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Abstract: Balangu is a medicinal plant used in the Iranian traditional medicine to treat nervous, 

hepatic and renal diseases. To determine the effects of Myco-Root biofertilizer and chitosan nano-

particles (Cs-NPs) on the physiological and biochemical properties of balangu (Lallemantia iberica 

(M.Bieb.) Fisch. & C.A.Mey.) under different irrigation levels, an experiment was laid out as a fac-

torial based on completely randomized design (CRD) with twelve treatments and three replications. 

The first factor was represented by different irrigation regimes, including no water deficit (90% FC), 

mild water deficit (60% FC) and severe water deficit (30% FC); the second factor included control 

(no Myco-Root and Cs-NPs), inoculation with Myco-Root biofertilizer, foliar application of chitosan 

nanoparticles (Cs-NPs) and co-application of Cs-NPs along with Myco-Root. The results showed 

that the highest fresh and dry weight, chlorophyll and carotenoid content, chlorophyll index 

(SPAD) and fluorescence indices were obtained in 90% FC treated with Cs-NPs+ Myco-Root. In 

addition, the maximum activity of superoxide dismutase (SOD), ascorbate peroxidase (APX) and 

peroxidase (POX) was achieved in 60% FC with application of Cs-NPs+ Myco-Root. Moreover, the 

maximum essential oil content (1.43%) and yield (0.25 g pot−1) were recorded in 60% FC following 

the application of Cs-NPs+ Myco-Root. Chemical analysis of essential oil showed that germacrene 

D (31.22–39.77%), (E)-caryophyllene (16.28–19.82%), bicyclogermacrene (7.1–9.22%) and caryo-

phyllene oxide (3.85–6.96%) were the major volatile constituents of balangu. Interestingly, the max-

imum contents of germacrene D and (E)-caryophyllene were recorded in 60% FC after the applica-

tion of Cs-NPs+ Myco-Root. Overall, it can be concluded that co-application of Cs-NPs+ Myco-Root 

could be a sustainable and eco-friendly strategy for improving the essential oil quantity and quality, 

as well as physiological characteristics, of balangu under water deficit conditions. 
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1. Introduction 

Balangu (Lallemantia iberica (M.Bieb.) Fisch. & C.A.Mey.) is an annual, herbaceous 

plant belonging to the Lamiaceae family which is distributed in Southwest Asia and Eu-

rope [1]. Balangu leaves and seeds are used in the pharmaceutical, cosmetic, health and 
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food industries due to their content of secondary metabolites, fiber, polysaccharides, pro-

tein and oil [2–4]. This plant is used in the treatment of various disorders, such as neuro-

logical, liver, dry cough and kidney diseases [5]. In addition, it is utilized in an extensive 

range of conventional beverages and industrial products in Iran and Turkey [6]. It was 

reported that the germacrene D, (E)-caryophyllene, bicyclogermacrene and caryophyllene 

oxide are the major essential oil (EO) constituents of L. iberica [7]. 

Drought stress is one of the most common environmental factors that limits crop pro-

duction in arid and semi-arid regions [8]. Drought stress causes various physiological and 

metabolic reactions, such as reduction in plant height, total fresh and dry weight and rate 

of photosynthesis and stomatal closure [9]. Osmotic adjustment in plant cells under water 

stress is known as a common physiological adaptation. Among these, common solutes 

such as proline and soluble carbohydrates play an important role in osmotic regulation, 

stabilize structures of proteins and ultimately protect membranes from damages [10]. Ad-

ditionally, water deficiency decreases cell turgor and leaf water content, which leads to 

decline in leaf area, cell growth and, consequently, an imbalance between antioxidants 

defenses and the number of reactive oxygen species (ROS) [11]. Excessive accumulation 

of ROS can enhance cell membrane oxidation and cause direct damage to DNA, proteins, 

pigments, lipids and other essential molecules, resulting in cell death and biomass loss. In 

this situation, the activity of antioxidant enzymes, such as peroxidase (POX), superoxide 

dismutase (SOD), ascorbate peroxidase (APX) and catalase (CAT), help to eliminate ROS 

and protect against stress [12].  

In addition to the negative impacts of drought stress on plant productivity, the nu-

trient use efficiency of chemical fertilizers reduces in water deficit conditions due to the 

decrease of mass flow and nutrient diffusion, which leads to an increase in production 

costs [13]. It is worth noting that, in intensive agricultural systems, the application of 

chemical fertilizers plays a noteworthy role in plant growth and yield. The massive appli-

cation of chemical inputs in these farming systems, in addition to creating human health 

hazards, is causing negative impacts on the environmental ecosystems [14]. Moreover, the 

excessive usage of chemical fertilizer decreases the yield of bioactive compounds in me-

dicinal and aromatic plants [13,15]. Therefore, new, sustainable and eco-friendly strategies 

are required for improving the EO quantity and quality of medicinal and aromatic plants, 

especially in arid and semi-arid regions. The application of nanofertilizer and inoculating 

plants with biofertilizers, such as arbuscular mycorrhiza fungi, are known as an alterna-

tive strategy for improving plant productivity and quality under drought stress condi-

tions [16]. 

Chitosan (Cs) is the second most abundant polymer on earth and is part of the cell 

wall of many fungi, insects and some algae [17]. Cs can be used as a functional agent for 

improving the concentrations of plant nutrients, such as copper, iron, manganese, etc., 

which positively affect plant yield and quality traits [18]. Cs can improve plant tolerance 

to biotic and abiotic stresses by increasing antioxidant enzyme activity [19,20]. Cs im-

proves stem and root growth and photosynthetic pigments and regulates phenolic and 

enzymatic activities under drought stress conditions [21,22]. Cs is a natural polymer, en-

vironmentally friendly, biodegradable, non-toxic and is classified as a stimulant in plants, 

triggering genes activating the biosynthetic pathways of secondary metabolites [23,24]. 

Previous studies reported that the application of Cs-NPs improves EO quantity and qual-

ity of medicinal and aromatic plants. For example, Alizadeh et al. [25] reported that Cs-

NPs improve the content of total phenol, soluble sugars and proline, as well as increasing 

antioxidant activity and EO content and quality of summer savory (Satureja hortensis L.) 

under drought stress. 

Arbuscular mycorrhiza fungi (AMF) are the main components of the plant rhizo-

sphere flora in the natural ecosystem. Mycorrhizal fungi can form mutualistic symbiotic 

associations with more than 80% of plant species which improve plants growth character-

istics [26,27]. The positive impacts of AMF symbiosis with plant roots are multiple and 

variable. Mycorrhizal fungi can enhance water uptake through improvement of the root 
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hydraulic conductivity through a larger surface area of the mycelium [28]. The symbiotic 

association between plant roots and fungi increases access to nutrients,  especially those 

with low mobility, such as phosphorus, zinc and copper, over time [28–30]. Moreover, it 

was reported that the inoculation of mycorrhizal fungi with host plants improves plant 

tolerance in the face of biotic and abiotic stresses through increasing the activity of anti-

oxidant enzymes, reducing chlorophyll decomposition rate and promoting chlorophyll 

synthesis [31,32]. In recent years, the application of mycorrhizal fungi has been used as an 

eco-friendly method to increase the quantity and quality of medicinal and aromatic plants, 

especially in stressful conditions. The inoculation of mycorrhizal fungi (Funneliformis 

mosseae) in thyme plants under drought stress conditions enhanced the EO content and 

quality by increasing the main EO constituents, such as thymol, p-cymene and γ-terpinen, 

[14]. The co-application of mycorrhizal fungi and TiO2 nanoparticles enhanced the main 

EO constituents of sage (Salvia officinalis L.), including cis-thujone, trans-thujone and 1,8-

cineole [13]. Another study by Pirzad and Mohammadzadeh [32] showed that mycorrhi-

zal fungi reduce the effects of unfavorable water deficit stress in three Lamiaceae species, 

including lavender (Lavandula angustifolia Mill.), rosemary (Rosmarinus officinalis L.) and 

thyme (Thymus vulgaris L.). It was found that mycorrhiza inoculation under drought stress 

conditions improved growth parameters, grain yield, chlorophyll index and antioxidant 

activity in two species of balangu plants (Lallemantia iberica L., Lallemantia royleana L.) [2]. 

Considering the negative effects of drought stress on plants, improving the quantity 

and quality performance of medicinal plants in these conditions has become a major chal-

lenge in the agricultural sector. Research about the effects of nano- and biofertilizer on the 

morphological, physiological and phytochemical characteristics of balangu under 

drought stress conditions has not drawn adequate interest to date. Therefore, this study 

aimed to investigate the effectiveness of Cs-NPs and Myco-Root on balangu morphologi-

cal and physiological characteristics and EO quantity and quality under drought stress 

conditions.  

2. Materials and Methods 

2.1. Plant Material and Experimental Setup 

To evaluate the morphological, physiological and biochemical responses of L. iberica 

to foliar application of Cs-NPs and inoculation with Myco-Root biofertilizer under differ-

ent irrigation regimes, a factorial experiment was conducted based on a completely ran-

domized design (CRD) in the greenhouse of the Department of Production Engineering 

and Plant Genetics, Faculty of Agriculture, University of Maragheh, Maragheh, Iran. The 

first factor was represented by irrigation regimes at three levels, no water deficit (90% FC), 

moderate (60% FC) and severe (30% FC) water deficit; the second factor was represented 

by different fertilizer sources: non-fertilizer (control), inoculation with arbuscular mycor-

rhizal fungi biofertilizer (Myco-Root), chitosan nanoparticles (Cs-NPs) and co-application 

of Cs-NPs+ Myco-Root.  

Balangu seeds were planted in containers including cocopeat and perlite in a ratio of 

2:1. Four weeks from planting and in the four-leaf stage, the seedlings were transferred to 

disposable cups and, after the 15-leaf stage, transplanted to 5 L plastic pots with a diame-

ter of 21 cm containing 50% farm soil, 25% sand, 15% rotted manure and 10% perlite. First, 

the soil was autoclaved for 1 h at 121 °C in 1.2 atmospheric pressure. Irrigation of pots in 

the first and second weeks after transplanting was regular and based on the plant needs 

and soil field capacity (90% FC). After the plants were fully established, water deficit stress 

was applied until full flowering. The drought stress was applied by weighing the pots 

daily during 90 days of cultivation. To determine the field capacity (FC), the soil of each 

pot was weighed and then irrigated up to the saturation level. Subsequently, the pots were 

covered by a plastic, and, after 24 h, the soils were weighed when the waste water of soil 

came out. Finally, the soil samples were dried in an oven at 100 °C for 24 h, and their 

weights were recorded. The FC was calculated from the following equation [33]:  
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FC(%) =
(�����)

��
× 100  (1)

FC: Percentage of field capacity; 

Wf: Soil weight in the field capacity; 

Wd: Weight of soil dried in the oven. 

Biofertilizer (Myco-Root) was obtained from Zist Fanavar Sabz Company, Iran. In 

Myco-Root treatments, 20 g of three species of arbuscular mycorrhizal fungi (Funneliformis 

mosseae, Rhizophagus intraradices and  Claroideoglomus etunicatum) were added to each pot. 

Cs-NPs (85% acetylation, Sigma Chem. Co.,Street St. Louis, MO, USA) were sprayed three 

times in 10-leaf growth stage with an interval of 5 days. For this purpose, Cs was dissolved 

in 3% (v/v) 0.1 M acetic acid by gentle heating at 60 °C and continuous stirring for 12 h 

and then the pH was adjusted to 5.6 using 1 M NaOH solution. Finally, the Cs nanoparticle 

was dissolved in sterile, distilled water and sprayed on balangu plants at concentration of 

0.5% w/v. 

2.2. Photosynthetic Pigments 

In flowering stage, 0.5 g fresh tissue of balangu was homogenized in 10 mL of 80% 

acetone, and the homogenate solution was centrifuged at 12,000 rpm for 15 min. Finally, 

the absorbance was read at 663 nm, 645 nm and 470 nm by a UV spectrophotometer (UV-

1800, Shimadzu, Tokyo, Japan), and the content of chlorophyll a, b, total and carotenoids 

was calculated in mg g−1 FW based on the following equations [34]: 

Chlorophyl a = (19.3 A663 − 0.86 A645) V/100 W  (2)

Chlorophyl b = (19.3 A645 − 3.6 A663) V/100 W  (3)

Carotenoids = 100 A470 − 3.27 Chlorophyl a − 104 Chlorophyl b/227  (4)

2.3. Essential Oil Isolation 

Essential oil was obtained from 40 g of the shade-dried balangu leaves for 3 h using 

a British Pharmacopoeia model Clevenger-type apparatus. Isolated essential oil was dried 

over anhydrous sodium sulphate sealed in dark vials and kept at 4 °C until analysis [35]. 

Additionally, the essential oil yield was calculated according to the following equation 

[36,37]: 

Essential oil content (EO%) = (weight of essential oil/40 g) × 100  (5)

Essential oil yield = Total dry matter × EO%  (6)

2.4. Identification of Essential Oil Compounds 

To identify the EO constituents, a gas chromatographic device connected to mass 

spectrometry (GC-MS) model Agilent 5977A, Stevens Creek Blvd. Santa Clara, CA, USA, 

with HP-5 MS column (5% phenylmethyl polysiloxane, 30 m length, 0.25 mm internal di-

ameter and 0.1 μm film thickness), was used. In the oven, first the temperature reached 

60 °C in 5 min, then gradually increased at a rate of 3 °C min−1 to reach a temperature of 

240 °C. It was then kept at this temperature for 20 min. Helium was used as the carrier gas 

at a flow rate of 1 mL min−1. The ionization voltage was 70 electron volts (EV) in the elec-

tron impact (EI) mode, and the temperature of the mass detector was 220 °C. The injection 

chamber was set in the split mode (split ratio 1:30), and the mass absorption range was 

from 40 to 400 m z−1. Before injection, the essential oils were diluted in n-hexane (1:100) 

and then 1 μL of diluted samples was injected into the instrument. In order to calculate 

the compound inhibition index, a mixture of aliphatic hydrocarbons (C8–C40) was injected 

into the GC system under the conditions of the temperature analysis program of the es-
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sential oil sample. The software used was Chemstation. The EO compounds were identi-

fied using their linear inhibition indices and compared with the indices of literature [38] 

or using the mass spectra overlapping with computer libraries (WILEY275 and NIST 07). 

Agilent 7990B gas chromatography device, Stevens Creek Blvd. Santa Clara, CA, USA, 

with flame ionization detector (FID) and VF-5MS column (5% phenyl methylpolysiloxane, 

30 m l., 0.25 m i.d., 0.50 μm f.t.) was used to separate the compounds. The injection and 

detector temperatures were set at 230 °C and 240 °C, respectively. Helium was the gas car-

rier at a flow rate of 1 mL min−1 at a ratio of 1:24. The EO samples were diluted 1:100 in 

hexane gas and injected in 1 μL. Quantification of EO compounds was performed using 

peak normalization without using correction coefficients [39]. 

2.5. Malondialdehyde (MDA) 

First, 0.5 g of fresh leaf sample was ground in 1500 μL TCA (trichloroacetic acid %1 

w/v) and centrifuged at 12,000 rpm (10 min, 4 °C). After that, 1000 μL TBA (thiobarbituric 

acid %0.1 w/v) was added to 500 μL of the supernatant. The mixture was heated at 95 °C 

(30 min) and cooled down on ice. Lastly, the absorbance was read at 532 nm and 600 nm. 

The MDA content was expressed as nmol g−1 FW [40]. 

2.6. Superoxide Dismutase (SOD) Activity 

For determination of SOD activity, the reaction mixture, including 1.5 mM bicar-

bonate sodium, 100 mM sodium phosphate buffer (pH = 7.6), 3 mM EDTA, 0.2 mM L-

Methionine, 60 μM riboflavin, 2.25 mM nitro blue tetrazolium (NBT) and 100 μL of the 

extract, was prepared. The reaction combination was incubated at 25 °C (15 min) under 

light, and the absorbance was recorded at 560 nm [41]. 

2.7. Ascorbate Peroxidase (APX) Activity 

The reaction mixture for APX activity comprised 100 mM phosphate buffer (pH = 7.6, 

EDTA), 2 mM H2O2, 0.5 mM sodium ascorbate and 50 μL of the extract. The absorbance 

was read at 290 nm (120 s), and APX activity was estimated using the extinction coefficient 

of ascorbate (2.8 mmol−1 cm−1) and was reported as μmol min−1 mg−1 protein [42]. 

2.8. Peroxidase (POX) Activity 

To measure peroxidase (POX) activity, the reaction mixture, including 2 mL of 0.1 M 

phosphate buffer (pH 6.8), 1 mL of 0.01 M pyrogallol, 1 mL of 0.005 M H2O2 and 0.5 mL of 

enzyme extract, was prepared. The solution was incubated for 5 min at 25 °C, after which, 

the reaction was terminated by adding 1 mL of 2.5 N H2SO4. The absorbance was recorded 

at 420 nm, and POX activity was expressed in μmol min−1 mg−1 protein [43]. 

2.9. Proline 

Firstly, the reaction mixture, including 2000 μL of extract, 2000 μL of ninhydrin reagent 

and 2000 μL of glacial acetic acid, was prepared, and the absorbance was determined at 520 

nm (UV-1800 Shimadzu, Kyoto, Japan), and proline content was expressed as μmol g−1 FW 

[44].  

2.10. SPAD Index 

A relative SPAD index is achieved from the transmittance values that are related to 

the chlorophyll content in the leaf. Chlorophyll index (SPAD) was recorded in the fully 

expanded young leaves by a portable chlorophyll meter (Instruments SPAD-502, Osaka, 

Japan). 

2.11. Chlorophyll Fluorescence Parameters 

Chlorophyll fluorescence parameters were determined on fully expanded young 

leaves that were randomly chosen with pulse amplitude modulation fluorometer (PAM-



Horticulturae 2022, 8, 695 6 of 19 
 

 

2500, Heinz Walz, Effeltrich, Germany). The chlorophyll fluorescence parameters were 

measured after adaption of L. iberica in the dark for 20 min, and the data were evaluated 

by PamWin-3 software, as shown thoroughly by Maxwell and Johnson [45]. Maximal pos-

sible fluorescence value (Fm), minimum fluorescence (F0), the difference between F0 and Fm 

(Fv) and the maximal quantum yield of PSII (Fv/Fm) were calculated by PamWin-3 software 

[46]. 

2.12. Statistical Analysis 

All obtained data analysis was performed by SAS (version 9.3 CEO James Goodnight, 

Cary, NC, USA) software, and the mean comparisons were analyzed by least significant dif-

ference (LSD) test at the 95% level of probability. 

3. Results 

3.1. Fresh and Dry Weight (FW and DW) 

The FW and DW were significantly impacted by different irrigation regimes, ferti-

lizer application and interaction of the two mentioned factors (Table 1). The highest FW 

(62.33 g pot−1) and DW (21.63 g pot−1) of balangu plants were observed in 90% FC treated 

with Cs-NPs+ Myco-Root. In addition, the lowest FW (27.33 g pot−1) and DW (9.60 g pot−1) 

were recorded in 30% FC without fertilization (control). In comparison with 90% FC, the 

FW and DW decreased by 14.9 and 15.3% in moderate, and by 33.9 and 34.2% in severe 

water stress, respectively. Additionally, the application of Cs-NPs+ Myco-Root sharply 

increased the FW and DW by 43.9 and 44%, respectively, when compared with non-ferti-

lization (Table 1). 
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Table 1. Fresh weight, dry weight, essential oil content, essential oil yield, chlorophyll a, chlorophyll b, total chlorophyll and carotenoid content of L. iberica 

influenced by different fertilizer resources and irrigation levels. 

Treatments 
Fresh Weight 

(g pot−1) 

Dry Weight 

(g pot−1) 

Chlorophyll a 

(mg g−1 Fresh 

Weight) 

Chlorophyll b 

(mg g−1 Fresh 

Weight) 

Total Chloro-

phyll 

(mg g−1 Fresh 

Weight) 

Carotenoid 

(mg g−1 Fresh 

Weight) 

Essential Oil 

Content (%) 

Essential Oil 

Yield 

(g pot−1) 

90% FC 

Control 42.67 ± 1.69 d 15.06 ± 0.52 d 10.03 ± 0.61 d 6.35 ± 0.34 d 16.38 ± 0.77 d 4.03 ± 0.06 c 0.16 ± 0.02 j 0.02 ± 0.001 j 

Cs-NPs 51.33 ± 1.24 c 17.45 ± 0.21 c 11.59 ± 0.28 c 7.52 ± 0.05 c 19.11 ± 0.26 c 4.19 ± 0.02 c 0.27 ± 0.03 i 0.04 ± 0.002 i 

Myco-Root 59.00 ± 133 b 20.65 ± 0.31 b 12.07 ± 0.12 b 8.09 ± 0.07 b 20.16 ± 0.17 b 4.49 ± 0.06 b 0.32 ± 0.03 i 0.06 ± 0.003 gh 

Cs-NPs+ Myco-Root 62.33 ± 0.47 a 21.63 ± 0.09 a 13.31 ± 0.07 a 8.87 ± 0.04 a 22.19 ± 0.13 a 5.00 ± 0.18 a 0.42 ± 0.08 h 0.09 ± 0.001 ef 

60% FC 

Control 38.67 ± 1.81 e 12.87 ± 0.15 e 6.66 ± 0.12 g 4.44 ± 0.05 h 11.11 ± 0.14 h 2.12 ± 0.04 i 0.78 ± 0.04 e 0.10 ± 0.006 e 

Cs-NPs 44.00 ± 1.94 d 15.15 ± 0.45 d 7.05 ± 0.19 g 4.70 ± 0.05 g 11.77 ± 0.12 g 3.24 ± 0.02 e 1.05 ± 0.06 c 0.15 ± 0.003 c 

Myco-Root 49.33 ± 1.47 c 17.27 ± 0.41 c 7.68 ± 0.11 f 5.12 ± 0.07 f 12.81 ± 0.19 f 3.55 ± 0.03 d 1.18 ± 0.07 b 0.20 ± 0.001 b 

Cs-NPs+ Myco-Root 51.33 ± 1.65 c 18.07 ± 0.22 c 8.37 ± 0.22 e 5.64 ± 0.09 e 14.02 ± 0.30 e 3.70 ± 0.04 d 1.43 ± 0.04 a 0.25 ± 0.004 a 

30% FC 

Control 27.33 ± 1.92 g 9.60 ± 0.63 f 4.11 ± 0.05 i 2.74 ± 0.03 k 6.85 ± 0.09 k 1.68 ± 0.11 j 0.56 ± 0.03 g 0.05 ± 0.002 hi 

Cs-NPs 34.33 ± 2.04 f 12.22 ± 0.47 e 5.31 ± 0.03 h 3.54 ± 0.02 j 8.86 ± 0.15 j 2.31 ± 0.31 h 0.66 ± 0.04 f 0.08 ± 0.004 fg 

Myco-Root 38.00 ± 2.16 e 13.05 ± 0.58 e 5.68 ± 0.16 h 3.790.16 i 9.47 ± 0.27i 2.64 ± 0.07 g 0.66 ± 0.03 f 0.08 ± 0.005 ef 

Cs-NPs+ Myco-Root 42.67 ± 0.74 d 14.33 ± 0.36 d 6.78 ± 0.04 g 4.520.02 gh 11.31 ± 0.06 gh 3.04 ± 0.12 f 0.88 ± 0.06 d 0.12 ± 0.007 d 

Source of Variation Significance Levels 

Irrigation ** ** ** ** ** ** ** ** 

Fertilizer sources ** ** ** ** ** ** ** ** 

Irrigation × Fertilizer sources ** ** ** ** ** ** ** ** 

** indicate significant at 1% probability level. Different letters indicate significant differences at the 5% level according to LSD test. 
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3.2. Chlorophyll a, b and Carotenoid 

The content of chlorophyll a, b, total and carotenoid was significantly affected by dif-

ferent irrigation regimes, fertilizer sources and interaction of irrigation levels and fertilizer 

sources (Table 1). Water stress of 60 and 30% FC significantly reduced the photosynthetic 

parameters of balangu compared to well-watered plants (90% FC). However, foliar appli-

cation of Cs-NPs in combination with Myco-Root ameliorated these parameters. The high-

est content of chlorophyll a (13.31 mg g−1 fresh weight), b (8.87 mg g−1 fresh weight), total 

chlorophyll (22.19 mg g−1 fresh weight) and carotenoids (5 mg g−1 fresh weight) was found 

in 90% FC with co-application of Cs-NPs+ Myco-Root. The lowest level of the above-men-

tioned traits was obtained in 30% FC without Cs-NPs+ Myco-Root (Table 1). In compari-

son with normal irrigation, the content of chlorophyll a, b, total chlorophylls, and carote-

noids under severe water stress decreased by 36.7, 35.4, 36.1, and 28.9% under moderate 

water stress, and by 53.5, 29.1, 53.1, and 45.4%, respectively. Interestingly, co-application 

of Cs-NPs+ Myco-Root enhanced the photosynthetic pigments by 36.9, 40.6, 38.3, and 

49.8% when compared with non-fertilization, respectively. Like chlorophyll and carote-

noid contents, the highest SPAD index was obtained in 90% FC treated with Cs-NPs+ 

Myco-Root (Figure 1). 

 

Figure 1. The SPAD index of L. iberica in different fertilizer sources and at different irrigation levels. 

Different letters indicate significant differences at the 5% level according to LSD test. 

3.3. Essential Oil Content (EO) and Essential Oil Yield (EOY) 

The results of the interaction effects of irrigation levels and fertilizer sources demon-

strated that the highest EO content (1.43%) and EOY (0.25 g pot−1) were found with mod-

erate water stress (60% FC) following integrative application of Cs-NPs + Myco-Root. 

Among different irrigation regimes, the EO content and yield under moderate stress in-

creased sharply by 283 and 260% in comparison with normal irrigation, respectively. Due 

to the positive effects of Cs-NPs, Myco-Root and co-application of Cs-NPs+ Myco-Root on 

the DW and also EO content, the EO yield of balangu plants was enhanced by 50, 83.3, 

and 150% in comparison with the control, respectively (Table 1). 

3.4. EO Compositions 

In this research, based on the phytochemical analysis results achieved by GC-FID and 

GC/MS analyses, 20 components were identified in the balangu essential oil under differ-

ent treatments, accounting for 85.34–92.77% of the total compositions. Among the main 

constituents, germacrene D (31.22–39.77%), (E)-caryophyllene (16.28–19.82%), bicycloger-

macrene (7.1–9.22%), and caryophyllene oxide (3.85–6.96%) were the most representative. 

The maximum content of germacrene D and (E)-caryophyllene was recorded in 60% FC 
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after application of Cs-NPs+ Myco-Root. In contrast, the lowest content of the two men-

tioned constituents was measured in normal irrigation conditions (90% FC) without ferti-

lization. The highest content of bicyclogermacrene was achieved under severe water def-

icit (30% FC) treated with co-application of Cs-NPs+ Myco-Root (Table 2).  
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Table 2. The essential oil constituents of L. iberica affected by different levels of drought stress and fertilizer sources. 

Constituents RI 
90% FC 

Control 

90% FC  

Cs-NPs 

90% FC  

Myco-

Root 

90% FC  

Cs-NPs+ Myco-

Root 

60% FC 

Control 

60% FC 

Cs-NPs 

60% FC  

Myco-

Root 

60% FC  

Cs-NPs+ Myco-

Root 

30% FC 

Control 

30% FC 

Cs-NPs 

30% FC  

Myco-

Root 

30% FC  

Cs-NPs+ Myco-

Root 

1 α-Pinene 932 0.78 0.81 1.03 1.09 0.87 1.22 1.14 1.06 0.92 0.91 1.12 1.1 

2 Sabinene 969 1.66 1.19 1.52 1.71 1.44 1.51 1.55 1.14 1.23 1.44 1.52 1.38 

3 β-Myrcene 988 1.63 2.32 3.01 2.88 1.83 1.91 2.98 2.63 3.06 3.11 2.96 3.02 

4 Limonene 1024 0.53 0.46 0.12 0.25 0 0.28 0.22 0.55 0.69 0.3 0.53 0 

5 Linalool 1096 0.31 0.33 0.37 0.43 0.81 0.23 0.97 0.32 0 0.41 0 0 

6 n-Dodecane 1200 0.17 0.28 0.29 0.18 0.36 0.7 0.21 0.4 0.41 0.36 0.17 0.29 

7 Neral 1235 2.28 0.14 0.1 2.66 1.36 0 0.14 0.66 0 0.16 0 0.12 

8 Menthyl acetate 1294 2.26 3.15 3.56 3.78 2.41 2.04 0.92 1.29 2.04 1.55 1.18 0.75 

9 Unknown - 1.72 1.4 1.7 1.58 1.71 1.24 1.59 1.29 1.66 1.46 1.71 2.26 

10 β-Elemene 1389 1.42 1.06 0.88 1.46 1.22 0.71 1.56 1.13 0.41 0.69 0.77 1.08 

11 (E)-Caryophyllene 1417 16.28 17.15 18.39 19.01 17.23 18.73 18.04 19.82 16.54 17.22 17.76 18.61 

12 α-Humulene 1452 3.43 3.28 3.74 3.66 2.56 2.1 3.29 2.17 3.55 2.86 0 3.11 

13 Germacrene D 1484 31.22 35.25 34.95 33.61 32.14 39.16 34.53 39.77 34.47 38.83 37.75 36.2 

14 Valencene 1496 2.49 2.12 2.58 2.2 2.71 1.18 2.07 0.87 1.96 1.73 2.21 3.07 

15 Bicyclogermacrene 1500 8.23 7.1 8.5 7.86 8.2 8.59 8.83 9.07 8.84 8.26 9.04 9.22 

16 δ-cadinene 1522 0.94 1.23 0.28 0.24 0.71 0.08 0 0 0.39 0 0.27 0.68 

17 β-Bisabolene 1505 1.86 2.22 1.31 1.89 2.06 1.14 1.63 1.36 1.44 1.12 1.2 1.51 

18 Spathulenol 1577 2.43 1.78 2.06 2.38 1.07 1.66 3.34 1.93 2.23 2.04 2.27 2.38 

19 Caryophyllene oxide 1582 4.23 4 3.85 4.02 4.91 4.14 4.02 6.15 5.78 4.19 6.96 5.63 

20 Phytol 1942 1.61 0.74 0.98 1.88 1.74 0.45 0.57 0.84 1.23 0.49 0.64 0.8 

Total identified (%)  85.48 86.01 89.22 92.77 85.34 87.07 87.6 92.45 86.85 87.13 88.06 91.21 

RI, linear retention indices on HP-5 MS column, experimentally determined using homologue series of n-alkanes. The main components are shown by bold values. 
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3.5. Chlorophyll Fluorescence Indices 

Fm, Fv and Fv/Fm ratio was significantly impacted by the interaction of irrigation levels 

and fertilizer application (Table 3). The highest Fm and Fv and Fv/Fm values were found in 

90% FC treated with Cs-NPs+ Myco-Root (Figure 2a–c). Compared with normal irrigation, 

the Fm, Fv and Fv/Fm values decreased by 15.7, 19.9, and 5.9% in moderate water stress and 

by 30.9, 37.7, and 10.3% in severe water stress conditions, respectively. In contrast, inte-

grative application of Cs-NPs+ Myco-Root enhanced the Fm and Fv by 15.9 and 17.6% com-

pared with the control, respectively (Figure 2a,b). 

It is worth noting that the F0 values were significantly impacted by the single effect 

of irrigation levels and fertilizer application, and interaction of the two mentioned factors 

did not significantly impact on this trait (Table 3). The F0 value decreased by increasing 

the water deficit levels. The highest value of F0 was obtained in normal irrigation, which 

was 54.8 and 131.2% higher than under moderate and severe water deficit, respectively 

(Figure 2d). In addition, co-application of Cs-NPs+ Myco-Root strongly enhanced the F0 

value, which was 35.6% higher than the control (Figure 2e). 

Table 3. Results of variance analysis for the effect of different irrigation levels and fertilizer sources 

on the physiological characteristics of L. iberica. 

Sources of Variation df 

Leaf Green-

ness (SPAD 

Index) 

F0 Fm Fv Fv/Fm Proline MDA SOD POX APX 

Irrigation 2 ** ** ** ** ** ** ** ** ** ** 

Fertilizer 3 ** ** ** ** ** ** ** ** ** ** 

Irrigation regimes × Ferti-

lizer 
6 * Ns ** ** * ** ** ** ** ** 

Ns, * and ** indicate no significant difference, significant at 5% probability level and significant at 

1% probability level, respectively. 

  

   

c 

b a 

d 
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Figure 2. The Fm (a), Fv (b), Fv/Fm (c) and F0 (d,e) values of L. iberica in different fertilizer sources and 

irrigation levels. Different letters indicate significant differences at the 5% level according to LSD 

test. 

3.6. Proline 

The results demonstrated that the proline content was noticeably enhanced in the 

plants grown under moderate and severe stress conditions. The highest (3.04 mg g−1 fresh 

weight) and lowest (0.79 mg g−1 fresh weight) proline contents were observed when plants 

were grown under severe water deficit (30% FC) and normal irrigation conditions (90% 

FC) without fertilization, respectively (Figure 3a). 

  

Figure 3. The proline (a) and malondialdehyde (MDA) (b) content of L. iberica with different ferti-

lizer sources and irrigation levels. Different letters indicate significant differences at the 5% level 

according to LSD test. 

3.7. Malondialdehyde (MDA) 

Similar to proline content, the MDA concentration in balangu was significantly im-

pacted by the interaction of irrigation levels and fertilizer application (Table 3). In com-

parison with normal irrigation conditions, the MDA concentration increased by 97.2 and 

184.4% under moderate and severe water stress, respectively. The highest MDA concen-

tration (6.57 μmol g−1 fresh weight) was achieved under severe water stress (30% FC) with-

out fertilization, while the lowest content of MDA (1.46 μmol g−1 fresh weight) was 

achieved under normal irrigation (90% FC) following application of Cs-NPs+ Myco-Root 

(Figure 3b). 

3.8. Superoxide Dismutase (SOD), Ascorbate Peroxidase (APX) and Peroxidase (POX) Activity 

In this study, the application of fertilizer sources under different irrigation levels had 

a significant impact on antioxidant enzymes activity (Table 3). The highest SOD (12.96 

μmol min−1 mg−1 protein), APX (3.94 μmol min−1 mg−1 protein) and POX (0.37 μmol min−1 
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mg−1 protein) activities were obtained under moderate water stress (60% FC) treated with 

Cs-NPs+ Myco-Root. The antioxidant enzymes activity was enhanced by increasing water 

stress levels. In comparison with normal irrigation, the activity of SOD, APX and POX was 

enhanced by 176, 220 and 173% under moderate water stress, and by 53, 78 and 73% under 

severe water stress, respectively. Moreover, co-application of Cs-NPs+ Myco-Root in-

creased the three mentioned enzymes’ activity by 48, 21, and 28% when compared with 

the control, respectively (Figure 4a–c). 

 
 

 

Figure 4. The superoxide dismutase (SOD) (a), peroxidase (POX) (b) and ascorbate peroxidase (c) 

activity of L. iberica with different fertilizer sources and irrigation levels. Different letters indicate 

significant differences at the 5% level according to LSD test. 

4. Discussion 

The results of the study demonstrated that the fresh and dry weight of balangu de-

creased noticeably as water deficit stress increased. Under stressful conditions, the decline 

in plant biomass may be due to the closure of stomata, inhibition of rubisco enzyme and 

the reduction of chlorophyll content and photosynthetic efficiency [46]. Additionally, the 

fresh and dry weight reduction in such situations can be due to greater allocation of bio-

mass produced to the roots [25,47–49]. In addition, the results relating to the fresh and dry 

weight of balangu showed that co-application of Cs-NPs and Myco-Root biofertilizer sig-

nificantly increased the above-mentioned traits relative to the control (non-use of Cs-NPs 

and Myco-Root) in all irrigation regimes. The improved plant growth characteristics with 

co-application of Cs-NPs+ Myco-Root could be attributed to the enhancement of nutrient 

and water uptake which leads to increased leaf area, chlorophyll formation and photo-

synthetic capacity [50]. In addition, Cs-NPs may increase plant growth due to the uptake 

of water and essential nutrients by regulating cell osmotic pressure and reducing the ac-

cumulation of free radicals by increasing antioxidant and enzymatic activities [51]. On the 

other hand, the impact of Cs-NPs on dry matter retention during drought stress could be 
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related to the reduction in transpiration induced by the closure of the stomata [18]. More-

over, the inoculation of mycorrhizal fungi with host plant roots improves the plant per-

formance directly through increasing nutrient and water uptake and indirectly by plant 

phytohormonal secretions of gibberellic acid, cytokinins and jasmonic acid [52]. It was 

reported that inoculation of mycorrhizal fungi in thyme roots enhanced plant productiv-

ity through improving macro- and micro-nutrient uptake under drought stress conditions 

[14]. 

One of the main negative effects of drought stress on plants is the reduction of pho-

tosynthetic capacity and rate. Drought stress reduces the assimilation of CO2 in the leaves, 

RUBP enzyme and the quantity of ATP [53]. Our results showed that the chlorophyll con-

tent was reduced in water stress conditions. The reduction of photosynthetic pigments 

under water stress conditions could be explained by chlorophyll decomposition as a result 

of accumulation of relative oxygen (ROS) compounds and lipid peroxidation. In this situ-

ation, the increasing activity of the chlorophyllase enzyme or decreasing activity of en-

zymes responsible for chlorophyll synthesis negatively affects the chlorophyll concentra-

tion in plants [54]. However, in well-watered and drought stress conditions, co-applica-

tion of Cs-NPs+ Myco-Root sharply increased the chlorophyll content in balangu plants. 

Since the availability of nutrients, such as nitrogen, iron and magnesium, is required for 

the synthesis of chlorophyll, it seems that the application of mycorrhizal fungi leads to an 

increase in the concentration of chlorophyll through the production of extensive, extra-

radical mycelia and enhancement of the nutrient’s accessibility [55]. Additionally, Cs-NPs 

are involved in the increase of chlorophyll content and protection from water deficiency, 

which can affect leaf chloroplast gene expression and cause changes in chloroplast size 

and development [56,57]. Similarly, the application of Cs-NPs enhanced the content of 

chlorophyll in the coffee leaves by 30–50% through a significant increase in the concentra-

tion of magnesium and nitrogen in the leaves [58]. 

Chlorophyll fluorescence parameters are important indicators used to measure the 

quantum yield of photosystem II (PSII), displaying the plant response to stress and the 

harmful effects, particularly on photosynthesis and chlorophyll concentrations [31]. Dark 

adapted measurement of Fv/Fm (ratio of variable to maximal fluorescence) reflects maxi-

mum quantum efficiency of PSII photochemistry [59]. In this study, drought stress re-

duced Fv, Fm, F0 and Fv/Fm values, which clearly indicates the down-regulation of photo-

synthesis or photo inhibition under stressful conditions [31]. Integrative application of Cs-

NPs and Myco-Root alleviated the mentioned fluorescence parameters, indicating that 

application of the fertilizers had a regulatory impact on water homeostasis and photosyn-

thetic response when balangu plants were subjected to drought stress. It was reported that 

the exogenous application of chitosan in stressful conditions improves chlorophyll con-

centration as well as chlorophyll fluorescence parameters (Fv/Fm ratio) [60]. 

Generally, the accumulation of proline in balangu plants tends to increase when the 

stress intensity is enhanced. One of the primary responses of plants to drought stress is 

proline accumulation, which was observed under drought stress in this experiment. Pro-

line, as a potent antioxidant and potential inhibitor of programmed cell death, plays a key 

role in plant tolerance to water stress [61,62]. Compatible solutes such as proline attenuate 

osmotic damages by supporting inter-cellular water potential, activating ROS quenching 

mechanisms and protecting natural arrangements of biological membranes [63]. Similarly, 

Omidi et al. [4] reported that the concentration of proline in L. iberica is enhanced in 

drought stress conditions. The concentration of proline decreased after application of Cs-

NPs and Myco-Root in drought stress conditions. It seems that application of the men-

tioned fertilizers, separately and in combination with each other, mitigated the negative 

impacts of drought stress and accumulation of ROS compounds as a result of improving 

chlorophylls and carotenoids as well as antioxidant enzymes activity. 

In the present study, the amount of MDA increased under moderate and severe wa-

ter stress. Lipid peroxidation is the result of oxidative stress in plants. Unsaturated fatty 
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acids are the most sensitive part of the membrane to oxidation and degradation by oxida-

tive stress. The accumulation of MDA is due to the breakdown of unsaturated fatty acids 

in cell membranes by ROS. In addition, MDA is an active, electron-friendly aldehyde that 

is not normally seen in pure form and is often considered as a biomarker for peroxidation 

of membrane lipids. MDA accumulation under stress conditions enhances the permeabil-

ity of the plasma membrane and ion leakage [64]. Notably, the MDA concentration in wa-

ter stress conditions decreased with application of Cs-NPs, Myco-Root and co-application 

of the two mentioned fertilizers. The higher activity of antioxidant enzymes mitigates the 

negative impact of ROS compounds and lipid peroxidation in plant cells. Therefore, the 

reduction of MDA content could be explained by the role of the mentioned fertilizer in-

creasing the activity of antioxidant enzymes such as SOD, APX and POX. 

Our results showed that the activity of antioxidant enzymes was enhanced in water 

stress conditions, especially in 60% FC. Stressful conditions such as water deficit may have 

harmful impacts on plant productivity due to lipid peroxidation of membrane cells. In-

creasing ROS compounds under stressful conditions induces lipid peroxidation, which 

play a critical role in cell death [65]. The increasing activity of SOD, APX and POX en-

zymes is known as one of the enzymatic antioxidant defense mechanisms for decreasing 

ROS level and preventing oxidative damages which lead to stabilization of the cell struc-

ture and an improvement of plant growth [55]. In addition, the results showed that co-

application of Cs-NPs+ Myco-Root increased the antioxidant enzymes activity. Since en-

zymes are protein compounds, the availability of nutrients, especially nitrogen, plays an 

important role in increasing their activity [55]. Therefore, the increasing activity of antiox-

idant enzymes with co-application of Cs-NPs+ Myco-Root is attributed to the improve-

ment of the availability of nutrients leading to higher synthesis of amino acids, enzymes 

and their activities [66]. Similarly, Amani Machiani et al. [55] noted that the application of 

mycorrhiza fungi enhanced antioxidant enzymes SOD and APX by 8.1 and 10.1% under 

drought stress conditions, respectively. 

The synthesis of secondary metabolites in medicinal plants is one of the effective 

ways to increase the efficiency of these plants in stressful environments. The obtained re-

sults showed that the EO content, yield and main EO constituents of balangu plants were 

enhanced under moderate water stress. Water stress causes a metabolic reaction in plants, 

such as closure of the stomata and also reduction of CO2 uptake, which leads to decreasing 

consumption of NADPH+H+ for CO2 fixation via the Calvin cycle. Eventually, metabolic 

processes are shifted towards the production of secondary metabolites, which increase the 

synthesis of regenerative compounds such as EOs and phenolic and alkaloid compounds 

[13]. Additionally, the co-application of Cs-NPs+ Myco-Root improved EO quantity and 

quality through an increase in the main EO constituents such as germacrene D and (E)-

caryophyllene. The increasing photosynthetic efficiency and availability of intermediate 

(acetyl-CoA, ATP and NADPH) and essential oil precursors play an important role in EO 

composition [14]. In this study, the integrative application of Cs-NPs+ Myco-Root signifi-

cantly enhanced the chlorophyll content and chlorophyll fluorescence indices. It seems 

that the co-application of Cs-NPs+ Myco-Root improves the photosynthetic rate, along 

with the nutrient accessibility, which have an important role in the production of carbo-

hydrates and also in the development of glandular trichomes, EO channels and secretory 

ducts [13]. In this situation, the higher photosynthetic rate enhances the concentration of 

primary metabolites such as pyruvate, erythrose-4-phosphate, phosphoenolpyruvate and 

glyceraldehyde-3-phosphate, which are used as precursors in the synthesis of EO constit-

uents [52]. 

5. Conclusions 

The results of the study demonstrated that drought stress decreases the chlorophyll 

concentration, as well as chlorophyll fluorescence parameters, which decrease fresh and 

dry matter yield in balangu plants. In this situation, integrative application of chitosan 

nanoparticles, along with arbuscular mycorrhiza fungi biofertilizer (Cs-NPs+ Myco-Root), 
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increases the plant productivity by improving the chlorophyll fluorescence parameters 

and antioxidant activity. Interestingly, co-application of Cs-NPs+ Myco-Root improved 

the EO content and its chemical profile by increasing the major EO constituents (ger-

macrene D and (E)-caryophyllene), especially under moderate water stress. Generally, it 

can be concluded that the co-application of Cs-NPs+ Myco-Root can be regarded as a sus-

tainable and eco-friendly strategy to improve morphological and physiological character-

istics and EO quantity and quality in balangu under drought stress conditions. 
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