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INTRODUCTION

Foeniculum vulgare Mill. (bulb fennel), an 
aromatic herbaceous Mediterranean plant in the 
Apiaceae family. Bulb fennel is traditionally used 
as a medicinal herb and vegetable plant due to the 
swelling of leaf bases that form a bulb-like struc-
ture (pseudobulb) (Abdrabbo et al., 2019). The 
bulb of fennel (also known as fennel head) is an 
edible organ with rich phytonutrient contents such 
as phenols, flavonoids, vitamin C, phosphorus, 
potassium, calcium, and essential oils (Abou El-
Magd et al., 2008; Salama et al., 2015; Barzegar 

et al., 2020). These bulbs are characterised by a 
rounded and poorly fibrous bulb and enjoyed raw 
where the licorice-like and aniseed flavor is more 
pronounced and cooked for spicier and sweeter 
form (Cucci et al., 2014). Among the biological 
and pharmacological activities of phytochemicals 
contained in different parts of F. vulgare; oestro-
genic, hepatoprotective, antithrombotic, antioxi-
dant, anticancer, chemopreventive, antibacterial, 
antistress, memory-enhancing, antiaging, acari-
cidal, and insecticidal properties (Badgujar et al., 
2014). Furthermore, bulb fennel has stomachic, 
galactagogue, diuretic (Barros et al., 2010), and 
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antiviral effects (Ibrahim and Moussa, 2021). 
Currently, bulb fennel is being cultivated as a 
promising nontraditional medicinal vegetable 
crop in Egypt for export and local consumption. 
The Italian Sicily Island is the largest producer of 
fennel bulbs in Europe, and the price of organ-
ic fennel bulbs is high, from $0.91 to $1.45 per 
pound (Miles et al., 2019).

The supply of essential nutrients for plants 
is one of the most important factors that increase 
plant productivity and its content of medicinal 
nutritional active substances. Moreover, plant 
secondary metabolites are highly responsive to 
soil fertility (Mosa et al., 2022). For instance, the 
yield and constituents of the bioactive volatile 
oils rely on several factors including ecotype, en-
vironmental condition and agricultural practices 
(Nada, 2019; Elyemni et al., 2022). Several reports 
have indicated that nitrogen (N), phosphorus (P), 
and potassium (K) fertilization enhanced the veg-
etative productivity and the accumulation of total 
carbohydrates, soluble sugars, vitamin C, total 
flavonoids, total phenols, and essential oil in apia-
ceous plants (Khalid, 2013; Barzegar et al., 2020). 
Chemical fertilizers are considered as one of the 
primary sources and quick-release fertilizers for 
providing the nutritional needs of crops. However, 
mineral fertilization has various adverse environ-
mental impacts such as soil, water, and air pollu-
tion, which increases the cost of environmental 
protection (Randhir and Lee, 2000; Savci, 2012) 
and percise evaluation of nutrient uptake and re-
covery is critical in terms of crop productivity and 
environmental aspects (Farsad et al., 2011). Liu et 
al. (2014) showed that increasing N fertilizer in let-
tuce increased the content of total N in the soil and 
the accumulation of nitrate in plants. Therefore, ra-
tionalizing the application of chemical fertilizers is 
considered one of the critical issues for sustainable 
agriculture in reducing the harmful effects of farm-
ing on the environment (Wu et al., 2021).

Alternatively, organic or biofertilizers can be 
used to provide plant nutrients and also increase 
the long-term sustainability of agricultural ecosys-
tems (Mącik et al., 2020; Shaji et al., 2021). Organ-
ic fertilizer is a natural source of essential plant nu-
trients. Both natural organic fertilizers, such as ma-
nure and processed ones like compost and humic 
acid, have several benefits. These include mitigat-
ing the risks of groundwater pollution (Moghad-
dam et al., 2021) and excessive fertilization, im-
proving soil properties and quality, maintaining 
soil fertility as they help to compensate for the loss 

of organic matter in the short and long term, reduc-
ing environmental damage without reducing crop 
productivity and achieving sustainability of agri-
culture production (Shaji et al., 2021). Biological 
fertilizer (biofertilizer) is a substance containing 
microorganisms that when applied to plants, can 
enhance nutrient uptake and improve soil fertility 
and crop yield through several mechanisms (Mącik 
et al., 2020; Shaji et al., 2021). These mechanisms 
include N fixation, P and K solubilization, produc-
tion of plant growth-promoting molecules, de-
toxification of soil contaminants, and protection of 
plants against pathogens, biotic and abiotic stress-
es (Mącik et al., 2020; Viji et al., 2021). Research 
into the widespread use of microbial inoculants 
(biofertilization) and organic additives (organic 
fertilization) in soil is one of the dominant areas of 
applied scientific research for sustainable agricul-
ture development. 

Although there were previous studies on the 
effect of different factors on the growth and pro-
duction of fennel bulbs (Abou El-Magd et al., 
2008; El-Seifi et al., 2015; Eisa, 2016; Abou El-
Magd et al., 2017; Abdrabbo et al., 2019; Zaki et 
al., 2019), few have focused on the effect of dif-
ferent fertilizers on the quality of bulbs for essen-
tial oil content (Abou El-Magd et al., 2017; Zaki 
et al., 2018) and the components of essential oil in 
bulbs (Atta-Aly, 2001). The volatile oil in fennel 
is mainly located in fruits, leaves, and bulbs. The 
volatile components present in the essential oil of 
F. vulgare are more than 80 compounds (Badgu-
jar et al., 2014). However, the major components 
are trans-anethole (40–95%), fenchone (0.60–
28%), limonene (0.90–18%), estragole (2–15%), 
α-pinene (0.83–10%) and p-anisaldehyde (0.97–
1.63%) (Bernáth and Németh, 2007; Coşge et al., 
2008a; 2008b; Shalaby et al., 2011; Hammouda 
et al., 2014; Açıkgöz and Kara, 2020; Hong et al., 
2021; Ibrahim and Moussa, 2021). Among them, 
terpenoid anethole is the most important compo-
nent involved in determining the quality of the es-
sential oil (Moradi et al., 2011). 

Trans-anethole inhibits carcinogenesis and 
inflammation through inhibition of TNF-induced 
cellular responses (Chainy et al., 2000). On the 
contrary, the higher the percentage of estragole 
(methyl chavicol) in the oil, the lower the qual-
ity of the oil, fruits, and bulbs (El-Serafy and El-
Sheshtawy, 2020) due to the genotoxic and car-
cinogenic properties of estragole (Bristol, 2011; 
Suzuki et al., 2012). An increase in the percentage 
of estragole in the oil led to a decline in Egyptian 
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exports of fennel to the European Union (Shalaby 
et al., 2011; Abu El-Leel and Yousef, 2017). Re-
ducing estragole ratio in the essential oil is so vi-
tal as no fennel population is free from it due to 
its association with the biosynthesis of anethole 
(Bernáth and Németh, 2007). 

There is a need for obtaining edible bulbs 
with high market quality characteristics, a high 
proportion of anethole, and low in estragole. 
Hence, the objective of this study is to compare 
the productivity and quality of fennel bulbs and 
the change in the content and components of the 
essential oil under mineral, organic and bio-fertil-
ization systems.

MATERIALS AND METHODS

Experimental site and soil properties 

The experiments were carried out in a private 
farm (30°44’23.3”N 31°09’02.1”E) in El-Santa, 
Gharbia, Egypt, during the two successive sea-
sons 2019/2020 and 2020/2021. The soil used 
was loamy soil. The chemical and physical char-
acteristics of soil are presented in Table 1.

Plant material and experimental design 

Bulb fennel seeds of cultivar “Florence” 
were obtained from Horticulture Research Insti-
tute, Agricultural Research Center (ARC), Giza, 
Egypt. The seeds were sown in nursery beds on 
November 6th in both seasons. Seedlings were 
transplanted after 45 days on December 20th to the 
field. The experiment was done in plots (1.5×2 
m); each plot consisted of 3 rows at 50 cm apart 
and a distance of 50 cm between plants. The lay-
out of the experiment was a complete randomized 

blocks design during the two seasons. Each treat-
ment contained three replicates (plots), and each 
replicate consisted of 12 plants.

Chemical, organic and bio-fertilizers 

The mineral sources of N, P, and K fertilizers 
were ammonium sulphate (20.6% N) 100 kg/fed 
(Feddan is a common land unit in the region and 
is equal to 0.42 Hectare), calcium superphosphate 
(15.5% P2O5) 50 kg/fed, and potassium sulphate 
(48% K2O) 50 kg/fed, respectively, as recommend-
ed dose (RD). NPK was applied at two levels of 100 
and 150 % of the RD. The fertilizers application for 
N and K were made three times after transplanting, 
15 days interval, while calcium super phosphate 
was added as one dose during the soil preparation.

Organic fertilization, like rabbit manure, was 
provided from a private farm in El-Santa, Ghar-
bia, Egypt. The chemical analysis of the rabbit 
manure is presented in Table 2. Organic manure 
was applied at two levels of 30 and 60 m3/fed be-
fore planting while preparing the soil.

For bio-fertilizers, nitrogen fixer bacteria 
(Azospirillum brasilense) (Azos) along with 
phosphate and potassium solubilizing bacteria 
(Bacillus megaterium var. phosphaticum and B. 
circulans) (Bm and Bc, respectively) were ob-
tained from the cultural collection of Soil Micro-
biology Laboratory, Agricultural Microbiology 
Department, National Research Center, Giza, 
Egypt. These bacterial cultures were grown as 
detailed in Abd-el-Malek and Ishac (1968) and 
Dobereiner et al. (1976). Vesicular arbuscular 
mycorrhizal (VAM) fungi, which contained three 
effective strains (Glomus etunicatum, G. intr-
aradices, and G. fasciculatum) was used for soil 
inoculation after transplanting containing about 
200 VAM spores/plant. After transplanting, each 

Table 1. Physical and chemical properties of the experimental soil
Physical properties

Clay % Silt % Fine sand % Coarse sand %

58.50 16.45 9.10 13.84

Chemical properties

K Na Mg Ca SO4 Cl HCO3 SP pH E.C.

5.40 1.50 2.20 4.30 3.20 4.55 3.30 20.00 8.10 6.25

Table 2. Chemical analysis of rabbit manure used in the experiments

pH E.C.
mM

N
%

P
%

K
%

C/N
ratio

Fe
ppm

Mn
ppm

Cu
ppm

Zn
ppm

5.45 6.15 9.1 2.21 1.19 8.3/1 130 151 85 95
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plant was inoculated with 3 ml of a mixture of 
bacterial suspension of the above three strains 
of bacteria alone (Azos+Bm+Bc) or with fungi 
strains (Azos+Bm+Bc+VAM).

The soil moisture was kept at 50–75 % of field 
capacity. In addition, the recommended practices 
for controlling pests and diseases were followed.

Measurements 

At 90 days after transplanting, the maturity 
stage and suitable harvesting age (Haggag et al., 
2019), the following physical and chemical char-
acteristics were recorded. The recorded charac-
ters included the number of branches per plant, 
fresh and dry weights of the entire plant, includ-
ing the aerial parts, bulbs and roots (g/plant), 
fresh and dry weights of the bulb (g) (roots and 
damaged outer leaves were excised, and vegeta-
tive parts at approximately 5 cm above bulb were 
removed). Finally, the bulb yield was calculated 
and expressed in ton/fed. 

Chlorophyll-a, -b and total chlorophyll (mg/g 
FW) were determined spectrophotometrically in 
the fresh leaves according to the methods of Dere 
et al. (1998). Total carbohydrates (%) in dry leaves 
were determined using the phenol-sulphuric acid 
method, according to Dubois et al. (1956). Nitrogen 
(%) in dry leaves was determined according to the 
method described in AOAC (1995). Potassium and 
phosphorus (%) were also determined in dry leaves, 
according to Cottenie et al. (1982). Total Soluble 
Solids (TSS) (%) in bulbs were measured using a 
refractometer (Carl Zeiss, Jena, Germany) calibrat-
ed with distilled water. The firmness of bulbs was 
measured in kg/cm2 by Magness, Ballauf pressure 
tester (Moto Meter, Germany). Titratable acidity 
was determined in bulbs as mg/100g FW using a 
standard solution of sodium hydroxide (0.01 N) and 
phenolphthalein indicator as described in AOAC 
(2000). Ascorbic acid (vitamin C) content in fresh 
bulbs (mg/100g FW) was assayed by titration of 
bulb juices with the 2,6-dichlorophenol indophenol 
dye method (AOAC, 2000).

Essential oil (%) in bulbs

The essential oil was extracted from bulbs 
by hydro-distillation with Clevenger-type ap-
paratus. Air-dried bulb (100 g DW) was divided 
and placed in 1000 ml of distilled water in a 2000 
ml round bottom flask at boiling temperature for 
three hours until no further oil can be extracted. 

The essential oil was chemically dried through 
anhydrous sodium sulfate and kept at 4–5°C until 
analysis. The essential oil content was expressed 
as a relative percentage (v/w).

Essential oil analysis

Gas chromatography condition 

The Gas chromatography (GC) analysis was 
performed with a Shimadzu GC-9 gas chromato-
graph coupled with Flame Ionization Detector 
(FID) (Shimadzu Corporation, Kyoto, Japan), 
equipped with a dimethylsiloxane, 5% phenyl 
(DB-5)-fused silica column (60 m x 0.25 mm x 
0.25 µm) (J & W Scientific Corporation, Folsom, 
CA, USA). Oven temperature was 50°C for 5 min 
and raised to 240°C at a rate of 3°C/min. Oil sam-
ples were diluted (1/100 v/v in n-pentane) and 1µl 
was injected. The temperature of the injector and 
flame ionization detector was 250°C and 265°C, 
respectively. The carrier gas was helium at a lin-
ear velocity of 32 cm/s. The percentages of oil 
constituents were calculated by the area normal-
ization without considering response factors. 

Gas chromatography-mass 
spectrometry (GC-MS) condition

The analysis was performed in a Varian 3400 
GC-MS equipped with a DB-5-fused silica col-
umn (60 m x 0.25 mm x 0.25 µm). Oven tempera-
ture was held at 50–240°C at a rate of 4°C/min. 
Temperature of transfer line was 260°C. Linear 
velocity of the carrier gas (helium) was 31.5 cm/s, 
split ratio 1:60, ionization energy 70 eV, scan time 
1 s, and at a mass range of 40–300 amu.

Identification of essential oil components

Identification of volatile components in bulb 
essential oil was carried out by comparing the 
mass spectra of the components with those in 
the mass spectral library or with authentic com-
pounds. The identification was confirmed by 
comparing the retention indices (RIs) of compo-
nents with RIs of authentic compounds or with 
published data (Adams, 1995). Identification 
of essential oil constituents was done by com-
paring the retention times (RTs) of constituents 
with standard substances and matching of mass 
spectral data with MS libraries (NIST/NBS and 
Wiley 275.1). Additionally, the authentic sam-
ple available for the identified compounds in 
GC or GC-MS was co-injected to confirm the 
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assignment. Quantitative analysis was conduct-
ed by external standard method by calibration 
curves obtained by running GC for represen-
tative compounds. RIs were also detected by 
injecting a homologous series of n-alkanes for 
all constituents, C8–C22, into chromatographic 
column, then compared with literature values 
(Adams, 1995) to confirm identification. Com-
puter matching was performed with commer-
cially available data (Wiley GC-MS Library, 
Mass Finder 3 Library) (Adams, 1995).

The statistical analysis 

All experiments were conducted in a ran-
domized block complete design. The statisti-
cal analysis of data was subjected to Analysis 
of Variance (ANOVA) followed by Duncan’s 
Multiple Range Test (DMRT) (Duncan, 1955) at 
p<0.05 using COSTAT package ver. 6.4 (CoHort 
software Monterey, USA) according to Snede-
cor and Cochran (1980).

RESULTS AND DISCUSSION

Number of branches per plant

The results of the growing seasons, 
2019/2020 and 2020/2021, indicated that dif-
ferent types and concentrations of fertilizers 
had a significant effect on the branching of fen-
nel plants (Table 3).

In both seasons, control plants recorded the 
lowest number of branches. The organic and inor-
ganic nutrients positively affected the branching, 
superior to the biofertilizer. Youssef et al. (2020) 

also recorded a lower number of branches in the 
caraway plants due to the individual application 
of the biofertilizer (Azotobacter chroococcum, B. 
megaterium var. phosphaticum, and Saccharomy-
ces cerevisiae). The highest significant number 
of branches per plant (19.69 and 21.03 branches) 
was counted for plants fertilized with NPK at 
150% of RD followed by rabbit manure at 60 m3/
fed, which recorded 17.80 and 19.10 branch/plant 
in the first and second season, respectively. In the 
study by Abd El-Salam (1999), plant height and 
branches number of sweet fennel were enhanced 
by increasing rates of phosphorus fertilization. 
In the current study, application of biofertilizers 
(Azos+Bm+Bc and Azos+Bm+Bc+VAM) also 
improved fennel branching when compared with 
control. Other reports have indicated that phos-
phate solubilizing B. megaterium has a slightly 
stimulating effect on the growth and productivity 
of sweet fennel when compared to the biofertilizer 
phosphorine and mineral phosphorus (Zaki et al., 
2019). El-Serafy and El-Sheshtawy (2020) also 
noticed high branching in F. vulgare spp. vulgare 
with the application of nitrogen-fixing bacteria 
(B. polymyxa, A. chroococcum, and A. lipoferum). 
The promoting effect of biological, organic, and 
mineral fertilization on fennel branching was also 
reported by Azzaz et al. (2009). 

Fresh and dry weights of total plant

The results presented in Table 3 show that 
different fertilizers significantly affected fresh 
and dry weights of total plants compared to con-
trol plants. In general, statistically significant dif-
ferences were recorded between all treatments 
in both seasons. In the first season, the highest 

Table 3. Branches number, fresh and dry weights of total plants, fresh and dry weights of bulbs and bulb yield in 
fennel plants as affected by fertilization during the growing seasons (2019/2020 and 2020/2021)

Treatments
Branches No/plant Total plant FW  

(g/plant)
Total plant DW  

(g/plant) Bulb FW (g/bulb) Bulb DW (g/bulb) Bulb yield (ton/fed)

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

Control 9.44 f 10.38 e 308.75 g 401.06 d 93.20 f 91.35 e 197.50 f 211.13 e 38.32 e 44.19 d 3.22 f 3.44 e

Azos+Bm+Bc 11.54 e 12.33 d 478.17 f 500.83 d 98.68 e 100.81 de 244.08 e 259.16 d 55.14 d 50.05 cd 3.98 e 4.22 d

Azos+Bm+Bc+VAM 12.57 d 12.99 d 702.28 e 738.33 c 103.72 d 109.69 d 303.31 d 288.87 d 62.91 c 55.86 bc 4.94 d 4.71 d

Rabbit manure  
at 30 m3/fed 13.49 c 12.63 d 840.50 d 913.12 b 117.47 c 112.84 cd 532.48 c 494.47 c 69.91 b 61.04 b 8.68 c 8.06 c

Rabbit manure  
at 60 m3/fed 17.80 b 19.10 b 1187.90 b 1227.18 a 130.51 a 140.41 a 721.45 a 735.96 a 81.64 a 77.95 a 11.76 a 11.99 a

NPK at 100% of 
recommended dose 14.14 c 15.31 c 1019.71 c 1115.24 a 123.50 b 129.51 ab 690.41 b 682.80 b 79.24 a 81.69 a 11.25 b 11.13 b

NPK at 150% of 
recommended dose 19.69 a 21.03 a 1278.27 a 1230.70 a 133.58 a 125.80 bc 724.45 a 691.06 ab 83.18 a 85.38 a 11.81 a 11.26 ab

Mean values with different letters in the column are statistically different according to DMRT (p <0.05)
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significant fresh weight of total plant (1278.27 
g) was noticed for plants that received 150% of 
recommended NPK followed by rabbit manure at 
60 m3/fed (1187.90 g) and 100% of recommended 
NPK (1019.71 g); however, in the second season, 
statistical equivalence was recorded between 
these three treatments. Application of NPK at 
150% of the RD and rabbit manure at 60 m3/fed 
recorded the highest significant dry weights of to-
tal plant in the first season (133.58 and 130.51 g/
plant, respectively). Also, Abd El-Salam (1999) 
found that dry weights of various organs of the 
fennel plant were increased by increasing phos-
phorus doses. However, organic fertilizer (rab-
bit manure at 60 m3/fed) was more effective than 
mineral nutrients (NPK) in the second season. A 
similar observation was also recorded by Azzaz et 
al. (2009) in fennel plants. 

The activating effect of the organic fertilizer 
on vegetative growth, branching and total plant 
weight may be an indirect result of improving 
the soil structure by increasing the water hold-
ing capacity of the soil resulting in good aera-
tion and drainage that encourage better root 
growth and absorption of nutrients (Abou El-
Magd et al., 2008). Potassium plays essential 
roles in N metabolism, photosynthesis, car-
bohydrate formation, stomata conduction and 
increasing the transport of photoassimilates to 
different parts of the plant and the absorption of 
other nutrients, as well as its important role in 
the activation of many enzymes in the plant cell 
(Pandey and Mahiwal, 2020). 

Application of biofertilizers, especially 
Azos+Bm+Bc+VAM, also increased the total 
plant FW and DW compared to the control but 
was lower when compared with the mineral and 
organic fertilizers. Similar findings were also re-
ported by Toaima et al. (2014) on Calendula offi-
cinalis and Youssef et al. (2020) on Carum carvi. 
In contrast, Zaki et al. (2019) reported a posi-
tive effect of B. megaterium or phosphorine on 
total fresh and dry weights of sweet fennel plant 
(leaves + bulbs) cv. De Florence.

Fresh and dry weights of bulb

From the results displayed in Table 3, it is 
clear that fresh and dry biomass weights of fen-
nel bulbs responded significantly to the addi-
tion of fertilizers, especially the forms of min-
eral NPK and organic rabbit manure. In both 
growing seasons, higher dosages of mineral 

NPK (150% of RD) and organic rabbit manure 
(60 m3/fed) recorded the highest biomass FW 
of bulbs, which reached 724.45 and 721.45 g/
bulb in the first season, and 691.06 and 735.96 
g/bulb in the second season, respectively, 
compared to non-fertilized plants (197.50 and 
211.13 g/bulb). This increase represents 3.27 
to 3.66-fold higher than control plants. In line 
with our findings, applying N and K increased 
the fresh weights of fennel bulbs (Barzegar et 
al., 2020). Additionally, Abou El-Magd et al. 
(2008) found that applying organic manure 
(poultry manure) increased the fresh and dry 
weights of sweet fennel cv. Dolce from 160.88 
and 11.71 g/plant for control to 265.13 and 
30.60 g/plant, respectively, after 120 days of 
transplanting. Therefore, bulb weights harvest-
ed here are considered to be higher than those 
obtained in previous studies by Abou El-Magd 
et al. (2008), Błażewicz-Woźniak (2010a), 
Cucci et al. (2014), Salama et al. (2015), Eisa 
(2016), Slatnar et al. (2017), Zaki et al. (2018), 
Abdrabbo et al. (2019), Miles et al. (2019), 
Zaki et al. (2019), Abd El-Rheem et al. (2019), 
and Marian et al. (2020).

About 1.76 to 2.17-fold increase in bulb 
dry weight than control was achieved for the 
treatments of mineral NPK and organic rab-
bit manure. Herein, rabbit manure at 60 m3/
fed, NPK at 100% or 150% of the RD recorded 
the highest significant weight of bulb dry mat-
ter without significant differences. The applied 
biofertilizers also enhanced the fresh weight of 
bulbs (1.24- 1.37-fold increase) and dry weight 
(1.25-1.64-fold gain) compared to control ones 
in both seasons.

Bulb yield

Results regarding the bulb yield were similar 
to results for the bulb fresh weight. The yield of 
fennel bulbs was highly enhanced due to applying 
bio, organic and inorganic fertilizers (Table 3). In 
general, the bulb yield of fertilized plants was about 
1.23 – 3.67-fold higher than non-fertilized plants 
during the two seasons. Application of biofertil-
izers (Azos+Bm+Bc or Azos+Bm+Bc+VAM) 
significantly increased the yield of bulbs to 3.98 
and 4.94 ton/fed, respectively, in the first season 
compared to control treatment (3.22 ton/fed). In 
addition, organic manure and mineral NPK exhib-
ited a significant increase in the bulb’s yield. The 
highest significant yield of bulbs was achieved 
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in plants that received NPK at 150% of the RD 
(11.81 and 11.26 ton/fed) and rabbit manure at 60 
m3/fed (11.76 and 11.99 ton/fed) in the first and 
second season, respectively, followed by 100% of 
NPK RD. In this regard, the bulb yield was in-
creased by 3.65 and 3.67–fold in the first season, 
and by 3.49 and 3.27-fold in the second season 
by the application of organic and mineral fertil-
izers, respectively. The total green yield in organic 
fennel (received compost and/or vermicompost) 
ranged 9.30 – 11.03 ton/fed (Abd El-Rheem et al., 
2019). In this regard, crop yield is the function of 
photosynthesis activity, plant growth, phytochem-
ical content and accumulation of biomass fresh 
and dry matter (Salama et al., 2015).

Many reports have indicated that adding 
N, P and K to fennel plants is important to en-
hance the plant growth and development, seed 
and bulb yield (Rai et al., 2002; EL-Sayed et 
al., 2009; Ehsanipour et al., 2012; Zaki et al., 
2019). It is recognized that plant productivity 
fluctuates according to many factors, includ-
ing the cultivated cultivar, weather conditions, 
soil fertility and irrigation water quality. On 
sweet fennel cv. Boelli RZ F1, the bulb fresh 
yield reached 18.84 ton/ha with the applica-
tion of 150 kg/ha N combined with 100 kg/ha 
K (Barzegar et al., 2020). Zaki et al. (2019) re-
ported that high quality and total green yield 
(7.50 ton/fed) of sweet fennel cv. De Florence 
were gained with the application of mineral P 
at 75 kg P2O5/fed, and the total green yield was 
increased to 9.49 ton/fed when treated with a 
combination of this mineral P and the biofertil-
izer phosphorine. Moreover, a combination of 
50% NPK and bio-organic fertilizer enhanced 
the productivity of fennel bulb cultivar Dolce 
(8.85 ton/fed) compared to 100% NPK (5.90 
ton/fed) (Salama et al., 2015). Although N is an 
essential element for the growth and develop-
ment of plants, environmental pollution causes 
the accumulation of high concentrations of ni-
trates in the edible parts of vegetable and me-
dicinal plants, primarily if excessive N fertil-
izer is used (Liu et al., 2014). In this concern, 
Atta-Aly (2001) achieved 28.3 ton/ha of fennel 
swollen base (bulb) when var. dolce was treat-
ed with 50 m3/ha of cattle manure only. This 
yield was increased insignificantly to 29.8 ton/
ha when ammonium sulfate (20% N) was com-
bined with cattle manure; however, the nitrate 
content in bulbs was increased.

Chlorophyll

Accurate quantification of leaf photopig-
ments is an essential factor in monitoring fer-
tilizer use and managing the overall health of 
plants, as yield levels are directly correlated with 
plant status and growth conditions. Chlorophyll 
is one of the most important photosynthetic pig-
ments in plants that control photosynthetic po-
tential by capturing energy from sunlight (Shah 
et al., 2017). In the current study, fennel plants 
that received NPK and rabbit manure exhibited 
a significantly higher content of chlorophyll-a, 
chlorophyll-b, and total chlorophyll in both sea-
sons (Figure 1 A, B and C).

A higher dosage of organic manure (60 m3/
fed of rabbit manure) and NPK (150% of the 
RD) resulted in the highest statistical values of 
chlorophyll-a, chlorophyll-b and total chloro-
phyll. However, NPK fertilizer showed higher ef-
ficiency than organic manure. Other reports have 
shown a positive correlation between the doses 
of each N, P, and K application and the contents 
of chlorophyll and carotenoids in basil (Polityc-
ka and Golcz, 2004) and fennel (Barzegar et al., 
2020). The chlorophyll-a, -b and total chlorophyll 
was increased in the first season from 2.54, 0.62 
and 3.16 mg/g FW for control treatment to 3.52, 
1.00 and 4.51 mg/g FW for 60 m3/fed rabbit ma-
nure, and to 3.59, 1.03 and 4.62 mg/g FW when 
plants received 150% of NPK RD, respectively. 
A slight increase in chlorophyll-a and total chlo-
rophyll were recorded for biofertilizer application 
compared to control, while no significant differ-
ences were observed in the case of chlorophyll-b. 
Nada (2014) also recorded an increase in the con-
tent of chlorophyll-a, -b, and carotenoids in bio-
fertilized calendula plants (Azos+Bm+Bc+VAM 
or Azos+VAM) when compared with control.

Total carbohydrates

Total carbohydrates (%) in fennel leaves re-
sponded significantly to fertilization (Table 4). The 
highest total carbohydrates percentage was obtained 
by the treatments of NPK (150% of RD) and rabbit 
manure (60 m3/fed rabbit manure) in both seasons, 
as it recorded 61.53 and 59.29% in the first season, 
and 70.31 and 68.48% in the second season, re-
spectively, with non-significant differences between 
them. These values represent a 1.74–1.82-fold in-
crease compared to control. Marschner (1995) men-
tioned that K plays a major role in increasing the 
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Figure 1. Eff ect of diff erent fertilizers on chlorophyll-a (A), chlorophyll-b (B) and total chlorophyll (C) content 
in sweet fennel during seasons of 2019/2020 and 2020/2021. Bars represent ±SD (n=3). Columns with diff erent 
letters are statistically diff erent according to DMRT (p<0.05)
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chlorophyll content in plants, thus increasing photo-
synthesis and accumulation of carbohydrates. More-
over, Deeken et al. (2002) found a positive correla-
tion between sugar and K in Arabidopsis leaves. Us-
ing the biofertilizer Azos+Bm+Bc+VAM was more 
effective than Azos+Bm+Bc, as the total carbohy-
drates were 1.46 and 1.42-fold higher than control 
plants when applying Azos+Bm+Bc+VAM. Nada 
(2014) confirmed this, as a combination of VAM 
with Azos+Bm+Bc was superior to Azos+Bm+Bc 
and Azos+VAM in accumulating total carbohy-
drates in Calendula officinalis. Increasing the per-
centage of carbohydrates in the aerial parts of fen-
nel plant had a parallel effect on the increase in bulb 
weight and yield as a final outcome.

Nitrogen, potassium and phosphorus

Data of Table 4 indicate that application of NPK 
at 150% of RD resulted in the highest significant 
values of N, P, and K in fennel leaves in the sec-
ond season. However, in the first season, the organic 
fertilizer (rabbit manure at 60 m3/fed) recorded per-
centages of N, P and K statistically similar to those 
recorded for chemical fertilizers. In the first season, 
the highest content of N, P and K (2.95, 0.63 and 
3.63 %, respectively) was measured in plants en-
riched with 150% of recommended NPK followed 
by rabbit manure at 60 m3/fed (2.87, 0.61 and 3.60 
%, respectively). Zaki et al. (2019) found that the 
highest N, P and K contents in fennel leaves and 
bulbs were achieved in plants treated with mineral 
P at 75 kg P2O5/fed. Also, Eisa (2016) indicated 
that high mineral (NPK at 50 and 100% of RD) and 
organic fertilizers (farmyard and chicken manure) 
gave the highest content of N, P and K in fennel herb. 
Additionally, Abd El-Rheem et al. (2019) found 

a significant increase in nutrients content in shoot 
and bulb of organic fennel (compost and vermicom-
post). The present study combines VAM (vesicular 
arbuscular mycorrhizal fungi) with Azos+Bm+Bc 
(Azospirillum brasilense, Bacillus megaterium var. 
phosphaticum, and B. circulans), and this combined 
treatment was superior to Azos+Bm+Bc alone, and 
both treatments were more effective than the con-
trol treatment. The accumulation of N, P, and K in 
plants as a result of applying mineral, organic and 
bio-fertilizations was also proved in chamomile 
(Nada, 2019), collard (Helaly et al., 2020), caraway 
(Youssef et al., 2020), garlic (Jiku et al., 2020), mo-
ringa (Viji et al., 2021), coriander (Machado et al., 
2022), and kale (Helaly et al., in press).

Firmness of bulbs

Firmness is an important characteristic of the 
fennel bulb, as it helps to store the bulbs for an 
extended shelf life and facilitates the harvest and 
handling of the bulbs until they reach the con-
sumer without causing damage (Haggag et al., 
2019). Bulb firmness can be affected by many 
factors and agricultural practices such as culti-
var, seeding date, maturity stage, and balanced 
nutrition (Haggag et al., 2019; Khokhar, 2019; 
Miles et al., 2019). In the current experiment, 
bulbs firmness reached the highest value (7.19 
and 7.38 kg/cm2) by the application of 150% of 
recommended NPK, followed by100% of rec-
ommended NPK (6.67 and 6.51 kg/cm2) and 60 
m3/fed of rabbit manure (6.16 and 6.72 kg/cm2), 
in the first and second seasons, respectively. 
Close to our results, Haggag et al. (2019) found 
that the bulbs of sweet fennel cv. Florence har-
vested 130 days after sowing recorded around 

Table 4. Percentages of total carbohydrates, nitrogen, phosphorus and potassium in leaves of fennel plants as 
affected by fertilization during the growing seasons (2019/2020 and 2020/2021)

Treatments
Total carbohydrates (%) Nitrogen (%) Phosphorus (%) Potassium (%)

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

Control 32.18 e 40.39 d 1.92 f 2.03 f 0.24 d 0.30 e 2.22 f 2.15 g

Azos+Bm+Bc 43.21 d 41.01 d 2.08 e 2.13 e 0.33 c 0.29 e 2.42 e 2.38 f

Azos+Bm+Bc+VAM 47.04 c 57.49 c 2.21 d 2.25 d 0.37 c 0.35 de 2.62 d 2.57 e

Rabbit manure at 30 m3/fed 49.31 c 60.56 bc 2.34 c 2.29 d 0.43 b 0.40 cd 2.82 c 2.91 d

Rabbit manure at 60 m3/fed 59.29 a 68.48 ab 2.87 a 2.95 b 0.61 a 0.52 b 3.60 a 3.49 b

NPK at 100% of 
recommended dose 53.36 b 61.78 bc 2.47 b 2.53 c 0.47 b 0.41 c 3.09 b 3.19 c

NPK at 150% of 
recommended dose 61.53 a 70.31 a 2.95 a 3.06 a 0.63 a 0.70 a 3.63 a 3.70 a

Mean values with different letters in the column are statistically different according to DMRT (p<0.05)
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6 kg/cm2 firmness. These data suggest that the 
nutrient available to the plant due to the appli-
cation of chemical and organic fertilization was 
greater than that available as a result of applying 
biofertilization because the bulbs firmness was 
lower when using biofertilizers.

Total soluble solids (TSS)

The TSS content increased significantly in 
all fennel bulbs that were fertilized compared to 
the control, achieving the highest percentage for 
organic and mineral fertilization (Table 5). NPK 
at 150% of the RD represented the most effec-
tive treatment in increasing bulbs TSS content 
(7.04%), followed by treatment NPK at 100% 
of RD (6.70%) and rabbit manure at 60 m3/fed 
(6.22%) in the first season, representing 1.64, 
1.56 and 1.45-fold higher than control, respec-
tively. In the second season, the TSS contents 
were significantly equal in the bulbs produced 
by plants fertilized with any of these three fer-
tilizers. Another study on sweet fennel bulbs, 
the highest content of TSS (6.60–6.80%) was 
recorded after 130 days of sowing, marked as 
the most appropriate age for harvesting these 
bulbs (Haggag et al., 2019). However, Zaki et 
al. (2018) reported a high TSS content (around 
10.74 %) in organic fennel bulb var. Zefa fino. 
This may be related to different species, the va-
riety grown, type of fertilizer, agricultural prac-
tices as well as climatic conditions.

These results are in harmony with those ob-
tained by Barzegar et al. (2020) on fennel bulb, 
Khalid (2013) on fennel, anise, and coriander, 
and El-Nemr et al. (2012) on tomato plants that 
TSS, soluble sugars, and total carbohydrates were 

increased by increasing N and K dosages. The in-
crease in TSS may be correlated with the increased 
photosynthesis efficiency due to enhanced chloro-
phyll biosynthesis (Barzegar et al., 2020). 

Titratable acidity

Titratable acidity deals with measuring the 
concentration of total acid in fennel bulbs and is 
an indicator of bulb maturity and quality stan-
dards (Escalona et al., 2004; Amodio et al., 2017). 
Non-fertilized fennel plants produced bulbs with 
low titratable acidity (70.88 and 69.64 mg/100 g 
FW) in the first and second seasons, respectively, 
followed by the biofertilizer Azos+Bm+Bc and 
Azos+Bm+Bc+VAM (Table 5). The titratable acid-
ity was increased significantly by applying organic 
and mineral fertilizers. For instance, in the first 
season, the values of titratable acidity were 1.16, 
1.25, 1.20 and 1.43-fold higher than the control for 
plants that received rabbit manure at 30 and 60 m3/
fed and NPK at 100% and 150% of RD, respec-
tively. Using the poultry manure to fertilize fen-
nel bulbs, the total acidity content values recorded 
around 0.32 g/100 g FW (Zaki et al., 2018).

Ascorbic acid (vitamin C)

Obtaining fennel bulbs with high content of 
ascorbic acid (vitamin C) is an important issue. Bio-
fertilizers (Azos+Bm+Bc or Azos+Bm+Bc+VAM) 
slightly enhanced the vitamin C content. A statis-
tical increase in ascorbic acid was noticed due to 
applying organic and inorganic fertilization (Table 
5). The highest significant content of ascorbic acid 
was determined in bulbs produced from plants re-
ceiving 60 m3/fed of rabbit manure and 150% of 

Table 5. Features of marketable bulbs of fennel plants as affected by fertilization during the growing seasons 
(2019/2020 and 2020/2021)

Treatments
Firmness (kg/cm2) TSS (%) Titratable acidity 

(mg/100 g FW)
Ascorbic acid  

(mg/100 g FW)
Essential oil in bulbs 

(%)

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

First 
season

Second 
season

Control 4.25 f 4.58 e 4.30 g 4.22 d 70.88 f 69.64 e 22.80 e 28.41 c 0.034 e 0.040 c

Azos+Bm+Bc 5.08 e 4.99 de 4.53 f 4.83 c 74.24 e 79.36 d 25.84 de 30.95 c 0.044 d 0.042 c

Azos+Bm+Bc+VAM 5.52 d 5.47 cd 5.50 e 5.20 c 78.75 d 87.55 cd 28.82 cd 30.48 c 0.048 d 0.043 c

Rabbit manure at 30 m3/fed 5.80 cd 5.66 c 5.98 d 5.70 b 82.53 c 88.52 c 31.03 cd 36.40 b 0.062 c 0.056 b

Rabbit manure at 60 m3/fed 6.16 c 6.72 b 6.22 c 6.85 a 88.94 b 101.22 ab 36.99 ab 42.10 a 0.080 b 0.076 a

NPK at 100% of 
recommended dose 6.67 b 6.51 b 6.70 b 6.63 a 85.04 c 93.14 bc 32.81 bc 36.71 b 0.082 ab 0.079 a

NPK at 150% of 
recommended dose 7.19 a 7.38 a 7.04 a 6.90 a 101.64 a 104.61 a 42.14 a 40.53 ab 0.087 a 0.081 a

Mean values with different letters in the column are statistically different according to DMRT (p<0.05)
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the RD of NPK, without significant differences 
between the two treatments in both seasons. The 
vitamin C was raised in bulbs from 22.80 mg/100 
g FW (control) to 36.99 and 42.14 mg/100 g FW 
(1.62 and 1.85-fold) by applying 60 m3/fed rabbit 
manure and 150% of recommended NPK, respec-
tively, in the first season. However, excessive ap-
plication of manufactured NPK fertilizers will in-
crease production cost, reduce bulbs export, pollute 
the environment and affect soil fertility (Sherif and 
El-Naggar, 2005; Abdrabbo et al., 2019). Values of 
vitamin C content obtained here were also observed 
in the study conducted by Badawi et al. (2005), 
where vitamin C content in bulbs ranged from 
21.83 to 48.04 mg/100 g FW when fennel plants 
were fertilized by organic additives from different 
sources. Moreover, Salama et al. (2015) concluded 
that organic and bio-organic fertilization enhanced 
vitamin C content (32.88–34.00 mg/100 g FW), 
antioxidant activity, and accumulation of total phe-
nolics and total flavonoids in fennel bulbs. In the 
study conducted by Błażewicz-Woźniak (2010b), 
the bulbs of cultivars Rudy F1 and Zefa Fino con-
tained about 8.71 mg/100 g FW of vitamin C.

Essential oil content in bulbs

The content of volatile oil and its components 
is one of the quality standards for fennel bulbs, 
due to the distinctive aromatic smell and the high 
medicinal value of the oil and its components. 
Data presented in Table 5 indicate that essential 
oil content in fennel bulbs significantly respond-
ed to organic and mineral fertilizers. The bulbs 
produced by plants fed with NPK at 150% and 
100% of RD contained the maximum significant 
percentage of the essential oil, followed by rabbit 
manure at 60 m3/fed in the first season (0.087%, 
0.082%, and 0.080%, representing 2.56, 2.41, and 
2.35-fold increase over the control). However, ex-
cessive application of mineral/inorganic fertilizers 
causes problems for human health and surrounded 
environment (Liu et al., 2014). The essential oil 
content of the organically fertilized fennel bulbs in 
the Zaki et al. (2018) study (0.05–0.08%) is close 
to the isolated oil in the current study. Regarding 
the effect of biofertilization, the essential oil con-
tent improved significantly only in the first sea-
son. Non-significant stimulation of biofertilizer on 
volatile oil content was also observed in Youssef 
et al. (2020)’s study on Carum carvi plant when 
they used biofertilizer alone.

The increase in the essential oil content in 
bulbs due to organic manure amounted to 2.35 
and 1.90-fold higher than control in the first and 
second season, respectively. Atta-Aly (2001) 
observed that essential oil content in the fennel 
swollen base (bulb) var. dolce reached 1.24 ml/kg 
upon fertilization with 50 m3/ha of cattle manure, 
and the addition of mineral N did not significant-
ly affect the oil content. The positive effects of 
organic fertilizers on plant growth, yield quality 
and productivity are related to many factors, in-
cluding the improvement of the plant nutritional 
status (Pavla and Pokluda, 2008).

On a study for the determination of the ma-
turity stage of bulbs in sweet fennel (F. vulgare 
var. dulce) cv. Florence, Haggag et al. (2019) 
concluded that the bulbs harvested 130 days after 
sowing, as the most suitable age for harvesting, 
were characterized in both seasons of the experi-
ment by the content of 0.0137 to 0.0157% of the 
essential oil; however, the essential oil contents 
during the deferent development stages of bulbs 
ranged between 0.012 and 0.026%. Abou El-
Magd et al. (2017) indicated that the essential oil 
content in fennel bulbs was 0.05–0.06, 0.04–0.05, 
and 0.06–0.07% (V/W) in Dulce, Zefa fino and 
Selma cultivars, respectively.

Essential oil constituents of bulbs 

In addition to the apparent quality and weight 
of the fennel bulbs, the market value of the bulbs 
is also supported by increasing their health ben-
efits and reducing potentially harmful substances. 
The unique flavor of the fennel bulb is due to the 
anethole component in the essential oil (Badgujar 
et al., 2014). trans-anethole – the most common 
constituent in fennel – possesses potent aldose re-
ductase and antioxidant properties (Dongare et al., 
2012). The GC-MS analysis of essential oil isolated 
from the fennel bulb revealed the presence of 20 
compounds (Table 6). trans-anethole was detected 
as the main component. The highest percentage of 
trans-anethole (42.25 and 41.25%) was recorded by 
applying NPK at 150% of the RD and rabbit manure 
at 60 m3/fed, respectively. The use of bio-fertilizer 
in the form of Azos+Bm+Bc+VAM achieved a per-
centage of trans-anethole close to that recorded for 
the control (39.46% and 39.57%, respectively). An-
isaldehyde compound was higher with all types of 
fertilizers than in control plants. Atta-Aly (2001) 
found that trans-anethole content in fennel bulbs 
var. dolce increased when manure was combined 
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with ammonium sulfate or ammonium nitrate. On 
the contrary, any conjunction of cattle manure with 
ammonium sulfate, ammonium nitrate, or urea re-
sulted in a statistical decrease in para-anisaldehyde 
in var. dolce and limonene in var. azoricum.

The limonene content was highest in the bulbs 
of the biologically fertilized plants, followed by 
the organically and then chemically fertilized 
plants, while the lowest content of limonene was 
in the unfertilized plants (3.05%, 2.97%, 2.39% 
and 2.21%, respectively). α-pinene and β-pinene 
were higher in fertilized plants than control ones, 
and higher in organic and biofertilizer, respective-
ly, than NPK fertilizer. The highest proportion of 
α-pinene (11.05%) was observed in the treatment 
of rabbit manure at 60 m3/fed, while β-pinene 
reached the highest percent with the biofertilizer 
Azos+Bm+Bc+VAM (0.38%).

Although NPK markedly increased the bulb 
yield and trans-anethole content, previous reports 
have indicated that nitrate content in fennel bulbs 
received synthetic N fertilizers (ammonium sulfate, 
ammonium nitrate, or urea) was higher than that 
of organic additives only (Atta-Aly, 2001). High 
content of nitrate in the diet is considered danger-
ous to human health (Ali et al., 2021). On the other 
hand, increasing the proportion of estragole (methyl 

chavicol) in the bulb oil, reduces the quality of bulbs 
required for export and marketing (El-Serafy and 
El-Sheshtawy, 2020), as estragole is genotoxic and 
carcinogenic (Bristol, 2011; Suzuki et al., 2012). In 
the current study, the highest percentage of estragole 
(9.65%) was recorded in the treatments of NPK at 
150% of RD followed by control bulbs (9.84%). In 
comparison, the lowest content of estragole (4.09% 
and 5.64%) was obtained by the organic fertilizer 
(rabbit manure at 60 m3/fed) and the biofertilizer 
(Azos+Bm+Bc+VAM), respectively. A higher dos-
age of N increased estragole content and decreased 
linalool levels in basil oil (Nurzyńska-Wierdak 
and Borowski, 2011). This may be related to the 
stimulating effect of N on the increase of amino 
acids in plant, including phenylalanine, the main 
amino acid in the biosynthesis of estragole (Yo-
shida, 1969; Bernáth and Németh, 2007; El-Serafy 
and El-Sheshtawy, 2020). Lewinsohn et al. (2000) 
reported that the difference in methyl chavicol level 
in response to various treatments was related to the 
activity of O-methyltransferase that catalyzes the 
biosynthesis of methyl chavicol. Similarly, Atta-
Aly (2001) obtained fennel bulbs with low content 
of methyl chavicol (estragole) when F. vulgare var. 
dulce and var. azoricum were treated with cattle 
manure. However, further additives of synthetic N 

Table 6. Essential oil components (%) of fennel bulb as influenced by fertilization

No Component RT (min) RI Control Azos+Bm+Bc+VAM Rabbit manure 
at 60 m3/fed

NPK at 150% of 
recommended dose

1 α-Pinene 12.57 939 10.13 10.98 11.05 9.21

2 β-Pinene 13.09 982 0.24 0.38 0.35 0.29

3 Sabinene 13.54 984 0.15 0.20 0.19 0.18

4 Myrcene 14.56 1003 0.39 0.38 0.28 0.45

5 Phellndrene 12.53 1005 6.28 6.24 6.89 5.94

6 p-Cymene 15.46 1038 2.95 3.84 3.64 2.21

7 Limonene 15.70 1031 2.21 3.05 2.97 2.39

8 Z-β-Ocimene 16.15 959 0.19 0.18 0.21 0.16

9 α-Terpinene 15.45 1035 6.95 7.63 7.58 6.19

10 γ-Terpinene 16.63 1062 5.42 5.93 5.84 5.12

11 Fenchone 12.24 1077 6.34 6.84 6.94 6.51

12 6- Camphenol 18.91 1112 0.18 0.22 0.19 0.16

13 Camphor 19.41 1164 0.42 0.49 0.57 0.46

14 Terpinen-4-ol 20.34 1177 0.21 0.25 0.28 0.23

15 α-Terpineol 10.68 1187 0.29 0.30 0.31 0.38

16 Estragole 21.10 1195 9.84 5.64 4.09 9.65

17 Fenchyl acetate 19.84 1237 3.89 3.56 2.54 3.2

18 Trans-anethole 21.75 1240 39.57 39.46 41.25 42.25

19 Anisaldehyde 22.95 1280 0.08 0.14 0.12 0.16

20 Germacrene D 21.65 1490 0.09 0.11 0.14 0.15

Total identified 95.82 95.82 95.43 95.29
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fertilizers markedly increased the undesirable com-
pound methyl chavicol. This interesting reduction in 
the proportion of estragole was also achieved by El-
Serafy and El-Sheshtawy (2020) in the essential oil 
isolated from fennel fruits upon biofertilization with 
N fixing bacteria (B. polymyxa, A. chroococcum, and 
A. lipoferum).

The increase in the essential oil content of the 
bulbs obtained with organic manure (rabbit ma-
nure at 60 m3/fed) was accompanied by a marked 
decrease in the undesirable estragole compound 
and an increase in the most important constituents, 
α-pinene, ß-pinene, limonene, trans-anethole, and 
anisaldehyde. This indicates that using organic 
fertilizer on bulb fennel plants and avoiding min-
eral fertilizers can produce bulbs with a favorable 
aroma that provides the desired health benefits.

CONCLUSIONS

In the current study, fennel growth, bulb yield, 
and bulb essential oil content were responded 
significantly to biofertilizer, organic additive and 
synthetic fertilizer. The proportions of the essential 
oil components of fennel bulbs differed markedly 
according to the type of fertilizer. The high levels 
of synthetic NPK and rabbit manure maximized 
growth parameters, bulb yield, bulb quality charac-
teristics, and bulb essential oil. trans-anethole, the 
compound that characterizes fennel oil, had a high 
share in the bulbs harvested from chemically and 
organically fertilized plants. However, the undesir-
able constituent, methyl chavicol (estragole), was 
high with chemical (NPK) fertilization. Hence, it 
can be concluded that using organic fertilization 
for bulb fennel plants and the avoidance of synthet-
ic mineral fertilizers ensures satisfactory produc-
tivity of bulbs with excellent health benefits and 
favorable taste without polluting the surrounding 
environment. Further experiments should be car-
ried out to fertilize bulb fennel with a combination 
of organic and biological sources and chemical 
fertilizers should be reduced or excluded to obtain 
bulbs with high yield, acceptable market quality, 
sufficient nutraceuticals content, and little harmful 
estragole compound. Similar studies should also 
be conducted on the yield and essential oil content 
of fennel fruits, the most oil-producing plant organ 
in fennel, and reduce the proportion of estragole.

Acknowledgments

The authors extend their sincere thanks and 
appreciation to Prof. Dr. Magdi Attia, Soil Micro-
biology Laboratory, Agric. Microbiol. Dept., Na-
tional Research Center, Giza, Egypt for provid-
ing the microbial strains used in this study. Also, 
the authors are grateful to Dr. Hossam Metwally, 
Horticulture Research Institute, Agricultural Re-
search Center, Giza, Egypt, for his assistance in 
analyzing essential oil from fennel bulbs. 

REFERENCES

1.	 Abd-el-Malek Y., Ishac Y.Z. 1968. Evaluation of 
methods used in counting Azotobacters. Journal of 
Applied Bacteriology, 31(3), 267–275.

2.	 Abd El-Rheem K.M., Essa E.M., El-Batran H.S. 
2019. Study of replacement of compost with vermi-
compost and its effect on quality and quantity yield 
and nutritional status of sweet fennel plants grown 
in sandy soil. Research Journal of Agriculture and 
Biological Sciences, 14(3), 1–5.

3.	 Abd El-Salam I.Z. 1999. Physiological studies on 
Foeniculum vulgare Mill. plants. Ph.D. Thesis. Fac-
ulty of Agriculture, Cairo University, Egypt.

4.	 Abdrabbo M.A.A., Refaie K.M., Zaki M.F., Saleh 
S.M., Hegab A.S., Mahdy H.A.A. 2019. Response 
of sweet fennel plants to irrigation requirements 
and different nitrogen levels under climate Egyp-
tian conditions. Middle East Journal of Agriculture 
Research, 8(1), 35–46.

5.	 Abou El-Magd M.M., Zaki M.F., Abou-Hussein S.D. 
2008. Effect of organic manure and different levels 
of saline irrigation water on growth, green yield and 
chemical content of sweet fennel. Australian Journal 
of Basic and Applied Sciences, 2(1), 90–98.

6.	 Abou El-Magd M.M., Zaki M.F., Tantawy A.S., 
Zaki S.S. 2017. Physiological studies on some sweet 
fennel cultivars under saline irrigation water condi-
tions in related to their growth, chemical content 
and green yield. Middle East Journal of Agriculture 
Research, 6(3), 732–747.

7.	 Abu El-Leel O.F., Yousef R.M.M. 2017. Growth, 
volatile oil production and genetic study of some 
fennel cultivars under different compost levels in 
sandy soil. International Journal of Biotechnology 
and Bioengineering, 3(6), 188–203.

8.	 Açıkgöz M.A., Kara Ş.M. 2020. Morphogenetic, 
ontogenetic and diurnal variability in content and 
constituents of bitter fennel (Foeniculum vulgare 
Miller var. vulgare) essential oil. Journal of Agri-
culture and Nature, 23(1), 127–134.

9.	 Adams R.P. 1995. Identification of Essential Oil Com-
ponents by Gas Chromatography/Mass Spectrometry. 
Allured publishing corporation, Carol Stream, IL.



162

Journal of Ecological Engineering 2022, 23(5), 149–164

10.	Ali R.A., Muhammad K.A., Qadir O.K. 2021. A 
survey of Nitrate and Nitrite Contents in Vegetables 
to Assess The Potential Health Risks in Kurdistan, 
Iraq IOP Conference Series: Earth and Environmen-
tal Science. IOP Publishing, 012065.

11.	Amodio M.L., Capotorto I., Chaudhry M.M.A., 
Colelli G. 2017. The use of hyperspectral imaging to 
predict the distribution of internal constituents and to 
classify edible fennel heads based on the harvest time. 
Computers and Electronics in Agriculture, 134, 1–10.

12.	AOAC. 1995. Official methods of analysis 16th ed. 
Association of official analytical chemists. Wash-
ington DC, USA. 

13.	AOAC. 2000. Official methods of analysis 17th ed. 
Association of official analytical chemists. Gaith-
ersburg, MD, USA. 

14.	Atta-Aly M.A. 2001. Fennel swollen base yield and 
quality as affected by variety and source of nitrogen 
fertilizer. Scientia Horticulturae, 88(3), 191–202.

15.	Azzaz N.A.E., Hassan E.A., Hamad E.H. 2009. The 
chemical constituent and vegetative and yielding char-
acteristics of fennel plants treated with organic and 
bio-fertilizer instead of mineral fertilizer. Australian 
Journal of Basic and Applied Sciences, 3, 579–587.

16.	Badawi M., Abou El-Magd M., Hassan H., El-
Shakry M. 2005. Effect of bio-ferilization, nitrogen 
sources, nitrogen levels and their interactions on the 
vegetative growth, cemical content and oil yield of 
sweet fennel. Egyptian Journal of Applied Sciences, 
20(28), 567–591.

17.	Badgujar S.B., Patel V.V., Bandivdekar A.H. 2014. 
Foeniculum vulgare Mill: A review of its botany, 
phytochemistry, pharmacology, contemporary ap-
plication, and toxicology. BioMed Research Inter-
national, 842674.

18.	Barros L., Carvalho A.M., Ferreira I.C.F.R. 2010. 
The nutritional composition of fennel (Foeniculum 
vulgare): Shoots, leaves, stems and inflorescences. 
LWT-Food Science and Technology, 43(5), 814–818.

19.	Barzegar T., Mohammadi S., Ghahremani Z. 2020. 
Effect of nitrogen and potassium fertilizer on growth, 
yield and chemical composition of sweet fennel. 
Journal of Plant Nutrition, 43(8), 1189–1204.

20.	Bernáth J., Németh É. 2007. Chemical systematization 
of the genus Foeniculum Mill. based on the accumu-
lation and qualitative differentiation of the essential 
oil. Natural Product Communications, 2(3), 309–314.

21.	Błażewicz-Woźniak M. 2010a. Effect of soil and 
plant covering and sowing time on the yield of fen-
nel bulbs grown from sowing directly in the field. 
Folia Horticulturae, 22(2), 59–66.

22.	Błażewicz-Woźniak M. 2010b. Effect of soil and 
plant covering as well as sowing term upon fennel 
bulb nutritional value. Acta Scientiarum Polono-
rum-Hortorum Cultus, 9(1), 3–12.

23.	Bristol D.W. 2011. NTP 3-month toxicity studies 
of estragole (CAS No. 140-67-0) administered by 

gavage to F344/N rats and B6C3F1 mice. Toxicity 
Report Series, 82, 1–111.

24.	Chainy G.B., Manna S.K., Chaturvedi M.M., Ag-
garwal B.B., 2000. Anethole blocks both early and 
late cellular responses transduced by tumor necrosis 
factor: effect on NF-κB, AP-1, JNK, MAPKK and 
apoptosis. Oncogene, 19(25), 2943–2950.

25.	Coşge B., Gürbüz B., Kendir H., Ipek A. 2008a. Com-
position of essential oil in sweet fennel (Foeniculum 
vulgare Mill. var. dulce) lines originated from Turkey. 
Asian Journal of Chemistry, 20(2), 1137–1142.

26.	Coşge B., Kiralan M., Gürbüz B. 2008b. Characteris-
tics of fatty acids and essential oil from sweet fennel 
(Foeniculum vulgare Mill. var. dulce) and bitter fennel 
fruits (F. vulgare Mill. var. vulgare) growing in Turkey. 
Natural Product Research, 22(12), 1011–1016.

27.	Cottenie A., Verloo M., Kiekens L., Velghe G., 
Camerlynck R., 1982. Chemical analysis of plants 
and soils. Gent : RUG. Laboratory of analytical and 
agrochemistry, State University, Ghent-Belgium.

28.	Cucci G., Lacolla G., Boari F., Cantore V. 2014. 
Yield response of fennel (Foeniculum vulgare Mill.) 
to irrigation with saline water. Acta Agriculturae 
Scandinavica, Section B – Soil & Plant Science, 
64(2), 129–134.

29.	Deeken R., Geiger D., Fromm J., Koroleva O., Ache 
P., Langenfeld-Heyser R., Sauer N., May S.T., Hed-
rich R. 2002. Loss of the AKT2/3 potassium channel 
affects sugar loading into the phloem of Arabidop-
sis. Planta, 216(2), 334–344.

30.	Dere Ş., Güneş T., Sivaci R. 1998. Spectrophotomet-
ric determination of chlorophyll - A, B and total carot-
enoid contents of some algae species using different 
solvents. Turkish Journal of Botany, 22(1), 13–18.

31.	Dobereiner J., Marriel I.E., Nery M. 1976. Ecological 
distribution of Spirillum lipoferum Beijerinck. Cana-
dian Journal of Microbiology, 22(10), 1464–1473.

32.	Dongare V., Kulkarni C., Kondawar M., Magdum 
C., Haldavnekar V., Arvindekar A. 2012. Inhibition 
of aldose reductase and anti-cataract action of trans-
anethole isolated from Foeniculum vulgare Mill. 
fruits. Food Chemistry, 132(1), 385–390.

33.	Dubois M., Gilles K.A., Hamilton J.K., Rebers P.A., 
Smith F. 1956. Colorimetric method for determi-
nation of sugars and related substances. Analytical 
Chemistry, 28(3), 350–356.

34.	Duncan D.B. 1955. Multiple range and multiple F 
tests. Biometrics, 11(1), 1–42.

35.	Ehsanipour A., Razmjoo J., Zeinali H. 2012. Ef-
fect of nitrogen rates on yield and quality of fennel 
(Foeniculum vulgare Mill.) accessions. Industrial 
Crops and Products, 35(1), 121–125.

36.	Eisa E.A. 2016. Effect of some different sourses of 
organic fertilizers and seaweed extract on growth 
and essential oil of sweet fennel (Foeniculum vul-
gare Mill.) plants. Journal of Plant Production, 
7(6), 575–584.



163

Journal of Ecological Engineering 2022, 23(5), 149–164

37.	El-Nemr M.A., Abd El-Baky M.M.H., Salman S.R., 
El-Tohamy W.A., 2012. Effect of different potassi-
um levels on the growth, yield and quality of tomato 
grown in sand-ponic culture. Australian Journal of 
Basic and Applied Sciences, 6(3), 779–784.

38.	EL-Sayed A.A., El-Leithy A.S., Moustafa R.M., Harb 
H.M. 2009. Effect of organic, chemical and biofer-
tilization on growth, yield and chemical constituents 
of fennel (Foeniculum vulgare Mill.) plants. Journal 
of Productivity and Development, 14(2), 291–312.

39.	El-Seifi S.K., Hassan M.A., Elwan M.W.M., Haggag 
O.G. 2015. Plant growth, yield, macro and micro-
nutrients uptake of fennel (Foeniculum vulgare Mill.) 
positively affected by N-sources and rates as well 
as foliar application of micronutrients. Hortscience 
Journal of Suez Canal University, 4(1), 7–16.

40.	Elyemni M., El Ouadrhiri F., Lahkimi A., Elkamli 
T., Bouia A., Eloutassi N. 2022. Chemical compo-
sition and antimicrobial activity of essential oil of 
wild and cultivated Rosmarinus officinalis from 
two Moroccan localities. Journal of Ecological En-
gineering, 23(3), 214–222.

41.	Escalona V.H., Aguayo E., Gómez P., Artés F. 2004. 
Modified atmosphere packaging inhibits browning 
in fennel. LWT - Food Science and Technology, 
37(1), 115–121.

42.	Farsad A., Randhir T.O., Herbert S.J., Hashemi M. 
2011. Spatial modeling of critical planting date for 
winter rye cover crop to enhance nutrient recovery. 
Agronomy Journal, 103(4), 1252–1257. 

43.	Haggag I.A., Shanan S.A., Abo El-Hamd A.S., El-
Bassiouny R.E. 2019. Determination of the maturity 
stage and the most suitable age for harvesting of sweet 
fennel (Foeniculum vulgare var. dulce, Mill). Al-Azhar 
Journal of Agricultural Research, 44(2), 1–11.

44.	Hammouda F.M., Saleh M.A., Abdel-Azim N.S., 
Shams K.A., Ismail S.I., Shahat A.A., Saleh I.A. 
2014. Evaluation of the essential oil of Foeniculum 
vulgare Mill (fennel) fruits extracted by three dif-
ferent extraction methods by GC/MS. African Jour-
nal of Traditional, Complementary, and Alternative 
Medicines, 11(2), 277–279.

45.	Helaly A.A., Hassan S.M., Craker L.E., Mady E. 
2020. Effects of growth-promoting bacteria on 
growth, yield and nutritional value of collard plants. 
Annals of Agricultural Sciences, 65(1), 77–82.

46.	Helaly A.A., Mady E., Salem E.A., Randhir T. 
2022. Stimulatory effects of growth-promoting 
bacteria on growth, nutritional composition, and 
yield of kale plants. Journal of Plant Nutrition, doi: 
10.1080/01904167.2022.2046084

47.	Hong S.J., Boo C.G., Heo S.U., Shin E.-C. 2021. 
Comparative study between parts of fennel (Foe-
niculum vulgare Mill.) for taste and flavor proper-
ties. Journal of the Korean Society of Food Science 
and Nutrition, 50(4), 384–394.

48.	Ibrahim N., Moussa A.Y. 2021. A comparative 

volatilomic characterization of Florence fennel 
from different locations: antiviral prospects. Food 
& Function, 12, 1498–1515.

49.	Jiku M.A.S., Alimuzzaman M., Singha A., Rahaman 
M.A., Ganapati R.K., Alam M.A., Sinha S.R. 2020. 
Response and productivity of garlic (Allium sativum L.) 
by different levels of potassium fertilizer in farm soils. 
Bulletin of the National Research Centre, 44(1), 9.

50.	Khalid K.A. 2013. Effect of nitrogen fertilization on 
morphological and biochemical traits of some Apia-
ceae crops under arid region conditions in Egypt. 
Nusantara Bioscience, 5(1), 15–21.

51.	Khokhar K.M. 2019. Mineral nutrient management 
for onion bulb crops – a review. The Journal of Horti-
cultural Science and Biotechnology, 94(6), 703–717.

52.	Lewinsohn E., Ziv-Raz I., Dudai N., Tadmor Y., 
Lastochkin E., Larkov O., Chaimowitsh D., Ravid 
U., Putievsky E., Pichersky E., Shoham Y. 2000. 
Biosynthesis of estragole and methyleugenol in 
sweet basil (Ocimum basilicum L.): developmental 
and chemotypic association of allylphenol O-meth-
yltransferase activities. Plant Science, 160, 27–35.

53.	Liu C.-W., Sung Y., Chen B.-C., Lai H.-Y., 2014. 
Effects of nitrogen fertilizers on the growth and 
nitrate content of lettuce (Lactuca sativa L.). In-
ternational Journal of Environmental Research and 
Public Health, 11(4), 4427–4440.

54.	Machado R.M.A., Alves-Pereira I., Faty Y., Perdigão 
S., Ferreira R. 2022. Influence of nitrogen sources 
applied by fertigation to an enriched soil with organic 
compost on growth, mineral nutrition, and phyto-
chemicals content of coriander (Coriandrum sativum 
L.) in two successive harvests. Plants, 11(1), 22.

55.	Mącik M., Gryta A., Frąc M. 2020. Biofertilizers in 
agriculture: An overview on concepts, strategies and 
effects on soil microorganisms. In: Sparks D.L., (ed) 
Advances in Agronomy. Academic Press, 31–87.

56.	Marian C., Apahidean A.I., Apahidean A.S. 2020. 
Cultivation method influence on plant growth and 
production, in some varieties of fennel (Foeniculum 
vulgare Mill., Ssp. dulce Janch., Convar. azoricum 
Thell.). Agricultura, 115(3–4), 127–133.

57.	Marschner H. 1995. Mineral Nutrition of Higher Plants. 
2nd ed. San Diego, CA: Academic Press, 299–312.

58.	Miles C.A., Collins T.S., Mu Y., Alexander T.R. 
2019. Identifying bulb fennel cultivars suitable for 
production in the Northwest United States. Hort-
Technology, 29(4), 496–506.

59.	Moghaddam H.K., Banihabib M.E., Javadi S., Randhir 
T.O. 2021. A framework for the assessment of quali-
tative and quantitative sustainable development of 
groundwater system. Sustain. Dev., 29(6), 1096–1110. 

60.	Moradi R., Moghaddam P.R., Mahallati M.N., Ne-
zhadali A. 2011. Effects of organic and biological 
fertilizers on fruit yield and essential oil of sweet 
fennel (Foeniculum vulgare var. dulce). Spanish 
Journal of Agricultural Research, 9(2), 546–553.



164

Journal of Ecological Engineering 2022, 23(5), 149–164

61.	Mosa K.A., Ali M.A, Ramamoorthy K., Ismail A. 
2022. Exploring the relationship between plant sec-
ondary metabolites and macronutrient homeostasis. 
In: Kumar V., Srivastava A.K., Suprasanna P. (Eds.) 
Plant Nutrition and Food Security in the Era of Cli-
mate Change. Academic Press, 119–146

62.	Nada R.S. 2014. Effect of organic and bio-fertil-
ization on vegetative growth, flowering, seed yield 
and active substance in Calendula officinalis plant. 
M.Sc. Thesis. Faculty of Agriculture, Al-Azhar Uni-
versity, Cairo, Egypt.

63.	Nada R.S. 2019. Influence of bio and nano fertiliza-
tion on growth, yield and active ingredient in Mat-
ricaria chamomilla L. plant. Ph.D. Thesis. Faculty 
of Agriculture, Al-Azhar University, Cairo, Egypt.

64.	Nurzyńska-Wierdak R., Borowski B. 2011. Changes 
in the content and chemical composition of sweet 
basil essential oil under the influence of fertiliza-
tion of plants with nitrogen and potassium. Annales 
UMCS, Sectio DDD Pharmacia, 24(3), 133–145.

65.	Pandey G.K., Mahiwal S. 2020. Potassium in Plant 
Growth and Development. In: Pandey G.K., Mahi-
wal S., (eds) Role of Potassium in Plants. Springer 
International Publishing, Cham, 37–43.

66.	Pavla B., Pokluda R. 2008. Infuence of alterna-
tive organic fertilizers on the antioxidant capacity 
in head cabbage and cucumber. Notulae Botanicae 
Horti Agrobotanici Cluj, 36, 63–67.

67.	Politycka B., Golcz A. 2004. Content of chloroplast 
pigments and anthocyanins in the leaves of Ocimum 
basilicum L. depending on nitrogen doses. Folia 
Horticulturae, 16(1), 23–29.

68.	Rai S., Katiyar R., Singh S. 2002. Effect of nitrogen 
and phosphorus on the growth and yield of Foenicu-
lum vulgare on the sodic soil. Journal of Medicinal 
and Aromatic Plant Sciences, 24(1), 65–67.

69.	Randhir T.O., Lee J.G. 2000. Effect of water quality 
standards on farm income, risk, and NPS pollution. 
JAWRA Journal of the American Water Resources 
Association, 36(3), 595–608.

70.	Salama Z.A., El Baz F.K., Gaafar A.A., Zaki M.F. 
2015. Antioxidant activities of phenolics, flavonoids 
and vitamin C in two cultivars of fennel (Foenicu-
lum vulgare Mill.) in responses to organic and bio-
organic fertilizers. Journal of the Saudi Society of 
Agricultural Sciences, 14(1), 91–99.

71.	Savci S. 2012. Investigation of effect of chemical 
fertilizers on environment. APCBEE Procedia, 1, 
287–292.

72.	Shah S.H., Houborg R., McCabe M.F. 2017. Re-
sponse of chlorophyll, carotenoid and SPAD-502 
measurement to salinity and nutrient stress in wheat 
(Triticum aestivum L.). Agronomy, 7(3), 61.

73.	Shaji H., Chandran V., Mathew L. 2021. Chapter 
13 - Organic fertilizers as a route to controlled re-
lease of nutrients. In: Lewu F.B., Volova T., Thomas 

S., K.R R., (eds) Controlled Release Fertilizers for 
Sustainable Agriculture. Academic Press, 231–245.

74.	Shalaby A.S., Hendawy S.F., Khalil M.Y. 2011. Eval-
uation of some types of fennel (Foeniculum vulgare 
Mill.) newly introduced and adapted in Egypt. Jour-
nal of Essential Oil Research, 23(4), 35–42.

75.	Sherif F.K., El-Naggar A.A.M. 2005. Effect of bio-
fertilizer application to manure on calla lily (Zant-
edeschia aethiopica L. Spring) production and nu-
trients release in sandy soil. Alexandria Journal of 
Agricultural Research, 50(1), 181–192.

76.	Slatnar A., Ercisli S., Sraka M. 2017. Comparison of 
selected traits of sweet fennel (F. vulgare var. azori-
cum) cultivars. In: VII South-Eastern Europe Sym-
posium on Vegetables and Potatoes, 1326, 195–200.

77.	Snedecor G.W., Cochran W.G. 1980. Statistical 
Methods. 7th ed. Iowa State University Press, Ames, 
Iowa, USA.

78.	Suzuki Y., Umemura T., Hibi D., Inoue T., Jin M., Ishii 
Y., Sakai H., Nohmi T., Yanai T., Nishikawa A., Oga-
wa K. 2012. Possible involvement of genotoxic mech-
anisms in estragole-induced hepatocarcinogenesis in 
rats. Archives of Toxicology, 86(10), 1593–1601.

79.	Toaima N.M., Bosila H.A., Al-Amier H.I., Sleem A.H., 
Nada R.S. 2014. Response of Calendula officinalis L. 
plants to some organic and bio-fertilizers types. Al-
Azhar Journal of Agricultural Research, 12(2), 85–104.

80.	Viji V., Balakumbahan R., Sivakumar V., Davamani 
V. 2021. Liquid microbial consortia with graded 
level of inorganic fertilizers for leaf biomass and 
leaf quality attributes in moringa. Journal of Applied 
Horticulture, 23(2), 120–124.

81.	Wu H., Hao H., Lei H., Ge Y., Shi H., Song Y. 2021. 
Farm size, risk aversion and overuse of fertilizer: 
The heterogeneity of large-scale and small-scale 
wheat farmers in Northern China. Land, 10(2), 111.

82.	Yoshida S. 1969. Biosynthesis and conversion of 
aromatic amino acids in plants. Annual Review of 
Plant Physiology, 20(1), 41–62.

83.	Youssef A.S.M., Ghatas Y.A.A., Mohamed Y.F.Y., 
Toaima W.I.M., Mady M.A.A. 2020. Response of 
caraway (Carum carvi L.) plant to bio-fertilizers 
in substitution of chemical fertilization. Journal of 
Medicinal Plants Studies, 8(6), 45–54.

84.	Zaki M.F., Abou Sedera S.A., Mahdy H.A.A., 
Abou El Magd M.M. 2019. Effect of bio-and min-
eral phosphorus fertilization on vegetative growth, 
nutrients content, yield and quality of sweet fennel 
plants cultivated under newly reclaimed soil. Cur-
rent Science International, 8(1), 147–160.

85.	Zaki M.F., Ahmed A.A., El-Bassiony A.M., Fawzy 
Z.F., Helmy Y.I. 2018. Improvement growth, yield 
and quality, nutritional value and essential oil con-
tent of sweet fennel plants grown under salinity 
stress using organic manure. Middle East Journal 
of Agriculture Research, 7(3), 958–976.


