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ABSTRACT

Six samples of red thyme (Thymus zygis) and two samples of winter thyme (Thymus hye-
malis) essential oils (EOs) were obtained from plants cultivated in south-eastern Spain and
extracted by steam distillation. Analysis by gas chromatography coupled with mass
spectrometry detection provided the relative (%) and absolute (mM) concentrations.
Thymol (30—54%), p-cymene (14—27%) and y-terpinene (8—28%) were the most abundant
components of T. zygis EO, while 1,8-Cineole (3—37%), p-cymene (1-29%), linalool (8—13%)
and thymol (0—19%) were the most abundant components in the case of T. hyemalis EO.
Enantioselective gas chromatography identified (—)-linalool, (—)-borneol and (+)-limonene
as the main enantiomers. Several methods to evaluate antioxidant capacities were applied
to the EOs, concluding that their activities were mainly due to thymol and linalool. The
inhibition of lipoxygenase activity, mainly due to thymol, p-cymene and linalool, suggested
their possible use as anti-inflammatories. The high antibacterial and antifungal activities
determined for the EOs means that they can be used as natural preservatives. The results
support the potential use of Thymus sp. EOs as natural food, cosmetic and pharmaceutical
ingredients.
Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The genus Thymus, predominantly found in the Mediterra-
nean region, Asia, Southern Europe and North Africa, is

constituted by more than three hundred species [1]. There are
several ecotypes, which differ in their morphological charac-
teristics and in the composition of their essential oils (EOs),
although all of them are characterized by a moderate odor and
sometimes a very pronounced balsamic and spicy flavor [2].
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Thymus zygis Loefl. ex L., also known as red thyme, is a
widespread endemic plant in the Iberian Peninsula [3]. Thymus
hyemalis Lange, winter thyme, is mainly found in the south-
east of Spain (Alicante, Murcia and Almeria provinces) [4].
The EOs obtained from both Thymus species show a high de-
gree of variability, depending on seasonal, phenological or
edaphoclimatic conditions [5—10].

Essential oils are increasingly studied for use in the
chemical, cosmetic, food, fragrance and pharmaceutical in-
dustries due to their potential bioactivities [11]. This is
particularly the case with the EOs from Thymus species due to
the presence of bioactive compounds [12,13]. Indeed, thyme
EO is among the world's ten most commonly used EOs as a
food preservative [14].

Gas chromatography, coupled with mass spectrometry or
flame ionization detection, provides a detailed description of
the compounds of EOs, expressed as percentages of total area,
and is a useful technique for comparing the composition of
EOs — for example, those studied here with those obtained
from plants growing in different areas or conditions [8,15].
Moreover, using calibration curves of commercially available
terpenes, the absolute concentration of each compound can
be determined, which is useful for determining the quality of
EOs and also whether they have been adulterated by dilution
with volatile solvents.

Furthermore, analysis of the chiral distribution of EO
components provides information about the origin and qual-
ity of EOs by differentiating between natural and adulterated
EOs. Also, the prevalence of different enantiomers could show
differences in bioactivity and organoleptic properties [16,17].
There are few chiral studies of some biomolecules on the EOs
of Thymus sp. [18,19].

Several antioxidant assays serve as models for the pre-
liminary evaluation of potential preservative and pharma-
cological activities. EOs may diminish oxidative processes
in food and cosmetic products and so be used to replace
synthetic antioxidants, increasing consumer acceptance of
the products [20]. In the same way, they have a potential for
use in human health care since they may reduce the
oxidative stress that often enhances disease development
[21,22].

Lipoxygenase (LOX) catalyzes the biosynthesis of leuko-
trienes from arachidonic acid and its hyperactivity has been
related with inflammatory, tumoral, ischemic, skin and Alz-
heimer's diseases and also diabetes [23,24]. The inhibition of
soybean lipoxygenase can be used as an in vitro model to assay
human lipoxygenase bioactivities [25].

The use of natural ingredients to prevent the growth of
microorganisms is gaining interest [26]. Particularly, organic
food cannot include chemical additives [2]. For this reason,
several Thymus EO species have been proposed as natural
antimicrobial alternative [15,27—31].

In this study we describe the composition of Thymus EO
(relative and absolute concentrations) grown in the province
of Murcia (S.E. Spain) and the enantiomeric distribution of
some of its compounds. Moreover, antioxidant activity, LOX
inhibition and antimicrobial activity are determined. The
study will serve to characterize thyme EOs from Murcia, in
depth for the first time in the literature, to enhance their po-
tential biotechnological applications.

2. Materials and methods
2.1. Plant material

Six samples of T. zygis and two samples of T. hyemalis were
taken from plants grown in Murcia (Spain). Their EOs were
obtained by steam distillation in a Clevenger-type apparatus
for 3 h, dried over anhydrous sodium sulfate and stored at4 °C
until use. Samples Tzt1, Tzt2, Tzt3 and Tzt4 are EOs of T. zygis
thymol chemotype and samples Tzl1, Tzl2, Th3 and Th4 are
EOs of T. zygis linalool chemotype and T. hyemalis, respec-
tively. The plants yielding Tztl and Tzt4 were grown in a
Lower Meso-Mediterranean bioclimatic zone, Tzt3, Tzll and
Th2 were grown in an Upper Meso-Mediterranean bioclimatic
zone and Tzt2, Tzl2 and Thl were grown in a Supra-
Mediterranean bioclimatic zone. The characteristics of the
bioclimatic zones of Spain have been described previously
[32]. Plant species were identified in the Plant Biology
Department of Murcia University by Dr. Pedro Sanchez-
Gomez. The Department of Biochemistry and Molecular
Biology-A storage the voucher specimens.

2.2. Chemicals

All the compounds used in this work were of analytical grade,
with a purity higher than 95%. The standard substances for GC
identification and determination, the chemicals for the anti-
oxidant capacity assays, and the reagents for soybean lip-
oxygenase inhibition were purchased from Sigma—Aldrich,
Spain. The following culture media for bacteria and yeasts
were provided by VWR Chemicals, Spain: Mueller Hinton Agar
(MHA), Mueller Hinton Broth (MHB), Roswell Park Memorial
Institute (RPMI-1640), Sabouraud Dextrose Agar (SDA), tryptic
soy broth (TSB) and yeast peptone dextrose (YPD).

Solvents of analytic grade and buffers were purchased
from Merck (Madrid, Spain). Type I (18 MQ cm) deionized
water (MilliQ-Reference, Millipore, Madrid, Spain) was used
throughout in this work.

2.3.  Microorganisms and culture conditions

The following microorganisms from the American Type Cul-
ture Collection (ATCC) were tested: Staphylococcus aureus ATCC
6538, Escherichia coli ATCC 8739, Pseudomonas aeruginosa ATCC
9027 and Candida albicans ATCC 10231. All microorganisms
were acquired from Sigma—Aldrich. The stock cultures were
preserved in screw-capped tubes containing TSB or YPD with
15% glycerol, for bacteria and yeast cells, respectively. Isolated
colonies, selected from an 18- to 24-h agar plate, were trans-
ferred to MHB in the case of bacteria and RPMI-1640 in the case
of C. albicans to obtain the necessary cultures for the tests.

2.4. Fast gas chromatography—mass spectrometry
(FGC/MS)

Analyses of the EOs using FGC/MS were conducted using an
Agilent GC7890 chromatograph coupled to an Agilent MS5975
mass spectrometry detector, with electronic impact ioniza-
tion and single quadrupole analyzer. To enhance
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repeatability, a Gerstel automatic multi-purpose sampler
MPS-2XT was used, with triplicate sandwich injection
(plunger to needle): 0.2 pL air, 0.2 L isooctane, 0.2 pL air, 0.3 pL
sample and 0.2 pL air.

The analysis was performed on a non-polar, low bleed
capillary fused-silica column (SLB-5ms from Supelco; 15 m
length x 0.1 mm internal diameter x 0.1 um film thickness).
The carrier gas used was hydrogen (constant flow of 0.8 mL/
min, 46.345 psi starting column head pressure), produced with
an electrolytic Parker—-Domnik—Hunter generator, fed with
type I laboratory water.

Injection conditions were: temperature 300 °C, septum
purge 3 mL/min and split valve 1:100. The column tempera-
ture gradient was 60—300 °C, at a rate of 20 °C/min to 142 °C,
and 40 °C/min to 300 °C, and then held for 0.5 min. Some high-
resolution steps were adjusted at a rate of 2 °C/min: 92—94 °C,
121-123 °C, 133-135 °C.

Conditions of MS: temperature of the transfer line 280 °C,
electronic impact ionization energy 70 eV, mass range 30—300
atomic mass units, scan rate 21.035 scan/s, electron-
multiplier voltage 1129, ion source temperature 230 °C,
quadrupole temperature 150 °C.

The above mentioned equipment was controlled by
ChemsStation software and analyzed using ChemStation, MS-
Search, AMDIS and the mass spectral databases NIST 08 and
Wiley 7, as well as the in-lab built pure compound spectral
database.

The quantitative determination of absolute concentrations
was carried out by means of calibration curves of each
commercially available component described in the Thymus
sp. EOs (Table S1).

2.5. Enantioselective gas chromatography—mass
spectrometry (EsGC/MS)

The same analytical device described above was used with an
Astec Chiraldex B-DM column (30 m length x 0.25 mm internal
diameter x 0.12 um film thickness) from Supelco and
hydrogen as carrier gas (constant flow of 2.5 mL/min, 8 psi
starting column head pressure). This capillary column was
made of fused silica with a non-bonded 2,3-di-O-methyl-6-t-
butyl silyl derivative of B-cyclodextrin. Chiral compounds
were identified by retention time of the commercially avail-
able pure enantiomers, and double checked with the NIST/
Wiley/in-lab spectral databases. The peak areas of the tripli-
cates were integrated and the percentages of levorotatory (—)
and dextrorotatory (+) enantiomers were determined.
Conditions: injector temperature 200 °C, transfer line
temperature 200 °C, split 1:100, sandwich injection volumes:
0.2 uL air, 0.2 pL acetone, 0.2 uL air, 0.5 pL sample, 0.2 L air.
Temperature program: 35—170 °C at a rate of 4 °C/min.

2.6.  Antioxidant capacity

Six assay methods were followed in triplicate. The oxygen
radical absorption capacity (ORAC) values account for the
ability of the samples to scavenge the peroxyl radical (ROO®)
and were determined following the method described by Ou
et al. [33]. The ABTS radical cation (ABTS*") bleaching assay
was carried out as detailed by Re et al. [34]. The scavenging

capacity of 2,2-diphenyl-1-picrylhydrazyl (DPPH®) radical was
obtained following the method of Brandwilliams et al. [35].
These results for the three methods were expressed in Trolox
equivalent antioxidant capacity (TEAC) units per volume of
EO.

The degree of chelation of ferrous ions, or chelating power
(ChP), of the essential oils and their major components was
also evaluated [36], expressing the results in ethyl-
enediaminetetraacetic acid equivalents (EDTAE) per volume
of EO.

The reducing power (RdP) of samples on potassium ferri-
cyanide [37] was reported in ascorbic acid equivalents (AAE)
per volume of EO.

Soybean lecithin homogenate was used as lipid-rich me-
dium in the thiobarbituric acid reactive substances (TBARS)
assay [38], expressing the results in butylhydroxytoluene
equivalents (BHTE) per volume of EO.

2.7. Lipoxygenase inhibition

The lipoxygenase (LOX) (linoleate:oxygen oxidoreductase, EC
1.13.11.12) assay [39,40], was based on absorption at 234 nm of
the hydroperoxyde conjugated dienes
(€234 = 25,000 M~ cm™?), which are formed when linoleic acid
(18:2, used as substrate) is oxidized in the presence of oxygen
and LOX. Nordihydroguaiaretic acid (NDGA) was used as
positive inhibitor control.

The lipoxidase preparation from Glycine max (soybean),
certified as a homodimer of 108 kDa with a pI of 5.65, was
purchased from Sigma.

Triplicate assays were carried out on a double beam Per-
kinElmer Lambda 35 spectrophotometer with the UV-Winlab
software, at 25 °C. The reference contained all components
with the exception of substrate and inhibitors. Non-enzymatic
assays were carried out, and their rates were subtracted from
the steady state rates of the respective enzymatic reactions.

The degree of inhibition (DI) was calculated using Eq. (1):

Ui

U —
DI (%) = —OUo

x 100 (1)

where vy and v; are the steady state rates in the absence and
presence of inhibitor, respectively. The main compounds of
the EOs were studied to determine their half maximal inhib-
itory concentration (ICso) values. Data of DI (%) against 8
different inhibitor concentrations were plotted, and fitted by
non-linear regression (Eq. (2)):

DIpax(I]o

DI (%) = ICso + [Iy @

using the Sigma Plot software (systatsoftware.com).
2.8.  Antimicrobial activity

Minimum inhibitory concentrations (MIC) were determined in
triplicate assays using the microdilution method in 96-well
microtiter plates, according to the recommendations of the
Clinical and Laboratory Standards Institute (CLSI), M07-A10
[41] standard for bacteria and M27-A3 [42] for Candida, with
minor modifications. Briefly, the EOs were prepared at a stock
concentration of 20 uL/mL with 1% Tween 80 and 5% DMSO.
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Then, two-fold dilutions were prepared to obtain a final con-
centration range of 0.08—10 pL/mL with 0.5% Tween 80 and
2.5% DMSO. In addition, the antimicrobial activity was tested
for each individual compound of the EOs with a concentration
above 1% dissolved in the same solvent of EOs and with a
range of assay concentrations 15—0.12 mM. All assays were
carried out as follows: 100 uL of each strain, with a concen-
tration of 10° CFU/mL in MHB for bacteria or 1 x 10*to 5 x 103
in RPMIfor yeast, were added to 100 uL of each EO or individual
compound. These plates were incubated for 24 h for bacteria
and 48 h for the yeast, at 35 + 1 °C, under aerobic conditions
and mixed on a plate shaker at 100 rpm. Streptomycin
(0.06—8 pg/mL) and fluconazole (0.13—16 pug/mL) were used as
reference antibacterial and antifungal compounds, respec-
tively. The negative control contained 200 pL. MHB with 0.5%
Tween 80 and 2.5% DMSO. The positive control (without the
antimicrobial agent) consisted of 100 pL of working culture
bacteria and 100 pL of the solvent of the EOs (with 1% Tween
80 and 5% DMSO included). It was checked that the 0.5%
Tween 80 and 2.5% DMSO mixture, used for emulsifying the
EOs, did not have any antimicrobial activity. The lowest con-
centration of EO with no visible growth of microorganisms
after the incubation period was defined as the MIC.

For the triplicate determination of the minimum bacteri-
cidal concentration (MBC) and the minimum fungicidal con-
centration (MFC), 100 pL from wells showing no growth in the
MIC assay were spread on MHA (bacteria) or SDA (yeast) and
incubated for 24 h at 35 + 1 °C. The MBC was defined as the
lowest EO concentration at which the microorganisms failed
to grow in broth and then on agar.

2.9.  Statistical analysis

The experimental data recorded as mean + standard deviation
(SD) of at least triplicate determinations, were analyzed by
univariate and multivariate statistical methods [43]. Each
error value was magnified using the corresponding error
propagation rules for arithmetic operations. 0.0 data values in
tables mean values lower than 0.05 units. Data quality was
analyzed by ANOVA, and means were tested using Tukey's
(HSD) test, considering differences to be significant at p < 0.05
(represented by different letters next to numerical values in
text and tables). Principal component analysis (PCA) and
agglomerative hierarchical clustering (AHC) based on
Euclidean distance were performed to determine the simi-
larity between them. Multivariate statistical analyses were
carried out using Statistica software (software.dell.com).

3. Results and discussion
3.1.  FGC/MS study

3.1.1. Experimental data

The essential oils were obtained in yields ranging from 0.4 to
0.8% (w/w), and FGC/MS was used, as described in Section 2.4,
to determine their respective components. The composition
of EOs is expressed in percentage of total area (>99% of the
total area was identified) and in absolute concentration of the
commercially available compounds (>90% of the total area).

The data of the first column reveal when an EO has been
diluted with any kind of solvent.

The four samples of T. zygis chem. thymol (Table 1A) have
the same 11 main molecules, i.e., a-thujene, a-pinene, myr-
cene, o-terpinene, p-cymene, y-terpinene, linalool, terpinen-
4-0l, thymol, carvacrol and E-B-caryophyllene.

However, there are also some differences, such as the high
concentration of carvacrol in Tzt1, a-terpinene, p-cymene and
E-B-caryophyllene in Tzt2, B-pinene and y-terpinene in Tzt3,
and thymol in Tzt4.

As regard T. zygis chem. linalool and T. hyemalis samples,
the differences among species and locations are due to some
components (Table 1B). The high concentration of thymol in
Tzl1 compared to Tzl2, may be related to the difference in
location since both species and chemotype are the same. The
high concentrations of p-cymene, linalool and thymol in Th1
and 1,8-cineole and camphor in Th2, correspond to different
locations and chemotypes, p-cymene chemotype for Th1 and
1,8-cineole chemotype for Th2 [9]. The global results show two
different T. zygis chem. linalool samples with the same 10
principal molecules, i.e., a-pinene, myrcene, a-terpinene, p-
cymene, limonene, y-terpinene, E-sabinene hydrate, linalool,
terpinen-4-ol and thymol. Also, the two different samples of T.
hyemalis have the same 10 principal molecules, i.e., a-pinene,
myrcene, a-terpinene, p-cymene, limonene, 1,8-cineole, y-
terpinene, linalool, camphor and terpinen-4-ol.

Oxygenated monoterpenes are predominant in five of the
eight samples (Table 1). The other three samples, i.e., Tzt2,
Tzt3 and Thi, have a similar percentage (around 50%) of
oxygenated and hydrocarbonated monoterpenes. Alcohol
(>40%) is the most abundant organic functional group in all
cases except for Th2, where ether is the most abundant
functional group (37%) and alcohol is the second most abun-
dant functional group (15.4%).

3.1.2. Multivariate statistic PCA

PCA is a multivariate statistic method based on the covariance
matrix between linear combinations of the experimental
variables (Table 1). PCA is useful for data reduction (Fig. 1), the
detection of similarities between EOs (Fig. 1A and B) and
identification of the characteristic compounds of EOs (Fig. 1C
and D).

The total variance (Fig. 1B) consisted of three principal
components, PC1 (38.88%), PC2 (31.29%) and PC3 (14.86%).
Thus, the cumulative proportion of PC1 + PC2 + PC3 account
for 85.03% of the total variance, which is a good starting point
for data analysis.

The score plot of PC2 vs. PC1 (Fig. 1A) reveals possible
clusters of EOs: (1) Tzt1, Tzt2, Tzt3 and Tzt4; (2) Thi; (3) Tzll
and Tzl2; (4) Th2. The score plot with PC3 on the Z axis (Fig. 1B)
might also lead to the above clusters, but could reveal other
alternative clusters: (1) Tztl, Tzt4 and Tzt3; (2) Tzt2 and Thi;
(3) Tzll and Tzl2; (4) Th2. Therefore, the introduction of
additional PCs identifies clusters other than those derived
only from PC2 vs. PC1.

The loading plot of PC2 vs. PC1 (Fig. 1C), as well as the
addition of PC3 on the Z axis (Fig. 1D), are useful tools for
identifying “characteristic” compounds of each EO cluster.
The loadings of compounds on a PC are standardized. Thus, a
high load of a given compound could correspond to a high or
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Fig. 1 — PCA score and loading plots. (A) Score plot of PC2 vs. PC1. (—) Tentative two-dimensional clustering. (B) 3D-score plot
of PC3 vs. PC2 and PC1. (—) Tentative two-dimensional clustering. (—) Tentative three-dimensional clustering. (C) Loading
plot of PC2 vs. PC1. (D) 3D-loading plot of PC3 vs. PC2 and PC1.

low percentage of area in the EOs (Table 1). However, a high
load of a compound indicates that its presence (high or low)
in an EO is “characteristic” of it, and therefore useful for
differentiating a particular EO from others (Fig. 1C and D,
Table 1).

The biosynthetic pathway of thymol [1,19] [y-terpinene
(17) — p-cymene (12) — thymol (44)] explains the high pro-
portion of thymol (44) and its precursors in Tztl, Tzt4 and
Tzt3, as well as their medium level proportions in Tzt2 and
Th1, and low proportions in Tzl1 and Tz12 and Th2 (Fig. 1C and
D, Table 1).

Characteristic compounds of Tzl1 and Tzl2 are revealed by
the high proportions of linalool (21) and terpinen-4-ol (29), as
well as the medium level proportions of myrcene (7), a-terpi-
nene (11), limonene (13) and terpinolene (19).

Characteristic compounds of Th2 are the high proportion
of 1,8-cineole (15), the medium proportion of camphor (26) and
camphene (3) and the low, but exclusive, proportion of a-
cedrol (58).

It was considered useful to confront the partial informa-
tion (PCs) and qualitative similarities for the clusters from PCA
(Fig. 1), with the overall information (Table 1) and quantitative

similarities about clusters considered in the AHC (Section
3.1.3).

3.1.3. Multivariate statistic AHC
The statistical data and the corresponding dendrogram plot
(Fig. 2) of AHC, based on Euclidean distance applied to the
relative area of components, reveal four clusters for the
studied EOs. Cluster 1: the pair Tzt1 and Tzt4 (89.7% similarity)
coupled to Tzt3 (74.8% similarity). Cluster 2: Tzt2 and Thi,
with a similarity of 76.1% despite being different species.
However, these two samples shared growing location, which
might have influenced the composition of the final EO. Cluster
3: TzI1 and TzI2 are the most similar samples (95.6% similar-
ity). Cluster 4: Th2 is the most different sample, joining the
group formed by the rest of the samples with 30.9% similarity.
Thus, consideration of the whole EOs (Table 1) in AHC leads to
a more accurate clustering (Fig. 2) than preliminary estima-
tions with only two (Fig. 1A) or three (Fig. 1B) PCs from PCA
analysis.

Based on the data obtained from 3.1.2 to 3.1.3 it can be
concluded that Tzt1 and Tzt4, both grown in the Lower Meso-
Mediterranean zone, have developed the thymol biosynthetic
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Fig. 2 — AHC dendrogram. Percentage of similarities
between studied EOs and clusters.

pathway, with low concentrations of thymol precursors. Tzt3
has a high concentration of y-terpinene and Tzt2 high con-
centrations of y-terpinene and p-cymene (precursors of
thymol) having grown in the Upper Meso-Mediterranean and
Supra Mediterranean zones, respectively.

Similarly, Th2 shows a higher concentration of 1,8-cineole
(final step of the pathway) having grown in the Upper Meso-
Mediterranean zone, and Thl shows a higher concentration
of limonene (a precursor of 1,8-cineole), having grown in the
Supra Mediterranean zone.

The Lower Meso-Mediterranean zone is the hottest and
driest zone and the Supra Mediterranean zone is the coolest
and wettest zone. Thus, hot temperatures and not excessive
rainfall appears to be important for the development of the
biosynthetic pathways towards the latest steps in the case of
Thymus sp.

3.1.4. Comparison with other regions and countries
T. zygis chem. thymol EO is the most widely studied EO in the
literature, and p-Cymene is found at a similar concentration in
all studied samples [44] except in an EO from plants grown in
Almeria (Spain) [8]. For their part, thymol and y-terpinene were
found among the main components in all reported EOs except
one from Portugal [45] and another from Almeria [8]. Portu-
guese samples [15,28] were the only ones showing similar
concentrations of myrcene and «-terpinene to studied here.
The reports from Murcia, Cérdoba (Spain) and Portugal
describe similar concentrations of thymol [2,28,46]. The sam-
ples studied in this work show the highest concentrations of p-
cymene and y-terpinene mentioned in the revised literature.
In the case of T. hyemalis EOs, p-cymene, y-terpinene,
thymol and borneol are present in all EOs studied in the
literature, whereas B-pinene, terpinen-4-ol, a-terpineol and
geraniol only form part of the main components in the studied
samples. Only EOs from plants grown in an experimental
Spanish crop [30] and those studied here have linalool as a
main component. The EO from Almeria [9] had similar con-
centration of camphene to the studied samples, those from
experimental Spanish crops [4,30] showed similar concentra-
tions of p-cymene and borneol and a Turkish EO [29] a similar
concentration of thymol to Thl. The studied samples con-
tained the highest concentrations of camphene, 1,8-cineole

and camphor among those mentioned in the revised
literature.

Myrcene, vy-terpinene, linalool and terpinen-4-ol were
present in most of the samples of T. zygis chem. linalool EOs
reported in the literature, confirming them as among the main
components of the chemotype. The T. zygis EO from Murcia [2]
had similar concentration of linalool, p-cymene and myrcene
to those reported in this study. The samples studied, along
with those reported by Rota et al. [30], have similar values of -
terpinene, limonene and o-terpineol. The samples from
Almeria [8] and central Portugal [15] showed the greatest dif-
ferences from the studied samples, with higher values of p-
cymene, borneol, terpinen-4-ol, thymol and E-B-car-
yophyllene and lower values of linalool and myrcene.

3.2 Comparison with the International Standard

The International Organization for Standardization (ISO)
provides an International Standard for T. zygis EO (ISO
14715:2010). Our results are compared with the ISO norm in
Table S2. As can be seen, some constituents exceed the
maximum relative concentration allowed; for example, vy-
terpinene in Tzt2, Tzt3 and Tzt4, p-cymene, linalool and E-B-
caryophyllene in Tzt2 and thymol in Tzt4.

3.3.  EsGC/MS study

The enantiomeric determinations of EO molecules from T.
zygis and T. hyemalis are shown in Table 2. There were no
adulterations with synthetic racemates of the main mole-
cules, such as linalool or E-sabinene hydrate. The (+)-enan-
tiomer predominates in the case of a-pinene, limonene, E-
sabinene hydrate, bornyl acetate, terpinen-4-ol and a-
terpineol, while the (-)-enantiomer predominates in
camphene, a-phellandrene, linalool, camphor, borneol, E-B-
caryophyllene and caryophyllene oxide.

Some compounds may be considered useful as biomolecular
markers of the chemotype origin; for example, a-pinene for
Tzt2, Tzt4 and Th2; B-pinene for Tzt2 and Tzt3; camphor for
Tzt4; terpinen-4-ol for Tzt3 and Th2 and «-terpineol for Tzt4,
Thl and Th2. Based on the enantiomeric distribution of the
compounds already mentioned for Tzt4, it is possible to
differentiate the Tzt1 sample from the very similar Tzt4 sample.

According to the reported data from Israel [18], (1S,2R)-
(-)-borneol has high purity in both Thymus sp. A substantial
degree of variability in the a-pinene and limonene enantio-
mers present in Thymus sp. EOs has been observed in studies
worldwide [19]. The (R)-(+)-a-pinene and (R)-(+)-limonene
found in the samples studied here could be useful for
assessing the origin and authenticity of the EOs in question.

To our knowledge, this is the first comprehensive chiral
characterization of the EOs from T. zygis and T. hyemalis grown
in Spain.

3.4.  Antioxidant activity

3.4.1. ORAC

The ORAC antioxidant activity of the eight EO samples is
expressed in TEAC units (umol TE/uL EO) and was (Table 3) as
follows:
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Table 3 — Antioxidant capacity of Thymus sp. EOs and main individual compounds.?

EO/compound ORAC ABTS DPPH ChP RdP TBARS
(umol TE/pL X) (umol TE/mL X) (umol TE/mL X) (umol EDTAE/mL X) (umol AAE/LX) (umol BHTE/mL X)
Tztl 1.7b + 0.1 3117.7b + 179.8 14.5b + 0.9 = 205.0a + 10.8 746.9a + 98.7
Tzt2 1.5c+0.1 1941.4d + 91.5 15.4b + 0.5 = 172.0b + 7.4 566.1b + 32.0
Tzt3 14c+0.1 2560.5c + 194.6 28.3a + 2.8 = 101.1c + 4.5 835.8a + 34.9
Tzt4 2.0a+0.1 3675.6a + 267.1 141b+ 1.2 = 181.1b + 9.1 749.0a + 36.2
Tzl1l 13c+0.1 60.5f + 4.5 0.3d £ 0.1 24c+0.3 15.3e + 1.7 37.6d +2.8
Tz12 1.4c +0.1 14.9f + 0.2 0.4c,d + 0.0 3.8b +0.3 9.7e + 0.6 14.2d + 2.7
Thil 14c+0.1 1161.9e + 12.4 3.8c+0.3 = 61.9d + 2.8 328.3c + 18.8
Th2 0.7d + 0.0 3.0f + 0.1 0.4c,d + 0.0 6.5a + 0.3 25e + 1.1 8.8d + 0.7
o-Pinene 0.2+ 0.0 N/D 0.1+0.0 1048 +7.0 N/D 16.3 £ 0.5
Camphene N/D 0.8 +0.0 N/D 9.9+0.7 3238.9 + 157.4 N/D
B-Pinene N/D 0.7 + 0.0 0.1+ 0.0 11.7 + 0.7 N/D 28.9 + 1.9
Myrcene N/D N/D N/D 144 +1.0 N/D N/D
o-Terpinene 0.4 +0.0 246 +1.2 1.7 £0.1 385.6 + 29.0 11,531.4 + 637.1 N/D
p-Cymene N/D 0.6 +0.0 N/D 124.7 + 9.8 N/D N/D
Limonene 0.8+0.1 3.6+0.2 N/D 36.7 +2.3 N/D N/D
1,8-Cineole N/D 0.2 +0.0 N/D 6.7 + 0.4 N/D N/D
y-Terpinene 1.1+01 15.6 + 0.7 21+01 20+0.1 1990.6 + 160.2 2732 +24.4
Sabinene hydrate 0.3 +0.0 32+0.2 N/D 449+ 3.7 N/D 97.2 +4.2
Linalool 1.9+01 0.4+0.0 N/D 541.6 + 32.7 N/D N/D
Camphor N/D N/D N/D N/D N/D N/D
Borneol N/D N/D N/D N/D N/D N/D
Terpinen-4-ol 22+0.1 1.8 +0.1 0.3+0.0 10.3 £ 0.7 N/D 50.2 + 10.6
a-Terpineol 1.9+0.1 1.1+01 N/D 29.9+1.9 N/D 15.6 + 0.5
Linalyl acetate 1.0+0.1 0.3+0.0 N/D 1257 +9.4 N/D 19.6 + 0.6
Bornyl acetate N/D N/D N/D 0.1+0.0 N/D N/D
Thymol 21+01 6897.1 + 225.0 349 +2.1 N/D 3353.9 + 1334 869.4 + 255.2
Carvacrol 2.8 +0.1 7804.4 + 268.1 349 + 2.5 N/D 3239.6 + 143.0 600.7 + 102.2
B-Caryophyllene 1.7 +0.1 N/D N/D 316 +2.2 N/D 76.5 +3.4

@ N/D = Activity lower than 0.05 units at a maximum assay concentration of 100 mM. X = EO or compound.

Tzt4ORAC > Tzt1ORAC 5 Tzt2ORAC = Th1ORAC = Tz]9ORAC
= Tzt3ORAC = Tz]1ORAC 5 TH2ORAC

The antioxidant activity of each EO is related to its
composition (Table 3), not only the intrinsic antioxidant ac-
tivity of each of the compounds, but also the synergistic and
antagonistic effects among them. Three oxygenated compo-
nents are important for explaining the ORAC value of the EOs,
namely thymol, carvacrol and terpinen-4-ol. The first is the
most important molecule because of its high concentration
and ORAC value (Table 3). Tzt3 had a high concentration of
thymol, but lower concentrations of other antioxidant com-
pounds, such as, linalool, terpinen-4-ol, carvacrol and B-car-
yophyllene. Similar results were reported in another study
with Thymus vulgaris EOs from Barcelona (Spain) [47].

3.4.2. ABTS
The ABTS antioxidant activity is expressed in TEAC units
(umol TE/mL EO) and was (Table 3) as follows:

Tzt428TS 5 Tzt14BTS 5 Tzt3A8TS 5 Tzt2ABTS 5 Th14BTS 5 TZ]114BTS
~ T212ABTS ~ TthBTS

The overall activity is the result of the different activities of
its components (Table 3). Thymol had a great impact in the
ABTS method, the results obtained in this method are strongly
related with the concentration of thymol. The contributions of
the rest of compounds to the ABTS value were less significant.

3.4.3. DPPH
The DDPH antioxidant activity is expressed in TEAC units
(umol TE/mL EO) and was (Table 3) as follows:

Tzt3PPPH 5 T7zt2PPPH ~ Tzt1PPPH =~ Tzt4PPPH 5 Th1DPPPH >
TthPPH ~ TZIZDPPH > TleDPPH

The activity of each individual compound was also studied
(Table 3). Thymol and carvacrol are the molecules with the
highest antioxidant activity in this method, although vy-ter-
pinene contributed significantly to the results.

3.4.4. ChpP
The ChP activity is expressed in EDTAE units (umol EDTAE/mL
EO) (Table 3):

Th2¢P? > Tz12°PP > TZ]1CPP

In this case, only three of the EOs showed great activity
(Table 3).

The highest concentrations of 1,8-cineole and camphor
were found in Th2. The higher concentration of linalool in
Tzl2 was the main difference between Tzll and Tzl2. In the
case of Th2, a high concentration of 1,8-cineole and the low
concentrations of other highly active compounds like a-
pinene, B-pinene, o-terpinene, p-cymene, linalool, terpinen-4-
ol, a-terpineol, linalyl acetate and B-caryophyllene may have
behaved synergistically, making Th2 the most active sample
as regard ChP.
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Phenolic compounds like thymol, with the electronic
density of the oxygen atom delocalized by the action of the
aromatic ring, do not show any ChP (Table 3). Nevertheless,
aromatic and non-aromatic rings without oxygen sub-
stituents had a high chelating activity e.g., a-terpinene and p-
cymene. Also, linalool and linalyl acetate had high ChP, due to
the high electronic densities of the oxygen atoms of the
carbonyl and alcohol groups.

3.4.5. RdP
The RdP antioxidant activity is expressed in AAE units (upmol
AAE/L EO) (Table 3) as follows:

Tzt1R9P > Tzt4RP = Tzt2RIP 5 Tzt3RP 5 Th1RP > ThoRP =
Tz11R¥® =~ TzI2RIP

When the activity of each individual compound was
studied (Table 3), thymol, carvacrol and camphene were seen
to have great influence in this assay.

3.4.6. TBARS

The thiobarbituric acid reactive substances generated by
oxidation were measured and expressed in BHTE units (umol
BHTE/mL EO) (Table 3) as follows:

~ TZtlTBARS > thzTBARS > TthBARS >
~ ThZTBARS

~ Tzt 4TBARS
TleTBARS

TZt3TBARS
TleTBARS

When the activity of each individual compound was
studied (Table 3), thymol was seen to have a strong influence
since the order of the TBARS values reflected the decreasing
concentration of thymol, except in Tzt3. The highest con-
centration of y-terpinene was seen in Tzt3. According to our
results and those mentioned in the literature, y-terpinene has
strong TBARS antioxidant activity [48].

3.5.  Inhibitory activity on LOX

The results of the LOX inhibitory activity were obtained
as described in Section 2.7, measuring the ICso (LL(EO)/L):
Tzt4"°%(54 + 10)¢ = Tzt3"9%(66 + 3)° = Tzt1"9%(67 + 4)° =
Tzt2'9%(73 + 1)¢ = Th1'9%(100 + 5)¢ < Th219%(240 + 35)° =
Tz11'°%(299 + 25)° < Tz12°%(402 + 52)2.

The LOX inhibitory activity of the main commercially
available compounds of thyme EO was tested, providing ICsq (uL
(Compound)/L) values as follows: thymol (23 + 2), limonene
(58 + 5), bornyl acetate (75 + 3), p-cymene (79 + 5), camphor
(422 + 13) and linalool (599 + 8). NDGA was used as the reference
compound (ICsp = 339 + 9 uM), as in other similar studies [49].

The anti-LOX effect of each EO may not be the same as the
sum of the anti-enzymatic activities of its compounds,
because synergistic or antagonistic effects may occur. In our
case, the inhibitory activities of the T. zygis and T. hyemalis EOs
were clearly due to a combination of compounds with high

Table 4 — Antibacterial and antifungal capacities of Thymus sp. EOs and main individual compounds.

EO/compound Escherichia coli Staphylococcus aureus Candida albicans
MIC (uL/mL) MBC (uL/mL) MIC (uL/mL) MBC (uL/mL) MIC (uL/mL) MFC (uL/mL)

Tztl 1.3 1.3 0.2 0.2 1.3 13
Tzt2 1.3 1.3 0.3 0.3 1.3 2.5
Tzt3 1.3 2.5 0.3 0.3 13 1.3
Tzt4 1.3 1.3 0.3 0.3 1.3 1.3
Tzll 25 2.5 1.3 2.5 2.5 5.0
Tzl2 2.5 2.5 1.3 2.5 2.5 5.0
Thl 25 2.5 0.6 13 13 1.3
Th2 5.0 5.0 5.0 5.0 2.5 5.0
o-Pinene 0.6 1.2 24 >2.4 0.6 0.6
Camphene >2.4 >2.4 >2.4 >2.4 >2.4 >2.4
B-Pinene >2.3 >2.3 >2.3 >2.3 >2.3 >2.3
Myrcene >2.6 >2.6 >2.6 >2.6 >2.6 >2.6
o-Terpinene >2.4 >2.4 24 >2.4 >2.4 >2.4
p-Cymene 1.2 2.4 >2.4 >2.4 0.6 0.6
Limonene 2.4 2.4 0.3 0.3 1.2 1.2
1,8-Cineole >2.5 >2.5 >2.5 >2.5 >2.5 >2.5
y-Terpinene >2.4 >2.4 >2.4 >2.4 >2.4 >2.4
Sabinene hydrate >2.2 >2.2 2.2 2.2 >2.2 >2.2
Linalool 1.3 2.7 0.7 1.3 2.7 2.7
Camphor >2.3 >2.3 >2.3 >2.3 >2.3 >2.3
Borneol 11 11 0.3 0.3 0.6 0.6
Terpinen-4-ol 2.5 2.5 1.2 2.5 >2.5 >2.5
a-Terpineol 2.5 2.5 0.6 1.2 >2.5 >2.5
Linalyl acetate >3.3 >3.3 3.3 >3.3 >3.3 >3.3
Bornyl acetate >2.9 >2.9 2.9 >2.9 >2.9 >2.9
Thymol 0.6 0.6 0.1 0.1 0.6 1.2
Carvacrol 1.2 1.2 0.1 0.1 0.6 0.6
B-Caryophyllene >3.4 >3.4 >3.4 >3.4 >3.4 >3.4
Ledene >3.3 >3.3 1.7 1.7 >33 >3.3
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inhibitory activity and high-to-moderate concentration,
namely thymol, p-cymene, limonene and linalool.

3.6. Antimicrobial activity: determination of MIC and
MBC or MFC

The results show that T. zygis chem. thymol EOs (Tzt1, Tzt2,
Tzt3 and Tzt4) are more effective against S. aureus (Gram +)
than E. coli (Gram —) and C. albicans (yeast) (Table 4). The MIC
values for P. aeruginosa (Gram —) were higher than 10 pL/mL
with all the EOs tested. These results are similar to other
studies with EOs from Thymus saturejoides [50] and Etlingera
fimbriobracteata [S1]. The two samples of T. zygis chem. linalool
EOs (Tzl1 and Tzl2) were effective against S. aureus due to the
high amount and activity of linalool (Table 4). T. hyemalis EOs
showed fewer differences between the tested microorganisms
because of the lower amounts of thymol and linalool. For both
S. aureus and C. albicans, sample Th1l was highly effective,
probably due to the high amount of thymol and p-cymene. All
the EOs tested showed bactericidal effects because the MBC/
MIC was lower than 4, as mentioned for Annona senegalensis
[52].

4, Conclusions

T. zygis and T. hyemalis EOs contained seven common prin-
cipal biomolecules: a-pinene, myrcene, a-terpinene, p-cym-
ene, y-terpinene, linalool, and terpinen-4-ol. Thymol was the
main biomolecule for T. zygis while 1,8-cineole was present at
a high concentration in T. hyemalis samples. Oxygenated
monoterpenes accounted for more than 46% of the total
compounds, alcohol being the most abundant functional
group, except for Th2, in which ether was the most abundant
functional group. Great variability between samples was
found, even in the case of the same species and chemotype,
mainly due to the different bioclimatic zones in which the
plants were grown. The multivariate statistical analyses (PCA
and AHC) revealed the similarities (%) within the EO samples
of each cluster: (1) Tzt1, Tzt4 and Tzt3 with 74.8% similarity; (2)
Tzt2 and Thl with 76.1% similarity; (3) Tzll and TzI2 with
95.6% similarity; (4) Th2 with 30.9% similarity respect to other
clusters.

Some concentrations of characteristic biomolecules, like y-
terpinene, linalool and thymol, were found to exceed ISO
limits in some samples, underlining the EOs as good sources
of these biomolecules.

The enantiomeric profile showed that (R)-(+)-a-pinene, (R)-
(+)-limonene, (R)-(—)-linalool, (1S, 2R)-(-)-borneol, (1R, 9S)-
(—)-E-B-caryophyllene and (1R, 4R, 6R, 10S)-(—)-caryophyllene
oxide were the predominant enantiomers in Spanish Thymus
sp. This data could be useful for assessing the origin and the
authenticity of the EOs.

T. zygis and T. hyemalis EOs showed good antioxidant ca-
pacities compared with reference antioxidants due to the
complex mixture of compounds they contained. Nevertheless,
the main contributors to the overall bioactivity can be iden-
tified as thymol and linalool.

As regard their potential use as anti-inflammatory agents,
both T. zygis and T. hyemalis EOs were able to inhibit LOX

activity, due to some of their individual compounds. These
included thymol, p-cymene, linalool and limonene due to
their high concentrations in the EOs.

Thymus EOs are effective antimicrobial and antifungal
agents, which is mainly attributable to the high concentration
of thymol, linalool and p-cymene, and the high activity shown
by thymol and carvacrol.

Generally, T. zygis thymol chemotype was the most
effective as regard all antioxidant, anti-enzymatic and anti-
microbial bioactivities, mainly due to its higher concentra-
tion of thymol. The only exception was the Chelating Power,
in which case the 1,8-cineole chemotype of T. hyemalis was
more active.

The biochemical compositions and bioactivities of T. zygis
and T. hyemalis EOs described in this study include absolute
concentrations and chiral characterizations, which have not
usually been reported in previous studies, but which are
crucial for ascertaining the pharmacological and industrial
potential applications of the studied EOs from Murcia (S.E.
Spain).
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