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Comparison of DNA extraction 
methods on CITES‑listed timber 
species and application in species 
authentication of commercial 
products using DNA barcoding
Grace Wing‑Chiu But 1, Hoi‑Yan Wu 2, Tin‑Yan Siu 3,4, Kwun‑Tin Chan 2, Kwan‑Ho Wong 1,3, 
David Tai‑Wai Lau 3 & Pang‑Chui Shaw 1,2,5*

Quality and quantity of DNA extracted from wood is important for molecular identification of wood 
species, which can serve for conservation of wood species and law enforcement to combat illegal wood 
trading. Rosewood (Dalbergia and Pterocarpus) and agarwood (Aquilaria) are the most commonly 
found hardwood in timber seizure incidents. To monitor international trade of timber and commercial 
wood products and to protect these endangered wood species from further population decline, in this 
study, we have compared three extraction protocols for DNA extraction from 12 samples of rosewood 
and agarwood timber logs, and later applied the best DNA extraction protocol on 10 commercial wood 
products claimed to be rosewood and agarwood. We also demonstrated the applicability of DNA mini‑
barcoding with multi‑loci combination with reference library for identifying the species of timber and 
commercial wood products. We found that a silica column‑based method with guanidine thiocyanate‑
containing binding buffer served the best in DNA extraction from different parts of wood in all 
three genera with good quality and quantity. Single barcode region ITS2 or multi‑loci combinations 
including ITS2 barcode region generally provide better discriminatory power for species identification 
for both rosewood and agarwood. All 10 products were identified to species‑level using multi‑loci 
combination. In terms of accuracy in labelling, 80% of them were labelled correctly. Our work has 
shown the feasibility of extracting good quality of DNA from authentic wood samples and processed 
wood products and identifying them to species level based on DNA barcoding technology.

Increasing demand of high-value hardwood timber in the last 20 years has driven illegal logging and illegal 
timber trade. “Rosewood” and “agarwood” are the most commonly found hardwood in seizure incidents. The 
United Nations estimated that seizures of “rosewood” and “agarwood” account for the largest share, 35% (around 
8 million kg) and 6% of total wildlife seizures, respectively, in 2005–20141. “Rosewood” is a commercial name 
representing a range of tropical hardwood species which are mostly traded for high-end furniture, carving, 
and accessory manufacture. Species of the genus Dalbergia and Pterocarpus are not only the source plants of 
rosewoods listed in the appendices of Convention on International Trade in Endangered Species of Wild Fauna 
and Flora (CITES)2, but also the source plants of “Hongmu” listed under the National Standards of the People’s 
Republic of China for Hongmu (GB/T 18107-2017)3 which are used for making rosewood  products4. On the 
other hand, agarwood is a fragrant resinous wood formed in the heartwood of Aquilaria species due to fungal 
 infection5. Agarwood is mostly traded as incense or wood piece for its fragrance with a high commercial value.
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As a free port next to mainland China, Hong Kong has become a convenient gateway for illegal import and 
smuggling of timber logs and products of rosewood and  agarwood6. It was estimated that around 30% of timber 
imported into Hong Kong in 2007 were from illegal  sources7. In 2017–2021, Hong Kong Customs have seized 
more than 365,000 kg of rosewood timber, with a total estimated market value of over HKD 100  million8. In 
addition to rosewood trafficking, illegal felling of agar trees is another common timber crime in Hong Kong. 
Increasing number of transborder itinerant theft from mainland China have been found from 2005–20139. Illegal 
logging is a highly destructive wildlife crime, as it threatens both the targeted tree species and the entire habitat 
along with decline in biological diversity.

In order to protect these tree species from overexploitation, CITES has listed agarwood species (Aquilaria 
spp.) and some of the rosewood species including Dalbergia and Pterocarpus spp. in Appendix I and II to ensure 
legal and sustainable trade of timber and wood products. To enforce the CITES obligations and identify illegal 
trade, accurate wood identification is necessary. Traditional wood anatomy based on the macroscopic and micro-
scopic anatomical features of timber has been widely established for wood  identification10,11. Molecular methods 
such as DNA barcoding and real-time PCR, have also been developed for identification of rosewood and agar-
wood, mostly to genus-level12–17. Recent studies have shown the use of DNA barcoding with multi-loci combina-
tions with reference database could provide a better discriminatory power and allow species-level identification 
for Dalbergia (ITS2 + trnH-psbA)18, Pterocarpus (matK + ndhF-rpl32 + ITS2)19, and Aquilaria (trnL-trnF + ITS2)20.

To achieve successful wood identification using molecular techniques, it is important to obtain sufficient 
good-quality, amplifiable DNA from wood samples. However, it is difficult to extract DNA from dried, aged 
timber heartwood, let alone highly processed commercial wood products. DNA isolated from wood usually 
contains high levels of tannins, phenolic and lignin compounds, which inhibit subsequent molecular reactions. 
Highly degraded DNA from wood is also difficult to be amplified for large amplicons in standard barcoding 
regions. Shorter DNA amplicons have to be developed for species identification using DNA mini-barcoding21–24. 
However, shorter amplicons provide less sequence information and limit their discriminatory power. This pre-
sents difficulty in species-level identification for the law enforcement as well as for research and conservation of 
rosewood and agarwood. On the other hand, although a number of dry wood DNA extraction protocols have 
been published, those protocols were mostly performed on only one wood  genus25–28. They were rarely performed 
on processed rosewood and agarwood products to species-level identification.

In this study, we evaluated and compared three modified DNA extraction protocols in extracting amplifiable 
DNA from different parts of authentic rosewood (Dalbergia and Pterocarpus) and agarwood (Aquilaria) samples, 
and applied the best DNA extraction protocol on processed commercial wood products which were labelled as 
rosewood and agarwood. We also demonstrated the use of DNA mini-barcoding with multi-loci combination 
with reference library for identifying the species of authentic wood samples and commercial wood products. 
The outcome of this study provides a suitable identification method for rosewood and agarwood timber logs 
and processed products, facilitating the forensic timber identification and the enforcement of CITES control 
and benefiting conservation and forest protection.

Materials and methods
Sources of samples. In this study, 12 authentic wood samples of Aquilaria, Dalbergia and Pterocarpus 
were from the collection of Shiu-Ying Hu Herbarium and donations of Agriculture, Fisheries and Conservation 
Department of the Hong Kong Special Administrative Region Government (AFCD of HKSAR Government). 
For commercial wood products, four samples were donated by AFCD of HKSAR Government and six samples 
were purchased from local retail stores, either ordered online or bought from physical stores. Leaf and twig sam-
ples were also collected as positive controls during amplification and for generating reliable reference barcode 
sequences. These samples were collected from Hong Kong by the staff members of Shiu-Ying Hu Herbarium of 
The Chinese University of Hong Kong with deposited voucher specimens. The collections are permitted under 
the Permission to Make Field Collection for Research Purpose issued by AFCD of HKSAR Government. Two 
samples, namely KFBG_7521 and KFBG_9203, were sampled from the living individuals cultivated in Kadoorie 
Farm & Botanic Garden in Hong Kong on  25th September, 2019. All collections are permitted and legal in Hong 
Kong. Details of collected authentic wood samples, commercial wood products and reference leaf and twig 
samples are listed in Tables 1, 2 and Supplementary Table S1, respectively. Figure S1 shows the photos of the 
authentic wood samples, with different sampled parts annotated. Photos of the commercial wood products are 
shown in Fig. S2.

Genomic DNA extraction. For leaf and twig samples used as reference, DNA of these samples were 
extracted using BioMed Plant Genome DNA Extraction Kit (Biomed, Beijing, China) following manufacturer’s 
instructions. Small wood pieces were first sampled from both authentic and commercial wood products using 
electric drill or scalpel blades and further disrupted into fine powder using Precellys Evolution Tissue Homog-
enizer (Bertin Technologies, Montigny-le-Bretonneux, France). For authentic wood samples T5196, T4966, 
T5155, T5152 and T5197, small wood pieces were taken from three parts namely sapwood, outer heartwood 
and inner heartwood following the practice of  Rachmayanti27 and  Jiao13. Inner heartwood was sampled about 
2 cm diameter from pith, while outer heartwood was defined as the transition zone between sapwood and inner 
heartwood. For authentic wood samples T4964 and T4965, since sapwood is absent, only the outer and inner 
heartwood were sampled. Because authentic wood sample T4961 is an incomplete wood block lacking the inner 
heartwood, small wood pieces of sapwood and heartwood were taken, without further differentiating the heart-
wood into inner and outer part.

The quality, quantity and amplifiability of DNA extracted using three different genomic DNA extraction meth-
ods, including SDS-based method, QIAGEN method and another silica-column-based method using guanidine 
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thiocyanate (GuSCN)-containing binding buffer developed by The Canadian Centre for DNA Barcoding (CCDB 
method), were compared. For fair comparison, the amount of wood powder and the amount of water/elution 
buffer used to elute DNA were kept the same. The same silica columns, QIAquick Spin Columns (Qiagen, Hilden, 
Germany), were used in all three methods. After evaluating the results of DNA extracted from the three DNA 
extraction methods, DNA of commercial wood products were extracted using the CCDB method.

SDS-based method. The extraction protocol was modified from  Little29. A total of 0.3 g wood powder were 
mixed with 0.1 g of polyvinylpolypyrrolidone (PVPP) and incubated with 2 mL of extraction buffer (8 mM 
NaCl, 16 mM sucrose, 5.8 mM EDTA, 0.5% (w/v) sodium dodecyl sulphate, 12.4 mM Tris (pH 7.4)) and 20 µL 
of proteinase K (20 mg/mL) for 18 h at 42 °C. After incubation, 400 µL of 3 M potassium acetate (pH 4.7) was 
added followed by incubation at 0 °C for 10 min. After incubation, mixtures were centrifuged at 15,000 rpm 
for 5 min. Clear supernatant was collected and mixed with 1.5 × volume of 2 M guanidine hydrochloride in 
95% (v/v) ethanol. Mixtures were applied to QIAquick Spin Columns followed by centrifugation at 5000 rpm 
for 5 min. After all mixtures were applied, sample was washed twice with 500 µL of washing buffer (50% (v/v) 
ethanol, 10 mM Tris (pH 7.4), 0.5 M EDTA, 50 mM NaCl) with centrifugation at 5000 rpm at 5 min. Ethanol 
residue was removed by centrifugation at 15,000 rpm for 5 min. Genomic DNA were eluted with 50 µL of pre-
warmed molecular biology grade water with centrifugation at 15,000 rpm for 5 min after incubation at room 
temperature for 2–3 min. Time consumed in this method was approximately within 20 h for 24 samples and each 
sample costed USD 6.4.

QIAGEN method. DNeasy Plant Pro Kit (Qiagen, Hilden, Germany) was used according to manufacturer’s 
instructions with modification. A total of 0.3 g wood powder was first mixed with 0.1 g of PVPP and incubated 
with 1.8 mL of CD1 solution and 200 µL of PS solution for 1 h at 65 °C. After incubation, mixtures were centri-
fuged at 15,000 rpm for 20 min. Clear supernatant was collected and mixed with same volume of solution CD2 
followed by centrifugation at 15,000 rpm for 20 min. Clear supernatant was collected and mixed with 1000 µL 
of APP solution. Mixtures were applied to QIAquick Spin Columns followed by centrifugation at 5000  rpm 
for 5 min. After all mixtures were applied, column was washed with 650 µL of AW1 solution followed by cen-
trifugation at 5000 rpm at 5 min and 650 µL of AW2 solution followed by centrifugation at 5000 rpm at 5 min. 
Ethanol residue was removed by centrifugation at 15,000 rpm for 5 min. Genomic DNA were eluted with 50 µL 
of pre-warmed EB solution with centrifugation at 15,000 rpm for 5 min. Time consumed in this method was 
approximately within 3.5 h for 24 samples and each sample costed USD 17.

CCDB method. Genomic DNA was extracted using extraction protocol modified from  Ivanova30. A total of 
0.3 g sample powder was mixed with 0.1 g of PVPP and mixed with 2 mL of lysis buffer (700 mM GuSCN, 

Table 1.  List of authentic wood samples collected.

Sample code Route of collection Claimed genus Type of sample
Multi-loci combination 
used for identification

Species of origin identified 
through multi-loci combination

T5196 Fallen wood log originally grown in 
Hong Kong, China Aquilaria

Sapwood (T5196S) ITS2 + trnL-trnF Aquilaria sinensis

Outer heartwood (T5196O) ITS2 + trnL-trnF Aquilaria sinensis

Inner heartwood (T5196I) ITS2 + trnL-trnF Aquilaria sinensis

T4960 Donated by AFCD, HKSAR Aquilaria Unknown ITS2 + trnL-trnF Aquilaria beccariana

T5149 Donated by AFCD, HKSAR Aquilaria Sapwood ITS2 + trnL-trnF Aquilaria sinensis

T5154 Donated by AFCD, HKSAR Aquilaria Unknown ITS2 + trnL-trnF Aquilaria beccariana

T5155 Donated by AFCD, HKSAR Aquilaria Unknown ITS2 + trnL-trnF Aquilaria beccariana

T4961 Donated by AFCD, HKSAR Dalbergia
Sapwood (T4961S) ITS2 + matK Dalbergia stevensonii

Heartwood (T4961H) ITS2 + matK Dalbergia stevensonii

T4966 Donated by AFCD, HKSAR Dalbergia

Sapwood (T4966S) ITS2 + matK Dalbergia oliveri

Outer heartwood (T4966O) ITS2 + matK Dalbergia oliveri

Inner heartwood (T4966I) ITS2 + matK Dalbergia oliveri

T5152 Donated by AFCD, HKSAR Dalbergia

Sapwood (T5152S) ITS2 + matK Dalbergia oliveri

Outer heartwood (T5152O) ITS2 + matK Dalbergia oliveri

Inner heartwood (T5152I) ITS2 + matK Dalbergia oliveri

T5153 Donated by AFCD, HKSAR Dalbergia Heartwood ITS2 + matK Dalbergia stevensonii

T4964 Donated by AFCD, HKSAR Pterocarpus
Outer heartwood (T4964O) ITS2 + matK Pterocarpus santalinus

Inner heartwood (T4964I) ITS2 + matK Pterocarpus santalinus

T4965 Donated by AFCD, HKSAR Pterocarpus
Outer heartwood (T4965O) ITS2 + matK Pterocarpus santalinus

Inner heartwood (T4965I) ITS2 + matK Pterocarpus santalinus

T5197 Fallen wood log originally grown in 
Hong Kong, China Pterocarpus

Sapwood (T5197S) ITS2 + matK Pterocarpus santalinus

Outer heartwood (T5197O) ITS2 + matK Pterocarpus santalinus

Inner heartwood (T5197I) ITS2 + matK Pterocarpus santalinus
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30 mM EDTA (pH 8.0), 30 mM Tris–HCl (pH 8.0), 0.5% Triton X-100, 5% Tween-20), 200 µL of proteinase K 
(20 mg/mL) and 50 µL of α-amylase. The mixtures were incubated at 56 °C for 30 min followed by an incubation 
at 65 °C for 1 h. After incubation, mixtures were centrifuged at 15,000 rpm for 10 min and clear supernatant 
was collected and mixed with equal volume of extraction binding buffer (6 M GuSCN, 20 mM EDTA (pH 8.0), 
10 mM Tris–HCl (pH 6.4), 4% Triton X-100). Mixtures were applied to QIAquick Spin Columns followed by 
centrifugation at 5000 rpm for 5 min. After all mixtures were applied, sample was washed with 180 µL of extrac-
tion wash buffer (60% ethanol, 50 mM NaCl, 10 mM Tris–HCl (pH 7.4), 50 mM EDTA (pH 8.0)) with centrifu-
gation at 5000 rpm for 5 min. After that, sample was washed twice with 650 µL of extraction wash buffer. Ethanol 
residue was removed by centrifugation at 15,000 rpm for 5 min. Genomic DNA were eluted with 50 µL of pre-
warmed water with centrifugation at 15,000 rpm for 5 min after incubation at room temperature for 2–3 min. 
Time consumed in this method was approximately within 4 h for 24 samples and each sample costed USD 13.5.

DNA quantity and quality analysis. For comparison of DNA extracted using the three genomic DNA 
extraction methods, the quality and quantity of the DNA extracted were evaluated by a NanoDrop Lite spectro-
photometer (Thermo Scientific, Massachusetts, USA).

PCR amplification, agarose gel electrophoresis and DNA sequencing. For each genus, differ-
ent DNA mini-barcode loci were selected for amplification and sequencing based on their species discrimina-
tion ability evaluated by previous research. For Aquilaria, DNA barcode loci ITS2, matK and trnL-trnF were 
 selected20. For Dalberiga, DNA barcode loci ITS2, matK, trnH-psbA and trnL were  selected18 and for Pterocar-
pus, DNA barcode loci ITS2, matK, rbcL and ndhF-rpl32 were  selected19. DNA extracted were amplified using 
the GoTaq G2 Flexi DNA Polymerase (Promega, Wisconsin, USA). Each 15-μL PCR contained 10 ng template 

Table 2.  List of commercial wood products collected. 1 Protection of Endangered Species of Animals and 
Plants Ordinance, Cap 586 (2018). 2 Chiayi Botanical Garden. Chungpu Research Center, Forestry Research 
lnstitute, Council of Agriculture of Taiwan. Retrieved from https:// cptfri. tfri. gov. tw/ on 01 March, 2021. 
3 The National Standards of the Republic of China (GBT18107-2017, “Hongmu”). General Administration of 
Quality Supervision, Inspection & Quarantine of the People’s Republic of China (AQSIQ), Standardization 
Administration of the People’s Republic of China (SAC). Retrieved from http:// www. gb688. cn/ bzgk/ gb/ newGb 
Info? hcno= 6E961 C6DB7 8254E F883B 5053D 08BFA 3B on 01 March, 2021.

Sample code
Sample 
form

Route of 
collection

Place of 
collection

Claimed 
place of 
origin

Claimed 
species of 
origin

Species 
referred 
to Chinese 
common 
name

Product 
trade name/ 
Description

Multi-loci 
combination 
used for 
identification

Species 
of origin 
identified 
through 
multi-loci 
combination

Discriminatory 
level Accuracy

T4959 Wood chips
Donated 
by AFCD, 
HKSAR

Hong Kong, 
China Unknown Aquilaria sp. N/A Agarwood 

chip
ITS2 + trnL-
trnF

Aquilaria 
beccariana Species-level Correct

T5300 Powder
Purchased 
from physi-
cal store

Xiamen, 
China Unknown Aquilaria sp. N/A

Aquilaria 
powder (沉
香粉)

ITS2 + matK Aquilaria 
crassna Species-level Correct

T5339 Incense stick
Purchased 
from online 
store

Hong Kong, 
China Vietnam Aquilaria sp. N/A Aquilaria 

stick (沉香) ITS2 + matK Aquilaria 
crassna Species-level Correct

T5204 Beads from 
bracelet

Purchased 
from physi-
cal store

Yunnan, 
China Unknown Dalbergia 

nigra
Dalbergia 
nigra1

Dalbergia 
nigra (黑檀) ITS2 + matK Dalbergia 

melanoxylon Species-level Incorrect

T5348 Wooden disc
Purchased 
from online 
store

Hong Kong, 
China India Dalbergia 

sissoo
Dalbergia 
sissoo2

Dalbergia 
sissoo round 
disc (印度
黃檀)

ITS2 + trnL Dalbergia 
sissoo Species-level Correct

T4962 Beads from 
necklace

Donated 
by AFCD, 
HKSAR

Hong Kong, 
China Unknown Pterocarpus 

santalinus N/A Red sandal-
wood beads ITS2 + matK Pterocarpus 

santalinus Species-level Correct

T4963
Wood block 
from furni-
ture part

Donated 
by AFCD, 
HKSAR

Hong Kong, 
China Unknown Pterocarpus 

santalinus N/A
Red san-
dalwood 
furniture 
parts

ITS2 + matK Pterocarpus 
santalinus Species-level Correct

T5150 Wood block
Donated 
by AFCD, 
HKSAR

Hong Kong, 
China Unknown Pterocarpus 

santalinus N/A Red sandal-
wood part ITS2 + matK Pterocarpus 

santalinus Species-level Correct

T5338 Wood piece
Purchased 
from online 
store

Hong Kong, 
China

Hong Kong, 
China Unknown Pterocarpus 

spp.3

Rosewood 
(Pterocarpus) 
wood piece (
花梨木)

ITS2 + matK Pterocarpus 
indicus Species-level Correct

T5205 Beads from 
bracelet

Purchased 
from physi-
cal store

Yunnan, 
China Unknown Unknown Dalbergia 

spp.3

Rosewood 
(Dalbergia) 
bracelet (酸
枝木)

ITS2 + matK Pterocarpus 
indicus Species-level Incorrect

https://cptfri.tfri.gov.tw/
http://www.gb688.cn/bzgk/gb/newGbInfo?hcno=6E961C6DB78254EF883B5053D08BFA3B
http://www.gb688.cn/bzgk/gb/newGbInfo?hcno=6E961C6DB78254EF883B5053D08BFA3B
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DNA, 3 μL 5X Colorless GoTaq Flexi Buffer, 2.4 μL  MgCl2 (25 mmol/L), 0.3 μL dNTP mixture (10 mmol/L 
each), 0.75 μL forward primer (10 μmol/L), 0.75 μL reverse primer (10 μmol/L) and 0.125 μL GoTaq polymerase 
(5 U/μL). Sequences of primers and the corresponding reaction conditions are listed in Supplementary Table S2. 
PCR products were mixed with 6X loading dye in a ratio of 5:2 and visualized in 2% agarose gel and sizes of 
fragments were compared with GeneRuler 100 bp DNA Ladder. After evaluating the result of DNA extracted 
from the three DNA extraction methods, PCR products with successful amplification of DNA extracted with the 
CCDB method were purified with Biomed gel extraction kit (Biomed, Beijing, China). Sanger sequencing was 
performed by Tech Dragon Ltd., Hong Kong.

Additional sequences. In addition to sequences generated from reference leaf and twig samples, sequences 
of Aquilaria (ITS2, matK and trnL-trnF), Dalberiga (ITS2, matK, trnH-psbA and trnL) and Pterocarpus (ITS2, 
matK, rbcL and ndhF-rpl32) were downloaded from GenBank for data analysis (Supplementary Tables S3-S5).

Data analysis. Raw sequences generated from reference leaf and twig samples in this study were assem-
bled and aligned followed by a manual adjustment using  BioEdit31, saved in FASTA format and deposited to 
GenBank. Reference DNA barcode libraries for each genus (Aquilaria, Dalbergia and Pterocarpus) were devel-
oped from sequences obtained from leaf and twig samples and sequences obtained from GenBank for species 
identification of authentic wood samples and commercial products based on single DNA barcodes and multi-
loci combinations through phylogenetic tree-based analysis. Phylogenetic trees were constructed based on the 
aligned sequences from single loci or concatenated loci using neighbour-joining (NJ) method using the Kimura 
2-Parameter (K2P)  model32 with bootstrap re-sampling (n = 1000) and pairwise deletion using MEGA  X33.

Plant collection statement. All plant samples in this study were collected in Hong Kong and the experi-
ments were performed locally. The authors carefully checked that proper sample collection permits were in place 
at the time of collection. The authors declare that all the experimental research and field sampling of plant mate-
rial comply with institutional, local, national and international guidelines and legislation.

Results
Comparison of three genomic DNA extraction methods. The quality and quantity of DNA extracted 
from wood samples of all three genera are shown in Table 3. For the quantity of extracted DNA, the yield of DNA 
obtained using SDS-based method was the highest, in a range of 5.1–971.0 ng/μL, followed by CCDB method, 
in a range of 5.8–270.5 ng/μL, and QIAGEN method, in a range of 1.1–12.1 ng/μL. For wood samples which 
contain both sapwood and heartwood, higher DNA yield were obtained from sapwood than heartwood for all 
three extraction methods. The quality of extracted DNA of each extraction method varies across the authentic 
wood samples (Table 3).

The P6-loop of trnL(UAA) was selected as an internal control for showing amplifiability of DNA extracts, 
because of the availability of universal primers that produce short amplicons. For the amplifiability of extracted 
DNA, DNA samples extracted from all three extraction methods showed positive results in internal control and 
no amplification was found in the negative control, showing amplifiable DNA were extracted from all three meth-
ods (Fig. 1). For Aquilaria wood samples, all three target regions, ITS2, matK and trnL-trnF, were amplified with 
expected amplicon sizes from DNA samples extracted using all three methods (Fig. 2). However, for trnL-trnF 
region, weaker band was found from DNA samples extracted using the SDS-based method. For Dalbergia wood 
samples, positive results with expected amplicon sizes were found in amplification of ITS2, matK, trnH-psbA 
and trnL regions with samples extracted using QIAGEN and CCDB methods (Fig. 3). For wood samples T4966 
and T5152, which contain both sapwood and heartwood sections, stronger amplification was found with DNA 
extracted from the sapwood section than those from heartwood section. On the other hand, for the SDS-based 
method, amplification of matK and trnH-psbA regions from samples T4961 and T5153 failed to produce target 
amplicons of the right sizes. For Pterocarpus wood sample, positive results with the expected amplicon sizes were 
found from all samples extracted using the CCDB method in ITS2, matK, rbcL and ndhF-rpl32 regions (Fig. 4). 
On the other hand, for DNA extracted from sample T4964 and T4965 using QIAGEN method and SDS-based 
method, weak amplification in non-target sizes were found in amplification targeting matK and ndhF-rpl32 
regions. Negative result was also found with amplification of targeting ITS2 region with DNA extracted from the 
inner heartwood section of sample T4964 and T4965 using the SDS-based method. Overall, better amplification 
results were found in DNA extracts using CCDB method.

Phylogenetic tree analysis for authentic wood samples. Species of wood samples of all three gen-
era could be successfully discriminated using neighbour-joining trees with multi-loci combination constructed 
based on reference DNA barcode libraries (Table 4 and Supplementary Figs. S3-S39). Single DNA barcode is not 
sufficient to discriminate the species of all authentic wood samples. For some of the wood samples, neighbour-
joining trees constructed with different single DNA barcode regions would lead to different identification results. 
Comparing to other single DNA barcode region, ITS2 generally resulted in the highest species discrimination 
success rate for all three genera while matK, rbcL and ndhF-rpl32 for Pterocarpus were not able to discriminate 
any authentic wood samples to species-level. On the other hand, multi-loci combination generally resulted in a 
higher species discrimination success rate. Highest discrimination success rate (100%) was obtained with com-
bination of trnL-trnF + ITS2 and matK + trnL-trnF + ITS2 for Aquilaria, all multi-loci combinations except for 
matK + trnL for Dalbergia, and combinations of ITS2 + matK, ITS2 + matK + rbcL, ITS2 + matK + ndhF-rpl32 and 
ITS2 + matK + rbcL + ndhF-rpl32 for Pterocarpus.
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To study the species-level resolution, the number of species identifiable by each locus/multi-loci combina-
tion, i.e. forming monophyletic-species clade in the NJ phylogenetic tree, are also indicated in Table 4. Taking 
the discrimination success rate and the number of species with monophyletic clades formed into account, DNA 
barcode region ITS2 + trnL-trnF can provide the highest rate of species resolution (100%) and creating 5 mono-
phyletic clades in Aquilaria. ITS2 + matK performed the best in identifying species of Dalbergia with the highest 
discrimination rate (100%) and 12 monophyletic clades. For the genus Pterocarpus, among 15 DNA barcode 
regions and combinations, ITS2 + matK + rbcL, ITS2 + matK + ndhF-rpl32 and ITS2 + matK + rbcL + ndhF-rpl32 
worked well with 100% successful identification rate and formed 2 monophyletic clades respectively.

Species identification of commercial wood products. After evaluating the results obtained from 
authentic wood samples, CCDB method was also applied on the 10 commercial wood products. Internal con-
trol was successfully amplified from all 10 commercial products. For each product, positive amplification was 
found in at least two DNA barcode regions (Fig. 5). Using the neighbour-joining trees constructed based on the 
reference DNA barcode libraries, species of commercial wood products were identified (Table 2, Fig. 6 and Sup-
plementary Figs. S40-S76). Based on the list of CITES Appendix and the GB/T 18107-2017, all 10 commercial 
products were identified to species-level. Our identification results showed that 80% of the commercial products 
were labelled correctly.

Discussion
DNA barcoding has been shown to be highly effective for the identification of wood species. However, DNA 
extraction from dried, aged authentic wood samples and processed commercial wood products have not been 
easy due to the highly degraded DNA in wood sample and the presence of high quantity of polysaccharides and 

Table 3.  Quality and quantity of DNA extracted from authentic wood samples using three genomic DNA 
extraction methods.

Sample code Claimed genus Type of sample

SDS-based method QIAGEN method CCDB method

DNA 
concentration 
(ng/μL)

Purity (OD 
260/280 ratio)

DNA 
concentration 
(ng/μL)

Purity (OD 
260/280 ratio)

DNA 
concentration 
(ng/μL)

Purity (OD 
260/280 ratio)

T5196 Aquilaria

Sapwood (T5196S) 491.1 2.00 4.5 2.39 108.4 1.86

Outer heartwood 
(T5196O) 220.3 1.93 1.9 2.17 8.5 1.82

Inner heartwood 
(T5196I) 209.7 1.95 1.9 1.95 19.5 1.84

T4960 Aquilaria Unknown 236.2 2.62 4.7 3.52 12.4 1.96

T5149 Aquilaria Sapwood 580.7 1.32 12.1 1.72 270.5 1.79

T5154 Aquilaria Unknown 177.5 2.50 1.3 2.11 15.2 2.05

T5155 Aquilaria Unknown 154.9 1.46 3.3 1.72 21.6 1.71

T4961 Dalbergia
Sapwood (T4961S) 118.3 1.46 10.2 1.70 68.7 1.69

Heartwood 
(T4961H) 53.7 1.77 2.3 1.82 25.9 1.45

T4966 Dalbergia

Sapwood (T4966S) 960.0 1.07 6.8 1.45 61.7 1.32

Outer heartwood 
(T4966O) 47.5 1.70 3.4 1.54 15.6 1.31

Inner heartwood 
(T4966I) 64.6 1.68 3.2 1.57 12.7 2.20

T5152 Dalbergia

Sapwood (T5152S) 971.0 1.08 4.8 1.31 41.9 1.34

Outer heartwood 
(T5152O) 78.2 1.50 1.7 1.46 14.6 1.44

Inner heartwood 
(T5152I) 47.6 1.72 2.4 1.59 20.8 1.47

T5153 Dalbergia Heartwood 7.6 1.68 1.6 1.35 7.9 1.19

T4964 Pterocarpus

Outer heartwood 
(T4964O) 11.8 0.66 1.1 1.53 6.5 1.22

Inner heartwood 
(T4964I) 6.4 1.21 2.1 1.53 5.8 1.35

T4965 Pterocarpus

Outer heartwood 
(T4965O) 5.1 1.19 2.6 1.48 9.5 1.29

Inner heartwood 
(T4965I) 25.5 1.27 3.4 1.43 10.2 1.50

T5197 Pterocarpus

Sapwood (T5197S) 429.4 1.65 1.5 1.35 24.5 1.64

Outer heartwood 
(T5197O) 413.5 1.20 1.2 1.34 21.3 1.23

Inner heartwood 
(T5197I) 368.5 1.34 1.8 1.51 25.2 1.20
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Figure 1.  Gel electrophoresis of PCR amplification results of all authentic wood samples using different 
extraction methods, (a) SDS-based method, (b) QIAGEN method, and (c) CCDB method, with internal control 
primer set trnL gh.

Figure 2.  Gel electrophoresis of PCR amplification results of Aquilaria authentic wood samples using different 
extraction methods, (a) SDS-based method, (b) QIAGEN method, and (c) CCDB method. Red arrows indicate 
the amplicons of ITS2 (181 bp). Blue arrows indicate the amplicons of matK (209 bp). Yellow arrows indicate the 
amplicons of trnL-trnF (280 bp).
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phenolic compounds, which can be difficult to be separated from DNA and inhibit PCR  amplification28,34. In this 
work, we have successfully compared three genomic DNA extraction methods on authentic wood samples of 
Aquilaria, Dalbergia and Pterocarpus and demonstrated species identification on both authentic wood samples 
and commercial wood products using neighbour-joining tree and multi-loci combination.

Among all three extraction methods, extracted DNA from CCDB method resulted the best in purity and 
amplifiability. Only DNA extracted from CCDB method were able to achieve 100% amplification success rate 
with all samples and their corresponding target DNA barcodes. Although the cost of CCDB method was twice 
of the cost of SDS-based method, the cost difference is mainly contributed by the use of guanidine thiocyanate 
(GuSCN). GuSCN in lysis buffer along with proteinase K and α-amylase successfully helps denaturing protein 
and catalyses the breakdown of polysaccharides in wood sample containing lignin and cellulose in the lysis step. 
High content of GuSCN in extraction binding buffer also enhances the binding of DNA with silica on the binding 
 column35, reducing the DNA loss when flowing through the column and yielding DNA with good amplifiability. 
Reduction of DNA loss during extraction is fundamental especially for aged wood samples with highly degraded 

Figure 3.  Gel electrophoresis of PCR amplification results of Dalbergia authentic wood samples using different 
extraction methods, (a,b) SDS-based method, (c,d) QIAGEN method, and (e,f) CCDB method. Red arrows 
indicate the amplicons of ITS2 (180 bp). Blue arrows indicate the amplicons of matK (300 bp). Yellow arrows 
indicate the amplicons of trnL region (314 bp). Green arrows indicate the amplicons of trnH-psbA (334 bp).
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DNA and in limited amount. On the other hand, although DNA yielded from SDS-based method resulted in 
the highest quantity, the quality and amplification success rate were low. This was especially so for Dalbergia and 
Pterocarpus heartwood, which contain high content of retusapurpurins A and B and pterocarpan,  respectively36,37. 
This shows that the SDS-based method may be less effective in separating phenolic compounds from DNA and 
less suitable for extracting DNA from heartwood samples. For QIAGEN method, although it required the short-
est time for extraction, DNA yielded by QIAGEN method had a low quantity and the amplification success rate 
was lower than that of CCDB method on Pterocarpus heartwood sample. Furthermore, since the quantity of 
DNA yielded were generally under 10 ng/μL, more DNA extracts must be used to reach 10 ng of template DNA 
for each PCR amplification, which highly increased the cost for the identification of a sample. Overall, DNA 
yielded by CCDB method resulted in good quality, amplifiability and sufficient quantity for PCR amplification 

Figure 4.  Gel electrophoresis of PCR amplification results of Pterocarpus authentic wood samples using 
different extraction methods, (a,b) SDS-based method, (c,d) QIAGEN method, and (e,f) CCDB method. Red 
arrows indicate the amplicons of ITS2 (180 bp). Blue arrows indicate the amplicons of matK (200 bp). Yellow 
arrows indicate the amplicons of rbcL (250 bp). Green arrows indicate the amplicons of ndhF-rpl32 (167–
173 bp).
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in relatively short extraction time and medium price, showing the CCDB method could be the most suitable 
method for extracting DNA from wood samples.

Because of high degradation of DNA and abundance of phenolic and lignin compounds in wood logs and 
commercial wood products, an ideal DNA barcode for species discrimination of wood samples should be short 
and easy to be amplified, with sufficient information for species  discrimination38. Previous studies have evaluated 
different potential DNA barcodes for species discrimination of each of the three genera and found multi-loci 
combination ITS2 + trnL-trnF for Aquilaria20, ITS2 + trnH-psbA for Dalbergia18, and ITS2 + matK + ndhF-rpl3219 
for Pterocarpus showed highest success rate in species discrimination of these genera. In this study, to increase 
the amplification success rate with degraded wood DNA, DNA mini-barcoding approach was adopted and 
primer sets with amplicon sizes of around 180–300 bp were selected or designed to target each DNA barcode 
region. Using mini-DNA barcodes, our results are consistent with those of previous studies. In general, the spe-
cies of each genus were clustered into separate clades with multi-loci combination which has highest species 
discrimination success rate. Nuclear ribosomal DNA region ITS2 resulted in high PCR amplification success 
rate and the best species discrimination performance among all the barcodes for all three genera. Since ITS2 
generally resulted in the highest species discrimination success rate in single DNA barcode region analysis, it is 
not surprising that multi-loci combinations included ITS2 barcode regions generally resulted in higher species 
discrimination success rate comparing with other combinations excluding ITS2. For chloroplast DNA region 

Table 4.  Species discrimination success rate of Aquilaria, Dalbergia and Pterocarpus authentic wood sample 
using the neighbor-joining analysis based on single DNA regions and multi-loci combinations.

Genus DNA barcode region and combination Discrimination success rate Number of monophyletic-species clade

Aquilaria

ITS2 40% (2/5) 3

matK 40% (2/5) 1

trnL-trnF 40% (2/5) 1

ITS2 + matK 80% (4/5) 3

ITS2 + trnL-trnF 100% (5/5) 5

matK + trnL-trnF 80% (4/5) 1

ITS2 + matK + trnL-trnF 100% (5/5) 4

Dalbergia

ITS2 100% (4/4) 6

matK 50% (2/4) 7

trnL 50% (2/4) 9

trnH-psbA 100% (4/4) 10

ITS2 + matK 100% (4/4) 12

ITS2 + trnH-psbA 100% (4/4) 7

ITS2 + trnL 100% (4/4) 5

matK + trnH-psbA 100% (4/4) 9

matK + trnL 50% (2/4) 7

psbA-trnH + trnL 100% (4/4) 7

ITS2 + matK + trnH-psbA 100% (4/4) 10

ITS2 + matK + trnL 100% (4/4) 6

ITS2 + psbA-trnH + trnL 100% (4/4) 6

matK + psbA-trnH + trnL 100% (4/4) 6

ITS2 + matK + trnH-psbA + trnL 100% (4/4) 5

Pterocarpus

ITS2 66.67% (2/3) 3

matK 0% (0/3) 0

rbcL 0% (0/3) 2

ndhF-rpl32 0% (0/3) 0

ITS2 + matK 100% (3/3) 1

ITS2 + rbcL 66.67% (2/3) 2

ITS2 + ndhF-rpl32 66.67% (2/3) 1

matK + rbcL 66.67% (2/3) 2

matK + ndhF-rpl32 66.67% (2/3) 1

rbcL + ndhF-rpl32 66.67% (2/3) 2

ITS2 + matK + rbcL 100% (3/3) 2

ITS2 + matK + ndhF-rpl32 100% (3/3) 2

ITS2 + rbcL + ndhF-rpl32 66.67% (2/3) 2

matK + rbcL + ndhF-rpl32 66.67% (2/3) 2

ITS2 + matK + rbcL + ndhF-rpl32 100% (3/3) 2
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matK, as a core DNA barcode for plant, it generally has a lower PCR amplification success rate and less efficient 
in species discrimination performance. However, when matK combined with ITS2, it helped to yield a better 
species discrimination performance. For example, for Pterocarpus, the combination of ITS2 + matK successfully 
resolved all three Pterocarpus wood samples; for Aquilaria, although ITS2 + trnL-trnF were sufficient for species 
discrimination in our study and previous  studies21, the addition of matK helped discrimination between Gyrinops 
sp. and Aquilaria sp. by separating them into different clades. Similar situation was also found with ndhF-rpl32 
for Pterocarpus. Although ITS2 + matK were sufficient for species discrimination, addition of ndhF-rpl32 had 
increased the bootstrap value of the clades of different Pterocarpus species and helped better discrimination 
between P. macrocarpus and P. tinctorius. The use of multi-loci combination successfully increased the species 
discrimination success rate of wood samples by providing better species discrimination performance in phylo-
genetic tree analysis.

For amplification of commercial wood products, although the internal control was successfully amplified in 
all 10 commercial products, the rate of successful amplification of some barcode regions decreased comparing 
to the results of amplification of authentic wood samples. For example, in Aquilaria products, only one sample 
(T4959—wood chips) was able to give clear amplification with trnL-trnF region. Although previous studies have 

Figure 5.  Gel electrophoresis of PCR amplification results of commercial wood product using CCDB method 
with (a) agarwood samples (red arrow—ITS2 at 181 bp, yellow arrow—matK at 209 bp, blue arrow—trnL-trnF 
at 280 bp); (b) rosewood samples (red arrow—ITS2 at 180 bp, yellow arrow—matK at 300 bp, blue arrow—
trnH-psbA at 334 bp, green arrow—trnL at 314 bp); (c) rosewood samples (red arrow—ITS2 at 180 bp, yellow 
arrow—matK at 200 bp); (d) rosewood samples (red arrow—rbcL at 259 bp, yellow arrow—ndhF-rpl32 at 
167–173 bp); (e) all 10 commercial samples amplified with internal control primers (red arrow—internal control 
amplicon).
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shown that trnL-trnF region is suitable for identifying agarwood products, highly processed powder and incense 
stick may have high degree of DNA loss during processing, leading to failure in amplification. This shows the 
form of products and the degree of processing also affect the DNA content and the amplification. In contrast, 
designed primers of mini-DNA barcodes enable the PCR amplification in relatively shorter amplicon size and 
the subsequent utilization of nucleotide sequences from processed wood products. As in the case of Aquilaria 
wood products, matK was amplified from all samples using the designed primers AM F11 and AM R5 with 
amplicon size of around 209 bp (Fig. 2a and Table S2). Also, matK was successfully amplified from all Pterocarpus 
wood products using the designed primer set PM F6 & PM-R with amplicon size of around 200 bp (Fig. 2c and 
Table S2). Based on the result of PCR amplification and phylogenetic analyses, multi-loci combinations were 
suggested to be amplified for discriminating Aquilaria, Dalbergia and Pterocarpus species from commercial 
wood products using the species-specific primers designed in this study (Table S2). Having the highest PCR 
amplification rate and the best species discrimination performance, ITS2 is the main locus for species discrimi-
nation. Several loci can act as auxiliaries in increasing the discriminating power, including matK and trnL-trnF 
for Aquilaria species, and matK and trnL for Dalbergia and Pterocarpus species. However, further investigation 
is needed for improving PCR amplification and species discrimination using multi-loci combination for effective 
authentication of processed wood products.

Although most samples were able to be identified to a single species, for sample T5300 (incense stick formed 
by powder) and T5339 (powder), they were found to be the closest to A. crassna and A. subintegra with multi-
loci combination ITS2 + matK. Previous research have shown that these two species share a very high nucleotide 
similarity in matK, ITS2, trnL-trnF, rbcL and trnH-psbA20,39 and they are hardly discriminable based on their 
nucleotide sequences. However, these two samples are believed to be sourced from A. crassana instead of A. 
subintegra as A. crassna is the most commonly exported in form of powder followed by chips according to CITES 
Trade Database analysis between 1996 and 2015 while the distribution of A. subintegra is limited to Thailand and 
planted in scattered areas in Malaysia with limited trade  data40,41.

Looking into the accuracy of labelling of products, the mislabelled products all belonged to rosewood (Dal-
bergia or Pterocarpus). All three Aquilaria products were correctly labelled. This might be because the Aquilaria 
products were labelled up to genus level only. For sample T5204 (labelled as D. nigra) and T5205 (labelled as 
Dalbergia spp.), they were found to be D. melanoxylon and P. indicus respectively. D. nigra, D. melanoxylon, and 
P. indicus are CITES Appendix I-listed species, CITES Appendix II-listed species, and non-CITES protected 
species, respectively. Since rosewood, especially Dalbergia wood, has a high commercial value, mislabelling or 
adulteration was not surprising. Mislabelling of rosewood product fails to provide accurate information to the 
consumers and could lead to unsuitable level of law enforcement.

In this work, we have provided effective method for species identification and product authentication of 
rosewood and agarwood using appropriate DNA extraction method and DNA barcoding techniques. DNA 
extraction protocols established were able to extract DNA from both heartwood and sapwood of timber logs, 
as well as processed commercial wood products. For commercial wood products, the rate of mislabelling was 
moderate (66.67%). All agarwood products were labelled correctly while mislabelling of rosewood in different 
species or genus were found. Our work can contribute to international timber trade control and extended to 
other CITES-listed tree species and processed products. We also expect that our DNA extraction protocol will 
serve as a model for DNA extraction for other heartwood timber and processed wood products.

Data availability
All mini-DNA barcode sequences obtained from leaf or twig samples of Aquilaria, Dalbergia and Pterocarpus 
species with voucher specimens were submitted to and available in the GenBank Database (https:// www. ncbi. nlm. 
nih. gov/ nucco re). Accession numbers: OM475713–OM475717, OM478471–OM478475, OM501096–OM501120, 
OM618755–OM618775, OM648046–OM648087, OM937857–OM937877 (Table S1).

Received: 30 August 2022; Accepted: 28 December 2022

References
 1. Korenblik, A., Leggett, T. & Shadbolt, T. World Wildlife Crime Report 2016: Trafficking in Protected Species (United Nations Office 

on Drugs and Crime, 2016).
 2. UNODC. World Wildlife Crime Report 2020: Trafficking in Protected Species. https:// www. unodc. org/ docum ents/ data- and- analy 

sis/ wildl ife/ 2020/ World_ Wildl ife_ Report_ 2020_ 9July. pdf (2020).
 3. National Standard of Hongmu (GB/T 18107–2017), http:// opens td. samr. gov. cn/ bzgk/ gb/ newGb Info? hcno= 6E961 C6DB7 8254E 

F883B 5053D 08BFA 3B (2017).
 4. Wu, H.-Y. et al. Comparative analysis of chloroplast genomes of Dalbergia species for identification and phylogenetic analysis. 

Plants 11, 1109 (2022).
 5. Naef, R. The volatile and semi-volatile constituents of agarwood, the infected heartwood of Aquilaria species: A review. Flavour 

Fragr. J. 26, 73–87 (2011).
 6. Ke, Z. & Zhi, Z. The trade of Malagasy rosewood and ebony in China. TRAFFIC Bull. 29, 23 (2017).
 7. Kong, W. W. F. W. H. Hong Kong Ecological Footprint Report 2010. https:// www. wwf. or. jp/ activ ities/ lib/ lpr/ HK_ EF_ Repor t2010. 

pdf (2013).
 8. Custom, H. K. Press Releases. https:// www. custo ms. gov. hk/ en/ publi cation_ press/ press/ index. html (2021).
 9. Jim, C. Y. Cross-border itinerant poaching of agarwood in Hong Kong’s peri-urban forests. Urban For. Urban Green. 14, 420–431 

(2015).
 10. Dormontt, E. E. et al. Forensic timber identification: It’s time to integrate disciplines to combat illegal logging. Biol. Conserv. 191, 

790–798 (2015).
 11. Ruffinatto, F., Crivellaro, A. & Wiedenhoeft, A. C. Review of macroscopic features for hardwood and softwood identification and 

a proposal for a new character list. IAWA J. 36, 208–241 (2015).

https://www.ncbi.nlm.nih.gov/nuccore
https://www.ncbi.nlm.nih.gov/nuccore
https://www.unodc.org/documents/data-and-analysis/wildlife/2020/World_Wildlife_Report_2020_9July.pdf
https://www.unodc.org/documents/data-and-analysis/wildlife/2020/World_Wildlife_Report_2020_9July.pdf
http://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=6E961C6DB78254EF883B5053D08BFA3B
http://openstd.samr.gov.cn/bzgk/gb/newGbInfo?hcno=6E961C6DB78254EF883B5053D08BFA3B
https://www.wwf.or.jp/activities/lib/lpr/HK_EF_Report2010.pdf
https://www.wwf.or.jp/activities/lib/lpr/HK_EF_Report2010.pdf
https://www.customs.gov.hk/en/publication_press/press/index.html


14

Vol:.(1234567890)

Scientific Reports |          (2023) 13:151  | https://doi.org/10.1038/s41598-022-27195-7

www.nature.com/scientificreports/

 12. He, T. et al. DNA barcoding authentication for the wood of eight endangered Dalbergia timber species using machine learning 
approaches. Holzforschung 73, 277–285 (2019).

 13. Jiao, L., Yin, Y., Cheng, Y. & Jiang, X. DNA barcoding for identification of the endangered species Aquilaria sinensis: Comparison 
of data from heated or aged wood samples. Holzforschung 68, 487–494 (2014).

 14. Mohamed, R., Tan, H. Y. & Siah, C. H. A real-time PCR method for the detection of trnL-trnF sequence in agarwood and products 
from Aquilaria (Thymelaeaceae). Conserv. Genet. Resour. 4, 803–806 (2012).

 15. Tanaka, S. & Ito, M. Species identification of Indonesian agarwood using a DNA-barcoding method. J. Nat. Med. 74, 323–330 
(2020).

 16. Vatanparast, M. et al. First molecular phylogeny of the pantropical genus Dalbergia: implications for infrageneric circumscription 
and biogeography. S. Afr. J. Bot. 89, 143–149 (2013).

 17. Yu, M. et al. DNA barcoding of vouchered xylarium wood specimens of nine endangered Dalbergia species. Planta 246, 1165–1176 
(2017).

 18. Hartvig, I., Czako, M., Kjær, E. D., Nielsen, L. R. & Theilade, A. The use of DNA barcoding in identification and conservation of 
rosewood (Dalbergia spp.). PLoS ONE 10, e0138231 (2015).

 19. Jiao, L. et al. DNA barcode authentication and library development for the wood of six commercial Pterocarpus species: the critical 
role of xylarium specimens. Sci. Rep. 8, 1–10 (2018).

 20. Lee, S. Y., Ng, W. L., Mahat, M. N., Nazre, M. & Mohamed, R. DNA barcoding of the endangered Aquilaria (Thymelaeaceae) and 
its application in species authentication of agarwood products traded in the market. PLoS ONE 11, e0154631 (2016).

 21. Finkeldey, R., Leinemann, L. & Gailing, O. Molecular genetic tools to infer the origin of forest plants and wood. Appl. Microbiol. 
Biotechnol. 85, 1251–1258 (2010).

 22. Lowe, A. J. & Cross, H. B. The applicat ion of DNA methods to timber tracking and origin verification. IAWA J. 32, 251–262 (2011).
 23. Schlumbaum, A., Tensen, M. & Jaenicke-Després, V. Ancient plant DNA in archaeobotany. Veg. Hist. Archaeobot. 17, 233–244 

(2008).
 24. Verbylaite, R., Beisys, P., Rimas, V. & Kuusiene, S. Comparison of ten DNA extraction protocols from wood of European aspen 

(Populus tremula L.). Baltic For. 16, 35–42 (2010).
 25. Asif, M. & Cannon, C. H. DNA extraction from processed wood: a case study for the identification of an endangered timber species 

(Gonystylus bancanus). Plant Mol. Biol. Rep. 23, 185–192 (2005).
 26. Fatima, T., Srivastava, A., Hanur, V. S. & Rao, M. S. An effective wood DNA extraction protocol for three economic important 

timber species of India. Am. J. Plant Sci. 9, 139 (2018).
 27. Rachmayanti, Y., Leinemann, L., Gailing, O. & Finkeldey, R. DNA from processed and unprocessed wood: Factors influencing the 

isolation success. Forensic Sci. Int. Genet. 3, 185–192 (2009).
 28. Tnah, L. H., Lee, S. L., Ng, K. K. S., Bhassu, S. & Othman, R. Y. DNA extraction from dry wood of Neobalanocarpus heimii (Dip-

terocarpaceae) for forensic DNA profiling and timber tracking. Wood Sci. Technol. 46, 813–825 (2012).
 29. Little, D. P. Authentication of Ginkgo biloba herbal dietary supplements using DNA barcoding. Genome 57, 513–516 (2014).
 30. Ivanova, N. V., Dewaard, J. R. & Hebert, P. D. An inexpensive, automation-friendly protocol for recovering high-quality DNA. 

Mol. Ecol. Notes 6, 998–1002 (2006).
 31. Hall, T. A. Nucleic Acids Symposium Series 95–98 (Information Retrieval Ltd, 2000).
 32. Kimura, M. A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide 

sequences. J. Mol. Evol. 16, 111–120 (1980).
 33. Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing 

platforms. Mol. Biol. Evol. 35, 1547 (2018).
 34. Jiao, L. et al. Comparative analysis of two DNA extraction protocols from fresh and dried wood of Cunninghamia lanceolata 

(Taxodiaceae). IAWA J. 33, 441–456 (2012).
 35. Katevatis, C., Fan, A. & Klapperich, C. M. Low concentration DNA extraction and recovery using a silica solid phase. PLoS ONE 

12, e0176848 (2017).
 36. Czakó, M. & Márton, L. A heartwood pigment in Dalbergia cell cultures. Phytochemistry 57, 1013–1022 (2001).
 37. Jiang, S. et al. Molecules and functions of rosewood: Pterocarpus santalinus. J. King Saud Univ. Sci. 32, 1712–1717 (2020).
 38. Hebert, P. D., Cywinska, A., Ball, S. L. & DeWaard, J. R. Biological identifications through DNA barcodes. Proc. R. Soc. Lond. Ser. 

B 270, 313–321 (2003).
 39. Farah, A. H. et al. Genome size, molecular phylogeny, and evolutionary history of the tribe Aquilarieae (Thymelaeaceae), the 

natural source of agarwood. Front. Plant Sci. 9, 712 (2018).
 40. Flora, C. o. I. T. i. E. S. o. W. F. a. Thirteenth Meeting of the Conference of the Parties CoP13 Prop. 49. https:// cites. org/ sites/ defau lt/ 

files/ eng/ cop/ 13/ prop/ E13- P49. pdf (2004).
 41. Species, I. R. L. O. T. Aquilaria crassna: CITES Trade Database Analysis 1996–2015. https:// www. iucnr edlist. org/ speci es/ pdf/ 28245 

13 (2018).

Acknowledgements
The authors thank the Agriculture, Fisheries and Conservation Department of the Hong Kong SAR and Kadoorie 
Farm & Botanic Garden in Hong Kong for providing samples. This work was supported by Environment and 
Conservation Fund (ECF Project 2018-80) from the Hong Kong SAR.

Author contributions
P.S. conceived the work and obtained funding. G.W.B. conducted the experiments. G.W.B., H.W. and K.C. ana-
lysed the data. P.S. supervised the work. T.S., K.W. and D.T.L. collected and taxonomically identified the reference 
samples and have contributed to the data analysis. G.W.B. wrote the manuscript and all authors contributed to 
the manuscript improvement.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 27195-7.

Correspondence and requests for materials should be addressed to P.-C.S.

Reprints and permissions information is available at www.nature.com/reprints.

https://cites.org/sites/default/files/eng/cop/13/prop/E13-P49.pdf
https://cites.org/sites/default/files/eng/cop/13/prop/E13-P49.pdf
https://www.iucnredlist.org/species/pdf/2824513
https://www.iucnredlist.org/species/pdf/2824513
https://doi.org/10.1038/s41598-022-27195-7
https://doi.org/10.1038/s41598-022-27195-7
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |          (2023) 13:151  | https://doi.org/10.1038/s41598-022-27195-7

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Comparison of DNA extraction methods on CITES-listed timber species and application in species authentication of commercial products using DNA barcoding
	Materials and methods
	Sources of samples. 
	Genomic DNA extraction. 
	SDS-based method. 
	QIAGEN method. 
	CCDB method. 

	DNA quantity and quality analysis. 
	PCR amplification, agarose gel electrophoresis and DNA sequencing. 
	Additional sequences. 
	Data analysis. 
	Plant collection statement. 

	Results
	Comparison of three genomic DNA extraction methods. 
	Phylogenetic tree analysis for authentic wood samples. 
	Species identification of commercial wood products. 

	Discussion
	References
	Acknowledgements


