Effect of halo-tolerant phosphate solubilizing microbes on wheat (Triticum aestivum L.) under saline conditions 

ABSTRACT
	Phosphorus deficiency is the most common problem in the salinity affected areas as the water soluble phosphate rapidly converts into insoluble and plant un-utilizable form. Among different remediation strategies of this problem, use of plant beneficial phosphate solubilizing microbes (PSMs) is cost effect and eco-friendly measure. Two most potent halo-tolerant PSMs i.e. one phosphate solubilizing bacteria (PSB) and one phosphate solubilizing fungi (PSF) were screened on Pikovskaya’s agar amended with 5% NaCl. Bacterial isolate Bacillus subtilis PSB-S showed positive ACC deaminase acitivity, potash mobilization, IAA production, siderophore activity and Cladosporium herbarum PSF-S found positive for potash mobilization and antagonistic potential against plant pathogenic Fusarium oxysporum on the basis of different in vitro plant growth promoting traits. Field experimental data suggested that application of either PSB and PSF alone or both in combination, along with 100% recommended dose of chemical phosphatic fertilizer (RDP) showed highest root length, shoot length, no. of tillers/plant, no. of spikes/plant, available phosphorus, phosphorus uptake, seed weight/plant, seed and straw yield of wheat under saline stress conditions. Additionally, application of PSB/PSF alone and in-combination with half RDP showed at par values of all above parameters to that of full dose of RDP (without any culture application). Therefore, it is evident from field experimental data that application these halo-tolerant PSMs under salinity conditions significantly improved phosphorus bioavailabilty and could save 50% of chemical phosphatic chemical fertilizers without compromising yield.
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INTRODUCTION
	Soil salinity is one of the most detrimental abiotic factors affecting crop plants as majority of agriculturally important plants are salt sensitive. A saline soil is characterized on the basis of electrical conductivity (EC) of the saturation extract (ECe) in the soil exceed 4 dS/m at 25̊ C and possess 15% exchangeable sodium (Shrivastava and Kumar, 2015). On the global scale, 20% of the cultivated and 33% of the irrigated agriculturally useful land is affected by the salinity (Wang et al., 2012). The salinity affected area in the aerable land is expected to rise owing to the climate change, making a threat to food security for the ever increasing population (Chele et al., 2021).  
Wheat, rice and maize encompass the major staple crops globally with a significance of carbohydrate and protein intake. Among these, wheat (Triticum aestivum L.) ranked on the first position due to ease of domestication and prime contributor as primary staple food on global level (Iqbal et al., 2021). Wheat plants are sensitive to the salinity stress and it negatively impacts the growth and development of the plant, with low productivity to complete crop failure under extreme saline stress conditions. Further, salinity stress imparts negative effect on seed germination, root activity, morphological traits, yield and yield attributing characters in wheat (EL Sabagh et al., 2021). Soil salinity imparts osmotic imbalances, ion toxicity and oxidative stress damage with severe nutrients deficiency. High level of soil salinity results into nutrient imbalances and interfere with uptake of some essential plant nutrients through root (Othman et al., 2023). 
Soil salinity reduces phosphorus bioavailability through plant root uptake due to P ion precipitation with calcium ions (Bano and Fatima, 2009). Soil P management can be overcome by several strategies, like application of chemical phosphatic fertilizers and soil organic amendments. However, these strategies may have negative impact on soil density with heavy metal accumulation in the soil (Ding et al., 2020). Application of plant friendly microbes is one of the methods that can be used to mitigate salinity stress in sustainable way (Singh, 2015). Such microbes could colonize plant root and improve the bioavailability of soil P in eco-friendly manner (Dey et al., 2021). Application of single or consortium of root colonizing microbes could be useful to confer salinity stress for cultivating wheat under salinity stress conditions (Desoky et al., 2020). 
MATERIALS AND METHODS
Isolation and identification of halotolerant Phosphate Solubilizing Microbes (PSMs)
Soil samples from the salinity affected rhizosphere of wheat were collected from coastal region of South Gujarat. Soil samples were serially diluted to 10-5 and spreaded on Pikovskaya agar amended with 5% NaCl. The plates were then incubated at 28±2̊ C temperature in the static condition for 7 days. Halo zone near colony after incubation was taken as evidence of phosphate solubilization and the phosphate solubilization index (PSI) was determined by the formula PSI=total diameter (colony+clear zone)/diameter of the colony (Edi-Premono et al., 1996). The most potent phosphate solubilizing bacteria (PSB) and phosphate solubilizing fungi (PSF) were identified on the basis of morphological/biochemical parameters. 
In vitro characterization of potent isolates
Two most potential isolates of PSMs (one bacteria and one fungi) were characterized for various in vitro plant growth promoting traits such as potash mobilization, zinc solubilization, siderophore production, IAA production, ACC deaminase activity and antagonistic potential as per standard methodologies (Mendapara et al., 2020).
Field evaluation of PSMs on wheat under saline conditions
	Two most potent PSMs were tested for three years (2017 to 2019) on salinity affected field at Soil Salinity Research Station, Navsari Agricultural University, Danti-Umbharat. The PSMs [PSB (1×108 cfu/ml)/PSF (1×107 cfu/ml)] @ 2.5 lit was mixed with 200 kg well decomposed FYM and was applied in one ha area as a soil application in the furrow at the time of wheat sowing. Total 09 treatments were tested on wheat variety GW496. Nitrogen was applied @ 180 kg/ha as a blanket application.
Treatments:
T1: 100% Recommended Doses of Phosphorus (RDP) 
T2: 100% RDP + Soil application of PSB (1X108 cfu/ml) 2.5 lit/ha at the time of sowing 
T3: 100% RDP + Soil application of PSF (1X107 cfu/ml) 2.5 lit/ha at the time of sowing 
T4: 100% RDP + Soil application of PSB (1X108 cfu/ml) 1.25 lit/ha + PSF (1X107 cfu/ml)  
        1.25 lit/ha at the time of sowing 
T5: 50% RDP 
T6: 50% RDP + Soil application of PSB (1X108 cfu/ml) 2.5 lit/ha at the time of sowing 
T7: 50% RDP + Soil application of PSF (1X107 cfu/ml) 2.5 lit/ha at the time of sowing 
T8: 50% RDP + Soil application of PSB (1X108 cfu/ml) 1.25 lit/ha + PSF (1X107 cfu/ml) 
       1.25 lit/ha at the time of sowing 
T9: Absolute control (Without P application)
	Various observations such as root and shoot length (15 DAS), no. of tillers/plant (30 DAS), no. of spikes/plant, available phosphorus (kg/ha), phosphorus uptake (%), seed weight/plant (g), seed and straw yield (q/ha) were recorded. The data were analyzed statistically by considering Randomized Block Design (RBD) and with 03 replications.
RESULTS AND DISCUSSION
Isolation and identification of PSMs from saline soil
Soil samples were collected from the salinity affected coastal areas i.e. Danti, Hansot, Dandi, Umbharat of South Gujarat region. Attempts were made to select representative rhizospheric soil samples from salinity affected wheat fields. Collected samples were transported to the laboratory in pre-sterilized polythene bags to avoid further contamination. Soil samples were diluted up to 10-5 in N-saline solution by serial dilution method and 0.1 ml was spreaded on the Pikovskaya’s agar amended with 5% NaCl to ensure selective growth of halo-tolerant microbes. Further, total 14 bacterial and 08 fungal cultures were found to be phosphate solubilizing, as judged by the phosphate solubilization index (PSI). The highest PSI index was noted in case of one bacterial (4.55) and one fungal (4.32) isolates. Therefore, both the isolates were selected for further studies and identified as Bacillus subtilis PSB-S and Cladosporium herbarum PSF-S on the basis of morphological and biochemical characters.   
In vitro characterization of PSM for PGP traits
	Both the isolates were further characterized for in vitro plant growth promoting (PGP) traits to ensure their plant beneficial potential in addition to phosphate solubilization. Data indicated that in terms of various parameters tested, bacterial isolate B.subtilis PSB-S showed positive ACC deaminase acitivity, potash mobilization, IAA production and siderophore activity. The fungal isolate C. herbarum PSF-S showed positive potash mobilization and antagonistic potential against plant pathogenic Fusarium oxysporum (Table-1).
Table-1 Plant growth promoting characterization of isolates
	Parameter
	B.subtilis PSB-S
	C. herbarum PSF-S

	ACC deaminase activity
	Positive
	Negative

	Potash mobilization
	Positive
	Positive

	Zinc solubilization
	Negative
	Negative

	Biocontrol efficacy against Fusarium oxysporum
	Negative
	Positive

	IAA production
	Positive
	Negative

	Siderophore
	Positive
	Negative


Field evaluation of PSM 
	Both the potent isolates were tested under salinity affected field on wheat crop to ascertain their real potential of salinity stress mitigation and increment of phosphorus bioavailability. Both the isolates were found compatible with each other and therefore, different treatment combinations were tested in such a way that each treatment receive single or combined application of PSB+PSF along with full RDP and half RDP along with treatments without any culture treatments as a control. The field experiment was conducted for three consecutive years (2017 to 2019) under RBD design and the pooled data of the statistical analysis is presented in table-2.
It is evident from the data that percent seed germination of wheat GW496 remain non-significant among all the treatments tested. It is well established phenomenon that PSM confers plant beneficial effect by increasing P acquisition via root system responses at the structural, functional and transcriptional level (Elhaissoufi et al., 2020). Increase in the P uptake increase plant growth parameters such as root and shoot growth. The highest values of root length at 15 days after sowing (DAS) was recorded in the treatment of full RDP dose + combined application of both PSMs (7.98 cm) and it was at par with the full dose of RDP with either PSF (7.80 cm), half RDP with combined application of both PSMs (7.62 cm) and full RDP+PSB (7.54 cm). Lowest root length was recorded in the absolute control treatment (3.71 cm). Highest shoot length at 15 DAS was recorded in the full dose of RDP with PSF application (5.64 cm) and it was at par with the treatments with full RDP with both PSMs (5.59 cm) and full RDP+PSB (5.26 cm). Treatment with half RDP and single or dual inoculation of PSMs showed at par results, which was significantly higher than half RDP control treatment. Lowest shoot length was recorded in absolute control (2.03 cm).
Table-2 Pooled data of different parameters 
	No.
	Treatment
	Per cent seed germination
	Root Length (15 DAS) cm
	Shoot Length (15 DAS) cm
	No. of tillers/plant (30 DAS)
	No. of spikes/plant


	T1
	100% RDP
	85.11
	6.22
	3.96
	6.55
	8.01

	T2
	100% RDP+PSB
	85.11
	7.54
	5.26
	6.86
	8.32

	T3
	100% RDP+PSF
	85.33
	7.80
	5.64
	7.12
	8.51

	T4
	100% RDP+PSB+PSF
	86.11
	7.98
	5.59
	7.53
	8.56

	T5
	50% RDP
	85.00
	4.72
	3.12
	5.83
	6.90

	T6
	50% RDP+PSB
	86.00
	6.88
	4.60
	6.96
	7.85

	T7
	50% RDP+PSF
	85.44
	6.96
	4.60
	6.81
	7.81

	T8
	50% RDP+PSB+PSF
	85.67
	7.62
	4.83
	6.68
	7.91

	T9
	Without P application (Absolute control)
	80.22
	3.71
	2.03
	5.06
	5.38

	S.Em±
	3.39
	0.18
	0.18
	0.12
	0.13

	CD at 5%
	NS
	0.56
	0.46
	0.35
	0.38

	CV%
	6.93
	8.37
	11.73
	5.28
	5.41



	No.
	Treatment
	Available P (kg/ha)

	Phosphate uptake (%)

	Seed weight/plant (g)
	Seed yield q/ha
	Straw yield q/ha

	T1
	100% RDP
	119.09
	0.31
	9.16
	28.41
	47.94

	T2
	100% RDP+PSB
	136.33
	0.39
	9.55
	30.02
	49.60

	T3
	100% RDP+PSF
	139.22
	0.39
	10.47
	29.90
	50.81

	T4
	100% RDP+PSB+PSF
	151.89
	0.40
	10.58
	31.40
	51.01

	T5
	50% RDP
	92.00
	0.20
	8.10
	23.56
	40.85

	T6
	50% RDP+PSB
	121.56
	0.28
	9.07
	27.10
	45.50

	T7
	50% RDP+PSF
	127.22
	0.32
	8.95
	27.71
	45.05

	T8
	50% RDP+PSB+PSF
	138.22
	0.35
	9.01
	28.39
	46.03

	T9
	Without P application (Absolute control)
	74.04
	0.14
	6.84
	20.30
	34.67

	S.Em±
	4.96
	0.015
	0.17
	0.89
	1.10

	CD at 5%
	14.02
	0.043
	0.48
	2.51
	3.13

	CV%
	13.34
	16.66
	6.14
	9.00
	7.76


	
Another important parameter numbers of tillers/plant at 30 DAS was recorded highest in the treatment inoculated with dual cultures and full RDP (7.53) followed by the treatment full RDP+PSF (7.12). Additionally, treatments inoculated with half RDP and single or dual PSM inoculation showed higher tillers over full dose of RDP treatment. Lowest tillers were recorded in the absolute control (5.06) treatment. Almost similar trend was also seen in case of number of spikes/plant, highest in the full dose of RDP+both PSMs inoculation (8.56) and it was at par with the full RDP+PSF (8.51) and full RDP+PSB (8.32). Treatments inoculated with either single of dual PSM with half RDP showed at par results with full dose RDP control treatment. Afzal and Bano (2008) reported that single or dual inoculation of Rhizobium and PSB along with inorganic P significantly improved growth parameters in wheat root and shoot weight, spike length, grain yield, etc. Further, single or dual inoculation of above microbes with inorganic P application showed 30-40% better efficacy over only P application for improving grain yield up to 20%.
	Phosphorus deficiency is the major concern in the saline affected soil as salinity restricts P availability. Application of halo-tolerant phosphate solubilizing microbes can improve the P bio-availability in economical way as such microbes could recover the P deficit in saline land in eco-friendly manner (Dey et al., 2021). In terms of soil phosphorus availability, highest value was noted in the full RDP+dual PSM inoculation (151.89 kg/ha) and it was found statistically at par with half RDP+dual PSM (138.22 kg/ha) and full dose RDP+PSF (139.22 kg/ha), suggesting that these PSMs could save 50% of chemical P fertilizers without any environmental concerns. Treatments with either half dose RDP+PSF (127.22 kg/ha) and half RDP+PSB (121.56 kg/ha) resulted into numerically higher but statistically at par available soil phosphorus with full RDP (119.09) treatment. With the increase in soil phosphorus availability, there was corresponding increase in the phosphorus uptake by the plant. Highest P uptake was recorded in the full dose of RDP+dual PSMs inoculation (0.40%) and it was at par with the full RDP with either PSF or PSB (0.39% in both) treatments. Inoculation of single or both PSM with half RDP showed at par phosphate uptake to that of full RDP application.
	Among different yield and yield attributing characters, highest seed weight per plant was recorded in the full RDP with both PSM application (10.58 g) and it was statistically at par with full RDP with PSF treatment (10.47 g). Application of PSB with full and half RDP, PSF+half dose RDP, both PSMs+half RDP and full RDP control treatment showed statistically at par seed weight per plant. Lowest seed weight per plant was recorded in the absolute treatment (6.84 g). In terms of seed yield and straw yield, highest values were recorded in the treatment of both PSM application with full RDP (31.40 and 51.01 q/ha, respectively) and it was at par with full RDP+PSF (29.90 and 50.81 q/ha, respectively) as well as full RDP+PSB (30.02 and 49.60 q/ha, respectively). Single or dual application of PSMs along with half RDP was at par with full RDP control application, suggesting efficacy of isolated microbes in the reduction of 50% chemical phosphatic fertilizers, without compromising wheat yield under saline stress conditions. Lower seed and straw yield was recorded in the 50% RDF that kept uninoculated with any of PSMs (23.56 and 40.85 q/ha, respectively). Lowest seed and straw yield was recorded in the absolute control treatment (20.30 and 34.67 q/ha, respectively) among different treatments under study. Alam et al. (2022) reported that application of PSB under alkaline soil conditions significantly improved yield attributes in wheat. Further, the finding implied that application of PSB with 100% RDP as inorganic phosphorus has potential to enhance the growth and yield of wheat over sole P application. In the similar study, Wang et al. (2022) also reported that PSB inoculation significantly improved the yield of wheat in the tune of 14.42% when compared with the sole P fertilizer application.
CONCLUSION:
	Application of halo-tolerant PSMs can be the best treatment to correct P deficiency in the saline soil in economical and eco-friendly manner. Rhizospheric microbes also have the tremendous capacity to confer salinity tolerance under saline stress conditions. It is evident that single application of the either PSB or PSF along with full RDP significantly improved growth and yield attributes in the wheat over only 100% RDP alone treatment. However, combined application of both PSMs produced highest growth and yield in wheat under saline conditions. Moreover, application of half dose of inorganic phosphate and inoculated with single or dual PSMs showed at par results to that of 100% RDP alone, suggesting need of such plant useful microbes in saving large part of chemicals without compromising wheat production and productivity.
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