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Abstract: Solar ultraviolet (UV) radiation mainly includes UVA (320–400 nm). UVA intensity varies
depending on the season and geographic location, while it is projected to rise owing to climate change.
Since it elicits secondary metabolism, additional knowledge on the UVA dependence of phytochemical
production is required for both farmers and processors, particularly under natural settings. In this
field study, the pheno-morphological traits and essential oil composition responses to UVA intensity
were addressed in three Thymus species [T. daenensis (endemic to Iran), T. fedtschenkoi (semi-endemic),
T. vulgaris (common thyme)]. During growth, three UVA levels (ambient, enriched, excluded) were
realized in combination with spraying protectants [water (control), melatonin, glutathione, iron-zinc
nanofertilizer]. In T. daenensis, enriched UVA caused early flowering. The height of T. daenensis was
the longest under enriched UVA, and the shortest under excluded UVA. In control plants, enriched
and excluded UVA stimulated the accumulation of oxygenated metabolites in T. daenensis and T.
fedtschenkoi. Altogether, under enriched UVA some phenolic compounds (e.g., thymol, carvacrol,
γ-terpinene) increased in the essential oil of all three species, but others decreased. In all taxa,
glutathione caused a significant essential oil content reduction. Iron-zinc nanofertilizer increased
essential oil accumulation in T. daenensis and T. vulgaris. Treatments also induced an alteration of
the essential oil composition. In conclusion, cultivation regime effects on the essential oil quality
(composition) and quantity were strongly species dependent. T. deanensis underwent the most
consistent enhancement under UVA, making the species more adaptable to climate change, whereas
T. fedtschenkoi the least.

Keywords: glutathione; iron-zinc nanofertilizer; melatonin; T. daenensis; T. fedtschenkoi; T. vulgaris

1. Introduction

Although most chemical substances are currently synthetic, plants remain an im-
portant source of pharmaceuticals and other compounds employed in a wide range of
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industries [1,2]. For instance, as much as 25% of prescription medicines are sourced directly
or indirectly from herbal products [3]. Notably, the demand for plant material employed for
medicines, perfumery, cosmetics and food additives currently shows an upward trend [4,5].
Among plant-derived compounds, essential oils have received considerable attention
owing to their unique properties [6,7]. The endogenous production and composition of
essential oil are mediated by the secondary metabolism, which is considerably influenced
by environmental conditions during cultivation [8,9].

The solar ultraviolet (UV) spectrum mostly (up to 95%) includes UVA (320–400 nm).
UVA levels strongly vary depending on the season and geographic location. They are
projected to rise globally owing to anthropogenic climate change. UVA radiation exerts a
large impact on agricultural ecosystems [10,11]. Similar to other abiotic stressors, UVA has
both direct and indirect implications on metabolism, modifies biochemical composition,
and thus activates the synthesis and accumulation of secondary metabolites, including
phenolic compounds [12–14]. In several instances, the UVA activation of secondary metabo-
lites has been associated with improved product quality [15]. In medicinal plants, for
instance, up-regulation of secondary metabolite biosynthesis has been related to increased
value [12,16,17]. In this context, knowledge regarding secondary metabolite biosynthesis in
response to UVA radiation, besides having an intriguing ecological role, is particularly rele-
vant for both farmers and processors [4,6,17]. In instances where UVA exceeds a threshold
level, adverse effects on plants are rapidly evident [18,19]. Exogenous application of vari-
ous bioactive compounds (e.g., melatonin, glutathione, various nanofertilizers) has been
documented to enhance tolerance against a series of abiotic stressors, including UV [20–24].
Among others, the enhanced tolerance following application of these compounds has been
related to oxidative stress alleviation through reactive oxygen species scavenging [24–27].
Therefore, exploring their amelioration effect in the context of targeted manipulation of
secondary metabolism is of significant interest to the related industry.

The UVA effect on secondary metabolite biosynthesis has mostly been addressed in
indoor environments (growth chambers or greenhouses), while relevant work in outdoor
settings is scant. In controlled environments, however, the temporal and spatial variability
in environmental conditions is much less pronounced than in natural environments. For
instance, light intensity is often lower than outdoors, while spectral composition generally
differs considerably compared to solar light. Therefore, field studies with experimentally
modulated UVA levels are valuable in gaining a better insight into the UVA effects on
secondary metabolite biosynthesis [28,29].

Owing to its unique aromatic and medicinal properties, the genus Thymus spp. (Lami-
aceae) has gained global popularity and economic importance. It naturally grows in
rangelands and rocky-gravelly grounds of high altitudes, with the Mediterranean region
being the center of diversity [30,31]. In this region, prevailing conditions allow a great
potential of receiving UV radiation [28,31,32].

The present study aimed to investigate the response to UVA radiation and to the
application of protectants. The generated baseline information on the specific effects of
UVA on essential oil composition may be employed to identify the most suitable conditions
correlating with desired metabolite biosynthesis. The obtained knowledge is also of signifi-
cant interest in predicting product quality and pharmaceutical properties in a changing
climate perspective.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

In an outdoor setting, the pheno-morphological traits and essential oil composition
responses to UVA radiation were investigated in three Thymus species. T. daenensis Celak
(Figure 1) is endemic to Iran, and its essential oil mainly contains the phenolic compound
thymol (78.1%) [33]; T. fedtschenkoi Ronniger (Figure 1) is semi endemic to Iran, and its
major (83.1%) essential oil component is the acyclic monoterpene alcohol linalool [34];
T. vulgaris L. (common thyme) is widely cultivated and studied, and it was considered
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for comparison. It is native to the southern European and the Mediterranean region [35].
Although differences among T. vulgaris chemotypes have been documented, the major
essential oil components generally consist of thymol, p-Cymene, γ-terpinene, and car-
vacrol [36,37]. During cultivation, three UVA levels (ambient, enriched, excluded) were
realized in combination with exogenous application of different protectants (melatonin,
glutathione, iron-zinc nanofertilizer).
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Figure 1. Flowering plants of Thymus daenensis (left panel) and T. fedtschenkoi (middle panel). The
rosette form of the latter species is also provided (right panel).

According to national guidelines and under the auspices of Lorestan University (Khor-
ramabad, Iran), T. daenensis and T. fedtschenkoi propagules were collected from their natural
habitats situated at the mountains of Malayer (34◦15′ N, 48◦35′ E, 1840–1850 m) and
Soobashi (34◦11′ N, 48◦15′ E, 2430–2440 m), respectively. Species identification was per-
formed by an expert by using Voucher specimens (herbarium numbers 36614 and 36622,
respectively), which are deposited at the Herbarium of College of Agriculture and Natural
Resources (Tehran University, Iran). T. vulgaris plants were obtained by the Hamedan
Botanical Garden (Tehran, Iran). Plants were propagated by division. For each species,
propagules were obtained from the same (mother) plant and were thus considered identi-
cal clones.

The field experiment was performed in the research garden of the University of
Malayer (34◦15′ N, 48◦51′ E, 1814 m). Plantlets were transplanted (0.2 × 0.4 m) to the
field on the beginning of March 2016. In order to achieve the same starting material, all
plants were pruned at 5 cm above ground level at the end of April. At the end of May
(i.e., 30 d following pruning), UVA treatments were realized and performed till the final
harvest. Protectant treatments were initiated 5 d after UVA treatment and were repeated
(5 d intervals) till the final harvest. The final harvest was carried out at the end of August
2016. During cultivation, plants were watered once a week. When necessary, weeds were
manually removed. Pesticide application was not required. Before applying the treatments,
humic acid (2.5 mL L−1) fertilization was performed twice.

In control UVA plots, plants received solar light. In enriched UVA plots, plants received
solar light, which was supplemented by fluorescent UVA-340 lamps (Q-Lab, Cleveland,
OH, USA). The emission peak of these lamps was at 340 nm (Figure 2) [38]. Wavelengths
below 320 nm (i.e., UVB) were blocked by wrapping the lamps with a specific polyester
filter. Supplemental lighting was daily provided for 3 h at noon (11:00–14:00 h). In order
to reduce shading (by lamps and supporting frames), plots were located in an east-west
orientation. The lamps were mounted on steel frames. These were placed at the northern
margin of each plot. In this way, the main axis of the lamps was perpendicular to the plant
row. The distance between lamps was 0.25 m, while the distance from the center of each
plot was 0.5 m. The latter distance was maintained constant throughout the experimental
period. To prevent UVA contamination among plots, transparent polycarbonate sheets
(allowing no transmission below 400 nm) were placed along the four sides of each plot.
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Figure 2. The spectral irradiance emitted by the employed UVA lamps, as compared to that of
sunlight assessed on a clear day at solar noon. During cultivation, supplementary light wavelengths
below 320 nm (i.e., UVB) were blocked by wrapping the lamps with a specific polyester filter.

In excluded UVA plots, plants received solar light, by which UVA was excluded by
using a specific filter. Filters were mounted on steel frames. The roof of the frame structure
(parallel to the soil) was covered by the filter, whereas the four sides (perpendicularly
to the soil) were not covered to ensure air circulation. Transparent polycarbonate sheets
were employed as filters, showing no transmission below 400 nm. Over each plot, the
frame structure was erected in the north–south direction (having a 26◦ slope towards the
south). At the south-face front, a 0.5 m distance from the soil was considered, while at the
north-face front the respective distance was 1.2 m. These frame orientation and dimensions
ensured that solar radiation could reach the plant only after passing through the filter.

In each main plot, randomly selected sub-plots received repeated (5 d intervals) foliar
spray applications of one protectant treatment (control, melatonin, glutathione, iron-zinc
nanofertilizer). Each plant was sprayed to wetness by using melatonin (100 mg L−1),
glutathione (550 mg L−1), or iron-zinc nanofertilizer (5 g L−1) solution. Control plants
were sprayed with distilled water. All solutions, including the controls, contained 0.01%
Tween 20. Tween 20, glutathione and melatonin were purchased from Sigma-Aldrich Corp.
(St. Louis, MO, USA), while iron-zinc nanofertilizer (equal mix) was obtained by Khazra
(Sodour Ahrar Shargh knowledge-based Co., Teheran, Iran).

2.2. Pheno-Morphological Evaluation

The UVA and protectant application effects on plant growth of the three Thymus
species under study were assessed. Evaluations included plant height (from the root-shoot
junction to the apical meristem), internode length, weight loss (difference between fresh
and dry weights), leaf together with flowers or inflorescences (fresh and dry) weight, stem
(fresh and dry) weight, and leaf to stem dry weight ratio. For measuring dry weight,
samples were placed in a forced-air drying oven for 48 h at 80 ◦C [39]. Plants were sampled
at the full flowering stage. Sampling was carried out in the morning after dew (18–21 ◦C
during harvest) [6]. Five repetitions were assessed per treatment.

The treatment effects on plant phenology were also determined. Plants were scored
according to the following scale: 0–1, early vegetative stage (active growth or 4–6 leaf stage);
1–2, late vegetative stage (stem development); 2–3, budding stage (20% budding); 3–4, full
budding stage; 4–5, early flowering stage; and 5–6, full flowering stage. Evaluations were
initiated 23 d following the onset of the UVA treatment (i.e., 53 d following pruning), and
were repeated at 10 d intervals in five note takings. The final evaluation took place 93 d
following pruning. These data are depicted in the growth column, where y-axis refers to the
above-mentioned scale (Figures 3–5). Four replicates were assessed per treatment. Specific
treatments stimulated compaction (i.e., formation of rosette plants; for T. fedtschenkoi (see
Figure 1). These phenotypes were also recorded, and data are depicted in a separate column
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alongside to the growth column (Figures 3–5). The y-axis scale for this separate column
represents the number (out of 4) of compact plants.
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Figure 3. The phenological stages of Thymus fedtschenkoi (Fe), T. daenensis (Da) and T. vulgaris (Vu)
under ambient UVA and following application of protectant compounds [water (control), melatonin,
glutathione, iron-zinc nanofertilizer]. Both the rate of growth (G) and of rosette (R) are provided.
Numbers on the columns represent days after pruning. For G column, the y-axis scale represents
the following stages: 0–1, early vegetative stage (active growth or 4–6 leaf stage); 1–2, late vegetative
stage (stem development); 2–3, budding stage (20% budding); 3–4, full budding stage; 4–5, early
flowering stage; and 5–6, full flowering stage. For R column, the y-axis scale represents the number
(out of 4) of rosette plants.
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Figure 4. The phenological stages of Thymus fedtschenkoi (Fe), T. daenensis (Da) and T. vulgaris (Vu)
under enriched UVA and following application of protectant compounds [water (control), melatonin,
glutathione, iron-zinc nanofertilizer]. Both the rate of growth (G) and of rosette (R) are provided.
Numbers on the columns represent days after pruning. For G column, the y-axis scale represents
the following stages: 0–1, early vegetative stage (active growth or 4–6 leaf stage); 1–2, late vegetative
stage (stem development); 2–3, budding stage (20% budding); 3–4, full budding stage; 4–5, early
flowering stage; and 5–6, full flowering stage. For R column, the y-axis scale represents the number
(out of 4) of rosette plants.
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Figure 5. The phenological stages of Thymus fedtschenkoi (Fe), T. daenensis (Da) and T. vulgaris (Vu)
under excluded UVA and following application of protectant compounds [water (control), melatonin,
glutathione, iron-zinc nanofertilizer]. Both the rate of growth (G) and of rosette (R) are provided.
Numbers on the columns represent days after pruning. For G column, the y-axis scale represents
the following stages: 0–1, early vegetative stage (active growth or 4–6 leaf stage); 1–2, late vegetative
stage (stem development); 2–3, budding stage (20% budding); 3–4, full budding stage; 4–5, early
flowering stage; and 5–6, full flowering stage. For R column, the y-axis scale represents the number
(out of 4) of rosette plants.

2.3. Essential Oil Isolation

Samples were subjected to hydro-distillation using a Clevenger apparatus [6,7]. These
(200 g air-dried material) were added to a 1 L flask containing 400 mL of distilled water.
The flask was then heated for 3 h [40]. The isolated essential oils were first dried over
anhydrous sodium sulfate and then kept in glass vials at 4 ◦C before further analysis. Three
replicates were assessed per sample.

2.4. Essential Oil Composition

Gas chromatography-mass spectrometry (GC-MS) analysis was conducted using a gas
chromatograph (Shimadzu GC-17A, Kyoto, Japan) coupled with a mass spectrometer (QP-
5050, Shimadzu, Kyoto, Japan). A fused silica capillary column (30 m length × 0.22 mm
i.d.; 0.25 µm BP-5 film thickness) was used to separate the oil compounds. The oven
temperature was increased from 40 to 280 ◦C at a rate of 4 ◦C min−1, and finally held
isothermal at 280 ◦C for 10 min. Ion source and the transfer-line temperature was 250 ◦C.
Ultra-pure helium was used as the carrier gas. Injector and interface temperatures were
280 and 260 ◦C, respectively. The mass spectrum was acquired over the mass range of
35–450 amu in full-scan acquisition mode. The split ratio was 1:50. The GC-FID analysis of
the essential oils was conducted using a Thermoquest Finnigan apparatus equipped with a
flame ionization detector (FID) and a fused silica capillary column (30 m length × 0.22 mm
i.d.; 0.25 µm BP-5 film thickness). The oven temperature was programmed as stated above.
Injector and detector temperatures were 250 and 300 ◦C, respectively. Ultra-pure helium
was used as the carrier gas with a flow rate of 1 mL min−1. The split ratio was 1:10.

Retention indices (RI) of each compound were calculated using a homologous series of
n-alkanes (C5–C24) injected into an HP-5MS column in the same condition. Identification
of oil constituents was performed by comparison of (1) their retention times with those of
authentic standards, (2) their spectral mass with those of the internal reference mass spectra
library (NIST08 and Wiley 9.0), and (3) their RI with those reported in the literature [41].
Quantification was conducted by the external standard method through calibration curves
generated by running GC analysis of representative authentic compounds. The percentage
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of each compound was calculated by the area normalization method, considering an equal
response factor for the different chemical classes present in the essential oil [42].

2.5. Experimental Design and Statistical Analysis

A split-split plot design with a randomized complete block (with three replications)
was used. The UVA treatments (ambient, enriched, excluded) were applied as main plots,
while the protectant treatments (control, melatonin, glutathione, iron-zinc nanofertilizer)
as sub-plots. The three species under study were considered as sub-sub plots. Each sub-
sub-plot was sized 1 × 2 m and contained four rows. Each row consisted of five plants for
a total of 20 plants per sub-sub-plot (experimental unit). Analysis of variance (ANOVA)
was performed by using the MSTAT-C software. The mean comparison was performed
with the least significant difference (LSD) at the 0.05% level of significance. The bivariate
correlation on the Pearson coefficients was estimated for all pairs of entries by using the
SPSS software. Principal component analysis discrimination using variance-covariance
matrix was performed by the Past software (version 3.04).

3. Results
3.1. Phenological Responses to UVA and Protectant Treatments

In nearly all UVA and protectant treatments, T. vulgaris was limited to the late vegeta-
tive stage (stem stage; Figures 3–5). In T. daenensis, regardless of the protectant treatments,
enriched UVA promoted early flowering as compared to ambient UVA (control), whereas
excluded UVA delayed it (Figures 3–5). In T. fedtschenkovi, independently of protectant
treatments, both enriched and excluded UVA delayed early flowering as compared to am-
bient UVA (control; Figures 3–5). In this species, the formation of rosette plants under both
enriched and excluded UVA [2 (out of 4) and all four plants, respectively] was observed 73
and 83 d after pruning, respectively.

In all UVA treatments, melatonin promoted early flowering in both T. deanensis and
T. fedtschenkoi (Figures 3–5). This effect was more prominent in T. fedtschenkoi under en-
riched UVA. In melatonin-treated T. fedtschenkoi, no rosette plant form was observed
(Figures 3–5). Similar to melatonin, glutathione accelerated flowering in both T. deanen-
sis and T. fedtschenkoi under both enriched and excluded UVA (Figures 3–5). In all UVA
treatments, iron-zinc nanofertilizer treatment was associated with reduced growth in
T. fedtschenkoi (Figures 3–5). In this species, rosette plant form was noted (83 d after prun-
ing) in all four plants under ambient UVA, while under both enriched and excluded UVA
this form was noted in two (out of four) plants. In T. fedtschenkovi, no effect of iron-zinc
nanofertilizer treatment was apparent (Figures 3–5).

Under ambient UVA, T. fedtschenkoi flowered earlier than T. daenensis following mela-
tonin and glutathione treatments (Figures 3–5). Under enriched UVA, the opposite trend
was noted under all protectant treatments (Figures 3–5). Under all protectant treatments,
excluded UVA exerted the most negative effect on studied phenological traits in both
T. deanensis and T. fedtschenkoi, with this effect being more prominent in the latter.

3.2. Morphological Responses to UVA and Protectant Treatments

The effect of protectant treatment was significant on plant height in T. fedtschenkoi and
on leaf and stem dry weights in T. vulgaris. In T. vulgaris, melatonin and nanofertilizer
treatments increased leaf dry weight, but nanofertilizer decreased stem dry weight. In
T. fedtschenkoi, glutathione also stimulated plant height, whereas iron-zinc nanofertilizer
decreased it (Table 1).

The interaction effect of UVA radiation and protectants was significant on dry weight
loss, leaf dry weight and stem dry weight of T. fedtschenkoi. However, the interaction effect
of UVA radiation and protectants on stem dry weight, leaf/stem weight ratio and plant
height was significant in T. daenensis. Under ambient UVA, glutathione generally promoted
plant height, whereas iron-zinc nanofertilizer decreased it. Excluded UVA was generally
associated with reduced plant height (Table 2).
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Table 1. Main effects of protectants compounds [water (control), melatonin, glutathione, iron-zinc
nanofertilizer] on plant height of Thymus fedtschenkoi, and on leaf and stem dry weight of T. vulgaris.
Within each column, different letters indicate significant differences.

Species T. fedtschenkoi T. vulgaris

Trait Plant Height (cm) Leaf Dry Weight
(g plant−1)

Stem Dry Weight
(g plant−1)

Control 5.7 ab* 45.8 b 37.2 a

Melatonin 4.5 b 49.4 a 36.8 a

Glutathione 6.4 a 47.4 ab 38.7 a

Nano-fertilizer 4.2 b 49.9 a 32.8 b

LSD 1.521 7.408 15.77
* Significant differences according to LSD test at p ≤ 0.05.

Table 2. Significant interaction effects of UVA levels (ambient, enriched, excluded) with protectant
compounds [water (control), melatonin, glutathione, iron-zinc nanofertilizer] on dry weight loss,
leaf dry weight, and stem dry weight of Thymus fedtschenkoi, as well as on stem dry weight, leaf to
stem dry weight ratio, and plant height of T. daenensis. Within each column, different letters indicate
significant differences.

Species T. fedtschenkoi T. daenensis

UVA Levels Protectant
Treatments

Dry Weight
loss (%)

Leaf Dry
Weight

(g plant−1)

Stem Dry
Weight

(g plant−1)

Stem Dry
Weight

(g plant−1)

Leaf/Stem
Weight Ratio

(%)

Plant
Height (cm)

ambient UVA

CON 54.6 abc 58.6 bcde 21.0 a 29.0 bcde 22.4 bcde 17.8 bc

MEL 56.0 abc* 53.6 cdef 21.0 a 34.2 ab 16.4 cde 16.9 bcd

GLU 63.8 a 60.7 bcd 19.7 ab 36.8 a 13.1 e 21.3 ab

NAN 54.4 abc 52.0 def 13.8 bcd 22.0 e 53.0 a 9.4 e

enriched
UVA

CON 39.5 c 49.7 ef 18.9 abc 34.4 ab 15.1 de 23.8 a

MEL 61.5 a 63.8 bc 12.0 d 26.4 cde 30.5 bc 14.3 cde

GLU 60.6 a 47.5 f 13.2 bcd 33.4 abc 17.5 cde 16.7 bcd

NAN 42.6 bc 57.5 bcdef 12.3 cd 33.6 ab 13.2 e 18.9 abc

excluded
UVA

CON 57.9 ab 67.4 b 14.2 bcd 28.8 bcde 29.1 bcd 14.9 cde

MEL 53.5 abc 54.6 cdef 18.9 ab 23.8 de 34.7 b 11.6 de

GLU 63.6 a 56.9 bcdef 18.1 abcd 33.0 abc 21.4 bcde 18.3 abc

NAN 22.1 d 80.6 a 22.0 a 30.0 abcd 31.9 b 14.1 cde

LSD 16.49 10.89 6.537 7.12 14.21 5.689

CON, control; MEL, melatonin; GLU, glutathione; NAN, iron-zinc nanofertilizer; * Significant differences accord-
ing to LSD test at p ≤ 0.05.

In T. fedtschenkoi under all three UVA levels, the highest dry weight loss was noted
following glutathione treatment. Instead, the lowest dry weight loss was observed in
iron-zinc nanofertilizer under ambient and excluded UVA treatments (Table 2).

3.3. Essential Oil Composition Responses to UVA and Protectant Treatments

In T. daenensis, the highest amount of thymol (the main essential oil ingredient) was
noted under enriched UVA, and especially following glutathione application (88.20%;
Table 3). In this species under enriched UVA, the overall amount of p-cymene, borneol,
carvacrol methyl ether, and trans-caryophyllene was lower as compared to ambient UVA
(Table 3). The highest total amount of these compounds, and of β-myrcene, γ-terpinene
was obtained under ambient UVA. Under ambient UVA, the highest total amount of main
compounds (33 compounds above 1%), monoterpene hydrocarbons (11.41%), sesquiter-
penes [both hydrocarbon (2.62%) and oxygenated (1.47%)] and the lowest total amount of
oxygenated monoterpenes (82.68%) were observed.
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Table 3. The essential oil profile of Thymus daenensis under different UVA levels (ambient, enriched, excluded) in combination with spraying protectants [water
(control), melatonin, glutathione, iron-zinc nanofertilizer].

No RI a LIT RI b Component CON c MEL GLU NAN CON MEL GLU NAN CON MEL GLU NAN

Ambient UVA Enriched UVA Excluded UVA

Monoterpene hydrocarbons

1 926 924 α-Thujene 1.14 0.75 1.32 1.09 0.30 0.33 0.05 0.56 1.52 0.57 0.90 1.35
2 929 932 α-Pinene 0.54 0.34 0.57 0.53 0.13 0.15 0.02 0.25 0.68 0.24 0.44 0.56
3 949 946 Camphene 0.24 0.17 0.32 0.33 0.05 0.06 0.02 0.12 0.38 0.08 0.23 0.26
4 983 974 β-Pinene 0.20 0.14 0.19 0.22 0.04 0.06 0.02 0.08 0.27 0.08 0.18 0.22
5 1005 988 β-Myrcene 1.38 1.07 1.64 1.15 0.49 0.29 0.13 0.75 1.79 0.58 0.81 1.57
6 1008 1002 α-Phellandrene 0.17 0.13 0.19 0.16 0.06 0.03 0.02 0.07 0.25 0.08 0.11 0.19
7 1019 1014 α-Terpinene 0.75 0.65 1.12 0.83 0.40 0.16 0.10 0.48 1.25 0.38 0.46 0.86
8 1023 1020 P-Cymene 5.23 5.16 5.58 10.9 2.25 5.11 2.26 4.16 6.31 6.56 6.69 5.30
9 1029 1025 β-Phellandrene 0.36 0.30 0.38 0.41 0.10 0.13 0.06 0.16 0.48 0.20 0.33 0.40

Oxygenated monoterpenes

10 1033 1026 1,8-Cineole 0.74 0.50 0.23 1.23 0.09 0.17 0.07 0.60 0.78 0.30 0.66 0.77
11 1059 1054 γ-Terpinene 2.73 3.31 6.33 3.15 5.70 0.54 0.69 4.12 5.03 1.60 1.12 4.42
12 1065 1065 Z-Sbinene hydrate 0.30 0.48 0.26 0.40 0.08 0.12 0.11 0.21 0.40 0.32 0.47 0.42
13 1087 1086 α-Terpinolene 0.09 0.07 0.08 0.09 0.02 0.02 0.01 0.04 0.11 0.04 0.06 0.08
14 Not identified 0.20 0.04
15 1099 1095 Linalool 0.69 0.90 0.78 0.68 0.19 0.23 0.22 0.19 0.91 0.38 0.84 0.63
16 1103 1098 E-Sabinene hydrate 0.07 0.01 0.05 0.09 0.01 0.05 0.00 0.01 0.11 0.07 0.00 0.11
17 1168 1165 Borneol 0.88 1.14 1.16 1.50 0.16 0.21 0.33 0.48 1.27 0.35 0.98 0.94
18 1175 1174 Terpinen-4-ol 0.27 0.32 0.18 0.31 0.04 0.08 0.06 0.06 0.29 0.13 0.31 0.20
19 1195 1186 α-Terpineol 0.10 0.11 0.07 0.13 0.02 0.04 0.02 0.07 0.12 0.08 0.12 0.14
20 1244 1232 Thymol methyl ether 0.08 0.10 0.07 0.14 0.01 0.03 0.01 0.02 0.12 0.04 0.12 0.08
21 1248 1241 Carvacrol methyl ether 6.09 6.29 5.87 7.97 2.40 3.75 3.93 4.58 6.74 3.21 7.03 5.82
22 1295 1289 Thymol 73.84 71.0 68.79 60.53 85.31 85.16 88.20 80.82 66.88 80.89 72.51 70.78
23 1299 1298 Carvacrol 0.07 0.19 0.03 0.03 0.05 0.02 0.02 0.03 0.06 0.41 0.06 0.16

Sesquiterpene hydrocarbons

24 1419 1417 E-Caryophyllene 1.68 2.76 2.41 2.41 0.92 0.45 2.13 0.84 1.75 0.73 1.18 2.19
25 1459 1452 α-Humulene 0.06 0.10 0.06 0.09 0.03 0.02 0.05 0.03 0.06 0.03 0.05 0.07
26 1510 1505 β-Bisabolene 0.16 0.21 0.11 0.15 0.01 0.04 0.04 0.01 0.15 0.02 0.02 0.01
27 1517 1506 Z-α-Bisabolene 0.06 0.07 0.14 0.01 0.02 0.00 0.02 0.01 0.04 0.01 0.01 0.05
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Table 3. Cont.

No RI a LIT RI b Component CON c MEL GLU NAN CON MEL GLU NAN CON MEL GLU NAN

Oxygenated sesquiterpenes

28 Not identified 0.01 0.11 0.03 0.61 0.01 0.00 0.00 0.01 0.06 0.12 0.12 0.03
29 1587 1577 Spathulenol 0.05 0.00 0.04 0.03 0.01 0.04 0.03 0.02 0.02 0.05 0.11 0.10
30 1589 1582 Caryophyllene oxide 0.42 0.69 0.35 1.25 0.05 0.31 0.21 0.11 0.40 0.50 0.74 0.42
31 1661 1652 α-Cadinol 0.17 0.15 0.10 0.31 0.01 0.05 0.05 0.02 0.11 0.28 0.31 0.08
32 1944 1937 Cembrene 0.26 0.24 0.15 0.49 0.02 0.08 0.07 0.03 0.16 0.40 0.46 0.12
33 Not identified 0.09 0.09 0.06 0.16 0.01 0.02 0.03 0.01 0.06 0.14 0.16 0.04

Total 98.92 97.55 98.66 97.58 99.03 97.75 98.98 98.99 98.56 98.87 97.59 98.37
Essential oil content 1.40 1.05 1.60 1.40 1.00 0.60 0.54 1.60 1.35 1.50 1.05 2.08

One percent up 7 7 9 10 4 3 4 4 9 4 5 7
One percent down 25 24 23 23 28 27 26 29 23 28 26 25

Monoterpene hydrocarbons 10.01 8.71 11.31 15.62 3.86 6.32 2.68 6.63 12.93 8.77 10.15 10.71
Oxygenated monoterpenes 85.95 84.42 83.9 76.45 94.08 90.42 93.67 91.27 82.82 87.82 84.28 84.55

Sesquiterpene hydrocarbons 1.96 3.14 2.72 2.66 0.98 0.51 2.24 0.89 2.00 0.79 1.26 2.32
Oxygenated sesquiterpenes 1.00 1.28 0.73 2.85 0.11 0.50 0.39 0.20 0.81 1.49 1.90 0.79

a RI: retention indices relative to C5–C24 n-alkanes on the DB-5 column. b Lit RI: Relative retention indices taken from [41]. c CON, control; MEL, melatonin; GLU, glutathione; NAN,
iron-zinc nanofertilizer.
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Under ambient UVA, iron-zinc nanofertilizer application was the representative of
the highest and lowest levels of the above-mentioned compounds, besides sesquiterpene
hydrocarbons, where the highest amount was noted following melatonin application
(Tables 3 and 4).

Table 4. Key total essential oil characteristics at each UVA level (ambient, enriched, excluded),
regardless of the application with protectant compounds [water (control), melatonin, glutathione,
iron-zinc nanofertilizer] in the three Thymus species under study.

Species UVA Level Oil 1% up 1%
down MH b OM TM SH OS TS

T.
daenensis

Ambient UVA a 5.45 33 95 11.41 82.68 94.09 2.62 1.47 4.09
Enriched UVA 3.74 15 110 4.87 92.36 97.23 1.16 0.30 1.46
Excluded UVA 5.98 25 102 10.64 84.87 95.51 1.59 1.25 2.84

T.
fedtschenkoi

Ambiente UVA 6.01 42 130 5.35 83.71 89.06 5.10 4.43 9.54
Enriched UVA 7.15 44 130 4.96 86.28 91.23 3.52 4.01 7.52
Excluded UVA 5.73 40 126 5.50 88.51 94.01 2.48 2.15 4.62

T.
vulgaris

Ambiente UVA 4.45 15 141 14.63 82.45 97.07 0.39 0.18 0.57
Enriched UVA 4.54 42 120 21.13 73.78 94.90 1.38 0.71 2.09
Excluded UVA 4.50 12 143 13.27 83.34 96.61 0.43 0.34 0.77

a Ambient UVA, all treatments under ambient UVA; Enriched UVA, all treatments under enriched UVA; Excluded
UVA, all treatments under excluded UVA. b MH, monoterpene hydrocarbons; OM, oxygenated monoterpenes; TM,
total monoterpenes; SH, sesquiterpene hydrocarbons; OS, oxygenated sesquiterpenes; TS, total sesquiterpenes.

Scatter plots based on the first two principal components of chemical-composition
data also demonstrated that the treatments under ambient UVA were placed between
vectors of compounds above 1% and monoterpene hydrocarbons and between vectors of
sesquiterpene hydrocarbons and oxygenated sesquiterpenes (Figure 6). Instead, under
enriched UVA, the maximum total amount of oxygenated monoterpenes (92.36%), the
total number of compounds below 1% and the minimum total amount of monoterpene
hydrocarbons (4.78%), sesquiterpene hydrocarbons (1.16%), and oxygenated sesquiterpenes
(0.30%) were obtained. Under enriched UVA, the treatments that had the highest and lowest
levels of the above-mentioned compounds were as follows: no protectant application
(94.08%), glutathione application (2.68%), melatonin (0.51%), and no protectant application
UVA (0.11%), respectively.

As expected, the treatments under enriched UVA, and contrary to ambient UVA, were
situated between vectors of oxygenated monoterpenes and compounds below 1% (Figure 6).
The highest and lowest essential oil contents were obtained in iron-zinc nanofertilizer
application under excluded UVA (2.08%) and glutathione application under enriched UVA
(0.54%), respectively. The essential oil content under enriched UVA was generally low
(Tables 3 and 4). The pattern changes in ambient UVA were generally the opposite of
those in enriched UVA, while excluded UVA was in between these two conditions with a
tendency towards ambient UVA (Table 4; Figure 6).

In T. fedtschenkoi, the maximum amount of linalool (the main essential oil compo-
nent) was obtained following glutathione application under excluded UVA (75.76%). The
minimum amount of linalool was found following melatonin application under excluded
UVA (28.14%) and no protectant application under ambient UVA (31.84%). In these two
treatments, the main component was Z-dihydrocarvone (46.18 and 35.46%, respectively). In
addition, following linalool, Z-sbinene hydrate had the highest percentage in the iron-zinc
nanofertilizer application under ambient UVA (14.47%) and no protectant application under
enriched UVA (10.42%) (Table 5). With few notable exceptions, the amount of linalool was
generally the lowest under enriched UVA.
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Figure 6. Scatter plot based on the first two principal components of chemical profile data, demon-
strating the relationships among some important characteristics in the essential oil of Thymus daenensis
(top panel), T. fedtschenkoi (middle panel) and T. vulgaris (bottom panel) and employed treatments.
During growth, three UVA levels (ambient, enriched, excluded) were realized in combination with
spraying protectants [water (control), melatonin, glutathione, iron−zinc nanofertilizer]. AUM, mela-
tonin under ambient UVA; AUG, glutathione under ambient UVA; AUN, iron−zinc nanofertilizer
under ambient UVA; AUC, control under ambient UVA; UAM, melatonin under enriched UVA; UAG,
glutathione under enriched UVA; UAN, iron−zinc nanofertilizer under enriched UVA; UAC: control
under enriched UVA; DUM, melatonin under excluded UVA; DUG, glutathione under excluded
UVA; DUN, iron−zinc nanofertilizer under excluded UVA; DUC, control under excluded UVA.
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Table 5. The essential oil profile of Thymus fedtschenkoi under different UVA levels (ambient, enriched, excluded) in combination with spraying protectants [water
(control), melatonin, glutathione, iron-zinc nanofertilizer].

No RI a LIT RI b Component CON c MEL GLU NAN CON MEL GLU UAN CON MEL DUG DUN

Ambient UVA Enriched UVA Excluded UVA

Monoterpene hydrocarbons

1 925 924 α-Thujene 0.08 0.04 0.23 0.09 0.07 0.07 0.03 0.10 0.15 0.03 0.04 0.06
2 933 932 α-Pinene 1.24 0.36 0.97 2.30 2.67 2.13 0.28 2.46 2.74 0.33 1.25 1.91
3 946 946 Camphene 1.56 0.51 1.44 0.94 0.83 1.97 0.46 2.70 3.18 0.76 0.75 1.72
4 974 969 Sabinene 0.91 0.20 0.41 0.43 0.28 0.31 0.18 0.47 0.48 0.59 0.14 0.18
5 975 974 β-Pinene 0.33 0.23 0.51 0.31 0.22 0.38 0.15 0.57 0.64 0.14 0.15 0.28
6 976 974 1-Octen-3-ol 0.08 0.07 0.15 0.07 0.05 0.13 0.09 0.04 0.08 0.05 0.20 0.04
7 999 988 β-Myrcene 3.68 0.14 0.37 0.31 0.25 0.23 0.11 0.30 0.40 2.92 0.16 0.18
8 1001 988 3-Octanol 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.05 0.01
9 1007 1002 α-Phellandrene 0.03 0.01 0.04 0.05 0.04 0.05 0.02 0.02 0.04 0.02 0.02 0.02

10 1017 1014 α-Terpinene 0.06 0.10 0.11 0.29 0.13 0.12 0.06 0.09 0.11 0.04 0.04 0.02
11 1025 1020 P-Cymene 0.17 0.15 0.70 0.23 0.16 0.19 0.11 0.11 0.4 0.07 0.18 0.05
12 1027 1025 β-Phellandrene 0.68 0.13 0.26 0.40 0.41 0.37 0.09 0.31 0.43 0.39 0.21 0.30

Oxygenated monoterpenes

13 1029 1026 1,8-Cineole 3.01 4.21 5.58 4.42 2.87 6.49 3.94 7.50 4.85 1.66 2.27 4.43
14 1037 1032 Z-β-Ocimene 0.02 0.04 0.12 0.12 0.07 0.05 0.03 0.01 0.04 0.01 0.05 0.00
15 Not identified 0.15 0.27 0.99 1.00 0.57 0.58 0.35 0.10 0.45 0.11 0.48 0.01
16 1059 1054 γ-Terpinene 0.16 0.16 0.48 0.49 0.21 0.16 0.11 0.13 0.41 0.09 0.09 0.02
17 1066 1065 Cis-Sabinene hydrate 2.83 3.23 0.39 14.4 10.4 2.28 8.75 4.21 4.21 2.12 1.01 0.44
18 1067 1067 Linalool oxide 0.20 0.70 0.30 0.86 0.54 1.62 0.45 0.63 0.13 0.30 0.87 0.73
19 1088 1086 α-Terpinolene 0.21 0.57 0.20 0.74 0.45 1.20 0.33 0.54 0.07 0.24 0.67 0.62
20 1099 1095 Linalool 31.8 68.22 62.9 46.6 57.5 57.53 58.4 55.3 56.8 28.14 75.7 66.8
21 1144 1141 Camphor 2.07 1.04 1.44 1.91 1.81 1.24 2.11 4.07 3.52 2.07 1.90 5.40
22 1169 1165 Borneol 3.17 2.80 3.81 3.63 3.02 8.69 3.54 6.03 4.23 2.93 2.07 4.90
23 1177 1174 Terpinen-4-ol 0.34 0.62 0.12 1.95 0.93 1.04 0.75 0.66 0.23 0.29 0.24 0.19
24 1190 1186 α-Terpineol 35.4 1.01 0.65 0.94 0.71 0.82 3.81 1.11 0.53 46.18 1.45 3.83
25 1195 1191 Cis-Dihydro carvone 35.4 0.08 0.09 0.09 0.01 0.14 0.06 0.19 0.17 46.18 0.03 0.19
26 1206 1201 n-Decanal 0.05 0.04 0.13 0.09 0.09 0.08 0.07 0.05 0.08 0.08 0.05 0.07
27 1233 1227 Nerol 0.17 0.20 0.19 0.24 0.19 0.14 0.22 0.13 0.12 0.10 0.13 0.12
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Table 5. Cont.

No RI a LIT RI b Component CON c MEL GLU NAN CON MEL GLU UAN CON MEL DUG DUN

28 1246 1241 Carvacrol methyl ether 0.11 0.12 0.47 0.24 0.17 0.15 0.20 0.18 0.38 0.08 0.29 0.11
29 1267 1260 2-Decenal (E) 0.08 0.09 0.16 0.17 0.14 0.11 0.14 0.18 0.15 0.08 0.35 0.15
30 1289 1284 Bornyl acetate 0.34 0.07 0.10 0.11 0.21 0.53 0.24 0.46 0.54 0.40 0.24 0.71
31 1291 1289 Thymol 2.5 3.43 5.24 3.75 3.11 2.4 8.14 3.54 6.62 3 3.59 2.23

Sesquiterpene hydrocarbons

32 1388 1389 β-elemene 0.03 0.03 0.10 0.03 0.03 0.04 0.03 0.05 0.07 0.03 0.01 0.00
33 1390 1387 β-Bourbonene 0.13 0.21 0.10 0.05 0.06 0.07 0.08 0.14 0.06 0.09 0.01 0.02
34 1422 1417 E-Caryophyllene 2.57 3.82 5.42 2.23 2.05 2.24 1.73 3.14 1.75 1.35 1.80 0.63
35 Not identified 0.09 0.13 0.19 0.07 0.07 0.08 0.06 0.10 0.08 0.06 0.06 0.02
36 1489 1484 Germacrene D 0.44 0.64 0.83 0.20 0.28 0.15 0.42 0.57 0.62 0.63 0.33 0.19
37 1513 1505 β-Bisabolene 0.48 0.48 1.47 0.41 0.45 0.55 0.53 0.75 1.04 0.41 0.18 0.05
38 Not identified 0.08 0.07 0.04 0.07 0.24 0.09 0.02 0.05 0.05 0.30 0.05 0.02

Oxygenated sesquiterpenes

39 1570 1561 E-Nerolidol 0.08 2.05 0.13 6.38 5.18 1.97 0.07 0.05 0.64 0.45 0.04 1.71
40 1579 1577 Spathulenol 0.42 0.21 0.32 0.21 0.28 0.23 0.33 0.12 0.23 0.33 0.08 0.03
41 1588 1582 Caryophyllene oxide 2.32 1.89 1.24 1.83 1.87 2.15 1.84 1.48 1.30 1.21 1.47 0.44
42 1643 Agaruspirol 0.08 0.13 0.05 0.05 0.06 0.05 0.06 0.04 0.18 0.23 0.04 0.05
43 1669 epi-α-Bisabolol 0.16 0.09 0.04 0.05 0.06 0.05 0.07 0.06 0.05 0.05 0.04 0.01

Total 98.42 98.6 98.54 98.82 98.81 98.88 98.51 98.82 98.32 98.37 98.84 98.98
Essential oil content 1.0 1.00 1.75 2.26 2.40 1.57 1.35 1.83 0.80 1.68 1.50 1.75

One percent up 12 10 9 11 10 14 9 11 11 10 10 9
One percent down 31 34 34 31 33 30 35 32 31 32 32 31

Monoterpene hydrocarbons 8.83 1.95 5.20 5.42 5.11 5.96 1.59 7.17 8.67 5.35 3.19 4.77
Oxygenated monoterpenes 82.71 86.9 83.41 81.82 83.07 85.25 91.68 85.1 83.58 87.88 91.54 91.04

Sesquiterpene hydrocarbons 3.82 5.38 8.15 3.06 3.18 3.22 2.87 4.8 3.67 2.87 2.44 0.93
Oxygenated sesquiterpenes 3.06 4.37 1.78 8.52 7.45 4.45 2.37 1.75 2.40 2.27 1.67 2.24

a RI: retention indices relative to C5–C24 n-alkanes on the DB-5 column. b Lit RI: Relative retention indices taken from [41]. c CON, control; MEL, melatonin; GLU, glutathione; NAN,
iron-zinc nanofertilizer.
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The maximum number of compounds above 1% was noted in melatonin application
under enriched UVA (14 compounds), and its maximum total was also observed under
enriched UVA (44 treatments). The highest amount of monoterpene hydrocarbons were
detected in no protectant application under ambient UVA (8.83%), iron-zinc nanofertilizer
application under enriched UVA (7.17%), and no protectant application under excluded
UVA (8.67%), while the highest amount of oxygenated monoterpenes was detected in
glutathione application under enriched UVA (91.68%). Instead, the highest total amount
of these compounds were obtained under excluded UVA conditions (5.50% and 88.51%,
respectively). Regarding sesquiterpenes, the maximum amount of sesquiterpene hydrocar-
bons and oxygenated sesquiterpenes were observed following application of glutathione
(8.15%) and iron-zinc nanofertilizer (8.52%) under ambient UVA, respectively. Their mini-
mum values were noted following the application of iron-zinc nanofertilizer (0.93%) and
glutathione (1.67%) under excluded UVA conditions, respectively. Similarly, the highest
total amount of sesquiterpenes (both hydrocarbon and oxygenated) was obtained under
ambient UVA, whereas the opposite was noted under excluded UVA (Table 4). The max-
imum essential oil content was obtained from no protectant application under enriched
UVA (2.40%) and iron-zinc nanofertilizer application under ambient UVA (2.26%), while
the highest total was apparent under ambient UVA (7.15%). Based on scatter biplot, the
closeness of excluded UVA treatments, besides the no protectant application treatment,
and the distance of glutathione application under enriched UVA were associated with an
enhanced level of oxygenated monoterpenes. The pattern changes under ambient UVA
were generally the opposite of those under excluded UVA (Table 4).

In T. vulgaris, the highest amount of carvacrol was found following glutathione appli-
cation under ambient (62.07%) and excluded (60.47%) UVA, while the lowest amount was
detected in glutathione under enriched UVA (43.35%; Table 6). After carvacrol, γ-terpinene
was the constituent with the highest percentage in the essential oil. Under enriched UVA,
the total amount of carvacrol and γ-terpinene was low, whereas the highest total amounts of
α-thujene, 1-octen-3-ol, β-myrcene, Z-sbinene hydrate, and borneol were obtained. Under
all UVA levels, the maximum amount of p-cymene was found following no protectant appli-
cation. The most and least essential oil contents were obtained from iron-zinc nanofertilizer
application under excluded UVA (1.80%) and glutathione application under excluded UVA
(0.80%), respectively. The maximum total number of compounds above 1% was observed
in treatments under enriched UVA (42 compounds), and its minimum number was ob-
served in treatments under excluded (12 compounds) and ambient (15 compounds) UVA.
Regarding the compounds below 1%, the opposite trend was noted. The highest amount of
monoterpene hydrocarbons (22.95%) and the lowest amount of oxygenated monoterpenes
(71.05%) were found following glutathione application under enriched UVA. In this way,
the highest and lowest totals were obtained in treatments under enriched UVA (21.13 and
73.78%, respectively). Similarly, the highest contents of sesquiterpene hydrocarbons (1.53%)
and oxygenated sesquiterpenes (0.89%) were obtained with no protectant application under
enriched UVA. In a comparable manner, the highest total sesquiterpenes [2.09%, including
both hydrocarbon (1.38%) and oxygenated (0.71%)] was observed in treatments under
enriched UVA (Table 4). In this species, the scatter plot indicated that the treatments under
enriched UVA were situated between vectors of compounds above 1% and monoterpene
hydrocarbons (Figure 6). In contrast, the treatments of ambient and decreased UVA, be-
sides no protectant application, were placed between vectors of compounds below 1% and
oxygenated monoterpenes. Therefore, the pattern changes in enriched UVA conditions
were the opposite of ambient and excluded UVA treatments.
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Table 6. The essential oil profile of Thymus vulgaris under different UVA levels (ambient, enriched, excluded) in combination with spraying protectants [water
(control), melatonin, glutathione, iron-zinc nanofertilizer].

No RI a LIT RI b Component CON c MEL GLU NAN CON MEL GLU NAN CON MEL GLU NAN

Ambient UVA Enriched UVA Excluded UVA

Monoterpene hydrocarbons

1 923 924 α-Thujene 0.38 0.39 0.42 0.47 1.10 1.55 1.62 1.23 0.46 0.38 0.35 0.47
2 933 932 α-Pinene 0.19 0.18 0.20 0.36 0.55 0.75 1.10 0.62 0.22 0.19 0.17 0.29
3 947 946 Camphene 0.12 0.10 0.11 0.38 0.26 0.41 0.95 0.34 0.14 0.11 0.09 0.22
4 973 969 Sabinene 0.00 0.00 0.01 0.04 0.03 0.00 0.12 0.04 0.10 0.02 0.02 0.02
5 975 974 β-Pinene 0.08 0.08 0.06 0.12 0.18 0.27 0.35 0.21 0.07 0.06 0.06 0.08
6 977 974 1-Octen-3-ol 0.49 0.42 0.42 0.29 1.84 1.58 1.04 1.34 0.57 0.41 0.28 0.33
7 990 988 β-Myrcene 0.61 0.59 0.56 0.51 1.47 2.02 1.47 1.73 0.66 0.55 0.59 0.67
8 992 988 3-Octanol 0.02 0.03 0.03 0.03 0.13 0.10 0.10 0.10 0.03 0.03 0.02 0.02
9 1005 1002 α-Phellandrene 0.06 0.06 0.07 0.07 0.18 0.21 0.22 0.20 0.07 0.07 0.06 0.07

10 1007 1008 δ-3-Carene 0.02 0.03 0.03 0.03 0.07 0.09 0.09 0.07 0.03 0.02 0.00 0.03
11 1017 1014 α-Terpinene 0.62 0.64 0.64 1.00 1.88 2.26 2.53 2.08 0.75 0.72 0.69 0.79
12 1022 1020 P- Cymene 15.45 12.17 9.01 10.23 13.84 11.68 12.67 9.61 13.28 8.27 9.22 10.63
13 1027 1025 β-Phellandrene 0.17 0.15 0.15 0.21 0.47 0.57 0.69 0.49 0.17 0.16 0.16 0.19

Oxygenated monoterpenes

14 1029 1026 1,8-Cineole 0.21 0.20 0.18 0.58 0.60 0.64 1.37 0.98 0.22 0.30 0.25 0.12
15 1055 1054 γ-Terpinene 21.36 21.1 19.88 27.24 16.46 17.95 17.94 18.21 20.61 21.62 20.97 26.49
16 1056 1065 Z-Sabinene hydrate 0.67 0.60 0.61 0.65 2.23 1.96 1.82 1.94 0.69 0.91 0.80 0.58
17 1066 1067 Linalool oxide 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.00 0.00
18 1088 1086 α-Terpinolene 0.03 0.03 0.03 0.04 0.09 0.10 0.13 0.08 0.03 0.02 0.03 0.03
19 Not Identified 0.08 0.10 0.13 0.25 0.37 0.11
20 1099 1098 E-Sabinene hydrate 0.63 0.65 1.19 0.37 1.97 1.68 0.99 2.36 0.78 0.89 0.81 0.67
21 1148 1141 Camphor 0.03 0.03 0.05 0.01 0.10 0.11 0.05 0.08 0.02 0.02 0.02 0.02
22 1169 1165 Borneol 0.63 0.53 0.51 2.09 1.20 1.34 3.87 1.34 0.55 0.53 0.38 0.94
23 1177 1174 Terpinen-4-ol 0.11 0.11 0.11 0.13 0.43 0.32 0.37 0.38 0.12 0.17 0.16 0.10
24 1193 1186 α-Terpineol 0.06 0.06 0.18 0.08 0.25 0.18 0.23 0.21 0.06 0.13 0.08 0.05
25 1239 1232 Thymol methyl ether 0.07 0.05 0.05 0.05 0.05 0.18 0.13 0.16 0.07 0.03 0.08 0.05
26 Not Identified 0.01 0.01 0.02 0.01 0.20 0.05 0.05 0.14 0.01 0.00 0.02 0.07
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Table 6. Cont.

No RI a LIT RI b Component CON c MEL GLU NAN CON MEL GLU NAN CON MEL GLU NAN

27 1254 1241 Carvacrol methyl ether 0.07 0.06 0.10 0.01 0.05 0.21 0.06 0.15 0.11 0.07 0.08 0.04
28 1271 1260 2-Decenal (E) 0.07 0.07 0.07 0.03 0.18 0.20 0.09 0.15 0.08 0.04 0.05 0.04
29 1289 1284 Bornyl acetate 0.12 0.11 0.14 0.03 0.27 0.35 0.12 0.27 0.17 0.12 0.12 0.07
30 1294 1289 Thymol 0.09 0.07 0.08 0.06 0.38 0.34 0.17 0.27 0.09 0.08 0.10 0.04
31 1306 1298 Carvacrol 54.15 58.98 62.07 51.96 47.69 48.23 43.35 50.73 56.86 59.2 60.47 54.78

Sesquiterpene hydrocarbons

32 1422 1417 E-Caryophyllene 0.22 0.19 0.29 0.24 0.91 0.85 1.04 0.66 0.20 0.24 0.34 0.27
33 1459 1452 α-Humulene 0.02 0.01 0.02 0.01 0.05 0.03 0.04 0.04 0.01 0.03 0.02 0.01
34 1489 1484 Germacrene D 0.09 0.09 0.12 0.06 0.37 0.35 0.20 0.36 0.09 0.16 0.15 0.07
35 1512 1505 β-Bisabolene 0.00 0.07 0.02 0.00 0.10 0.06 0.02 0.07 0.01 0.00 0.01 0.00
36 1533 1522 δ-Cadinene 0.03 0.02 0.04 0.02 0.10 0.1 0.07 0.09 0.02 0.04 0.03 0.02

Oxygenated sesquiterpenes

37 1566 1561 E-Nerolidol 0.02 0.02 0.03 0.01 0.07 0.05 0.03 0.07 0.01 0.03 0.06 0.01
38 1579 1577 Spathulenol 0.02 0.02 0.03 0.04 0.08 0.05 0.14 0.03 0.02 0.08 0.02 0.03
39 1589 1582 Caryophyllene oxide 0.10 0.07 0.09 0.09 0.34 0.34 0.31 0.28 0.08 0.12 0.20 0.07
40 1598 1592 Viridiflorol 0.01 0.03 0.01 0.01 0.25 0.05 0.02 0.21 0.02 0.18 0.06 0.05
41 Not Identified 0.04 0.03 0.04 0.02 0.15 0.12 0.06 0.19 0.04 0.13 0.06 0.08

Total 97.15 98.05 97.68 97.69 96.95 97.59 95.89 97.52 97.52 96.27 97.19 98.51
Essential oil content 1.30 1.10 1.05 1.00 0.94 1.50 1.00 1.10 1.00 0.90 0.80 1.80

One percent up 3 3 4 5 10 10 12 10 3 3 3 3
One percent down 35 35 36 35 31 30 29 30 36 36 36 35

Monoterpene hydrocarbons 18.21 14.84 11.71 13.74 22 21.49 22.95 18.06 16.55 10.99 11.71 13.81
Oxygenated monoterpenes 78.39 82.66 85.28 83.45 72.53 74.1 71.01 77.46 80.47 84.27 84.53 84.09

Sesquiterpene hydrocarbons 0.36 0.38 0.49 0.33 1.53 1.39 1.37 1.22 0.33 0.47 0.55 0.37
Oxygenated sesquiterpenes 0.19 0.17 0.2 0.17 0.89 0.61 0.56 0.78 0.17 0.54 0.4 0.24

a RI: retention indices relative to C5–C24 n-alkanes on the DB-5 column. b Lit RI: Relative retention indices taken from [41]. c CON, control; MEL, melatonin; GLU, glutathione; NAN,
iron-zinc nanofertilizer.
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4. Discussion

For all protectant treatments (melatonin, glutathione, iron-zinc nanofertilizer), en-
riched UVA stimulated quicker completion of the growth cycle in T. daenensis, as denoted
by early flowering [43]. While T. daenensis plants flowered later than plants of T. fedtschenkoi
under ambient UVA at all protectant treatments, the opposite was noted under enriched
UVA. In addition to the promotive effect of melatonin and the negative effect of iron-zinc
nanofertilizer on early flowering, these findings are similar to a large extent to the earlier
reported UVB effects [20]. As noted in that study, the origin and natural habitat (collection
site) evidently play an essential role in this regard, as justified by the different responses
of the three species under study in various aspects (i.e., phenological, morphological and
phytochemical). The natural habitats of T. daenensis are often warmer microclimates on the
southern slopes, whereas T. fedtschenkoi grows on the northern slopes with cool microcli-
mates at high altitudes [20,33]. Evidently, these two different climate zones, letting aside
edaphic factors, create their own ecological niche climatic variables, with their specific
favorable conditions and stresses for each species. The ecological niche of T. daenensis has a
greater potential to receive high levels of UV radiation compared to the T. fedtschenkoi [44].
Hence, it seems that enriched UVA radiation is more compatible and favorable for T. dae-
nensis than T. fedtschenkoi. Owing to early flowering, the average plant height was also
generally increased, especially in the absence of protectants. Contrary to the current find-
ings, enriched UVB was associated with reduced plant height [20]. The early flowering of
T. fedtschenkoi under ambient UVA conditions is probably associated with the experimental
site’s low altitude and warm conditions. Regardless of UVA level, the adverse effect of
iron-zinc nanofertilizer application on the phenological stage potentially suggests the use
of an inappropriate dose [27]. In combination with flowering delay, this negative effect
in T. fedtschenkoi, led to the formation of short and dense plants, resembling rosette form
(Figure 1).

Regardless of the protectant treatment effects, enriched UVA increased the total
amount of thymol and monoterpenes in T. daenensis (monoterpene hydrocarbons less,
oxygenated monoterpenes more), while the total number of compounds above 1% and
total sesquiterpenes (both hydrocarbon and oxygenated) were decreased. In the case of T.
fedtschenkoi, except for the total number of compounds above 1% (with a slight difference),
the changes in the composition of monoterpenes and sesquiterpenes were similar to T.
daenensis, whereas in T. vulgaris the opposite trend was noted. Notably, similar results were
found in the earlier report on the effects of UVB in the same Thymus species [20]. In T.
daenensis, the pattern changes under excluded UV were between ambient and enriched
UVA (close to ambient and opposite to enriched). In T. fedtschenkoi, the pattern changes
under excluded UV were opposed to ambient UVA (enriched UVA was between ambient
and excluded UVA). In T. vulgaris, it was quite close to ambient UVA and opposed to
enriched UVA (Table 4). In T. fedtschenkoi, the total amount of linalool decreased under
enriched UVA. Hence, enriched UVA, similarly to enriched UVB, reduced the alcoholic
compound linalool and increased the phenolic compound thymol.

UVA activates the accumulation of specific phenolic compounds rather than total
phenolics [11,45,46]. In T. vulgaris, enriched UVA reduced the total percentages of carvacrol,
similarly to enriched UVB, and γ-terpinene, while the overall percentage of the other
components, which were often monoterpene hydrocarbons (e.g., α-thujene, 1-octen-3-
ol, β-myrcene, p-cymene, Z-sabinene hydrate, and borneol), was increased. Hence, as
stated above, in contrast to T. daenensis and T. fedtschenkoi, the amount of monoterpene
hydrocarbons increased in T. vulgaris. Enriched and decreased UVA conditions enhanced
the essential oil quality in both T. daenensis and T. fedtschenkoi by enriching the valuable
oxygenated monoterpenes.

In both T. daenensis and T. fedtschenkoi, enriched and decreased UVA conditions reduced
the amount of major compounds in essential oil, and increased the amount of miscellaneous
or alternative compounds, correspondingly. It seems that the enhancement of oxygenated
monoterpenes is correlated with the reduction of the compounds above 1%. Similar
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effects were earlier noted for enriched UVB [20]. In both T. daenensis and T. fedtschenkoi,
total essential oil yield changes corresponded with the changes in the total number of
compounds above 1%.

T. daenensis and T. fedtschenkoi differentially responded to UVA as compared to T. vul-
garis. Although genetic and origin differences may contribute to the above-mentioned
pattern among species, the underlying processes require further investigations.

5. Conclusions

In this field study, an attempt was made to evaluate the phenological, morphological,
and essential oil component responses of three Thymus species with distinguished plant
types and divergent origins to three UVA levels (ambient, enriched, excluded). High tem-
perature and drought are common and prevalent events in natural habitats of T. daenensis,
whereas occasional cold and frost occur in T. fedtschenkoi ecological niche. UV stress often
occurs in parallel with high temperature events and is evident in native habitats of warmer
micro-climates, herein T. daenensis, which are equipped with mechanisms of response to
elevated temperature and water deprivation. Stress-induced flowering (i.e., growth cycle
completion) can be regarded as an ultimate adaptation to stress and should be considered a
central component, along with tolerance. In T. fedtschenkoi, the main UVA response was
associated with dense bush formation and delayed flowering. This may be due to a lower
adaptation potential to high temperature which often coincides with exposure to enhanced
UVA. Cultivation UVA level also affected essential oil quality (composition) and quantity
based on the species. These effects were more prominent in T. deanensis than T. fedtschenkoi.
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