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Abstract:  Timber genus identification based on the ana-
tomical features of wood is well established in botany. 
However, species-level wood identification is not always 
possible based on traditional wood morphology tech-
niques alone. To compensate for the deficiencies of tra-
ditional methods, direct analysis in real time coupled to 
Fourier transform ion cyclotron resonance mass spectro-
metry (DART-FTICR-MS) was used to obtain the mass 
spectral fingerprints of different timber species. Using 
heartwood samples of two morphologically similar spe-
cies, Pterocarpus santalinus and Pterocarpus tinctorius, 
subjected to different treatments, i.e. solvent extractions 
and powdered samples as well as air-dried samples and 
samples dried at low and high temperatures, we observed 
distinct chemical signatures for the wood samples from 
the two species, enabling rapid species-level identifica-
tion when multivariate statistical analysis was adopted. 

The supervised orthogonal partial least squares discri-
minant analysis (OPLS-DA) models for samples subjected 
to different treatments all exhibited accurate differentia-
tion performance of the explained fraction of variance of 
classes (R2Y = 0.936–0.987) and the cross-validated frac-
tion of variance of classes (Q2  = 0.857–0.949). Compared 
with solvent types and the physical form of the sample, 
the drying treatment method had a greater impact on 
the chemical fingerprint from DART-FTICR-MS. Air-dried 
wood chips were the optimal samples for the DART-FTICR-
MS method coupled with statistical analysis. 

Keywords: air-dried wood chips, DART-FTICR-MS, 
metabolomics analysis, OPLS-DA, species-level wood 
identification 

Introduction 
With the growing consumption of wood products, the  
international timber trade has developed rapidly, and  
illegal logging and trade driven by large profits have also  
increased (Scotland and Ludwig 2002; Brack 2003; Tacconi  
2012). The prevalence of illegal logging has caused enor-
mous pressure on ecological environments. Forensic  
wood identification can provide direct and strong evi-
dence in the monitoring and legal enforcement of illegal  
logging and trade. The abilities of forensic wood analysis  
to achieve species-level identification have a substantial  
impact on the protection of forest resources. Timber genus  
identification based on the anatomical features of wood  
is well established in botany. However, traditional wood  
identification techniques cannot always reach a species  
level using wood morphology alone (Gasson 2011; Jiao  
et al. 2014; Dormontt et al. 2015; Hartvig et al. 2015; Yu et al.  
2017; Jiao et al. 2018). Although DNA barcoding has recently  
been successfully used for forensic wood identification at  
the species level, its application is limited by the amount of  
time required, the difficulty of extracting DNA from wood,  
the professional experience necessary and the limited ref-
erence libraries established (Yu et al. 2017; Jiao et al. 2018).  
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Obviously, the development of a rapid and reliable system  
for identifying timber species is in high demand. 

Differences in the chemical profiles of wood tissues 
are also outward manifestations of the genomic differ-
ences between different tree species. Each species should 
have unique metabolomics features regardless of vari-
ability in plant age, growth conditions or other factors 
(Giffen et  al. 2017). Thus, wood metabolome profiling 
could potentially be used for timber species identifica-
tion, wood fluorescence analysis and evaluation of the 
biological degradation of waterlogged or archeological 
wood samples. However, most previous studies on wood 
metabolome fingerprinting and profiling have focused 
on medicinal plants, especially agarwood (Espinoza 
et al. 2014). Due to their bioactive chemical components 
and potential as sources of important new drugs, studies 
on the metabolomes of medicinal plants have become 
common for the identification and quantification of bio-
active metabolites from natural sources (Newman and 
Cragg 2012; De Combarieu et al. 2015), the quality control 
of medicinal plants and herbal medicines and combating 
counterfeit medicines (Wang et al. 2004; Li et al. 2015) and 
the discovery of metabolic biomarkers (Frédérich et  al. 
2010). Moreover, metabolomic profiles of wood tissues 
from medicinal plants have been used in forensic wood 
identification (Gao et al. 2014). 

Mass spectrometry (MS) has attracted attention in  
analytical metabolomics due to its advantages of reduced  
sample consumption, rapid data acquisition and high  
sensitivity and specificity (Moco et  al. 2007; Gowda and  
Djukovic 2013; Kim and Heyman 2018). However, most MS  
applications require a separation step before mass detec-
tion, typically gas chromatography (GC), liquid chromato-
graphy (LC) or capillary electrophoresis (CE). Although  
mass spectrometric methods are suitable for the detection  
of metabolites in complex mixtures when used in conjunc-
tion with a separation technique, the detection process can  
be tedious and time consuming. The sample preparation  
procedure, including solvent choice, sequential extrac-
tions, concentrations and even chemical derivatization,  
must usually be optimized to obtain satisfactory results.  
Furthermore, the profile of molecules detected in the final  
extract is largely dependent on the solvents chosen due  
to the differential uptakes of compounds in the selected  
solvent (Moco et  al. 2007; Lesiak et  al. 2015). The labori-
ous sample preparation or derivatization procedures  
and lengthy chromatographic separations prior to mass  
analysis in the aforementioned traditional methods for  
metabolite profiling greatly constrain the development  
of metabolomics analyses of complex mixtures, such as  
wood. 

Direct analysis in real time mass spectrometry (DART-
MS) (Cody et al. 2005), which has been attracting increas-
ing attention, can be used for the direct analysis of gases, 
liquids and solids with minimal or even no sample prepa-
ration in open air ambient conditions, which effectively 
overcomes the limitations of conventional analytical 
methods. Therefore, DART-MS is gradually being applied 
in an increasing number of fields such as the food (Kim 
et al. 2011; Farré et al. 2013; Gómez-Ríos et al. 2017), secu-
rity (Laramee et al. 2008; Harris et al. 2011), environmental 
(Zhou et al. 2015; Gómez-Ríos et al. 2017), pharmaceutical 
and botanical (Ma et al. 2018; Wang et al. 2018) industries. 
Both polar and nonpolar small molecule metabolites 
in wood tissues can be detected by DART-MS. This tech-
nique is considered promising for the rapid classification 
of white oak and northern red oak (Cody et al. 2012), the 
analysis of selected Dalbergia and trade timber (Lancas-
ter and Espinoza 2012a,b), evaluating and distinguish-
ing agarwood products (Lancaster and Espinoza 2012a,b; 
Espinoza et al. 2014), the discrimination of selected Con-
vention on International Trade in Endangered Species of 
Wild Fauna and Flora (CITES)-protected Araucariaceae 
(Evans et  al. 2017) and source identification of western 
Oregon Douglas-fir wood cores (Finch et al. 2017). 

In forensic wood identification to promote legal 
logging and timber trade, the size and physical form of 
the obtained wood sample often vary. Both powder and 
solid wood samples derived from illegal logs, furniture or 
wooden crafts are possible as forensic wood samples. In 
addition, wood drying is an essential step in wood pro-
cessing to prepare wood products with suitable dimen-
sional stability. Air drying and low- and high-temperature 
kiln drying are common drying methods used early on in 
wood treatment processes. To date, although a number of 
studies have investigated the efficacy of wood identifica-
tion using DART-MS, very few studies have focused on the 
effect of wood samples subjected to different treatments 
on the accuracy of timber species identification using 
DART-MS methods, which is essential to further apply 
DART-MS for wood identification. 

The Pterocarpus genus, from the Leguminosae family,  
consists of approximately 35  species (Mabberley 2017).  
Pterocarpus spp. plants are one of the most important taxa  
worldwide due to their high commercial value in furniture,  
crafts and dyes. In addition to its high utilization in the  
wood industry, Pterocarpus is also known for its medicinal  
properties. Earlier studies have also established that the  
genus Pterocarpus is a rich source of polyphenolic com-
pounds such as isoflavonoids, pterocarpans and isofla-
vones (Seshadri 1972). For these reasons, the Pterocarpus  
species are threatened by illegal logging, and the number  
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of wild species has decreased sharply. Therefore, Pterocar-
pus santalinus (L.f.) was listed in the CITES Appendix II in  
1995, and it was listed as near threatened in the Interna-
tional Union for Conservation of Nature (IUCN) Red List  
(IUCN 2019). On the other hand, non-CITES listed Ptero-
carpus tinctorius (Welw) has very similar anatomical fea-
tures and commonly appears as a finished product to that  
of P. santalinus. Therefore, distinguishing among species  
can be difficult, and these challenges have led to the misi-
dentification of woods in the Pterocarpus genus both in the  
market and in inspections. The greatest challenge is confu-
sion between P. santalinus and P. tinctorius due to the sub-
stantial difference in their values and trade restrictions. 

Therefore, the goal of this study was the differentiation  
of two commercial Pterocarpus  timber species from chemi-
cal fingerprints obtained using DART-FTICR-MS. Heart-
wood samples from two morphologically similar species,  
P. santalinus and P. tinctorius, were subjected to different  
treatment processes, i.e. solvent extractions and powdered  
samples as well as air-dried samples and samples dried at  
low (70°C) and high (120°C) temperatures: (1) to explore  
the effects of solvent types, sample physical form and  
drying treatment on the chemical fingerprint of the wood  
by DART-FTICR-MS, and (2) to identify marker compounds  
for the differentiation of P. santalinus  and P. tinctorius  
wood using DART-FTICR-MS coupled with metabolomics. 

Materials and methods 
Collection of wood samples: Twelve specimens of P. santalinus  
heartwood and 17 specimens of P. tinctorius heartwood were collected 
from vouchered or validated xylarium collections (Wood Collections 
of Chinese Academy of Forestry, WOODPEDIA) (Table S1). Of these 
29 specimens, nine specimens of P. santalinus and 11 specimens of 
P. tinctorius were randomly selected as the training set. The remain-
ing nine heartwood specimens were used as the test set. Only seven 
specimens were used for the test set for the powdered and extracted 
samples as having only two specimens in the test set is insufcient 
for evaluating the efects of powdering and solvent extraction. 

Chemicals: Ethanol absolute, ethanol (95%) and benzene were pur-
chased from Beijing Chemical Works, Beijing, China. Ethyl acetate 
was bought from Fuchen Chemical Reagent Company, Tianjin, China. 

Wood chip preparation: Three sets of wood chips less than 2 mm  
thickness were cut from each specimen, and the surface of each  
wood chip was planed by grinding with 100-grit sandpaper to  
remove the exposed surfaces, which may contain chemical contami-
nants. Triplicate wood chip samples were subsequently air dried,  
dried at low temperature (70° C for 20 days) and dried at high tem-
perature (120° C for 10 days) and labeled as AD, LD and HD, respec-
tively. Then, all the dried wood ships were conditioned at 25° C and  
60% relative humidity (RH) for 30 days. 

Solvent extractions: Wood tissue samples (200 mg) were obtained 
from each specimen and then frozen in liquid nitrogen and ground 
into a fne powder using a 6770 freezer/mill apparatus (2 min) from 
SpexSamplePrep (Metuchen, NJ, USA). The wood powder (5 mg) was 
extracted successively with 1 ml each of distilled water, 1:1 EtOH:H2O 
(ethanol mixed with distilled water in a 1:1 ratio), ethyl acetate and 
benzene-ethanol (benzene mixed with ethanol in a 2:1 ratio). The 
mixtures of the powder and solvent were sonicated in an ultrasonic 
bath for 30 min at 25°C and then c entrifuged at 750 ×  g for 2 min at 
25° C (Sorvall ST 8R centrifuge, Thermo Scientifc). The supernatant 
was removed and fltered through a 0.45-μm membrane flter for sub-
sequent analysis. 

DART-FTICR-MS experiments: For DART-FTICR-MS analyses, the 
system consisted of a DART-SVP ion source (IonSense, Saugus, 
MA, USA) and a 12 T Bruker solariX XR FTICR-MS (Bruker Dalton-
ics, Bremen, Germany) in a positive ion mode. Helium was used at 
a fow rate of approximately 2.0 L/s. Standard settings were used for 
the other DART source parameters with the exception of positive ion 
mode and a gas beam temperature of 350° C. The MS analysis used a 
mass range of 50–1000 m/z and a resolution of 1 M full width at half 
maximum (FWHM). 

A solid wood chip was placed in the gap between the ion source 
and the mass spectrometer inlet with tweezers, and the mass spec-
trum was then obtained. To analyze the extracts, a capillary was 
dipped in the extract, and the extract remaining on the surface of the 
capillary was analyzed by placing the capillary in the gap between 
the ion source and the mass spectrometer inlet. To analyze the pow-
ders, the surfaces of capillaries were coated in distilled water, which 
allowed powdered sample to stick to the surface of the capillary. 
Then, the powder remaining on the surface of the capillary was ana-
lyzed by DART-FTICR-MS. 

The acquired MS data was processed using DataAnalysis™ 
(Bruker Daltonics, Billerica, MA, USA). The mass data generated 
by the DataAnalysis™ software were aligned with a mass tolerance 
of 0.025  m/z using MetaboAnalysis 4.0 (www.metaboanalyst.ca) 
(Chong et  al. 2018) and then exported for subsequent multivariate 
statistical analysis. 

Chemometric analysis including unsupervised principal com-
ponent analysis (PCA), hierarchical cluster analysis (HCA) and 
supervised orthogonal partial least squares discriminant analysis 
(OPLS-DA) were used in this study. PCA and OPLS-DA were con-
ducted using SIMCA-P 14.1  software (Umetrics, Umea, Sweden). 
HCA and heatmap analysis were conducted with R software (version 
3.3.3). A paired Student t-test was used to determine the signifcance 
of the efects of the variables on the classifcation, and this test was 
carried out using SPSS 22.0 Software (SPSS, Chicago, IL, USA). 

Results and discussion 

DART-FTICR-MS analysis of P. santalinus and  
P. tinctorius 

To determine the chemical fingerprints of heartwood from 
P. santalinus and P. tinctorius, representative samples 
were analyzed by DART-FTICR-MS. Representative 
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DART-FTICR-MS spectra of AD chips of P. santalinus 
and P. tinctorius are shown in Figure 1. The differences
between the chemical signals detected in the mass
spectra of P. santalinus and P. tinctorius are remarkable. 
The P. santalinus samples showed abundant ions in the 
range of 200–800 m/z, whereas P. tinctorius showed few 
high-abundance ions. The spectra of P. santalinus and P.  
tinctorius are quite similar, and they have a number of
common peaks such as 221.19, 254.21, 257.11, 258.24, 272.22 
and 273.11 m/z, but significant differences were observed 
in several specific peaks, such as 473.36 and 477.39 m/z, 
which were almost absent in the spectra of P. tinctorius. 

Multivariate statistical analysis of the  
DART-FTICR-MS data for species  
identification 

PCA is a common method for assessing unprocessed
analytical data as it can reduce the number of variables 
through a linear combination of the original variables and 
then reconstruct them with the ordered principal compo-
nents based on their contributions (Hur et al. 2009; Cajka 
et al. 2013). PCA was performed to evaluate the differences 
in the DART-FTICR-MS spectra of P. tinctorius and P. san-
talinus and provided an overview of the results. The score 
plot of the AD chips showed clustering behavior related 
to the wood species (Figure S1, panel a). Based on these 
mass data, all the vouchered or validated samples were 
divided into two independent groups. Group I was com-
posed completely of P. santalinus samples, and group
II contained only P. tinctorius samples. Similar results
were also observed in the samples of the LD chips, the 1:1 
EtOH:H2O extract (EH), the ethyl acetate extract (EA), the 

 
 
 

 

 

 
 

benzene-ethanol extract (BE) and the powder (Figure S1). 
Weak classification was observed in the score plots of 
samples from the HD chips and the distilled water extract 
(DWE) as the wood species overlapped in the two groups 
(Figure S1, panels c and d). 

In addition, OPLS-DA is usually conducted to reveal 
the classification capacity and to identify differen-
tial metabolites that can serve as marker compounds. 
Eight classification models based on OPLS-DA using the 
samples from the training set were used to explore the 
effect of the physical form of the sample, the drying treat-
ment and solvent extraction on the classification perfor-
mance. The score plots from the OPLS-DA models based 
on the samples from the eight treatment conditions are 
shown in Figure 2. Regardless of the treatment conditions, 
all the samples were clustered into two groups according 
to their category. Analysis of the eight models provided 
R2X = 0.488–0.713, R2Y = 0 .936–0.987 and Q2  = 0 .857–0.949 
(Table 1), which indicated that these OPLS-DA models are 
highly predictive. When the models were further evaluated 
using the test set, AD chips and LD chips were identified 
with the highest accuracy, 100%, but the accuracy of the 
identification of the HD chips was only 66.67% (Table 1). 
The mass ions and their relative intensities in the spectra 
of the AD and LD chips were similar, and the base peaks of 
P. santalinus and P. tinctorius were 473.36 and 257.11 m/z, 
respectively. Although most of the peaks detected in the 
AD and LD chips were also present in the HD chips, the 
base peaks of P. santalinus samples varied from 473.36 to 
257.11 m/z, which made them easy to confuse with samples 
of P. tinctorius, and this may be why the lowest accuracy 
was achieved with the HD chips. Notably, the test set of AD 
chips was identified correctly using the model built on the 
LD chips and vice versa, which further confirmed that the 

Figure 1: Representative DART-FTICR mass spectra of air-dried (AD) wood chips of  P. santalinus (blue) and  P. tinctorius (red). 
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low-temperature drying treatment had little impact on the 
classification performance. This is the first investigation 
of wood materials subjected to different drying treatments 

using the DART-FTICR-MS. Similar results have been found 
between AD and LD chips, but the result obtained herein 
for HD chips is unique. These results elucidate the effect 

Figure 2: OPLS-DA score plots. 
(a) Air-dried (AD) wood chips. (b) Low-temperature dried (LD) wood chips. (c) High-temperature dried (HD) wood chips. (d) Distilled water 
extract. (e) 1:1 EtOH:H2O extract. (f) Ethyl acetate extract. (g) Benzene-ethanol extract. (h) Powdered samples. 
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of the drying treatment on the classification of P. santa-
linus and P. tinctorius by DART-FTICR-MS. These effects 
may make identifying wood species using DART-FTICR-
MS more complicated as whether the wood samples have 
been dried or subjected to other heat treatments before 
analysis must be considered. 

Previous reported analyses of plant seeds have dem-
onstrated that extraction is not required because the 
DART-HR-TOF-MS spectrum of liquid extracts (using a 
1:1:1  mixture v/v/v of ethyl acetate, ethanol and water 
as the extractant) was very similar to that obtained by 
direct analysis of the seeds (Lesiak et al. 2015). However, 
in those studies, the compounds of interest in the seeds 
were alkaloids, and it is unclear if this result is applica-
ble to polyphenolic compounds in Pterocarpus. For this 
reason, comparing the chemical profile and the statistical 
results of wood chips to those of different wood extracts is 
of great importance. Several solvents commonly used for 
wood extraction including distilled water, ethyl acetate, 
benzene-ethanol and 1:1 EtOH:H2O were selected for
the extraction studies. The obtained chemical profiles 
are shown in Figures 3 and 4, and the OPLS-DA results 
are listed in Table 1. Unique chemical fingerprints were 
obtained from the four different extracts, and different 
trends were observed for P. santalinus and P. tinctorius. For 
P. santalinus, more high-abundance peaks were found in 
both the EH and EA. Ethyl acetate and benzene-ethanol 
proved to be more effective extraction solvents for P. tinc-
torius based on the large number of high-intensity peaks 
observed. Regardless of species, distilled water was the 
worst solvent as the fewest high-intensity peaks were 
detected by DART-FTICR-MS. 

The predictive accuracy for EAs of the samples of the 
test set was highest (100%). However, for the DWEs, BEs 
and EHs, one sample was incorrectly classified in each set, 
and the accuracies were all 85.71%. This phenomenon may 

 

be closely associated with the differences in the number of 
peaks and their relative abundance that may arise from 
the differential uptakes of compounds by the solvents. 
Ethyl acetate proved to be the most effective extraction 
solvent due to the greater number of peaks in the DART-
FTICR-MS spectrum and the high predictive performance. 
Although different statistical results were obtained from 
the four extracts, the solvent type had a greater effect on 
the chemical profile than the classification performance 
based on OPLS-DA. 

As an ambient ionization MS method, DART-MS has  
been applied to the analysis of gases, liquids and solids  
without requiring sample preparation (Cody et al. 2005). In  
addition to these applications, powdered samples can also  
be evaluated by placing them in the gap between the mass  
spectrometer and the ion source (Kim et  al. 2011, 2015).  
Powdered P. santalinus wood is used medicinally to control  
hemorrhage, bleeding piles and inflammation (Arunaku-
mara et  al. 2011). A method for identifying P. santalinus  
powder is of great interest as abuse and adulteration in  
the industry and in the market place are increasing. Small  
amounts of P. santalinus and P. tinctorius  powder were  
stuck to the surface of a capillary and then directly intro-
duced into the ion source. The model established based  
on the powdered samples showed an accuracy of 100%,  
which is better than the models based on the DWE, BE and  
EH (Table  1). The number of ions detected in the powdered  
samples was greater than the number detected in the AD  
chips but less than that in the EA. Similar classification  
accuracies were obtained with the AD chips, EA and the  
powdered samples. Although noticeable differences were  
observed with different drying treatments, the solvent type  
and the physical form of the sample had little influence on  
the classification performance based on OPLS-DA. Consid-
ering the complexity of extract preparation and the toxic-
ity associated with the chemical reagents, the analysis of  

Table 1: Classification capacity of different models based on OPLS-DA. 

Models   R2X   R2Y   Q2   Accuracy (%) 

Air-dried wood chips   0.488   0.936   0.92   100.00 (9/9)a 

Air-dried wood chips based on the five identified marker compounds   0.981   0.915   0.869   100 (9/9)a 

Low-temperature dried wood chips   0.515   0.987   0.949   100.00 (9/9)a 

High-temperature dried wood chips   0.694   0.987   0.87   66.67 (6/9)a 

Distilled water extract   0.557   0.937   0.857   85.71 (6/7)a 

1:1 EtOH:H2O extract   0.713   0.987   0.941   85.71 (6/7)a 

Ethyl acetate extract   0.544   0.979   0.891   100.00 (7/7)a 

Benzene-ethanol extract   0.526   0.954   0.909   85.71 (6/7)a 

Powdered samples   0.552   0.959   0.928   100.00 (7/7)a 

aNumber of samples correctly classified/number of samples in the test set. 
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wood extracts by DART-FTICR-MS is not recommended.
Powdered samples can be used when wood chips of P. san-
talinus and P. tinctorius cannot be obtained. 

Dramatic differences were observed in the DART-
FTICR-derived fingerprints of the P. santalinus and P. tinc-
torius samples, and the high prediction accuracy (100%) 
demonstrated that DART-FTICR-MS can be used for rapid 
species-level identification of P. santalinus and P. tincto-
rius. Unique chemical profiles were obtained from the
samples subjected to different treatment methods, illus-
trating the effects of the solvent type, the physical form of 
the sample and the drying treatment on the ions detected 
in the wood by DART-FTICR-MS. 

 

 

Markers for the identification of  P. santalinus  
and  P. tinctorius 

In addition to differentiating the two species based on 
model establishment and prediction, the most important 
advantage of OPLS-DA is that it can identify marker com-
pounds for making this distinction. Variable influence on 
projection (VIP) reflects the importance of a variable in 
the model according to Y (in this study, Y is wood species) 
(Yang et al. 2006). The variable contributes substantially 
to Y when its VIP value is larger than 1 (Umetrics 2008). 
Variables with smaller covariance but high correlation to 
the score of the predictive OPLS component in the S-plot 

Figure 3: Representative DART-FTICR mass spectra of  P. santalinus. 
(a) Air-dried (AD) wood chips. (b) Low-temperature dried (LD) wood chips. (c) High-temperature dried (HD) wood chips. (d) Distilled water 
extract. (e) 1:1 EtOH:H2O extract. (f) Ethyl acetate extract. (g) Benzene-ethanol extract. (h) Powdered samples. 
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Figure 4: Representative DART-FTICR mass spectra of  P. tinctorius. 
(a) Air-dried (AD) wood chips. (b) Low-temperature dried (LD) wood chips. (c) High-temperature dried (HD) wood chips. (d) Distilled water 
extract. (e) 1:1 EtOH:H2O extract. (f) Ethyl acetate extract. (g) Benzene-ethanol extract. (h) Powdered samples. 
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can be considered candidates for biomarkers (Rajalahti 
et al. 2009). Additionally, as another evaluation method, 
the t-test was performed to identify variables that signifi-
cantly differentiate the two sets of data (P < 0.05). After 
comprehensively considering the S-plot in Figure S2, 
variables with VIP values larger than 1.6 (Figure S3) and 
P values less than 0.05 were selected as potential markers 
for the differentiation of P. santalinus and P. tinctorius. 
Based on these principles, five variables were considered 
as markers in the case of the AD chips (Table S2). Each 
variable, 477.39, 254.21, 473.36, 272.22 and 258.24  m/z, 
presented high VIP values and significant differences in 
intensity between the species. 

To intuitively verify the capacity of these five poten-
tial markers to classify P. santalinus and P. tinctorius, mass  
data from the five potential markers in all the samples were  

used to prepare a heatmap and conduct HCA based on  
ward.D (Figure S4). The HCA dendrogram shows that all  
the samples can be divided into two groups. All the samples  
from the training set and test set were classified correctly.  
When a new OPLS-DA model was built based on the mass  
data from the training set samples using the five potential  
markers, R2X (0.981) was substantially improved and the  
prediction accuracy was also 100% (Table  1). These results  
suggested that these five variables, 477.39, 254.21, 473.36,  
272.22 and 258.24 m/z, can be used as markers to classify  
AD chips of samples from P. santalinus and P. tinctorius. 
The high prediction accuracy obtained with the selected  
markers makes it possible to establish a model and predic-
tion method that does not involve all of the variables, and  
this can significantly reduce time necessary for data analy-
sis when evaluating a large number of samples. 
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To determine if the selected markers were applica-
ble to other samples that had been subjected to different 
treatment procedures, the VIP and P values in the models 
derived from the seven treatments, namely, LD chips, HD 
chips, DWE, EH, EA, BE and powder, were calculated, and 
the results are listed in Table S3. The five marker ions were 
also detected in the LD and HD chips of the samples, and 
these markers can also be used as markers for LD chips 
due to the high VIP values (VIP > 1.6) and significant dif-
ferences (P < 0.05). However, these five markers ions did 
not contribute substantially to the classification of the HD 
chips. Additionally, only the 473.36 m/z ion had an impor-
tant role in distinguishing the wood species of extracts 
and powdered samples (with the exception of BE); the 
peaks at 477.39, 254.21, 272.22 and 258.24  m/z were poor 
markers, and they were not even detected in the EA and 
BE models. Significant differences in the relative peak 
intensities of the five marker ions were observed in the AD 

chips of P. santalinus and P. tinctorius (Figure 5). Similar 
results can be seen in the case of the LD chips (Figure S5). 
Small differences were observed in the relative peak inten-
sities in the other six models, and substantial deviations 
were observed in the HD chips, extracts and powdered 
samples (Figures S6–S11). These results demonstrated 
that the mass signals at 477.39, 254.21, 473.36, 272.22 and 
258.24 m/z were suitable markers for wood identification 
using AD and LD chips. In addition, intraspecies varia-
tions were observed in the plot of relative peak intensity 
based on DART-FTICR-MS, which can be explained by the 
fact that the xylarium used in this work may have been 
cultivated in different regions with different growth con-
ditions (Lesiak et  al. 2015), and the process of milling 
and solvent extraction may further amplify the intraspe-
cies differences. However, intraspecies variations did 
not affect the classification results by DART-FTICR-MS 
coupled with OPLS-DA. 
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Figure 5: Relative peak intensities of five marker ions in the air-dried (AD) wood chips. 
(a) 254.21 m/z. (b) 258.24 m/z. (c) 272.22 m/z. (d) 473.36 m/z. (e) 477.39 m/z. (S) P. santalinus. (T) P. tinctorius. 
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Conclusions 
The results shown in this study clearly demonstrate that  
DART-FTICR-MS coupled with multivariate statistical  
analysis is suitable for the rapid species-level identifica-
tion of P. santalinus and P. tinctorius wood. Compared with  
the type of solvent and the physical form of the sample,  
the drying treatment had a greater effect on the chemi-
cal fingerprints obtained from DART-FTICR-MS. Air-dried  
wood chips are recommended as the optimal samples  
in the application of this direct analysis method. DART-
FTICR-MS based on metabolomics is an effective method  
for identifying marker compounds for differentiating P.  
santalinus and P. tinctorius wood. Xylarium samples were  
used in this work, and they provided reliable informa-
tion about wood species. The difficulties associated with  
collection of reliable (vouchered or validated) sample  
resulted in a limited number of samples of each species.  
The samples after drying treatments were not milled and  
extracted with solvent, which is a major drawback of this  
study. We hope that this can be done in the future when  
enough samples are available or using other species that  
are easier to obtain as an alternative. 
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