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ABSTRACT: Presence of environmental plasticity, homoplasies, look-alike species and species complexes, makes
morphology based identification within genus Calamus very complicated. DNA barcoding is employed to enable accurate
species identification within this genus in order to resolve these taxonomic complexities. We investigated the species
discriminatory power of standard barcode loci (rbcL, matK and psbA-trnH) and their different combinations (rbcL+matK,
matK+psbA-trnH, rbcL+psbA-trnH, rbcL+matK+psbA-trnH) using distance and similarity based analyses for 20 species of
Calamus found in Western Ghats of India. In the present study standard DNA barcodes could not discriminate Calamus species.
rbcL sequences did not show any nucleotide differences while barcoding gap exhibited by matK and psbA-trnH barcode
regions and their combinations is not significant enough for successful species delimitation. The candidate DNA barcode
regions adopted in the analysis failed to provide species- specific DNA barcodes, due to slow evolutionary rate in palms. This
necessitates the need to explore new barcode regions other than plastid regions to delimit species boundaries in genus Calamus.
Fast evolving regions like low copy nuclear regions can be exploited for their ability in species discrimination.
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INTRODUCTION

Genus Calamus, commonly known as 'rattans', consists of spiny climbing palms, belonging to
subfamily Calamoideae (Family: Arecaceae). They are commercially used in furniture industry, for
matting, basketry and handicrafts. The massive genus Calamus (370 species) has been referred to as
"protean” in Arecaceae (Uhl and Dransfield, 1987). They are predominantly seen in Asia and their
distribution ranges from Indian subcontinent and south China southwards and east through Malaysia
and Indonesia to Fiji, Vanuatu and tropical and subtropical regions of eastern Australia, represented by
a single species in African continent (Uhl and Dransfield, 1987; Dransfield, 1992). In India, genus
represented by 46 species, distributed in three phytogeographical regions viz. Peninsular India, Eastern
Himalayas and the Andaman and Nicobar Islands (Renuka, 2001).

Even though palms have numerous observable characteristics such as leaf, stem, fruit and inflorescence
structures, in depth studies in taxonomy are difficult due to unavailability of flowers and fruits most of
the year (Uhl et al., 1995). Lack of sufficient herbarium specimens for comparison also creates an
obstacle for accurate species identification (Sreekumar et al., 2006). Further, presence of environmental
plasticity, homoplasies, look-alike species and species complexes makes morphology based
identification within genus, very complicated. Modern molecular techniques like DNA barcoding are
gaining prominence and expected to lend a hand in overcoming these difficulties as a supplementary
tool to enable proper identification and classification of species within genus. An ideal DNA barcode
could provide significant species discrimination and identification using short stretch of DNA, with
high recovery rates and universality (Hebert et al., 2003; Chase et al., 2005; Kress et al., 2005). In
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plants, Consortium of Barcode of Life (CBOL) has recommended the use of standard barcodes for
species identification across plant kingdom viz., coding gene regions (rbcL and matK) and a hon-coding
spacer region (psbA-trnH) (CBOL, 2009). Multiple loci approach has been introduced in plant DNA
barcoding due to the failure of recommended single barcode regions for species discrimination
(Newmaster et al., 2006). The successful species identification by using combination of three markers
— matK, rbcL and nrITS2 were reported in tribe Caryoteae of subfamily Coryphoideae (Jeanson et al.,
2011). psbA-trnH was found to be potential barcode for identification of Phoenix dactylifera L.
cultivars (Al-Qurainy et al., 2011). psbZ-trnfM (CAU) region has also found to be suitable barcode for
species identification in this Phoenix (Ballardini et al., 2013). The use of psbA-trnH as single barcode
was recommended in a preliminary assessment for DNA barcodes for 15 Chinese Calamus species
(Yang et al., 2012). Even though barcoding studies using plastid regions has been reported in palms,
reliability of these barcode regions in rattans is still under doubt due to slow evolutionary rate of these
regions. In the present study, CBOL recommended standard barcoding loci (rbcL, matK and psbA-
trnH) and their combinations were evaluated to develop species specific DNA barcodes for accurate
identification of species in taxonomically complex genus Calamus.

MATERIALS AND METHODS

Plant material and sampling

Multiple accessions of 20 species of Calamus (C. brandissi, C. delessertianus, C. gamblei, C.
hookerianus, C. karnatakensis, C. lacciferus, C. lakshmanae, C. metzianus, C. nagbettai, C.
neelagiricus, C. pseudotenuis, , C. prasinus, C. rotang, C. shendrurunii, C. stoloniferous, C. thwaitesii,
C. travancoricus, C. vattayila, C. viminalis and C. wightii) were collected from their natural
distributional zones in the Western Ghats, India. To capture the sequence variability in barcode regions
within a putative species, at least three accessions of each species were collected. Voucher specimens
were deposited in the KFRI Herbarium (KFRI, Kerala).

Table 1. Primer sequences of candidate DNA barcodes

Barcode region Primer Primer sequence 5°-3’ References
rbcL 1F ATGTCACCACAAACAGAAAC Fay et al.,
724R TCGCATGTACCTGCAGTAGC 1997
matk 472F CCCRTYCATCTGGAAATCTTGGTT Yuetal.,
1248R GCTRTRATAATGAGAAAGATTTCTGC 2011
psbA- psbA GTWATGCAYG AACGTAATGCTC Kress et al.,
trnH trnH CGCGCATGGTGGATTCACAATCC 2005

DNA extraction, polymerase chain reaction and sequencing

Total genomic DNA was extracted from fresh and silica gel dried leaf materials using modified Cetyl
trimethyl ammonium bromide (CTAB) method (Doyle and Doyle, 1990) as well as using DNeasy Plant
Mini Kit (Qiagen, Germany) according to manufacturer's protocol. Three standard barcode loci of
plastid genome (two coding regions; rbcL, matK and an intergenic spacer region, psbA-trnH) and their
combinations (rbcL+matK, matK+psbA-trnH, rbcL+psbA-trnH, rbcL+matK+psbA- trnH) were
evaluated to develop discriminant DNA barcodes. Polymerase chain reaction (PCR) amplification was



Journal of Bamboo & Rattan 3

performed in a PTC-100 thermocycler (BIO-RAD, India) using 2X Taq buffer (Genei, Bangalore) with
1.5 mM MgCI2, 200 mM dNTPs, 10 pm of each primer, 2U Tag DNA polymerase (Genei, Bangalore),
50-100 ng template DNA and distilled deionized water to give a final volume of 20uL. PCR reactions
were performed in following temperature profile: initial denaturing step of 94°C for 5 min, followed by
30 cycles each of denaturing at 94°C for 30s, annealing at specific temperatures depending on primers
(rbcL & matK at 60°C and psbA-trnH at 59°C) for 1 min, extension at 72°C for 1 min, and a final
extension at 72°C for 10 min. Primer information and optimal PCR conditions are provided in Table 1.
Sanger's dideoxy sequencing was performed on purified PCR products (Chromous Biotech, Bangalore).

Data analysis

Sequences were initially edited in BioEdit (Hall, 1999) and aligned using multiple alignment parameters
in CLUSTAL X (Jeanmougin et al., 1998). The generated sequences were confirmed via BLASTn
(http://blast.ncbi.nim.nih.gov/Blast.cgi) against online nucleotide database and were deposited in Gen-
Bank. Basic sequence statistics including conserved sites, variable sites, singletons and transition/
transversion ratio were calculated using default parameters in MEGA v.6.0. The average interspecific
distance, theta prime and minimum interspecific distance were used to calculate interspecific
divergence. Average intraspecific distance, theta and maximum intraspecific distance (coalescent
depth) were calculated to evaluate intraspecific variation using K2P model in MEGA v.6.0 (Kimura,
1980; Tamura et al., 2013) for the analyzed barcodes. DNA barcoding gap was calculated to find
discriminatory power of studied barcodes. Similarity based approach using Best Match (BM) and Best
Close Match (BCM) criteria based on uncorrected p-distances in TAXONDNA was also calculated to
determine closest match of a barcode sequence by comparing it to all other sequences in aligned data
set (Meier et al., 2006).

RESULTS

The analyzed barcode regions were successfully amplified with 100 per cent PCR efficiency in multiple
accessions of Calamus species. The edited sequences were deposited in GenBank and accession
numbers are provided in Table 2. Basic sequence information was calculated for the DNA barcode
regions and their combinations (Table 3). rbcL showed similar sequences in all the studied species
without any nucleotide differences, showed its inefficiency to discriminate species, while matK and
psbA-trnH barcode regions showed nucleotide variations in multiple sequence alignment. psbA-trnH
(6.74%) showed highest percentage of parsimony informative sites followed by matK+psbA-trnH
(5.6%) and matK (4.51%). Parsimony informative sites in rbcL were negligible when compared to other
barcoding regions. Indels were more prevalent in psbA-trnH and aligned sequence lengths varied from
500bp to 800bp.

Table 2. List of barcode regions and Gen-Bank accessions

Barcode region Gen-Bank Accession
rbcL MG 907310-MG 907369
matK MG 907370-MG 907438

psbA-trnH MG 907439-MG907489

MG 911722-MG911727
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Table 3. Basic statistics of DNA barcode regions and their combinations in Calamus

Barcode region Sequence Conserved Variable Parsimony Singleton
length region region informative sites
(bp) site
rbcL 674 666 7 4 3
matK 709 659 50 32 18
psbA-trnH 786 675 87 53 33
rbcL+matK 1,383 1,325 57 36 21
rbcL+psbA-trnH 1, 460 1,341 94 57 36
matK+psbA-trnH 1,495 1,334 144 85 39
rbcL+matK+psbA- 2,169 2,000 151 89 42
trnH

Genetic divergence was estimated using six parameters for interspecific and intraspecific distances were
provided (average interspecific distance, theta prime, minimum interspecific distance, average
intraspecific distance, theta and maximum intraspecific distance (coalescent depth) in MEGA v.6.0
(Table 4). The maximum interspecific distance was observed in psbA-trnH (0.23), followed by
matK+psbA- trnH (0.19) while rbcL possess lowest inter specific distances. In barcoding gap analysis,
psbA-trnH exhibited highest barcoding gap (0.222) followed by matK+psbA-trnH and matK (0.178
and 0.161, respectively) and rbcl showed the least (0.027) (Figure 1). Other combinations showed lower
values and the lowest barcoding gap was observed in rbcL region (0.027) (Figure 1). However,
barcoding gap exhibited by psbA-trnH and matK barcode regions and their combinations was not
significant enough for successful species identification as evident from Wilcoxon's signed rank test.
The rate of species identification success was calculated using similarity-based method with BM and
BCM parameters in TAXONDNA (Table 5). The identification success using BCM method was similar
to that of BM method in all the analysed barcode regions and their combinations. pshA-trnH and matkK
showed 44.6 per cent and 42.8 per cent species discrimination efficiencies respectively, rbcL shows
only 10 per cent correct identification under BM method in TAXONDNA. The three locus combination
(rbcL+matK+psbA-trnH) showed highest species discrimination efficiency (65.05 %) followed by
matK+psbA-trnH (62.7%), while rbcL+matK, rbcL+psbA-trnH combinations failed to show even 50
per cent identification success.
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Figure 1. DNA barcoding gap for standard barcode loci and their combinations
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Table 4. Genetic divergence parameters of three intergenic spacers and their combinations

Barco Average Average theta Inter- Average Maximum Average theta

de Interspecific prime specific  intraspecific  intraspecific

regio distance distance  distance distance

n

rbcL 0.028+0.019 0.0019+0.0014 0 0.0004+0.000 0.002+0.002 0.0004+0.0004
4

matK 0.170+0.04 0.009+0.003 0 0.009+0.002 0.023+0.007 0.0008+0.0005

psbA- 0.23+0.077 0.017+0.005 0 0.0076x0.002 0.027+0.007 0.009+0.0027

trnH

rbcL+ 0.037+0.018 0.003+0.0012 0 0.002+0.0003 0.01+0.007 0.0006+0.0002

matK

rbcL+p 0.13+0.030 0.008+0.002 0 0.001+0.0003 0.03+£0.001 0.005+0.001

SbA-

trnH

matK+ 0.19+0.04 0.012+0.003 0 0.0119+0.002 0.088+0.001 0.0116+0.004

psbA-

trnH

rbcL+ 0.14+0.020 0.010+0.001 0 0.001+0.0003 0.01+0.001 0.004+0.001

matK+

psbA-

trnH

Table 5. Identification success rates of barcode regions using TAXONDNA under 'best match' (BM) and 'best close
match' (BCM) method

Barcode region

Best match (BM)

Best close Match

Correct
Identification

Ambiguous
Identification

Incorrect
Identification

Correct
Identification

Ambiguous
Identification

Incorrect
identification

rbcL-matK 42.85%
psbA-trnH 44.64%
rbcL+matK 45.05%
rbcL+psbA-trnH  48.1%
matK+psbA-trnH 62.74%
65.05%

rbcL+matK+pshA-
trnH

34.28%
32.14%
29.65%
41%
3.92%

16.65%

22.85%
23.21%
25.3%
10.9%
33.33%

18.35%

42.85% 34.28%
44.64% 32.14%
45.05% 29.65%
48.1% 41%
62.74% 3.92%
65.05% 16.65%

22.85%
23.21%
25.3%
10.9%
33.33%

18.35%
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DISCUSSION

In spite of its general acceptance as a universal barcode, rbcL generated no species specific differences
for discriminating Calamus species, supporting previous studies (Kress et al., 2005; Spooner, 2009;
Han et al., 2016) pointed out its inefficiency as potential barcode. The recommended barcodes, matK
and psbA-trnH also failed to show significant species identification in present study. psbA-trnH
recommended single barcode for 15 Chinese Calamus species with 58 per cent of species discrimination
was not found as suitable barcode for 21 Indian Calamus species with 44.6 percent identification
success in the present study as reported by Yang et al. (2012). psbA-trnH exhibited dramatic
differences in sequence lengths among congeneric species, due to the presence of indels as reported
(Kress et al., 2005) leading to difficulties in sequence alignment in the present study. The combinations
of barcoding regions (rbcL+matK, matK+psbA-trnH, rbcL+psbA-trnH, rbcL+matK+psbA-trnH) also
failed to give sufficient barcoding gap for species identification in the genus and hardly any species-
specific nucleotide changes could be observed. The species assignment in genus was performed by
'‘Bestmatch (BM)', 'Best Close Match (BCM)' of TAXONDNA. These statistical parameters have been
utilized for species assignments to evaluate success rate of species identification. In BM criteria,
TAXONDNA finds the closest barcode match for each query and in BCM, the program plots relative
frequency of intraspecific distances to determine threshold value below 95 per cent of all intraspecific

distances (Meier et al., 2006). In genus Calamus, the tested loci were not successful with BM and BCM
criteria, showed less than 70% identification rate. The combination of three barcode regions
(rbcL+matK+psbA-trnH) showed highest species identification rate (65%) in both BM and BCM, but
failed to delimit species boundaries. Among analysed barcoding regions, psbA-trnH showed highest
species identification rate while rbcL the least. Similarity based analysis revealed inefficiency of
recommended barcode regions and their combinations for species identification.

Failure of plastid data to highlight species boundaries, as in the present study was also reported in other
groups like willows, wild potatoes, carex, bryophytes, among others (Percy et al., 2008; Spooner, 2009;
Starr et al., 2009; Hassel et al., 2013). This has been attributed to widespread hybridization,
introgression, or incomplete lineage sorting (Hollingsworth et al., 2011). The failure of recommended
plastid barcode regions can attribute to slow evolutionary rate of plastid genes in palms as evidenced in
earlier studies (Wilson et al., 1990; Gaut et al., 1996). Substitution rate estimates from restriction site
variation in chloroplast DNA of palms were 5 to 13-fold slower than the estimates for grasses (Wilson
et al., 1990). Later, this was confirmed by identifying substitution rates in rbcL in palms, which is 5
times slower than that of grasses (Gaut et al., 1996). In palms, Calamoideae have the lowest substitution
rate of chloroplast DNA (1.3 x 10 -10) (Wilson et al., 1990) which clearly indicated the inefficiency of
plastid primers to discriminate species in the subfamily. The nrITS region recommended in some studies
(Chase et al., 2005; Kress et al., 2005) as most divergent gene region for plant barcoding has eliminated
in this study due to the presence of multiple copies as indicated by Baker et al. (2000) in Calamoideae.
Hence, the idea of using universal DNA barcodes in Calamus for identification become a challenge, as
all recommended barcode regions are of plastid origin. The slow evolutionary rate of cpDNA along
with incomplete concerted evolution of nrDNA (Wilson et al., 1990; Gaut et al., 1992; Hahn, 1999;
Lewis et al., 2000), necessitate the search of additional markers for species identification in palms. As
low-copy nuclear genes evolve up to five times faster than plastid genome, they are being explored
recently to resolve slow evolving plants (Sang, 2002; Small et al., 2004; Norup et al., 2006). Low-copy
nuclear regions such as PRK (phosphoribulokinase), RPB2 (RNA polymerase Il) and MS (malate
synthase) have been successfully used in resolving palm phylogenetic relationships especially at lower
taxonomic levels, regardless of difficulties like paralogy, concerted evolution and intragenic
polymorphism e.g. Hyophorbe (Lewis and Martinez, 2000), Areceae (Lewis and Doyle,2002),
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Heterospathe and Rhopaloblaste (Norup, 2004), Cocoeae (Gunn, 2004), Borasseae (Bayton, 2005),
Geonomeae (Roncal et al., 2005), Chamaedorea (Thomas et al., 2006), Arecinae (Loo et al., 2006),
Areceae (Norup et al., 2006), Ceroxyloideae (Trénel et al., 2007), Ptychospermatinae (Zona et al.,
2011). Single copy genes such as waxy (Mason-Gamer et al., 1998), pistillata (Bailey and Doyle, 1999)
and chloroplast expressed glutamine synthetase (Emshwiller and Doyle, 1999) also have proven to be
useful as phylogenetic markers in other families. Low copy nuclear regions (Clerm2, Clerm4, Cyrt2
and Cyrt4) were reported as DNA barcodes in Clermontia (Campanulaceae) and Cyrtandra
(Gesneriaceae), while plastid barcode had a slow evolutionary rate as suggested in Brassicaceae (Pillon
etal., 2013; Sun et al., 2015).

CONCLUSIONS

The candidate DNA barcode regions recommended by CBOL and their combinations, failed to provide
species-specific markers in the genus Calamus due to slow evolutionary rate of chloroplast DNA in
palms. In situations where cpDNA and nrDNA are unable to generate reliable data, low-copy nuclear
genes have a higher potential due to higher rate of evolution than organellar sequences. Hence, the use
of recommended regions will add a new dimension to techniques available for species identification
and for resolving taxonomic complexities. Therefore, we recommended the use of low-copy nuclear
regions such as PRK, RPB2, MS etc. for the accurate identification of Calmaus species.
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