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Optimizing sweet fennel growth @
and quality: the impact of cobalt supplement

on vegetative growth, yield, and chemical
composition
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Abstract

This study investigated the effects of cobalt treatments on the growth, yield, and chemical composition of sweet
fennel (Foeniculum vulgare cv. Dulce) in both pot and field experiments conducted over two growing seasons.

The experimental design was structured as a completely randomized block design. In the pot experiment, cobalt
was applied at concentrations of 0.0, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 mg L. For the field experiment, the
concentrations tested were refined to 0.0, 4, 8, 12, 16, and 20 mg L™ based on preliminary results to better assess
the impact on sweet fennel growth and yield. Vegetative growth, yield parameters, and chemical constituents were
evaluated 60 and 120 days after sowing. The results indicated that a cobalt concentration of 16 mg L™ significantly
enhanced plant growth, yield, and nutritional quality. Specifically, plant height, leaf number, fresh and dry weights,
bulb dimensions, and total yield per feddan showed substantial increases compared to the control. Chemical
analysis revealed improvements in macronutrients, micronutrients, total proteins, carbohydrates, soluble sugars,
phenolic content, vitamins C and A, and oil content at this optimal cobalt level. However, higher concentrations
(20 mg L™ led to a slight decline in some metrics, suggesting a potential toxicity threshold. The composition of
essential oils also improved with cobalt treatment, with significant increases in key components such as a-pinene,
camphene, and fenchone. These findings demonstrate that cobalt supplementation at 16 mg L™ can significantly
enhance the growth, yield, and quality of sweet fennel, although excessive levels may have adverse effects.
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Sweet fennel (Foeniculum vulgare), a member of the
Apiaceae family, is a widely cultivated aromatic and
medicinal plant known for its culinary, industrial, and
pharmaceutical applications [1]. Its essential oils and bio-
active compounds have been extensively studied for their
antioxidant, antimicrobial, and anti-inflammatory prop-
erties [2]. Globally, sweet fennel is a high-value crop, par-
ticularly in Mediterranean countries, India, and Egypt,
where it contributes significantly to the spice and essen-
tial oil markets [3]. In Egypt alone, fennel cultivation
spans thousands of hectares, supporting local econo-
mies and export industries due to its demand in flavor-
ing, traditional medicine, and cosmetic products [4, 5].
However, the growth, yield, and quality of sweet fennel
are influenced by various environmental and agronomic
factors, including nutrient availability and soil conditions
[6]. Among these factors, micronutrients play a critical
role in plant growth and metabolism, with cobalt (Co)
emerging as an essential element that influences physi-
ological processes in plants [7].

Cobalt is a trace element that has been shown to
enhance plant growth, nitrogen fixation, and stress tol-
erance in certain crops [8]. It is a component of vitamin
B12 and is involved in enzymatic activities that regulate
plant metabolism [9]. For example, in legumes such as
faba beans (Vicia faba L.) and black gram (Vigna mungo
L.), cobalt improves nitrogen fixation by supporting rhi-
zobial activity, leading to increased biomass and yield [10,
11]. Similarly, in cereals like wheat (Triticum aestivum
L.), cobalt mitigates abiotic stress and enhances nutrient
uptake [12]. In non-leguminous crops such as tomatoes

L.), optimal cobalt levels have been linked to improved
growth, yield, and nutritional quality [13, 14]. However,
the role of cobalt in plant physiology remains under-
studied, particularly in aromatic and medicinal plants
like sweet fennel While cobalt deficiency can limit plant
growth, excessive concentrations may lead to toxicity,
highlighting the need for optimal application rates to
maximize crop productivity and quality [10, 15]. Recent
studies have demonstrated the potential of cobalt to
improve growth parameters, yield, and secondary metab-
olite production in various crops [12, 13]. However, the
specific effects of cobalt on sweet fennel, particularly its
impact on growth, yield components, and quality, have
not been thoroughly investigated. Understanding the
optimal cobalt concentrations for sweet fennel cultiva-
tion could provide valuable insights for improving its
agronomic practices and enhancing its economic value.

In this context, the present study was conducted to
evaluate the effects of cobalt on the growth, yield, and
quality of sweet fennel. The study hypothesized that opti-
mal concentrations of cobalt would significantly enhance
the growth, yield, and quality parameters of sweet fennel.
The study aimed to (1) identify the optimal cobalt con-
centrations for sweet fennel growth and yield, (2) assess
the impact of cobalt on yield components and quality
parameters, and (3) provide practical recommendations
for cobalt application in sweet fennel cultivation.
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Materials and methods

Soil analysis

Soil samples were collected from the upper 0-30 cm
layer, air-dried, crushed, and passed through a 2 mm
sieve [16]. Soil texture was determined using the pipette
method as described by Page [17], while calcium carbon-
ate (CaCO;) content was assessed using the calcimeter
method outlined by Jackson (18). Organic matter content
was analyzed through dichromate oxidation. Soil salinity
was determined by measuring the electrical conductivity
(EC) of a 1:1 soil-water extract using an EC meter (LOvi-
bond 200 con, Germany), and soil pH was measured in
a 1:2.5 soil-water suspension with a pH meter (Hanna
Instruments pH 211, Romania) [18]. Available nitrogen
(N) was extracted using 1% K,SO, at a 1:5 soil-to-solu-
tion ratio, followed by distillation of 20 mL of the extract
with 1 g of Devarda’s alloy in a micro-Kjeldahl apparatus
[18]. For available phosphorus (P), extraction was per-
formed using 0.5 M sodium bicarbonate (pH 8.5), and
quantification was carried out using the stannous chlo-
ride method, with absorbance readings taken at 660 nm
using a spectrophotometer (Unico 2000UV, Germany)
[18]. Potassium (K) levels were measured using a flame
photometer (Jenway 7PFP, England) [18]. Micronutrients
(Fe, Mn, Zn, Cu) were analyzed according to Page [17],
and cobalt concentrations were determined following the
method described by Ryan, Estefan [19]. Key soil charac-
teristics are presented in Table 1.

Experimental site and design

This stepwise approach was based on both preliminary
results and existing literature, which indicate that cobalt
application in the range of 5-20 mg L™ has shown physi-
ological benefits across various plant species, includ-
ing legumes, cereals, and aromatic crops. Specifically,
prior studies have reported that foliar or soil applications
of cobalt within this range enhance nitrogen metabo-
lism, stress tolerance, and the biosynthesis of second-
ary metabolites such as essential oils [8, 11, 14, 15]. The
selected concentrations allowed us to capture the full

Table 1 Some physical and chemical properties of soil
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response curve, including the point of optimal efficacy
(16 mg L") and potential toxicity threshold (20 mg L™),
ensuring a comprehensive assessment of physiological
relevance for this species.

Preliminary pots experiment

A preliminary pot experiment was conducted in the wire-
house of the National Research Centre, located on El-
Bohooth Street, Dokki, Cairo, Egypt. Plastic pots with a
capacity of 10 kg were filled with clay soil collected from
a farm in Nobaria, Beheira Governorate, Egypt. Average
day and night temperatures were approximately 35+ 2 °C
and 24 +2 °C, respectively, with relative humidity around
50+5%. Sweet fennel seeds (Foemiculum vulgare cv.
Dulce) were sown in August 2021 in the nursery using
the same soil type (sandy loam) intended for the subse-
quent field trials. The pot experiment included 11 cobalt
treatments (0.0, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 mg
L), each with 3 replicates. Five plants per replicate were
randomly sampled for measurements, totaling 15 plants
per treatment. Once the seedlings reached the third true
leaf stage, they were irrigated once with 500 mL per pot
of cobalt sulfate solutions at concentrations of 0.0, 2, 4,
6, 8, 10, 12, 14, 16, 18, and 20 mg L™, applied as a soil
drench. Subsequent irrigation was performed using tap
water to maintain soil moisture near field capacity.

Field experiments

Field experiments were carried out at the Research
and Production Station of the National Research Cen-
tre in El-Nubaryia, Beheira Governorate, Delta Egypt
(30° 23’ 48” N, 30° 18 59” E) during the 2022/2023 and
2023/2024 growing seasons. Climatic conditions during
the 2022/2023 and 2023/2024 growing seasons (August—
January) included hot, dry summers and cool, moderately
wet winters. Bi-weekly averages of temperature, relative
humidity, and rainfall are provided in Table S1 and Table
S2. aThe experimental design followed a completely ran-
domized block design with three replicates. Each plot
measured 15 m” (3 m x 5 m) and consisted of four rows,

Physical properties

Particle size distribution %

Soil moisture constant %

Sand Silt Clay Soil texture Saturation FC WP AW
70.8 256 36 Sandy loam 320 19.2 6.1 13.1
Chemical properties

Soluble cations (mmolcL™") Soluble anions (mmolcL™")
pH1:2.5 EC(Sm™)1.74 CaCO3% OM%0.20 Ca™ Mg** K* Na*1.80 HCO50.3 CO; cr SO, 05
849 34 0.8 05 1.6 0.0 19
Cobalt Available macronutrients Available micronutrients
ppm mg 100 g™ soil ppm
Soluble Available Total 9.88 N p K Fe Mn Zn Cu
0.35 488 151 133 449 446 271 452 52

Where: FC Field Capacity (%), WP Wilting Point (%), AW Available Water (%)
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with ten plants per row [Each replicate plot contained 40
plants (4 rows x 10 plants), totaling 120 plants per treat-
ment]. Sweet fennel seeds were sown on 20th and 22nd
August during both seasons. Once the seedlings reached
the third true leaf stage, they were irrigated once with
cobalt concentrations. Based on preliminary results, the
cobalt concentrations tested were 0.0, 4, 8, 12, 16, and
20 mg L', which were found to influence sweet fennel
growth and yield responses.

All necessary agricultural practices, including fertiliza-
tion and irrigation, were conducted in accordance with
the guidelines provided by the Ministry of Agriculture,
Egypt. A fertilizer injector was used to mix fertilizers
with irrigation water, ensuring efficient delivery through
the irrigation system. Fertilization was administered in
three stages: the first dose after transplanting, the second
one month later, and the third during the flowering stage.
Prior to planting, the soil was sterilized using 100 kg
fadan™ (4200 m?) of agricultural sulfur, produced by
Abu Qir Fertilizer and Chemical Industries. A basal dose
of 60 kg Fadan™ P,O; (15.5% CaHsO,P,) and 20 m?® of
decomposed organic fertilizer were incorporated into the
soil. Additionally, 120 kg N Fadan™ (33.5% NH,NO;) and
50 kg Fadan™ K,O (50% potassium sulfate) were applied
in two equal splits at 30 and 60 days after transplanting,
following the recommendations of the Ministry of Agri-
culture, Egypt [20].

Measurements of vegetative growth

Sixty days after sowing, various vegetative growth param-
eters of sweet fennel plants were measured to evaluate
plant development and biomass accumulation. A ran-
dom sample of five plants from each row was selected for
analysis. Plant height was measured from the base of the
stem at soil level to the apex of the main shoot using a
measuring tape, recorded in centimeters (cm). The num-
ber of leaves per plant was counted, including only fully
expanded leaves. The fresh weight of the whole plant,
as well as its leaves and bulb, was measured immedi-
ately after harvesting using a digital balance, recorded
in grams (g). To determine dry weights, the plant parts
(leaves and bulb) were separated and oven-dried at 70 °C
for 48 h or until a constant weight was achieved. The dry
weights were then measured and recorded in grams (g).

Measurements of yield characteristics

At harvest time, 120 days after sowing, yield parameters
of sweet fennel were measured to assess crop produc-
tivity and the impact of experimental treatments. These
parameters included: (1) Bulb Height: The vertical length
of the bulb was measured from the base (where it con-
nects to the roots) to the apex (top of the bulb) using
a measuring tape, recorded in centimeters (cm). (2)
Bulb Diameter: The horizontal width of the bulb was
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measured at its widest point using a caliper or measuring
tape, recorded in centimeters (cm). (3) Bulb Weight: The
fresh weight of individual bulbs was measured immedi-
ately after harvesting using a digital balance, recorded in
grams (g). (4) Total Yield: The total yield of sweet fennel
bulbs was calculated per unit area and expressed in tons
per feddan (ton fed ).

Determination of chemical constituents

At harvest time, 120 days after sowing, a random sample
of 20 bulbs from each plot was collected to determine
all chemical constituents. Fresh sweet fennel bulbs were
carefully selected, washed, and homogenized to create
a uniform sample for analysis. These samples were ana-
lyzed to evaluate the biochemical composition of sweet
fennel bulbs according to the method for each compo-
nent separately, as follows:

Minerals compositions analysis

The study involved the quantification of essential ele-
ments, including nitrogen (N), phosphorus (P), potas-
sium (K), manganese (Mn), zinc (Zn), copper (Cu),
iron (Fe), and cobalt (Co), in sweet fennel bulbs using
high-performance liquid chromatography (HPLC) [21].
Samples of sweet fennel bulbs were homogenized and
underwent acid digestion to extract the target elements.
The digested samples were filtered and appropriately
diluted for analysis via HPLC. A specific mobile phase
and column were employed to separate the elements, and
detection was carried out using a UV-Vis detector. Cali-
bration curves were generated using standard solutions
for each element, and the concentrations of N, P, K, Mn,
Zn, Cu, Fe, and Co were determined based on the cor-
responding peak areas. The results were reported in mil-
ligrams per 100 g of fresh weight (mg 100 g™ FW/).

Total protein

The total protein content in sweet fennel bulbs was quan-
tified using the Kjeldahl method [22], a well-established
and reliable technique for protein analysis. A random
sample of 20 bulbs from each plot was homogenized, and
a representative portion (approximately 0.5 g) was pre-
cisely weighed and placed into a digestion flask. The sam-
ple was digested using concentrated sulfuric acid (H,SO,)
in the presence of a catalyst (potassium sulfate, K,SO,) to
convert organic nitrogen into ammonium sulfate. Diges-
tion was performed at a high temperature (~ 400 °C) until
the solution turned clear, indicating complete digestion.
The digested sample was then transferred to a distillation
apparatus. Sodium hydroxide (NaOH) was added to the
digested solution to release ammonia (NH;) gas, which
was distilled and collected in a receiving flask contain-
ing a known volume of boric acid (H;BOs3) solution. The
ammonia absorbed in the boric acid solution was titrated
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with a standardized hydrochloric acid (HCI) solution
(0.1 N), using methyl red as an indicator. The titration
endpoint was marked by a color change from green to
pink. The total nitrogen content was calculated based
on the volume of HCl consumed during titration and
the normality of the HCI solution. The protein content
was derived by multiplying the total nitrogen content by
a conversion factor of 6.25, which is standard for plant
materials. The total protein percentage was calculated
using the following formula:

Total Protein (%)
V x Normality of HCI x 1.401 x 6.25
W

where: V is volume of HCI (mL), 1.401 is the milliequiva-
lent weight of nitrogen; 6.25 is the conversion factor for
converting nitrogen to protein, Wis weight of Sample (g).

Determination of total carbohydrates

The total carbohydrates content in sweet fennel bulbs was
determined using the phenol-sulfuric acid method [23],
a widely used colorimetric technique for carbohydrate
quantification. A representative portion of the homog-
enate was weighed and subjected to extraction using
distilled water. The extracted solution was then mixed
with 5% phenol solution, followed by the addition of con-
centrated sulfuric acid (H,SO,). The reaction between
carbohydrates, phenol, and sulfuric acid produced a
yellow-orange color, the intensity of which was propor-
tional to the carbohydrate concentration. The absorbance
of the solution was measured at 490 nm using a UV-Vis
spectrophotometer (Model: Unico 2000UV, Germany). A
standard curve was prepared using glucose as a reference,
with known concentrations of glucose solutions treated
in the same manner as the samples. The total carbohy-
drates content in the sweet fennel bulbs was calculated
based on the standard curve and expressed as grams per
100 g of fresh weight (g 100 g~* FW/).

Determination of total soluble sugars

The total soluble sugars content in sweet fennel bulbs
was determined using the anthrone-sulfuric acid method
[24], a widely recognized colorimetric technique for
quantifying soluble sugars. A representative portion of
the homogenate was weighed and extracted using 80%
ethanol to isolate the soluble sugars. The extract was
centrifuged to remove insoluble residues, and the super-
natant was collected for analysis. The supernatant was
mixed with anthrone reagent (prepared by dissolving
anthrone in concentrated sulfuric acid), which reacts
with soluble sugars to produce a blue-green color. The
intensity of the color is proportional to the concentration
of soluble sugars in the sample. The mixture was heated
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in a water bath at 100 °C for 10 min to complete the reac-
tion, then cooled to room temperature. The absorbance
of the solution was measured at 620 nm using a UV-Vis
spectrophotometer (Model: Unico 2000UV, Germany). A
standard curve was prepared using glucose as a reference,
with known concentrations of glucose solutions treated
in the same manner as the samples. The total soluble
sugars content in the sweet fennel bulbs was calculated
based on the standard curve and expressed as milligrams
per gram of fresh weight (mg g™ FW).

Determination of total soluble solids

To determine the total soluble solids (T.S.S.) content in
sweet fennel bulbs, the bulbs were meticulously washed,
processed, and homogenized to produce a smooth puree.
The supernatant was separated from any sediment, and
the resulting juice was filtered as needed. The T.S.S. con-
tent was measured using a digital refractometer (Model:
Milwaukee MA873, Milwaukee Co., United States), with
results reported in Brix (°Bx) units. The procedure fol-
lowed established standard protocols [25].

Determination of phenol content

The total phenol content in sweet fennel bulbs was deter-
mined using the Folin-Ciocalteu method [26], a widely
used colorimetric assay for quantifying phenolic com-
pounds. A representative portion of the homogenate was
weighed and extracted using 80% methanol or another
suitable solvent to isolate phenolic compounds. The
extract was centrifuged to remove insoluble residues, and
the supernatant was collected for analysis. The super-
natant was mixed with Folin-Ciocalteu reagent, which
reacts with phenolic compounds to produce a blue color.
After thorough mixing, sodium carbonate (Na,COj3) solu-
tion was added to the mixture to stabilize the reaction.
The solution was incubated in the dark at room tempera-
ture for 30 min to allow the color to develop fully. The
absorbance of the solution was measured at 765 nm using
a UV-Vis spectrophotometer (Model: Unico 2000UYV,
Germany). A standard curve was prepared using gallic
acid as a reference, with known concentrations of gallic
acid solutions treated in the same manner as the samples.
The total phenol content in the sweet fennel bulbs was
calculated based on the standard curve and expressed
as milligrams of gallic acid equivalents per gram of fresh
weight (mg GAE g™ FW).

Determination of vitamin C (as L-Ascorbic Acid)

The vitamin “C” content in sweet fennel bulbs was deter-
mined using High-Performance Liquid Chromatography
(HPLC) according to standard protocols (HPLC-UV or
HPLC-DAD) [25]. A representative portion of the sam-
ple was weighed, and vitamin “C” was extracted using a
suitable solvent such as 3% metaphosphoric acid (HPOj)
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to prevent the oxidation of ascorbic acid during extrac-
tion. The extract was filtered to remove solid impurities,
and the filtrate was collected for analysis. The sample
was analyzed using an HPLC device equipped with a UV
detector or Diode Array Detector (DAD). A C18 column
was used for compound separation, and a suitable mobile
phase was selected, such as a mixture of acidified water
(with 0.1% formic acid or phosphoric acid) and metha-
nol or acetonitrile in specific ratios. The use of acidified
water helps stabilize ascorbic acid and improve peak
shape, while the choice between methanol and aceto-
nitrile as the organic modifier was based on optimizing
retention time, resolution, and sensitivity under the chro-
matographic conditions used. These combinations were
selected based on method validation to ensure reproduc-
ibility, efficient elution, and compatibility with UV detec-
tion. The detection wavelength was set to 245 nm, where
ascorbic acid absorbs optimally. A calibration curve was
prepared using known concentrations of pure ascorbic
acid as a reference. The concentration of vitamin “C” in
the samples was calculated based on the peak areas mea-
sured by the device, and the results were expressed as
milligrams of ascorbic acid per 100 g of fresh weight (mg
100 g7 FW).

Determination of vitamin A (as Beta-Carotene)

The Vitamin A content in sweet fennel bulbs, expressed
as beta-carotene, was determined using High-Perfor-
mance Liquid Chromatography (HPLC) [27]. A repre-
sentative portion of the homogenate was weighed and
extracted using acetone to isolate beta-carotene. The
extract was centrifuged to remove insoluble residues,
and the supernatant was filtered through a 0.45 pm
membrane filter to ensure clarity before injection into
the HPLC system. The analysis was performed using a
C18 reverse-phase column and a UV-Vis or diode array
detector (DAD). The mobile phase consisted of a gradient
mixture of acetonitrile and methanol (70:30 v/v) at a flow
rate of 1.0 mL min~', The detection wavelength was set to
450 nm, which is optimal for beta-carotene absorption.
A calibration curve was prepared using known concen-
trations of pure beta-carotene standard. The concentra-
tion of beta-carotene in the sweet fennel bulb samples
was calculated based on the peak areas obtained from
the HPLC chromatogram. The results were expressed
as grams of beta-carotene per 100 g of fresh weight (g
100 g7 FW).

Determination of essential oil content

The essential oil content in sweet fennel bulbs was deter-
mined using the hydrodistillation method (Clevenger
apparatus) [28]. This method is widely used for extracting
and quantifying essential oils from plant materials. A rep-
resentative sample of the chopped bulbs (approximately
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100 g) was weighed and placed in a round-bottom flask
along with distilled water. The flask was connected to a
Clevenger apparatus, and the mixture was heated to boil-
ing. The oil was separated from the water in the gradu-
ated tube of the Clevenger apparatus due to its lower
density. The volume of the extracted oil was measured
directly from the graduated tube, and the oil content was
calculated using the following formula:

Volume of Oil (mL)
Weight of Sample (kg)

Essential Oil Content (mL kgfl)

Determination the percentage composition of the essential
oils

The percentage composition of the essential oils in oil
content of sweet fennel bulbs was determined using Gas
Chromatography-Mass Spectrometry (GC-MS) analysis
(model 7890B, Agilent Co. China) at central laboratories
Network, National Research Centre, Cairo, Egypt. The
extracted oil was injected into the GC-MS system, where
individual components were separated using a capillary
column and identified based on their mass spectra. The
analysis was performed in triplicate to ensure accuracy,
and compounds present in trace amounts (<0.1%) were
marked as “I” The percentage composition of each com-
pound was calculated using the formula:

Percentage Composition (%)

B Peak Area of the Compound < 100
"~ Total Peak Area of All Compounds

Compounds were identified by comparing retention
times and mass spectra with known standards or data-
bases (e.g., NIST library).

Statistical analysis

All data were subjected to statistical analysis using the
SAS software package (SAS, 1996). Treatment means
were compared using the Least Significant Difference
(LSD) test, as outlined by Snedecor and Cochram [29],
to identify significant differences at a 5% probability level
(p<0.05).

Results

Vegetative growth of pot experiment plants

Table 2 illustrates the impact of various cobalt treat-
ments on the vegetative growth of sweet fennel plants
60 days after sowing in pots experiment. The most sig-
nificant growth was observed at a cobalt concentration of
16 mg L%, Specifically, the plant height reached 76.4 cm,
marking an increase of approximately 54.03% compared
to the control. The number of leaves peaked at 12.12,
showing a 100.66% rise relative to the control. In terms
of fresh weight, the leaves weighed 101.2 g, a 41.94%
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Table 2 Vegetative growth of sweet fennel plant which sowing in pots experiments as affected by cobalt addition after 60 days from

sowing (mean of two seasons)

Cobalt Plant height Numberof  Fresh weight/plant (g) Dry weight/plant (g)

Treatments (cm) leaves Leaves Blub Total Leaves bulb Total
(mgL™

Control 4960+121g 6.04+007g 7130£090g 4218+063g 11348+435g 40770509 1472+0.73g 5549+085¢g
2 51.80+055f  6.20f£008g 73.61+£048f  4434+065f  11795+099f  4262+061f  1824+030f  60.86+0.60f
4 5640+£0.88e  7.12+0.06e 79.08+1.38e 48.60+0.76e 12768+142e  4519+£1.18e  2090+046e  66.09+0.84e
6 5810+137d  7.39+0.11d  8211+094d  51.19+063d  13330+£156d 4622+0.11d  22.18+020d 6832+0.72d
8 6570+146c 781+0.16c  8600+1.04c  5440+0.76c  14040+0.81c  4942+031c  2560+028c  7502+0.17c
10 6540+086c  8.06+0.16b 89.21+1.12b 5701+1.13b  14622+1.75b  51.70£065b  2700+096b  78.70+0.53b
12 6800+£159% 921+008a  9413+164a  6231+041a 15644+205a 5560+028a 3231+1.11a 8791+1.16a
14 71.50+0.85a 10.56+0.10a  97.04+1.16a 65.51+0.84a 162.55+0.55a  5880+043a  3550+026a 94.30+0.97a
16 76.40+1.69a 1212+£0.18a 101.20+0.37a 68.81+0.61a 170.01+205a 63.08+034a 39.20+0.54a 102.88+1.94a
18 7330+132a 106+0.13a  9811+£0.70a  66.71+093a 16442+166a 61.80+061a 3700+062a  98.80+0.89%
20 69.80+146b 10.80+0.05a 94.61+1.03a 63.23+£0.34a 15784+13%  5940+£033a 35.10+0.19a  94.50£0.62a
LSD %5 2.1 0.27 24 22 4.36 2.05 251 221

Values within a column (Mean + SD) followed by different lowercase letters are significantly different according to LSD test at p <0.05

Table 3 Vegetative growth of sweet fennel plant which planted in field experiments as affected by Cobalt addition after 60 days from

sowing (mean of two seasons)

Cobalt Treatments Plant height Number of leaves Fresh weight/plant (g) Dry weight/plant (g)

(mgL™) (cm) Leaves Blub Total Leaves bulb Total

Control 5570+1.82d 7.14+0.51d 7650+£2.11d  4820+1.62d 122.70+£2.89d 44.63+231d 17.03+£094d 61.94+242d

4 60.80+1.43c 866+0.63cC 82.19+187c 51.70+1.32c 13390+245c 4814+£197c 1932+087c 67.16+2.11c

8 66.90+167b 10.86+0.72b 8820+205b 5951+154b 147.70+2.67b 56.08+2.15b 26.01+0.99b 82.09+2.33b

12 73.80+£1.92a 12.73+0.85a 9541+£236a 6690+1.77a 16230£3.07a 62.71+£247a 33.13+1.14a 95.84+2.85a

16 80.60+£2.15a 14.82+095a 10431+264a 7544+198a 179.70+344a 7132+276a 4125+128a 11257+3.19a
20 7590+£1.78a 12.36+0.88a 98.62+242a 7002+1.82a 16860£3.18a 6643+255a 3573+1.18a 102.16+2.98a
LSD %5 4.59 2.09 5.01 349 6.1 548 223 517

Values within a column (Mean + SD) followed by different lowercase letters are significantly different according to LSD test at p <0.05

increase, while the bulb reached 68.81 g, up by 63.13%.
The total fresh weight per plant was 170.01 g, reflecting
a 49.82% increase. For dry weight, the leaves weighed
63.08 g (a 54.72% increase), and the bulb weighed 39.20 g
(a 166.30% increase). The total dry weight per plant was
102.88 g, an 85.40% increase compared to the control.

Field experiments

Vegetative growth

Table 3 details the impact of various cobalt treatments
on the vegetative growth of sweet fennel plants 60 days
after sowing in an open farm setting. The most significant
growth was observed at a cobalt concentration of 16 mg
L. Specifically, the plant height reached 80.6 cm, repre-
senting an increase of approximately 44.70% compared
to the control. The number of leaves peaked at 14.82,
showing a 107.56% rise relative to the control. In terms
of fresh weight, the leaves weighed 104.31 g, a 36.35%
increase, while the bulb reached 75.44 g, up by 56.51%.
The total fresh weight per plant was 179.7 g, reflecting
a 46.45% increase. For dry weight, the leaves weighed
71.32 g (a 59.80% increase), and the bulb weighed 41.25 g
(a 142.16% increase). The total dry weight per plant was

112.57 g, an 81.74% increase compared to the control.
These findings demonstrate that a cobalt treatment of 16
mg L' significantly enhances the vegetative growth of
sweet fennel plants across various parameters. However,
it is noteworthy that at higher concentrations (20 mg
L!), some growth metrics showed a slight decline, indi-
cating a potential toxicity threshold.

Yield characteristics

Table 4 details the impact of various cobalt treatments
on the yield parameters of sweet fennel plants 120 days
after sowing in field experiments. The most significant
improvements were observed at a cobalt concentration of
16 mg L. Specifically, the bulb height reached 11.58 cm,
representing an increase of approximately 18.4% com-
pared to the control. The bulb diameter peaked at
13.82 c¢m, showing a 15.8% rise relative to the control.
In terms of bulb weight, the highest value was 77.5 g, a
46.5% increase compared to the control. The total yield
per feddan reached 15.80 tons Fed™!, reflecting a 20.2%
increase. These findings demonstrate that a cobalt treat-
ment of 16 mg L' significantly enhances the yield
parameters of sweet fennel plants across various metrics.
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Table 4 Yield parameters of sweet fennel plant which planted
in field experiments as affected by cobalt addition after 120 days
from sowing (mean of two seasons)

Cobalt Bulb Height Bulb Bulb Total Yield
Treat- (cm) diameter Weight Ton Fed™
ments (cm) (9)

(mgL™)

Control 9.78+0.12d 11.93+0.25d 5290+225d 13.15+041d
4 1066+0.10c  1237+022c 57.60+198c 13.87+0.36C
8 1091+0.11bc 12.89+0.20b 61.80+2.10b 14.63+0.38b
12 11.26+0.13ab 13.20+0.18a 69.60+245a 15.15+042a
16 11.58+0.15a 13.82+0.15a 77.50+280a 15.80+045a
20 10.78+0.14c  1349+0.16a 73.60+2.60a 14.95+043a
LSD %5 0.23 042 392 0.69

Values within a column (Mean +SD) followed by different lowercase letters are
significantly different according to LSD test at p<0.05

However, it is noteworthy that at higher concentrations
(20 mg L), some yield metrics showed a slight decline,
indicating a potential toxicity threshold. For example,
the bulb height decreased to 10.78 cm, and the total yield
dropped to 14.95 tons per feddan, suggesting that exces-
sive cobalt levels may adversely affect plant growth and
productivity.

Chemical constituents

Minerals composition analysis Table 5 details the
impact of various cobalt treatments on the minerals com-
position analysis of fennel bulbs 120 days after sowing in
field experiments. The most significant improvements in
macronutrient and micronutrient content were observed
at a cobalt concentration of 16 mg L™!. For macronutri-
ents, the highest nitrogen (N) content was 1.419%, rep-
resenting an increase of approximately 62.4% compared
to the control (0.874%). Phosphorus (P) content peaked
at 0.619%, showing a 40.0% rise relative to the control
(0.442%). Potassium (K) content reached its maximum
at 1.526%, a 64.2% increase compared to the control
(0.929%). In terms of micronutrients, manganese (Mn)
content was highest at 58.9 mg L}, an increase of 23.2%
compared to the control (47.8 mg kg™!). Zinc (Zn) content
peaked at 42.0 mg kg, reflecting a 28.8% rise relative to
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the control (32.6 mg kg™*). Copper (Cu) content reached
its maximum at 36.8 mg L™}, a 33.3% increase compared
to the control (27.6 mg kg™!). Iron (Fe) content, however,
showed a different trend, with the lowest value of 156 mg
kg™ at 20 mg L™ cobalt, representing a 13.8% decrease
compared to the control (181 mg kg™'). Cobalt accumula-
tion in fennel bulbs exhibited a dose-dependent response,
with concentrations rising significantly (p<0.05) from
0.96 mg kg™ in control plants to 11.71 mg kg™ at the high-
est treatment level (20 mg L™'). At the optimal concen-
tration of 16 mg L™, cobalt content reached 8.06 mg kg™
(Table 5), reflecting a near-linear relationship between
application rates and plant uptake.These findings demon-
strate that a cobalt treatment of 16 mg L™ significantly
enhances the nutritional status of fennel bulbs across vari-
ous metrics. However, it is noteworthy that at higher con-
centrations (20 mg L), some nutrient metrics showed a
slight decline, indicating a potential toxicity threshold. For
example, nitrogen content decreased to 1.405%, and iron
content dropped to 156 mg L™}, suggesting that excessive
cobalt levels may adversely affect nutrient uptake and
plant health.

Total protein, Total carbohydrates, Total soluble sug-
ars, Total Soluble Solids, Phenol Content, Vitamin C,
Vitamin A, Oil Content Table 6 details the impact of
various cobalt treatments on the chemical constituents of
fennel bulbs 120 days after sowing in field experiments.
The most significant improvements in chemical constit-
uents were observed at a cobalt concentration of 16 mg
L1 For total proteins, the highest content was 8.86%,
representing an increase of approximately 62.3% com-
pared to the control (5.46%). Total carbohydrates peaked
at 17.71%, showing a 25.5% rise relative to the control
(14.11%). Total soluble sugars reached their maximum at
4.56%, a 41.2% increase compared to the control (3.23%).
Total soluble solids content was highest at 8.96%, reflect-
ing a 24.8% increase compared to the control (7.18%). In
terms of phenolic content, the highest value was 9.26%,
an increase of 34.6% compared to the control (6.88%).
Vitamin C content peaked at 14.66 mg 100 g~ FW, show-

Table 5 Minerals composition status of fennel bulb which planted in field experiments as affected by cobalt addition after120 days
from sowing (mean of two seasons)

Cobalt Treatments

Macronutrients (%)

Micronutrients (mg kg™")

(mgL™) N P K Mn Zn Cu Fe Cobalt
Control 0.874+0.028e 0442+0.008e 0.929+0.075e 4780+1.15e 3260+£058¢ 27.60+0.72e 181.00£245a 0.96+0.12f
4 1.253+0.025d 0.468+0.007d 1.163+0.070d 5060+1.08d 34.00+055d 29.20+0.68d 178.00+235a 1.18+0.15e
8 1319£0023c  0511+£0006c 1.281+£0065c 5340+102c 3670£052c 3200+065c 172.00+225b 324+0.18d
12 1382+0.021b 0570+0.005b 1.439+0.060b  5560+0.95b 39.60+048b 3440+0.60b 167.00+2.15c 6.87+0.25C
16 1419400202 0619400042 1.526+0055a 5890+090a 4200+045a 3680+055a 160.00+205d 8.06=030b
20 1405+£0022a 0671400032 1478+£0058ab 5590+092a 39.70£047a 3500+057a 15600+2.10d 11.71+035a
LSD %5 0.064 0.024 0.219 24 1.2 1.5 491 2.3

Values within a column (Mean £ SD) followed by different lowercase letters are significantly different according to LSD test at p<0.05
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Table 6 Chemical constituents of fennel bulb which planted in field experiments as affected by cobalt addition after 120 days from

sowing (mean of two seasons)

Cobalt Total Total Total Total Phenols (%) Vitamin (C) Vitamin (A) Essential oil (mL
Treatments Proteins (%) Carbo- Soluble soluble (mg100g™" (g100g~'FW) kg™

(mg L™ Hydrates (%) Sugars (%) solids (%) FW)

Control 5.46+0.58d 14.11+£0.30d 323+004d 7.18+027d 6.88+031d 12.37+0.15d 11.31+0.18d 0.0786+0.0041d

4 7.83+0.49¢ 15.32+0.25¢ 332+003c 7.76+023c 7.53+0.26C 12.69+0.13¢c 11.89+0.15¢ 0.0867 +0.0035¢

8 824+045bc  1594+022bc 387+003b 811+020b 833+0.23b 13.49+0.12b 12.22+0.14b 0.0918+0.0031b

12 864+042ab 1666+020ab 4.19+003a 864+0.18a 887+0.21a 13.90+0.11a 12.78+0.13a 0.0968+0.0029a

16 8.86+0.40a 17.71+0.18a 456+002a 896+0.17a 9.26+0.20a 14.66+0.10a 13.56+0.12a 0.0989+0.0027a

20 8.78+043a 1722+0.19ab  456+0.03a 813+021b 879+022ab 1421+0.17ab 13.18+0.13ab  0.0940+0.0030ab
LSD %5 233 0.60 0.07 0.54 062 0.30 0.35 0.0081

Values within a column (Mean + SD) followed by different lowercase letters are significantly different according to LSD test at p<0.05.
Where: Vitamin (C) as L-Ascorbic acid (mg 100 g~' FW), Vitamin (A) as Beta carotene g 100 g~' FW

Table 7 Percentage composition of the essential oils of sweet fennel bulb which planted in field experiments as affected by cobalt

addition after 120 days from sowing (in the second season)

Essential oil (%) Cobalt treatments (mg L™")

Control 4 8 12 16 20

Cis-anethole 0.52 0.56 0.62 0.68 0.75 0.75
Camphene 0.67 0.73 0.79 0.86 0.94 0.94
y-Terpinene 0.95 0.98 1.05 1.09 117 1.15
a-Pinene 3.29 3.34 341 3.59 3.59 3.55
a-Phellandrene 1.28 1.33 140 1.46 1.53 1.51
B-Pinene 1.28 132 1.38 1.44 1.52 149
Anisalketone 1.23 1.28 1.35 143 1.49 1.96
Myrcene 143 147 1.53 1.61 1.71 1.68
Limonene 291 2.94 299 3.06 3.15 3.15
p-Cymene 1.89 192 1.97 2.04 2.13 2.10
Fenchone 6.88 6.93 6.99 7.07 7.19 7.8
Estragole 497 5.06 5.14 523 532 5.50
Trans-Anethole 47.51 47.56 47.64 47.74 47.51 47.50
Anisaldehyde T T T T T T

Where: T: Traces (<0.1%)

ing an 18.5% rise relative to the control (12.37 mg 100 g~
FW). Vitamin A content reached its maximum at 13.56 g
100 g' FW, a 19.9% increase compared to the control
(11.31 g 100 g™} FW). Qil content was highest at 0.0989
mL kg ™!, reflecting a 25.8% increase compared to the con-
trol (0.0786 mL kg™!). These findings demonstrate that a
cobalt treatment of 16 mg L! significantly enhances the
chemical constituents of fennel bulbs across various met-
rics. However, it is noteworthy that at higher concentra-
tions (20 mg L), some chemical metrics showed a slight
decline, indicating a potential toxicity threshold. For
example, total proteins decreased to 8.78%, total carbohy-
drates dropped to 17.22%, and total soluble solids content
decreased to 8.13%, suggesting that excessive cobalt levels
may adversely affect the chemical composition and qual-
ity of fennel bulbs.

Table 7 details the impact of various cobalt treatments
on the percentage composition of essential oils in sweet
fennel bulbs 120 days after sowing in field experiments
during the second season. The total identified compounds

under control conditions represented 74.81% of the total
essential oil composition. This is consistent with previ-
ous essential oil analyses, where the total percentage of
identified compounds May fall short of 100% due to ana-
lytical limitations such as low-abundance constituents,
co-eluting peaks, or the absence of reference spectra in
existing databases. While the major compounds were
clearly identified and quantified, trace or unidentified
compounds likely contributed to the remaining percent-
age. Future studies employing more sensitive detectors or
complementary analytical platforms (e.g., GCxGC-MS
or HRMS) May help provide a more comprehensive
characterization of the essential oil profile. The most sig-
nificant improvements in essential oil composition were
observed at a Cobalt concentration of 16 Mg L. For
a-pinene, the highest content was 3.59%, representing an
increase of approximately 9.1% compared to the control
(3.29%). Camphene peaked at 0.94%, showing a 40.3%
rise relative to the control (0.67%). j3-Pinene reached
its maximum at 1.52%, an 18.8% increase compared to
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Fig. 1 Aradardiagramiillustrating relative deviations from the control (a black circle of the relative value of 100 %) of all essential oils in sweet fennel bulbs

120 days after sowing in field experiments during the second season

the control (1.28%). Myrcene content was highest at
1.71%, reflecting a 19.6% increase compared to the con-
trol (1.43%). a-Phellandrene content peaked at 1.53%,
a 19.5% rise relative to the control (1.28%). Limonene
reached its maximum at 3.15%, an 8.2% increase com-
pared to the control (2.91%). y-Terpinene content was
highest at 1.17%, showing a 23.2% increase compared to
the control (0.95%). p-Cymene peaked at 2.13%, a 12.7%
rise relative to the control (1.89%). Fenchone content
reached its maximum at 7.19%, and 4.5% increase com-
pared to the control (6.88%). Estragole peaked at 5.32%,
showing a 7.0% rise relative to the control (4.97%). Cis-
anethole content was highest at 0.75%, a 44.2% increase
compared to the control (0.52%). Trans-Anethole con-
tent showed a slight increase, peaking at 47.74% at 12 Mg
L}, but then slightly decreased to 47.51% at 16 Mg L%,
still close to the control (47.51%). Anisalketone content
reached its maximum at 1.96% at 20 Mg L', a significant
increase compared to the control (1.23%). These find-
ings demonstrate that a Cobalt treatment of 16 Mg L™
significantly enhances the composition of essential oils
in sweet fennel bulbs across various metrics. However, it
is noteworthy that at higher concentrations (20 Mg L™),
some essential oil components showed a slight decline,
indicating a potential toxicity threshold. For example,
a-pinene decreased to 3.55%, and Trans-Anethole con-
tent dropped to 47.50%, suggesting that excessive Cobalt

levels May adversely affect the essential oil composition
of sweet fennel bulbs. anisaldehyde was present only in
trace amounts (denoted as “T” in the table) across all
Cobalt treatments, including the control. This means that
the concentration of anisaldehyde was less than 0.1% in
all cases. There was no significant change in anisalde-
hyde content with increasing Cobalt concentrations, as it
remained at trace levels throughout the experiment. This
indicates that Cobalt treatment did not have a measur-
able impact on the anisaldehyde content in the essential
oils of sweet fennel bulbs.

In the current study, plants treated with cobalt at con-
centrations of 16 and 20 mg L' showed higher levels
of most essential oils compared to the other treatments
(Fig. 1), while the essential oils (y-Terpinene, a-Pinene,
f3-Pinene, Myrcene, p-Cymene, Fenchone, Estragole, and
Trans-Anethole) had their highest values at concentra-
tions of 16 mg L™! and then decreased at concentrations
of 20 mg L.

Discussion

The results of this study demonstrate that cobalt (Co)
application at an optimal concentration of 16 mg L™
significantly enhances the vegetative growth, yield, and
chemical composition of sweet fennel (Foeniculum vul-
gare) plants. However, higher concentrations (18-20 mg
L) led to a decline in some growth and yield parameters,



Gad et al. BMC Plant Biology (2025) 25:1205

suggesting a potential toxicity threshold. These findings
align with recent studies that highlight the dual role of
cobalt as both a beneficial micronutrient and a potential
toxin at elevated levels.

In both pot and field experiments, cobalt treatment at
16 mg L™ resulted in substantial improvements in veg-
etative growth parameters, including plant height, leaf
number, and fresh and dry weights of leaves and bulbs.
The increase in plant height (54.03% in pots and 44.70%
in field experiments) and leaf number (100.66% in pots
and 107.56% in field experiments) indicates that cobalt
plays a critical role in promoting cell division and elon-
gation, likely through its involvement in enzymatic
activities and hormonal regulation [30]. Similar findings
to ours indicate that optimal cobalt levels significantly
enhanced growth by improving photosynthetic effi-
ciency and nutrient uptake in broad bean [31], broccoli
[32], and summer squash [33]. Similarly, Gad and Has-
san [34] confirmed that cobalt had a significant positive
impact on the growth and yield parameters of sweet pep-
per, with treated plants outperforming non-treated ones.
The significant increase in fresh and dry weights further
supports the role of cobalt in enhancing biomass accu-
mulation, as noted by Inayat, Mehmood [35] in their
study on cobalt’s effects on radish growth. However, the
decline in growth metrics at higher concentrations (18-
20 mg L) suggests that excessive cobalt may disrupt
cellular processes, leading to oxidative stress, nutrient
deficiencies, and impairment of the photosynthetic appa-
ratus [36, 37]. These results align with the findings of Gad
[38], who reported that cobalt positively influenced the
synthesis of key endogenous hormones in tomato plants,
such as auxins and gibberellins, significantly enhancing
growth. Additionally, cobalt reduced the activity of cata-
lase and peroxidase enzymes, which are known to stimu-
late plant respiration, thereby contributing to improved
plant performance [39].

The yield parameters, including bulb height, diameter,
weight, and total yield per feddan, were also maximized
at 16 mg L™ cobalt. The increase in bulb weight (46.5%)
and total yield (20.2%) highlights the positive impact of
cobalt on nutrient partitioning and storage organ devel-
opment. The cobalt application improved yield attributes
of some plants by enhancing nitrogen metabolism and
assimilate translocation [40]. The observed decline in
yield metrics at 20 mg L™ cobalt further reinforces the
concept of a toxicity threshold, beyond which cobalt may
interfere with nutrient uptake and metabolic processes,
as noted by Ulhassan, Shah (41) in their study on cobalt’s
effects on crop productivity. Cobalt application at 10 mg
kg™ significantly improved growth parameters, bulb
yield, length, and quality—including nutrient and essen-
tial oil content—in two onion cultivars. Both bulb diam-
eter and weight were markedly higher compared to the
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control [14]. However, concentrations exceeding 10 mg
kg™ substantially diminished these beneficial effects.

Cobalt treatment at 16 mg L™ significantly enhanced
the macronutrient (N, P, K) and micronutrient (Mn, Zn,
Cu) content of fennel bulbs. These results are consistent
with the findings of Jayakumar, Jaleel (11), who reported
that cobalt at 50 mg kg™ soil enhanced the N, P, and K
content in black gram seeds compared to the control.
The increase in nitrogen content (62.4%) is particularly
noteworthy, as cobalt is known to facilitate nitrogen
metabolism and assimilation, as reported by Hu, Wei (8)
and Gerico, Tavanti [41]. The improvement in phospho-
rus and potassium uptake further underscores the role of
cobalt in enhancing nutrient availability and utilization,
as highlighted by Elshamly and Nassar [42]. However, the
decline in iron content at higher cobalt concentrations
suggests a possible antagonistic interaction between
cobalt and iron, which could disrupt iron-dependent
enzymatic activities and lead to nutrient imbalances, as
some researchers reported [43—-45].

The cobalt content in fennel bulbs treated with 16 mg
L™ reached 8.06 mg kg™, which is within safe limits for
human consumption. According to the World Health
Organization (WHO) and Food and Agriculture Organi-
zation (FAQ), the tolerable daily intake (TDI) for cobalt
is 0.05 ug kg™ body weight per day, with typical dietary
exposure from crops being much lower [46, 47]. How-
ever, prolonged consumption of cobalt-rich crops should
be monitored, as excessive intake may lead to thyroid
dysfunction or cardiomyopathy in sensitive individu-
als [46, 48]. Our findings suggest that 16 mg L™ cobalt
application optimizes fennel growth and quality without
exceeding safety thresholds, but further long-term bio-
availability studies are recommended to confirm minimal
health risks.

Biochemical analysis revealed that 16 mg L™' cobalt
treatment significantly enhanced total proteins (62.3%),
carbohydrates (25.5%), soluble sugars, phenolic com-
pounds (34.6%), vitamins (C: 18.5%; A: 19.9%), and oil
content, indicating stimulated metabolic activity [48],
improved antioxidant capacity [49], and increased syn-
thesis of health-promoting compounds [50]. However,
higher cobalt concentrations reversed these benefits, sug-
gesting metabolic impairment and reduced nutritional
quality [8], potentially due to cobalt’s inhibition of chlo-
rophyll biosynthesis enzymes (5-aminolevulinic acid and
protoporphyrin pathways) and consequent photosyn-
thetic decline [51].

The essential oil composition of fennel bulbs was also
positively influenced by cobalt treatment at 16 mg L™
Significant increases were observed in key components
such as a-pinene, camphene, S-pinene, and fenchone,
which contribute to the aroma and medicinal proper-
ties of fennel. Similar findings were reported by Khalid



Gad et al. BMC Plant Biology (2025) 25:1205

and Ahmed [52], who demonstrated that cobalt applica-
tion enhanced the biosynthesis of essential oils in Nigella
sativa L. plants. The increase in trans-anethole, a major
bioactive compound in fennel, further underscores the
potential of cobalt to enhance the commercial value of
the plants. These findings are consistent with previous
studies on the effects of cobalt on essential oil compo-
sition. Gad, Abd El-Moez [53] observed that all cobalt
treatments significantly enhanced the essential oil con-
tent of rosemary (Rosmarinus officinalis L.) compared to
the control. Similarly, Aziz, Gad (55) reported that cobalt
increased essential oil yield in sweet basil (Ocimum basi-
licum L.), with the highest values obtained at 16 ppm. An
earlier study by the same authors [55], also demonstrated
a significant increase in essential oil yield in peppermint
(Mentha piperita L.) following cobalt application.

The enhancement of essential oil constituents such as
a-pinene, Limonene, and trans-anethole at 16 mg L™
cobalt can be attributed to cobalt’s role in modulating
secondary metabolism, particularly through its influ-
ence on enzymatic activity within terpenoid and phen-
ylpropanoid biosynthetic pathways [54]. Cobalt acts as
a cofactor for several metalloenzymes and may stimu-
late key enzymes such as phenylalanine ammonia-lyase
(PAL) [56], which initiates the phenylpropanoid pathway,
and geranyl pyrophosphate synthase (GPPS), which is
involved in monoterpene biosynthesis [8]. This activa-
tion likely enhances the synthesis of volatile compounds
derived from these pathways, including trans-anethole
and a-pinene [57]. Additionally, at higher concentra-
tions (e.g., 20 mg L), the observed decline in several
volatile constituents may reflect cobalt-induced toxicity,
which can disrupt cellular homeostasis, impair enzyme
function, and suppress secondary metabolic flux. Excess
cobalt may generate elevated levels of reactive oxygen
species (ROS) beyond the threshold of beneficial sig-
naling, leading to oxidative damage and inhibition of
biosynthetic pathways [58]. These findings suggest a
dose-dependent dual role of cobalt—acting as a stimulant
at moderate levels and as a stressor or inhibitor at higher
doses—highlighting the importance of optimizing micro-
nutrient application for maximizing secondary metabo-
lite output while minimizing potential toxicity.

The observed increase in estragole concentration in
sweet fennel essential oil under cobalt supplementation
is indeed noteworthy, particularly given estragole’s clas-
sification as a compound with potential carcinogenicity.
This elevation may be explained by cobalt’s role in modu-
lating plant secondary metabolism, particularly under
mild stress conditions [59]. Cobalt is known to influence
the production of reactive oxygen species (ROS) and can
act as a signaling molecule that triggers the biosynthetic
pathways of secondary metabolites, including phenyl-
propanoids such as estragole [60, 61]. It is plausible that
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cobalt-induced stress responses upregulate enzymes
involved in the shikimate and phenylpropanoid pathways,
ultimately enhancing estragole biosynthesis [36]. There-
fore, while cobalt application may improve essential oil
yield and composition, it can also inadvertently increase
the levels of certain constituents like estragole.

These findings underscore the importance of balancing
productivity enhancements with safety considerations,
particularly for crops intended for food and pharma-
ceutical use. The results of this study indicate that foliar
application of cobalt at 16 mg L™! may serve as an effec-
tive agronomic strategy to improve growth performance,
yield, and nutritional quality in sweet fennel. However, to
ensure the broader applicability of these outcomes, fur-
ther research is necessary to validate the results under
diverse environmental and agronomic conditions. More-
over, a deeper investigation into the physiological and
molecular mechanisms underlying cobalt’s effects is war-
ranted. Importantly, the potential for cobalt accumula-
tion in edible plant tissues must be thoroughly assessed
to safeguard consumer health and ensure regulatory
compliance.

Conclusions

The study demonstrates that cobalt supplementation at a
concentration of 16 mg L™ significantly enhances the veg-
etative growth, yield, and chemical composition of sweet
fennel. This optimal treatment resulted in substantial
improvements in plant height, leaf number, fresh and dry
weights, bulb dimensions, and total yield. Additionally,
the nutritional quality of fennel bulbs was enhanced, with
increased levels of macronutrients, micronutrients, total
proteins, carbohydrates, soluble sugars, phenolic content,
vitamins C and A, and oil content. The composition of
essential oils also improved, with notable increases in key
components such as a-pinene, camphene, and fenchone.
However, higher cobalt concentrations (20 mg L) led
to a slight decline in some growth and chemical metrics,
indicating a potential toxicity threshold. These findings
suggest that while cobalt can be a beneficial micronutri-
ent for sweet fennel cultivation, careful management of
application rates is essential to avoid adverse effects. The
results provide valuable insights for optimizing cobalt use
in agricultural practices to enhance crop productivity and
quality.
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