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Abstract: Echinophora platyloba DC. (Apiaceae) is recognized for its important secondary
metabolites and antifungal agents. To evaluate the effects of macronutrient fertilizers on the
growth parameters and essential oils yield of E. platyloba, a study was conducted in 2018
at Shahrekord University, Iran. The treatments included the individual and combined ap-
plication of nitrogen, phosphorus, and potassium, along with control groups. The results
revealed that nitrogen application significantly influenced biomass accumulation in
stems, leaves, and inflorescences, with phosphorus-treated plants showing a notable in-
crease in leaf weight. Compared to a positive control, phosphorus increased the essential
oil yield by 488%, while nitrogen enhanced biomass accumulation by 165%. The primary
compounds identified included (E)-p-ocimene, (E)-sesquilavandolol, and p-pinene, with
percentages ranging between 21.3-32.1%, 14.1-42.0%, and 2.0-8.8%, respectively. The lev-
els of 3-pinene, (E)-B-ocimene, y-decalactone, and spathulenol were found to be higher in
the phosphorus and potassium treatments than in nitrogen. In contrast, limonene, linal-
ool, geraniol, and (E)-sesquilavandulol concentrations were greater in the nitrogen treat-
ment compared with phosphorus and potassium treatments. In conclusion, phosphorus
fertilization can substantially increase the essential oil yield in E. platyloba compared to
other treatments, potentially enhancing production per unit area, which supports farm-
ers’ income and helps prevent the degradation of this species in natural habitats.

Keywords: semi-natural ecosystem; bioactive compounds; medicinal plant; nutrient

1. Introduction

Iran’s varied climate and topography supports about 8200 species of vascular plants.
Of these, approximately 2300 species are noted for their medicinal and aromatic
characteristics. The use of these plants is increasing, thanks to their effectiveness in
treating numerous health issues and their relatively mild side effects [1-4]. As a result,
worldwide research efforts have increasingly focused on identifying new medicinal
compounds and active ingredients from these plants rather than on their cultivation or
domestication. Nonetheless, factors such as population growth, overharvesting,
unregulated collection practices, excessive grazing, wildfires, and climate change have
placed many of these species at risk of extinction [5,6].
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Echinophora platyloba DC., a member of the Apiceae family, is native to Iran and is
specifically found in the provinces of Kermanshah, Hamadan, and Lorestan [7]. In
traditional Iranian medicine, E. platyloba is used as an antifungal agent to avert fungal
contamination in dairy products and other foods. This traditional application has led to
the assumption that E. platyloba possesses antifungal properties [8]. Furthermore, studies
have recognized its anticancer and cytotoxic effects, linked to its high levels of
monoterpenes, sesquiterpenes, and phytochemicals like betulinic acid and ursolic acid,
which are recognized for inducing apoptosis [9].

The nutrients supplied during plant cultivation perform specific functions within
their biological systems [10]. Nitrogen, an essential element of proteins and enzymes, is
vital for the growth of plant tissues and the support of metabolic activities [11]. Potassium
is crucial for the formation of starch, proteins, sugars, and pectin and plays an important
role in managing the opening and closing of stomata [12]. Phosphorus is necessary for the
Calvin cycle. It affects the degree of photophosphorylation and increases the synthesis of
adenosine triphosphate, along with the ability to assimilate carbon dioxide, thereby
enhancing photosynthetic efficiency. For instance, higher phosphorus levels lead to an
elevated net photosynthesis rate in plants by boosting the functioning of key enzymes
involved in the Calvin cycle and improving carbon dioxide assimilation [13].

Jiang et al. [14] indicated that the use of balanced fertilization led to the highest
recorded measurements of the leaf area, stem diameter, and plant height in
Chrysanthemum morifolium Ramat., at 38.5 cm? 0.78 cm, and 82 cm, respectively.
Conversely, the high-potassium treatment significantly improved the flower size and
yield compared to balanced fertilization. Furthermore, chlorophyll concentration was
enhanced under the high-potassium treatment. The research also revealed that the activity
of peroxidase was affected by low low-phosphorus and -nitrogen treatments, while the
high-potassium treatment increased the activity of phenylalanine aminolase, resulting in
a higher level of flavonoids in C. morifolium. Additionally, low-phosphorus treatment was
shown to enhance the accumulation of flavonoids [14,15].

The composition of essential oils can be improved by the nutrient quantity and
availability [16-18]. Nitrogen is essential as a component of amino acids and enzymes,
and its deficiency adversely affects terpenoid biosynthesis. This nutrient enhances the
production of terpenoids by increasing the rate of electron transport and promoting
photosynthesis in leaves [19]. The process of photosynthesis yields carbon substrates
(such as pyruvate or glyceraldehyde-3-phosphate) and ATP required for isoprene
synthesis. Moreover, nitrogen, in the form of NADPH, is vital for terpenoid biosynthesis
[20].

Phosphorus aids terpenoid biosynthesis by raising the levels of pyrophosphate
compounds, like DMAPP and IPP, which contain high-energy phosphate bonds [21]. The
importance of phosphorus is clear in the production of terpenoid precursors via both the
MEP pathway (glyceraldehyde phosphate and pyruvate) and the MVA pathway (acetyl-
CoA, ATP, and NADPH). Furthermore, a phosphorus deficiency results in the decreased
stability of the phospholipid bilayer of cell membranes, a situation addressed by isoprene
emissions [22,23].

Moghaddam et al. [24] found that the E. platyloba seed essential oil contains a complex
mix primarily made up of monoterpene hydrocarbons, accounting for 69.8% of the total
mixture. The other components consist of oxygenated monoterpenes (6.7%), aromatic
compounds (5.5%), sesquiterpene hydrocarbons (5.5%), and oxygenated sesquiterpenes
(0.4%). In a separate study, the hydro-distillation method yielded a maximum extraction
of E. platyloba essential oil at 1.12%. The principal compounds in the essential oil were (E)-
[B-ocimene (47%), spathulenol (9.0%), -myrcene (6.2%), limonene (5.4%), and a-pinene
(4.6%) [25].
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In the natural ecosystems of semi-arid regions, the lack of vegetation and elevated
temperatures result in low organic matter content and alkaline soil pH. Consequently,
nitrogen deficiency, reduced phosphorus absorption capacity, and potassium leaching are
prevalent in most soils. As a result, nitrogen, phosphorus, and potassium emerge as
critical micronutrients that restrict plant growth. This study aims to evaluate the
hypothesis that the application of essential macronutrients can enhance plant growth and
prevent extinction in natural ecosystems by increasing production per unit area. Given
that no previous research has focused on improving the growth of this plant, the primary
objective is to maximize the yield and effectiveness of E. platyloba essential oil through the
application of NPK fertilizers in semi-natural environments. The primary goal was to
maximize the yield and effectiveness of E. platyloba essential oil through the use of NPK
fertilizers in semi-natural environments.

2. Materials and Methods

2.1. Characteristics of the Experimental Site

This study was conducted in 2018 at Shahrekord University, situated at a latitude of
32°21' north and a longitude of 50°49’ east, with an elevation of 2116 m a.s.l. The climate
conditions at the experimental site are categorized as mild and cold, with hot and dry
summers. Historical meteorological data over 30 years show an average annual
precipitation of 320 mm. The average temperature and rainfall during the growing season
for the area, obtained from the official meteorological website of the Chaharmahal-O-
Bakhtiari province, are presented in Table 1. According to the Emberger classification, this
area is characterized as arid, while the Gossen method categorizes it as a cold steppe
climate. The peak annual precipitation occurs during the winter months and does not
align with the growing season of E. platyloba, resulting in unfavorable temporal
distribution conditions (Table 1). The soil in this region is classified taxonomically as
Calcixerepts Typic. Before the initiation of the experiment, a composite soil sample was
collected from a depth of 0-30 cm, and after being air-dried in the laboratory and sieved
through a 2 mm mesh, its properties were analyzed. The soil texture was identified as
sandy loam, with a pH level of 8 and an electrical conductivity of 0.66 dS/m. The organic
matter content was measured at 0.8%, while the nitrogen content was recorded at 0.05%.
Additionally, the available phosphorus and potassium levels were found to be 6 and 182
mg/kg, respectively.

Table 1. Monthly average temperature and total monthly precipitation in 2018.

Air Temperature (°C) Daylight Length Relative Humidity Precipitation
Min. Max. Mean (h) (%) (mm)
January -4.7 9 0.8 231 53 17.4
February -2 12.6 5.3 188 52 43.6
March -1.1 19.2 9 291 31 2.3
April 2.5 18.5 10.5 223 49 50.1
May 6 23.5 14.8 268 49 36.7
June 9.2 32.1 20.7 350 21 0
July 13.2 34.3 23.8 343 16 0
August 11.7 34.5 23.1 343 19 0
September 7.7 30.8 19.3 318 22 0
October 3.4 22.2 12.8 224 43 21.7
November -0.1 13 6.5 165 63 70.7
December -5.4 12.2 3.4 252 51 20.8
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2.2. Specifications of the Experimental Design

The experimental design used was a completely randomized design (CRD) with four
replications. The specific treatments applied in the experiment are listed in Table 2. The
amount of fertilizer used in each treatment was determined based on the nutritional needs
of plant species comparable to E. platyloba found in the area.

Table 2. Description of different treatments on Echinophora platyloba.

Treatment Description
Nitrogen (N) 250 mg N/plant, urea + 500 mL water
Phosphorus (P) 250 mg P/plant, triple superphosphate + 500 mL water

Potassium (K)

Nitrogen + Phosphorus (NP)
Nitrogen + Potassium (NK)
Phosphorus + Potassium (PK)
Nitrogen + Phosphorus +
Potassium (NPK)

Positive control) (C+)
Negative control (C-)

250 mg K/plant, potassium sulfate + 500 mL water

250 mg N/plant, urea + 250 mg P/plant, triple superphosphate + 500 mL water

250 mg N/plant, urea + 250 mg K/plant, potassium sulfate + 500 mL water

250 mg P/plant, triple superphosphate + 250 mg K/plant, potassium sulfate + 500 mL water
250 mg N/plant, urea + 250 mg P/plant, triple superphosphate + 250 mg K/plant, potassium
sulfate + 500 mL water

500 mL water and no fertilizer

No fertilizer and no water

2.3. Experimental Operation

After soil sampling on 24 June, and coinciding with the beginning of plant growth,
uniform plants of comparable size were randomly selected and labeled for assignment to
the experimental units. The treatments were then applied to the soil near the plants. In
total, 180 uniform plants were chosen, with 45 plants assigned to each replication and each
treatment within each replication consisting of five randomly chosen plants.

On 27 June, the experimental treatments, as outlined in Table 2, were applied to the
assigned plants. Nitrogen, phosphorus, and potassium were provided through urea,
triple superphosphate, and potassium sulfate, respectively. Afterward, the plants were
irrigated weekly until the end of the growth period. During the experimental period,
various external characteristics, such as plant height and flowering dates, were recorded.
Flowering began at the end of July (22 July), with the peak flowering occurring from mid-
August to the end of August (10 August to 28 August).

2.4. Measurement of Attributes

During the peek of flowering, specifically from 1-3 September, various
morphological and physiological traits were evaluated. These included the plant height,
branch number, main stem diameter, flower number, inflorescence number, and leaf
number. Additionally, fresh weights of leaves, stems, and inflorescences were recorded.
After harvesting and measuring these characteristics, the aerial parts of the plants were
separated and underwent a two-week drying process in the shade before being taken to
the laboratory for weighing. The dry weights of the designated plant parts were
determined using a digital scale and then ground into a fine powder. The essential oil
content was assessed using the water distillation method after the aerial parts had been
dried. For this process, 60 g of the dried plant material, adjusted for moisture content, was
placed in the flask of a Clevenger apparatus, to which a sufficient amount of distilled
water was added at a 1:10 ratio. The heat source beneath the flask was turned on to
produce adequate heat for boiling the mixture. The duration of boiling was carefully
monitored, lasting for a total of 4 h. The application of heat-elevated water vapor pressure
aided the release of essential oil from the plant glands into the vapor phase. This vapor
then moved to the condenser, where it condensed and formed essential oil droplets that
separated from the water due to their lower density. The excess water was then drained
through a connecting tube. After the apparatus cooled, the valve was opened to release
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the water, enabling the careful collection of the essential oil. After weighing the empty jars
designated for sampling, the essential oils were poured into these jars, which were then
weighed again. Observations were noted regarding the storage conditions, emphasizing
the need to keep the jars in a dark environment and refrigerate them at temperatures
below zero.

The determination of the essential yield was achieved by multiplying the aerial
biomass (in g/plant) by the essential oil content (in %), and the result was expressed in
milligrams per plant [17]. To analyze the compositions of the essential oils, the filled
bottles were sent to the essential oils analysis laboratory associated with the Forestry and
Pastures Organization of Iran.

2.5. Qualitative and Semi-Quantitative Analysis of Essential Oils Samples

An ultrafast gas chromatograph, specifically the Ultra Fast Module (UFM) model
produced by Thermo Company in Italy, was utilized for this analysis. This instrument is
integrated with a Chrom-Card A/D data processor and features a DB-5 capillary column,
which is nonpolar and constructed from fused silica. The column measures 10 m in length,
has a diameter of 0.1 mm, and possesses a stationary phase layer thickness of 0.4 um,
composed of 5% diphenyl and 95% methylpolysiloxane. The thermal programming of the
column was set to range from 60 °C to 280 °C, with a heating rate of 40 °C per minute,
followed by a hold at the final temperature for 3 min. The injection chamber (Injector) was
maintained at 280 °C, and the detector employed was a Flame Ionization Detector (FID)
operating at 290 °C. Helium served as the carrier gas, with a flow rate of 0.5 mL/min and
a split ratio of 1:1000 [26,27]. Furthermore, The identification of essential oil compounds
was conducted utilizing an Agilent 7890A gas chromatograph coupled with an Agilent
5975C quadrupole mass spectrometer, both manufactured in the United States. This
system was fitted with a DB-5 column, which has a length of 30 m, an internal diameter
of 0.25 mm, and a stationary phase thickness of 0.25 um. The thermal programming of the
column involved a temperature ramp from 60 °C to 220 °C at a rate of 3 °C per minute,
followed by an increase to 260 °C at a rate of 20 °C per minute, and a final hold at this
temperature for 3 min. The injection chamber was maintained at 260 °C, while the transfer
line was set to 280 °C. Helium served as the carrier gas, flowing through the column at a
velocity of 30.6 cm/s. The scan time was established at one second, with an ionization
energy of 70 electron volts and a mass range scan spanning from 40 to 340 [27,28]. The
identification of chemical constituents in the essential oil samples was accomplished by
comparing their mass spectra with those in a computer database or known standards.
Retention indices (RI) were determined by comparing the retention times of n-alkanes (Cs-
Cas) under identical conditions. The identities of the chemical compositions were further
validated using relative retention indices and literature references [29].

2.6. Statistical Analysis

The analysis of data was conducted utilizing SAS, Version 9.1. Mean values were
compared, and significant differences were identified through the LSD test, applying a
significance threshold of p <0.05. Various parameters, including vegetative characteristics,
flowering traits, the weight of aerial parts, and both the quantity and yield of essential oils,
were evaluated with a sample of 20 plants (5 samples x 4 replications). After establishing
the normality of the data, an analysis of variance was performed, utilizing a significance
level of less than 5%. The data were analyzed according to a completely randomized
design. A comparison of mean values was conducted, and significant differences were
detected via the LSD test, utilizing a significance threshold of p < 0.05.



Horticulturae 2025, 11, 185

6 of 18

3. Results
3.1. Plant Height

Fertilization treatments had a significant effect on the plant height at the 1%
probability level (Table 3). The height recorded in the positive control treatment exceeded
24% that of the negative control (Figure 1a). The N treatment resulted in the tallest plants,
measuring 2.5 times more than the negative control, with P and NPK also increasing
following treatments (Figure 1a).

Table 3. Analysis of variance (mean square) for plant height, branch number, main stem diameter,
leaf number, inflorescence number, and flower number in Echinophora platyloba exposed to different

macronutrient fertilizers.

Source of Plant Branche Main Stem Leaf Inflorescences Flowers
Variation Height Number Diameter Number Number Number
Treatment 8 429 ** 111 ** 0.25 ** 35,589 ** 79 ** 40,692 **
Error 27 4.4 7.65 0.01 476 1.89 1253
CV (%) 7.3 19.3 10.7 8.7 10.7 12.6
**: significant at the 1% probability level.
50 - a
- b
E 40 A b
)
— C d
S 30 4 : d
2 e
= 20 f
E g
= 10
O .
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30 -~
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e 10 + e
) e
=
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Figure 1. Plant height (a) and branch number (b) in Echinophora platyloba exposed to different mac-
ronutrient fertilizers. Means accompanied with the same letter are not significantly different accord-
ing to LSD test (p < 0.05). C- (negative control, no fertilizer and water), C+ (positive control, no
fertilizer), N (250 mg N/plant, urea), P (250 mg P/plant, triple superphosphate), K (250 mg K/plant,
potassium sulfate), NP (N+P), NK (N+K), PK (P+K), NPK (N+P+K). Error bars represent + SD (n =
20).

3.2. Branch Number

The effect of macronutrient treatments on the number of branches per plant was sta-
tistically significant (Table 3). The branching status of plants subjected to various macro-
nutrients is displayed in Figure 2. Fertilization enhanced the number of branches per plant
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by 79% to 207% relative to the positive control (Figure 1b). The highest branch counts per
plant (from 22.2 to 18.2) were observed in the N and P treatments, with the NPK treatment
ranking second (Figure 1b). In contrast, the lowest branch count (13) was noted in plants
treated with PK (Figure 1b).

Figure 2. The growth of Echinophora platyloba treated with different macronutrient fertilizers. See

Figure 1 for abbreviations.

3.3. Main Stem Diameter

As shown in Table 3, the diameter of the main stem was significantly affected by
fertilization treatments at the 1% probability level. The water supply did not significantly
influence stem diameter (Figure 3a). The N treatment had the largest main stem diameter,
which was 1.2 times the negative control, with P and NPK treatments following in size
(Figure 3a). The smallest main stem diameter (0.83 cm) among fertilized plants was linked
to the PK treatment (Figure 3a).
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Figure 3. Main stem diameter (a) and leaf number (b) in Echinophora platyloba exposed to different
macronutrient fertilizers. Means accompanied with the same letter are not significantly different

according to LSD test (p < 0.05). See Figure 1 for abbreviations. Error bars represent + SD (n = 20).

3.4. Leaf Number

Table 3 demonstrates the significant effect of macronutrient treatments on the
number of leaves per plant. There was no significant difference between the N and P
treatments, with both showing a higher leaf count than other treatments (378 and 360,
respectively). The NPK treatment was ranked second in terms of leaf number (320) (Figure
3b). Furthermore, the leaf count for NP and PK treatments (280 and 257, respectively) was
significantly greater than those for K and NK treatments (189 and 217, respectively)
(Figure 3b).

3.5. Inflorescence Number

The effect of macronutrient application on the number of inflorescences per plant
was found to be significant at the 1% probability level (Table 3). A significant difference
in inflorescence numbers was noted between the negative and positive control treatments
(Figure 4a). The N treatment produced the highest number of inflorescences, totaling 19,
followed by the P, NP, and NPK treatments (16, 15, and 15, respectively). Conversely, the
K, NK, and PK treatments produced the lowest inflorescence counts per plant (12-13),
except for the control treatments (p < 0.05; Figure 4a).
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Figure 4. Inflorescence number (a) and flower number (b) in Echinophora platyloba exposed to differ-
ent macronutrient fertilizers. Means accompanied with the same letter are not significantly different

according to LSD test (p < 0.05). See Figure 1 for abbreviations. Error bars represent + SD (n = 20).

3.6. Flower Number

As indicated in Table 3, the number of flowers per plant was significantly affected by
the type of macronutrient applied. The flowering of plants treated with different
macronutrient fertilizers is illustrated in Figure 4b. The N treatment resulted in the highest
flower number, with a total of 452, followed by the P, NPK, and NP treatments (373, 362,
and 332, respectively). Among macronutrient treatments, the K, NK, and PK treatments
had the lowest flower counts per plant (259-303) (Figure 4b).

3.7. Stem Dry Weight

ANOVA results indicated that the dry weight of the E. platyloba stem was
significantly affected by the macronutrient treatments (Table 4). The dry weight of stems
in both the negative and positive control treatments was similar (2.48 and 3.32 g/plant,
respectively). However, the use of macronutrient fertilizers increased the stem dry weight,
ranging from 1.16 to 2.38 times that of the negative control (p < 0.05; Figure 5a). Among
the different treatments, the N treatment showed the greatest stem dry weight (8.39
g/plant). Apart from the N treatment, no significant differences were observed among the
other macronutrient treatments regarding stem dry weight (p > 0.05; Figure 5a).
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Table 4. Analysis of variance (mean square) for aerial parts dry weight and essential oils in Echi-

nophora platyloba exposed to different macronutrient fertilizers.

Source of df Stem Dry Leaf Dry  Inflorescence Aerial Bio- Essential Essential Oils
Variation Weight Weight Dry Weight mass Oils Content Yield
Treatment 8 12.1 % 31.9 ** 79.1 % 317 ** 0.26 ** 32,438 **
Error 27 0.75 1.43 4.05 7.18 0.05 31.6
CV (%) 15.1 15.5 14.2 9.7 23.9 3.8
**: significant at the 1% probability level.
10 -
a a
E 8
= b b b b
% c
-g 4 A c b
n
0 -
C- C+ N p K NP NK PK NPK
15 A b a
i
a 12~ a b
S c
=z 2 ¢ c
= C
=
13 6 -
3 d d
A
8 3 _J I
-
0 -
C- C+ N P NK PK NPK

K NP

Figure 5. Stem weight (a) and leaf weight (b) in E. platyloba exposed to different macronutrient fer-
tilizers. Means accompanied with the same letter are not significantly different according to LSD

test (p < 0.05). See Figure 1 for abbreviations. Error bars represent + SD (n = 20).

3.8. Leaf Dry Weight

The leaf dry weight was significantly influenced by the macronutrient treatments at
the 1% probability level (Table 4). No significant differences were detected between the
leaf dry weights of the negative and positive control treatments (3.74 and 4.45 g/plant,
respectively). The use of macronutrients resulted in a 74-331% increase in leaf weight
compared to the negative control (Figure 5b). The N and P treatments produced the high-
est leaf dry weights by 178% and 142%, respectively, compared to the positive control (p
<0.05; Figure 5b).

3.9. Inflorescence Dry Weight

The analysis of variance results shown in Table 4 reveals that macronutrient
treatment significantly affected the dry weight of inflorescences. Specifically, the dry
weight of inflorescences across different macronutrient treatments was found to be 2.26
to 1.19 times greater than that of the negative control treatment, as illustrated in Figure 6a.
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Notably, except for the nitrogen treatment (21.2 g/plant), no significant differences were
found among the macronutrient treatments concerning the dry weight of the
inflorescences (14.2-16.6 g/plant) (p > 0.05; Figure 6a).

a
b b
2 b b . b b
| I
C+ N P K NP NK PK NPK
a
b b
C C C C
d
C+ N P K NP NK PK NPK

Figure 6. Inflorescence weight (a) and aerial biomass (b) in Echinophora platyloba exposed to different
macronutrient fertilizers. Means accompanied with the same letter are not significantly different

according to LSD test (p < 0.05). See Figure 1 for abbreviations. Error bars represent + SD (n = 20).

3.10. Aerial Biomass

The aerial biomass of E. platyloba showed significant variations in response to
macronutrient treatments, as indicated in Table 4. However, no significant differences
were observed in the biomass of aerial organs between the negative and positive control
treatments (12.7 and 15.8 g/plant, respectively), as shown in Figure 6b. The biomass of the
aerial parts was approximately 1.10 to 2.30 times greater than that of the negative control
treatment p < 0.05). Among the macronutrient treatments, the nitrogen treatment
produced the highest shoot biomass (41.9 g/plant), while the P and NPK treatments
yielded similar amounts of aerial biomass (33.4 and 32.8 g/plant, respectively), ranking
second after the nitrogen treatment (Figure 6b).

3.11. Essential Oils Content

The content of essential oils was significantly affected by the macronutrient
treatments, as shown in Table 4. The nitrogen and NK treatments did not exhibit
significant differences from the control treatments concerning essential oil content (0.12,
0.26, and 0.37%, respectively), as depicted in Figure 7a. The highest essential oil content
was found in the phosphorus and NP treatments, with values of 0.92% and 0.78%,
respectively, both of which were significantly different from the control treatments (p <
0.05; Figure 7a).
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Figure 7. Essential oils content (a) and essential oils yield (b) in Echinophora platyloba exposed to
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different macronutrient fertilizers. Means accompanied with the same letter are not significantly
different according to LSD test (p < 0.05). See Figure 1 for abbreviations. Error bars represent + SD
(n=20).

3.12. Essential Oils Yield

The effect of macronutrient treatments on the yield of E. platyloba essential oils was
significant at the 1% probability level, as illustrated in Table 4. The results from the nitro-
gen treatment were similar to those of the control treatments (33 and 57 mg/plant, respec-
tively), as shown in Figure 7b. The phosphorus treatment achieved the highest essential
oil yield at 306 mg per plant, which was 4.4 to 8.3 times more than that of the control
treatments (p < 0.05). The NP treatment resulted in an essential oil yield of 220 mg per
plant, and no significant differences were observed between the K and PK treatments con-
cerning the essential oil output (186 and 178 mg/plant, respectively) (p > 0.05; Figure 7b).

3.13. Essential Oil Chemical Compositions

The results revealed that the total percentage of essential-oil-identified components
was 86.7-92.8%. These essential oils consisted of 23 components in total, as specified in
Table 5 and Figure 8. The primary compounds included (E)-B-ocimene, sesquilavandulol,
and B-pinene, with percentages of 21.3-32.1, 14.18-4, and 2.04-8.78%, respectively (Table
5). The positive control treatment caused a significant rise in the levels of linalool,
spathulenol, (3Z)-hexenyl-3-methyl butanoate, geraniol, neral, and geranial when
compared to the negative control. In contrast, the percentages of a-pinene, 3-pinene, p-
cymene, (E)-B-ocimene, methyl eugenol, y-decalactone, spathulenol, and y-dodecalactone
were higher in the P and K treatments than in the N treatment. In contrast, the levels of
myrcene, limonene, linalool, geraniol, geranial, neral, and (E)-sesquilavandulol were
enhanced in the N treatment compared to the P and K treatments (Table 5). The NP
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treatment resulted in an increase in 3-pinene, methyl eugenol, y-decalactone, and y-
dodecalactone when compared to the other macronutrient treatments. The PK treatment
displayed the highest concentration of p-cymene, whereas the NPK treatment produced
a relatively high quantity of neral and geranial (Table 5).
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Figure 8. GC-MS profile of essential oil from aerial parts of Echinophora platyloba exposed to different
macronutrient fertilizers.
Table 5. Chemical composition of essential oils in Echinophora platyloba exposed to different macro-
nutrient fertilizers.
Compound Formula RI> RI® C- C+ N P K NP NK PK NPK
a-Pinene CioHie 943 939 120 1.16 146 1.8 192 180 169 204 1.25
[B-Pinene CioHis 975 979 2.04 3.19 533 6.10 7.70 878 6,51 6.61 447
Myrcene CioHie 996 991 0.75 0.81 2.09 1.05 1.11 1.19 160 1.04 0.87
p-Cymene CioHis 1028 1025 1.84 2.72 121 248 206 112 164 3.00 151
Limonene CioHis 1035 1029 3.68 261 5.82 337 295 365 438 225 3.89
(E)-B-Ocimene CioHie 1050 1044 27.81 26.64 21.32 30.10 26.97 24.69 24.14 29.25 26.85
Terpinolene CioHie 1080 1088 0.70 0.88 0.75 0.97 0.74 070 0.75 0.79 0.98
Linalool CioH1isO 1100 1096 196 7.11 6.60 460 390 335 525 4.45 3.99

(3Z)-Hexenyl-2-methyl butanoate CuH20:2 1235 1224 0.57 044 0.77 053 046 047 0.61 044 0.53
(3Z)-Hexenyl-3-methyl butanoate CuH2002 1237 1233 0.32 146 096 086 0.66 045 0.81 0.87 0.70

Neral CioHi1sO 1242 1238 030 096 2.06 2.03 135 1.62 1.70 1.07 2.63
Geraniol CwoHiO 1256 1253 - 096 3.10 2.02 134 1.10 222 1.59 2.09
Geranial CioHi1sO 1273 1267 1.42 278 420 390 3.16 3.95 3.68 236 4.87

Limonen-10-ol CioHisO 1295 1288 136 1.70 2.66 234 1.67 159 216 1.71 256
Methyl eugenol CuHuO:2 1412 1403 0.86 1.22 0.85 121 1.63 238 124 090 1.30
y-Decalactone CioH1s02 1470 1465 1.19 237 1.67 1.85 3.76 591 272 162 1.75

Myristicin CuH»Os 1510 1517 0.36 0.62 0.51 047 0.70 095 0.61 046 0.59
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Kessane CisHaO 1536 1529 1.06 0.55 0.53 055 1.12 1.70 0.83 0.55 0.65
(3Z)-hexenyl benzoate CisHis02 1560 1565 0.39 1.96 0.60 0.68 0.75 0.93 0.68 0.57 0.86
Spathulenol CisH4O 1582 1577 1.70 5.81 4.14 4.80 534 6.21 474 447 432
(E)-Sesquilavandulol CisH260 1643 1631 42.00 20.76 22.43 20.91 17.17 14.08 19.80 20.25 19.61
a-Muurolol CisHO 1650 1644 033 - 055 - 066 080 060 0.51 -
y-Dodecalactone CiH20: 1674 1676 095 - 072 1.01 138 1.87 105 0.89 0.95
Total identified (%) 92.79 86.71 90.33 93.63 88.50 89.29 89.41 87.69 87.22

RI2: Kovats index on the DB-5 column. RIP: Relative retention indices taken from Adams [29]. See

Figure 1 for abbreviations.

4. Discussion

The significant enhancement of the morphological characteristics of E. platyloba due
to macronutrient application can be linked to the quick availability of essential nutrients
like nitrogen, phosphorus, and potassium, which are necessary for plant development.
Nitrogen is especially important for the assimilation of proteins and nucleic acids required
for chlorophyll creation and cellular division, thus aiding various biochemical processes
promoting plant development and flowering capacity [30]. Moreover, nitrogen is vital for
synthesizing tryptophan, which is important for the absorption of indole-3-acetic acid, a
hormone that regulates cell division, elongation, and the activation of meristematic tissues
[31]. A study by Jiang et al. [14] showed that balanced fertilization resulted in ideal
measurements of leaf area, stem diameter, and plant height in C. morifolium, consistent
with the outcomes of this study. However, it was observed that high potassium levels
significantly improved the flower size and yield compared to balanced fertilization, which
differed from the observations made in this experiment. Nofal et al. [32] showed that
applying a compound macronutrient (NPK) significantly enhanced plant growth in
Tagetes erecta (L.). Likewise, Gaber [33] noted that utilizing combined macronutrients
(NPK) greatly improved the growth parameters of Pelargonium zonale, such as plant height,
branch count, leaf number, leaf area, and shoot dry weight.

Physiologically, phosphorus promotes increased growth, enhanced photosynthesis,
and alterations in root architecture. Additionally, by adjusting their phosphorus
metabolism, plants can tolerate various abiotic stresses such as heat, drought, salinity, and
heavy metal toxicity [34]. Adequate potassium levels are crucial for different physiological
functions throughout the plant life cycle. Besides its important function in leaf growth,
potassium plays a role in creating peptide bonds and metabolizing proteins and
carbohydrates [35]. In Gossypium hirsutum (L.), the glucose concentration in potassium-
deficient pistils was diminished by 53% compared to those with sufficient potassium
levels. This reduction can be attributed to decreased activities of both acid and alkaline
invertases, while sucrose synthase activity remained unchanged. Furthermore, the levels
of soluble carbohydrates and ATP were found to be lower in the potassium-deficient
pistils, paralleling the observed reductions in pollen tube growth rate and seed set
efficiency [36]. Gaber [33] showed that the use of combined macronutrients significantly
improved flowering traits in Pelargonium zonale, including the number of inflorescences
per plant, and the longevity of inflorescences, while also increasing nitrogen, phosphorus,
and potassium levels and chlorophyll concentration. Moreover, Nofal et al. [32] indicated
that the use of compound macronutrients considerably enhanced flowering in T. erecta.
Phosphorus is essential for enhancing photosynthesis and is a fundamental part of the
Calvin cycle, affecting photophosphorylation levels and increasing adenosine
triphosphate synthesis, as well as carbon dioxide absorption, thus improving
photosynthetic efficiency [13]. Therefore, carbohydrates are the main metabolites
involved in flower development and may lead to higher flower counts per plant [37].
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The noted rise in the dry weight of different components of E. platyloba in this
research suggests that adequate availability and balance are crucial for meeting nutrient
demands and bridging the gap between soil and organic sources [38]. This process is aided
by the promotion of cell expansion and division through plant hormones like auxin,
cytokinin, and gibberellin [39]. Additionally, it improves the creation of nucleic acids,
proteins, and chlorophyll while speeding up photosynthesis and the build-up of plant
biomass, which is critical for flowering traits [40]. The makeup of essential oils is
considerably influenced by the amount and accessibility of nutrients [16-18]. Nitrogen is
a vital component in the synthesis of amino acids and enzymes, and its lack negatively
affects terpenoid biosynthesis. This nutrient enhances the production of terpenoids by
improving electron transfer rates and increasing photosynthesis in leaves [19].
Photosynthesis produces carbon substrates, such as pyruvate or glyceraldehyde-3-
phosphate, along with ATP, which are essential for isoprene production. Moreover,
phosphorus, in the form of NADPH, is indispensable for the biosynthesis of terpenoids
[20]. Phosphorus also contributes to terpenoid biosynthesis by increasing the levels of
high-energy pyrophosphate compounds, including DMAPP and IPP [21]. In this study,
the highest essential oil yield was recorded with phosphorus treatment, indicating that
this nutrient supports the accumulation of secondary metabolites in plant tissues.
Conversely, an excessive rise in dry matter due to nitrogen, especially in the stem, may
reduce the concentration of essential o0il in the plant. Thus, the use of macronutrients,
especially phosphorus, is vital for boosting the essential oil yield.

A significant increase in the percentages of linalool, spathulenol, (3Z)-hexenyl-3-
methylbutanoate, geraniol, neral, and geranial seen in the positive control treatment
highlights the essential role of adequate moisture availability in boosting the production
of valuable essential oil constituents, particularly geraniol, neral, and geranial. This
improvement can be supported by using a water supply in the summer season. Moreover,
the rise in a-pinene, (3-pinene, p-cymene, (E)-f3-ocimene, methyl eugenol, y-decalactone,
spathulenol, and y-dodecalactone in plants treated with phosphorus and potassium
serves specific purposes related to these compounds, indicating a positive strategy.
However, although myrcene, limonene, linalool, geraniol, geranial, neral, and (E)-
sesquilavandulol levels were increased in plants fertilized with nitrogen, the particularly
low essential oil yield from this treatment may diminish the relevance of nitrogen’s impact
on these compounds. Among the various combined treatments, the NP one led to higher
levels of B-pinene, methyl eugenol, y-decalactone, and y-dodecalactone. In general, the
choice of macronutrient treatment should correspond to the intended composition of
essential oils. In this regard, it has been reported that essential oils extracted from E.
platyloba seeds comprise a complex mixture primarily of monoterpene hydrocarbons [24].
The primary components of the essential oil from its aerial parts include (E)-B-ocimene
(47%), spatholenol (9%), p-myrcene (6.2%), limonene (5.4%), and a-pinene (4.6%) [25].
Studies suggest that the peak yields of geraniol (90%) and geranyl acetate (3.0%) in the
leaves of Cymbopogon martinii (Roxb.) were recorded during the summer months [41]. This
implies that the use of water and nitrogen may have aided in the increased production of
these compounds, resulting in the most fragrant leaves during this period.

Semi-natural ecosystem management with minimal intervention, including
fertilization and irrigation, has resulted in an 8.3-fold increase in essential oil productivity.
This highlights the substantial effectiveness of fertilization in fragile ecosystems while
ensuring access to medicinal plant raw materials at limited levels. When evaluating the
costs of fertilizers and irrigation against the value of the produced medicinal plants, it is
evident that fertilizer application can significantly boost efficiency and profitability for
farmers. This approach not only enhances the living conditions of smallholder farmers but
also promotes environmental conservation and sustainability by safeguarding species in
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their natural habitats and diminishing reliance on tillage practices. Nevertheless, despite
the low rainfall typical of semi-arid regions and the perennial nature of E. platyloba that
helps reduce fertilizer leaching, important aspects of fertilizer management must still be
addressed similarly to agricultural ecosystems.

5. Conclusions

The experiment’s findings indicate that utilizing nitrogen, followed by phosphorus
and NPK, results in improved plant height and increased flowering. The accumulation of
dry matter in various plant parts was significantly influenced by nitrogen, with a notable
rise in leaf weight found in plants that were given phosphorus. The use of phosphorus
resulted in the highest levels of essential oils and overall productivity. The substantial
differences in essential oil composition among the various macronutrient treatments
highlight the opportunity to tailor specific treatments to enhance the production of
desired compounds, thus improving overall productivity and fulfilling the needs of
relevant industries. Moreover, the knowledge acquired from this research may establish
a useful framework for managing E. platyloba in natural ecosystems, ensuring the
sustainable supply of required plant materials while reducing the risk of overexploitation
in these regions. Based on the results of this experiment, the utilization of phosphorus is
recommended to attain the maximum yield of E. platyolba in semi-arid soil conditions.
Exploring phosphorus-boosting biological fertilizers and mycorrhizal relationships in
semi-natural settings seems to be advantageous for future studies.
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