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ABSTRACT RESUMEN

Eryngium caeruleum is a perennial native plant that grows under 
diverse climatic conditions of Iran. This study aimed to inves-
tigate the effect of mycorrhizal and Azotobacter inoculation on 
the quantitative and qualitative characteristics of E. caeruleum at 
various planting densities. Factors included three levels of plant 
density (10×30 cm, 20×30 cm, and 30×30 cm), two levels of seed 
inoculation with Vesicular-Arbuscular Mycorrhiza (VAM) fun-
gi (inoculation with Glomus mosseae and without inoculation), 
and two levels of seed inoculation with Azotobacter chroococcum 
(with and without inoculation). The application of VAM fungi 
and A. chroococcum significantly affected the measured traits. 
The interaction effect of plant density×mycorrhizal application 
and plant density×Azotobacter application on dry leaf weight 
was significant at a 1% level. The total leaf dry weight for the 
VAM treatments at a 30×30 cm plant density was 2.93 g. Also, 
the application of mycorrhizal fungus increased the essential oil 
percentage, the essential oil yield, and phosphorus concentration 
in the aerial organs by 132.68%, 100%, and 137.5%, respectively, 
compared to the control treatment. The simultaneous applica-
tion of A. chroococcum and VAM improved the quantity and 
quality of the yield components of E. caeruleum by increasing 
the availability of mineral nutrients.

Eryngium caeruleum es una planta perenne nativa que crece en 
diversas condiciones climáticas de Irán. Este estudio tuvo como 
objetivo investigar el efecto de la inoculación de micorrizas y 
Azotobacter sobre las características cuantitativas y cualitativas 
de E. caeruleum en diferentes densidades de siembra. Los fac-
tores incluyeron tres niveles de densidad de plantas (10×30 cm, 
20×30 cm y 30×30 cm), dos niveles de inoculación de semillas 
con hongos Vesiculo-Arbuscular Micorriza (VAM) (inocu-
lación con Glomus mosseae y sin inoculación) y dos niveles de 
inoculación de semillas con Azotobacter chroococcum (con y sin 
inoculación). La aplicación de hongos VAM y A. chroococcum 
afectó significativamente las características medidas. El efecto 
de interacción densidad de plantas×aplicación de micorrizas 
y densidad de plantas×aplicación de Azotobacter sobre el peso 
seco de la hoja fue significativo a un nivel del 1%. El peso seco 
total de las hojas para los tratamientos VAM a una densidad 
de plantas de 30×30 cm fue de 2.93 g. Además, la aplicación del 
hongo micorrícico incrementó el porcentaje de aceite esencial, el 
rendimiento de aceite esencial y la concentración de fósforo en 
los órganos aéreos en 132.68%, 100% y 137.5%, respectivamente, 
en comparación con el tratamiento control. La aplicación si-
multánea de A. chroococcum y hongos VAM mejoró la cantidad 
y calidad de los componentes del rendimiento en E. caeruleum 
al aumentar la disponibilidad de nutrientes minerales.

Key words: oil crop, endemic herb, free-living N2 fixers, Glomus 
mosseae, local cuisine.

Palabras clave: cultivo oleaginoso, hierba endémica, fijadores 
de N2 de vida libre, Glomus mosseae, gastronomía local.
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Introduction

Eryngium caeruleum is one of the endemic plants of Iran 
with almost unknown potential that is neglected. It is an 
herbaceous perennial plant growing in northern Iran. E. 
caeruleum belongs to the family Apiaceae, represented by 
different species in the country. The plants of this family, 

especially of the genus Eryngium, could have a great po-
tential for the future production of herbal medicines. This 
plant is used as a medicinal plant and as a vegetable. The 
leaves of this plant are used to flavor cooked vegetables in 
various local dishes and used in soups or consumed mixed 
with yogurt (Khoshbakht et al., 2007). Few studies have 
reported the content of total phenolic compounds and 
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total flavonoids, and antioxidant properties of the alcoholic 
extract of the leaves (Dehghan et al., 2016). This plant is 
widely used in the medicine and food industry as a diuretic 
and appetite stimulant (Hashemabadi & Kaviani, 2011). The 
shoots and roots contain terpenoids, saponins, flavonoids, 
phenolic acids, polystyrene, and other biologically active 
compounds (Hashemabadi & Kaviani, 2011; Erdem et al., 
2015). Various species of Eryngium contain numerous phy-
tochemical compounds, and at least 127 compounds have 
been isolated and identified (Wang et al., 2012; Erdem et 
al., 2015). In addition, the plants of this genus contain vari-
ous nutrients, including vitamins, minerals, and proteins 
(Paul et al., 2011).

Using chemical fertilizers in intensive agriculture may 
cause damage to plant production, soil health, and en-
vironment (Anwar et al., 2005). One of food security’s 
most essential tasks is finding a suitable alternative to 
mineral fertilizers. The employment of these fertilizers 
has also increased climate pollution (Elser & Bennett, 
2011; Tubiello et al., 2015; Bauer et al., 2016). Moreover, 
biodiversity has decreased significantly in agriculture due 
to habitat loss (Tilman et al., 2017). The microorganisms 
and bacteria in soil affect the cycling of mineral nutrients 
such as nitrogen, sulfur, and phosphorus (Kumar et al., 
2018). Considering the beneficial microbial activities, 
biofertilizers have significant potential to increase the 
health and productivity of plants and reduce the need 
for synthetic fertilizers. Arbuscular mycorrhizal fungi 
(VAM) can form a symbiotic association with plants that 
benefits both partners through the acquisition and uptake 
of mineral nutrients, especially phosphorus, from the soil 
(Barea et al., 2011; Hoseinzade et al., 2016). Mycorrhiza, 
as a critical component in ecosystems, positively affects 
quantitative and qualitative characteristics of plants (Har-
rier & Watson, 2004; Gosling et al., 2006) Examples of the 
role of VAM in agricultural ecosystems include increasing 
the active surface area of the root system for better uptake 
of nutrients from soil, especially under phosphorus de-
ficiency (Kapoor et al., 2007), increasing photosynthesis 
(Copetta et al., 2006), increasing resistance to drought, 
salinity, and resistance to pests and diseases (Feng et al., 
2002; Pinior et al., 2005; Samarbakhsh et al., 2009), im-
proving soil structure (Celik et al., 2004), and increasing 
the activity of N2-fixing bacteria (Antunes et al., 2006). 
The variable performance of mycorrhizal fungi depends 
on the host plant; many studies have reported the posi-
tive effects of symbiosis of plants with mycorrhizal fungi 
(Jansa et al., 2008; Pellegrino & Bedini, 2014: Derkowska 
et al., 2015; Palencia et al., 2015). Koozehgar Kaleji et al. 

(2021) found that using mycorrhiza and organic fertil-
izers increased the quantitative and qualitative yield of 
Nasturtium officinale. 

Azotobacter is a free-living N2-fixing bacterium that pro-
duces various siderophores and can increase the absorption 
capacity of Zn, Fe, and Mo by plants, as well as the solubility 
of phosphorus from insoluble compounds; the use of these 
microorganisms constitutes one of the most effective ways 
to improve nutrient mobility and absorption (Mrkovacki 
et al., 2001). Azotobacter are free-living rhizobacteria that 
promote plant growth by producing auxins, gibberellins, 
and cytokinins, and making mineral nutrients, especially 
nitrogen, available to plants (Jnawali et al., 2015). Inocula-
tion with different Azotobacter species increased nutrient 
availability and synthesis of biologically active compounds, 
thus, positively affecting plant growth and yield (Rojas-
Tapias et al., 2012; Delshadi et al., 2017; Turan et al., 2017; 
Rodrigues et al., 2018).

Increasing planting density increases competition between 
plants for growth factors such as adequate space for branch-
ing and root growth and the acquisition of light, mineral 
nutrients, and moisture (Bairagi, 2014). Ahmad and Ab-
dulla (2016) compared the effects of three planting densities 
(20×20 cm, 30×30 cm, and 40×40 cm) on fenugreek and 
observed the highest plant dry weight at the highest plant 
density (40×40 cm). This study evaluated the effects of the 
joint application of Azotobacter chroococcum and VAM 
with various plant densities on growth performance and 
shoot nutrient content of E. caeruleum. 

Materials and methods

The experiment was conducted in 2016-2017 in Aboksar, 
a village in Mazandaran province (northern part of Iran) 
located at 53º62’ E, 36º46’ N, and an elevation of 17.3 m 
a.s.l. with moderate climate (Tab. 1) in a factorial random-
ized block design with five replicates with 685 plants per 
replicate and a total 3425 plants.

Factors included three levels of planting density of the E. 
caeruleum plants (10×30 cm, 20×30 cm, and 30×30 cm), 
two levels of seed inoculation with VAM fungi (without 
and with inoculation with Glomus mosseae, a soil-based 
inoculum of a local isolate, which consisted of 1200 
spores/100 g of soil) and two levels of seed inoculation 
with Azotobacter chroococcum (without and with inocu-
lation); a bacterial culture was produced by the Soil and 
Water Research Institute, Iran Ministry of Agriculture, 
using 0.5 L ha-1 at the time point (CFU=108). Seeds from 
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wild plants were surface sterilized with 0.5% sodium hy-
pochlorite for 3 min and then washed thoroughly before 
sowing. For the VAM inoculation treatments, a thin layer 
of 5 g of G. mosseae inoculum containing 1200 spores per 
100 g of soil was spread 2 cm below the soil surface; then, 
the seeds were sown separately in each plot. A vermicom-
post of 5 t ha-1 (animal origin) was calculated and applied 
on each plot. The size of each plot was 1.5×1.5 m2, and each 
plot was planted with six rows. The results of the loam 
soil (Entisols according to the USDA soil classification) 
and organic manure analysis are shown in Table 2. In the 
first stage, the basic tests include the determination of soil 
texture by the hydrometric method (Bouyoucos, 1962), 
organic carbon by the Walkley and Black method (Nel-
son, 1982), equivalent calcium carbonate by back titra-
tion method, and the electrical conductivity of saturated 
extract and pH of saturated soil paste (Page et al., 1982).

Planting operations were carried out in November 2016, 
including irrigation, thinning, and weeding. Watering of 
the plants was done every 4 d. The plants were thinned 
to achieve adequate density at the 4-5 leaf stage (after the 

plants were fully established). Finally, the predefined plant 
density was kept constant in each plot. Vegetative organs 
were harvested to measure morphological characteristics 
and essential oil content at the end of the vegetative pe-
riod (formation of the f lowering stem). For this purpose, 
eight plants per plot were randomly selected, and leaf area 
and dry weight of leaves were measured and recorded 
separately. The relative chlorophyll content in plants 
was measured in leaves of the highest expansion at the 
pre-flowering stage using SPAD 502 PLUS. The selected 
plants of each plot were manually harvested and separately 
placed in the package and labeled. The harvested plants 
were dried for 10 d under natural conditions without 
exposure to sunlight. After crushing the leaves, 20 g of 
the leaf samples were mixed with distilled water in the 
Clevenger apparatus (Sina Glass, Tehran, Iran) to extract 
the essential oil. The extraction time for the essential 
oil was 3 h for all samples. After the oil was dehydrated 
with sodium sulfate, the oil content was determined as 
a percentage. To determine nutrient concentrations, the 
collected leaves were dried and pulverized with an elec-
tric mill and digested with sulfuric acid, salicylic acid, 

TABLE 1. Climate conditions of the experiment site.

Total hours of 
sunshine

Solar radiation
(MJ m-²)

Relative air humidity (%)Total rainfall
(mm)

Air temperature (°C)
MonthYear

MinMaxAverageMinMaxAverage

184.5448.3579576205.916.526.721.6September

2016
147.7407.661967989.710.819.515.2October

144.1261629679133.26.115.310.7November

166.92705794765.71.912.57.2December

153.4259.460957925.41.411.55.2January

2017

124.8349.359947726.66.415.511.0February

217.4407.254977653.38.619.814.2March

232.7532.64892704.415.727.221.3April

273.6636.2509472136.120.030.825.3May

226.3667.45393735.223.131.827.4June

309.9615.54490678.822.533.828.1July

213.7714.45290711.222.832.427.6August

TABLE 2. Physical and chemical properties of experiment soil and chemical properties of vermicompost.

Soil
Texture OC 

(%)
Potassium
(mg kg-1)

Nitrogen
(%)

Phosphorus
(mg kg-1)

OM
(%)

Lime 
(%) pH EC

(dS m-1)
Depth
(cm)

Loam 1.9 296 0.15 6.7 3.27 27 7.63 0.54 0-30

Vermicompost
Nitrogen Phosphorus

(%)
Potassium

(%)
Copper

(mg kg-1)
Zinc

(mg kg-1)
Manganese
 (mg kg-1)

Iron
(mg kg-1)

Magnesium 
(%)

Calcium
(%)

OC
 (%)

1.3 0.98 0.45 0.98 57.7 501 1069 0.67 2.85 16.8

OC – organic carbon contents; OM – soil organic matter contents; EC – electrical conductivity.
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hydrogen peroxide, and selenium to prepare the extracts 
(Emami, 1996). The leaf area was measured using ImageJ 
software. The amount of essential oil was weighed with 
a balance of 0.0001 g and calculated as the percentage 
and essential oil yield in kg ha-1. Nitrogen content was 
determined using titration after distillation in the Kjeltec 
Autoanalyzer (Bremner & Mulvaney, 1982). The amount 
of phosphorus was analyzed by the colorimetric method 
(yellow molybdenite vanadate) (Emami, 1996). Foliar 
contents of iron, copper, zinc, manganese, and potassium 
were measured by atomic absorption, and potassium 
content was analyzed using a f lame emission photometer 
Jenway™ PFP7 (Emami, 1996). Data were statistically 
analyzed by analysis of variance (ANOVA) using SAS 
software v 9.4, and mean comparisons were estimated at 
a probability level of 5% using the LSD test.

Results 

Leaf dry weight
Analysis of variance (Tab. 3) showed that  application of 
biofertilizer and the interaction of plant density and bio-
fertilizer had a significant effect on the dry weight of leaves 
(P<0.01). The mean comparisons showed that the highest 
dry weights were 2.93 g when treated with VAM at a plant 
density of 30×30 cm (Tab. 4).

Leaf area
According to the analysis of variance (Tab. 3), the applica-
tion of Azotobacter and VAM had a significant effect on leaf 
area (P<0.01), and density had a significant effect (P<0.01). 
Based on the mean comparison data, all fertilizer treat-
ments increased leaf area compared to the control group. 

TABLE 3. Analysis of variance with the effects of biofertilizers on Eryngium caeruleum traits.

Sources df Leaf area Leaf dry weight Essential oil percentage Essential oil yield Chlorophyll content

Replicate 4 4538.11 0.39 22.77 6.11 0.631

Density 2 15181.54** 1.01** 10.33ns 0.00ns 2.18ns

VAM fungi 1 1715692.23** 5.19** 702.76** 0.348** 59300.74**

Azotobacter 1 162415.63** 5.87** 3484.09** 1.23** 107964.003**

Density and VAM fungi 2 7587.73ns 1.28** 15.16ns 0.00ns 0.139ns

Density and Azotobacter 2 798.592ns 0.576** 18.81ns 0.00ns 2.16ns

Error 32 3436.91 0.04 7.77 5.73 1.98

Coefficient of variations 9.85 9.41 0.97 0.24 6.19

ns, * and **: non-significant and significant at 5% and 1% probability levels of LSD, respectively.

TABLE 4. Mean comparison effect of biofertilizers on Eryngium caeruleum traits.

Treatment Leaf area
(cm2)

Leaf dry weight
(g)

Chlorophyll content 
(SPAD units)

Essential oil
percentage

Essential oil yield
(kg ha-1)

Plant density × without biofertilizer 
(Control)

D1 411.63 e 1.60 d 32.02 d 0.41 c 90.48 c

D2 403.47 e 2.18 b 36.04 c 0.41 c 90.62 c

D3 387.90 f 2.03 c 34.20 c 0.42 bc 90.78 c

Plant density × inoculation with 
Azotobacter

D1A1 555.07 c 2.60 a 42.66 b 0.63 b 181.56 b

D2A1 569.38 c 2.00 c 44.70 b 0.63 b 179.83 b

D3A1 518.22 d 2.64 a 43.94 b 0.63 b 181.43 b

Plant density × inoculation with 
Glomus mosseae

D1V1 846.32 b 2.04 c 54.78 a 0.82 a 210.26 a

D2V1 944.19 a 2.84 a 56.80 a 0.82 a 210.53 a

D3V1 845.55 b 2.93 a 55.34 a 0.81 a 210.80 a

Means in each column followed by similar letters are not significantly different at the 5% probability level- using LSD Multiple Range Test.

D1: plant density 30×10 cm, D2: plant density 30×20 cm, D3: plant density 30×30 cm (without biofertilizer).

D1A1: plant density 30×10 cm × inoculation with Azotobacter, D2A1: plant density 30×20 cm × inoculation with Azotobacter, D3A1: plant density 30×30 cm × inoculation with Azotobacter.

D1V1:  plant density 30×10 cm × inoculation with G. mosseae, D2V1: plant density 30×20 cm × inoculation with G. mosseae, D3V1: plant density 30×30 cm × inoculation with G. mosseae.
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The highest and the lowest leaf area was recorded in the 
VAM treatment (944.19 cm2) and the control group (403.47 
cm2), respectively (Fig. 1).
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FIGURE 1. Leaf area of Eryngium caeruleum after applying biofertilizers 
at three planting densities (cm). The error bars indicate standard errors.
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FIGURE 2. Essential oil percentage in leaves of Eryngium caeruleum after 
applying biofertilizers at three planting densities (cm). The error bars 
indicate standard errors.

Essential oil content
Analysis of variance (Tab. 3) showed that the VAM, and 
Azotobacter had a significant effect on essential oil content 
in leaves (P<0.01). The comparison of the mean interaction 
showed that the highest content was found in the treatments 
with VAM and plant density of 10×30 cm and 20×30 cm 
with 0.82% and the lowest in the control treatment with 
0.41% (Fig. 2).

Essential oil yield
The results of the analysis of variance (Tab. 3) showed that 
the different fertilizer treatments had a significant effect 
on the essential oil yield of E. caeruleum (P<0.01). A com-
parison of mean values showed that the VAM treatments 
gave the highest oil yield with an average of 210.53 kg ha-1, 
and the control treatment gave the lowest with an average 
of 90.48 kg-1 (Fig. 3).
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FIGURE 3. Essential oil yield in Eryngium  caeruleum after applying bio-
fertilizers at three planting densities (cm). The error bars indicate stan-
dard errors.

Chlorophyll content
The results of the analysis of variance (Tab. 3) showed that 
the application of biofertilizer had a significant effect on 
the chlorophyll index (P<0.01). Plant density and its inter-
action with biofertilizer did not affect relative chlorophyll 
content. The mean comparison results showed that the 
highest and lowest chlorophyll content were found in the 
VAM treatment and control treatment at 56.80 and 32.02, 
respectively (Fig. 4).
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FIGURE 4. Chlorophyll content (SPAD units) in Eryngium  caeruleum lea-
ves after applying biofertilizers at three planting densities (cm).

Mineral nutrient uptake 
Analysis of variance (Tab. 5) showed that the application 
of biological fertilizers significantly increased the nutrient 
content in E. caeruleum (P<0.01). The mean comparison 
results showed that the highest and lowest nitrogen content 
was found in the Azotobacter treatment and control treat-
ment with 0.71% and 0.51%, respectively (Fig. 5). Similarly, 
the highest and lowest phosphorus contents were found 
in the VAM treatment at 0.19% and the control treatment 
at 0.08% (Fig. 6). Compared to the control treatment, 
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inoculation with VAM and Azotobacter increased the con-
centration of iron, manganese, zinc, and copper by 1749.5, 
180.9, 25.22, 14.02 mg kg-1, respectively, and magnesium by 

0.11%. The average comparison also showed that the VAM 
treatment had the highest contents of potassium (0.599%) 
and calcium (2.88%) (Tab. 6).

TABLE 5. Analysis of variance with the effects of biofertilizers on foliar nutrient content of Eryngium caeruleum.

Sources df Nitrogen Phosphorus Potassium Magnesium Iron Zinc Copper Manganese Calcium

Replicate 4 0.001 0.19 0.00 0.05 0.08 0.37 0.26 1.65 0.54

Density 2 1.000ns 0.086* 0.009** 0.089ns 0.81ns 0.948ns 0.43ns 49.87** 0.89ns

VAM fungi 1 0.001ns 1.44** 0.001** 0.690** 1597828.40** 186.00** 207.50** 19278.67** 0.16ns

Azotobacter 1 0.236** 1.29** 0.001** 0.016ns 2587438.27** 103.78** 1.82** 74710.28** 0.69**

Density and VAM fungi 2 0.001ns 0.52** 0.001** 0.27ns 0.440* 0.507** 0.30** 3.87** 0.49ns

Density and Azotobacter 2 0.001ns 1.02** 0.000ns 0.049ns 0.361ns 0.22** 0.284** 6.82** 0.02ns

Error 32 0.11 0.02 0.004 0.82 0.129 0.44 0.43 0.59 0.08

Coefficient of variations 1.39 3.81 0.85 6.98 0.02 0.86 2.08 0.46 0.35

ns, * and**: non-significant and significant at 5% and 1% probability levels, respectively.
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FIGURE 5. Foliar nitrogen contents of Eryngium caeruleum after applying 
biofertilizers at three planting densities (cm).

FIGURE 6. Foliar phosphorus contents of Eryngium caeruleum after 
applying biofertilizers at three planting densities (cm).

TABLE 6. Mean comparison of nutrient content in leaves of Eryngium caeruleum under the influence of biological fertilizer application at different 
planting densities.

Treatment Nitrogen
(%)

Calcium
(%)

Phosphorus
 (%)

Potassium
(%)

Magnesium
 (%)

Iron
(mg kg-1)

Zinc
(mg kg-1)

Copper
(mg kg-1)

Manganese
(mg kg-1)

Plant density × without  
biofertilizer (Control)

D1 0.51 c 1.77 e 0.08 c 0.564 c 0.07 b 1161.5 c 22.00 c 8.79 c 77.69 c

D2 0.53 b 1.80 d 0.08 c 0.608 a 0.07 b 1160.0 c 22.26 c 8.82 c 78.24 c

D3 0.54 b 1.80 d 0.09 c 0.566 c 0.08 b 1161.3 c 22.19 c 8.77 c 78.96 c

Plant density × inoculation with 
Azotobacter

D1A1 0.71 a 2.88 a 0.10 b 0.556 d 0.10 a 1748.2 a 24.48 b 9.1 b 175.84 a

D2A1 0.71 a 2.88 a 0.10 b 0.558 d 0.11 a 1749.5 a 25.18 a 9.0 b 179.28 a

D3A2 0.71 a 2.88 a 0.10 b 0.560 d 0.11 a 1749.3 a 25.22 a 9.2 b 180.9 a

Plant density × inoculation with  
G. mosseae

D1V1 0.54 b 2.42 b 0.18 a 0.571 b 0.10 a 1622.4 b 23.50 b 13.58 a 128.08 b

D2V1 0.54 b 2.42 b 0.19 a 0.581 b 0.9 a 1623.2 b 24.00 a 13.74 a 128.68 b

D3V1 0.54 b 2.38 c 0.19 a 0.599 a 0.10 a 1622.6 b 23.60 b 14.02 a 131.94 b

Means in each column followed by similar letters are not significantly different at the %5 probability level using LSD Multiple Range Test.

D1: plant density 30×10 cm, D2: plant density 30×20 cm, D3: plant density 30×30 cm.

D1A1: plant density 30×10 cm × inoculation with Azotobacter, D2A1: plant density 30×20 cm × inoculation with Azotobacter, D3A2: plant density 30×30 cm × inoculation with Azotobacter.

D1V1:  plant density 30×10 cm × inoculation with G. mosseae, D2V1: plant density 30×20 cm × inoculation with G. mosseae, D3V1: plant density 30×30 cm × inoculation with G. mosseae.
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Discussion

The application of VAM and Azotobacter significantly 
affected the characteristics of E. caeruleum, including 
morphological characteristics and dry weight, leaf area, 
chlorophyll content, percent essential oil, essential oil 
yield, and nutrient uptake (Tab. 3). Vermicompost with 
high porosity can absorb and store considerable amounts 
of minerals and release them gradually. In addition, its high 
water-holding capacity (Arancon et al., 2004) affects the 
growth of the studied plants. Furthermore, the application 
of vermicompost, VAM, and Azotobacter increases the 
growth of the plants and causes a significant difference 
compared to the control group due to the release of macro 
and microelements, vitamins, enzymes, and growth-pro-
moting hormones, as well as the increase in the number of 
efficient soil microorganisms. As shown in Tables 5 and 6, 
the application of VAM, Azotobacter, and vermicompost 
improved the morphological characteristics compared to 
the control group. Table 4 also shows that all measured 
traits improved when treated with VAM and Azotobacter. 
The results of this study are consistent with the findings 
of Koozehgar Kaleji and Ardakani (2018) and Koozehgar 
Kaleji and Ardakani (2019), who reported an increase in 
leaf area, essential oil percentage, essential oil yield, and 
dry leaf weight of E. caeruleum M. Bieb and Froriepia sub-
pinnata with the use of organic fertilizers and mycorrhiza. 
Mycorrhizal symbiosis of fungi with plants can increase 
nutrient uptake by the plants and yield (Chen et al., 2017). 
Other experimental results on tomato plants induced by 
VAM inoculation showed that leaf area and nitrogen, potas-
sium, calcium, and phosphorus content increased (Balliu et 
al., 2015). Another study observed that the application of 
Azotobacter and mycorrhiza increased the chlorophyll con-
tent of the plant Prosopis chilensis ([Molina] C.E. Hughes 
& G.P. Lewis) compared to the control (Faramawy, 2014). 
Determining the optimum plant density could be critical 
for plant growth and yield. Optimal plant density prevents 
inter-plant competition and increases product and final 
dry matter by increasing light, nutrient, and water uptake 
efficiency and reducing evapotranspiration. The increase 
can be attributed to the uptake of nutrients, especially phos-
phorus (Larimi et al., 2014). Other studies have shown that 
G. mosseae increases the essential oil content of Origanum 
majorana (L.) (Khaosaad et al., 2006). Also, two species 
of mycorrhizal fungi (Glomus fasciculatum [Rhizoglomus 
fasciculatum (Thaxter) Sieverding, G.A. Silva & Oehl], Glo-
mus macrocarpum Tul. & C. Tul.) increased the growth and 
essential oil concentration of fennel (Kapoor et al., 2004) 
and coriander (Kapoor et al., 2002). Using biofertilizers 
increased the yield and essential oil content of Ocimum 

basilicum L. (Al-Mansour et al., 2018). Since the essential 
oil yield is related to the percentage of essential oil and the 
dry weight of the plant, any increase in these two param-
eters may result in a higher yield of oil. Rueda et al. (2016) 
showed that inoculation of Azospirillum and Azotobacter 
with Fragaria vesca L. increased plant height, dry weight 
of roots and shoots, leaf area, chlorophyll content, nutri-
ent content, and plant yield. Tang et al. (2009) found that 
maize inoculated with G. mosseae had higher chlorophyll 
synthesis, significantly improving plant photosynthesis. 
This improvement was attributed to increased nitrogen 
uptake by inoculated plants. Inoculation of A. chroococ-
cum, Pseudomonas putida (Trevisan), Bacillus polymyxa or 
Paenibacillus polymyxa (Prazmowski), and VAM signifi-
cantly increased root and shoot biomass, chlorophyll, and 
NPK content in plants (Vafadar et al., 2014). The results on 
phosphorus, copper, zinc, and manganese agree with the 
results of Koozehgar Kaleji and Ardakani (2018). Another 
study showed that the effect of mycorrhizal inoculation 
on the concentrations of iron, manganese, and copper was 
significant (P<0.01); inoculation with VAM fungi increased 
the concentrations of nutrients such as iron, manganese, 
zinc, and copper by 142, 67.6, 21, and 12 units, respectively, 
compared to the control treatment (Ortas & Bykova, 2018). 
The results of this study are consistent with the findings 
of Zhang et al. (2016), who found that inoculation of my-
corrhiza increased phosphorus contents in plants. Root 
colonization by VAM and bacteria can increase root length 
and surface area, thus, increasing water and nutrient up-
take, especially under drought conditions (Marulanda et 
al., 2006; Marulanda et al., 2009). Other research results 
showed that inoculation with mycorrhizal fungi increased 
the absorption of nitrogen, phosphorus, potassium, zinc, 
iron, and copper in sesame plants compared to the control 
(Askari et al., 2018).

Conclusions

Application of VAM and Azotobacter treatments at dif-
ferent plant densities increased the dry weight of leaves, 
essential oil yield, leaf area, and oil content. In addition,  
increasing plant density increased yield components. 
Increases in yield and yield components of E. caeruleum 
due to the use of a biological fertilizer can be attributed 
to the increased absorption of nutrients, such as nitrogen, 
phosphorus, potassium, and a microbial population in the 
rhizosphere in the soil.  Inoculating the seed with growth-
promoting bacteria apparently increased the growth of 
E. caeruleum by creating a cycle that provided nutrients 
through the production of fungal mycelia, which increased 
nutrient uptake by the roots and indicated enhanced 
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microbial activity in the soil. Additional tests showed that 
mycorrhizal symbiosis, vermicompost and Azotobactor 
applications increased plant growth and  yield. The study 
show that the combination of low-input systems, free-living 
nitrogen-fixing bacteria, and VAM could be a suitable 
alternative to chemical fertilizers and complete fertilizers, 
especially in low-input systems or organic farming.
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