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Abstract

To study the effects of nano silicon (Si), mycorrhiza, and vermicompost on some physiological traits of triticale under salinity stress, a factorial experiment was conducted based on a randomized complete block design with three replications in 2021‒2022. Experimental factors included salinity at three levels [no-salt (control or S0), salinity 30 (S1), and 60 (S2) mM by NaCl equivalent to 1.71, 5.53, and 8.3 dS.m−1, respectively], application of bio-organic fertilizers (no application (B0), application of vermicompost (B1), mycorrhiza (B2), and application both of vermicompost and mycorrhiza (B3)), and three nano Si levels (without nano Si as control (N0), application of 30 (N1), and 60 (N2) mg.L-1). Means comparison revealed that under 60 mM salinity conditions, application of bio-organic fertilizers and 60 mg.L-1 nano Si (B3N2) increased grain yield (29.62%), chlorophyll index (14.57, 16.78, and 20.38%), relative water content (12.39, 12.01, and 14.57%), and quantum yield (4.54, 6.6, and 14.62%) at booting, heading, and grain filling stages, respectively, in comparison with no application of these fertilizers and nano Si (B0N0) under severe salinity stress at the same stages as S2. However, under severe salinity stress, the application of bio-organic fertilizers and nano Si as B3N2 decreased electrical conductivity (14.71, 10.45, and 13.52%) at the booting, heading, and grain filling stages, respectively, as well as hydrogen peroxide and malondialdehyde content (43.94 and 49.71%, respectively) in comparison with S2B0N0. Based on the results, both mycorrhiza with vermicompost and foliar application of 60 mg.L-1 nano Si under 60 mM salinity conditions could increase the activities of catalase (69.52%), peroxidase (67%), and polyphenol oxidase (69.52%) enzymes, proline (75.75%), soluble sugar content (55.63%), and anthocyanin content (64.28%) compared to no application of bio-organic fertilizers and nano Si under no salinity level. Overall, the application of bio-organic fertilizers and nano Si was beneficial for improving triticale plants' salinity resistance.
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1. Introduction
Triticale (× Triticosecale Wittmak) is a wheat-rye hybrid with a higher abiotic stress tolerance than wheat and is better adapted for cultivation in light-type soils [1]. 
 Among the abiotic stresses, salinity is one of the most destructive stresses that limits crop production worldwide, especially in arid and semi-arid regions [2]. Salinity reduces plant growth and causes significant changes in plants' morphological, physiological, and biochemical traits [3]. It further decreases the rate of photosynthesis, breakdown of pigments, imbalance of water absorption and nutrient uptake, and induces osmotic stress in plants. Salinity stress is known to affect various physiological activities related to the accumulation of ions and osmolytes, such as proline and antioxidants. Antioxidant enzymes such as catalase (CAT) and peroxidase (POD) are the most important components in the scavenging system of reactive oxygen species (ROS) [4]. These enzymes play an important role in plant resistance against stress conditions, and their high concentrations have been reported in tolerant species compared to sensitive ones [4].
One of the suitable methods to improve plants’ resistance to environmental stresses is the application of bio-organic fertilizers such as mycorrhizal fungi and vermicompost. Arbuscular mycorrhizal fungi (AMF) improve salinity tolerance as well as plant growth and performance by maintaining ionic homeostasis, improving the activity of the photosynthetic apparatus, increasing photosynthetic efficiency and relative water content (RWC) [5], reducing osmotic and oxidative stress, and regulating gene expression [6]. Kheirizadeh Arough et al. (2016) suggested that mycorrhizal fungi application under salinity stress significantly increased soluble sugars, proline, CAT, POD, and polyphenol oxidase (PPO) enzymes [7].
Over the last few years, several reports have highlighted the positive effects of vermicompost in agriculture. Its beneficial effects on plant growth have been attributed to the increase in the uptake of water and nutrients, soil porosity, growth, and quality yield of the plants [8]. Vermicompost reduces the negative effects of soil salt, enhances the population and activity of soil-beneficial microorganisms such as AMF and phosphate-dissolving microorganisms, and increases the nutrients required for the plant such as phosphorus, potassium, and nitrogen [9], RWC, and quantum yield of plants [10]. 
Although silicon (Si) is the second most abundant element in soils, it is not considered an essential element for plants. However, Si is beneficial for higher plants, especially in stressful environments [11]. It alleviates salt stress and improves the quality and quantity of crop plants, such as rice (Oryza sativa L.) [12] and wheat (Triticum aestivum L.) [13], due to an increase in the plant’s defense systems. AlKahtani et al. (2021) reported a marked Si-induced enhancement in chlorophyll content and RWC, reducing MDA and electrolyte leakage in sugar beet plants under stress [14]. Zhang et al. (2018) observed that Si nutrition reduced the inhibitory effect of salinity on plant growth by reducing the NaCl content, increasing CAT and cell wall POD activities, and maintaining the membrane integrity of root cells [4].
Based on the above-mentioned discussion, this study aimed to evaluate the effects of bio-organic fertilizers and nano Si on some physiological and biochemical responses of triticale under salinity stress.
2. Materials and Methods

2.1. Greenhouse experiment and experimental factors

A factorial experiment was performed in the research greenhouse from 2021 to 2022 using a randomized complete block design with three replications. Experimental factors included salinity at three levels [no-salt (control or S0), salinity 30 (S1), and 60 (S2) mM NaCl) equivalent to 1.71, 5.53, and 8.3 dS.m−1, respectively], application of bio-organic fertilizers (no bio-fertilizers (B0), application of vermicompost (B1), mycorrhiza (B2), application of vermicompost and mycorrhiza (B3)), and three nano Si levels (without nano Si as control (N0), application of 30 (N1), and 60 (N2) mg.L-1). The triticale cultivar ‘Sanabad’ was used in this experiment. The optimal density of this cultivar is 400 seeds.m-2. Thus, 50 seeds were planted in pots with 15 kg of soil and a diameter of 40 cm. The pots were immediately irrigated after planting. 
2.2. Specifications of bio-organic fertilizers and nano Si particles
Nano Si (Nano SiO2, Pishgaman Nanomaterials Company, Iran) had an average particle size of 20‒30 nanometers. Foliar application of Si was performed in two growth stages (tillering and stem elongation according to BBCH 21 and 30, respectively). Mycorrhiza fungi (Glomus mosseae) were provided by the Zist Fanavar Turan Institute, Shahrood, Iran. The soils (10 g per kg) were treated based on the manufacturer’s protocol. Overall, 10 tons/hectare of vermicompost was used in this experiment (Glida Company), the physicochemical characteristics of which are provided in Table 1.

Table 1. Results of vermicompost fertilizer analysis 

	Characteristic
	Cd
	Fe
	Zn
	Cu
	Mn
	EC
	pH

	
	mg Kg-1
	dSm-1
	7.64

	Amounts
	1
	5000
	110
	20
	275
	1.12
	

	Characteristic
	Mg
	Ca
	K
	P
	N
	OC
	C/N

	
	%

	Amounts
	0.95
	2.73
	0.4
	0.4
	1.55
	32.9
	21.25


2.3. Biochemical and Physiological Traits of Triticale Leaf
At the mid-booting stage (BBCH 43), the flag leaves of the plants were separated to measure some biochemical traits. The samples were placed in aluminum foil and transported from the greenhouse on an ice bath. The activities of antioxidant enzymes (e.g., CAT, POD, and PPO) were determined by the method presented by Sudhakar et al. (2001) [15], as well as soluble sugar, anthocyanin, and proline content measurement methods provided by Dubios et al. (1956), Wagner (1979), and Bates et al. (1973), respectively [16-18]. Hydrogen peroxide (H2O2) content and malondialdehyde (MDA) content were estimated by the methods suggested by Alexieva et al. (2001) and Stewart and Beweley (1980), respectively [19, 20].
Similarly, in the booting, heading, and grain filling stages (BBCH 43, 55, and 71, respectively), the flag leaves of the plants were selected for measuring chlorophyll index (SPAD), RWC, electrical conductivity (EC), and quantum yield (Fv/Fm). 

Chlorophyll index (SPAD was measured by a portable chlorophyll meter (SPAD-502; Konica Minolta Sensing, Inc., Japan) according to previous research [21]. 

RWC was determined according to the following formula [22]:
RWC (%) = ([Fw – Dw) / (Tw – Dw)] × 100

 Where RWC, FW, DW, and TW represent relative water content, fresh weight, dry weight, and turgid weight, respectively.

EC was calculated by following the standard method of Jodeh et al. (2015) [23]. EC values were computed using an EC meter at room temperature (23 ± 1 °C).

Quantum yield was measured on flag leaves by the uppermost fool expanded leaf using a fluorometer (chlorophyll fluorometer; Optic Science-OS-30 U.S.A.). 

Eight plants from each pot were randomly harvested to estimate the grain yield per plant.

2.4. Statistical analysis of the data
The analysis of variance and mean comparisons were performed using the SAS computer software package (version 9.1). The main effects and interactions were tested using the least significant difference (LSD) test at the .05 probability level. 

3. Results and Discussion
3.1. Biochemical and physiological characteristics of triticale
Considering that there were no significant differences between the two studied years (2021‒2022), the averaged data of these years were used for statistical analyses. The analysis of variance demonstrated the significant interaction effect of “salinity × bio-organic fertilizers × nano Si” on chlorophyll index, RWC, EC, H2O2, MDA content, quantum yield, activity of antioxidant enzymes, proline, soluble sugar, anthocyanin contents, and grain yield of triticale (the table is not available). 
3.1.1. Chlorophyll index (SPAD)
 Salinity significantly decreased the chlorophyll index compared to control plants. The highest chlorophyll indexes (58.87, 53.05, and 50.41 in booting, heading, and grain filling stages, respectively) were obtained in salinity as S0, application of bio-organic fertilizers as B3, and nano Si as N2, while the lowest values (38.56, 32.09, and 31.83 in booting, heading, and grain filling stages, respectively) belonged to S2B0N0 (Table 2). There was an increase of about 52.6, 65.31, and 58.05% in the chlorophyll index at booting, heading, and grain filling stages at the lowest salinity level or under application of bio-organic fertilizers or nano Si as B3N2, respectively, compared with S2B0N0 (Table 2). It seems that the low rates of chlorophyll index at the highest salinity level can be attributed to the production of free radicals such as H2O2 and the enhancement of lipid peroxidation or MDA content (Fig. 1) and EC (Table 4), which conforms to the results of Kaya et al. (2018) and Khairizadeh Arough et al. (2016) [3, 24]. 
When treated with bio-organic fertilizers as B3, salt-stress plants demonstrated a significant increase in the chlorophyll index compared to salt-treated plants without bio-organic fertilizers. Likewise, Dadashzadeh et al. (2018) reported that higher chlorophyll index and RWC contents in AMF-inoculated plants led to greater photosynthetic activity and maintained growth [5]. Part of the enhancement in the chlorophyll index can be attributed to the effects of bio-organic fertilizers on increasing the quantum yield and RWC. Seyed Sharifi et al. (2016) found similar results [25]. 
The application of vermicompost significantly increased the chlorophyll index under salinity stress (Table 2). This is probably due to the provision of nutritious elements such as phosphorus, potassium, and nitrogen in vermicompost [10].Similar results were obtained when applying nano Si to chlorophyll content. Further, the application of Si could increase the chlorophyll content of triticale due to an improvement in the leaf RWC (Table 3) and a decrease in the leaf EC (Table 4) and MDA (Fig. 1) under salinity stress. Based on the evidence, the presence of Si could increase chlorophyll content due to an increase in leaf RWC and a decrease in leaf EC [14].
3.1.2. Relative water content (RWC)
It was affected by salinity, bio-organic fertilizers, and nano Si (Table 3). More precisely, salinity significantly decreased RWC in comparison with control plants. The highest RWC was obtained in salinity as S0, application of bio-organic fertilizers as B3, and nano Si as N2 (74.47, 63.84, and 58.42% in the booting, heading, and grain filling stages), while the lowest values (51.39, 44.78, and 42.89% in the booting, heading, and grain filling stages, respectively) were obtained in S2B0N0 (Table 3). The results indicated an increase of about 44.91, 42.56, and 36.2% in RWC at booting, heading, and grain filling stages, respectively, at the lowest salinity level or under application of bio-organic fertilizers or nano Si as B3N2 in comparison with S2B0N0 (Table 3). It seems that the decrease in RWC might be attributed to a decrease or a limitation in the absorption of water due to the presence of salinity in the environment, disturbing the plant’s water balance. On the other hand, one of the effects of salinity stresses is water limitation, which reduces leaf turgor and stomatal conductance [24]. When treated with bio-organic fertilizers as B3 and nano Si as N2, plants demonstrated a significant increase in RWC under salt stress compared to salt-treated plants without bio-organic fertilizers and nano Si. Khairizadeh Arough et al. (2016) reported that one of the effects of mycorrhiza applications is an enhancement in RWC due to an improvement in water uptake from the root [24]. Likewise, Han and Lee (2015) found that bio-fertilizers play a significant role in photosynthesis and can increase RWC [26]. Taha et al. (2021) concluded that the foliar application of Si increased wheat's leaf RWC under stress and non-stress conditions [13]. However, more improvements were observed under stress as compared to the non-stress condition. 

Table 2. Effects of salinity levels × nano Si × bio-organic fertilizers on the chlorophyll index of triticale (Mean of years 2021 and 2022)

	
	
	
	Sampling Stages (SPAD) of Chlorophyll Index
	
	

	Salinity
	Bio

Fertilizer
	Booting Stage
	Heading Stage
	Grain Filling Stage

	
	
	N0
	N1
	N2
	N0
	N1
	N2
	N0
	N1
	N2

	
	B0
	49.62 ± 8.9
	49.34 ± 8.84
	51.14 ± 9.2
	46.83 ± 8.37
	50.79 ± 9.16
	43.57 ± 7.72
	42.69 ± 8.25
	44.54 ± 8.62
	45.32 ± 8.78

	
	B1
	51.52 ± 9.28
	54.36 ± 9.84
	55.02 ± 9.98
	50.29 ± 9.06
	49.30 ± 8.86
	50.32 ± 9.07
	45.16 ± 8.75
	46.49 ± 9.01
	48.39 ± 9.39

	S0
	B2
	47.67 ± 8.51
	50.89 ± 9.15
	52.92 ± 9.56
	49.09 ± 8.82
	48.96 ± 8.8
	50.85 ± 9.17
	45.03 ± 8.72
	47.51 ± 9.22
	48.70 ± 9.45

	
	B3
	50.47 ± 9.07
	52.78 ± 9.53
	58.87 ± 10.75
	49.89 ± 8.98
	51.29 ± 9.26
	53.05 ± 9.61
	46.49 ± 9.01
	47.42 ± 9.2
	50.41 ± 9.8

	
	
	
	
	
	
	
	
	
	
	

	
	B0
	43.06 ± 7.58
	44.02 ± 7.78
	45.23 ± 8.02
	41.79 ± 7.37
	44.69 ± 7.94
	44.46 ± 7.9
	37.81 ± 7.28
	37.92 ± 7.3
	38.32 ± 7.38

	
	B1
	43.29 ± 7.63
	46.80 ± 8.33
	46.69 ± 8.31
	45.29 ± 8.06
	46.52 ± 8.31
	47.83 ± 8.57
	39.06 ± 7.53
	39.34 ± 7.58
	40.27 ± 7.77

	S1
	B2
	44.36 ± 7.84
	45.14 ± 8
	48.34 ± 8.64
	43.19 ± 7.65
	44.85 ± 7.98
	46.38 ± 8.28
	37.16 ± 7.15
	42.25 ± 8.16
	43.81 ± 8.48

	
	B3
	45.62 ± 8.1
	47.02 ± 8.38
	47.23 ± 8.42
	45.63 ± 8.13
	43.05 ± 7.62
	46.63 ± 8.33
	40.66 ± 7.85
	42.05 ± 8.12
	41.72 ± 8.06

	
	
	
	
	
	
	
	
	
	
	

	
	B0
	38.56 ± 6.68
	40.02 ± 6.98
	41.34 ± 7.24
	32.09 ± 5.44
	34.07 ± 5.83
	34.39 ± 5.89
	31.83 ± 6.08
	33.12 ± 6.34
	33.43 ± 6.4

	S2
	B1
	40.54 ± 7.08
	42.17 ± 7.41
	41.39 ± 7.25
	36.29 ± 6.27
	37.83 ± 6.58
	39.05 ± 6.82
	33.16 ± 6.35
	36.66 ± 7.05
	36.03 ± 6.92

	
	B2
	41.56 ± 7.28
	42.47 ± 7.47
	42.89 ± 7.55
	40.05 ± 7.02
	36.74 ± 6.36
	40.52 ± 7.11
	35.24 ± 6.76
	34.31 ± 6.58
	34.43 ± 6.6

	
	B3
	40.78 ± 7.13
	41.02 ± 7.18
	44.18 ± 7.81
	35.61 ± 6.14
	38.30 ± 6.67
	42.38 ± 7.48
	33.81 ± 6.48
	36.52 ± 7.02
	38.32 ± 7.35

	LSD
	
	
	1.59
	
	
	1.83
	
	
	1.71
	


Table 3. Effects of salinity levels × nano Si × bio-organic fertilizers on the RWC of triticale (Mean of years 2021 and 2022)

	
	
	
	Sampling Stages of RWC (%)
	
	

	Salinity
	Bio

Fertilizer
	Booting Stage
	Heading Stage
	Grain Filling Stage

	
	
	N0
	N1
	N2
	N0
	N1
	N2
	N0
	N1
	N2

	
	B0
	67.03 ± 10.51
	65.14 ± 10.13
	71.41 ± 11.39
	56.73 ± 9.39
	57.40 ± 9.52
	60.31 ± 10.1
	53.26 ± 9.55
	54.55 ± 9.81
	55.34 ± 9.97

	
	B1
	71.22 ± 11.35
	72.41 ± 11.59
	72.26 ± 11.56
	60.08 ± 10.06
	59.94 ± 10.03
	60.95 ± 10.23
	54.44 ± 9.79
	56.99 ± 10.3
	55.41 ± 9.98

	S0
	B2
	68.24 ± 10.75
	70.41 ± 11.19
	73.02 ± 11.71
	58.08 ± 9.66
	61.62 ± 10.36
	61.84 ± 10.41
	54.69 ± 9.84
	57.31 ± 10.36
	56.49 ± 10.2

	
	B3
	69.58 ± 11.02
	71.81 ± 11.47
	74.47 ± 12
	60.58 ± 10.16
	62.64 ± 10.57
	63.84 ± 10.81
	56.89 ± 10.28
	57.99 ± 10.5
	58.42 ± 10.58

	
	
	
	
	
	
	
	
	
	
	

	
	B0
	56.41 ± 8.39
	58.20 ± 8.74
	62.16 ± 9.54
	50.08 ± 8.06
	52.64 ± 8.57
	53.29 ± 8.7
	48.99 ± 8.7
	48.75 ± 8.65
	50.44 ± 8.99

	
	B1
	59.44 ± 8.99
	63.51 ± 9.81
	63.41 ± 9.79
	52.08 ± 8.46
	54.86 ± 9.01
	57.22 ± 9.48
	49.55 ± 8.81
	50.59 ± 9.02
	51.99 ± 9.3

	S1
	B2
	60.67 ± 9.24
	61.45 ± 9.39
	66.47 ± 10.4
	50.75 ± 8.19
	52.68 ± 8.58
	55.64 ± 9.17
	48.08 ± 8.52
	52.20 ± 9.34
	52.64 ± 9.43

	
	B3
	62.41 ± 9.59
	64.77 ± 10.06
	64.78 ± 10.06
	56.20 ± 9.28
	50.64 ± 8.17
	51.29 ± 8.3
	50.55 ± 9.01
	51.66 ± 9.23
	53.49 ± 9.6

	
	
	
	
	
	
	
	
	
	
	

	
	B0
	51.39 ± 7.38
	52.03 ± 7.51
	53.34 ± 7.77
	44.78 ± 7
	46.68 ± 7.38
	48.08 ± 7.66
	42.89 ± 7.48
	44.43 ± 7.79
	45.75 ± 8.05

	S2
	B1
	51.96 ± 7.5
	55.59 ± 8.22
	54.20 ± 7.94
	46.61 ± 7.36
	48.42 ± 7.72
	49.95 ± 8.03
	43.49 ± 7.6
	47.55 ± 8.41
	46.23 ± 8.15

	
	B2
	53.56 ± 7.82
	56.03 ± 8.31
	55.91 ± 8.29
	49.08 ± 7.86
	47.27 ± 7.49
	51.76 ± 8.39
	47.24 ± 8.35
	46.3 ± 8.16
	45.99 ± 8.1

	
	B3
	52.14 ± 7.53
	53.91 ± 7.89
	57.76 ± 8.66
	47.98 ± 7.64
	49.58 ± 7.96
	50.16 ± 8.07
	44.28 ± 7.76
	47.75 ± 8.45
	49.14 ± 8.73

	LSD
	
	
	2.33
	
	
	1.75
	
	
	1.46
	


Note. Si: Silicon; RWC: Relative water content; S0, S1, and S2 indicate no salinity, salinity of 30 mM, and salinity of 60 mM, respectively. B0, B1, B2, and B3 represent no application of bio-organic fertilizers, application of vermicompost, application of mycorrhiza, and application of both vermicompost and mycorrhiza, respectively. N0, N1, and N2 demonstrate no foliar application, foliar application of 30 mg.L-1 nano Si, and foliar application of 60 mg.L-1 nano Si, respectively. LSD: Least significant difference. Means with similar letters in each column do not significantly differ based on the LSD test.

3.1.3. Eectrical conductivity (EC) 
It significantly increased under salinity conditions (Table 4). The highest EC (125.87, 152.78, and 176.32 µS.cm-1 in booting, heading, and grain filling stages, respectively) was obtained under salinity as S2, application of bio-organic fertilizers as B0, and nano Si as N0, while the lowest values (87.76, 109.65, and 113.45 µS.cm-1 in booting, heading, and grain filling stages, respectively) were related to S0B3N2 (Table 3). There was an enhancement of about 43.42, 39.33, and 55.41% in EC at booting, heading, and grain filling stages, respectively, at the highest salinity level or under non-application of bio-organic fertilizers or nano Si as B0N0 in comparison with S0B3N2 (Table 4). One of the reasons may be an increase in H2O2 and MDA content under salinity stress (Fig. 1). In this regard, Kaya et al. (2018) stated that salinity stress increases the accumulation of Na+ ions, leading to the production of ROS such as H2O2, causing lipid peroxidation and increased membrane leakage [3]. In the current study, plants treated with bio-organic fertilizers and nano Si under salinity stress decreased EC (Table 4). It seems that a major reason for the low EC due to the application of bio-fertilizers is reducing the damage caused by salinity stress on the cytoplasmic membrane in different ways, including increasing RWC (Table 3) and improving Fv/Fm (Table 8); this reduction decreases the effect caused by salinity stress and consequently leads to a decline in EC (Table 4). Dadashzadeh et al. (2018) found that the AMF application improved cell membrane stability in barley plants as a consequence of the extension of the root system, enhancing nutrient uptake and water status of the plants [5]. Similar results were reported by Ahmad et al. (1992) in wheat and AlKahtani et al. (2021) in sugar beet, demonstrating that electrolyte leakage from leaf membranes in plants was reduced by applying Si in the solution under stress [14, 27]. This may be explained by the fact that Si can maintain cells by reducing lipid peroxidation and improving compatible osmolytes, which improves access to the cell by antioxidative enzymes [14].

Table 4. Effects of salinity levels × nano Si × bio-organic fertilizers on the EC of triticale (Mean of years 2021 and 2022)

	
	
	
	Sampling Stages of EC (µs.cm-1)
	
	

	Salinity
	Bio

Fertilizer
	Booting Stage
	Heading Stage
	Grain Filling Stage

	
	
	N0
	N1
	N2
	N0
	N1
	N2
	N0
	N1
	N2

	
	B0
	98.5 ± 19.7
	94.56 ± 18.91
	93.34 ± 18.66
	126.28 ± 25.25
	122.11 ± 24.42
	116.43 ± 23.28
	136.21 ± 27.24
	131.09 ± 26.21
	123.11 ± 24.62

	
	B1
	96.65 ± 19.33
	95.32 ± 19.06
	90.56 ± 18.11
	121.09 ± 24.21
	117.3 ± 23.46
	112.65 ± 22.53
	130.33 ± 26.06
	132.5 ± 26.5
	120.34 ± 24.06

	S0
	B2
	91.56 ± 18.31
	91.45 ± 18.29
	89.43 ± 17.88
	120.5 ± 24.1
	114.12 ± 22.82
	118.46 ± 23.69
	125.8 ± 25.16
	115.4 ± 23.08
	128.4 ± 25.68

	
	B3
	93.18 ± 18.63
	92.18 ± 18.43
	87.76 ± 17.55
	123.17 ± 24.63
	115.8 ± 23.16
	109.65 ± 21.93
	133.32 ± 26.66
	115 ± 23.08
	113.45 ± 22.69

	
	
	
	
	
	
	
	
	
	
	

	
	B0
	110.54 ± 22.1
	106.32 ± 21.26
	101.54 ± 20.3
	139.34 ± 27.86
	135.98 ± 27.19
	137 ± 27.4
	156.37 ± 31.27
	150.32 ± 30.06
	144.11 ± 28.82

	
	B1
	108.43 ± 21.68
	105.43 ± 21.08
	96.76 ± 19.35
	134.36 ± 26.87
	132.4 ± 26.48
	128.62 ± 25.72
	149.48 ± 29.89
	152.7 ± 30.54
	147.7 ± 29.54

	S1
	B2
	107.5 ± 21.5
	99.8 ± 19.96
	98.56 ± 19.71
	136.28 ± 27.25
	133.11 ± 26.62
	132.34 ± 26.46
	153 ± 30.6
	140.34 ± 28.06
	140.2 ± 28.04

	
	B3
	103.76 ± 20.75 
	102.56 ± 20.51
	100.9 ± 10.18
	130.38 ± 26.07 
	128.6 ± 25.72
	125.76 ± 25.15
	147 ± 29.4
	135.32 ± 27.06
	142.2 ± 28.44

	
	
	
	
	
	
	
	
	
	
	

	
	B0
	125.87 ± 25.17
	120.67 ± 24.13
	115.76 ± 23.15
	152.78 ± 30.55
	146.29 ± 29.25
	142.74 ± 28.54
	176.32 ± 35.26
	168.45 ± 33.69
	161.56 ± 32.31

	S2
	B1
	121.56 ± 24.31
	121.8 ± 24.36
	112.7 ± 22.54
	143.54 ± 28.7
	141 ± 28.2
	144 ± 28.8
	164.59 ± 32.91
	160.7 ± 32.14
	158.11 ± 31.62

	
	B2
	119.56 ± 23.91
	114.78 ± 22.95
	116.76 ± 23.35
	148.45 ± 29.69
	147.72 ± 29.54
	140.38 ± 28.07
	166.34 ± 33.26
	169.4 ± 33.88
	162.7 ± 32.54

	
	B3
	118.76 ± 23.75
	113.54 ± 22.7
	109.65 ± 21.93
	141.67 ± 28.33
	145.6 ±29.12
	138.32 ± 27.66
	171.3 ± 34.26
	158.7 ± 31.74
	155.32 ± 31.06

	LSD
	
	
	3.58
	
	
	3.79
	
	
	5.69
	


Note. Si: Silicon; LSD: Least significant difference. S0, S1, and S2 demonstrate no salinity, salinity of 30 mM, and salinity of 60 mM, respectively. B0, B1, B2, and B3 indicate no application of bio-organic fertilizers, application of vermicompost, application of mycorrhiza, and application of both vermicompost and mycorrhiza, respectively. N0, N1, and N2 represent no foliar application, foliar application of 30 mg.L-1 nano Si, and foliar application of 60 mg.L-1 nano Si, respectively. Means with similar letters in each column are not significantly different based on the LSD test.

3.1.4. Quantum yield (Fv/Fm)
 Salinity significantly decreased quantum yield in comparison with control plants. The highest quantum yield (0.844, 0.786, and 0.728 at booting, heading, and grain filling stages, respectively) belonged to salinity as S0, application of bio-organic fertilizers as B3, and nano Si as N2, while the lowest values (0.77, 0.666, and 0.547 in booting, heading, and grain filling stages, respectively) were obtained in S2B0N0 (Table 5). Based on the findings, an increase of about 9.61, 18.01, and 33.08% was observed in quantum yield at booting, heading, and grain filling stages, respectively, at the lowest salinity level or under the application of bio-organic fertilizers or nano Si as B3N2 compared with S2B0N0 (Table 5). The reduction of chlorophyll index (Table 2) and other pigments could finally decrease the efficiency of photosynthesis. The reduction in the Fv/Fm values in the plants subjected to salinity with NaCl would indicate a decline in the photochemical efficiency of the PSII and a disturbance or damage to the photosynthetic apparatus caused by the specific salinity of the NaCl [28]. In supporting our finding, Seyed Sharifi et al. (2016) reported that a reduction in the chlorophyll index finally decreased photosynthesis efficiency [25].

When treated with bio-organic fertilizers as B3, salt-stress plants represented a significant increase in quantum yield compared to salt-treated plants without bio-organic fertilizers. A positive total impact on the Fv/Fm values of host plants under salinity was confirmed in the present study, indicating that bio-fertilizer application could increase photosynthetic efficiency [5] due to decreased leaf EC (Table 4) and improved leaf SPAD (Table 2) and RWC (Table 3) under stress conditions, which is in line with the results of [24]. 
Taha et al. (2021) concluded that the application of Si in wheat plants can improve salinity, increasing the membrane stability index, RWC, and quantum yield [13]. In this study, the application of Si under salt stress, by improving RWC (Table 3) and increasing photosynthetic capacity, could improve the quantum yield (Table 5), which corroborates the findings of Mehraban Joubani et al. (2019) [29].

3.1.5. H2O2 and MDA content
 The H2O2 and MDA content significantly increased under salinity conditions (Fig. 1). The highest contents of H2O2 and MDA (0.473 and 0.156 µmol.g.FW-1, respectively) were obtained in salinity as S2, no application of bio-organic fertilizers as B0, and nano Si as N0, while the lowest values (0.286 and 0.088 µmol.g FW-1, respectively) belonged to S0B3N2 (Fig 1). Based on the results, H2O2 and MDA content increased by 65.38 and 77.72%, respectively, at the highest salinity level or under the application of bio-organic fertilizers or nano Si as B0N0 in comparison with S0B3N2 (Fig. 1). It might be attributed to ROS such as singlet oxygen, superoxide, hydroxyl radicals, and H2O2 that are produced under salinity stress. These ROS can damage nucleic acids and chlorophyll content and increase H2O2 and MDA contents (Fig. 1) in salinity-stressed triticale plants, which is in conformity with the findings of Ben-Laouane et al. (2019) [30]. The results revealed that the application of AMF can improve plant growth under salinity stress by reducing the damage caused by the accumulation of MDA and H2O2 (Fig. 1). By the way, vermicompost + AMF can alter the salt tolerance by osmotic adjustments and lateral root growth caused by inorganic ion concentration (Table 1), which can influence salt tolerance and improve growth [31]. 
Table 5. Effects of salinity levels × nano Si × bio-organic fertilizers on the quantum yield (Fv/Fm) of triticale (Mean of years 2021 and 2022) 
	
	
	
	Sampling Stages of Quantum Yield (Fv/Fm)
	
	

	Salinity
	Bio

Fertilizer
	Booting Stage
	Heading Stage
	Grain Filling Stage

	
	
	N0
	N1
	N2
	N0
	N1
	N2
	N0
	N1
	N2

	
	B0
	0.815 ± 0.0058
	0.824 ± 0.0059
	0.834 ± 0.006
	0.753 ± 0.0055
	0.764 ± 0.0056
	0.775 ± 0.0057
	0.671 ± 0.0045
	0.689 ± 0.0049
	0.710 ± 0.0053

	
	B1
	0.821 ± 0.0059
	0.821 ± 0.0059
	0.836 ± 0.006
	0.761 ± 0.0056
	0.77 ± 0.0057
	0.779 ± 0.0057
	0.697 ± 0.005
	0.689 ± 0.0049
	0.714 ± 0.0054

	S0
	B2
	0.832 ± 0.0059
	0.836 ± 0.006
	0.839 ± 0.006
	0.768 ± 0.0057
	0.781 ± 0.0058
	0.768 ± 0.0056
	0.702 ± 0.0051
	0.718 ± 0.0054
	0.703 ± 0.0052

	
	B3
	0.827 ± 0.0059
	0.830 ± 0.0059
	0.844 ± 0.006
	0.76 ± 0.0055
	0.778 ± 0.0057
	0.786 ± 0.0058
	0.684 ± 0.0048
	0.719 ± 0.0055
	0.728 ± 0.0056

	
	
	
	
	
	
	
	
	
	
	

	
	B0
	0.8 ± 0.0054
	0.812 ± 0.0055
	0.804 ± 0.0057
	0.704 ± 0.0048
	0.72 ± 0.005
	0.711 ± 0.0049
	0.619 ± 0.0034
	0.635 ± 0.0037
	0.651 ± 0.0041

	
	B1
	0.808 ± 0.0055
	0.816 ± 0.0055
	0.818 ± 0.0058
	0.727 ± 0.0051
	0.732 ± 0.0052
	0.75 ± 0.0054
	0.641 ± 0.0039
	0.632 ± 0.0037
	0.65 ± 0.0041

	S1
	B2
	0.805 ± 0.0054
	0.81 ± 0.0058
	0.812 ± 0.0058
	0.715 ± 0.005
	0.732 ± 0.0052
	0.73 ± 0.0052
	0.629 ± 0.0036
	0.664 ± 0.0043
	0.668 ± 0.0044

	
	B3
	0.819 ± 0.0055
	0.817± 0.0055
	0.806 ± 0.0057
	0.74 ± 0.0053
	0.747 ± 0.0054
	0.755 ± 0.0055
	0.647 ± 0.004
	0.679 ± 0.0046
	0.66 ± 0.0043

	
	
	
	
	
	
	
	
	
	
	

	
	B0
	0.77 ± 0.0052
	0.785 ± 0.0053
	0.796 ± 0.0054
	0.666 ± 0.0041
	0.674 ± 0.0042
	0.687 ± 0.0045
	0.547± 0.0022
	0.579 ± 0.0026
	0.592 ± 0.0028

	S2
	B1
	0.777 ± 0.0053
	0.78 ± 0.0053
	0.801 ± 0.0054
	0.687 ± 0.0045
	0.7 ± 0.0047
	0.688 ± 0.0045
	0.590 ± 0.0028
	0.606 ± 0.0031
	0.615 ± 0.0033

	
	B2
	0.788 ± 0.0053
	0.798 ± 0.0054
	0.794 ± 0.0054
	0.675 ± 0.0043
	0.671 ± 0.0042
	0.7 ± 0.0047
	0.586 ± 0.0027
	0.567 ± 0.0024
	0.595 ± 0.0029

	
	B3
	0.789 ± 0.0053
	0.8 ± 0.0054
	0.805 ± 0.0055
	0.7 ± 0.0047
	0.682 ± 0.0044
	0.71 ± 0.0049
	0.561 ± 0.0024
	0.611 ± 0.0032
	0.627 ± 0.0036

	LSD
	
	
	0.0004
	
	
	0.001
	
	
	0.0021
	


Note. Si: Silicon; S0, S1, and S2 demonstrate no salinity, salinity of 30 mM, and salinity of 60 mM, respectively. B0, B1, B2, and B3 indicate no application of bio-organic fertilizers, application of vermicompost, application of mycorrhiza, and application of both vermicompost and mycorrhiza, respectively. N0, N1, and N2 represent no foliar application, foliar application of 30 mg.L-1 nano Si, and foliar application of 60 mg.L-1 nano Si, respectively. LSD: Least significant difference. Means with similar letters in each column do not significantly differ based on the LSD test. 

The H2O2 and MDA content significantly decreased when applying nano Si (Fig. 1). Si is deposited on cell walls, and such deposition strengthens cell membranes under salinity [4]. Therefore, Si addition may have reinforced the membranes of plant cells and prevented ion leakage from membranes, as evidenced by the decrease in lipid peroxidation. On the other hand, Si itself acts as an antioxidant and scavenges ROS, resulting in reduced MDA and H2O2 content (Fig. 1).
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Fig. 1. Effects of salinity levels × nano Si × bio-organic fertilizers on the content of malondialdehyde and hydrogen peroxide of triticale

Note. Si: Silicon; LSD: Least significant difference. S0, S1, and S2 show no salinity, salinity of 30 mM, and salinity of 60 mM, respectively. B0, B1, B2, and B3 demonstrate no application of bio-organic fertilizers, application of vermicompost, application of mycorrhiza, and application of both vermicompost and mycorrhiza, respectively. N0, N1, and N2 indicate no foliar application, foliar application of 30 mg.L-1 nano Si, and foliar application of 60 mg.L-1 nano Si, respectively. Means with similar letters in each column are not significantly different based on the LSD test.

3.1.6. Activity of CAT, POX, and PPO antioxidant enzymes
 The activity of these antioxidant enzymes as an indicator of stress was more evident in triticale plants subjected to salinity stress compared to controls, resulting in significant increases in antioxidant enzyme activities in salinity-stressed plants (Table 6). Based on the data in Table 6, the highest content of antioxidant enzyme activity was at the highest level of salinity (60 mM) and with the combined use of bio-organic fertilizers and Si (60 mg/L-1) as S2B3N2 (Table 6). The highest activity of antioxidant enzymes CAT, POX, and PPO (31.6, 92.71, and 52.68 OD µg protein.min-1, respectively) was obtained in salinity as S2 or under the application of bio-organic fertilizers as B3 or nano Si (60 mg/L) as N2. However, the lowest values (18.64, 61.48, and 31.53 OD µg protein.min-1, respectively) were obtained in S0B0N0 (Table 6). In other words, gradual increases in salinity and the combined use of bio-organic fertilizers and Si (60 mg/L-1) could increase the activity of antioxidant enzymes, the most significant of which were salinity of 60 mM as S2 and the combined use of B3N2, which recorded an increase of about 69.52, 50.79, and 67.07% in CAT, POX, and PPO, respectively, compared to control plants as S0B0N0. Indeed, one of the reasons for the increase in antioxidant enzyme activity in salinity stress conditions could be the effective coexistence of bio-organic fertilizers, together or individually, versus their non-application. Considering the enhanced nutrient absorption by the plant, the application of bio-organic fertilizers increases the activity of antioxidant enzymes. Hence, previous studies (e.g., Kheirizadeh Arough et al., 2016; Ahangar et al., 2021) reported that mycorrhiza and vermicompost applications have the highest effects on enzymatic antioxidant activities under environmental stresses, such as salinity stress [7, 10]. In fact, an increase in the activity of antioxidant enzymes such as CAT, POX, and PPO with the application of bio-fertilizers can be considered a cellular defense mechanism against oxidative damage under salinity stress [7, 10].
On the other hand, the application of 60 mg/L of Si as N2 increased the activity of antioxidant enzymes under salt stress conditions. In line with our findings, AlKahtani et al. (2021) reported that Si foliar application to plants under stress conditions could stimulate the production of various compatible solutes such as proline (Table 7) and significantly enhance the osmotic adjustment capacity and antioxidant activity of salt-stressed plants [14]. Under salinity stress, the high activity of antioxidant enzymes can seriously protect normal metabolism through oxidative damage to lipids, proteins, and nucleic acids [4]. 

Taha et al. (2021) obtained similar findings about the use of Si to increase plant antioxidant activity in salinity stress conditions, which corroborates the results of the current study [13].

	Treatments
	CAT

(OD µg protein/min)
	PPO

(OD µg protein/min)
	POD

(OD µg protein/min)

	Salinity
	Bio-organic

Fertilizers
	Nano Si
	

	
	
	N0
	N1
	N2                        
	N0
	N1
	N2
	N0
	N1
	N2

	S0
	B0
	18.64 ± 2.09
	30.89 ± 1.3
	24.02 ± 3.6
	31.53 ± 2.2
	51.37 ± 0.9
	42.49 ± 4.6
	61.48 ± 0.8
	81.86 ± 19.5
	77.61 ± 8.34

	
	B1
	29.26 ± 1.4
	25 ± 1.7
	28.97 ± 1.5
	48.82 ± 1.9
	42.82 ± 2.3
	48.16 ± 1.9
	87.63 ± 2.4
	79.31 ± 2.01
	86.65 ± 2.3

	
	B2
	26.55 ± 1.9
	22.72 ± 2.0
	23.09 ± 2.7
	40.96 ± 10.3
	38.15 ± 2.7
	41.48 ± 2.4
	77.89 ± 9.4
	72.40 ± 1.7
	77.39 ± 1.8

	
	B3
	24.13 ± 1.9
	30.73 ± 1.6
	21.08 ± 2.1
	37.99 ± 1.2
	51.12 ± 1.1
	37.76 ± 6.7
	75.47 ± 1.7
	91.52 ± 2.6
	74.35 ± 11.5

	S1
	B0
	29.88 ± 1.6
	24.84 ± 3.6
	24.55 ± 2
	50.15 ± 1.8
	39.50 ± 2.6
	40.83 ± 2.5
	89.54 ± 2.5
	74.35 ± 1.8
	76.43 ± 1.8

	
	B1
	20.91 ± 2.01
	19.69 ± 2
	21.47 ± 2.1
	40.68 ± 8.7
	32.83 ± 2.8
	36.11 ± 2.7
	67.27 ± 0.9
	64.38 ± 0.9
	69.19 ± 1.05

	
	B2
	21.86 ± 1.6
	27.34 ± 1.69
	20.51 ± 1.9
	37.47 ± 2.7
	45.52 ± 2.1
	36.62 ± 3.7
	71.42 ± 1.6
	87.14 ± 5.4
	66.31 ± 0.9

	
	B3
	23.67 ± 2
	29.63 ± 1.4
	26.47 ± 2.4
	36.51 ± 2.6
	49.48 ± 1.8
	44.85 ± 2.1
	79.18 ± 6.6
	83.93 ± 10.5
	82.20 ± 2.1

	
	B0
	21.06 ± 4.4
	26.08 ± 1.7
	28.59 ± 1.6
	32.19 ± 2.8
	42.36 ± 0.4
	47.5 ±1.9
	63.39 ± 0.9
	80.27 ± 2.07
	85.68 ± 2.2

	S2
	B1
	25.25 ± 1.7
	20.05 ± 2.02
	31.26 ± 1.3
	42.15 ± 2.4
	33.51 ± 2.8
	52.01 ± 0.9
	91.04 ± 20.1
	65.32 ± 0.94
	91.68 ± 2.5

	
	B2
	28.17 ± 1.62
	23.20 ± 2.05
	30.30 ± 1.6
	46.82 ± 2.07
	38.82 ± 2.7
	50.46 ± 1.1
	84.77 ± 2.1
	73.36 ± 1.7
	90.53 ± 2.6

	
	B3
	21.50 ± 5.5
	21.87 ± 2.1
	31.60 ± 1.2
	31.96 ± 2.4
	36.78 ± 2.7
	52.68 ± 0.9
	62.42 ± 0.8
	70.15 ± 1.1
	92.71 ± 6.05

	LSD
	2.454
	4.238
	9.93


Table 6. Effects of salinity levels × nano Si × bio-organic fertilizers on the activity of CAT, PPO, and POD enzymes
Note. Si: Silicon; CAT: Catalase; PPO: Polyphenol oxidase; POD: Peroxidase; OD: Optical density; LSD: Least significant difference. S0, S1, and S2 indicate no salinity, salinity of 30 mM, and salinity of 60 mM, respectively. B0, B1, B2, and B3 represent no application of bio-organic fertilizers, application of vermicompost, application of mycorrhiza, and application of both vermicompost and mycorrhiza, respectively. N0, N1, and N2 demonstrate no foliar application, foliar application of 30 mg.L-1 nano Si, and application of 60 mg.L-1 nano Si, respectively. Means with similar letters in each column do not significantly differ based on the LSD test.

3.1.7. Proline content

 It significantly increased under salinity conditions. Based on the comparison results of the averages, the highest proline content (11.09 μg/g leaf wet weight) was observed in salinity as S2, application of bio-organic fertilizers as B3, and nano Si (60 mg/L) as N2, while the lowest values (6.31 μg/g leaf wet weight) belonged to S0B0N0 (Table 7). An increase of about 75.75% was found in proline content at the highest salinity level as S2 or under the application of bio-organic fertilizers or nano Si as B3N2 in comparison with S0B0N0 (Table 7). 
Proline accumulation in stress conditions is a defensive mechanism that protects plant cells by adjusting osmotic pressure and stabilizing many functional units, such as complex II of the electron transport system or the removal of hydroxyl radicals [32]. Some researchers reported an increased accumulation of proline due to salinity stress. It was shown that changes in soil water potential decrease plant water uptake under salt-stress conditions. In these conditions, compatible solutes (e.g., proline, soluble sugars, betaine, glycine, and many other such organic solutes) accumulate in the plant, noticeably protecting the plant from the stress-induced deleterious impacts by osmotic adjustments, water loss limitation, and dilution of toxic ion concentrations [10]. When treated with bio-organic fertilizers as B3 and nano Si as N2, plants demonstrated a considerable increase in proline content under salt stress in comparison to salt-treated plants without bio-organic fertilizers and nano Si. In addition, it was reported that the application of vermicompost could increase proline content and decrease the damaging impacts of salinity stress [33]. Vermicompost increases the amount of N available in plants due to the presence of N in the structure of this fertilizer, which can increase the synthesis of proline and the resistance of plants to salinity stress [34]. Kheirizadeh Arough et al. (2016) concluded that the application of bio-fertilizers increased proline content under salinity stress [7]. Moreover, proline effectively prevents enzyme destruction and macromolecule breakdown and maintains cell wall strength under salinity stress. Accordingly, the application of Si and the combined bio-organic fertilizers intensifies this effect by increasing proline and helps increase the tolerance of the plant against salinity stress [4].  
3.1.8. Soluble sugar

 It significantly increased under salinity conditions. The averages were compared, and the results revealed that the highest soluble sugar (91.22 mg.g-1 FW) belonged to salinity as S2, application of bio-organic fertilizers as B3, and nano Si (60 mg/L) as N2, while the lowest value (58.61 mg.g-1 FW) was found in S0B0N0 (Table 7). The application of nano​ Si, bio-organic fertilizers as B3N2 under 60 mM salinity increased soluble sugar content by about 55.63% in comparison to S0B0N0 (Table 7). The findings confirmed that the content of soluble sugar increased with an increase in stress intensity at different stages of salinity stress. In a saline environment, plant water uptake decreases due to changes in soil water potential. Under such conditions, the accumulation of compatible solutes, such as soluble sugars, plays an important role in protecting the plant from stress-induced deleterious effects by osmotic adjustments, dilution of toxic ion concentration, and water loss limitation [30] and exerts an essential contribution to plant resistance under stress conditions. Kheirizadeh Arough et al. (2016) found similar results regarding triticale [7]. 
In this study, soluble sugar content increased under salinity stress with the application of bio-fertilizers (Table 7), which is in conformity with the findings of Kheirizadeh Arough et al. (2016) [7]. In addition, it was reported that the combined application of mycorrhiza and vermicompost through hyphae expansion, root system development, and soil organic matter increased water and nutrient uptake, the content of soluble sugars, and anthocyanin by improving photosynthesis [35]. Additionally, vermicompost improves water absorption and essential plant elements (e.g., the available nitrogen) and enhances photosynthesis and plant biomass. Mycorrhizal fungi increase the sugar content of the host plant by hydrolyzing starch into sugars and preventing structural changes in soluble proteins [31]. It seems that vermicompost application increases the activity of the rubisco enzyme by increasing nutrients such as nitrogen in the structure of this fertilizer, which can increase photosynthesis and carbohydrates in the plant [31]. 
On the other hand, the application of nano Si increases water uptake in the root by increasing the accumulation of soluble sugars [4]. 
3.1.9.  Anthocyanin

 This pigment noticeably increased under salinity conditions. Based on the comparison results of the averages, the highest anthocyanin (0.023 µg g-1FW) was related to salinity as S2, application of bio-organic fertilizers as B3, and nano Si (60 mg/L) as N2, while the lowest value (0.014 µg g-1FW) was observed in S0B0N0 (Table 7). The application of nano​ Si, bio-organic fertilizers as B3N2 under 60 mM salinity increased anthocyanin content by about 64.28% compared to S0B0N0 (Table 7). Anthocyanin content is a good indicator of stress responses, playing an important role in protection under abiotic and biotic stress. Moreover, anthocyanin contents exert essential functions in plant reproduction and defend plant cells from damage by ROS [36]. Anthocyanins are secondary metabolites that can be biosynthesized in response to various osmotic stresses and play a key role in stress protection [37]. Bio-organic fertilizers and nano Si applications under salinity stress significantly affected anthocyanin contents. In conformity with our findings, Vitrac et al. (2000) attributed the enhancement of anthocyanin contents to the application of bio-fertilizers for better absorption of magnesium and calcium in the presence of these fertilizers [38]. They suggested that bio-fertilizers could increase anthocyanin production by helping the plant absorb magnesium and calcium. Minerals such as calcium increase the amount of carbohydrates and lead to the development of cell pigments and the production of anthocyanin. Further, roots inoculated with mycorrhiza and vermicompost can produce and secrete substances that are biologically active (e.g., nicotinic acid, B vitamins, biotin, pantothenic acid, gibberellins, auxin, and the like), increasing the content of the organic substance and carbohydrates of the plant and thus the content of anthocyanin contents [35]. 
Based on the present study's findings, Si application under salinity treatment could noticeably increase anthocyanin. Hajiboland and Cheraghvareh (2014) reported that anthocyanin contents play an essential role in antioxidant defense in leaves under stress and are reduced by decreasing the effects of stress with Si [39]. 
	Treatments
	Proline (µg g-1 FW)
	Soluble Sugars (mg.g-1 FW)
	Anthocyanin (µg g-1FW)

	Salinity
	Bio-organic

Fertilizers
	Nano Si
	

	
	
	N0
	N1
	N2                        
	N0
	N1
	N2
	N0
	N1
	N2

	S0
	B0
	6.31 ± 0.25
	10.76 ± 019
	8 ± 1.44
	58.61 ± 6.8
	87.82 ± 3.02
	77.62 ± 5.04
	 0.014 ± 0.001
	0.023 ± 0.0006
	0.019 ± 0.001

	
	B1
	10.03 ± 0.19
	8.60 ± 0.16
	9.85 ± 0.18
	84.42 ± 4.6
	73.97 ± 7.9
	83.44 ± 4.7
	0.018 ± 0.005
	0.019 ± 0.0008
	0.021 ± 0.0003

	
	B2
	9.35 ± 0.13
	7.94 ± 0.71
	8.76 ± 0.78
	78.13 ± 6.03
	69.48 ± 4.5
	77.80 ± 9.08
	0.021 ± 0.0002
	0.019 ± 0.002
	0.019 ± 0.0006

	
	B3
	8.23 ± 0.95
	10.61 ± 0.17
	7.28 ± 0.62
	69.23 ± 6.7
	88.31 ± 4.4
	68.20 ± 3.1
	0.017 ± 0.001
	0.023 ± 0.0005
	0.020 ± 0.004

	S1
	B0
	10.35 ± 0.21
	8.28 ± 0.74
	8.59 ± 0.76
	79.32 ± 16.6
	70.09 ± 6.5
	72.71 ± 5.3
	0.022 ± 0.0004
	0.018 ± 0.0009
	0.019 ± 0.0006

	
	B1
	7.17 ± 0.58
	7.43 ± 1.1
	7.44 ± 0.69
	72.74 ± 3.2
	60.19 ± 6.1
	74.68 ± 5.8
	0.016 ± 0.001
	0.017 ± 0.003
	0.017 ± 0.001

	
	B2
	7.97 ± 0.67
	9.18 ± 0.12
	7.01 ± 0.53
	67.79 ± 7.6
	79.55 ± 4.9
	63.35 ± 5.7
	0.018 ± 0.002
	0.020 ± 0.0002
	0.016 ± 0.001

	
	B3
	8.28 ± 0.74
	10.18 ± 0.2
	9.07 ± 0.18
	70.75 ± 5.1
	82.07 ± 2.2
	78.59 ± 4.9
	0.018 ± 0.0009
	0.022 ± 0.0003
	0.019 ± 0.001

	
	B0
	7.45 ± 1.39
	8.04 ± 1.35
	9.68 ± 0.16
	60.23 ± 6.2
	76.63 ± 5.1
	82.49 ± 4.4
	0.015 ± 0.001
	0.020 ± 0.0005
	0.021 ± 0.0002

	S2
	B1
	8.43 ± 0.15
	6.87 ± 0.46
	10.93 ± 0.19
	74.66 ± 5.2
	61.91 ± 6.4
	90.27 ± 4.3
	0.019 ± 0.0006
	0.016 ± 0.001
	0.023 ± 0.0006

	
	B2
	9.51 ± 0.13
	8.10 ± 0.75
	10.50 ± 0.21
	75.40 ± 15.09
	69.77 ± 5.5
	86.55 ± 3.5
	0.021 ± 0.0002
	0.018 ± 0.001
	0.022 ± 0.0005

	
	B3
	6.46 ± 0.29
	7.60 ± 0.72
	11.09 ± 0.2
	59.55 ± 6.7
	66.83 ± 5.6
	91.22 ± 4.3
	0.015 ± 0.001
	0.017 ± 0.001
	0.023 ± 0.0007

	LSD
	0.89
	6.913
	0.0026


Table 7. Effects of salinity levels × nano Si × bio-organic fertilizers on proline, soluble sugar, and anthocyanin
Note. Si: silicon; LSD: Least significant difference. S0, S1, and S2 represent no salinity, salinity of 30 mM, and salinity of 60 mM, respectively. B0, B1, B2, and B3 denote no application of bio-organic fertilizers, application of vermicompost, application of mycorrhiza, and application of both vermicompost and mycorrhiza, respectively. N0, N1, and N2 indicate no foliar application, foliar application of 30 mg.L-1 nano Si, and foliar application of 60 mg.L-1 nano Si, respectively. Means with similar letters in each column are not meaningfully different based on the LSD test.
3.2. Grain yield
 Based on the interaction effect between salinity, vermicompost, mycorrhiza, and nano Si, the highest grain yield (2.55 g per plant) was observed under no salinity conditions and application of bio-fertilizers and nano Si as B3N2, while the lowest value (1.35 g per plant) was found at the highest salinity level or under no application of bio-fertilizers or nano Si or B0N0 (Fig. 2). The application of bio-fertilizers as B3 and nano Si as N2 could reduce the impacts of salinity, while their combined applications could increase grain yield by about 88.88% in comparison with control. One of the effects of salinity may be a decrease in some physiological traits, such as SPAD, RWC, and Fv/Fm. In this regard, Seleiman et al. (2020) found that salinity stress can increase the production of ROS in cellular organelles such as mitochondria, peroxisomes, and chloroplasts, which can negatively affect different processes such as RWC, chlorophyll index, and quantum yield, and/or increase EC (Table 4), H2O2, and MDA content (Fig. 1) [32]. The results of our experiment revealed that the application of both bio-organic fertilizers (mycorrhiza and vermicompost) under salinity conditions significantly increased the grain yield of triticale. It seems that part of the increased yield in plants treated with bio-fertilizers and nano Si may be an increase in the activity of antioxidant enzymes (Table 6), compatible osmolytes (Table 7), anthocyanin content (Table 7), SPAD and RWC (Table 3), and Fv/Fm (Table 5), and a reduction in EC (Table 4), H2O2, and MDA (Fig. 1). In addition, the increased grain yield of triticale in response to the application of bio-fertilizers is related to the availability of nutrients for the growth of the plant, which, in turn, could increase the production of photoassimilates for grain filling. Microorganisms in bio-fertilizers can improve plant growth through nitrogen fixation or growth hormone production [40]. Therefore, a synergistic relationship promotes the growth and yield of plants because microorganisms allow the plants to absorb phosphorus, nitrogen, and other elements more than those treated without bio-fertilizers [41]. Some studies have shown that Si is effective in mitigating the stress of salinity in different plant species, such as wheat [42], since it acts as an antioxidant and scavenges ROS, resulting in reduced MDA and H2O2 content (Fig. 1). 
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Fig. 2. Effects of salinity levels × nano Si × bio-organic fertilizers on the grain yield of triticale 
Note. Si: Silicon; S0, S1, and S2 demonstrate no salinity, salinity of 30 mM, and salinity of 60 mM, respectively. B0, B1, B2, and B3 show no application of bio-organic fertilizers, application of vermicompost, application of mycorrhiza, and application of both vermicompost and mycorrhiza, respectively. N0, N1, and N2 indicate no foliar application, foliar application of 30 mg.L-1 nano Si, and foliar application of 60 mg.L-1 nano Si, respectively. LSD: Least significant difference. Means with similar letters in each column do not significantly differ based on the LSD test.

4. Conclusion

The results demonstrated that inoculating bio-organic fertilizers and applying 60 mg/L of Si could improve the physiological and biochemical mechanisms of triticale plants under salinity stress conditions. It was also found that higher salt concentrations led to osmotic disturbance in the triticale plant. Moreover, bio-organic fertilizer inoculation and nano Si application had an ameliorating effect by promoting the accumulation of osmolytes and the action of antioxidant enzymes under saline stress conditions, leading to a decrease in oxidative stress in plants and an enhancement in grain yield. Hence, applying nano Si and bio-organic fertilizers was beneficial for improving the salinity resistance of triticale plants.
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