGD, Tang et al. 2014),
Bayesian Poisson Tree Processes (bPTP, Dumas et al.
2015), Generalized Mixed Yule Coalescent (GMYC,
Sahu et al. 2016), and TaxonDNA (Meier et al. 2006).
Studies have supported the taxonomic accuracy, reso-
lution efficiency, and rapidity of these methods (Rozas
2009; Zou et al. 2016). Expectedly, the DNA barcode
through barcode gap estimation and more priors will
perform precise species identification and deliver a
novel perspective to the species diversity assessment of
the families Lamiaceae and Verbenaceae.
Previous studies have only unraveled the phyloge-

netic relationships between the families Lamiaceae and
Verbenaceae. Best to our knowledge, no comprehen-
sive molecular-based identification studies have been
conducted for both families. Nevertheless, studies have
shown individual genes, e.g. matK and rbcL, to be
useful in resolving long-standing phylogenetic rela-
tionships among angiosperms (Doyle et al. 1997; Lavin
et al. 2005; Selvaraj et al. 2008). In the present study,
we retrieved 53 sequences, each for two plastid
markers (matK and rbcL) spanning the Lamiaceae and
Verbenaceae from the GenBank. We inferred the phy-
logenetic relationships and evaluated the species
delimitations resolution power of the individual gene
loci. Also, this study will provide an adequate knowl-
edge for non-taxonomists, researchers, and biodiversity
managers on the utilization of molecular methods for
accurate identification.

2. Materials and methods

2.1 Data retrieval and sequence alignment

Our main objective was to appraise the species
delimitation potentials and phylogenetic relationships
signals of the matK and rbcL genes between the two
families. We explored the available matK and rbcL
sequences in the NCBI GenBank database (http://www.
ncbi.nlm.nih.gov/genebank) and downloaded 300 and
354 sequences, respectively (data not shown). All the
downloaded sequences were viewed, trimmed, and
aligned in MEGA version 7 (Kumar et al. 2016). The
hypervariable sites were excluded from the data
matrices using the Gblocks version 0.91b (Castresana
2000; Talavera and Castresana, 2007) with the default
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parameters. Afterward, we obtained the final lengths
for the two chloroplast DNA genes (matK = 374 bp
and rbcL = 154 bp). Following this, we constructed an
initial phylogenetic tree using the aligned sequences for
both genes. To avoid overrepresentation of species and
evolutionary tree instability, we performed systematic
taxon reduction by selecting representative species in a
lineage from the initial tree constructed (data not
shown). However, preference was given to species with
unclear phylogenetic position (Clerodendrum, Gme-
lina, Premna, Tectona, and Vitex, previously known as
core Verbenaceae (Hutchinson et al. 1963). This study
included a total of 56 species (53 ingroups and three
outgroups; supplementary file 1). We used three out-
groups (two from the family Asteraceae and one from
the family Anacardiaceae). These selected sequences
(in group - 53 species) were used for phylogenetic and
species delimitation analysis.

2.2 Sequence characteristics

At first, we performed sequence analysis to determine
the nucleotide frequencies for each locus using
MEGA7 (Kumar et al. 2016) while other information
such as parsimony informative characters (PIC), con-
sistency index (CI), retention index (RI), rescaled
consistency (RC) and tree length were performed using
PAUP 4.0b10 (Swofford 2002). Further, we conducted
substitution homogeneity test patterns for individual
gene marker using the Disparity Index Test (DIT)
function incorporated in MEGA7 (Kumar et al. 2016;
Kumar and Gadagkar 2001). The DIT presents species
pairs with the probability that sequences have evolved
with the same substitution pattern based on the differ-
ences in base composition biases between sequences.
The analysis used a Monte Carlo test (500 replicates) to
estimate the P-values, and the values \ 0.05 were
considered significant (supplementary file 2).

2.3 Phylogenetic analysis

Phylogenetic analysis was performed using a maxi-
mum likelihood (ML) and Bayesian Inference (BI)
based on individual genes (Supplementary Figure 1).
The ML trees were inferred in RAxML version 7.2.8
(Stamatakis 2006), using a gamma distribution evolu-
tionary model. Branch supports were estimated through
1000 bootstrap (BS) replications. The Bayesian anal-
yses were estimated in MrBayes version 3.2.1 (Ron-
quist et al. 2012). Best-fit nucleotide substitution model

table 1 for each dataset were specified using the Akaike
information criterion (AIC) implemented in MrMo-
delTest version 3.7 (Posada and Buckley 2004). Two
independent determinations of the Markov Chain
Monte Carlo (MCMC) were performed for 10,000,000
generations initiated from a random tree, and the trees
were saved each at 10,000th generation. Bayesian
major rule consensus and posterior probability (PP)
scored after the first 25% burn-in was discarded. The
trees generated were viewed and edited in FigTree
version 1.4.2 (Rambaut 2014). All phylogenetic anal-
yses were conducted in the CIPRES Science Gateway
version 3.3 web service (http://www.phylo.org; Miller
et al. 2010). The bootstrap support values were cate-
gorized accordingly (i.e. 50–74% = weak support,
75–84% = moderate support, and 85–100% = strong
support).

2.4 Species delimitation analysis

The species delimitation analysis was carried out using
four methods, and the resulting clusters/matches were
referred to as operational taxonomic units (OTUs) in
this study (table 2; supplementary files 3–6).

Method 1: Automated Barcode Gap Discovery
(ABGD)
The individual gene data matrices were uploaded

into the ABGD webserver (http://www.abi.snv.jussieu.
fr/public/abgd/abgdweb.html; Puillandre et al. 2011).
The analysis was conducted based on distance method
(Jukes-Cantor {JC69}, Kimura {K80}, and Simple
distance), partitioning of the sequences into potential
species according to the barcode gap (X = 1.0 and 1.5),
range of Prior Intraspecific divergence (P-min and
P-max), Nb bins (20), while other parameters were in
default settings. We performed strict priors to optimize
our results (table 2a; supplementary file 3).

Table 1. Evolutionary models

Tree
search Region Model (-lnL) AIC

BI matK GTR?G (2582.69) 5183.39
rbcL TVMef?I?G (610.37) 1232.76

ML matK GTRGAMMA
(- 2577.51)

5183.39

rbcL GTRGAMMA (- 609.90) 1232.76

AIC Akaike information criterion
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Method 2: Bayesian Posterior Tree Poisson (bPTP)
The Bayesian implementation of the PTP model for

species delimitation utilizes the number of substitutions
inferred from branch lengths of the ML tree (Zhang
et al. 2013). The bPTP analysis was performed using
the webserver (http://species.h-its.org; Saddhe et al.
2017). This web interface only allows a single phylo-
genetic tree as input at a time. We uploaded the rooted
ML tree (Newick format) generated via CIPRES portal
to conduct the bPTP delimitation analysis using the
following parameters: No. of MCMC genera-
tions = 200,000 ([ 50 taxa), thinning = 100, burn-in
25%, seed = default and specified the outgroups to
improve the delimitation results. The result adds
Bayesian support values (0 B 1) to species delimitation
(table 2b; supplementary file 3).
Method 3: TaxonDNA
The species cluster analysis for each marker was

conducted at different threshold values (1%, 3%, and
4%) in TaxonDNA version 1.8 (Meier et al. 2006). The
analysis provides cluster/OTUs for query sequences
(53 species, excluding the outgroups) based similarities
and generates specific detail on every cluster, which
corresponds to species similarities (table 2c; supple-
mentary file 3).
Method 4: General Mixed Yule Coalescent (GMYC)
We used the MrBayes nexus file to generate the ultra-

metric tree required for the GMYC analysis. First, we set
the initial priors for eachof themarkers inBEAUti version
1.8 (Drummond and Rambaut 2007; Drummond et al.
2012). This included the models from the MrModeltest
(table 1), tree prior (Yule process), 10, 000000 genera-
tions, sampling at every 1000 step, and other parameters
were in default settings. The Yule tree is commonly used
to explain the net speciation rate between different species
(Nee 2006; Gernhard 2008). After that, we generated the
input files (XML) for further analysis in BEAST version
1.8.4 (Drummond and Rambaut 2007). We evaluated the
accuracy of the BEAST priors based on the Effective
Sample Size (ESS[ 200) in Tracer version 1.5 (Rambaut
andDrummond2009).We set thefirst 25%of the samples
as burn-in while the remaining trees were combined to
generate the maximum clade credibility tree in TreeAn-
notator v1.6.1 (Rambaut and Drummond 2010). For the
GMYC analysis (table 2d; supplementary file 6), we
conducted both the single (sGMYS) and multiple
(mGMYS) thresholds in R platform (RCore Team, 2012)
using the APE (Paradis et al. 2004) and SPLITS (Ezard
et al. 2009) packages. We summarized the support values
into three categories: weak (B 0.49), moderate
(0.5–0.79), and strong ([ 0.8).

3. Results

3.1 Sequence information

The aligned length of the matK and rbcL regions
were 378 bp and 154 bp respectively after removing
the variable sites in all the sequences. The sequence
analysis revealed variations in the nucleotide fre-
quencies for each locus; matK (A = 27.97%,
T = 34.90%, C = 18.40%, and G = 18.73%) and
rbcL (A = 26.33%, T = 29.10%, C = 22.09%, and
G = 22.47%). Our analysis inferred that matK
(PIC = 180, CI = 0.721; RI = 0.894, RC = 0.644
and tree length = 380) is highly informative than
rbcL (PIC = 33; CI = 0.611, RI = 0.880, RC =
0.538 and tree length = 72). Evolutionary models
for each gene are presented in table 1. The homo-
geneity test revealed different substitution patterns
between the pair of sequences for the individual gene
loci. The test discovered a total of 1379 possible
comparisons among the 53 species. There were 117
significant (P\ 0.05) species sequence comparisons
and the number of significant comparisons for the
matK and rbcL were 65 and 52 respectively (sup-
plementary file 2).

3.2 Phylogenetic relationships of the Lamiaceae
and Verbenaceae

The phylogenetic trees (ML and BI) constructed for
the individual plastid DNA marker- matK and rbcL
yielded conflicting topologies with varying support
values (figure 1; supplementary figure 1). For the
matK, the ML (BS = 25–100 %) and BI = (PP =
0.53–1.00) tree presents a fully resolved relation-
ships to two large clades of the Verbenaceae and
Lamiaceae. It supported the placement of traditional
Verbenaceae genera (Clerodendrum, Gmelina, Pre-
mna, Tectona, and Vitex) within the Lamiaceae. The
rbcL gene presents dissimilar topologies (BS =
0–100% / PP = 0.63–1.0), and failed to resolve the
phylogenetic relationships (non-monophyletic) at
both the generic (e.g. Ocimum L., Scutellaria L., and
Vitex; supplementary figure 1) and family levels.
However, the analyses ascertained the phylogenetic
relationship between the traditional Verbenaceae and
the core Lamiaceae. We could not clearly define the
circumstance of the genera Orthosiphon Benth. and
Tectona because only one species was included in
this study.
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3.3 Species identification and delimitation

The species discriminatory analysis generated varying
OTUs according to the markers and the delimitation
methods. Our analysis using the rbcL marker as
implemented in the TaxonDNA (threshold 1%, 3%, and
4 %) yielded the highest number of OTUs. However,
the resulting number OTUs differs among the methods.
The detailed results are further presented (table 2a–d;
figure 2; supplementary files 3–6).

3.3.1 ABGD species delimitation: The ABGD analysis
revealed marginal differences in the partitions irre-
spective of the barcode gaps for each marker

(matK = 1–9 and rbcL = 1–8). Highest OTUs were
produced when X = 1.0, and the matK generated
higher OTUs in contrast to rbcL. The K80 Kimura
method had the highest OTU for both matK (ini-
tial = 34; recursive = 36) and rbcL (initial = 1–20;
recursive = 22). The number of OTUs dropped when
X = 1.5 (initial = 1) with no recursive partitions for
most of the methods (table 2a; figure 2; supplementary
file 3). The K80 Kimura method presents deeper dis-
crimination power in the ABGD analysis.

3.3.2 bPTP species delimitation: The bPTPanalysis
was returned with a high acceptance rate, merge, split,
the estimated number of species, and mean values for
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Figure 1. Maximum likelihood and Bayesian phylogenetic tree inferred from the single gene locus; (a) matK and (b) rbcL.
The families Lamiaceae and Verbenaceae are indicated with different colors. The support values are presented on the
branches (BS = above the branch and PP = below the branch). Only support values C 50 % and C 0.5 are displayed for the
ML and BI trees respectively (supplementary figure 1). Colored boxes represent the genus while the dark arrows showed the
topology differences. The double strokes on the tree branch indicate same species with different phylogenetic placement on
the matK and rbcL tree.
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rbcL compared to matK (table 2b; figure 2; supple-
mentary file 4). The bPTP analysis presents the BS
between 0.21 and 1.0, and 0.262 and 1.00 for rbcL and
matK, respectively. Higher BS value on a node indi-
cates that all descendants from this node are more
likely to be from one species.

3.3.3 TaxonDNA species delimitation: The number of
OTUs varies with the threshold values (1%, 3%, and 4
%), an indication of different evolutionary rates
between the two barcode genes (table 2c; figure 2;
supplementary file 4). The results remained constant
for rbcL (53 OTUs), which resolved all the species

identities (genus and species level) while the OTUs
(11–25) decreases with increasing threshold values for
the matK gene.

3.3.4 GMYC species delimitation: The sGMYC model
generated a higher number of ML clusters and entities
for the matK (13 and 17) than the rbcL (5 each for
both). These were produced at different confident
intervals and threshold time (table 2d; figure 2; sup-
plementary file 6). The mGMYC produced three
threshold times resulting in 11 ML clusters and 27 ML
entities for the matK, while 14 ML clusters and 20 ML
entities were generated for the rbcL (supplementary
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Figure 2. (A) Automatic partition produced by ABGD with three metrics (JC69, K80 and simple distance) and two
X-values (X = 1, 1.5) for the rbcL and matK. Details of the partitions are shown in supplementary figure 3. (B) ABGD
species delimitation analysis (b1) matK and (b2) rbcL. Species arrangement is similar to figure 1. Colors represent different
OTUs: Green (genus[ 1 which were Merged), Yellow (genus = 1, species[ 1 which were Merged) and red (genus = 1,
species = 1 which were Split). Barcode gap (1.0 and 1.5). The number in boxes corresponds to the same OTUs (see details in
supplementary file 3).

Phylogenetic relationships and DNA barcodes of Lamiaceae and Verbenaceae Page 7 of 15    96 



file 5). According to past study, we only considered the
results of the sGMYC as the mGMYC may over/under
parametise the number of ML clusters and objects
(Fujisawa and Barraclough 2013). For both markers,
the results are mostly consistent with the clades
recovered from the ML and BI phylogeny except for
the splits of T. grandis L., Salvia L. spp. and
Solenostemon scutellarioides (L.) Codd to produce
additional OTUs for the matK. In GMYC, only the
genus Stachytarpheta Vahl. was strongly delineated
([ 0.8), and seven genera (Stachys L., Vitex, Gmelina,
Verbena, Phyla Lour, Leonotis (Pers.) R.Br., and
Clerodendrum) were moderately delineated (0.5–0.75)
for the matK, while the majority of the nodes received
low support values for both the matK and rbcL
markers.

3.3.5 Comparison of the species delimitation methods
based on the two gene loci: Both the ML and BI
inferred from the matK supported the monophyly of the
Lamiaceae and Verbenaceae clade compared to the
rbcL (table 2, supplementary files 3–6, Figures 1–3).
Comparatively, the number of OTUs generated form all

the methods are largely inconsistent. The bPTP and
TaxonDNA analyses conducted for rbcL marker
mainly delineate most species in rbcL gene, thus, rel-
atively yielded a higher number of OTUs. For instance,
all the species clearly delineated to species-level for
TaxonDNA in rbcL, thus, displayed higher intraspecific
and interspecific divergence among the groups. On the
other hand, the GMYC method recovered the most
consistent clades for the matK.

4. Discussion

4.1 Sequence information and disparity index test

Information retrieved from the public GenBank
repositories has been successfully utilized in many
scientific platforms, e.g., biogeography, conservation,
ecology, and evolutionary studies (Benson et al. 2013).
Accessibility to GenBank resources has contributed to
the increasing rate of genetic studies because it saves
cost and time. However, our observations agrees with
previous report on the authenticity of sequences

Species JC69 Jukes-Cantor K80 Kimura Simple Distance
Initial Recursive Initial Recursive Initial Recursive

1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5

Premna bracteata 1 1 9 - 3 1 3 - 2 1 1 -
Premna microphylla 1 1 9 - 3 1 3 - 2 1 1 -
Premna menglaensis 1 1 9 - 3 1 3 - 2 1 1 -
Premna serratifolia 1 1 9 - 5 1 5 - 2 1 1 -
Premna mooiensis 1 1 9 - 4 1 4 - 2 1 1 -
Gmelina arborea 1 1 10 - 6 1 6 - 3 1 1 -
Gmelina philippensis 1 1 10 - 6 1 6 - 3 1 1 -
Gmelina hainanensis 1 1 10 - 6 1 6 - 3 1 1 -
Clerodendrum cyrtophyllum 2 1 2 - 12 1 12 - 9 1 1 -
Clerodendrum trichotomum 2 1 2 - 12 1 12 - 9 1 1 -
Clerodendrum splendens 2 1 2 - 12 1 12 - 9 1 1 -
Clerodendrum longiflorum 2 1 2 - 13 1 13 - 9 1 1 -
Clerodendrum tomentosum 2 1 2 - 34 1 34 - 9 1 1 -
Stachys sylvatica 4 1 4 - 17 1 17 - 13 1 3 -
Stachys arvensis 4 1 4 - 18 1 18 - 13 1 3 -
Leonotis leonurus 5 1 5 - 20 1 20 - 14 1 3 -
Leonotis nepetifolia 5 1 5 - 19 1 19 - 14 1 3 -
Scutellaria galericulata 1 1 12 - 8 1 8 - 5 1 1 -
Scutellaria lateriflora 1 1 12 - 8 1 8 - 5 1 1 -
Scutellaria rehderiana 1 1 12 - 8 1 8 - 5 1 1 -
Tinnea rhodesiana 1 1 13 - 9 1 9 - 6 1 1 -
Tinnea aethiopica 1 1 13 - 9 1 9 - 6 1 1 -
Tectona grandis 1 1 11 - 7 1 7 - 11 1 1 -
Hyptis brachiata 6 1 18 - 27 1 27 - 16 1 4 -
Hyptis alata 6 1 18 - 28 1 28 - 16 1 4 -
Hyptis brevipes 6 1 18 - 31 1 31 - 16 1 4 -
Hyptis mutabilis 6 1 18 - 29 1 29 - 16 1 4 -
Hyptis verticillata 6 1 18 - 30 1 30 - 16 1 4 -
Solenostemon scutellarioides 6 1 6 - 25 1 25 - 15 1 4 -
Ocimum kilimandscharicum 6 1 6 - 22 1 22 - 15 1 4 -
Ocimum basilicum 6 1 6 - 21 1 21 - 15 1 4 -
Ocimum gratissimum 6 1 6 - 23 1 23 - 15 1 4 -
Ocimum filamentosum 6 1 6 - 26 1 26 - 15 1 4 -
Orthosiphon parvifolius 6 1 6 - 24 1 24 - 15 1 4 -
Salvia axillaris 7 1 7 - 33 1 33 - 17 1 4 -
Salvia rosmarinus 8 1 8 - 32 1 32 - 18 1 4 -
Vitex trifolia 1 1 1 - 1 1 1 - 1 1 1 -
Vitex agnus-castus 1 1 1 - 1 1 1 - 1 1 1 -
Vitex rehmannii 1 1 1 - 2 1 2 - 1 1 1 -

Species JC69 Jukes-Cantor K80 Kimura Simple Distance
Initial Recursive Initial Recursive Initial Recursive

1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5 1.0 1.5
Premna mooiensis 2 - 2 - 7 - 7 - 1 1 - -
Premna obtusifolia 2 - 2 - 7 - 7 - 1 1 - -
Premna bracteata 2 - 2 - 7 - 7 - 1 1 - -
Premna serratifolia 2 - 2 - 7 - 21 - 1 1 - -
Premna microphylla 2 - 2 - 7 - 21 - 1 1 - -
Premna menglaensis 2 - 2 - 7 - 21 - 1 1 - -
Leonotis leonurus 2 - 2 - 3 - 3 - 1 1 - -
Leonotis nepetifolia 2 - 2 - 3 - 3 - 1 1 - -
Scutellaria rehderiana 2 - 2 - 3 - 3 - 1 1 - -
Gmelina philippensis 2 - 2 - 6 - 6 - 1 1 - -
Gmelina arborea 2 - 2 - 6 - 6 - 1 1 - -
Gmelina hainanensis 2 - 2 - 6 - 6 - 1 1 - -
Stachys sylvatica 2 - 2 - 2 - 2 - 1 1 - -
Stachys arvensis 2 - 2 - 2 - 2 - 1 1 - -
Vitex agnus-castus 2 - 2 - 5 - 5 - 1 1 - -
Vitex trifolia 2 - 2 - 5 - 5 - 1 1 - -
Vitex rehmannii 2 - 2 - 5 - 5 - 1 1 - -
Vitex doniana 2 - 2 - 5 - 5 - 1 1 - -
Vitex meliocarpa 2 - 2 - 5 - 5 - 1 1 - -
Stachytarpheta frantzii 1 - 1 - 1 - 1 - 1 1 - -
Stachytarpheta cayennensis 1 - 1 - 1 - 1 - 1 1 - -

Stachytarpheta jamaicensis 1 - 1 - 1 - 1 - 1 1 - -

Stachytarpheta glabra 1 - 1 - 1 - 1 - 1 1 - -
Phyla nodiflora 1 - 5 - 18 - 18 - 1 1 - -
Phyla lanceolata 1 - 5 - 18 - 18 - 1 1 - -
Scutellaria galericulata 2 - 2 - 12 - 12 - 1 1 - -
Scutellaria lateriflora 2 - 2 - 12 - 12 - 1 1 - -
Verbena hastata 3 - 3 - 17 - 17 - 1 1 - -
Verbena simplex 3 - 3 - 17 - 17 - 1 1 - -
Verbena stricta 3 - 3 - 17 - 17 - 1 1 - -
Verbena urticifolia 3 - 3 - 17 - 17 - 1 1 - -
Verbena bonariensis 3 - 6 - 17 - 22 - 1 1 - -
Tinnea rhodesiana 2 - 2 - 12 - 12 - 1 1 - -
Tinnea aethiopica 2 - 2 - 12 - 12 - 1 1 - -
Hyptis alata 2 - 2 - 10 - 10 - 1 1 - -
Hyptis brachiata 2 - 2 - 9 - 9 - 1 1 - -
Hyptis brevipes 2 - 2 - 10 - 10 - 1 1 - -
Hyptis mutabilis 2 - 2 - 10 - 10 - 1 1 - -
Hyptis verticillata 2 - 2 - 13 - 13 - 1 1 - -
Salvia rosmarinus 2 - 2 - 11 - 11 - 1 1 - -
Ocimum basilicum 2 - 2 - 8 - 8 - 1 1 - -

(a)
B

(b)

Figure 2. continued
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available in the GenBank (Griffiths et al. 2006). The
matK and rbcL genes are some of the most available
loci in the GenBank following their general accept-
ability as universal DNA barcode markers for plants
(CBOL 2009; Parmentier et al. 2013; Gonzalez et al.
2009. Likewise, these loci are the most available
marker for the families Lamiaceae and Verbenaceae.
The matK had higher nucleotide frequency and most

parsimonious compared to rbcL. The DIT test may be a
reputable means to recognize lineages that have
undergone substantial dissimilar evolutionary pro-
cesses, as demonstrated in our study. Interestingly, our
finding is in line with the previous record on the high
number of significant sequence pair for the matK
compared to rbcL (Ashfaq et al. 2013) and revealed the
species discriminatory power of these universal DNA
barcodes in plants (Mattia et al. 2011; Stoeckle et al.
2011). Previous studies highlighted hybridization and
different evolutionary rates in the plastid genes to be
accountable for the genetic variation in plants (Fazekas
et al. 2008). Importantly, the unique plastid DNA
inheritance of pattern in plant species could be as a
result of hybridization and/ecological adaptation

overtime. These may be the underlying of factors
responsible for the degree of substitution pattern
between the group of species studied.

4.2 Phylogenetic relationships of the families
Lamiaceae and Verbenaceae

Our phylogenetic analyses (BI and ML) based on the
matK and rbcL yielded conflicting topologies between
the two families (figure 1; supplementary figure 1).
The matK successfully resolved the relationship into
two large monophyletic clades (Verbenaceae and
Lamiaceae) with strong supports while rbcL failed to
address the tie. The phylogenetic relationship of two
genera (Tectona and Orthosiphon) couldn’t be ascer-
tained due to only one sample represented in the study.
Convincingly, the matK supported the expansion of the
Lamiaceae to include Clerodendrum, Gmelina, Pre-
mna, Tectona, and Vitex–proforma Verbenaceae. Our
results agree with the previous phylogenetic analysis
based on chloroplast gene markers (Fazekas et al.
2009; Schäferhoff et al. 2010; Yuan et al. 2010;
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Figure 3. The tree topology and annotation is similar to figure 1. The support values of the bPTP and GMYC are presented
above and below the branches respectively. Patterned vertical boxes indicate the OTUs and genetic groups. Genus/species
that do not have sister relationships on the phylogenetic tree but formed the same OTUs are indicated with similar alphabets
(supplementary files 3–6).
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Refulio-Rodriguez and Olmstead 2014). The topology
retrieved from the matK gene presents a more explicit
sister relationship among the genera- Vitex, as sister to
Salvia; Orthosiphon parvifolius ? monophyletic genus
Ocimum; Solenostemom scutellarioides ? Hyptis L.
spp. and Clerodendrum spp. ? Gmelina spp. ?
Premna spp. are sisters (figure 1) (Chen et al. 2014; Li
et al. 2016; Fazekas et al. 2009; Elansary et al. 2017).
The topology presented in this study is linked with
sampling frequency. The matK provides better insight
into the phylogenetic and systematic analysis of these
families. Plastid genes have been successfully used to
resolve complicated relationships at various taxonomic
ranks (Ma et al. 2014). Generally, plastid genes (e.g.,
matK) can determine taxa relationship because it is
more conservative than the nuclear DNA region (e.g.,
ITS). Species phylogenetic relationships inference
based on evolutionary changes and patterns may result
in ambiguous phylogenetic inferences (Bos and Posada
2015). The unresolved relationship could be attributed
to standard genetic information amongst different
genera, imperfect taxonomy due to species complex,
incomplete lineage sorting, and inter/intra divergence
variations (Fazekas et al. 2009). Therefore, we rec-
ommend further studies to include more representative
samples for robust phylogenetic inference.

4.3 Species delimitation using matK and rbcL

Beyond any reasonable doubt, independent floral evo-
lution and lack of floral parts especially, among closely
related species, restrict morphological-based classifica-
tion. The delimitation power [ 70% (Hollingsworth
et al. 2011) and strength of plant DNAbarcodes amongst
distantly related species have been demonstrated in the
past (Kress et al. 2009; Burgess et al. 2011). This study
affirms the inter/intraspecies delineation power of the
matK and rbcL genes in plants (Mattia et al. 2011;
Stoeckle et al. 2011). Most studies applied the single
locusmatK and rbcL regions to resolve the relationships
amongst these families (Wagstaff et al. 1998; Chen et al.
2014; Li et al. 2016) rather than the species delimitation
approaches for this group.Noteworthy, the application of
these gene loci has been widely accepted as universal
plant coding (CBOL 2009). The effectiveness of the
DNA barcodes in the current study was based on their
ability to differentiate among species. We evaluated the
success rate of species identification using the four spe-
cies delimitation methods.
Typically, species discrimination power varies with

gene markers. Past studies have reported on the species

delimitation power of several plastid DNA barcodes at
different taxonomic levels (Kress et al. 2010). In this
study, our results showed that rbcL could be a better
choice of barcoding for the Lamiaceae and Verbe-
naceae compared to matK (figure 3). Similarly, high
species discriminatory power was reported among the
tropical coral islands of Xisha (Li et al. 2018). This is
incongruence with the low species identification rate of
rbcL reported in previous studies (Liu et al. 2011;
Zhang et al. 2015). The rbcL resolved all the species
clustered in the matK (inter-generic relationship, e.g.,
Ocimum ? Orthosiphon; Premna ? Scutellaria ?

Tinnea Kotschy ex Hook.f. ? Tectona and Vitex,
except Salvia). Low identification rate of plastid genes
(e.g., matK and rbcL) in many taxonomic groups have
been reported in previous studies, e.g., Schisandraceae
(Zhang et al. 2015; Zamiaceae (Nicolalde-Morejón
et al. 2010), Combretaceae (Gere et al. 2013), orna-
mental plants in Egypt (Elansary et al. 2017), and
among the conifers in Mexico (Hernández-León et al.
2018). Also, the utilization of non-coding plastid and
nuclear genes as an improvement on species discrimi-
nation amongst the closely related species has been
demonstrated (Hollingsworth et al. 2011). Typically,
extreme genetic disparities between lineages may
clarify the reasons for different species identification
power of DNA barcodes (Hollingsworth et al. 2011).
However, findings have proved the success of the

barcode gap and distance methods to delimit plant
groups (Zhang et al. 2012). Noteworthy, the maternal
inheritance and different evolutionary rates in the
chloroplast genomes perhaps play a vital role resulting
in the inequitable delineation power of matK and rbcL
(Dong et al. 2014; Vinitha et al. 2014; Guo et al.
2016). The barcode gap offers reliable means for spe-
cies identification. However, it hasn’t been a condition
to delimit species (Saarela et al. 2013). Based on this
study, the rbcL tends to provide more species identifi-
cation resolution into the species than what was
observed in matK. This may support the recommen-
dation of the CBOL group on the universal of rbcL for
land plants. The failure to separate closely
related/complex species using the core barcodes is
well-known (Liu et al. 2011; Kress et al. 2010; Kress
et al. 2009; Jiang et al. 2011; Zhang et al. 2012).
Previous studies associated this failure to wrong mor-
phological based identification by taxonomist (due to
loss of certain taxonomic dichotomous characters, e.g.
fruits or flowers), high similarity to a wrongly identi-
fied reference sequence in the DNA sequences, data-
base, and absence of the barcode gap (Jiang et al. 2011;
Fu et al. 2011; Cowan and Fay 2012; Tang et al. 2014).
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Correct and comprehensive molecular database, par-
ticularly for plant species, is still unrealistic in the
current state.
The current study represents one of the efforts to

evaluate the similarity of barcoding outputs from
multiple delimitations. The tree-based identification is
used as an initial step to delineate among closely/dis-
tantly related species, despite their limitations among
the various species (Knowles and Carstens 2007;
Hamilton et al. 2014). In this study, it is evident that the
matK and rbcL genes produced different topologies and
displayed varying discrimination power concerning the
delimitation methods. Again, our study validates inte-
grative species delimitation methods for barcoding
analysis (Hamilton et al. 2014; Weiss et al. 2014). Our
study revealed the rbcL marker analyzed with bPTP
and TaxonDNA as the most reliable species delimita-
tion methods, while the matK generated genetic
groups/OTUs in these methods (figure 3). The genetic
clusters generated from the bPTP and GMYC models
differ for the markers. Although both models are
alternatives, but operate on different algorithms.
Comparatively, the bPTP requires less computation
time than the GMYC because it utilizes a non-ultra-
metric tree.
Notable is the split of two genera (Stachytarpheta

and Phyla) of the family Verbenaceae in the bPTP,
which was merged in the GMYC. Also, the ABGD
method generated markedly different genetic clusters
for both markers (figure 2). Our study revealed that the
K80 Kimura method outperformed other methods
irrespective of the relative gap width (e.g., genus
Hyptis). Hence, it may be proposed as a species-level
delimitation tool in ABGD for plants. Interestingly, the
TaxonDNA analysis based on the rbcL with a threshold
value (1%, 3%, and 4 %) demarcated all the species of
the families Lamiaceae and Verbenaceae studied. Thus,
this finding disagrees with the poor performance pre-
viously reported (Vinitha et al. 2014; Saddhe et al.
2017).
Based on our results, when two or more species

cluster, it may indicate that there are many species
present within the populations and not necessarily
weak interspecific or intraspecific divergence of the
markers. Our study provides supporting evidence
because the sampling was limited to the genus-level in
the study. Thus, the GMYC presents low support val-
ues for most nodes between the species of the two
families studied. However, the GMYC generated
genetic clusters that are of taxonomic relevance. It is
worthy to note that the accuracy of the species delim-
itation methods is influenced by the number of gene

markers (Hamilton et al. 2014; Saddhe et al. 2017),
Species sampling frequency (Pollock et al. 2002;
Saddhe et al. 2017), and accurate selection of species
delimitation algorithms. The current study presents the
comparative discrimination power of the two core
DNA barcodes to provide insights into the phylogeny
and species-level delimitation of the families Lami-
aceae and Verbenaceae. However, we suggest future
DNA barcodes studies to include more representative
species from these families with combined gene
markers for robust taxonomic assignment. Our findings
showed that the TaxonDNA analysis based on rbcL
was the most effective barcoding approach for identi-
fying the species of the Lamiaceae and Verbenaceae.

5. Conclusions

Our study confirms the two plastid markers matK and
rbcL as a reliable plant barcodes based on ABGD,
bPTP, TaxonDNA, and GMYC species delimitation
methods. The matK gene fully resolved phylogenetic
relationships of the families Lamiaceae and Verbe-
naceae. Our study supported the revision of the family
Lamiaceae to include the proforma core Verbenaceae
species. Also, we established the efficiency of the rbcL
gene for species-level identifications using the Tax-
onDNA method at 1%, 3%, and 4% threshold values.
The success of species discrimination analysis relies on
accurate morphological-based identification, availabil-
ity of correct sequences in the public molecular data-
base and geographic diversity of species. On this note,
we suggest further studies to include more species and
multiple DNA barcode markers for robust evaluation
and inferences for these families. It is evident that the
systematic revision of both families will benefit from
accurate species identification. In sum, the two plastid
loci may be significant in solving problems concerning
ecology and evolutionary relationships among plants.
Also, the utilization of these markers sheds more light
on the links of co-existing species.
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