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ARTICLE INFO ABSTRACT

The use of medicinal plants and herbs is increasing worldwide and at the same time 
the demand of consumers to know the botanical and geographical origin of the herbal 
raw material is growing. Sideritis is a genus that comprises several of the most commonly 
used medicinal herbs in Greece and the Balkans. The taxonomy of the medicinal Sideritis 
species which are found in Greek flora was investigated using Diffuse Reflectance Fourier 
Transform Infrared Spectroscopy (DRIFTS) in combination with discriminant analysis. 
Dried flowers’ powder of 44 samples of seven Sideritis species and subspecies were 
analyzed using the 1700-1200 cm-1 spectral region in 1st derivative form for the statistical 
model building. Forty two samples (95.4 %) were correctly classified. Another set of 14 
Sideritis samples validated the statistical model at an 85.7 %. The proposed method is 
simple, rapid, non-destructive, economical, and environmentally friendly.  

Abbreviations: DRIFTS: Diffuse Reflectance Fourier Transform Infrared Spectroscopy; 
FTIR: Fourier Transform Infrared; DTGS: Deuterated Triglycine Sulfate; PCs: Principal 
Components
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Introduction
The section Empedoclia (Rafin.) Bentham of genus Sideritis L. 

(Lamiaceae) comprises a taxonomically difficult group of perennial 
species distributed in the Eastern Mediterranean region [1-5]. All 
the members of the particular section contain essential oils and 
are traditionally widely used as tea-producing medicinal plants. In 
Greece Sideritis species are intensively picked from the wild; they 
are collectively named ‘tsai tou vounou’ (mountain-tea), highly 
cherished and occupy a distinguished position in folk medicine. It 
is worth mentioning that the name of the genus derives from the 
Greek word ‘sidero’ (iron) denoting a herb that heals wounds caused 
by iron weapons [6]. All the perennial species of the genus are well 
known for their anti-inflammatory, anti-ulcerogenic, digestive, 
antimicrobial and antioxidant properties. In folk medicine the plant  

 
material is used dried mainly to boil decoction for the treatment 
of cold, influenza, feverishness, cough and sore throat [4,7-10]. 
The cytotoxic properties as well as the essential oils from Sideritis 
species have been investigated quite extensively through the last 
decades [7,11].

Perennial Sideritis taxa exhibit morphological similarities 
to a high degree and often their identification is problematic. 
Moreover, they are characterized by a strong tendency to hybridize 
and consequently, well defined species in the East Mediterranean 
sect. Empedoclia are few [2-5]. Yet, works have been published 
on chemotaxonomy [5,10] and DNA barcode [12]. The Sideritis 
chemical composition and antioxidant activity is related to its 
taxonomic placement [8]. At the same time, the growing demand 
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of consumers and pharmaceutical merchandisers to know the 
geographical origin as well as the botanical identity of medical and 
aromatic plants drives the relevant research to the development 
of efficient methods for the differentiation and determination 
of species. In the last years Fourier Transform Infrared (FTIR) 
spectroscopy has been used for discrimination of botanical origin 
in combination with chemometrics. We mention the differentiation 
of Leishmania species [13], honey samples from different botanical 
origins [14], and vegetable oil [15]. 

The aim of this work is the investigation of seven Sideritis 
taxa botanical origin using Diffuse Reflectance Fourier Transform 
Infrared Spectroscopy (DRIFTS) in combination with discriminant 
analysis.

Materials and Methods 

Plant Material

Fifty eight Sideritis samples were collected from different greek 
geographical regions and were identified to subspecies level using 
the method of taxonomic key. Forty four (14 Sideritis raeseri, 10 
Sideritis scardica, five Sideritis syriaca, four Sideritis clandestina 
subsp. clandestina, four Sideritis clandestina subsp. peloponnesiaca, 
four Sideritis euboea and three Sideritis sipylea) were used for 
calibration and 14 for validation (two samples from each taxon). 
The inflorescences were separated from the plant, milled in a 
common blender and pulverized in a ball mill (Retsch MM 2000) for 
15 min and sieved with a 90 µm diameter holes sieve. The portion 
of sample size ≤90 µm was collected for spectroscopic study.

FTIR Spectroscopy

Triplicate FTIR spectra of each sample was recorded in DRIFTS 
mode using a Thermo Nicolet 6700 spectrophotometer equipped 
with a deuterated triglycine sulfate (DTGS) detector, resolution 
4 cm-1 and 100 scans per sample using a Spectra Tech microcup 
(diameter 3 mm, height 2 mm) DRIFTS accessory. Pure dried 
KBr in powder form was used for the background spectra. The 
collected spectra were smoothed, and the baselines were corrected 
with the automatic factions of the software accompanying the 
spectrophotometer (OMNIC 7.3, Thermo Fisher Scientific Inc.). 
Then the average spectrum of each sample was measured, and 
its absorbance axis was normalized from a value 0 to 1, using the 
above software.

Discrimination Analysis

The TQ Analyst software (ver. 8.0.0.245, Thermo Fisher 
Scientific Inc.) was used for the discrimination analysis. Seven 
classes were created and named as the corresponding Sideritis 
species and subspecies (Sideritis raeseri, Sideritis scardica, Sideritis 
syriaca, Sideritis clandestina subsp. clandestina, Sideritis clandestina 
subsp. peloponnesiaca, Sideritis euboea and Sideritis sipylea). The 
44 average spectra of calibration set were input into software and 

their corresponding class (actual class) was chosen. The 1700-
1200 cm-1 spectral region in 1st derivative form (Savitzky - Golay 
method with a 15-point window and a 2nd-order polynomial) and 
20 principal components (PCs), with a 99.99 % cumulative value, 
were used. The software measured a mean spectrum for each class 
using the corresponding averaged spectra. So, seven mean spectra 
were created. Subsequently, the 44 average spectra of calibration 
set were repositioned in each of the seven classes based (calculated 
class) on the aforementioned spectral region and according to the 
Mehalanobis distance of each average spectrum from the seven 
mean spectra. Then the averaged spectra of validation set (14 
samples) were imputed in the developed chemometric model.

Results

Spectroscopic Study

A typical mid-FTIR spectrum is extended from 4000 to 400 cm-1 
(Figure 1). The spectral range of 4000-1700 cm-1 is similar for every 
Sideritis sample. The most interesting spectral range is the 1700-
1200 cm-1. The most notable peaks in this area are at 1654, 1613, 
1509, 1429, 1377, 1322 and 1262 cm-1.

Figure 1: The spectral region 4000 - 400 cm-1 of typical FT-
IR spectra of Sideritis species:
1)	 S. raeseri;
2)	 S. scardica;
3)	 S. syriaca;
4)	 S. clandestina;
5)	 S. clandestina subsp. peloponnesiaca;
6)	 S. euboea;
7)	 S. sipylea.

Chemometrics

The discriminant analysis shows that 42 of 44 samples (95.4 %) 
were correctly classified (Table 1). Table 2 shows the corresponding 
Mehalanobis distances validation set. The validation exhibits that 
12 of the 14 samples (85.7 %) were correctly recognized. Figure 
2, as it was extracted by the software, is a representative of the 
discriminant analysis based on Mahalanobis distance, between 
Sideritis clandenstina, Sideritis raeseri and Sideritis peloponnesiaca.
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Table 1: Mahalanobis distances between Sideritis taxa of calibration set.

Sample Mahalanobis Distance to Sideritis:

No Actual Class Calculated Class Clandestina Peloponnesiaca Euboea Raeseri Sipylea Syriaca Scardica

1 S. clandestinab S. clandestinab 0.5342c 1.3212 1.6957 1.1756 2.0475 0.9587 1.2350

2 S.clandestinab S. clandestinab 0.6517 1.1962 1.4849 0.9234 2.0043 1.0501 0.7659

3 S. clandestinab S. clandestinab 0.5815 1.2917 1.4964 0.9903 2.0077 1.1370 1.1763

4 S. clandestinab S. peloponnesiacaa 1.6545 0.8293 1.9123 1.612 2.1992 1.4655 0.9370

5 S. peloponnesiacaa S. clandestinab 0.9326 1.1242 1.2324 0.9421 2.4928 0.9446 1.2211

6 S. peloponnesiacaa S. peloponnesiacaa 1.8927 1.1177 1.9279 1.8551 3.1617 1.9131 1.4096

7 S. peloponnesiacaa S. peloponnesiacaa 1.6171 0.9274 1.2505 1.4919 2.6918 1.5832 1.7984

8 S. peloponnesiacaa S. peloponnesiacaa 1.3304 0.9369 1.7780 1.3527 2.8229 1.3890 1.6742

9 Sideritis euboea Sideritis euboea 1.9618 1.7085 1.0026 1.6407 2.9546 1.8171 1.2081

10 Sideritis euboea Sideritis euboea 1.9837 1.8297 0.9037 1.7495 2.6736 1.7129 1.9221

10 Sideritis euboea Sideritis euboea 1.5137 1.1789 0.7325 1.2769 2.5315 1.3286 2.0784

11 Sideritis euboea Sideritis euboea 1.4983 1.2284 0.8490 1.1095 2.5184 1.1750 1.5769

12 Sideritis raeseri Sideritis raeseri 1.8787 1.2487 1.5893 0.9139 2.1311 0.9761 1.3898

13 Sideritis raeseri Sideritis raeseri 1.3077 1.0869 1.4387 1.0530 2.6153 1.2595 1.3984

14 Sideritis raeseri Sideritis raeseri 1.3733 1.4251 1.5353 0.9127 2.6215 1.0922 1.1748

15 Sideritis raeseri Sideritis raeseri 1.7778 1.6128 1.4831 1.0847 3.0372 1.5573 1.4549

17 Sideritis raeseri Sideritis raeseri 1.5937 1.5159 1.7840 1.2068 2.6760 1.6496 1.5064

18 Sideritis raeseri Sideritis raeseri 1.3331 1.5450 1.5325 1.0575 2.3943 1.4053 1.1096

19 Sideritis raeseri Sideritis raeseri 1.5148 1.8927 1.9076 1.1911 2.6076 1.8090 1.5009

20 Sideritis raeseri Sideritis raeseri 1.4540 1.2571 1.2843 0.9686 2.8065 1.1255 1.0757

21 Sideritis raeseri Sideritis raeseri 1.3947 1.3906 1.7363 1.0301 2.6409 1.2234 1.3094

22 Sideritis raeseri Sideritis raeseri 1.3840 1.5512 1.5173 0.8290 2.8390 1.3132 1.0751

23 Sideritis raeseri Sideritis raeseri 1.0338 1.3682 1.3856 0.8647 2.4703 1.1504 1.2172

24 Sideritis raeseri Sideritis raeseri 1.1326 1.1600 1.1925 0.7366 2.3654 1.0171 0.9528

25 Sideritis raeseri Sideritis raeseri 1.3980 1.2559 1.4077 0.7905 2.6157 1.0614 1.0199

26 Sideritis raeseri Sideritis raeseri 1.4586 1.5078 1.5570 0.8997 2.7869 1.2853 0.9439

27 Sideritis scardica Sideritis scardica 1.0368 1.4881 1.8001 1.1377 2.5699 1.2757 0.9591

28 Sideritis scardica Sideritis scardica 1.4698 1.6252 1.9778 1.2859 2.6353 1.4562 1.0722

29 Sideritis scardica Sideritis scardica 1.1625 1.4061 1.6957 1.1782 2.4902 1.2510 0.7466

30 Sideritis scardica Sideritis scardica 1.5946 1.4511 1.8804 1.2496 3.0712 1.5950 1.0268

31 Sideritis scardica Sideritis scardica 1.2266 1.2803 1.5903 1.1319 2.5971 1.1466 0.9620

32 Sideritis scardica Sideritis scardica 1.6306 1.7832 2.1436 1.4722 2.4855 1.4833 1.1389

33 Sideritis scardica Sideritis scardica 1.2150 1.3392 1.4115 0.9885 2.3889 0.8996 0.7339

34 Sideritis scardica Sideritis scardica 1.4414 1.3993 1.7276 1.1054 2.6982 1.3274 1.0034

35 Sideritis scardica Sideritis scardica 1.4616 1.4404 1.8059 1.2341 2.6646 1.2973 0.9270

36 Sideritis scardica Sideritis scardica 1.4089 1.4975 1.8482 1.1395 2.7558 1.2876 0.8061

37 Sideritis sipylea Sideritis sipylea 2.1879 2.7125 2.4687 2.5351 0.6887 2.1775 2.5861

38 Sideritis sipylea Sideritis sipylea 2.5180 3.1609 3.1281 3.0915 0.8179 2.6665 2.9928

39 Sideritis sipylea Sideritis sipylea 1.5356 2.3008 2.2939 2.0740 0.9146 1.8187 2.1409

40 Sideritis syriaca Sideritis syriaca 1.2637 1.7357 1.7744 1.4291 2.0994 0.9084 1.4880

41 Sideritis syriaca Sideritis syriaca 1.3172 1.2178 1.6029 1.0945 2.4608 0.8075 0.9708

42 Sideritis syriaca Sideritis syriaca 1.5724 1.6595 1.7360 1.4258 2.4448 1.0506 1.3292

43 Sideritis syriaca Sideritis syriaca 1.0490 1.3181 1.0991 0.9410 2.2131 0.6474 1.1044

44 Sideritis syriaca Sideritis syriaca 1.2659 1.1197 1.3371 1.2816 2.1162 0.9216 1.3668

aSideritis clandestina subsp. peloponnesiaca; bSideritis clandestina subsp. clandestina; cbold value is the minimum distance.
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Table 2: Mahalanobis distances between Sideritis taxa of validation set.

Sample Mahalanobis Distance to Sideritis:

No Actual Class Calculated Class Clandestina Peloponnesiaca Euboea Raeseri Sipylea Syriaca Scardica

1 Sideritis 
clandestinab

Sideritis 
peloponnesiacaa 0.8132 0.7321c 1,6674 1.2139 2.1126 0.9485 1.2711

2 Sideritis 
clandestinab

Sideritis 
peloponnesiacaa 0.8310 0.7932 1.4672 0.9134 2.0178 1.1211 0.9324

3 Sideritis 
peloponnesiacaa

Sideritis 
peloponnesiacaa 1.3567 0.9103 1.2756 1.0872 2.4454 0.9932 1.3254

4 Sideritis 
peloponnesiacaa

Sideritis 
peloponnesiacaa 1.8747 1.1016 1.9461 1.9121 3.0845 1.9768 1.5017

5 Sideritis euboea Sideritis euboea 1.5679 1.1813 0.6821 1.3482 2.8971 1.3742 2.1127

6 Sideritis euboea Sideritis euboea 1.5063 1.2672 0.7512 1.1681 2.6094 1.1856 1.5753

7 Sideritis raeseri Sideritis raeseri 1.8452 1.2781 1.6091 0.9028 2.1562 0.9437 1.4113

8 Sideritis raeseri Sideritis raeseri 1.3452 1.1568 1.4125 1.0530 2.6675 1.3192 1.3997

9 Sideritis scardica Sideritis scardica 1.0886 1.6673 1.8223 1.1471 2.7102 1.2448 0.9073

10 Sideritis scardica Sideritis scardica 1.5132 1.6176 2.006 1.3107 2.6541 1.4673 1.0331

11 Sideritis sipylea Sideritis sipylea 2.2310 2.7095 2.6163 2.5552 0.7103 2.2161 2.6031

12 Sideritis sipylea Sideritis sipylea 2.5782 3.2107 3.1731 2.8235 0.7892 2.7185 3.0089

13 Sideritis syriaca Sideritis syriaca 1.3005 1.7348 1.7892 1.4663 2.1176 0.9357 1.4821

14 Sideritis syriaca Sideritis syriaca 1.3568 1.2035 1.5917 1.1204 2.5890 0.8273 0.9632

aSideritis clandestina subsp. peloponnesiaca; bSideritis clandestina subsp. clandestina; cbold value is the minimum distance.

Figure 2: The Mehalanobis distances of Sideritis samples 
from S. peloponnesiaca and S. clandenstina.

Discussion

Spectroscopic Study

A typical mid-FTIR spectrum is presented in Figure 1. The 
differences between the spectra are expected in the range 1700-
1200 cm-1, because proteins, flavonoids, terpenes, polyphenols, 
nucleic acids, lignin and polysaccharides absorb. The above 
compounds are differentiated qualitatively or/and quantitatively 
depending on the Sideritis species [5,12]. Additionally, the range 
1500-1200 cm-1 is the most important part of «fingerprint» area 
and characterizes every sample. In the spectral region 1700-
1200 cm-1 of Sideritis species FT-IR spectra we observe that the 
differences between spectra are small and focus mainly on small 
shifts of the maxima, the width and the relationships between the 
peaks’ heights.

Eight major peaks appear in the above spectral region. The 
first peak at 1655-1647 cm-1 has been correlated with the C=O 

stretching of proteins (amide I) [16]. In the same spectral region 
water [16,17], the C=O of flavones [16], the bases of nucleic acids 
[18,19] and the C=C [16] absorb as well. The peak centered at 1618-
1607 has been assigned to –COO- asymmetric stretching [19,20]. 
Also, the N-H bending and C-N stretching vibrations of proteins 
(amide II) and the aromatic C=C absorb [16]. The third absorption 
at 1509-1508 cm-1 has attributed to the deformation of phenyl ring 
[16] and has been associated with the existence of lignin [21,22]. 
The next peak which presents maximum at 1454-1446 cm-1 
consists of several overlapping peaks. The stretching of C=C, the 
deformation of –CH3 and –CH2CO-, C-N stretching and N-H bending 
(amide III) [16]. The fifth spectral region centered at 1429-1417 
cm-1 is a result of –CH2- bending, -OH deformation, -COH bending of 
phenols, –COO- symmetric stretching vibrations and C=O of uronic 
acids [16,23]. The next absorption at 1380-1371 corresponds to –
CH2- bending [16], in-plane O-H deformation and C-O combination, 
and C-C skeletal vibration [16]. The seventh peak at 1325-1317 
cm-1 is a convolution of skeletal vibrations of C-C and C-O mainly 
of polysaccharides [16,23]. Finally, the last peak at 1263-1252 
cm-1 has been assigned to the –OH of polysaccharides, asymmetric 
stretching of PO2- of nucleic acids and C-O stretching [16,19,22].

Chemometrics

As mentioned above, the most suitable spectral region for 
Sideritis seven species and subspecies discrimination is 1700-1200 
cm-1. Indeed, the largest differences between the spectra were 
located in this spectral region, but most peaks appear as shoulders. 
The spectra obtain a finer texture and the differences between them 
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are maximized using the 1st derivative (Savitzky - Golay method with 
a 15-point window and a 2nd-order polynomial). Twenty principal 
components (PC) were used, according to cumulative eigenvalues 
diagnostic plot, with a 99.99 % cumulative value (Figure 3). TQ 
Analyst software creates one principal component spectrum 
(PCS) for each PC. Each PCS represents an independent source of 
variation in a data set that represents the amount of variability 
described by a PC measured across the entire spectral range of the 
standards [24]. PCS20 (Figure 4) shows that the major changes are 
highlighted in the spectral range 1700-1200 cm-1, which was chosen 
for the discrimination. This observation enhances the selection of 
this spectral range to distinguish the samples.

Figure 3: The cumulative eigenvalues diagnostic plot.

Figure 4: The principal component spectrum 20 (PCS 20).

Conclusion
In this study the use of DRIFTS in combination with 

chemometrics was investigated for the taxonomic determination 
of seven Sideritis species and subspecies. The spectroscopic 
model developed showed a 95.4 % success rate and was validated 
85.7 % using unknown samples. The results are considered very 
satisfactory. Furthermore, the proposed method is rapid, simple, 
non-destructive for the samples, economical, and environmentally 
friendly.
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