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Abstract: Ziziphora clinopodioides L. is a valuable medicinal and aromatic plant; however, its special
requirements for proper growth and enhanced secondary metabolite composition have limited its
production and availability. The lack of appropriate fertilizer dosage recommendations is one of
these limiting factors for ex situ conservation and large-scale cultivation. This study investigated the
effects of nitrogen (N) fertilization on Z. clinopodioides in both open field and unheated greenhouse
conditions. The determined research factor was N dosage (0, 40, 80, and 120 kg N ha−1 in the
field) and (0, 200, 400, and 600 mg N pot−1 in the greenhouse). It was found that Z. clinopodioides
plants could grow successfully outside their natural habitat with sufficient N fertilization yielding a
satisfactory amount of metabolites per plantation area. Specifically, among the tested dosages, the
120 kg N ha−1 (which showed no significant difference from 80 kg N ha−1) and 400 mg N pot−1

fertilizers increased the aboveground dry and fresh biomass, essential oil (EO) content, and yield.
Nitrogen fertilization showed a direct correlation with menthone, neo-menthol, menthol, pulegone, E-
ocimenone, and spathulenol, but a negative correlation with α-pinene, β-pinene, limonene, 1,8-cineol,
trans-pulegol, and iso-menthone. This study is the first to evaluate the effects of N fertilization on
the genus Ziziphora. The results indicate that utilizing N fertilizer at a moderate rate (80 kg N ha−1

in the field and 400 mg N pot−1 in the greenhouse) can improve the agronomic traits and EO of
Z. clinopodioides.

Keywords: agronomic traits; kakuti; nutrient; essential oil; pulegone

1. Introduction

In recent years, medicinal and aromatic plants have been considered as a main source
for producing secondary metabolites [1], which are used in the health, perfume, cosmetics,
and food industries [2–5]. These valuable compounds are influenced by various ecologically
limiting factors, including temperature, carbon dioxide, light, ozone, soil water, soil salinity,
and soil fertility [6–8]. The genus Ziziphora belongs to the Lamiaceae family and is native to
regions such as Afghanistan, Anatolia, Armenia, Caucasus, Iraq, Central Asia, Pakistan,
Syria, Turkey, Turkmenistan, and Western Siberia [9]. Four species, including Z. clinopodi-
oides, Z. persica, Z. tenuior, and Z. capitata, are distributed in the Iranian flora, and in Persian,
these species are collectively known as “kakuti” [10]. In traditional Iranian medicine,
Ziziphora species are commonly used to treat a variety of illnesses, including infections,
heart palpitations, digestive problems, stomachache, and insomnia [11,12]. Among all these
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species, Z. clinopodioides is the most widely grown and is known for its antibacterial, antifun-
gal, antioxidant, and insecticidal activities [13–15]. The EOs derived from Z. clinopodioides
are rich sources of bioactive compounds, including sterols, fatty acids, flavonoids, and
other components [16]. Mohammad-hosseini [9] found significant amounts of pulegone in
the aerial parts of Z. clinopodioides EO. Thus, oxygenated monoterpenes are the major com-
ponents of the relevant chemical profiles. Other oxygenated monoterpenes identified in the
EO profiles include iso-mentone, iso-pulegone, thymol, menthon, piperitone, neo-menthol,
menthol, carvacrol, and 1,8-cineole. Pulegone, an oxygenated monoterpene with a mint-like
odor, is the major component of the essential oil of Z. clinopodioides, which is sometimes
used in beverages and as a food additive for human consumption and occasionally in herbal
medicine as an abortifacient drug [17]. The compound is genotoxic but not mutagenic,
teratogenic, or a reproductive toxicant; however, it is carcinogenic, potentially causing
cancer of the urinary bladder and liver at high doses [18,19]. Owing to the significance of
the EOs of medicinal and aromatic plants, the domestication and cultivation of these plants
in agricultural conditions are both environmentally and economically important. A limited
number of species containing valuable compounds for human use are known; however,
their scarcity in nature or difficulty in cultivation make them impractical for industrial
use [20]. Therefore, it is essential to find effective and practical methods to increase the
yield and quality of the compounds, especially for their cultivation in agricultural fields.
Soil nutrient management, as one of the practical methods for successful production, is a
critical factor for medicinal and aromatic plants, as well as for other plants [21,22].

Among all the nutritional elements, nitrogen (N) has the greatest effect on the growth
and yield of all plants. Previous research in medicinal and aromatic plants showed that
optimizing the N fertilization effectively improves both the total plant yield and the EO
content, the latter being the most important characteristic for the industrial application [23];
specifically, in Foeniculum vulgare and Thymus vulgaris, applying 90 kg N ha−1 fertilizer
increases yield and metabolite accumulation [24,25]. In a recent study by Liava et al. [26],
N fertilization did not affect oil and silymarin accumulation in Silybum marianum, although
it increased growth, yield, and the chlorophyll content. Conversely, in another study on
Thymus vulgaris, when plants were treated with an appropriate amount of N fertilizer
(0, 45, 90, and 135 kg N ha−1), the EO yield was increased, although the effect was not
statistically significant [27]. In a study conducted by Seif Sahandi [28], it was shown that
the amount of soluble protein, antioxidant enzyme activity, and EO content of peppermint
was significantly affected by N fertilizer. Considering various and sometimes controversial
results in previous papers regarding the effects of N fertilizers in medicinal and aromatic
plants, it is essential to examine the effect of N fertilizer on this specific plant. this examina-
tion can reveal how it helps to increase yield and secondary metabolite production while
reducing N losses and regulating negative environmental impacts by increasing the uptake
of applied N.

As medicinal and aromatic plants gain increasing economic and medicinal value, there
has been a growing interest among researchers in collecting, domesticating, preserving, and
cultivating these plants. To conserve, manage, and improve medicinal and aromatic plants
in rangeland ecosystems and agricultural fields, we need to identify the most effective
environmental factors, such as soil, topography, and climate conditions [29]. Z. clinopodi-
oides is a widely used plant, with valuable bioactive compounds, and its production can
be increased through cultivation in crop ecosystems by recognizing the ecological require-
ments, especially fertilizers such as N. However, to our knowledge, no studies have been
conducted on the influence of N fertilizer on Z. clinopodioides yield and quality. This study
aims to investigate the effect of N fertilizer on dry matter and the production of secondary
metabolites of Z. clinopodioides. Moreover, the yield and secondary metabolite content of
Z. clinopodioides cultivated in the field and greenhouse were compared to identify the best
conditions for the successful production of this valuable medicinal and aromatic plant.
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2. Materials and Methods

Two separate experiments were carried out to evaluate the effects of N fertilizer from
a urea source on the growth, yield, and phytochemical composition of Z. clinopodioides.
The concurrent experiments were conducted in the research field and greenhouse of the
Faculty of Agriculture at Azarbaijan Shahid Madani University, Tabriz, Iran, located at
35◦84′ N, 51◦81′ E, and 1215 m above sea level. The experiments were carried out during
the spring and summer of 2021. Light intensity and temperature data of two experimental
conditions are shown in Figure 1. The experimental treatments included N fertilizer
at four levels (0 (non-application), 40, 80, and 120 kg N ha−1 in the field, and 0 (non-
application), 200, 400, and 600 mg N pot−1 in the greenhouse). The N source used was
urea (CO(NH2)2), containing 46% N by weight as an organic compound. The amount
of N used in the pots was calculated based on the number of plants ha−1. To obtain a
comparable result from the greenhouse and field experiments, we calculated and considered
200,000 plants ha−1 by determining the amount of N per plant in the field experiment (N
per plant in the field = (kg N ha−1)/(200,000 plants ha−1)), where the N for each pot plant
corresponded to the same level as the N for each field plant. The seeds used in this study
were collected from the previous year’s field-grown mother plants of Z. clinopodioides at
the main research field of Azarbaijan Shahid Madani University. These seeds were first
planted in peat moss (0.06% total N) trays, and approximately 45 days later, when the
seedlings reached a height of 6 cm, they were transplanted to the field and into pots. The
plants were transferred to the field on 20 June and planted in 2 m2 plots with a space of
25 × 20 cm between two plants. The physico-chemical characteristics of the soil used in the
experiment were assessed before applying the treatments (Table 1). Prior to the analysis,
the soil samples were air-dried, grounded, passed through a 100-mesh sieve, and used
for the analysis. The soil pH was determined at a soil-to-deionized water ratio of 1:2.5
(w/v) using a pH meter (PT-370, Boeco, Hamburg, Germany). Electrical conductivity (EC)
was measured in a 1:5 (w/v) soil-to-deionized water mixture potentiometrically using a
conductivity meter (AD330, Adwa Instruments, Szeged, Hungary). Soil organic carbon
was determined using the Walkley–Black method, which involves potassium dichromate
oxidation, followed by ferrous sulfate titration [30]. The cation exchange capacity was
quantified titrimetrically, by distillation of ammonium displaced by sodium [31]. Total N
concentration was measured using the Kjeldahl method [32] following sample digestion
in H2SO4-salicylic acid-H2O2 [32]. The same digest was used to determine potassium (K)
content by flame photometry [33] and phosphorus (P) concentration using the molybdenum
blue method [34]. For the measurement of magnesium (Mg), iron (Fe), manganese (Mn),
boron (B), zinc (Zn), and copper (Cu), samples were ashed at 500 ◦C for 4 h, then treated
with 5 mL of 2 N hydrochloric acid and heated, and concentrations were determined by
atomic absorption spectrophotometry [35]. The calcium carbonate content (CaCO3%) was
determined with a calcimeter, by treating soil samples with HCl and measuring the CO2
release [36].

The N fertilizer was mixed with the soil twice during the growth period, at a depth
of 2 cm. The first fertilization was performed on the 13th of July, and the second on the
27 August (early vegetative stage). In the greenhouse experiment, 72 pots were used,
with six replicates per treatment, and in each replication, there were three pots for each
treatment. Pots with a capacity of 7 L were filled with soil from the same field, and then
Z. clinopodioides seedlings were planted. Similar to the field experiment, fertilization was
performed twice in the greenhouse pots. A drip irrigation system was used in both the
field and greenhouse experiments. Irrigation management was based on maintaining soil
moisture at 70% of field capacity. Soil water status was continuously monitored using TDR
(Time Domain Reflectometer) device (PMS-714, Lutron, Taipei, Taiwan) probes. Irrigation
was triggered when soil water depletion reached 30% of field capacity, ensuring consistent
soil moisture conditions throughout the study period, and the total number of irrigations
during the experimental period was 11 in the field and 13 in the greenhouse. Throughout
the experiment, the plants were closely monitored daily for any signs of pests, pathogens,
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and weeds. No chemical treatments for pests and pathogens were necessary. However,
weeds were hand-pulled during the growth season to reduce competition with the primary
crop. At full flowering, morphological and yield measurements were collected. Plant
height was measured from the base of the main stem to the top of the highest inflorescence.
Plants were harvested by cutting the stems 7 cm above the ground. Fresh weight was
determined immediately using a digital balance (BBI41, Boeco, Hamburg, Germany). To
determine the dry weight, the harvested plant material was dried in an oven (BINDER D.
78532, Tuttlingen, Germany) at 60 ◦C for 48 h. Both fresh and dry weights were recorded,
and then fresh and dry herb yields per hectare were calculated based on plot size and plant
density in the field trial.
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Figure 1. Light intensity, minimum and maximum field and greenhouse temperature (◦C) during the
study period.

Table 1. Properties of experimental soil in field and pot at the start of the experiment.

Item Unit Soil

Texture - Sandy loam
Organic carbon (%) 0.51

EC (ds/m) 1.36
pH - 8.20

Total N (%) 0.05
Available P (mg kg−1) 7.80
Available K (mg kg−1) 162

CaCO3 (%) 4.50
Available Mg (mg kg−1) 9.84
Available Fe (mg kg−1) 8.10
Available Mn (mg kg−1) 6.22
Available Zn (mg kg−1) 1.12
Available Cu (mg kg−1) 1.05
Available B (mg kg−1) 0.48

Cation-exchange capacity
(CEC) (cmol kg−1) 9.5

Bulk density (g cm−3) 1.35

The harvesting time for plants without application of N and those treated with
40 kg N ha−1 treatment was on 23 September, while the plants treated with 80 kg N ha−1
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and 120 kg N ha−1 were harvested on 6 October. The plots that had received the highest
N rate showed delayed flowering time, and our aim was to harvest at the full flowering
stage of the treatments. For plants in the greenhouse, the harvesting date was recorded on
27 October.

2.1. Shoot Nitrogen Content

After oven drying, the shoot samples (0.5 g) were finely ground using an electric
mill. Total N was determined by the Kjeldahl method, as described by Novozamsky
et al. [32]. This process involved digestion of the samples with sulfuric acid/hydrogen
peroxide, followed by distillation with sodium hydroxide and, finally, titration of the
ammonia-containing solution. The results were expressed as a percentage of total N on a
dry weight basis.

2.2. Extraction of EO

In order to determine the EO content, the aerial parts of each sample were harvested at
full flowering stage and dried at a temperature of 40 ◦C. The drying process continued until
the residual moisture content of the plant material reached 10% of the initial fresh weight.
The hydro-distillation method was used to isolate the EOs from the dried aerial parts of
the plant. From each treatment, 50 g of dried samples were used and extracted three times
using a Clevenger-type apparatus for three hours; this was made of heat resistant, low
expansion, 3.3 borosilicate glass (upper grade). Two options included a 1000 mL round
bottom flask (24/29) and a 300 mm Liebig condenser (24/29). For the rest, we followed the
procedure described in the British Pharmacopoeia [37] for this extraction. The extracted
EOs were dehydrated using Na2SO4 and stored in sealed, dark glass containers at 4 ◦C for
further analysis. The weight EO obtained was measured, and the percentage of EO was
calculated (w/w %). The EO yield was calculated by multiplying the percentage of EO by
the dry yield (EO yield = % EO × dry yield).

2.3. Gas Chromatography (GC) and Gas Chromatography–Mass Spectrometry (GC-MS) Analysis

The GC analysis was conducted using an Agilent Technologies-7890A mass selective
detector and an HP-5 fused silica capillary column (30 m × 0.32 mm (ID), 0.25 micron (FT)).
The oven temperature was adjusted from 60 to 210 ◦C at an increasing rate of 3 ◦C min−1,
which was then increased up to 240 ◦C with an increasing rate of 20 ◦C min−1. The
temperature of 240 ◦C was then maintained constant for 8.5 min. Finally, the MS operating
parameters were adjusted with an ionization voltage of 70 eV and an ion source temperature
set to 200 ◦C.

GC-MS analysis was conducted using an Agilent Technologies-5975C MS and a 7890A-
GC system fitted with a fused silica HP-5MS column (30 m × 0.25 mm (ID); coating
thickness 0.25 µm). The oven temperature was adjusted from 60 to 210 ◦C with an increase
rate of 3 ◦C min−1, which was then increased to 240 ◦C with an increase rate of 20 ◦C min−1.
The final oven temperature was kept constant at 240 ◦C for 8.5 min. The total analysis
time was set to 60 min. The electron ionization (EI) energy was 70 eV, and the ion-source
temperature was set to 230 ◦C. We used an MS detector, where the interface line temperature
was set to 280 ◦C, the injection port temperature was set to 280 ◦C, and a split ratio of 1:50
was used. Helium was used as the carrier gas, with a flow rate of 1 mL min−1, and a mass
range of 50–480 was applied to detect compounds. The compounds were identified by
comparing their retention time and indices, as well as recorded mass spectra using the
National Institute of Standards and Technology (NIST 11.0) mass-spectral library, the Wiley
MS data system library (Wiley, Chichester, UK), and previous literature. To calculate the
inhibition index, the C5-C24 n-alkanes series were used under similar thermal conditions.
Further identification was made by matching the mass spectral fragmentation patterns of
different compounds with corresponding data (Adams and Wiley 7.0 library) and other
published mass spectra [38]. The percentage of each EO constituent was calculated by
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determining the peak area of each compound relative to the total peak area of the entire
chromatograph.

2.4. Data Analysis

The statistical analysis was conducted using SAS, version 9.2, and the results were
compared using one-way ANOVA. Two separate experiments were considered: the field
experiment was considered with three replications, in a randomized complete block design,
and the greenhouse experiment was considered with six replications, in a randomized
complete block design, and the data are presented as means ± standard errors. The PROC
UNIVARIATE within SAS was used to test the assumptions of ANOVA, and the residuals
were normally distributed, so the data did not need transformation. The Tukey test was
used to determine whether there were significant differences between the treatments per
experiment (p < 0.05).

3. Results
3.1. Plant Height in the Field and Greenhouse Settings

The results of this study revealed that the application of N fertilizer had a significant,
positive effect on the height of Z. clinopodioides plants (p < 0.001). Plant height increased
significantly with the N application in both cultivation conditions. In the field, the highest
plant height was achieved when 80 kg N ha−1 was applied, compared to the non-application
of N (25% higher). However, there was no significant difference between the treatments
of 40 kg N ha−1 and 80 kg N ha−1. Using 120 kg N ha−1, the plant height decreased by
13% compared to 80 kg N ha−1 (Figure 2). In the greenhouse, plant height increased by
25% compared to the non-application of N when 400 and 600 mg N pot−1 were applied.
However, there was no significant difference between the 200 mg N pot−1, 400, and
600 mg N pot−1 treatments (Figure 2).
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Figure 2. Effect of N fertilization on plant height in the field and greenhouse for Z. clinopodioides.
N1: 0, N2: 40, N3: 80, N4: 120 kg N ha−1 in the field; N1: 0, N2: 200, N3: 400, N4: 600 mg N
pot−1 in the greenhouse. Means (columns) and standard errors (vertical bars) of three replicates
are depicted. Different letters within columns of the same color indicate statistically significant
differences according to Tukey’s test.

3.2. Fresh and Dry Biomass Production of Shoots

The fresh (p < 0.001) and dry (p < 0.05) biomass of the shoots was significantly affected
by different amounts of N fertilizer under both field and greenhouse conditions. The fresh
weight of the plants under field conditions varied from 42.20 to 75.60 g per plant, while the
dry weight ranged from 15.56 to 27.78 g per plant. Both fresh and dry weights indicated that
plants grown with 120 kg N ha−1 had the highest biomass compared to the non-application
of N, which had the lowest value (Figures 3 and 4). Under greenhouse conditions, the
dry weight ranged between 1.86 and 4.29 g per plant, while the fresh weight varied from
10.18 to 21.74 g per plant. The highest values were recorded for 400 mg N pot−1, and the
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non-application of N had the lowest amount. This study showed higher fresh and dry
weights with the N application compared to the non-application of N under both field and
greenhouse conditions. Under field conditions, 120 kg N ha−1 led to significant increases in
fresh and dry weights, although these increases were not statistically different from those
observed with 80 kg N ha−1, whereas under greenhouse conditions, the 400 mg N pot−1

treatment performed better.
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Figure 3. Effect of N fertilization on the plant fresh weight in the field and greenhouse for Z.
clinopodioides. N1: 0, N2: 40, N3: 80, N4: 120 kg N ha−1 in the field; N1: 0, N2: 200, N3: 400,
N4: 600 mg N pot−1 in the greenhouse. Means (columns) and standard errors (vertical bars) of
three replicates are depicted. Different letters within columns of the same color indicate statistically
significant differences according to Tukey’s test.
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Figure 4. Effect of N fertilization on the plant dry weight in the field and greenhouse for Z. clinopodi-
oides. N1: 0, N2: 40, N3: 80, N4: 120 kg N ha−1 in the field; N1: 0, N2: 200, N3: 400, N4: 600 mg N pot−1

in the greenhouse. Means (columns) and standard errors (vertical bars) of three replicates are de-
picted. Different letters within columns of the same color indicate statistically significant differences
according to Tukey’s test.

Figure 5 illustrates the effect of N fertilization on fresh and dry shoot yield of Z.
clinopodioides under field conditions. N fertilization significantly affected both fresh and
dry biomass production (p < 0.001), demonstrating the crucial role of N in plant growth
and development. N fertilization progressively increased plant biomass, with the most
pronounced effect observed at the highest application rate, of 120 kg N ha−1, followed
by 80 kg ha−1, and the lowest value obtained from plants subjected to non-application
of N. This treatment resulted in maximum fresh and dry yields of 10,577.8 kg ha−1 and
3888.89 kg ha−1, respectively. Remarkably, these yields represent a 44% increase compared
to the control treatment, where no nitrogen was applied, although these increases were
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not statistically different from those observed with 80 kg N ha−1. This substantial increase
underlines the importance of an adequate N supply for optimal biomass production in
Z. clinopodioides.
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Figure 5. Effect of N fertilization on the shoot fresh and dry yields in the field of Z. clinopodioides.
N1: 0, N2: 40, N3: 80, N4: 120 kg N ha−1 in the field. Means (columns) and standard errors (vertical
bars) of three replicates are depicted. Different letters within columns of the same color indicate
statistically significant differences according to Tukey’s test.

3.3. Shoot Nitrogen Concentration

The shoot N content analysis provides an important physiological context for inter-
preting plant growth, yield, and EO production responses and serves as a quality control
measure for fertilizer treatments. The results of this study revealed that both N appli-
cation and growing conditions had a significant impact on leaf N concentration under
field and greenhouse conditions (p < 0.001). The nitrogen concentration in the shoots
was significantly higher in all treatments compared to the non-application of N in both
conditions. In the field, the application of 120 kg N ha−1 resulted in a maximum leaf N
content, representing a 43% increase compared to the non-application of N (Figure 6). In
the greenhouse, the highest values were obtained for the application of 400 mg N pot−1,
while the lowest values were observed with the non-application of N (Figure 6). It is worth
noting that the percentage of leaf N was significantly higher in the Z. clinopodioides plants
grown in the field compared to those grown in the greenhouse.
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Figure 6. Effect of N fertilization on the shoot N concentration in the field and greenhouse for
Z. clinopodioides. N1: 0, N2: 40, N3: 80, N4: 120 kg N ha−1 in the field; N1: 0, N2: 200, N3: 400,
N4: 600 mg N pot−1 in the greenhouse. Means (columns) and standard errors (vertical bars) of
three replicates are depicted. Different letters within columns of the same color indicate statistically
significant differences according to Tukey’s test.
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3.4. Essential Oil Yield of Dry Matter in the Field

The EO yields were significantly affected by N fertilizers (Figure 7, p < 0.001). The
results showed that the EO production under field conditions increased with the sup-
ply of 120 kg N ha−1. The highest value of EO production in the field was recorded at
120 kg N ha−1 treatment, and the lowest was observed in the non-application of N. The EO
yield increased from 44.07 kg ha−1 in the non-application of N treatment to 93.3 kg ha−1 in
the 120 kg N ha−1 treatment, representing a 50.4% increase compared to the non-application
of N. There was no significant difference in the EO yield values between the 80 kg N ha−1

and 40 kg N ha−1 treatments when compared to the 120 kg N ha−1 level (Figure 7).
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Figure 7. Effect of N fertilization on the shoot EO yields in the field for Z. clinopodioides. N1: 0,
N2: 40, N3: 80, N4: 120 kg N ha−1. A Means (columns) and standard errors (vertical bars) of
three replicates are depicted. Different letters within each column indicate statistically significant
differences according to the Tukey’s test.

3.5. Essential Oils Content of Dry Matter in the Field and Greenhouse

Adding N fertilizer to plants enhanced the EO content of Z. clinopodioides aerial parts
both in the field and greenhouse at the 5 and 1% probability levels, respectively. The
content of EO in the field increased from 2.03% in non-application of N to 2.43% when
N was applied at 120 kg N ha−1, which is an increase of 17% over the non-application of
N treatments (Figure 8). In greenhouse conditions, the percentage of EO increased from
0.42% in non-application of N to 0.98% after 600 mg N pot−1 was applied, representing
a 56% increase compared to the non-application of N treatment (Figure 8). Although the
percentage of EO was higher in the field than in the greenhouse, the beneficial effect of
N fertilizer was more pronounced in the greenhouse, which was 56% compared to the
non-application of N, while this increase was 17% in the field. The control registered the
lowest value at both conditions. The ameliorative effect of basal application of N on the EO
content could be ascribed to the pivotal roles played by N in plants.
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    kg N ha−1   mg N pot−1  

N. 

Com-

pound 
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RI Cal-

culated 

RI Ref-

erence 
0 40 80 120 

Field 

Condi-

tion 

Signifi-

cance 
0 200 400 600 

Gre

en 

Hou

se 

Con

di-

tion 

Signifi-

cance 

1 -Pinene 928 932 
3.42 ± 

0.02 a 

3.66 ± 

0.14 a 

1.87 ± 

0.27 b 

0.3 ± 

0.04 c 
2.31 ** 

0.84 ± 

0.06 

1.10 ± 

0.15 

1.56 ± 

0.26 

0.94 ± 

0.09 
1.11 ns 

2 Sabinene 967 969 
2.54 ± 

0.11 a 

2.03 ± 

0.03 b 

1.63 ± 

0.01 c 

0.11 ± 

0.01 d 
1.58 *** 

00 ± 

0.00 b 

00 ± 

0.00 b 

1.51 ± 

0.19 a 

1.42 ± 

0.07 a 
0.73 ** 

3 β-pinene 972 974 
3.84 ± 

0.10 a 

3.58 ± 

0.02 a 

2.48 ± 

0.02 b 

0.33 ± 

0.03 c 
2.56 *** 

1.20 ± 

0.15  

0.80 ± 

0.01  

0.82 ± 

0.01  

0.97 ± 

0.07  
0.95 ns 

4 
Limo-

nene 
1024 1024 

1.78 ± 

0.02 a 

1.80 ± 

0.10 a 

1.29 ± 

0.19 ab 

1.01 ± 

0.01 c 
1.47 * 

00 ± 

0.00 b 

00 ± 

0.00 b 

00 ± 

0.00 b 

0.60 ± 

0.10 a 
0.15 * 

5 
1,8-Cin-

eol 
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0.14 bc 

1.87 ± 
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2.78 *** 

24.4 ± 

1.90 a 

8.51 ± 
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6.57 ± 
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5.98 ± 

0.42 b 

11.3

7 
** 
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2.03 ± 
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Figure 8. Effect of N fertilization on the content of plant EO in the field and greenhouse for Z.
clinopodioides. N1: 0, N2: 40, N3: 80, N4: 120 kg N ha−1 in the field; N1: 0, N2: 200, N3: 400, N4:
600 mg N pot−1 in the greenhouse. Means (columns) and standard errors (vertical bars) of three
replicates are depicted. Different letters within columns of the same color indicate statistically
significant differences according to Tukey’s test.

3.6. Essential Oil Compositions

Totally, 16 compounds were identified in the Z. clinopodioides plants grown under
field and greenhouse conditions, and these compounds accounted for 96.57–99.25% of
the total plant EO, among which oxygenated monoterpenes were the most abundant EO
(Table 2). The mean relative abundance ± standard error of these compounds is shown in
Table 2. Pulegone, menthone, neo-menthol, 1,8-cineole, and menthol were identified as the
predominant EO compounds in plants (Figure 9).
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Table 2. Influence of N fertilization on the composition of essential oil of Z. clinopodioides under different conditions.

kg N ha−1 mg N pot−1

N. Compound Name RI Calcu-
lated

RI Refer-
ence 0 40 80 120

Field
Condi-

tion
Significance 0 200 400 600

Green
House

Condition
Significance

1 α-Pinene 928 932 3.42 ± 0.02 a 3.66 ± 0.14 a 1.87 ± 0.27 b 0.3 ± 0.04 c 2.31 ** 0.84 ± 0.06 1.10 ± 0.15 1.56 ± 0.26 0.94 ± 0.09 1.11 ns

2 Sabinene 967 969 2.54 ± 0.11 a 2.03 ± 0.03 b 1.63 ± 0.01 c 0.11 ± 0.01 d 1.58 *** 00 ± 0.00 b 00 ± 0.00 b 1.51 ± 0.19 a 1.42 ± 0.07 a 0.73 **

3 β-pinene 972 974 3.84 ± 0.10 a 3.58 ± 0.02 a 2.48 ± 0.02 b 0.33 ± 0.03 c 2.56 *** 1.20 ± 0.15 0.80 ± 0.01 0.82 ± 0.01 0.97 ± 0.07 0.95 ns

4 Limonene 1024 1024 1.78 ± 0.02 a 1.80 ± 0.10 a 1.29 ± 0.19
ab 1.01 ± 0.01 c 1.47 * 00 ± 0.00 b 00 ± 0.00 b 00 ± 0.00 b 0.60 ± 0.10 a 0.15 *

5 1,8-Cineol 1027 1026 6.91 ± 0.29 a 1.02 ± 0.01 c 1.33 ± 0.14
bc 1.87 ± 0.12 b 2.78 *** 24.4 ± 1.90 a 8.51 ± 0.59 b 6.57 ± 0.45 b 5.98 ± 0.42 b 11.37 **

6 iso-menthone 1145 1158 9.32 ± 0.62 a 7.66 ± 0.40 a 7.56 ± 0.55 a 2.03 ± 0.03 b 6.64 * 2.75 ± 0.45 2.48 ± 0.48 2.64 ± 0.35 2.33 ± 0.22 2.55 ns

7 Menthone 1148 1148 10.84 ± 0.46
b

12.78 ± 0.78
b

12.36 ± 0.16
b

15.09 ± 0.60
a 12.77 ** 8.56 ± 0.43 c 12.59 ± 1.41

b
15.44 ± 0.25

ab
16.62 ± 1.10

a 13.30 **

8 neo-Menthol 1160 1161 4.81 ± 0.49 c 5.11 ± 0.21 c 10.44 ± 0.56
b

15.84 ± 0.84
a 9.05 *** 10.26 ± 0.74

c
16.26 ± 0.26

b
18.36 ± 0.86

a
15.41 ± 0.40

b 15.07 ***

9 Menthol 1168 1167 2.53 ± 0.37 b 2.45 ± 0.25 b 4.04 ± 0.55 a 4.92 ± 0.18a 3.49 ** 14.53 ± 1.27
a 9.15 ± 1.04 b 3.46 ± 0.54 c 8.48 ± 0.52 b 8.91 ***

10 trans-pulegol 1215 1213 4.04 ± 0.16 a 3.93 ± 0.01 a 1.84 ± 0.06 b 0.35 ± 0.00 c 2.54 *** 1.52 ± 0.08 a 1.62 ± 0.18 a 1.36 ± 0.16 a 0.44 ± 0.04 b 1.24 ***

11 Pulegone 1227 1233 38.24 ± 0.78 40.55 ± 1.35 40.4 ± 1.95 40.01 ± 0.99 39.80 ns 14.06 ± 0.98
c

22.44 ± 0.65
b

25.11 ± 0.99
a

23.14 ± 1.35
ab 21.19 ***

12 Piperitone 1249 1249 3.48 ± 0.8 b 3.74 ± 0.25 b 3.91 ± 0.19 b 5.16 ± 0.33 a 4.07 *** 7.31 ± 0.41 c 9.26 ± 0.26 a 8.20 ± 0.57
ab 7.64 ± 0.37 b 8.10 **

13 cis- Piperitone
Epoxide 1250 1250 2.87 ± 0.23 a 3.36 ± 0.04 a 1.26 ± 0.08 b 0.24 ± 0.04 c 1.93 *** 0.21 ± 0.02 0.40 ± 0.10 0.27 ± 0.01 0.50 ± 0.10 0.35 a ns

14 E-Ocimenone 1255 1235 1.78 ± 0.12 c 4.42 ± 0.22 b 5.42 ± 0.42 b 9.02 ± 0.97 a 5.16 *** 8.40 ± 0.40 9.07 ± 0.06 9.95 ± 1.05 9.96 ± 0.96 9.35 a ns

15 Caryophyllene 1378 1408 0.42 ± 0.02 a 0.34 ± 0.00
ab 0.27 ± 0.03 c 0.30 ± 0.05 b 0.33 * 2.45 ± 0.25

ab 2.84 ± 0.16 a 1.67 ± 0.02 b 1.60 ± 0.06 b 2.14 *

16 Spathulenol 1576 1577 0.20 ± 0.02 c 0.14 ± 0.02 c 1.41 ± 0.09 b 2.67 ± 0.17 a 1.10 ** 1.52 ± 0.27 1.14 ± 0.06 1.33 ± 0.03 1.26 ± 0.16 1.31 ns

Total - 97.02 96.57 97.51 99.25 - - 98.01 97.66 98.25 97.29 - -

RI calculated: retention indices for each compound calculated on a DB-5 column using the retention times of n-alkanes (C8–C26). RI reference: retention indices that refer to NIST
Chemical Web Book. ns, *, ** and *** indicate no significant, and significant at 0.05, 0.01 and 0.001% probability levels, respectively. Values are mean ± SE (n = 3); values marked in rows
with different letters differ at p < 0.05 according to Tukey’s test.
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Adding N to the soil in the field and greenhouse conditions increased the amounts
of menthone, neo-menthol, menthol, pulegone, E-ocimenone, and spathulenol. However,
some important compounds, such as α-pinene, sabinene, β-pinene, limonene, 1,8-cineol,
trans-pulegol, and iso-menthone were reduced when N fertilizer was applied to the plants
(Table 2). The application of N in the field and greenhouse led to an increase in the amount of
pulegone. Under field conditions, 40 kg N ha−1 produced the highest amount of pulegone,
while the lowest amount was obtained in the non-application of N treatment, although there
was no significant difference between the treatments (Table 2). However, this increase did
not occur at high N levels in greenhouse conditions, where the highest amount of pulegone
was observed in the treatment with 400 mg N pot−1, and the lowest amount was observed in
the non-application of N treatment. The amount of this compound increased by 18.6% when
comparing field and greenhouse conditions (Table 2). Similarly, the percentage of menthone
was higher with N treatment under both field and greenhouse conditions. In the field, the
highest amount of menthone was obtained in the 120 kg N ha−1 treatment, which was 28%
more than the lowest amount obtained in the non-application of N.

In greenhouse conditions, the highest percentage of menthone was observed in the
treatment with 600 mg N pot−1, which was 47% higher compared to the non-application
of N. There was no difference in the menthol percentage between field and greenhouse
conditions. The percentage of neo-menthol was also higher with the N application under
both field and greenhouse conditions. In the field, the highest percentage of neo-menthol
was obtained at 120 kg N ha−1 (69% more compared to the non-application of N). On
the other hand, in the greenhouse, the highest amount of neo-menthol EO (18.36%) was
obtained in the treatment with 400 mg N pot−1, while the lowest amount of this compound
(10.26%) was observed in the non-application of N. Additionally, the concentration of
neo-menthol increased by 6.36% in the greenhouse compared to the field. Under both field
and greenhouse conditions, the amount of 1,8-cineole decreased with the N application.

In the field, the highest and lowest concentrations of 1,8-cineole correlated with the
non-application of N treatment (6.91%) and the 40 kg N ha−1 treatment (1.02%), respectively.
Meanwhile, the reduction was from 24.4% in the non-application of N treatment to 5.98%
when 600 mg N pot−1 was applied in the greenhouse. The percentage of this compound
increased by 8.59% under greenhouse conditions compared to field conditions (Table 2).
Furthermore, a significant reduction in iso-menthone was observed under both field and
greenhouse conditions when N was added to the soil. In the field, the highest value
(9.32%) was observed in the non-application of N, and this number was reduced by the N
application and the 120 kg N ha−1 treatment, resulting in the highest reduction (78%).

In the field, the highest and lowest amounts of menthol were 4.92% and 2.45%, which
were observed in the treatments with 120 kg N ha−1 and 40 kg N ha−1, respectively. In
the greenhouse, the highest menthol percentage was observed in the non-application of
N (76% more than with 400 mg N pot−1) condition, while the lowest percentage (3.46%)
was associated with an application of 400 mg N pot−1. This compound increased by 5.42%
when the plants were grown in the greenhouse.

4. Discussion

Medicinal and aromatic plants are basically vital for farming since many of them are
still collected from nature to meet the requirements of communities. However, due to
increased industry demand, farmers have begun cultivating them on farms. Due to the
limited knowledge of optimal soil conditions, including nutrient levels and other growth
requirements, it is essential to carefully monitor and analyze management strategies in
experimental fields and make the results accessible to the wider society. N is an essential
nutrient for plant growth and development, and its demand increased significantly during
the plant growth stages, as compared with other elements [39]. The role of N management
in soil fertility, plant N content, growth, yield and phytochemical composition is of utmost
importance [23,40]. Increased N availability through deposition or supplementation can
enhance crop growth and productivity. Recognizing this, we were motivated to investigate
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the optimal N application treatment for Z. clinopodioides, a valuable medicinal and aromatic
plant in the Middle East. The results of the two separate experiments showed that adding
N to Z. clinopodioides has a significant impact on plant growth and development. The N
fertilizer rate had a significant impact on plant heights under both field and greenhouse
conditions. Nitrogen promotes plant growth by stimulating a number of interrelated
processes. It increases the number and length of internodes, as well as meristematic cell
production, and facilitates stem cell enlargement. These combined effects lead to the
formation of new shoots and taller, more robust plants, highlighting the critical role of
nitrogen in plant development. The increase in plant height obtained with 80 kg N ha−1 in
the field and 600 mg N pot−1 in the greenhouse can be a result of the N role in facilitating
the assimilation of essential nutrients by the plant [41]. The increase in plant height under
field conditions was significantly higher compared to the greenhouse, which can be due to
the greater expansion of the roots and the absorption of more N from the soil. An increase
in plant height can result in an increase in leaf number/plant [42], therefore leading to
more photosynthesis capacity per plant.

Determining the ideal N application rate is an effective approach to achieve crop
economic benefits while minimizing environmental risks. Crop yield or biomass is a
commonly employed indicator for determining the optimal N application rate [43,44].
In this study, N fertilization positively influenced the biomass of Z. clinopodioides plants
in both conditions of the experiment. When N fertilizers were applied to the soil, both
the fresh and dry biomass weight increased. The plants treated with the highest N rates
produced the greatest biomass, measured in fresh and dry weights, compared to the plants
receiving non-application of N. In the field, higher rates of fertilizers were generally more
effective, possibly due to the higher light intensity in the field compared to the green-
house conditions. In addition, temperature rotation is crucial for plant growth, as the
night temperature should be lower than the day temperature [45]. When the air tempera-
ture cooled at night, the shoot’s growth declined, causing the roots to absorb more water
and nutrients (particularly N), resulting in more growth during the day (Figure 1). Plant
growth dynamics are significantly influenced by diurnal temperature variations, with
cooler nighttime temperatures reducing transpiration and promoting nutrient uptake and
root pressure. This nocturnal accumulation of resources facilitates a daytime growth surge
when temperatures rise, allowing plants to optimize their growth by exploiting the distinct
advantages of both nighttime and daytime conditions. Several studies have suggested
that the quality, intensity, and photoperiod of light can significantly impact the way plants
absorb and utilize nutrients [46–48]. The stimulation effects of applying N on vegetative
growth may be attributed to the well-known functions of N in plant life. Higher N intake
in the field has been shown to result in increased numbers of meristematic cells and their
growth, as well as the growth of more shoots, leaves, and height [49]. Nitrogen is also an
essential component of many metabolites, including amino acids, chlorophylls, coenzymes,
enzymes, proteins, purines, and pyrimidines [50–52]. Furthermore, N applications increase
the cytokinin levels within cells, leading to both an increase in the number of cells and
their extensibility [41]. Therefore, it can be concluded that N may have directly or indi-
rectly contributed to the proliferation of new cells and tissues, resulting in an increase in
growth and yield characteristics [20]. Furthermore, plant protoplasm, which is the living
matter found in cells and appears as a translucent substance, depends heavily on N as its
primary building block. Nitrogen is vital for a range of plant functions, such as promoting
flower differentiation, facilitating rapid shoot growth, maintaining the health of flower
buds, enhancing the quality of the fruit set, and catalyzing the uptake of other essential
minerals [53,54].

Although there is extensive research on the effects of N management in medicinal and
aromatic plants in the field and greenhouse, information on Z. clinopodioides is limited. This
research analyzed for the first time the cultivation of Z. clinopodioides under agronomically
controlled conditions, examining the factors contributing to growth and productivity in an
agricultural system. However, it is known that Z. clinopodioides is adaptable to harsh and
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arid conditions, as well as infertile climates, thus finding the best agricultural management
strategy is economically and environmentally beneficial.

Determining the optimal amount of N fertilizer for medicinal and aromatic plants has
been a challenging task, as previous reports have shown that the best amount of N fertilizer
varies among different medicinal and aromatic plants and does not follow a consistent
pattern [55–57]. Reducing N sources in agricultural conditions, aimed at economic efficiency,
can lead to the loss of a significant amount of yield from the field. This issue can be even
more challenging for medicinal and aromatic plants such as Z. clinopodioides, which can
have several stages of harvest each year. The present study’s results showed a significant
increase in both fresh and dry shoot weights when N was applied in field and greenhouse
conditions. The higher biomass of plants grown in the field, as compared to those grown in
the greenhouse, can be attributed to their more efficient uptake of N and higher N content
in their shoots. This suggests that plants in the field can absorb N fertilizer more effectively.
The best treatment under field conditions was 80 kg N ha−1, while the best treatment
in greenhouse conditions was 400 mg N pot−1. The reason for the positive effect of N
application on the N content compared to the control is obvious. As no N was applied to the
control plants, they were completely dependent on the nutrient present in the soil. On the
other hand, the treated plants received an adequate supply of this nutrient, ensuring ready
availability and continuous uptake by the roots, followed by smooth translocation to the
shoot and satisfactory distribution throughout the aerial parts, with effects on dry matter
production and EO content and composition. Other studies on medicinal and aromatic
plants, such as Azizi et al. [58], Bielski [59], Liava et al. [26], and Singh et al. [60], have shown
similar results. Nitrogen plays a crucial role in increasing the number of meristematic
cells, resulting in more leaves and branches [49]. Nitrogen is also a primary metabolic
component involved in the synthesis of amino acids, nucleic acids, lipids, and enzymes,
directly influencing cell division. Cell division plays an imperative role in enhancing the
shoot length of plants [61]. Additionally, N fertilizer has been found to enhance plant height
and biomass [62]. Previous studies on various crops, including tomato [63], soybean [64],
cucumber [65,66], and wheat [67], have demonstrated that both the quantity and form of
N significantly influence crop growth rates and yields. Research has consistently shown
that the combined application of different N forms typically enhances crop growth and
overall performance. N metabolism is a basic plant physiological process. The content of
N among organs can reflect the nutrient status and physiological function of crop N [68].
Studies have shown a strong correlation between the applied dose of N fertilization in the
soil and the N content in the shoot [69,70]. It was observed that increasing the N fertilizer
dose led to a corresponding increase in the N content in the shoot (Figure 6). Among all the
Z. clinopodioides plants examined, a dose of 120 kg N ha−1 in the field and 400 mg N pot-1
in the greenhouse significantly increased the N content in the shoot. Previous studies have
shown that once the N application rates surpass a certain threshold, further increases in the
N rate do not significantly enhance yield [43,71]. Our greenhouse study yielded similar
results, supporting this observation.

Dry biomass production and EO content are crucial agronomic parameters for the
commercial utilization of medicinal and aromatic plants. The EO yield (kg ha−1) is directly
correlated with biomass production. In this study, the EO content of the Z. clinopodioides
crop exhibited an increase with the application of a higher N dosage. Consequently, the
EO yield (kg ha−1) also increased, due to the positive impact on EO content and dry
biomass production. Similar positive effects of the N application on EO yield have also
been documented for both field-grown [72] and greenhouse-grown [73] Origanum species.
The EO content in medicinal and aromatic plants is the most important characteristic
to consider. Based on the results of this research, the yield of EO increased with the
application of N fertilizer, which is consistent with previous studies that found increased
crop yield and EO production in response to higher levels of N fertilizer [74,75]. The non-
application of N recorded the lowest value in both conditions. The beneficial effect of basal
N application on EO levels could be attributed to the central role played by N in plants.
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In Z. clinopodioides, leaves are the most important and productive site for the synthesis
and accumulation of EO. Therefore, higher biomass, especially in leaves, can significantly
improve the EO percentage and yield. Nitrogen fertilizer generally enhances leaf area
development, biomass yields per unit area, leaf area development, the photosynthetic rate,
and the photosynthesis rate in aromatic plants, thereby increasing the EO content and
yield [60]. Previous studies on various crops under different cultivation conditions have
demonstrated similar results regarding N fertilization. N fertilization positively impacted
both yield and, consequently, EO content and production in several medicinal and aromatic
plants, such as Nigella sativa [76], Thymus vulgaris [27], and Oenothera biennis [77], as well
as in Ocimum basilicum [75] and Mentha spp. [60,74,78]. Higher levels of N have been
shown to enlarge cells and induce succulence in plants, which could potentially explain
the elongation of the EO glands and the higher EO content [79]. The highest EO content
was recorded when 120 kg N ha−1 and 600 mg N pot−1 were applied. These results can be
attributed to the direct involvement of N in the vegetative growth of the plant, resulting in
an increased proportion of leafy parts in the herb. This led to a higher leaf-to-stem ratio
compared to the non-application of N. Since EO is predominantly present in the leaves and
flowers of Z. clinopodioides, plants treated with the N application and exhibiting a higher leaf
+ flower-to-stem ratio displayed an increased EO content compared to the control plants.
These findings are consistent with the observations of Walia and Kumar [45] in Tagetes.

The optimal amount of N fertilizer can also affect the quality of EO in medicinal and
aromatic plants, making it acceptable for international trade and industry usage. Ram
et al. [80] observed that the major constituents of EO in Pelargonium graveolens (citronellol
and geraniol) increased in response to the addition of N fertilizer (160 kg N ha−1). In this
study, in both the field and greenhouse conditions, the applications of 400 mg N pot−1 and
120 kg N ha−1 improved the quantity of EO (Table 2).

This study revealed that the utilization of N in both the field and greenhouse condi-
tions significantly boosted the EO yields of Z. clinopodioides. This increase could possibly
be attributed to the influence of N on enzymes that play a role in the production and
metabolism of EOs. The findings also showed that N had a noteworthy impact on the EO
compounds in both the field and greenhouse conditions, particularly for the dominant
compounds. This effect could be attributed to the influence of N on enzymes that are
involved in the biosynthesis of monoterpenes in the Z. clinopodioides [81]. In summary, the
results suggest that the use of N can enhance the EO production of Z. clinopodioides and
alter its EO composition, thus providing useful insights into improving the quality and
quantity of EOs from this plant.

Significant differences were observed in the EO composition of Z. clinopodioides with
different N doses. Our results showed that pulegone, menthone, neo-menthol, 1,8-cineole,
and menthol were the major chemical components in Z. clinopodioides EO, consistent with
previous studies conducted by Hazrati et al. [8] and Mohammad-hosseini [9]. The appli-
cation of N fertilizers in our experiment led to significant alterations in the percentage
composition of major components in Z. clinopodioides EO. Specifically, our results indicated
that pulegone, as a major monoterpene found in the EO Z. clinopodioides, increased with
adding N, with the maximum amount observed at 40 kg N ha−1 and 400 mg N pot−1

(Table 2). Pulegone is a precursor in the biosynthesis of menthol through menthone [82],
and the most significant component of Z. clinopodioides EO. Developmental and environ-
mental factors are known to greatly influence the yield and composition of Z. clinopodioides
EO. For example, the EO content and the menthol content increase with leaf (and thus
oil gland) maturity, and a range of stress conditions (related to light, temperature, and
moisture status) tend to promote the accumulation of pulegone and menthofuran [83].
Our results showed that there was a significant increase in the pulegone content with
the application of N and cultivation under field conditions, where the light intensity was
higher and temperature fluctuations were more frequent. The application of N fertilizer
may have enhanced the EO biosynthesis process by directly or indirectly influencing plant
metabolism, resulting in the production of more plant metabolites, such as pulegone.
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Nutrients such as N promote terpenoid emissions by promoting the electron transport
rate and leaf photosynthesis, which provide the necessary ATP and carbon substrate for
isoprene synthesis [84]. Since carbon-based secondary metabolites depend on CO2 fixation,
a relationship between nutrients and stored terpenoids can be explained [85]. According to
the carbon nutrient balance hypothesis (CNBH), the availability of carbon and nutrients in
the plant environment determines the production of metabolites. When nutrient resources
are limited, plant growth is curtailed, resulting in an excess of carbohydrates. Under
such conditions, the CNBH suggests that the surplus carbohydrates are not utilized for
growth but rather serve as additional substrates for the synthesis of defense secondary
metabolites [86]. As N becomes scarcer, differentiation becomes more prominent, leading
to an increased accumulation of terpenoids at the expense of growth. This is because the
plant allocates a higher proportion of the abundant resource, such as carbon, to acquire
the scarce resource or to produce secondary metabolites, thereby promoting terpenoid
synthesis [45,87].

Figure 10 depicts Geranyl diphosphate, an intermediate that can be converted by
enzymes such as (−)-limonene synthase, linalool synthase, cineol synthase, (+)-cis-iso-
pulegone isomerase, (−)-iso-piperitenone reductase, (+)-cis-iso-pulegone isomerase, cy-
tochrome P450 (+)-MFS, (+)-PR (7), and (−)-menthone reductase into monoterpenes, such
as (−)-limonene, linalool, 1,8-cineol, (−)-piperitone, (+)-iso-menthone, (+)-pulegone, and
(−)-menthol. According to this study, the reduction in the levels of 1,8-cineole and iso-
menthone may be due to a decrease in the enzyme activity involved in their biosynthesis,
such as cineol synthase and (+)-menthone reductase. Moreover, the increased production
of pulegone, menthol, neo-menthol, and other compounds due to the addition of N is a
result of increased activity of the enzymes involved in their biosynthesis, such as (−)-iso-
piperitenone reductase, (+)-cis-iso-pulegone isomerase, and (−)-menthone reductase.
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This study also found that oxygenated monoterpenes constitute the largest percentage
of Z. clinopodioides EO, which was significantly enhanced by the addition of N. Nitrogen is
an essential component of photosynthesis, providing a precursor for terpenoids [85] and
increasing ATP and NADPH production, thereby increasing the synthesis of terpenoids [28].
Moreover, the addition of N fertilizer increases the monoterpene levels, particularly the
oxygenated monoterpene levels [88].

5. Conclusions

Z. clinopodioides is a valuable medicinal and aromatic plant with numerous potential
industrial applications. However, there is a scarcity of information regarding the ideal
growth conditions for this plant. In our study, we found that N fertilization enhanced the
fresh and dry biomass production and the EO content of Z. clinopodioides. These findings
confirm that Z. clinopodioides can be cultivated in greenhouses and agricultural fields, even
though its natural habitat is mostly in mountain areas. In the present study, Z. clinopodioides
showed a positive response to N fertilization in both greenhouse and field cultivation.
Moreover, higher N fertilization under field and greenhouse conditions significantly af-
fected the production of pulegone, menthone, neo-menthol, and menthol. Comparing
field and greenhouse conditions, we observed that Z. clinopodioides plants grown in fields
were more influenced by their agronomic and phytochemical parameters, productivity,
and EO accumulation. However, further research is needed to develop comprehensive
management strategies for Z. clinopodioides. Future studies should investigate higher plant
densities, the optimal harvesting times, and the nutritional requirements of the species, par-
ticularly in terms of different forms of N and other micro- and macronutrients. As the first
study to evaluate the effects of N fertilization on the genus Ziziphora, these results provide
valuable insights into the optimization of cultivation practices. This research addresses
both conservation efforts and large-scale production challenges of this important medicinal
and aromatic plant species, paving the way for its wider use in various industries.
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