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Abstract: Foeniculum vulgare (fennel) is a medicinal and aromatic plant species from Apiaceae (Um-
belliferae) and has been extensively used to treat digestive and pulmonary diseases. This plant is
relatively sensitive to salinity. To investigate the effect of salinity stress at levels of 0, 40, and 80 mM
NaCl in combination with 0 and 5% v/v vermicompost mixed with soil on the growth as well as the
physiological and biochemical traits of two fennel landraces planted in Urmia and Shiraz areas, a
factorial experiment was conducted as a randomized complete block design in three replications
under greenhouse conditions. The plants were sampled in the flowering stage eleven weeks after
cultivation. As the results showed, vermicompost treatment together with salinity stress could
enhance the growth traits of the plants, such as the length and dry weight of shoots; leaf area and
dry weight of roots; photosynthetic pigments, i.e., chlorophylls and carotenoids; membrane stability
index; relative water content, soluble sugar, soluble protein, proline, total phenol, and anthocyanin in
the shoots; mineral elements, i.e., phosphate, nitrate, zinc, molybdenum, magnesium, and iron in the
shoots; and potassium and calcium in the shoots and roots. The interaction of vermicompost and
salinity also decreased the aldehydes, total flavonoids, activity of catalase enzyme and shoot starch,
soluble sugar and root proline, and sodium content of both shoots and roots. In a comparison of the
two studied fennel landraces, the Shiraz landrace emerged to be less affected by salinity stress. In
saline conditions, vermicompost caused a change in the physiological and biochemical parameters
of both fennel landraces and improved their growth. The improvement in the growth conditions in
the Urmia landrace was more obvious due to the use of vermicompost. Using vermicompost plus
40 mM NaCl salinity, the dry weight of the shoot and leaf surface of the Urmia landrace increased
by about 3 and 2.5 times, respectively, and under 80 mM NaCl, the dry weight of the shoot and
leaf surface increased by 2.7 and 1.2 times compared to the control. According to the experiments,
it seems that vermicompost can limit the harmful effects of salinity on fennel plants by affecting
photosynthetic pigments, osmolytes, phenolic compounds, antioxidants, the stability of membranes,
and the availability of water and essential minerals.

Keywords: abiotic stress; availability of water and minerals; Foeniculum vulgare Mill; physiological

traits; vermicompost

1. Introduction

Fennel (Foeniculum vulgare Mill), as an herbaceous and aromatic plant in the Apiaceae
family, originates from the southern Mediterranean region, grows naturally, and is culti-
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vated all over the world, especially in Asia, South America, and Europe [1]. A literature
review demonstrates that Foeniculum vulgare, the most famous species of the Foeniculum
genus, has a broad spectrum of ethnobotanical applications and has been widely used as
a condiment. In Italy, the seed is employed in the preparation of salted meats and also is
employed as an aromatizer for pickled olives. In Spain, the leaves and stems are consumed
raw as a snack and are used in salads or stewed. It is also a well-known ethnomedicinal
plant that is used in various traditional systems of the world, particularly in Asian countries.
In folk medicines of Pakistan, the apical shoots are used for stress removal and as a sedative.
In India, fruit powder is applied for the treatment of repeated abortions [1,2]. Furthermore,
in Iranian folk medicine, it is applied for the treatment of digestive system diseases, kidney
infections, bronchitis, dysentery, and toothache, and as an appetizer, antiacid, carminative,
diuretic, and galactagogue [3-5].

One of the most important obstacles in the propagation of fennel is salt stress [6].
Abiotic stresses, including salinity, are a serious threat to the quantity and quality of
plants in many regions of the world. Salinity stress in arid and semi-arid regions is
significant due to a lack of sufficient rainfall, high temperatures, and intense evaporation
and transpiration [7]. Unfortunately, the process of salinization of agricultural land will be
up to 50% in 2050 and cause a sharp decrease in land suitable for cultivation [8]. Salinity
may affect the growth of agricultural products by inducing toxicity in the soil, oxidative
damage to different parts of the cell, and disrupting the balance of soluble nutrients [9].
Therefore, plants try to minimize the harmful effects of stress by limiting the entry of salt
ions into the cytosol or intensifying the synthesis of osmolytes, antioxidants, and growth
regulators [10,11]. In addition, antioxidant enzymes enable plants to cope with the excessive
production of reactive oxygen species (ROS) and to survive in saline conditions [12-14].

In recent years, the excessive use of chemical fertilizers has caused the destruction of
water resources and a reduction in the quality of food obtained from plants. Additionally,
irreversible damage to the ecosystem is one of the complications of using chemical fertiliz-
ers [15]. The use of organic fertilizers is a common method for ameliorating abiotic stresses
such as salinity. Therefore, sustainable agriculture and alternative methods based on the
use of organic fertilizers can be considered as an optimal solution to overcome this problem
in order to eliminate or significantly reduce chemical materials [15,16].

Vermicompost is a biological organic fertilizer produced through the conversion of
organic waste by the activity of earthworms and microorganisms [16]. This fertilizer
improves soil fertility by increasing organic carbon and making nitrogen, phosphorus, and
potassium available for plants [17]. The use of vermicompost improves the water-holding
capacity in the soil and the production of plant growth regulators and leads to improved
crop growth and yield [18]. Several studies, such as those by Celikcan et al. [19] and
Mousavi Kouhi et al. [20], have reported the positive effect of vermicompost on plant
growth. However, just a few studies have been conducted on the effect of vermicompost
on plants under salinity stress conditions. In this regard, one may refer to Shirani Bidabadi
et al. [21] and BeykKhormizi et al. [22]. Vermicompost and humic acid improve the
aggregate microstructure of saline soil, increase salt leaching, and inhibit nitrogen loss [23].
Feizi et al. [24] stated that vermicompost extract can neutralize the harmful effects of salinity
in the saffron plant by providing the required nutrients and improving the K* /Na™ ratio.

In two other experiments, Beyk Khormizi et al. [25,26] investigated the effect of
vermicompost extract on germination and that of vermicompost on the vegetative stage
of fennel landraces in a saline environment. Since fennel is relatively sensitive to salinity
and vermicompost has the potential to improve the germination and vegetative growth of
this plant, and considering the different reactions of plants to environmental conditions
in different life stages, in this research, the interaction effects of vermicompost organic
fertilizer and salinity stress on fennel in the flowering stage were investigated. This research
was carried out extensively so that different morphological parameters, photosynthetic
pigments, cell membrane stability index, aldehydes, relative water content, total protein,
amino acids, phenols, sugars, various mineral elements, and the activity of antioxidant
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enzymes of two fennel landraces of Urmia and Shiraz were measured in order to understand
the effect mechanism of vermicompost, salinity, and their interaction on the fennel plant in
the flowering stage.

2. Materials and Methods
2.1. Experimental Design, Plant Culture, and Treatment

In this research, an investigation was conducted on the effects of 0 and 5% vermicom-
post mixed with loam-clay soil (v/v) at different salinity levels, which were produced by
adding sodium chloride to distilled water (0, 40, and 80 mM NaCl), on two fennel landraces
planted in Urmia and Shiraz areas. The experiment was carried out as a factorial random-
ized complete block design with three replications. This experiment was conducted in the
research greenhouse of Yazd University in Iran, with temperature conditions of 25-28 °C,
relative humidity of 60-70%, and 16/8 h of light/darkness. Some of the characteristics of
the vermicompost and soil used in the experiment are reported in Table 1.

Table 1. Some characteristics of the vermicompost and soil used in the experiment (available forms):
EC—electrical conductivity, OC—organic carbon.

Samole EC ocC Mo Zn Fe Na Mg Ca K P N

P @Sm-1) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

vC 7.68 1587 150 127 15100 4200 18,900 52,000 15900 22,200 15,400

Soil 3.81 0015 037 014 008 547 917 2164 1364 43 10

A mlxmrseoci’lf VCand 4.87 0099 049 022 036 554 1312 3687 390 1562 90

After being soaked in water for 24 h, the seeds of two fennel landraces were planted
in plastic pots (with an opening size of 18.5, a height of 17 cm, and a capacity of 4 kg of soil)
and irrigated according to the crop capacity. The pots were irrigated with distilled water
(i.e., water with no salinity) for three weeks and then according to experimental treatments
(i.e., 40 and 80 mM NaCl). Irrigation was conducted once a week, and in order to keep the
amount of salinity in the pots constant, the electrical conductivity of the drainage of the
pots was measured and controlled.

After eleven weeks of planting (flowering stage), the shoots were separated from the
roots, and the length and the dry weight of the shoots and the roots were measured. The
surface of the leaves was also determined by using a leaf area meter.

2.2. Photosynthetic Pigments

The amounts of chlorophyll and carotenoids were measured after the fresh leaves
were homogenized with 80% acetone, the homogenate was centrifuged at 3000 rpm for five
minutes, and the absorbance of the supernatant solution was read by an Analytic Jena 210
spectrophotometer at 647, 663, and 470 nm [27].

2.3. Aldehydes

The concentration of malondialdehyde [28] and other aldehydes [29] was measured
after 0.2 g of the fresh tissue of the plant was extracted with 0.1% Trichloroacetic acid (TCA)
and reacted with Thiobarbituric acid (TBA) 0.5%. The resulting solution was absorbed at
532 nm (in the case of malondialdehyde) and 455 nm (in the case of the other aldehydes).

2.4. Membrane Stability Index (MSI)

To determine MSI, 0.1 g of the leaves was put in two sets of test tubes containing 10 mL
of distilled water. One set of tubes was placed in a bath at 40 °C for 30 min, and the other
set was kept in a bath at 100 °C for 10 min. After the temperature of the tubes was reduced
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to an ambient value, the electrical conductivity of the samples was measured with an EC
meter, and then, MSI was obtained from the following equation [30]:

MSI = [1 — (C1/Ca)] x 100

MSI: membrane stability index; Cy: the electrical conductivity of the sample at 40 °C
for 30 min; C; is the electrical conductivity of the sample at 100 °C for 10 min.

2.5. Relative Water Content (RWC)

To determine the RWC in the leaves, a given amount of them (FW) was immersed in
distilled water. After 48 h, the leaves were removed from the water, their surface was dried
with a paper napkin, and their weight was measured (TW). Then, the leaves were dried
in an oven at 70 °C for 48 h (DW), their weight was determined, and, finally, RWC was
obtained according to the following formula [31]:

RWC = (FW — DW/TW — DW) x 100

2.6. Carbohydrate Content

First, 1.5 mL ethanol (80%) was added to 0.03 g of a powdered plant sample, and then,
it was vortexed for 5 min and centrifuged at 3000 rpm for 10 min. A supernatant solution
was used to measure the dissolved sugars after the evaporation of the alcohol and the
addition of 10 mL of distilled water, 0.47 mL of 0.3 normal barium hydroxide, and 0.5 mL of
5% zinc sulfate. Pellets were also used to measure the starch content after it was dried and
4.5 mL of distilled water and 6 mL of 52% perchloric acid were added. Both soluble sugar
and starch content were measured based on their reaction with 5% phenol and 98% sulfuric
acid. The amount of light absorption of the samples was determined at a wavelength of
485 nm. Finally, the concentration of each sample was determined using a standard curve.

2.7. Proline

The amount of proline was measured using the method of Bates et al. [32]. At first,
200 mg of plant tissue was ground in 10 mL of 3% sulfosalicylic acid solution, and the
resulting extract was centrifuged for 5 min at 10,000 rpm. Then, 2 mL of the liquid solution
was mixed with 2 mL of ninhydrin reagent and 2 mL of glacial acetic acid in a test tube. The
test tubes were placed in a water bath at 100 °C for one hour. Then, the tubes containing
the mixture were immediately transferred to a container containing ice. After that, 4 mL
of toluene was added to the contents of the test tube and mixed vigorously for 30 s. By
keeping the tubes still for 15 to 20 s, two separate layers were formed. The amount of light
absorption of the upper colored layer (containing toluene and proline) was read at 518 nm.
The amount of proline was calculated using a standard curve.

2.8. Total Phenol

An amount of 0.1 g of the plant tissue was ground in 5 mL of 95% methanol and left
in the dark for 24 h. Then, 450 pL of distilled water and 250 pL of Fulin reagent were
added to 50 puL of this extract. This was followed by the addition of 1.25 mL of 20% sodium
carbonate solution. The resulting mixture was kept at 25 °C for 20 min and then centrifuged
at 2000 rpm for 10 min. The absorption of the supernatant occurred at 735 nm. Finally, the
amount of the total phenolic compounds was calculated with a standard curve [33].

2.9. Total Flavonoid

Total flavonoid was determined based on the method reported by Chang et al. [34]. To
this end, 0.1 g of the plant tissue was ground with 1 mL of distilled water, and then, 1.5 mL
of 95% ethanol, 0.1 mL of 10% aluminum chloride, 0.1 mL of 1 M potassium acetate, and
2.8 mL of distilled water were added to 0.5 mL of the ground sample. The resulting mixture
was kept at 25 °C for 45 min and then centrifuged at 2000 rpm for 10 min. The absorbance
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of the supernatant was read at 415 nm. Finally, using a standard curve, the amount of total
flavonoids was calculated.

2.10. Anthocyanins

To determine the amount of anthocyanins, 0.1 g of the plant tissue was ground with
10 mL of acidic methanol (pure methanol and pure hydrochloric acid at a ratio of 1:99) and
placed in the dark at a temperature of 25 °C for 24 h. Then, it was centrifuged at 4000 rpm for
10 min, and the absorbance of the supernatant was recorded at 550 nm. The concentration
of anthocyanins was calculated using an extinction coefficient of 33,000 mol/cm? [35].

2.11. Total Protein and Antioxidant Enzymes

Fresh tissue (0.5 g) was ground by the addition of 50 mg of Poly Vinyl Pyrrolidone
(PVP) and 3 mL of an extraction buffer solution containing 50 mM potassium phosphate
(pH =7) and 1 mM Sodium Metabisulfite. The resulting homogenate was centrifuged at
14,000 rpm for 30 min. The supernatant, or protein extract, was used to determine the total
protein concentration [36] and the activity of catalase [37] and guaiacol peroxidase [38] en-
zymes. The CAT enzyme reaction mixture included 3 mL of a 50 mM potassium phosphate
buffer (pH = 7), 0.4 mL of 15 mM hydrogen peroxide (H,O,), and 20 pL of the enzyme
extract. The GPX enzyme reaction mixture included 2.65 mL of a 50 mM phosphate buffer
(pH = 7.4), 300 pL of 3% hydrogen peroxide, 30 puL of 99% guaiacol, and 20 pL of the
enzyme extract. The curve of the absorbance changes at 240 nm for CAT and 470 nm for
GPX was traced for 3 min, and the activity of the enzymes was calculated.

2.12. Phosphate Measurement

For phosphate extraction, 5 mL of 0.01 N hydrochloric acid was added to 0.5 g of
crushed plant tissue. The resulting mixture was vortexed for 90 s and then filtered. An
amount of 2 mL of ammonium molybdate—vanadate solution was added to 2 mL of the
extract, and the volume was brought to 15 mL with distilled water. Finally, the absorbance of
the resulting solution was read at 470 nm, and the phosphate concentration was determined
using a standard curve [39].

2.13. Nitrate Measurement

An amount of 2 g of crushed plant tissue was placed in a test tube containing 10 mL of
distilled water and placed in a 100 °C water bath for 30 min. After cooling, the sample was
filtered and made up to 25 mL with distilled water. Then, 0.4 mL of 5% salicylic acid in 96%
(w/v) sulfuric acid was added to 0.1 mL of this solution. After cooling the solution, 9.5 mL
of 8% sodium hydroxide was added to it, and the absorbance of the resulting solution was
read at 410 nm. Nitrate concentration was determined using a standard curve [40].

2.14. Concentration of Minerals

One gram of the plant dry matter was burned into ash in an electric furnace at a
temperature of 550 °C. Then, 10 mL of 2 M hydrochloric acid was added to the ash, and the
mixture was slowly heated until the extract was reduced to one-third of its initial volume.
The remaining extract was filtered and reached 100 mL with distilled water [41]. Finally,
the concentrations of zinc, molybdenum, magnesium, and iron were measured using a
NOVAA 300 atomic absorption device.

To measure sodium, potassium, and calcium, 3 mL of concentrated nitric acid was
added to 0.05 g of powdered dry matter. After 48 h, the resulting mixture was slowly
heated. The emission of white smoke and the discoloration of the acid solution marked
the end of the digestion process. The volume of the remaining solution reached 50 mL
with distilled water [42]. The concentration of these cations was determined using a flame
photometry device model PFP7 and using a standard curve.
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2.15. Statistical Analyses

The significant differences (at p < 0.05) and the comparative means were determined
through two-way ANOVA followed by Duncan’s multiple-range test using Mstat-C soft-
ware (version 1.1.0).

3. Results and Discussion
3.1. Morphological Traits

The results of the variance analysis table show a significant effect of the interaction of
vermicompost and salinity stress on the morphological parameters of fennel (Table 2).

Table 2. Results of variance analysis of morphological traits of two fennel landraces: DW—dry

weight.
o Degrees of  Plant Height Shoot DW Leaf Area Root Length Root DW
Sources of Variation Freedom (cm) (mg) (mm?) (mm) (mg)
*% %o *% *3% *%
Landrace 1 311.993 0.142404 84,625.62 23.831 0.029884
L. *% *% *% *% *%
Salinity 2 218.579 0.259129 58,083.64 36.727 0.017791
. . % %% nS %% ns
Landrace x salinity 2 20.14 0.013889 665.093 5.452 0.000068
. *% %% *% *3% *%
Vermicompost 1 109.063 0.850694 481,979.1 23.088 0.045788
. ns *3F *% *3F *%
Landrace x vermicompost 1 0.0001 0.025 17,109.3 2.794 0.000321
.. . ns *% *% s ns
Salinity x vermicompost 2 0.766 0.114597 30,423.42 12.341 0.000101
Landrace x salinity x 2 * d x* d x*
vermicompost 2.005 0.009003 1504.115 1.798 0.000614
Error 22 0.686 0.000072 203.66 0.148 0.000034

ns: non-significant; * and **: significant at & = 0.05 and « = 0.01, respectively.

As the results showed, salinity stress significantly decreased the length and the dry
weight of the roots and shoots in both Urmia and Shiraz landraces of plants, as well as the
leaf area of the Urmia landrace. The effect of salinity stress on these traits was stronger
in the Urmia landrace than in the Shiraz landrace. In the treatment of the plants with
vermicompost alone and its interaction with salinity stress, the morphological traits were
enhanced significantly. This was more evident in the landrace of Urmia than in that of
Shiraz. Vermicompost usage at 40 mM NaCl in both Urmia and Shiraz landraces caused an
increase in the length of the shoot by about 22%. Additionally, the parameters of the dry
weight of the shoot and the leaf area increased by about 3 and 2.5 times, respectively. In the
salinity of 80 mM NaCl, the length of the shoot increased by 64% and the dry weight of the
shoot and the leaf area increased more than twice in the landrace of Urmia, while in the
landrace of Shiraz, the length of the shoot increased by about 30% and the dry weight of
the shoot and the leaf area increased less than two-fold (Table 3).

Other studies, such as those by Abou El-Magd et al. [43] and Semiz et al. [44], reported
a reduction in fennel growth under salt stress. As Cucci et al. [45] stated, sodium-induced
salinity affects the growth of fennel, probably due to the side effects of sodium on the
plant (i.e., toxicity and competition to absorb nutrients) and on the soil (i.e., a reduction
in physical and chemical fertility). According to the results of the present research, vermi-
compost has beneficial effects on plant growth in conditions without salinity stress and in
interaction with salinity stress, which has also been reported by Mousavi Kouhi et al. [20],
Kiran [46], Shirani Bidabadi [21], and Beyk Khurmizi et al. [22]. Arancon et al. [47] found
that humic acid, fulvic acid, and other organic acids in vermicompost and those produced
by microorganisms can stimulate and improve plant growth and performance. The positive
effect of vermicompost on plant growth is due to one or more useful ingredients, such
as nutrients, plant growth regulators (PGRs), and microorganisms. Vermicompost can
also change soil structure and positively affect plant growth [48]. Vermicompost causes a
decrease in the harmful effects of salinity stress on the growth parameters of fennel plants
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due to its structural features, such as porosity and high water-holding capacity, as well as
having plant growth regulators and macro and micronutrients.

Table 3. Mean comparison of the effects of vermicompost and salinity stress interaction on the
morphological traits of two fennel landraces: DW—dry weight, Conc.—concentration.

Fennel vC Salinity Conc. Plant Height Shoot DW Leaf Area Root Length Root DW
Landraces Conc. (mM NacCl) (cm) (mg) (mm?) (mm) (mg)
0 14.11d 4.900 i 1425¢ 5.867 e 3.100 h
0 40 11.67 e 3.200 k 116.4h 9.500 b 1.867 k
. 80 433 ¢g 2.0331 90.08 i 4.167 f 0.9667 1
Urmia
0 19.11b 18.70 c 4232 ¢ 10.00b 5.567 ¢
5% 40 14.33d 10.10d 289.5d 8.167 cd 3.900 f
80 7.110 £ 5.500 h 199.7 e 4.500 £ 2.667 i
0 19.00 b 7.267 e 182.9 ef 7.750d 5.100d
0 40 16.11c 5900 g 167.8 fg 8.607 c 3400 g
. 80 12.66 e 3.900] 158.3 fg 6.387 e 2.333]
Shiraz
0 22.11a 2477 a 5619 a 11.28 a 6.900 a
5% 40 19.66 b 19.40b 466.4 b 9.667 b 6.300b
80 1644 c 7.067 £ 305.9d 8.277 cd 4967 e
In each column, the averages that have at least one letter in common are not significantly different according to
Duncan’s multiple-range test (p < 0.05).
3.2. Photosynthetic Pigments
Salinity stress, vermicompost, and the interaction between them had a significant
effect on the photosynthetic pigments of fennel (Table 4). Different salinity levels caused a
significant decrease in chlorophylls and carotenoids in both of the studied fennel landraces
(except for chlorophyll 2 and carotenoids at 40 mM NaCl salinity in the Urmia landrace).
Vermicompost treatment alone significantly increased the photosynthetic pigments in both
fennel landraces (except for chlorophyll 2 in the Urmia landrace). In saline conditions, the
use of vermicompost caused a significant increase in photosynthetic pigments. Using ver-
micompost treatment in 40 mM NaCl salinity, the amount of chlorophyll b and carotenoids
increased by 5.5% and 9.6%, respectively, in Urmia landrace. While in the same conditions
and in the landrace of Shiraz, the amount of chlorophyll b (10.2%) and total chlorophyll
(5.4%) increased significantly. In 80 mM NaCl salinity, the amount of chlorophyll 4, total
chlorophyll, and carotenoids increased by 13.9%, 8%, and 68% in the Urmia landrace and
by 21%, 23%, and 12% in the Shiraz landrace, respectively. Additionally, the amount of
chlorophyll b in the fennel plants of the Shiraz landrace increased by 28% (Figure 1).
Table 4. Analysis of variance of photosynthetic pigments, malondialdehyde (MDA), other aldehydes,
and cell membrane stability index (MSI) of two fennel landraces.
Sources of Degrees of Chl a Chlb Total Chl Carot MDA Other Aldehydes MSI
Variation Freedom (mg g~1) (mg g—1) (mg g~1) (mg g~1 FW) (Nm/gFW) (Nm/gFW) (%)
Landrace 1 0.139 0.04 0.029 0.052 657.452 191,525.7 213.194
Salinity 2 0.225 0.094 0.595 0.023 1976.924 671,031.7 2829.979
- *% * *% *3% ns * *
Landrace x salinity 2 0.086 0.0001 0.073 0.004 41.093 10,214.61 25.624
Vermicompost 1 0.044 0.013 0.104 0.01 3086.451 715,880.4 757.506
Landrace x 1 * ns ** ** ** ** ns
vermicompost 0.005 0.001 0.01 0.001 223.727 65,172.03 8.146
Salinity x 5 * ** ** * ns ns **
vermicompost 0.006 0.001 0.008 0.001 31.955 5479.736 44.851
Landrace x salinity 5 * ** * ** * ** *
X vermicompost 0.001 0.002 0.001 0.001 31.962 28,303.53 22.781
Error 22 0.001 0.0001 0.001 0.0001 19.818 1826.999 7.006

ns: non-significant; * and **: significant at & = 0.05 and & = 0.01, respectively.
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Figure 1. Mean comparison of the effects of vermicompost and salinity stress interaction on the
photosynthetic pigments of the two fennel landraces. In each column, the averages that have at
least one letter in common are not significantly different according to Duncan’s multiple-range test
(p £0.05). (S0: control; S40: 40 mM NaCl; S80: 80 mM NaCl; V0: without vermicompost; V1: with 5%
vermicompost; FW: fresh weight).

A reduction in plant photosynthetic pigments under saline conditions has been re-
ported in other studies, such as those by Banakar et al. [49] and Grzeszczuk et al. [50].
Reactive oxygen species (ROS) cause peroxidation and, as a result, destroy chlorophyll
pigments [51]. Photosystem proteins are highly sensitive to oxidative damage [52]. The
loosening of chlorophyll connections with the related proteins, an increase in chlorophyl-
lase enzyme activity, and an increase in stress regulators such as abscisic acid and ethylene
account for the reduction in chlorophylls under saline conditions [53]. Another reason for
the decrease in chlorophylls in salt stress conditions can be the competition of glutamine
kinase enzyme with glutamate ligase enzyme during salt stress, which causes the consump-
tion of more glutamate (i.e., the precursor of chlorophyll and proline) in proline production
pathways. This actually results in limited chlorophyll biosynthesis [54].

According to the results of the present study, the amount of chlorophylls and carotenoids
in peas was increased under vermicompost treatment. This can be attributed to the exis-
tence of nutrients in this organic fertilizer, including potassium and nitrogen, which play a
role in the regulation of osmotic pressure [55]. Hosseinzadeh et al. [56] related this effect to
microelements, such asiron, in vermicompost. Since iron serves as a prosthetic group in
hemoproteins such as catalase, peroxidase, and superoxide dismutase [57], the ability to
destroy ROS in plants treated with vermicompost is increased. Moreover, the amount of
chlorophyll is proportional to that of carotenoids that protect it [58]. Therefore, an increase
in the carotenoid content during vermicompost treatment can be related to the increase in
chlorophyll synthesis [55].

3.3. Aldehydes (Malondialdehyde and Other Aldehydes) and MSI

According to Table 4, the amount of aldehydes and MSI of two fennel landraces
were significantly affected by the interaction of salinity and vermicompost. The amount
of aldehydes in the shoots increased significantly with exposure to the studied salinity
levels in both Urmia and Shiraz fennel landraces. In contrast, different levels of salinity
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caused a significant decrease in the MSI of the leaf cell membrane in both fennel groups.
In this regard, at 80 mM NaCl salinity, the MSI of the cell membrane in the Urmia and
Shiraz landraces decreased by 2.2 times and 89.5%, respectively. With vermicompost
alone and its interaction with salt stress, the aldehydes in both studied fennel landraces
decreased drastically, but the MSI increased. In the interaction of vermicompost with
40 mM NaCl salinity, the amount of malonaldehyde in the landrace of Urmia was more
affected compared to Shiraz, while in the case of the amount of other aldehydes, the reverse
was true. In this situation, MSI increased by 15% in the landrace of Urmia and 13.8% in the
landrace of Shiraz. With vermicompost and 80 mM NaCl salinity, malondialdehyde and
other aldehydes in the Urmia landrace reduced by 55% and 16%, respectively. In the Shiraz
landrace, this reduction was 41% and 93%, respectively. Under these conditions, the MSI
increased by 59% and 26% in Urmia and Shiraz landraces, respectively (Table 5).

Table 5. Mean comparison of the effects of vermicompost and salinity stress interaction on the
malondialdehyde (MDA), other aldehydes, cell membrane stability index (MSI), relative water
content (RWC), and proline content of the two fennel landraces. Conc.—concentration.

Fennel VvC Salinity Conc. MDA Other Aldehydes  ,,q; (%) RWC Shoot Proline Root Proline
Landraces Conc. (mM NaCl) (Nm/gFW) (Nm/gFW) ° (%) (umol/gFW) (umol/gFW)
0 34.19 de 561.6 d 65.79 ¢ 63.16 e 12.54 h 2824 ¢
0 40 57.69b 751.3 ¢ 4945e 59.17 £ 15.08 f 88.50 ¢
Urmia 80 66.24 a 1036.a 2971g 48.16h 16.93 cd 101.3b
0 17.09¢g 306.3 f 70.89 b 84.40b 15.62 ef 11.00 h
5% 40 27.78 ef 561.6d 57.10d 70.71d 19.09 b 71.38d
80 4273 ¢ 889.9Db 4734 e 59.77 £ 20.85a 89.08 c
0 27.78 ef 4522 e 68.73 be 76.14 c 11.58 h 2990 g
0 40 38.46 cd 714.8 ¢ 5742d 7149 d 1381g 100.3 b
Shiraz 80 51.28Db 999.3 a 36.26 f 5721¢g 16.51 de 106.5 a
0 1496 g 240.7 £ 76.01 a 88.34a 14.97 £ 12.47h
5% 40 25.64 f 306.3 f 65.36 ¢ 7731c 16.39 de 43.87 f
80 36.32 cd 517.9 de 45.71e 64.12e 17.74 ¢ 50.14 e

In each column, the averages that have at least one letter in common are not significantly different according to
Duncan’s multiple-range test (p < 0.05).

According to the literature in this field, other researchers, such as Banakar et al. [49],
have also reported that malondialdehyde and other aldehydes (which are the products of
lipid peroxidation and indicators of membrane damage) significantly increase in plants
under osmotic stress. A decrease in leaf water content and an increase in osmotic potential,
along with an increase in sodium ion concentration, cause lipid peroxidation and disrupt
the function and structure of cell membranes [59]. A reduction in malondialdehyde by
the use of vermicompost has also been shown in lettuce [46]. Similarly, Shirani Bidabadi
et al. [21] found that, under salinity stress, malondialdehyde and electrolyte leakage of
two pomegranate cultivars increased, while the use of vermicompost leachate in these
conditions decreased the two features. Bandeoglu et al. [60] stated that a change in the
activity of hydrogen-peroxide-producing enzymes leads to a reduction in gibberellin in
cells, which, in turn, reduces lipid peroxidation and membrane ion leakage. In addition,
it has been shown that the structure and function of plant cell membranes are strongly
affected by zinc deficiency [61]. Studies have shown that zinc nutrition by the increased
concentration of sulfthydryl in the roots lowers the permeability of the root membrane, and
reduces the lipid peroxidation induced by free radicals [62]. Therefore, it is possible that
vermicompost with high amounts of minerals, such as zinc, and plant hormones, such as
gibberellins, can reduce lipid peroxidation and increase the membrane stability of fennel
leaf cells.

3.4. RWC

Salinity stress, vermicompost, and the interaction between them significantly affected
the RWC of two fennel landraces (Table 6). The RWC of the leaves of both fennel landraces
significantly decreased when exposed to different levels of salinity. In contrast, vermicom-
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post treatment alone significantly increased RWC in the Urmia (33%) and Shiraz (16%)
fennel landraces. The interaction of vermicompost and salinity stress caused an increase in
the RWC of both fennel landraces. This increase was greater under 80 mM NaCl compared
to 40 mM NaCl. In the presence of vermicompost at 80 mM NaCl salinity, the amount of
this trait increased by 24 and 12% in the Urmia and Shiraz landraces, respectively, and by
19 and 8% at 40 mM NaCl salinity (Table 5).

Table 6. Analysis of variance of relative water content (RWC), proline, and sugars of two fennel

landraces.
s £ Variati Degrees of RWC Shoot Proline Root Proline Shoot Soluble Sugar Shoot Starch Root Soluble Sugar Root Starch
ources of Variation Freedom (%) (1umol/gFW) (umol/gFW) (mg/gFW) (mg/gFW) (mg/gFW) (mg/gFW)
L . - P - - - s -
andrace 605.833 20.737 538.488 431 5.686 0.023 32.418
o A o - e o 5
Salinity 2 1300.854 56.385 15,219.31 4204 0.056 9.33 1.295
o H i I s s - o
Landrace x salinity 2 5.846 1174 255343 0.022 0.002 0.981 4764
) - -t o b - o o
Vermicompost 1 1201.061 82.771 7812.262 3.089 23.25 124.096 105.576
Landrace x . i poh - b - - o
vermicompost 94.537 3.603 1746.181 0.921 2,945 1.23 19.044
Salinity ) ot s P - iy - -
vermicompost 60.38 0.478 335.614 0.998 0.316 5.79 2.289
Landrace x salinity x ’ * * *x 4 o wx *
vermicompost 3.863 1.696 434.979 0.212 0.223 0.375 0.182
Error 22 0.939 0.38 2.5 0.008 0.003 0.047 0.086

ns: non-significant; * and **: significant at « = 0.05 and o = 0.01, respectively.

Under salinity stress, water absorption is difficult, and the decrease in RWC can be
attributed to the decrease in leaf water potential and the decrease in water absorption by
the roots [63]. An increase in the tissue sodium concentration is also one of the possible
reasons for the reduction in RWC and the potential of leaf water under salinity stress
conditions [63]. As Rafiq and Nusrat [64] reported, osmotic potential and water potential
decreased significantly with an increase in the salt concentration in sunflower leaves, but
they increased with the application of organic fertilizers. The researchers stated that organic
fertilizers cause the accumulation of K* and some organic ions in cells, resulting in an
increase in osmotic activity and, subsequently, a decrease in the water potential and the
movement of water into the cells. Beyk Khurmizi et al. [22] also reported a reduction in
RWC in the face of salinity stress and its improvement in the presence of vermicompost in
bean plants. They stated that vermicompost can improve the water potential of leaves due
to having plant hormones, a porous structure, and a high water-holding capacity.

3.5. Proline of Shoots and Roots

The proline in the shoots and roots of both fennel landraces increased significantly
when exposed to certain levels of salinity. The increase in proline in the roots of both
landraces was much higher than that in the shoots. In the treatment of the fennel landraces
with vermicompost alone and along with salt stress, the amount of proline significantly
increased in the shoots, but it decreased sharply in the roots. Vermicompost induced an
increase in the proline of the shoots under 40 mM NaCl and 80 mM NaCl by 26% and 21%
in the landrace of Urmia and by 18% and 7% in the landrace of Shiraz, respectively. The
root proline decreases in salinities of 40 and 80 mM NaCl were 24% and 13% in the Urmia
landrace and 2.2 and 2.1 times in the Shiraz landrace, respectively (Tables 5 and 6).

An increase in proline under saline conditions has been reported in other studies, such
as those by Dejampour et al. [65] and Abdel Rahman et al. [66]. Bian and Jiang [31] stated
that proline plays a role in maintaining the structure of the membrane, creating osmotic
compatibility, and maintaining the structure of enzymes in the cell. Additionally, due to its
hydrophilic nature, proline may replace water molecules around nucleic acids, proteins,
and membrane molecules, thus reducing the effects of destructive ions on these compounds
to protect them and the structure of the membrane.

An increase in the amount of proline due to the use of vermicompost has been re-
ported [55]. Additionally, according to Atik [57], owing to the microorganisms existing in
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it, the vermicompost added to the soil increases the nitrogen available for plants. This, in
turn, raises the amount of free amino acids, including proline in the plants.

3.6. Soluble Sugar and Starch in the Shoots and Roots

The interaction of salinity stress and vermicompost had a significant effect on the
amount of soluble sugar and starch in the shoot of fennel (Table 6). The results showed a
significant decrease in the soluble sugar and starch of the shoots as well as the starch of
the roots in the face of salinity stress, with some exceptions. Additionally, at the studied
salinity levels, the root soluble sugar significantly increased in both landraces. In the
vermicompost treatment alone, the soluble sugar in the shoots and the starch in the roots
increased significantly, but the starch in the shoots and the soluble sugar in the roots
decreased significantly. The interaction of salinity and vermicompost led to a significant
decrease in the starch and soluble sugar of the shoots and the starch of the roots as well
as a significant increase in the soluble sugar of the shoots. With vermicompost under
saline conditions of 80 mM NaCl, the amount of shoot starch in the Urmia and Shiraz
landraces decreased by 51% and about 2.7 times, respectively. The soluble sugar and starch
of the roots in these two landraces also decreased by 3 and 2 times and 82% and 2.2 times,
respectively. However, the soluble sugar in the shoots of these two landraces increased by
16% and 12%, respectively. Under salinity of 40 mM NaCl, there was a significant reduction
in shoot starch (about 51% and 4 times), root soluble sugar (about 3 and 2 times), and root
starch (40% and 2.2 times), and a significant increase in shoot soluble sugar (about 12 and
36%) was observed in the landraces of Urmia and Shiraz, respectively (Figure 2).

m Shoot soluble sugar Shoot starch Root soluble sugar Root starch

Urmia Shiraz

Figure 2. Mean comparison of the effects of vermicompost and salinity stress interaction on the
amount of soluble sugar and starch in the shoots and roots of the two fennel landraces. In each
column, the averages that have at least one letter in common are not significantly different according
to Duncan’s multiple-range test (p < 0.05). (S0: control; 540: 40 mM NaCl; S80: 80 mM NaCl;
VO0: without vermicompost; V1: with 5% vermicompost; FW: fresh weight).

Salinity stress causes a decrease in cell growth and, thus, a decrease in the leaf area and
photosynthesis due to the limited absorption of nutrients, the lack of usable water, and the
toxicity of some elements. These can induce a reduction in the production of carbohydrates
and plant growth [67]. In the present study, this was related to the reduction in the soluble
sugar and starch of the shoots as well as the root starch in the face of salt stress.

The results also showed a rise in the soluble sugar of the roots in saline conditions. In
addition to regulating the osmosis inside the cell and controlling the osmotic potential and
water potential [68], soluble sugars have a role in detoxification as chelating agents to trap
Na* [69].
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An increase in the content of soluble sugars is a result of the destruction and hydrolysis
of larger molecules such as starch and their conversion into sugar compounds, such as
sucrose, and then into smaller molecules, such as glucose and fructose, which causes
more negative water potential in cells, osmotic regulation, and increased resistance to
salinity stress in plants [70,71]. According to the results, the interaction of salinity and
vermicompost led to decreased soluble sugar in the roots and starch in both shoots and
roots and increased soluble sugar in the shoots.

Ashok et al. [72] stated that potassium is involved in some biological processes such
as the production and movement of sugars and cell division in plants. It seems that the
use of vermicompost makes the environmental conditions of plant roots favorable in terms
of water and nutrient absorption; as a result, there is less need for sugar in the roots
to maintain the osmotic potential. This is why the amount of root sugar reduces in the
presence of vermicompost.

Regarding the amount of sugar in the shoots, vermicompost can increase the photo-
synthesis and metabolism of the plant owing to some characteristics, such as containing
potassium as a nutrient. More photosynthesis means the production of more sugar to
participate in various reactions, the result of which is a reduction in the shoot starch
content.

3.7. Phenolic Compounds (Total Phenol, Total Flavonoid, and Anthocyanin)

An analysis of variance showed a significant effect of vermicompost interaction with
salinity stress on fennel phenolic compounds (Table 7). At different levels of salinity, the
amount of total phenol and total flavonoid significantly increased in the shoots of the fennel
landraces of Urmia and Shiraz, but the amount of anthocyanin decreased sharply. With
the application of vermicompost in saline and non-saline conditions, the amount of total
phenol and anthocyanin in both studied fennel landraces increased significantly. Under
the same conditions, total flavonoid in the fennel landrace of Urmia had no change, but it
was significantly reduced in the Shiraz landrace. Vermicompost caused an increase in total
phenol and anthocyanin by 40% and 97% in the Urmia landrace and by 18% and 29% in
the Shiraz landrace, respectively. Under these conditions, the total flavonoid of the Urmia
landrace was not affected, but it decreased by 75% in the landrace of Shiraz. At 80 mM
NaCl salinity in the presence of vermicompost, the total phenol content increased by 15.7%
and 3.7% and the anthocyanin content increased by 86% and 37% in the Urmia and Shiraz
landraces, respectively. In these conditions, the amount of flavonoids in the landrace of
Shiraz decreased by 64% (Table 8).

Table 7. Results of analysis of variance on the phenolic metabolites, total protein (TPC), activities
of catalase (CAT) and peroxidase (POX) enzymes, and the amount of phosphate and nitrate in the
shoots of the two landraces of fennel.

Sources of Degrees of Total Phenol Total Flavonoid Anthocyanin TPC (mg/g CAT Activity POX Activity Phosphate Nitrate
Variation Freedom (mg/gFW) (ug/gFW) (M/gFW) FW) (U Protein—1) (U Protein—1) (mg/kgFW) (mg/kgFW)
Landrace 1 322,083 1.329 8.313 11,085.28 10.569 1.905 3721 37.088
Saling " - - " - ns - -
alinity 2 142,958 0.444 18.75 22,685.56 26.257 0.726 29.765 2622.273
Landrace x salini ) o F o P f s 4 ¥
andrace x salinity 40.002 0.027 1.553 1512.943 2.189 0.107 15.017 9.585
) pt + o ot o ns pt o
Vermicompost 1 29.304 1.787 5.61 5845.112 25.182 0.087 18.674 777.109
Landrace x 1 o o ns o ns ns ns -
vermicompost 0.846 1.335 0.009 128.142 0.0001 0.232 0.17 118.592
Salinity ) A - I o - "y - -
vermicompost 1.639 0.02 1.448 368.278 2.553 0.612 0.515 70.999
Landrace x salinity 5 * i * > > ns i il
X vermicompost 0.001 0.013 0.026 355.366 3.631 0.37 0.56 59.309
Error 22 0.096 0.001 0.014 2.773 0.013 0.256 0.052 2.079

ns: non-significant; * and **: significant at « = 0.05 and o = 0.01, respectively.
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Table 8. Mean comparison of the effects of vermicompost and salinity stress interaction on the
phenolic metabolites, total protein (TPC), activities of catalase (CAT) and peroxidase (POX) enzymes,
and the amount of phosphate and nitrate in the shoots of the two landraces of fennel. Conc.—

concentration.

Fennel vC Salinity Conc. Total Phenol Total Flavonoid Anthocyanin TPC CAT activity (U POX Activity Phosphate Nitrate
Landraces Conc. (mM NaCl) (mg/gFW) (ug/gFW) (M/gFW) (mg/g FW) Protein—1) (U Protein—1) (mg/kgFW)  (mg/kgFW)

0 4.533 i 0.7567 h 2.181d 53.13e 0.9675 f 0.1606 ab 7.929 b 64.47 ¢

0 40 5.0331 1112 ef 0.3737 hi 15.70 i 3.525d 0.7257 ab 5.227 de 5393 e

Urmia 80 8.267 fg 1.182d 0.2927 i 11.53j 4844 a 1.066 a 3.319i 36.13h

0 6.833 h 0.6783 1 3.838 b 101.0 ¢ 0.1406 i 1.047 a 1040 a 70.60 b

5% 40 7.767 g 1.062 fg 0.7370 g 50.40 ef 0.3827 h 0.1045 ab 6.421 ¢ 59.50d

80 9.567 e 1.129 de 0.5450 gh 16.73 i 3793 c 0.9877 ab 4.386 g 4142¢

0 6.967 h 1.708 ¢ 2.636 ¢ 127.5b 0.5046 gh 0.07173 ab 3.999 h 59.40d

0 40 11.73d 1.778 b 2.030d 47.70 £ 1495 e 0.2600 ab 3912h 52.67 e

Shiraz 80 18.00 b 1.874a 0.9690 f 21.73h 4.083b 0.7222 ab 2.877] 37.67h

0 8.693 f 0.7086 hi 4151 a 147.6 a 0.1144 i 0.02713 b 5.312d 83.03a

5% 40 13.83 ¢ 1.016 g 2.615¢ 72.03d 0.3044 hi 0.08487 ab 4.877 ef 61.03d

80 18.67 a 1.142 de 1.333 e 4243 g 0.6485 g 0.1653 ab 4.508 fg 4443 f

In each column, the averages that have at least one letter in common are not significantly different according to
Duncan’s multiple-range test (p < 0.05).

Phenolic compounds play an essential role as a non-enzymatic defense mechanism
in plants and are considered indicators sensitive to environmental changes. They are also
biochemical indicators of plant defense against environmental stresses, and they help to
accumulate hydrogen peroxide in plant cells [73]. The antioxidant activity of phenolic
compounds is mainly due to their redox properties, which play an important role in
absorbing and neutralizing free radicals [74]. Like in the present study, other researchers,
such as Rezazadeh et al. [75] and Bourgou et al. [76], have reported an increase in phenolic
and flavonoid compounds in different plants under saline conditions. Nevertheless, the
present study showed a decrease in the amount of anthocyanins when faced with salinity.
In this regard, Ahmed et al. [77] stated that a reduction in anthocyanins during salinity
stress may allow more photosynthetically active rays to reach mesophyll cells. The use
of vermicompost in the face of salinity stress caused an increase in total phenol and
anthocyanin in both fennel landraces, but the amount of total flavonoids was decreased in
the Shiraz landrace. Phenolic compounds are also synthesized in plant cells under favorable
environmental conditions, but different environmental stresses change their amount in
the cell [73]. Wang and Lin [78] reported that in the presence of compost, the amount of
anthocyanin in strawberries was increased. Connor et al. [79] considered the availability of
nutrients as one of the important factors in the production of anthocyanin and total phenol.
Suthar [80] stated that vermicompost contains high amounts of macro and micronutrients.
Therefore, in the presence of this organic fertilizer, the production of anthocyanin and total
phenol increases.

On the other hand, the amount of total flavonoids was decreased in vermicompost
treatment. It seems that the reduction in total flavonoid is related to other types of these
compounds including flavonol. In this regard, Pollastr and Tattini [81] reported that
flavonol is the most abundant type of flavonoid in plants, which plays an important role in
plants coping with stress.

3.8. Total Protein

The total protein of both studied fennel landraces was significantly affected by salinity
stress, vermicompost, and the interaction between them (Table 7). The amount of the total
protein in the shoots of both fennel landraces significantly decreased when exposed to
different levels of salinity, but it rose significantly in the presence of vermicompost alone
and its interaction with salt stress. In the Urmia and Shiraz fennel landraces, the total
protein increased by 3.2 times and 51% as vermicompost was used with 40 mM NaCl and
by 45% and 95% with 80 mM NaCl (Table 8).

Manna et al. [82] reported a decrease in the soluble proteins of tomatoes under saline
conditions. In a plant that is under stress conditions, protein synthesis stops and its
decomposition accelerates. Following salinity stress, secondary stresses such as oxidative
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stress also occur, through which the production and accumulation of reactive radicals lead
to the oxidation of proteins, lipids, and, ultimately, cell death [83,84]. Amiri et al. [55]
attributed the increase in pea plant protein in vermicompost treatment to the availability
and absorption of more nitrogen. Salama [85] reported that the total protein in corn and
chickpea plants was limited under the condition of zinc deficiency. Therefore, owing to
its characteristics, vermicompost not only increases protein production but also prevents
damage to proteins due to the decrease in the production of ROS.

3.9. The Activity of Antioxidant Enzymes (CAT and GPX)

Under different levels of salinity, the CAT activity of the shoots increased significantly
in both the Urmia and Shiraz fennel landraces. The activity level of this enzyme was greatly
reduced by the application of vermicompost alone and in its interaction with salinity stress
in both studied fennel landraces. Vermicompost caused a reduction in CAT activity under
40 and 80 mM NaCl in the Urmia (about 9 and 5 times, respectively) and Shiraz landraces
(27.7% and about 6 times, respectively). As it emerged, vermicompost, salinity stress,
and their interaction did not affect the GPX activity in the Urmia and Shiraz landraces
(Tables 7 and 8).

An increase in CAT activity under salinity stress has also been reported in other
plants [86,87]. Sorkheh et al. [88] stated that salinity stress disturbs the homeostasis of wa-
ter potential and ion distribution at both the cell level and the whole plant level and causes
osmotic stress. This lack of water causes the creation of ROS, which disturbs metabolism
through oxidative damage to lipids, proteins, and nucleic acids and increases the activ-
ity of antioxidant enzymes under stress. Under saline conditions, antioxidant defense
mechanisms are activated to protect the root membrane structure from oxidation [61]. The
increase in the activities of antioxidant enzymes (CAT, GPX, and superoxide dismutase)
and the accumulation of proline are part of the defense against oxidative stress [89].

According to the results of the present study, vermicompost treatment and its interac-
tion with salinity stress decrease the CAT activity but do not change the activity of GPX.
These results are in contrast to the findings of Hosseinzadeh et al. [90], who observed that
vermicompost treatment had no effect on the CAT activity in pea plants but significantly
reduced peroxidase. On the other hand, Kiran et al. [46] showed that the CAT activity in
lettuce increased with the use of vermicompost. Therefore, according to the observations
in the present study and the results of other researchers, the effect of vermicompost on
the activity of antioxidant enzymes is different in different plants. As Chakrabarti and
Mukharji [91] reported, the activity of CAT and peroxidase enzymes increased in Vigna ra-
diate under salt stress, but the external application of gibberellin decreased the CAT activity
in saline conditions. It can, therefore, be claimed that, owing to its physicochemical and
biological properties, especially the existence of gibberellin, vermicompost improves the
plant growth environment, where the probable lower production of ROS lowers the CAT
activity.

3.10. Phosphate, Nitrate, Zinc, Molybdenum, Magnesium, Iron, Sodium, Potassium, and Calcium

According to the data analysis of variance, salinity stress, vermicompost, and their
interaction had a significant effect on the amount of phosphate, nitrate, and mineral
elements (Tables 7 and 9). In this study, salinity stress significantly decreased the phosphate,
nitrate, zinc, molybdenum, magnesium, and iron contents in the shoots of the fennel
landraces of Urmia and Shiraz. Additionally, vermicompost alone and its interaction with
salt stress significantly increased the amounts of these elements in the shoots of the fennel
plants. Vermicompost treatment in 40 mM NaCl caused increased amounts of phosphate
(by 22.8% and 24.6% in the Urmia and Shiraz fennels), nitrate (Urmia, 10.3%; Shiraz, 15.8%),
zinc (Urmia, 12.6%; Shiraz, 20.1%), molybdenum (Urmia, 26%; Shiraz, 68.3%), magnesium
(Urmia, 13.7%; Shiraz, 26.6%), and iron (Urmia, 70.9%; Shiraz, 40.4%). It also induced an
increase in phosphate (Urmia, 32.1%; Shiraz, 56.6%), nitrate (Urmia, 14.6%; Shiraz, 17.9%),
zinc (Urmia, 20.9%; Shiraz, 74.2%), molybdenum (Urmia, 21.8%; Shiraz, 58.8%), magnesium
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(Urmia, 26%; Shiraz, 25.8%), and iron (Urmia, 59.6%; Shiraz, 40%) under 80 mM NaCl,
compared to the control group (Table 8, Figure 3).

Table 9. Analysis of variance of some elements of two fennel landraces.

Sources of Degrees of Shoot Zn (mg Shoot Mo (mg Shoot Mg (mg Shoot Fe (mg Shoot Shoot K Shoot Root Na Root Root Ca
Variation Freedom kg ~1 DW) kg ~1 DW) kg ~1 DW) kg~1 DW) Na (%) (%) Ca (%) (%) K (%) (%)
Landrace 1 1855.312 2983.709 154,291.9 2817.84 0.902 5112 0.481 9.879 5.951 0.026
Salinity 2 4371.429 7150.278 1,494,829 197,377.1 64.375 37.022 2.105 37.016 8.431 1.192
o - b et o - - ns - oy ns
Landrace x salinity 2 105.022 70.817 20,567.36 129.722 3.629 0.814 0.019 2.664 0.664 0.008
Vermicompost 1 3034.541 7652.167 262,280.5 87,428.64 9.203 18.855 0.968 8.754 5.179 1.839
Landrace x 1 ** * ** ** ns > ns ns * ns
vermicompost 189.521 121.073 5241.762 624.167 0.289 0.86 0.0001 0.017 0.661 0.001
Salinity x o P ** Py s ** . ns * o
vermicompost 2 564.889 1173.674 1742.007 6346.17 0.358 0.836 0.033 0.175 0.135 0.08
Landrace x salinity R o - - P . b by B " .
X vermicompost 22474 350.342 4749.172 223.214 0.49 0.702 0.052 0.283 0.113 0.003
Error 22 0.344 0.863 295.864 9.732 0.088 0.072 0.006 0.146 0.031 0.004
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Figure 3. Mean comparison of the effects of vermicompost and salinity stress interaction on some
elements in the shoots of the two fennel landraces. In each column, the averages that have at
least one letter in common are not significantly different according to Duncan’s multiple-range test
(p < 0.05). (SO: control; S40: 40 mM NaCl; S80: 80 mM NaCl; V0: without vermicompost; V1: with 5%
vermicompost; DW: dry weight).

Salinity stress caused a significant increase in the amount of sodium and a significant
decrease in the potassium and calcium of the shoots and roots of both fennel landraces.
With vermicompost alone, the sodium concentration in the roots of the Urmia landrace and
the shoots of both landraces decreased significantly. Potassium and calcium concentrations
also increased considerably in the shoots of both landraces. With the use of vermicompost
under saline conditions, the sodium concentration decreased significantly in the shoots
and roots of the fennel landrace of Shiraz at the levels of 40 (shoot, 10.6%; root, 21.5%) and
80 mM NaCl (shoot, 7%; root, 16.4%) and in the fennel landrace of Urmia at 80 mM NaCl
(shoot, 12.7%; root, 12.1%). Moreover, with the interaction of salinity and vermicompost,
the potassium and calcium concentrations considerably increased in the shoots and roots.
With the application of vermicompost and 40 mM NaCl salinity, potassium increased in
the shoot and root of the Urmia landrace by 26.3% and 19.2%, respectively, and by 25.25%
and 46% in the landrace of Shiraz. The amount of calcium in the shoot and root increased
by 56 and 71% in the Urmia landrace and by 65.6 and 75.7% in the Shiraz landrace. Under
a salinity of 80 mM NaCl, with the use of vermicompost, the amount of potassium in the
roots of both the Urmia and Shiraz landraces increased by about 28%, while it increased in
the shoot of the Shiraz landrace by 20.67% (Figure 4).
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Figure 4. Mean comparison of the effects of vermicompost and salinity stress interaction on the
concentration of sodium, potassium, and calcium in the shoots and roots of the two fennel landraces.
In each column, the averages that have at least one letter in common are not significantly different
according to Duncan’s multiple-range test (p < 0.05). (S0: control, S40: 40 mM NaCl, S80: 80 mM
NaCl, VO: without vermicompost, V1: with 5% vermicompost).

The increased absorption and accumulation of sodium and chloride ions cause a
decrease in the absorption of essential elements [92]. There are reports on the role of salinity
stress in decreasing the concentrations of magnesium [44] and potassium [26] in fennel;
the concentrations of iron, magnesium, phosphorus, and nitrogen in chickpea [93]; zinc
concentrations in wheat [94]; and calcium and magnesium concentrations in spinach [95].

According to the results, under saline conditions, the vermicompost treatment de-
creased sodium but increased the other elements in the fennel landraces. In this regard,
Abou El-Magd et al. [43] reported that an organic fertilizer increased the amount of nitro-
gen, phosphorus, and potassium in fennel but decreased the amount of sodium in this
plant. Bachman and Metzger [96] reported that vermicompost increased the supply of
nutrients such as nitrogen, phosphorus, potassium, calcium, and magnesium, which led
to improved plant growth. While salinity stress affected nitrate absorption due to the
competition of chloride and nitrate and the change in the plasma membrane, the use of
vermicompost under salinity increased the amount of nitrate in sunflowers [97]. Salt stress
inhibits ammonium assimilation [98], but the use of vermicompost increases the activity of
nitrate reductase, nitrite reductase, glutamine synthetase, and glutamate synthase when
exposed to salinity [97]. In a study by Beyk Khormizi et al. [22], salt stress reduced the
potassium and calcium in the leaves and roots of beans and increased sodium in these
organs. With the use of vermicompost, however, the potassium and calcium contents of the
leaves and roots increased while sodium decreased. The researchers attributed this issue
to abundant nutrients; plant hormones such as cytokinin, which can increase potassium
absorption; and the high water-storing capacity of vermicompost.

4. Conclusions

According to the results, salinity stress decreased chlorophylls, carotenoids, soluble
proteins, carbohydrates, relative water content, membrane stability index, and essential
macro and microelements. However, it increased sodium, proline, phenolic compounds,
and CAT activity, resulting in a decrease in the growth in both Urmia and Shiraz fennel
landraces. In this context, vermicompost was found to improve plant growth. Of the two
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landraces, Urmia plants were more evidently affected by salinity and vermicompost. It can
be concluded that the use of 5% vermicompost improves plant growth conditions, such as
the availability of water and essential minerals, and positively affects the amount of pho-
tosynthetic pigments, enzymatic and non-enzymatic antioxidants, mineral elements, and
osmotic compounds while limiting the adverse effects of salt stress on the growth of fennel.
Salinity stress increases the production of ROS, which causes damage to other biomolecules,
such as proteins, lipids, and pigments, and generally changes plant metabolism, which
results in reduced growth. It was demonstrated in this research that vermicompost applica-
tion leads to reduced oxidative damage, so plant metabolism was adjusted to reduce the
side effect of salinity on plant growth.
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