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Abstract

Main conclusion 1TS2+trnH-psbA was the best com-
bination of DNA barcode to resolve the Dalbergia wood
species studied. We demonstrate the feasibility of build-
ing a DNA barcode reference database using xylarium
wood specimens.

The increase in illegal logging and timber trade of CITES-
listed tropical species necessitates the development of
unambiguous identification methods at the species level.
For these methods to be fully functional and deployable
for law enforcement, they must work using wood or wood
products. DNA barcoding of wood has been promoted as a
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promising tool for species identification; however, the main
barrier to extensive application of DNA barcoding to wood
is the lack of a comprehensive and reliable DNA reference
library of barcodes from wood. In this study, xylarium wood
specimens of nine Dalbergia species were selected from the
Wood Collection of the Chinese Academy of Forestry and
DNA was then extracted from them for further PCR ampli-
fication of eight potential DNA barcode sequences (ITS2,
matK, trnL, trnH-psbA, trnV-trnM1, trnV-trnM?2, trnC-
petN, and trnS-trnG). The barcodes were tested singly and
in combination for species-level discrimination ability by
tree-based [neighbor-joining (NJ)] and distance-based (Tax-
onDNA) methods. We found that the discrimination ability
of DNA barcodes in combination was higher than any single
DNA marker among the Dalbergia species studied, with the
best two-marker combination of ITS2+trnH-psbA analyzed
with NJ trees performing the best (100% accuracy). These
barcodes are relatively short regions (<350 bp) and amplifi-
cation reactions were performed with high success (>90%)
using wood as the source material, a necessary factor to
apply DNA barcoding to timber trade. The present results
demonstrate the feasibility of using vouchered xylarium
specimens to build DNA barcoding reference databases.

Keywords DNA barcode reference database - ITS2 -
trnH-psbA - CITES - Forensic wood identification - Illegal

logging

Introduction

Deforestation represents a massive threat to global bio-
diversity, with illegal logging and the associated trade in

illegally sourced wood products contributing significantly
to continual forest loss. The consequences of these illegal
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activities are realized economically, socially, and ecologi-
cally (Reboredo 2013). Many countries have passed laws
or regulations to combat illegal deforestation and trade
by requiring some form of certification of lawful origin
for wood and wood products (Lowe et al. 2016). Though
various methods are used to identify wood along the forest
products supply chain, current global identification capacity
cannot meet demand. There are two reasons. (1) Traditional
wood identification relies on diagnostic anatomical features
observed by a trained expert, and this technology cannot
identify wood samples to the species level because related
species often have similar wood structure (Santos et al.
2013; Yu et al. 2016). (2) Phytochemical analysis (Mcclure
et al. 2015), near infrared spectroscopy (Pastore et al. 2011;
Bergo et al. 2016), real time time-of-flight mass spectrom-
etry (Cody et al. 2012) for wood identification and isotopic
analysis (Horacek et al. 2009; Kagawa and Leavitt 2010;
Kriiger et al. 2014) to determine provenance are growing but
as-yet not widely deployable technologies. With progress in
biotechnology, especially the application of DNA molecu-
lar marker technology in forensic medicine and archeol-
ogy (Gould et al. 2010; Gismondi et al. 2012; Eurlings
et al. 2013; Phong et al. 2014; Gismondi et al. 2015, 2016),
another possible channel for reliably identifying wood and
wood products and tracing their geographical origins is open
(Nithaniyal et al. 2014; Schroeder et al. 2016).

DNA barcoding has become an effective tool for spe-
cies identification of animals and medicinal plants (Zemlak
et al. 2009; Zhang et al. 2015), the assessment of biodiver-
sity (Lahaye et al. 2008; Ji et al. 2013; Yan et al. 2015) and
monitoring the illegal trade of wildlife species (Baker 2008;
Gathier et al. 2013; Schroeder et al. 2016), DNA barcoding
has several advantages over traditional taxonomy (Hebert
et al. 2003; Hajibabaei et al. 2007) or wood identification
in that it is easy, fast and accurate to use, not affected by
developmental stage and morphology (Chase et al. 2007; Lv
et al. 2015), does not require years of specialized training,
and the necessary lab equipment is essentially ubiquitous
in molecular biology labs across the world. According to
the Plant Working Group of Consortium for the Barcode of
Life, an ideal DNA barcode should have a highly universal
primer pair, show high success rates of PCR amplification
and sequencing (Bolson et al. 2015), and provide maximal
species discrimination at the species level (Hebert et al.
2003; Kress et al. 2005; Cowan et al. 2006; Hollingsworth
et al. 2009). These guidelines implicitly assume high qual-
ity and quantity DNA, an assumption that is often violated
when wood or wood products are the source of DNA, and
only short DNA barcodes can reliably be amplified (Tang
et al. 2011; Jiao et al. 2012, 2014, 2015; Yu et al. 2016).

In recent years, DNA methods to verify species identity
and origin of internationally traded woods have attracted
increasing interest to combat illegal logging (Lowe and
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Cross 2011; Lowe et al. 2016). Several studies have shown
the ability of barcoding to effectively discriminate impor-
tant timber species, such as agarwood (Aquilaria) (Jiao et al.
2014; Lee et al. 2016), oak (Quercus) (Deguilloux and Petit
2004), and mahogany (Swietenia) (Degen et al. 2013). More
recent studies have included Dalbergia species, focusing on
species identification in Southeast Asia and Madagascar
(Hartvig et al. 2015; Hassold et al. 2016; Yu et al. 2016).

Dalbergia L.f., a pantropical genus of 304 species in the
Leguminosae, grow as shrubs, lianas and trees (The Plant
List 2013). The tree species of Dalbergia are often eco-
nomically important for their quality timber (Bhagwat et al.
2015). Illegal and excessive logging have led to damage of
wild Dalbergia resources: 54 species of Dalbergia (includ-
ing 48 species in populations of Madagascar) were listed
by the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES) by 2013; 86 Dal-
bergia species were included on the Red List by the Interna-
tional Union for Conservation of Nature (IUCN) (The IUCN
Red List of Threatened Species 2016); at the 17th Meeting
of the Conference of the Parties to CITES in 2016, all the
Dalbergia species worldwide were listed in Appendix II,
and this listing took effect in January 2017. Despite global
CITES protection for the genus, the commercial market pref-
erentially selects individual species that may have protec-
tion at national or regional levels. For example, in 1999 the
Chinese Government protected Dalbergia odorifera (The
State Council of the People’s Republic of China 1999); it is
prized in Chinese traditional furniture and traditional medi-
cines, is the source of more than 40 individual flavonoids,
quinones, and other phenols, and is reported to have various
medicinal properties (Ogata et al. 1990; Wang et al. 2000;
Tao and Wang 2010).

Currently, the main barrier to extensive application of
DNA barcoding is the lack of a reliable DNA reference
library (Hartvig et al. 2015; Hassold et al. 2016; Lowe et al.
2016). Previous attempts using molecular markers to iden-
tify different Dalbergia species have been carried out, but
the prerequisite of a large sampling of wood tissues and
effective DNA barcodes to serve as a reference database
has often limited its practical application for accurate iden-
tification (Bhagwat et al. 2015; Hartvig et al. 2015; Hassold
et al. 2016; Yu et al. 2016). Moreover, some potential DNA
barcode sequences (Ribeiro et al. 2011), namely trnV-trnM,
trnC-petN, and trnS-trnG, have not yet been widely evalu-
ated for species discrimination in Dalbergia woods.

To achieve species-level identification of some com-
mercially important Dalbergia, we chose to develop DNA
barcodes from botanically verified wood xylarium speci-
mens. DNA barcoding of wood is not necessarily as simple
or direct as DNA barcoding of other plant parts that can
be collected and analyzed in the living state, so the use of
xylarium specimens is critical to ensure that the barcodes
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developed will work for wood and wood products in trade.
Xylaria provide the botanical foundation for forensic work in
support of the timber trade, law enforcement, archeology and
conservation and restoration of architectural wood heritage,
as well as serving as repositories of DNA (Jiao et al. 2014,
2015), plant chemistry, and isotopic signatures (Wiedenhoeft
2014). Like herbaria (Puillandre et al. 2012; Xu et al. 2015),
xylaria may have specimens from extirpated populations,
concentrate specimens from across the world in one place,
and for wood forensics also represent the relevant botanical
material (wood) in need of identification.

In this study, we selected xylarium specimens of nine
Dalbergia species and evaluated eight candidate DNA mark-
ers (ITS2, matK, trnL, trnH-psbA, trnV-trnM 1, trnV-trnM2,
trnC-petN, and trnS-trnG) for their efficacy at species-level
separation. Specifically, our objectives were to: (1) evaluate
the amplification success of a range of the eight candidate
barcodes from wood specimens; (2) compare the effect of
tree-based [neighbor-joining (NJ)] and distance-based (Tax-
onDNA) methods on Dalbergia species resolution; (3) eval-
uate the species discrimination power of the single barcodes
and their combinations for the genus Dalbergia to identify
the most efficient set of barcodes for DNA barcoding of Dal-
bergia wood and wood products.

Materials and methods

Specimen sampling

All wood specimens were taken from the xylarium (wood
collections) of the Chinese Academy of Forestry (WOOD-

PEDIA), the largest wood collection in China. A total of
50 specimens of 9 species of Dalbergia were sampled.

Four types of specimens, i.e., heartwood, sapwood, twig,
and silica gel-dried leaf were collected in this study. 3-9
individuals per species were sampled. Detailed information
about sample species, sample identification, voucher iden-
tification, and type of sample are shown in supplementary
material Table S1.

Primer design

101 Dalbergia DNA sequences, namely internal transcribed
spacer 2 (ITS2), trnV-trnM, trnC-petN, and trnS-trnG, were
downloaded from NCBI (Supplementary material Table S2).
Sequences were aligned using MEGA 5.05 (The Biodesign
Institute, Tempe, AZ, USA). Universal primers were manu-
ally selected from conserved regions adjacent to the selected
variable regions using Primer Premier 5 (Premier Biosoft
International, Palo Alto, CA, USA). We designed two pairs
of primers for amplifying the trnV-trnM different variable
region, and were named trnV-trnM1 and trnV-trnM?2 sepa-
rately. In addition, the primers for amplifying three other
chloroplast regions, namely matK, trnL, and trnH-psbA,
were employed in this study (as in Yu et al. 2016). Details
are listed in Table 1.

DNA extraction, amplification and sequencing

All xylarium specimens, including heartwood, sapwood,
and twigs, were washed with 75% ethanol before remov-
ing the surface tissue with a sterile scalpel blade. Wood
shavings were cut with a sterile scalpel blade from wood
samples for freeze grinding. About 500 mg of wood shav-
ings were placed in a grinding vial together with a stain-
less steel impactor, frozen in liquid nitrogen for 2 min,
and then disrupted into fine powder using an EFM Freezer

Table 1 Primer pairs of DNA region and reaction conditions applied for the PCR amplification tests in this study

DNA marker Name of primers Primer sequences (5'-3")

PCR conditions

References

1TS2 ITS2-F ATGCGATACTTGGTGTGA TAG
ITS2-R CCCCGCCTGAACCTGA
matK matK-F GTCTTCGATACTGGGTGAA
matK-R GATCGTTCCAGGTTGAGA
trnL trnL-F CTGAAAGTAAAGAAAAGT
trnL-R TATGATGGAGTGAATGAT
trnH-psbA ~ TP-F CTTCCCTCTAGACCTAGCTTCG
TP-R TTGGCTACATCCGCCCTT
trnV-trnM1  TVMI-F GATGATTCCCTGTGC
TVMI-R AACAATAGCCTGACAAA
trnV-trnM2  TVM2-F TTGATGTCTAAACCCTT
TVM2-R CAATACCAACGCAAT
trnC-petN TCN-F TCTGGCAGTTATTC
TCN-R AAAGGGATTCTGTGC
trnS-trnG TSG-F AGTAGGGCTTGAAAA
TSG-R GGCGAATCTAAGTTT

94 °C 5 min; 94 °C 305,52 °C 455,72 °C45s, This study
40 cycles; 72 °C 10 min
94 °C 5 min; 94 °C 305,49 °C 455,72 °C45s, Jiao et al. unpublished
40 cycles; 72 °C 10 min
94 °C 5 min; 94 °C 305,40 °C 455,72 °C45 s, Jiao et al. unpublished
40 cycles; 72 °C 10 min
94 °C 5 min; 94 °C 308,61 °C455s,72°C45s, Yuetal. (2016)
40 cycles; 72 °C 10 min
94 °C 5 min; 94 °C 30 s, 53 °C 455,72 °C 45 s, This study
40 cycles; 72 °C 10 min
94 °C 5 min; 94 °C 30,51 °C455s,72°C45s, This study
40 cycles; 72 °C 10 min
94 °C 5 min; 94 °C 305,52 °C455s,72°C45s, This study
40 cycles; 72 °C 10 min
94 °C 5 min; 94 °C 30, 50 °C 455,72 °C 45 s, This study
40 cycles; 72 °C 10 min
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Mill 6770 (SPEX SamplePrep, Metuchen, NJ, USA) for
4 min. The grinding vial and stainless steel impactor were
washed several times between specimens with DNAZap™
Solutions (Thermo Fisher Scientific Inc., Waltham, USA)
and distilled water to avoid cross contamination with other
samples.

Genomic DNA was extracted from silica gel-dried
leaves using the DNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s recommenda-
tions. For wood samples, a slight modification was applied
according to Yu et al. (2016). Concentrations of DNA were
quantified using a NanoDrop 8000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) and DNA integ-
rity was checked on 1.0% agarose gels (TaKaRa, Dalian,
China). Finally, the DNA extracts were purified twice with
a High Pure PCR Template Preparation Kit (Roche, Man-
nheim, Germany) before used as templates for PCR.

Eight plant DNA barcodes were amplified, i.e., the
chloroplast DNA matK and trnL, the chloroplast intergenic
spacer (of loci trnV-trnM 1, trnV-trnM?2, trnC-petN, trnH-
psbA, and trnS-trnG) and the nuclear DNA region ITS2.
PCR amplification was performed in a 25 pl reaction with
20-30 ng template DNA, 0.5 pl (5 U pl~!) Trans-T Taq
DNA polymerase (TransGen Biotech, Beijing, China), 2 pl
dNTP mixture (2.5 mM of each dNTP), 3.5 pl 10 X Trans-
T Taq Buffer (TransGen Biotech, Beijing, China), and
1 pl (20 uM) forward and reverse primer, respectively. The
amplification was conducted in a Veriti 96-Well Thermal
Cycler (Applied Biosystems, Foster City, CA, USA). PCR
Primers and PCR cycling conditions used in this study are
provided in Table 1. PCR products were purified with a
SanPrep Column DNA Gel Extraction Kit (Sangon Bio-
tech, Shanghai, China).

The purified PCR products were cloned with the pEASY-
T1 Simple Cloning Kit (TransGen Biotech, Beijing, China),
according to the manual provided by the supplier. A total of
ten clones were randomly selected and cultured. We further
screened positive clones through PCR amplification and aga-
rose gel electrophoresis. Five qualified positive clones from
each sample were chosen to be sequenced. The nucleotide
sequences of the cloned barcode DNAs were directly deter-
mined from the purified plasmid using M13 forward and
reverse primers, by means of an ABI PRISM 3730x1 DNA
Sequencer (Applied Biosystems, Foster City, CA, USA) and
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA). For cycle sequencing
a 10 pl reaction volume including 1 pl of either the forward
or the reverse primer (10 pM), 0.5 ul of BigDye Terminator
v3.1 Ready Reaction mix, 1.75 pl of sequencing buffer, 4 ul
of amplified purified product, and 2.75 pl of ddH,0O was
used. Cycle sequencing parameters consisted of an initial
96 °C for 1 min, followed by 30 cycles 96 °C for 10 s, 50 °C
for 5 s, and 60 °C for 4 min, finally 60 °C for 5 min.

@ Springer

Data analysis

Bidirectional sequences were assembled and edited using
EditSeq program in the Lasergene Suite 7 (DNASTAR,
Madison, WI, USA), and trimmed for primer sequences on
both ends (Hartvig et al. 2015). The edited sequences were
aligned using Clustal X 1.83 (UCD Conway Institute, Dub-
lin, Ireland). The alignments were then adjusted manually
by means of BioEdit software (http://www.mbio.ncsu.edu.
proxyl.lib.uwo.ca/BioEdit/bioedit.html). All variable sites
were rechecked on the original trace files for final confir-
mation (Gao et al. 2017). Of the 50 specimens used in this
study, one sample was previously sequenced for the trnL
barcode region (Table S1).To increase the species identifi-
cation accuracy of the eight potential barcodes and to serve
as a positive control that wood DNA sequences matched
those of other tissues, sequence data of Dalbergia depos-
ited in GenBank were used. According to the workflow for
data processing and analysis of DNA barcoding reported by
Pang et al. (2012), low-quality sequences with more than
1% nucleotides being ‘‘Ns’’ were removed and the long-
est and shortest 1% sequences were treated as outliers and
excluded. Thus, five low-quality and/or short sequences were
removed, the names and accession numbers of which are
listed in supplementary material Table S2. To ensure that
our DNA barcodes could be applied to wood and wood prod-
ucts from trade, barcodes with PCR success rate below 70%
(on a specimen basis) were excluded from further analysis,
leaving five of the eight original barcodes.

Intraspecific and interspecific genetic distances were
calculated using the Kimura two-parameter (K2P) model
by MEGA 5.05 (Kumar et al. 2008; Bhagwat et al. 2015).
The relative distribution of the pairwise intraspecific and
interspecific distances were estimated using the “pairwise
summary” function in TaxonDNA (National University of
Singapore, Singapore) under the K2P distances model for
the eight single barcodes and all combinations of the bar-
codes not pruned for failure to amplify reliably. To evalu-
ate species discrimination success, unrooted NJ trees were
constructed in MEGA 5.05 with pairwise deletion and the
P-distance model according to the published protocols for
species-level discrimination (Tamura et al. 2011; Yan et al.
2015; Hartvig et al. 2015; Gao et al. 2017). The bootstrap
supporting option was set to 1000 random addition replicates
to determine statistical support for the clades. Only when all
the conspecific individuals were clustered in a single clade
and at least one specimen in each clade was derived from
a botanically vouchered collection was it considered a suc-
cessful species discrimination. The “best match” and “best
close match” functions in the TaxonDNA software were
used to test all eight single barcodes and all combinations
of the five barcodes under the K2P corrected distance model
(Meier et al. 2006; Bolson et al. 2015; Hassold et al. 2016).
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Results
Amplification, sequencing success and marker features

Average DNA quantities following total genomic DNA iso-
lation from sapwood, heartwood, and twigs were 18.9, 10.6
and 28.8 ng mg~!, respectively. The amplification reactions
were performed with high success (>90%) for trnV-trnM1,
trnH-psbA, and ITS2, whereas trnC-petN demonstrated
lower PCR amplification efficiency, successful in only 44%
of the samples. The success rate for bidirectional sequenc-
ing of PCR products was 100% for all eight loci (Table 2).
Our work generated a database of 302 new sequences in
Dalbergia, all of which have been deposited in GenBank.
Their accession numbers are listed in supplementary mate-
rial Table S1 (including 45 ITS2, 34 matK, 41 trnL, 48 trnH-
psbA, 49 trnV-trnM 1, 37 trnV-trnM2, 22 trnC-petN, and 26
trnS-trnG sequences).

Based on multiple alignments of all sequences for the
eight loci, the aligned DNA sequence lengths ranged
from 277 bp (trnV-trnM?2) to 521 bp (trnC-petN). Due to
the presence of indels, the biggest length variation was
detected in trnC-petN (478-511 bp) stemming from 45
indels (Table 2). The information of intraspecific and inter-
specific sequence divergence for each barcode sequence are
presented in the supplementary materials Table S3. ITS2
provided the highest proportion of informative sites with
a short aligned sequence length (80/348 bp), followed by
trnS-trnG (34/335 bp), trnV-trnM1 (28/357 bp), trnC-petN
(38/521 bp), trnH-psbA (23/334 bp), trnL (20/314 bp) and
matK (17/467 bp), with trnV-trnM?2 showing the lowest val-
ues (7/277 bp).

DNA barcoding gap assessment
An ideal DNA barcode should have low intraspecific varia-

tion, high interspecific divergence, and the minimum inter-
specific divergence should be greater than the maximum

Table 2 The characteristics of the eight DNA barcode loci

intraspecific variation (Zhang et al. 2015). Pairwise intraspe-
cific distances in the eight loci ranged from 0.011 to 0.090,
while the pairwise interspecific distances ranged from 0.022
to 0.151. The results indicated that ITS2 exhibits the high-
est intraspecific and interspecific genetic variation, whereas
matK possess the lowest intraspecific and interspecific
genetic variation. The pairwise intraspecific distances in
combined barcodes ranged from 0.010 to 0.136 and pair-
wise interspecific distances in combined barcodes ranged
from 0.029 to 1.853. Among combined barcodes, trnV-
trnM1+trnH-psbA+trnL had the highest intraspecific and
interspecific genetic variation, whereas the lowest intraspe-
cific and interspecific genetic variation belonged to trnV-
trnM1+trnV-trnM?2 (Table 3). We did not find any distinct
barcoding gap between intraspecific variation and interspe-
cific divergence in the distributions of the single barcodes
or multi-locus barcodes (Supplementary material Fig. S1).
Despite this, there is a defined range where the intraspecific
variation is considerably lower than the distribution of the
interspecific divergence in single and combined barcodes.

Species discrimination

TaxonDNA was used to analyze all sequences generated
in this study as well as those downloaded from GenBank
(Supplementary material Tables S1, S2). Both the “best
match” and “best close match” methods provided the simi-
lar species discrimination success for the single barcodes
and multi-locus barcodes. Moreover, comparing the results
of the “best match” and “best close match” analysis, the for-
mer always showed higher or equal individual identification
rates than the latter (Fig. 1). The results of the “best close
match” analysis for single regions revealed ITS2 as the best
at species identification (97.5%), followed by trnL (96.7%),
trnC-petN (91.3%), matK (65.9%), trnH-psbA (63.6%), trnV-
trunM?2 (42.5%), trnV-trnM1 (42.3%), and trnS-trnG (25.9%).
Correct identification rates of all barcode combinations were
higher than 80%. Moreover, any combination of the barcodes

DNA marker ~ PCR success Sequencing suc- Sequence Aligned G+C ratio (%) No. of vari- No. of Indel
rate (%) cess rate (%) length (bp)  sequence length able sites informative length
(bp) sites (bp)

trnV-trnM1 98 100 348-357 357 34.7-36.3 29 28 9
trnH-psbA 96 100 318-328 334 31.0-32.5 25 23 28
1TS2 90 100 343-346 348 61.2-66.2 90 80 7
trnL 82 100 301-310 314 30.3-32.2 28 20 12
trnV-trnM?2 74 100 270-277 277 34.8-36.3 15 7 7
matK 68 100 465-467 467 30.4-32.1 24 17

trnS-trnG 52 100 304-325 335 18.8-21.1 35 34 39
trnC-petN 44 100 478-511 521 25.4-27.4 39 38 45
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Table 3 Genetic distance generated using Kimura two-parameter model analysis for the candidate barcode loci and their combinations

Single and combined barcode loci

Intraspecific distance

Interspecific distance

Minimum Maximum Mean Minimum Maximum Mean
ITS2 0.000 0.090 0.012 0.000 0.151 0.072
matK 0.000 0.011 0.001 0.000 0.022 0.011
trnL 0.000 0.013 0.001 0.003 0.035 0.020
trnH-psbA 0.000 0.008 0.001 0.000 0.042 0.017
trnV-trnM1 0.000 0.003 0.000 0.000 0.051 0.024
trnV-trnM?2 0.000 0.023 0.003 0.000 0.034 0.011
trnC-petN 0.000 0.004 0.001 0.004 0.051 0.031
trnS-trnG 0.000 0.003 0.001 0.000 0.084 0.048
ITS2+trnL 0.000 0.009 0.002 0.000 0.094 0.050
ITS2+trnH-psbA 0.000 0.014 0.002 0.003 0.098 0.050
ITS2+trnV-trnM1 0.000 0.009 0.001 0.000 0.096 0.046
ITS2+trnV-trnM2 0.000 0.010 0.003 0.005 0.089 0.046
trnH-psbA+trnL 0.000 0.010 0.002 0.000 0.046 0.027
trnH-psbA+trnV-trnM1 0.000 0.005 0.001 0.002 0.045 0.023
trnH-psbA+trnV-trnM2 0.000 0.010 0.003 0.003 0.035 0.020
trnV-trnM1+trnL 0.000 0.009 0.001 0.005 0.046 0.024
trnV-trnM1+trnV-trnM2 0.000 0.010 0.002 0.002 0.029 0.015
trnL+trnV-trnM?2 0.000 0.021 0.003 0.003 0.034 0.019
ITS2+trnH-psbA+trnV-trnM1 0.000 0.009 0.001 0.005 0.076 0.040
ITS2+trnL+trnV-trnM2 0.000 0.013 0.003 0.009 0.066 0.038
trnV-trnM1+trnH-psbA+trnL 0.000 0.136 0.017 0.068 1.853 1.077
trnV-trnM1+trnH-psbA+trnV-trnM?2 0.000 0.006 0.002 0.005 0.033 0.020
trnV-trnM1+1TS2+trnL 0.000 0.006 0.001 0.007 0.075 0.040
trnV-trnM1+1TS2+trnV-trnM2 0.000 0.006 0.002 0.005 0.071 0.036
trnV-trnM1+trnL+trnV-trnM?2 0.000 0.013 0.002 0.004 0.035 0.020
trnH-psbA+1TS2+trnL 0.000 0.009 0.002 0.010 0.074 0.043
trnH-psbA+ITS2+trnV-trnM?2 0.000 0.010 0.003 0.010 0.069 0.040
trnH-psbA+trnL+trnV-trnM2 0.000 0.013 0.003 0.009 0.035 0.022
trnV-trnM1+trnH-psbA+1TS2+trnL 0.000 0.007 0.001 0.008 0.064 0.037
trnV-trnM1+1TS2+trnL+trnV-trnM?2 0.000 0.009 0.002 0.006 0.059 0.033
trnV-trnM1+trnH-psbA+trnL+trnV-trnM?2 0.000 0.010 0.002 0.006 0.031 0.021
trnV-trnM1+trnH-psbA+1TS2+trnV-trnM2 0.000 0.007 0.002 0.007 0.061 0.034
trnH-psbA+1TS2+trnL+trnV-trnM?2 0.000 0.010 0.003 0.010 0.059 0.036
trnV-trnM1+trnH-psbA+1TS2+trnL+trnV-trnM?2 0.000 0.008 0.002 0.008 0.053 0.032

obviously increased species discrimination rates compared
with a single marker. The results shows that ten barcode com-
binations, ITS2+trnL, ITS2+trnH-psbA, trnH-psbA+trnL,
trnH-psbA+trnV-trnM1, trnV-trnM1+trnL, ITS2+trnH-
psbA+trnV-trnM1, trnV-trnM1+trnH-psbA+trnL, trnV-
trnM1+1TS2+trnL, trnH-psbA+1TS2+trnL, and trnV-
trnM1+trnH-psbA+1TS2+trnL, could provide higher
success rate (> 95%) compared with other barcode combi-
nations based on the “best close match” analysis. The trnV-
trnM1+trnV-trnM?2 combination exhibited the lowest perfor-
mance for correct identification and the largest proportion of
no match. Combinations of more than two markers did not
significantly improve the identification rates.

@ Springer

A NI tree for the best-performing two-marker combination
of ITS2+trnH-psbA is shown for identifying these Dalber-
gia species (Fig. 2). NJ trees based on the eight single bar-
codes and the other analyzed combinations are available in
the supplementary material (Supplementary material Fig. S2,
Table S4). Species discrimination using only one locus was
insufficient to provide an accurate resolution among the Dal-
bergia species studied here. When combining two to five bar-
codes, the highest discrimination rate (100%) was achieved by
ITS2+trnH-psbA (Fig. 2), trnH-psbA-+trnL, trnV-trnM1+trnL,
ITS2+trnL, traV-trnM1+1TS2+trnL, trnH-psbA+1TS2+trnL,
ITS2+trnH-psbA+trnV-trnM 1, trnV-trnM 1 +trnL+trnH-psbA,
and trnV-trnM1+trnH-psbA+1TS2+trnL (Fig. S2). Based on
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Fig. 1 Success of species identification based on analysis of the “best
match” (first bar) and “best close match” (second bar) functions of
TaxonDNA program for the eight DNA markers and their combina-
tions: a single marker, b two-marker combinations, ¢ three-marker

NJ analysis, the species discrimination rates of any combina-
tion of the barcodes were higher than any single barcode.
Discussion

Discriminant power of barcodes from Dalbergia wood

One of the key concerns with DNA barcoding of wood is
the ability to amplify the barcode in commercial wood and
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binations. I, ITS2; M, matK; T, trnL; TP, trnH-psbA; TVM1, trnV-
trnM1; TVM2, trnV-trnM2; TCN, trnC-petN; TSG, trnS-trnG

wood products. This can require selecting barcodes that are
not already considered standard or universal-standard bar-
code loci developed in living tissues are not always recov-
erable from wood, especially wood in trade. We extracted
DNA from long-dead and dried vouchered xylarium wood
specimens, and evaluated barcode amplification efficiency
and species discrimination power of standard and atypical
loci. As single DNA barcodes, both ITS2 and #rnL showed
higher discriminant power compared to other loci using
either TaxonDNA method or NJ tree methods. The ITS2
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region has been proposed as a universal DNA barcode for
plant identification in previous studies (Chen et al. 2010;
Yao et al. 2010), although there are some known limita-
tions which may restrict its use as universal barcode. The
major concerns (Alvarez and Wendel 2003; Besnard et al.
2007; Poczai and Hyvonen 2010; Hollingsworth et al. 2011)
could be; (1) incomplete concerted evolution leading to its
divergent paralogous copies with an individual, (2) ampli-
fication of nonfunctional copies with different evolutionary
constraints, and (3) possibilities of contamination by micro-
bial DNA. However, some protocols, i.e., detection of PCR
products, BLAST search and analysis of phylogenetic trees
were designed to help unravel these problems (Feliner and
Rossello 2007). ITS2 region in our study provided the high-
est number of informative sites (Table 2) and highest correct
identification power (97.5%) based on the “best close match”
test using TaxonDNA (Fig. 1), which was consistent with
previous studies (Yao et al. 2010; Han et al. 2013). There-
fore, ITS2 remains a highly suitable and powerful region
for resolving plant taxonomic and identification issues (Yao
et al. 2010). The ¢rnL region has also shown strong potential
as a universal plant DNA barcode (Ribeiro et al. 2011; Hol-
lingsworth et al. 2011; Jiao et al. 2014; Phong et al. 2014),
but it exhibits low levels of divergence among closely related
species (Taberlet et al. 2007). Our results showed that trnL
was unable to accurately discriminate between the precious
timber species D. odorifera and the closely related species
D. hainanensis based on NJ tree analysis (Supplementary
material Fig. S2). Hassold et al. (2016) found that rnL was
not able to provide full species-level resolution among all
Malagasy Dalbergia species on selected leaf samples.

The results reported here suggested that single trnH-psbA
region was insufficient to provide resolution for Dalber-
gia species, but previous studies relying upon this region
in combination with other regions have verified the util-
ity and efficacy for plant DNA barcoding (Newmaster and
Subramanyam 2009; Ragupathy et al. 2009; Huang et al.
2015). Additionally, several studies also proposed the non-
coding gene trnH-psbA region as a potential plant barcode
for closely related species (Cai et al. 2012; Yu et al. 2016).
Although matK has been proposed as a core barcode for
seed plants due to its rapid evolutionary rate and high level
of species discrimination in most previous studies (Fazekas
et al. 2007; Lahaye et al. 2008; CBOL Plant Working Group
2009), in this work only four of nine species of Dalbergia,
were discriminated successfully using the NJ tree method
with matK. Three noncoding plastid markers, namely, trnV-
truM, trnC-petN, and trnS-trnG, have been found to have
different species resolution ability within Fabaceae and
Vitaceae (Zhang et al. 2009; Ren et al. 2011; Ribeiro et al.
2011). In the present study, the region of trnV-trnM1 showed
higher identification power compared to region of trnV-
trnM2, which has the lowest sequence variation. trnS-trnG

showed the lowest success rate of PCR amplification and
species identification. Therefore, trnS-trnG could be omitted
from barcoding Dalbergia. Our results have clearly demon-
strated that DNA barcoding using only a single DNA locus
was insufficient to provide resolution for Dalbergia species.
These results are similar to previous finding for Aquilaria
species (Lee et al. 2016).

Comparison of analytical methods for Dalbergia wood

With the rapidly increasing availability of DNA sequence
data, researchers are developing varied analytical meth-
ods to discriminate species, such as tree-based analyses
(e.g., NJ tree, maximum-likelihood tree, and maximum-
parsimony tree), distance-based analyses (TaxonDNA and
PWG), machine-learning approaches (BLOG and WEKA),
character-based analyses (CAOS), and sequence similarity-
based analyses (BLAST) (Little and Stevenson 2007; Frézal
and Leblois 2008; Sarkar et al. 2008; Austerlitz et al. 2009;
Casiraghi et al. 2010; Alves et al. 2014; Jorger and Schrodl
2014). Previous studies have shown that there are no uni-
versal criteria to evaluate the quality of analytical methods
for species identification, and different analytical methods
often show different species discrimination power on the
same data set (Yan et al. 2015). In this study, two widely
used methods, i.e., a distance-based analysis (TaxonDNA)
and a tree-based analysis (NJ tree), were applied to the eight
single markers and their possible combinations to evalu-
ate discrimination success of nine Dalbergia species. The
different performances of the two methods reflect the dif-
ferent analytical theories of the approaches implemented:
TaxonDNA is very simple to use and understand, and has
been accepted as a highly workable and accurate method
to evaluate barcodes in many studies; in this method, each
sequence was queried against the database studied to iden-
tify the species associated with its closest match based on
the genetic distance (Meier et al. 2006; Bolson et al. 2015;
Hartvig et al. 2015). The tree-based approach is a bottom-up
clustering algorithm that forms a single tree based on genetic
distance matrix (Yang et al. 2017). The fast way to determine
the utility of a DNA region as a barcode is to verify whether
it can detect species-specific clusters of species using a NJ
tree (Bolson et al. 2015).

In this study, the TaxonDNA method provided higher spe-
cies discrimination power than the NJ tree method, which
is in keeping with the results of other studies comparing
relative performance of DNA barcoding methods (Austerlitz
et al. 2009; Huang et al. 2015). The NJ tree method based
on barcode combinations has a few more non-identified and
ambiguous results. This might be resulted from the involve-
ment of sequences with relative low success rate of PCR
amplification in the combination of DNA sequences. With
the increasing diversity of candidate barcode regions and
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growing computational efficiency, exploiting cutting-edge
analytical approaches is particularly critical when more tra-
ditional methods do not provide sufficient discriminatory
power. According to this work, we conclude that the DNA
barcoding technique is useful in identifying the species for
these nine Dalbergia woods based on both the TaxonDNA
method and the NJ tree method.

Conclusion

DNA barcodes for wood identification should be short
regions with high rates of PCR success because wood has
low quantity and quality DNA when compared to most other
plant parts. While barcode sequence length can be deter-
mined from leaf, cambium, or other plant tissue, amplifica-
tion success can only be evaluated in wood of the species
in question. Because wood and wood products are often
traded internationally in dried or processed forms, testing
DNA barcoding methods on wood specimens from research
xylaria is a way to mimic real-world conditions regarding
DNA extraction, quantity, and quality, while taking advan-
tage of the power of xylaria as centralized botanical collec-
tions. In this study to discriminate nine species of Dalbergia
using eight DNA barcodes singly and in combination, nine
combined pairs of loci showed the highest species identifi-
cation rate based on both the TaxonDNA method and the
NIJ tree method. Of those nine, we propose the two-marker
combination of ITS2+trnH-psbA as the best combination of
DNA barcode to resolve the species we studied. Both ITS2
and trnH-psbA are relatively short regions (<350 bp), ampli-
fication reactions were performed with high success (=90%)
using wood as the source material, and this barcode pair
showed the highest identification power using both methods
of analysis, demonstrating the desirability of building DNA
barcoding reference databases for forensic wood identifica-
tion using xylarium specimens. This study demonstrates how
to tap the potential of xylaria for establishing DNA barcod-
ing reference databases for forensic wood identification. In
the case of Dalbergia, to realize the full potential DNA bar-
coding of wood it will be necessary to expand the reference
databases to include all potentially commercial species and
other look-alike endangered timber species. Such a compre-
hensive reference dataset can then serve as the foundation
for an international wood identification network to combat
the increasing illegal exploitation and trade in Dalbergia.
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