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Cryptic Biodiversity in Two Closely Related Curcuma
(Zingiberaceae) Species in Thailand Revealed by Molecular
and Morphometric Analyses

Sutthira Khumkratok?, Kriangsuk Boontiang?,
Prasit Chutichudet! and Pairot Pramual?*

ABSTRACT

The genus Curcuma L. has several significant uses including in herbal medicine, as food and for
decoration. However, the taxonomy of this genus has posed a challenge to traditional taxonomy due to the
great morphological variation related to high levels of polyploidization and extensive hybridization. This
study investigated the morphological and genetic differentiation between two closely related Curcuma
species—Curcuma gracillima and C. parviflora—in Thailand. Principal components analysis of the 15
morphological characters revealed three morphological groups. Specimens of C. parviflora formed one
group while those of C. gracillima separated into two groups. Genetic analysis based on matK and internal
transcribed spacer (ITS) sequences revealed greater genetic diversity in C. gracillima corresponding
with its high morphological variation. Phylogenetic study revealed that C. parviflora is monophyletic;
while, C. gracillima is polyphyletic due to samples of this species forming two distinct clades consistent
with two morphologically divergent groups. Comparisons of the efficiency for discriminating species
indicated that ITS is more effective than the matK sequences with nearly perfect species identification
(95%) compared to 58% for matK sequences. Therefore, the ITS sequences should be used as the
barcoding sequences, at least for Curcuma species.
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INTRODUCTION Many Curcuma species play a significant role for

humans as they are used as food, ornamental plants

The genus Curcuma is native to South
and Southeast Asia, although some species are also
found in China, Australia and the South Pacific;
the number of species ranges between 50 and 100
(Smith, 1981; Sirirugsa, 1996; Larsen et al., 1998).
In Thailand, 38 species of the genus Curcuma have
been reported, with most found in the north and the
northeast regions of the country (Maknoi, 2006).

and herbal medicine (Purseglove, 1974; Heywood,
1985; Majeed et al., 1995; Apavatjrut et al., 1999;
Mahadtanapuk et al., 2006). Several studies have
found medicinal properties in Curcuma species,
such as anti-inflammatory, hepatoprotective,
anti-tumor, stomachic, carminative properties
and as a regenerator of liver tissue (Kumar et al.,
2006; Farombi et al., 2008; Hatcher et al., 2008;
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Venkateshwara et al., 2008; Gantait et al., 2011;
Wilken et al., 2011). Curcuma spp. have also been
used in the textile and pharmaceutical industries
(Srimal and Dhawan, 1973).

Accurate species identification is critical
for direct usage and further applications such as
breed improvement and conservation management
programs. However, these species are difficult
to identify due to great morphological variation
related to a high rate of interspecific hybridization
and polyploidization (Zaveska et al., 2012). Due
to the difficulty of morphological identification,
molecular genetic markers have been introduced
for species diagnosis (Kress et al., 2005; Kress and
Erickson, 2007). DNA barcoding is among the most
commonly used for molecular based identification.
This technique uses a short DNA sequence to assign
an unknown specimen to a known species based
on the level of genetic divergence (Hebert et al.,
2003). Although this technique is well established
in the animal kingdom by using the cytochrome
¢ oxidase 1 (COI) sequences as the barcoding
marker, development of DNA barcoding in plants
is not as advanced. The major obstacle to plant
DNA barcoding is the lack of a good-performing
DNA barcoding region. The Consortium for the
Barcode of Life (CBOL) proposed rbcL and matK
genes as standard barcoding sequences in plants
(CBOL Plant Working Group, 2009). However,
later studies found that these DNA sequences
showed a low percentage of species identification
success (Chenetal., 2010; Zhi et al., 2011). Thus,
another DNA region (that is, internal transcribed
spacers of nuclear ribosomal DNA, nrDNA ITS)
was recommended as a complementary or as an
alternative for plant barcoding (Chen et al., 2010;
Hollingsworth, 2011; Zhi et al., 2011).

Curcuma gracillima Gagnep. and C.
parviflora Wall. are important ornamental species
in Thailand. Genetic variation is necessary for
breed selection and improvement; thus quantifying
the level of genetic variation is crucial for further
study. However, there has been no reported
morphological and genetic variation assessment of

these species in natural populations. These species
are also morphologically very similar with only
a few morphological characters used for species
diagnosis (Maknoi, 2006). Thus, the development
of molecular markers for species identification will
be useful. Therefore, the objectives of this study
were to examine the morphological and genetic
variations of C. gracillima and C. parviflora in
Thailand and to assess the efficiency of the matK
and internal transcribed spacer (ITS) sequences in
discriminating closely related Curcuma species.

MATERIALS AND METHODS

Collection, identification and morphological
variation analysis

Specimens were collected from four
areas in the northeast and lower north of Thailand
(Table 1, Figures 1 and 2). Young leaves from
each sample were collected for molecular study
and kept in plastic bags with silica gel. Species
were identified using the keys and descriptions of
Curcuma from Wu and Larsen (2000) and Maknoi
(2006). Fifteen morphological characters (Table 2)
were measured from 70 specimens of C. gracillima
and 20 specimens of C. parviflora. The voucher
specimens were deposited in the Walai Rukhavej
Botanical Research Institute, Mahasarakham
University, Maha Sarakham, Thailand.

DNA extraction, polymerase chain reaction
and sequencing

Genomic DNA was extracted using
the Genomic DNA extraction kit (RBC
Bioscience; Xindian City, Taiwan). A fragment
of approximately 700 bp of 18S rRNA+ITSI
was amplified using the primers ITS1 (5'-
GTCCACTGAACCTTATCATTTAG-3") and
ITS4 (5'-TCCTCCGCTTATTGATATTATGC-3")
(White et al., 1990; Fischer et al., 2004). The
matK gene was amplified using the primers matKF
(5"-CCTATCCATCTGGAAATCTTAG-3") and
matKR (5-GTTCTAGCACAA GAAAGTCG-3")
(Yuetal., 2011). Polymerase chain reaction (PCR)
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was performed in a total reaction volume of 50
ML containing 2 ng genomic DNA, 3 mM MgCl,,
0.32 mM dNTPs, 2 uM of each primer and 2
units Tag DNA polymerase (Vivantis; Malaysia).
The temperature profile for ITS1 was: 94 °C for
4 min followed by 36 cycles of 94 °C for 30 s,
50 °C 45 s, 72 °C 1 min with a final extension at
72 °C for 7 min. The temperature profile for the
matK gene was: 94°C for 4 min followed by 40
cycles of 94 °C, for 30 s, 50 °C for 1 min, 72 °C
for 1 min with a final extension at 72 °C for 7 min.
PCR products were checked using 1% agarose
gel electrophoresis and cleaned using the HiYield
Gel/PCR DNA Extraction Kit (RBC Bioscience;,
Xindian City, Taiwan). Cleaned PCR products
were sequenced by the Macrogen (Seoul, Korea)
sequencing service.

Data analysis
Morphological differentiations between
species were tested using one-way analysis of

Kasetsart J. (Nat. Sci.) 49(3)

variance. Morphological characters were also
subjected to principal components analysis (PCA).
The principle components (PCs) with eigenvalues
greater than 1.0 were retained as variables and the
PC scores of each sample were plotted against the
PC axes.

DNA sequences were aligned using
CLUSTAL X (Thompson et al., 1997), with a final
visual inspection. Intraspecific and interspecific
sequence divergences were calculated based on the
Kimura 2-parameter separately for each gene and
for the combined dataset using MEGA 5 (Tamura
et al., 2011). To test the accuracy rate for species
identification of ITS and matK sequences in the
dataset, the program TaxonDNA version 1.6.2
(Meier et al., 2006) was used for each marker
sequence and the combinations of ITS and matK
sequences. The best match criteria (Meier et al.,
2006) with a threshold value calculated from each
dataset were employed.
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Figure 1 Collection sites for Curcuma gracillima and C. parviflora from Thailand. (E = Eastern region
and NE = Northeastern region.) Details of sampling locations are given in Table 1.
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Phylogenetic analyses were conducted
based on ITS and the combined data set from
ITS and matK sequences. The matK sequences
were not used for individual gene phylogenetic
analysis because this gene contained very low

phylogenetic signals (six parsimony informative
sites). A neighbor-joining (NJ) tree was calculated
in PAUP 4.10b (Swofford, 2002). Non-parametric
bootstrap support was estimated using 1000
pseudoreplicates. Maximum parsimony (MP)

Figure 2 Habitat, habit, bract inflorescence and floral characters of Curcuma: (al-a4) Curcuma
gracillima from Sai Thong National Park, Chaiyaphum province; (b1-b4) C. gracillima from
Pha Hin Ngam National Park, Chaiyaphum province; (c1-c4) C. gracillima from Kongchiam
district, Ubon Ratchathani province; (d1-d4) C. parviflora from Nam Nao National Park,

Phetchabun Province.
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analyses were performed in PAUP* using a
heuristic search with 1,000 random addition
sequence replicates, tree bisection-reconnection
(TBR) branch swapping and the MulTrees
effect. Bootstrap support was estimated for 1,000
replicates. Phylogenetic relationships were also
analyzed by Bayesian methods using MrBayes
v.3.20 (Huelsenbeck and Ronquist, 2001). The
general time-reversible model of substitution
with gamma distribution was selected. Bayesian
analysis was run for 2 x 108 generations with a
sampling frequency of 100 generations. Tracer
v.1.3 (Rambut and Drummond, 2004) was used
for visual inspection of the point where the
log likelihood was stationary. Trees sampled
before this point were discarded as burn-in. The
remaining trees of each run were included in
posterior probability calculations. All phylogenetic
analyses used the sequence of C. singularis
Gagnep. (GenBank under the accession number
JQ409872 for ITS and JQ409716 for matK) as
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Figure 3 Plot of the first two principal component
scores (PC1 and PC2) derived from
principal components analysis of 15
morphological characters among 90
specimens of Curcuma gracillima and
C. parviflora from Thailand.

the outgroup. This outgroup species was selected
because a previous study found that this species
belonged to the species group that was closest
to the group of C. gracillima and C. parviflora
(Zaveska et al., 2012).

RESULTS

Morphological variations

In total, 90 specimens of C. gracillima
(n="70) and C. parviflora (n = 20) were measured
for 15 morphological characters (Table 2).
The average and range of each morphological
character are shown in Table 2. PCA revealed
that two PCs had eigenvalues higher than 1.0.
The two PCs together accounted for 79.91% of
the total variance. PC-1 accounted for 65.09% of
the variables and explained 65.09% of the total
variance. PC-2 explained 14.81% of the total
variance. A plot of these two axes revealed three
groups (Figure 3). Specimens of C. parviflora
clustered together and formed a separate group.
Specimens of C. gracillima were separated into
two distinct groups (I and II). These groups were
associated with geographic origins. Specimens
from Pa Hin Ngam National Park and Sai Thong
National Park, Chaiyaphum province were in
group I and specimens from Kongchiam district,
Ubon Ratchathani province were in group II.

DNA sequence variation

In total, 38 sequences were obtained
from C. gracillima and C. parviflora (Table 1).
The sequence length for the ITS fragment was
652 bp and for the matK gene was 754 bp. The
ITS contained more variable sites (21) than
the matK sequences (13). Intraspecific genetic
divergences (Table 3) based on ITS sequences of
C. gracillima ranged between 0 and 2.61% with
a mean of 0.70%. C. parviflora possessed much
lower genetic diversity with ranges of intraspecific
genetic divergences between 0% and 0.99% and a
mean of 0.27%. Sequence divergences based on
the matK sequences revealed similar patterns. The



342 Kasetsart J. (Nat. Sci.) 49(3)

intraspecific genetic divergence for C. gracillima
ranged between 0% and 1.59% with a mean of
0.31%. Intraspecific genetic divergence based on
the matK sequences of C. parviflora ranged from
0% to 0.66% with a mean of 0.29%.

Phylogenetic relationship

All three phylogenetic methods (NJ, MP
and Bayesian) from both ITS and combined data
revealed similar tree topologies (Figures 4 and
5); thus, only MP trees are shown. The MP tree
from the ITS sequences revealed three clades (1,
IT and IIT). Specimens of C. gracillima from Ubon
Ratchathani province and one specimen of C.
gracillima cultivated in the greenhouse formed
clade I, but with moderate support; the remaining
specimens of C. gracillima comprised clade II but
with no support. C. parviflora comprised clade
[T with moderate support. Thus, this species is
monophyletic.

The combined data revealed similar
tree topologies with the ITS tree. There were
three clades (I, II and III). Clade I comprised
specimens from Ubon Ratchathani province
and one specimen of C. gracillima germinated
in the greenhouse. The remaining specimens of
C. gracillima formed clade II although with low
support. Clade III comprised all the specimens of
C. parviflora plus one specimen of C. gracillima,
but with no support. All specimens of C. parviflora
were at the derived position; thus, this species is
monophyletic with strong support (Figure 5).

DNA barcoding

Distributions of the intraspecific and
interspecific genetic divergences based on ITS,
matK sequences and combined data are shown in
Figure 6. Sequences of the ITS region revealed a
lesser extent of overlapping compared with matK.
The accuracy of ITS and matK for DNA barcoding
was assessed using the “best match” and “best
close match” methods in TaxonDNA (Meier et
al., 2006). The ITS sequences performed much
better than the matK sequences for differentiating

C. gracillima and C. parviflora. According to
the best match method, the ITS sequences were
nearly completely (94.73%) successful with only
one specimen that had ambiguous identification
(Table 5). The matK sequences could only
correctly identify 57.89% of the specimens with
15.78% misidentification and 26.31% ambiguous
identification. The same patterns were recovered
based on the best close match method (Table 5).
The combined data (ITS+matK) did not increase
the correct identification rate in both methods as
the results revealed slightly lower percentages of
correct identifications (Table 5).

DISCUSSION

C. gracillima and C. parviflora are
commercially important ornamental plants in
Thailand. However, these species are difficult
to identify morphologically. A single diagnostic
character use to separate these species is the
flower lip (Maknoi, 2006). C. gracillima has a
deep bi-lobed labellum without a fringed edge
while C. parviflora has a shallow lobed labellum
with a fringed edge. Nonetheless, the results of the
current study revealed that the two species have
additional distinct morphologies. Among the 15
morphological characters in the morphometric
analysis, 14 were significantly different between
the two species. Among these characters, the coma
bract numbers could be used to differentiate these
species. C. gracillima had the larger size (1.0-3.0
cm) and number (5-20) than C. parviflora (Size <
0.5 cm, number < 4).

C. gracillima showed greater
morphological variation. Two distinct
morphological groups were found. Specimens
from Ubon Ratchathani province (Group ) were
clearly different from other areas. Samples from
this area were larger compared to C. gracillima
from other areas (Table 2). Separation of these
two morphological groups was also supported
by genetic data. Phylogenetic analyses based on
both ITS sequences and combined (ITS and matK)
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Figure 4 Maximum parsimony tree calculated from 16 internal transcribed spacer (ITS) sequences
of Curcuma gracillima and C. parviflora from Thailand. The ITS sequence of C. harmandii
was used as an outgroup. Bootstrap support for neighbor-joining, parsimony and posterior
probability based on the likelihood ratio test, is shown above or near the branch. Scale bar

represents one substitution.
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and posterior probability based on the likelihood ratio test, is shown above or near the branch.

Scale bar represents one substitution.
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data found that specimens from Ubon Ratchathani
province formed a distinct clade. Thus, the
results strongly suggested that the specimens
from Ubon Ratchathani province identified here,
according to the key to species of Curcuma in
Thailand (Maknoi, 2006), most likely represent
different species. Further study should clarify this
hypothesis.

Members of the genus Curcuma of the
family Zingiberaceae are difficult to distinguish
using traditional taxonomy because of the great
morphological variation due to extensive species
hybridization (Zaveska et al., 2012). Thus, the
development of a molecular marker for species
identification is necessary for these medicinal and
economically important plants. DNA barcoding
has been proposed as a method for species
identification using short DNA sequences (Hebert
et al., 2003). The principal aim is to assign an
unknown specimen to a species based on the
level of genetic divergence (Hebert et al., 2003).
The DNA fragments proposed as the barcoding
regions in plants have recently been under debate
(Hollingsworth et al., 2011). The Consortium for
the Barcode of Life (CBOL) proposed rbcL and
matK as the barcode sequences in plants (CBOL
Plant Working Group, 2009). However, later
studies indicated that the internal transcribed
spacer of the nuclear ribosomal DNA (nrDNA
ITS) outperform the rbcL and matK sequences
for discriminating plant species. For example,
Chen et al. (2010) compared the efficiency of the
seven candidate DNA barcode regions including
psbA-trnH, matK, rbcL, rpoC1, ycf5, ITS2 and
ITS in plants from 4,800 species of 753 genera.
They found that the ITS2 sequences produced the
highest identification success with 92.7% correct
identification at the species level. Shietal. (2011)
compare the performance of six DNA sequence
regions—ITS2, rbcL, matK, psbK-psbl, trnH-
psbA and rpoB—for discriminating 260 species
of the family Zingiberaceae in China. They found
that the ITS2 region was the most effective for
species identification with 99.5 and 73.1% correct

identification at the genus and species levels,
respectively.

The current results support the previous
finding that ITS sequences are more useful for
plant species identification. The current study
found that more than 94% of the specimens of
the two closely related species were successfully
identify based on ITS compared to 58% for matK
sequences. Thus, the results support ITS sequences
as effective barcoding sequences for Curcuma
species.

In conclusion, the current results indicate
hidden diversity in C. gracillima in Thailand. Both
the morphological and molecular data suggest the
existence of divergent lineages in this species.
Therefore, further study is needed to clarify the
species status of these lineages. The ITS sequences
effectively discriminated the closely related
Curcuma species; thus, this sequence should be
used in further DNA barcoding study of the genus
Curcuma.
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