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A B S T R A C T

Garden thyme (Thymus vulgaris L.) is well known for its aromatic, anti-pathogenic and antioxidant properties and
is commonly cultivated for ornamental, culinary and medicinal uses. The aim of this study was to induce
ployploidy in T. vulgaris in order to obtain tetraploid plants (2n=4x=60) with enhanced morphological traits
and increased essential oil content from diploid plants (2n=2x=30) using in vitro-induced polyploidization.
Nodal segments were treated with four different concentrations of oryzalin (20, 40, 60 and 80 μM) for 24 and
48 h. The ploidy levels of treated and regenerated plants were determined by flow cytometry analysis. The
chemical composition of hydrodistilled essential oil was analysed by gas chromatography with quadrupole time-
of-flight mass spectrometry systems. Oryzalin treatment resulted in three tetraploid plants at a concentration of
80 μM for 24 h. Obtained tetraploid plants presented several morphological changes (increased plant weight,
height, leaf length, breadth and thickness) in comparison to diploid plants. Furthermore, polyploidization de-
monstrated an increase in the production of secondary metabolites; tetraploids yield of essential oil increased
from 0.81 % to 1.19 % and the content of several main components increased, including thymol and carvacrol by
18.01 % and 0.49 %, respectively. The obtained genotype could be implemented as a new variety for commercial
production of garden thyme.

1. Introduction

Thymus vulgaris L., commonly known as garden thyme or common
thyme, is a perennial aromatic plant from the Lamiaceae family fre-
quently cultivated for its ornamental, culinary and medicinal uses. It is
the most commercially cultivated species in the genus Thymus (Stahl-
Biskup and Sáez, 2002). Dietary trends in recent decades increased the
demand on culinary herbs (Rowland et al., 2018). In the European
Union, the cultivation area of aromatic, medicinal and culinary plants
increased from 176 in 2015 to 220 thousand hectares in 2018 (Eurostat,
2019). Thanks to anti-pathogenic and antioxidant properties, thyme
essential oil is being intensively used in several fields—mainly in the
medication, agriculture and food industries. It is traditionally used for
the treatment of various complaints of respiratory tract and digestive
system issues and for its antimicrobial effects, among others (Salehi
et al., 2018). These effects are attributed to phenolic acids and other
phenols and especially to the essential oil, which consists mainly of
thymol, carvacrol, geraniol, α-terpineol, 4-thujanol, linalool, 1,8-

cineole, myrcene, γ-terpinene and p-cymene. The abundance of major
components relies greatly on plant chemotype, whereas thymol che-
motype is considered the most widespread (Mandal and DebMandal,
2016; Trindade et al., 2018). In nature, essential oils play an important
role in plant protection as antiviral, antibacterial, antimycotic, in-
secticide and also against herbivores (Bakkali et al., 2008). Thanks to
these properties, various plant essential oils can be used as a ther-
apeutic or adjuvant agents in the pharmaceutical industry (Edris, 2007;
Kokoska et al., 2018), as aromas, flavourings and natural preservatives
in the food industry (Mandal and DebMandal, 2016; Pandey et al.,
2017) and, finally, as biosphere-friendly and biodegradable substances
for plant protection in agriculture (Pavela and Benelli, 2016). These
claims fit very well to the thymol chemotype T. vulgaris oil since
thymol, as the main active compound, exerts antimicrobial (Marchese
et al., 2016), anti-inflammatory, antioxidant and immunomodulatory
activity and is effective against various disorders of the respiratory,
cardiovascular and nervous systems, among others (Salehi et al., 2018).
Therefore, it finds a broad spectrum of applications in the food (Mandal
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and DebMandal, 2016; Pandey et al., 2017) and pharmaceutical in-
dustries (Edris, 2007; Kokoska et al., 2018). Moreover, T. vulgaris and
thymol are very promising agents for the protection of agriculture crops
and stored products (Matusinsky et al., 2015; Park et al., 2017;
Sellamuthu et al., 2013).

From the economic point-of-view, the plant biomass yield and es-
sential oil content and quality is crucial. This can be affected by various
factors, including nutrition, manure application, water stress, seasonal
variation or processing (Askary et al., 2018; Lemos et al., 2017; Pavela
et al., 2018). According to Neocleous and Ntatsi (2018), seasonal var-
iations affected total phenolics and ascorbic acid contents in thyme,
mint, balm and basil, resulting in the highest antioxidant activity in all
herbs harvested in summer. However, genetic predisposition is the
basic prerequisite; thus, variety selection and plant breeding are other
factors that influence the quality and yield of essential oils. One of the
methods of plant breeding is induced polyploidization that affects
plants genome, phenotype, physiology and metabolome (Iannicelli
et al., 2020; Tan et al., 2019). Thus, polyploidization allows us to obtain
new genotypes with improved morphological, physiological and bio-
chemical properties (Salma et al., 2017). Chromosome multiplication is
typically accompanied by cell size increase, consequently by the en-
largement of plant organs. Its effect on the production of primary as
well as secondary metabolites has also been described in many studies
(Fernández et al., 2013; Iannicelli et al., 2020; Tan et al., 2017;
Zahumenická et al., 2018). Colchicine, trifluralin and oryzalin are the
most frequently used antimitotic agents to induce polyploidy that re-
sults in chromosome doubling (Salma et al., 2017). The tetraploid in-
dividuals then often outperform the diploid mother plants in morpho-
logical traits, genetic adaptability and tolerance to environmental
stresses and—a very important feature in aromatic plants—increments
in biomass and bioactive compounds content (Iannicelli et al., 2016).
For instance the chromosome doubling of Anemone sylvestris resulted in
tolerance to artificial infection of Phytophthora plurivora and has pre-
viously displayed tolerance to biotic and abiotic stresses (Sediva et al.,
2019). The usefulness of polyploidization has been proved in various
medicinal plants, including Matricaria chamomilla (Sattler et al., 2016),
Dracocephalum moldavica (Yavari et al., 2011), Pogostemon cablin (Wu
and Li, 2013) and Tetradenia riparia (Hannweg et al., 2016) where the
morphological changes were accompanied with increased essential oil
yield. Although, recently, the polyploidy was induced also in Thymus
persicus, where tetraploid plants showed a significant increase in tri-
terpenoid content compared to diploid plants (Tavan et al., 2015), there
are no reports on artificial polyploidization and its effect on essential oil
quality and yield in T. vulgaris.

Therefore, the objective of this study was the in vitro-induction of T.
vulgaris autotetraploid plants in order to obtain new genotypes with
improved horticultural features and higher essential oil yield.

2. Materials and methods

2.1. Chemicals

MS medium (Murashige and Skoog, 1962) for in vitro plant propa-
gation was obtained from Duchefa Biochemie (Haarlem, NL). All che-
micals used for sterilization (ethanol, sodium hypochlorite (NaClO),
Tween 20), autopolyploid induction (oryzalin (C12H18N4O6S), dimethyl
sulfoxide (DMSO)) and flow cytometry analysis (citric acid (C6H8O7),
sodium hydrogen phosphate (Na2HPO4) and fluorescent dye DAPI (4 ́,6-
diamidino-2-phenylindole)) were obtained from Sigma-Aldrich
(Prague, CZ) as well as the authentic standards α-Pinene, β-Pinene, β-
Myrcene, α-Terpinene, p-Cymene, Eucalyptol, γ-Terpinene, Linalool,
Thymol, Carvacrol and β-Caryophyllene for the confirmation of the
essential oil constituents identification. Essential oil samples were dis-
solved in hexane (Merck, Prague, CZ) prior to chemical analysis. An-
hydrous sodium sulphate (Lach-Ner, Neratovice, CZ) was used to re-
move excess moisture from essential oils after distillation.

2.2. Plant material

T. vulgaris (2n=2x=30) was obtained from the plant collection of
Faculty of Tropical AgriSciences, Czech University of Life Sciences
Prague, Czech Republic. The plants were maintained under greenhouse
conditions in plastic pots (5×5 cm), containing a sand:soil:peat
moss:vermiculite (1:1:1:1;v/v) mixture. The average greenhouse tem-
perature was 22.5 °C, and the relative air humidity ranged from 70 % to
80 %.

2.3. In vitro plant multiplication

Shoot segments (1.5 cm long) from a single mature plant were
sterilized and then cultivated on MS medium under in vitro conditions.
Nodal segments were washed thoroughly under running distilled water
for 1 h, soaked with 70 % ethanol for 30 s, sterilized with 1 % NaClO
solution containing two drops of Tween 20 for 25min and then rinsed 3
times with sterilized distilled water. Each nodal segment was cultured
in test tubes on MS medium supplemented with 3 % (w/v) of sucrose
and 0.8 % (w/v) of agar. No plant growth regulators (PGRs) were added
to the medium. The cultures were incubated in a cultivation box (POL-
EKO ILW350/350 STD) at 25/20 ± 0.3 °C and a 16/8 h (light/dark)
photoperiod with a light intensity of 2500 lx provided by cool white
fluorescent lamps (Philips LT5 14W/840). Plants were multiplied for 2
months then used for polyploid induction.

2.4. Autopolyploid induction

Prior to polyploidy induction, nodal segments were cultivated for 2
days on MS medium free of PGRs, subsequently treated for 24 and 48 h
with 20, 40, 60 and 80 μM of oryzalin dissolved in 1 % DMSO solution.
A total of 40 nodal segments were treated in each concentration. After
the treatment, influenced nodal segments were removed from the or-
yzalin solution, rinsed three times in sterilized distilled water and cul-
tivated individually on the same multiplication medium for the re-
generation of the new shoots. Three months after multiplication, the
ploidy level was determined using a flow cytometer.

2.5. Flow cytometry analysis

Small parts of leaf tissue were chopped using a razor blade in a Petri
dish containing 500 μL of Otto I buffer (0.1M C6H8O7, 0.5 % Tween
20). Samples of crude suspension containing the isolated nuclei were
subsequently filtered through a 50 μM nylon mesh. The second step was
to dye the nuclei; as such, 1mL of Otto II buffer (0.4M Na2HPO4·12
H2O) containing fluorescent dye DAPI in 2 μg/mL concentration was
added to the filtered samples. All measurements to detect ploidy levels
were executed in relative fluorescence intensity of at least 3000 nuclei

Table 1
Effect of in vitro oryzalin treatment on the survival rate and number of poly-
ploids in T. vulgaris.

Oryzalin
concentratin
(μM)

No. of
explants
treated
(nodal
segments)

Treatment
duration
(h.)

Survival
rate (%)

No. of
tetraploid
plants

Polyploidizatin
efficiency (%)

20 40 24 32.5 0 0
40 48 25 0 0

40 40 24 25 0 0
40 48 25 0 0

60 40 24 12.5 0 0
40 48 5 0 0

80 40 24 32.5 0 0
40 48 15 3 7.5

Total 320 3
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and were recorded using a Partec PAS flow cytometer (Partec GmbH,
Münster, DE) equipped with a high-pressure mercury arc lamp.
Histograms of DNA content were evaluated using the Flomax software
package. The stability of ploidy level was retested after 6 months.

2.6. Quantitative and morphological evaluation

In vitro cultivated plants with well-developed root systems (diploid
and tetraploid) were removed from MS medium and transferred to
plastic pots (5×5 cm) containing a sand:soil:peat moss:vermiculite
(1:1:1:1;v/v) mixture. The plants were maintained for 1 week in a
greenhouse covered with polythene bags under high humidity, and then
the humidity was gradually lowered. The percentage of ex vitro survival
was evaluated after 5 weeks.

Quantitative (fresh and dry weight) and morphological (plant
height, number of branches, main plant thickness, branch thickness,
length of branches, internodal distances of main stem, internodal dis-
tances of branches, leaf length, leaf breadth and leaf thickness) analyses
were done after 12 months of growth under greenhouse conditions.

2.7. Essential oils isolation and analysis

Essential oils were extracted from dried samples by hydrodistillation
using a Clevenger-type apparatus for 3 h. Then, the samples were dried
over an anhydrous sodium sulphate and stored in air tight glass vials in

the dark at 4 °C up until chemical analysis.
Chemical composition was analysed quantitatively using gas chro-

matograph Agilent 6890A GC with a flame ionisation detector (FID),
whereas individual components were identified using an Agilent 6890A
GC coupled with a quadrupole time-of-flight (Q-TOF) mass detector.
Both instruments were equipped with a non-polar HP-5MS (30m x
250 μM x 0.25 μM) column (Agilent, Santa Clara, CA, USA). One milli-
litre of sample diluted 1:1000 in hexane was injected in a split ratio of
12:1 into an inlet preheated to 250 °C. Helium was used as a carrier gas
at the flowrate of 1mL/min. The temperature program started at 60 °C
for 3min, then the temperature was increased up to 231 °C at the rate of
5 °C/min and kept constant for another 10min. The FID detector was
heated to 250 °C. MS analysis was carried out in full scan mode, and the
electron ionization energy was set to 70 eV. The identification of in-
dividual components was based on the comparison of their mass spectra
and relative retention indices with the National Institute of Standards
and Technology Library (NIST, USA) and literature (Adams, 2007) as
well as co-injection of authentic standards.

2.8. Statistical analysis

Statistical analysis of the data obtained from quantitative and
morphological evaluation of the tetraploid and diploid (control) plants
were performed using the statistical software InfoStat 2016 (National
University of Cordoba, AR). The one-way ANOVA (analysis of variance)

Fig. 1. Histogram of relative DNA content with a peak corresponding to G0/G1 nuclei of the control plant (diploid plant) on Channel 100.

Fig. 2. Histogram of relative DNA content with a peak corresponding to G0/G1 nuclei of tetraploid plant on Channel 200.
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test was used to compare individual groups. The Tukey post-hoc test
was applied to find means that were significantly different from each
variant. For the test, differences were considered significant at
P<0.05.

3. Results

3.1. Chromosome doubling

The survival rate of 320 oryzalin-treated plants in total ranged from
5 % to 32.5 %, whereas the highest rate was obtained at the lowest
oryzalin concentration of 20 μM. The thyme regeneration percentage
was also affected by the exposure duration, with a higher percentage in
the 24 h group than in the 48 h group (Table 1).

From the 320 treated plants with oryzalin, 60 (18.75 %) plants
survived. After being cultivated 3 times, the 60 surviving plants were
screened by flow cytometry to determine their ploidy levels.
Measurements were carried out 3 months after the oryzalin treatment.
According to the flow cytometric analysis, concentrations of 20, 40 and
60 μM of oryzalin had no effect on polyploidy induction. Three geno-
types (Tv1, Tv2 and Tv3) were obtained at the highest concentration of
80 μM for 48 h (Figs. 1, 2 ).

With only 3 tetraploid plants obtained out of 40 treated nodal
segments in this variant, the polyploidization efficiency was 7.5 %.
During propagation, two genotypes (Tv2 and Tv3) did not produce a
root system and eventually developed necrosis and perished. Plants
with well-developed root systems were further multiplied. In total, 20
tetraploid and 20 control diploid plants were transferred to ex vitro
conditions. The conversion survival rate of plants in ex vitro conditions
was 85 % and 90 % in tetraploid and control diploid plants, respec-
tively.

3.2. Morphological characteristics

Newly acquired tetraploids exerted distinctly different morpholo-
gical characteristics from the mother diploid plants (Figs. 3, 4 ).

After 12 months of growing under greenhouse conditions, tetraploid
plants showed a statistically significant increase in main plant thickness
(217 %), leaf length (136 %), leaf breadth (159 %), leaf thickness (145
%) and plant height (200 %) (Table 2).

These morphological changes in tetraploid T. vulgaris led to vigorous
growth of the plant, which was translated in an increase in fresh plant
weight (257 %) and dry plant weight (300 %) (Table 3).

3.3. Essential oil composition

The essential oil content was markedly higher in tetraploid plants.
The yields were 0.81 % and 1.19 % w/v for the diploid and tetraploid T.

Fig. 3. In vitro morphological variation between T. vulgaris control plant (A)
and oryzalin induced tetraploid plant (B) after 2 months of growing in test tubes
on MS medium.

Fig. 4. Morphological variation between T. vulgaris diploid plant (A) and oryzalin induced tetraploid plant (B) cultivated for 12 months under greenhouse conditions.
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vulgaris, respectively.
In our study, the chemical analysis of thyme essential oil revealed

thymol (30.31 % and 48.32 %), p-cymene (23.33 % and 13.2 %) and γ-
terpinene (19.08 % and 12.82 %) as the major components, together
representing 72.72 % and 74.34 % of the total oil composition of di-
ploid and tetraploid T. vulgaris, respectively (Table 4).

Comparing with the mother plant, there was a remarkable 1.6-fold
increase in thymol production observed in tetraploid plants, followed
by camphor production that increased from almost trace content to
1.54 %. This increase was compensated proportionally by the decreased
content of thymol precursors p-cymene (10.13 %) and γ-terpinene (6.26
%), followed by β-caryophyllene (2.5 %) and linalool (1.16 %). The
changes in the content of other components did not exceed 1 %. When
comparing the ratio of the percentage content of the three major con-
stituents, a significant increase in the thymol/p-cymene (from 1.3 to
3.7) and thymol/γ-terpinene ratios (from 1.6 to 3.8) can be noticed in
the tetraploid plant.

4. Discussion

4.1. Chromosome doubling

In vitro polyploidization using different microtubule inhibitors is a
rapid method for obtaining polyploid plants with enhanced features.
This requires the performance of test series in order to determine the
most effective antimitotic agent, its concentration and treatment
duration (Dhooghe et al., 2011). The survival percentage of T. vulgaris
correlates with previously published data for other Lamiaceae species,
where (1) the P. cablin survival rate increased from 9.52 % to 66.67 %
with the decrease of colchicine concentration (Wu and Li, 2013) and (2)
the regeneration percentage of Scutellaria viscidula decreased from 83.3
% to 13.3 % with the increase of the treatment time from 6 to 36 h
(Huang et al., 2014). On the other hand, only the highest intensity of
oryzalin treatment resulted in obtaining polyploid T. vulgaris in-
dividuals, whereas the concentration-dependent polyploidization effi-
ciency varies in other studies within the Lamiaceae species (Tavan
et al., 2015; Wu and Li, 2013; Yavari et al., 2011). The formation of a
root system is of high importance in the ex vitro transfer stage. Ac-
cording to Tavan et al. (2015), tetraploid T. persicus plants have shown
a delay in rooting in comparison to control diploids, whereas tetraploid
T. vulgaris plants showed no difference in growth rate in comparison to
control diploids in our study. Our results account for the first in vitro-
induced polyploidization of T. vulgaris using oryzalin. Polyploidy has
recently been successfully induced also in a related species, T. persicus,
using colchicine (Tavan et al., 2015). Colchicine is still the most pre-
ferred agent for polyploidy induction (Salma et al., 2017; Eng and Ho,
2019); nevertheless, oryzalin can be more effective and result in better
plant quality than colchicine in some cases (Gallone et al., 2014;
Geoffriau et al., 1997; Greplova et al., 2009) probably due to higher
oryzalin affinity in binding to plant microtubules (Allum et al., 2007;
Dhooghe et al., 2011).

4.2. Morphological characteristics

The outcome of polyploidization is often clear in morphological
traits where synthesized plants exhibit enlarged cells and organs (ZhangTa
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Table 3
Comparison of fresh and dry weight (g) between diploid and tetraploid plants.

Variants Fresh plant weight (g) Dried plant weight (g)

Diploid 3.22 ± 1.92a 1.00 ± 0.55a

Tetraploid 9.72 ± 1.35b * 2.72 ± 0.39b *

a,b,cMeans within the same row with different superscripts differ (* P< 0.05 –
*** P< 0.001).
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et al., 2010). Due to genomic DNA duplication, the autopolyploid T.
vulgaris displayed different agronomic traits from their diploid coun-
terparts whilst the main statistically significant differences were re-
corded in leaf parameters and growth vigour of the diploid and tetra-
ploid thyme. Phenotypic variations following the autopolyploidization
of Ponkan mandarin (Citrus reticulata), altered several morphological
traits where autotetraploid leaves, flowers, fruits and seeds were larger
in comparison to the diploid Ponkan (Tan et al., 2019).

Similarly, changes in morphology have previously been observed,
e.g. in S. viscidula with tetraploids producing larger roots, stems and
leaves in comparison to diploids (Huang et al., 2014) and T. riparia,
where tetraploid plants had thicker leaves and more rounded and
highly-lobed leaf margins compared to diploids. Likewise, auto-
tetraploid Chinese jujube (Ziziphus jujuba) increased leaf width by 52.83
% compared with the diploid it was induced from (Wang et al., 2019),
and Liu et al. (2019) studied artificial triploid Loquat (Eriobotrya japo-
nica) which had larger and greener leaves along with more vigorous
growth than their diploid and tetraploid progenitors. Contrary to our
results, Tavan et al. (2015) has previously reported that T. persicus
plants had significantly shorter internode lengths and overall plant
heights comparing to diploids, which was probably caused by the delay
in rooting of tetraploid plants.

4.3. Essential oil composition

The increase in essential oil content in tetraploid individuals has
previously been observed also in other species belonging to Lamiaceae
(Hannweg et al., 2016; Wu and Li, 2013; Yavari et al., 2011) as well as
to other families of aromatic plants (Iannicelli et al., 2016; Noori et al.,
2017; Tsuro et al., 2016).

Considering the common variability in essential oil composition,
even within a single species, it is not surprising that not only the es-
sential oil yield but also its volatile profile and concentration of active
constituents is affected by polyploidization (Sattler et al., 2016). Cor-
respondingly, Noori et al. (2017) has reported almost 20 % higher
thymol content in the essential oil derived from Trachyspermum ammi
seeds. Although the increase in secondary metabolites has frequently
been reported (Iannicelli et al., 2020), opposite effect has been de-
scribed in some recent studies. According to Tan et al. (2015, 2017,
2019), secondary metabolites such as flavones, phenylpropanoids and

terpenoids, tended to decrease in favour of increased production of
primary metabolites in polyploid plants of Citrus junos, C. reticulata and
Poncirus trifoliata. It has been assumed, that the primary metabolism
enhancement in polyploid plants probably helps to relieve genomic
stress and to promote vitality and growth.

5. Conclusion

Using oryzalin-induced polyploidy in vitro, a new autotetraploid
genotype of T. vulgaris species was obtained for the first time. The
polyploidization effectiveness was clear in morphological character-
istics, where vigorous growth of the tetraploid plants was translated in
an increase in fresh and dry plant weight. Simultaneously the essential
oil yield and thymol content was increased. The newly produced ge-
netic material provides a food crop rich in antioxidants with potential
for commercial production. Other agronomic characteristics of the
tetraploid garden thyme like biotic and abiotic stress tolerance/re-
sistance will be assessed further.
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Table 4
Chemical composition of essential oils obtained from aerial parts of diploid and tetraploid T. vulgaris.

Compound RIa Tetraploid Diploid Identificationd

observed publishedb (%)c (%)

α-Thujene 931 931 1.28 ± 0.001 0.99 ± 0.001 MS, RI
α-Pinene 938 939 1.20 ± 0.002 0.73 ± 0.001 MS, RI, Std
Camphene 953 953 1.35 ± 0.002 0.61 ± 0.001 MS, RI
β-Pinene 980 980 1.16 ± 0.001 1.04 ± 0.003 MS, RI, Std
β-Myrcene 992 991 1.58 ± 0.000 1.62 ± 0.001 MS, RI, Std
α-Terpinene 1019 1018 1.67 ± 0.001 1.64 ± 0.002 MS, RI, Std
p-Cymene 1028 1026 13.20±0.006 23.33±0.011 MS, RI, Std
Eucalyptol 1035 1033 1.69 ± 0.000 2.10 ± 0.001 MS, RI, Std
γ-Terpinene 1063 1062 12.82±0.004 19.08±0.009 MS, RI, Std
Cis-sabinene hydrate 1070 1068 1.38 ± 0.002 1.27 ± 0.001 MS, RI
Linalool 1100 1098 1.77 ± 0.009 2.93 ± 0.008 MS, RI, Std
Camphor 1148 1143 1.54 ± 0.002 0.08 ± 0.001 MS, RI
Borneol 1169 1165 1.75 ± 0.013 1.59 ± 0.004 MS, RI
Thymol 1294 1290 48.32±0.046 30.31±0.009 MS, RI, Std
Carvacrol 1302 1298 2.67±0.004 2.18±0.002 MS, RI, Std
β-Caryophyllene 1422 1418 1.08 ± 0.002 3.58 ± 0.001 MS, RI, Std
Total identified 94.48 93.07

aKovat’s retention indices (HP-5MS capillary column); b Data taken from Adams (2007); c Mean ± SD (n=3); d Identification method: MS=based on comparison of
mass spectra with those of National Institute of Standards and Technology Library, RI= comparison of retention indices with literature, Std= confirmed by co-
injection of authentic standards.
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