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Foliar application of Glycine betaine and Cytokinins regulates Photosynthetic Attributes and final Biological yield in wheat under Drought Stress

Abstract
Drought stress creates numerous of physiological and biochemical changes in plant that affects its life cycle and final production. The present trial was intended to inspect the effect of foliar application of cytokinins like benzyl adenine (BA) and kinetin (Kn) in combination with osmoprotectant like Glycine betaine (GB) at two different stages i.e. vegetative stage (VS) and flag leaf stage (FLS) on various photosynthetic parameters and final biological yield of drought-stressed wheat genotypes. The study was carried out on the basis of a Completely Random Design (CRD) with 6 treatments and 3 replications. Under drought stress, a significant decreased net leaf photosynthetic rate (Pn) and Intercellular CO2 concentration. Foliar application of both cytokinins along with GB had an ameliorative effect on photosynthetic rate and intercellular CO2. A significant increase was recorded in total chlorophyll content and carotenoid content of wheat genotypes with exogenous application of GB along with Kn and BA. Exogenous application of GB @ 100mM along with Kn @ 40mg/L was observed more effective in the amelioration of the negative impact of drought stress in all studied genotypes of wheat. 
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 Introduction
                Wheat yield is highly inhibited by various abiotic stresses such as heat, salt, drought, and cold-causing wheat production damages up to 40 to 60% in the field respectively [1 and 2]. The yield of wheat has multiplied in the course of the most recent 30 years because of the combination of superior agronomic practices and enhanced germplasm through selective breeding [3]. Water stress affects mineral uptake, membrane structure, and several metabolic pathways that change the endogenous level of hormones. Cytokinins, both in interaction and antipathies with other hormones impact several plant processes that cause development and growth [4]. Normally, the comeback of plants to cytokinins is adjudged by their exogenous or external application [5]. Water shortage at different growing stages heartens different morpho-physiological alterations in plants to acclimatize to such situations. In many plants, water deficit reduced growth, leaf area development, and senescence [4]. The plant's response to CKs is judged from their response to exogenous supplied or endogenous levels. The concentration and composition of CKs in the site of action might be quite different from the site of application.
                 Osmoprotectants resembling Glycine Betaine and Trehalose play a major character in the metabolic regulations of a plant under stress [6]. Glycine betaine (GB) (N, N', N''-trimethylglycine, GB) is a ammonium (quaternary) compound, naturally synthesized and accumulated in many plant families comprising Gramineae, Malvaceae, Chenopodiaceae, Amaranthaceae, and Compositae at elevated concentrations in relation to numerous types of abiotic stresses, subsequent in their better tolerance. GB is chiefly abundant in the chloroplast, where its biosynthesis takes place from serine through choline. Also, cytosolic GB is less active than chloroplastic GB in protecting plants in contrast to high salt, chilling and oxidative stresses [7]. Thus presently, the effect of exogenous application of cytokinins (Kn and BA) along with GB was investigated on wheat genotypes growing under water deficit conditions by studying their effect on various photosynthetic attributes. 
Materials and methods
Material and field preparation
Three wheat genotypes viz: HD2967, WH1105, and PBW660 were taken from the Department of Plant Breeding and Genetics, P.A.U. Ludhiana and were assessed in a split-plot randomized block design with three replications each under irrigated (control) =T1, water deficit Stress (with holding irrigations) =T2, and water deficit with various concentrations of GB (50mM and 100mM) and Cytokinins (Kn@40mg/L and BAP@50mg/L) in the field conditions. The genotypes were sown in a plot size of 2×2 m2 with row to row spacing of 20 cm. The aqueous solution of Kn(40)+(GB@50mM) =T3, Kn(40)+(GB@100mM) =T4, BA(50)+ (GB@50mM) =T5, BA(50)+(GB@100mM) =T6, solutions containing 0.1% TWEEN-20 was sprayed on wheat plants twice a day during its application at vegetative and flag leaf stage. 
Photosynthetic Gas exchange measurements (PGEM)
At the vegetative stage, the 3rd leaf, and at the reproductive stage, the flag leaf of each genotype and treatment was observed for the PGEM. Intercellular CO2 concentration (Ci), and net leaf photosynthetic rate (Pn), were observed using a portable photosynthesis system with a 6 cm2 clamp of leaf cuvette (LI-6400, LICOR Inc., Lincoln, NE, USA). 

Carotenoid content and chlorophyll content 
	Carotenoid and chlorophyll content were calculated by the method as suggested by [8].
Biological yield (g)/m2
The biological yield was observed at the maturity stage using above-ground crop biomass harvested in a 1m2 area of all subplots was weighed to obtain biological yield/m2.
Statistical analysis:
Statistical analysis was performed by means of a factorial experiment in a random block design (RBD) using two-way ANOVA as the approach described by [9].
 Results 
Net photosynthetic rate (NPR)
NPR was recorded high in all the genotypes under control or normal conditions and it significantly declined under the drought stress conditions at both VS as well as at FLS (Fig 1A and 1B). Maximum percentage loss was observed in HD2967 (29.34%) whereas, minimum has resulted in PBW660 (21.82%) over the drought stress conditions at VS and at FLS the genotype WH1105 had minimum and HD2967 had maximum percentage decrease over control. Kn along with GB@ 50mM had a significant effect on the increase in NPR at both stages in all studied genotypes. WH1105 (35.19%) had a maximum percentage increase at VS and HD2967 followed by PBW660 had a maximum percentage increase over drought at FLS. NPR was significantly further increase with foliar application of Kn in combination with GB@100mM and genotype WH1105 had a maximum percentage increase at VS and as well as at FLS. BA in different combinations with GB significantly increased the NPR over drought in all genotypes at both studied stages. BA along with GB@ 100mM had a more positive effect on NPR in all genotypes as compared to BA with GB@50mM. 
 Intercellular CO2 (ICC)
ICC showed a significant reduction in all studied wheat genotypes at two growth phases under drought stress (Fig 3A and 3B). The maximum reduction was recorded in WH1105 at VS as well as at FLS i.e. 24.01% and 30.21% respectively over control conditions. Kn along with GB@ 50mM significantly increased the ICC at both stages in all studied genotypes. With that foliar spray WH1105 had a maximum percentage increase at VS and as well as at FLS i.e. 11.26% and 6.25%. Kn along with the higher concentration of GB i.e. @ 100mM had a more positive effect on all genotypes. With that foliar application, HD2967 performed better at both stages.  BA with different combinations of GB significantly ameliorated the negative effect of drought at both stages. BA along with GB@ 100mM had a more significant effect as compared to BA with GB@ 50mM. With the foliar application of BA with GB@100mM, genotype HD2967 (13.96%) had a maximum percentage increase at VS, and at FLS genotype WH1105 (6.25%) had a maximum percentage increase over drought as compared to other genotypes.
Chlorophyll content (chl)
	Chl content of three wheat genotypes was recorded at two different growth stages. Drought stress was significantly enhanced total chlorophyll content (Table 1) in all studied genotypes at both growth phases. Total chl content has resulted higher in WH1105 as compared to other genotypes at the vegetative stage and at flag leaf stage it was more in HD2967. Kn along with GB@ 50mM more significantly increased the chl at both stages in all studied genotypes. With that foliar spray WH1105 followed by HD2967 had maximum chl at VS and HD2967 had maximum chl at FLS. Kn along with the higher concentration of GB i.e. GB@ 100mM had a more positive effect on all genotypes an increase in chlorophyll content. With that foliar application WH1105 followed by HD2967 had a maximum increase in chl at VS and WH1105 had a maximum increase at FLS. BA along with GB@ 100mM had a more significant effect as compared to BA with GB@ 50mM. With the foliar application of BA with GB@100mM, genotype WH1105 had a maximum increase in chl content at VS and PBW660 had maximum chl accumulation at FLS.
Carotenoid content
	Under control conditions, all studied genotypes had low carotenoid content accumulation (Table 2). FLS had a slight increase in carotenoids as compared to recorded at VS was found in all genotypes under control conditions. All genotypes exhibited significant enhancement in carotenoid content under the drought stress conditions at both stages. PBW660 had maximum and HD2967and WH1105 had a minimum accumulation of carotenoids at the VS and at FLS maximum was recorded in PBW660 under drought stress. Kn along with GB@ 50mM significantly increased the carotenoids at both stages in all studied genotypes. With that foliar spray HD2967 followed by PBW660 had maximum carotenoids at VS and PBW660 had maximum carotenoids at FLS. Kn along with the higher concentration of GB i.e. GB@ 100mM had a more positive effect on all genotypes for carotenoid accumulation. With that foliar application, HD2967 had a maximum increase in carotenoid at VS and PBW660 had a maximum increase at FLS. BA along with GB@ 100mM had a more significant effect as compared to BA with GB@ 50mM. With the foliar application of BA with GB@100mM, genotype HD2967 had maximum carotenoids at VS and at FLS genotype PBW660 had more carotenoids as compared to other genotypes.
Biological yield/m2 (BY)
Drought stress directly lowered the BY in the given genotypes set as were recorded under the control conditions (Fig 3).  HD2967 had maximum BY/m2 under control conditions and as well as under drought stress as related to other genotypes. Foliar application of Kn along with GB@ 50mM significantly increased the biological yield, and HD2967 followed by PBW660 had more BY as compared to WH1105 with that foliar application. Kn in combination with GB@ 100mM further increased BY in all genotypes; PBW660 had more and HD2967 and WH1105 had similar and lesser BY/m2. With the foliar application of BA along with GB@ 50mM, maximum BY was recorded in HD2967 and also with foliar application of BA along with GB@ 100mM as compared to other genotypes.
Discussion
        Net photosynthetic rate (NPR), and intercellular CO2 (ICC) were recorded high in all the genotypes under control conditions and significant reduction was recorded under the drought stress conditions at both VS as well as at FLS [10 and 11]. Earlier, the GB application improved the NPR particularly by stomatal conductance maintenance [12]. Drought stress has been reported to negatively affect photosynthesis mainly due to stomata closure leads to subsequent deduction of assimilate transport and cellular water depletion recorded by [13] and the results were in collaboration with [14]. Perhaps decrease in NPR was due to reduced stomatal conductance [15]. For NPR the supreme percentage decline was recorded in HD2967 (29.34%) and the minimum was observed in PBW660 (21.82%) over the drought stress conditions at VS and at FLS the genotype WH1105 had minimum and HD2967 had maximum percentage decrease over control. Earlier it was recorded that gas interchange factors of both G. barbadense and G. hirsutum were higher under well-watered conditions as compared to drought stress [16]. According to [2], drought stress inhibits significant gas-exchange traits to a fluctuating magnitude thereby suppressing the general photosynthetic capability of many plants. Similarly, [17] demonstrated that the foliage net CO2 integration rate (PN) of developed plants diminished considerably as the foliage water potential and relative water content (RWC) declined. Various combinations of cytokinins along with osmoprotectants significantly increased the NPR, and ICC in all genotypes.  Presently ICC declined in all studied genotypes under drought stress and similar findings under drought-stressed cotton varieties have been reported earlier [15]. [18] recorded the decline in ICC under the drought-stressed wheat genotypes. 
  Chloroplastic GB is further active than cytosolic GB in guarding plants against excessive salt, chilling, water scarcity, and oxidative stresses [12]. Presently the various concentrations of GB along with BA and Kn increased the NPR, and ICC under the drought treated genotypes as GB plays a crucial role in osmotic adjustment, photosynthetic apparatus (PSII), and overall protection of thylakoid membranes [19], stabilization of the membranes and complex proteins, protection of the translational and transcriptional apparatuses and intervention as cytoplasm protection and chloroplast from Na+ damage [20] by functioning as oxygen radical scavenger and molecular chaperone in the enzymes refolding including rubisco [21]. GB also protects cells from environmental constraints indirectly through its involvement in signal transduction, which is regulated by various MAP kinases [22]. Both the approaches involving exogenous GB application and the primer via transgenes of the GB bio-synthetic pathway have gained importance to improve plant stress easiness [12]. The biological yield was recorded increased as compared to drought stress with an application of BA and Kn [23 and 24] which was similar to the present finding. Exogenously GB application can effectively and quickly penetrate via leaves and be conveyed or transported to other organs, where it would significantly help to alleviate the stress tolerance mechanism. Foliar application of glycine betaine in wheat at vegetative phases of crop progress improves grain yields by increasing the quantity of grains per spike [25]. 
Conclusion
It can be confined that exogenous application of glycine betaine and cytokinins mitigated the negative outcome of drought stress on Photosynthetic attributes and resulted in increased biological yield in wheat genotypes viz, HD2967, PBW660, and WH1105. Although all the presently studied applications of KN, BA, and GB had an ameliorative effect on drought-stressed wheat among the treatments, the application of Kn@40mg/L along with GB@100mM was recorded better than others. Our findings help to explore the potential role of osmoprotectants in the improvement of morpho-physiological traits in flagship cereal. It also strengthened the concept of interaction between drought stress, osmoprotectants, and plant response. 
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Table 1.  Effect of Kn@40mM and BA@50mM along with GB on total chlorophyll content (mg/g FW) of wheat genotypes under field drought stress. 
	Treatments

	       Genotypes
	Total chlorophyll  content (mg/g FW)

	
	Vegetative stage
	Flag leaf stage

	
	HD2967
	PBW660
	WH1105
	HD2967
	PBW660
	WH1105

	T1-Control 
	2.410
	2.753
	2.754
	3.007
	2.973
	2.896

	T2- drought Stress
	2.745
	2.96
	3.109
	3.057
	3.021
	2.933

	T3-T2+Kn+GB(50mM)
	3.385
	3.114
	3.439
	3.553
	3.401
	3.518

	T4- T2+Kn+GB(100mM)
	3.574
	3.48
	3.621
	3.694
	3.694
	3.741

	T5-T2+BA+GB(50mM)
	3.018
	3.065
	3.34
	3.431
	3.294
	3.451

	T6-T2 +BA+GB(100mM)
	3.29
	3.401
	3.425
	3.583
	3.673
	3.64

	CD@ 5%
	G=0.206, T=0.139, G×T=0.043
	G=0.036, T=0.042, G×T=0.098


Where, G and T corresponded to genotypes and treatments, G×T were genotype and treatment interaction Here CD is the critical difference between the successively placed treatments and genotypes by 95% (i.e P ≤ 0.05%) confidence level.













Table 2.  Effect of Kn@40mM and BA@50mM along with GB on carotenoid content (mg/g FW) of wheat genotypes under field drought stress. 
	Treatments

	        Genotypes
	Carotenoid content (mg/g FW)

	
	Vegetative stage
	Flag leaf stage

	
	HD2967
	PBW660
	WH1105
	PBW660
	HD2967
	WH1105

	T1-Control 
	0.032
	0.036
	0.030
	0.066
	0.045
	0.061

	T2- drought Stress
	0.034
	0.038
	0.034
	0.071
	0.058
	0.065

	T3-T2+Kn+GB(50mM)
	0.040
	0.039
	0.038
	0.069
	0.052
	0.063

	T4- T2+Kn+GB(100mM)
	0.043
	0.040
	0.039
	0.072
	0.056
	0.066

	T5-T2+BA+GB(50mM)
	0.036
	0.036
	0.036
	0.068
	0.048
	0.061

	T6-T2 +BA+GB(100mM)
	0.039
	0.038
	0.037
	0.068
	0.049
	0.062

	CD@ 5%
	G=0.002, T=0.001, G×T=NS
	G=0.003, T=0.002, G×T=0.001


Where, G and T corresponded to genotypes and treatments, G×T were genotype and treatment interaction











Fig 1.  	Effect of Kn@40mM and BA@50mM along with GB on net photosynthetic rate (µ mol CO2 m-2 s-1) of wheat genotypes at vegetative and flag leaf stages under drought stress. A) G=1.681, T=0.336, G×T=1.983 and B) G=1.330, T=0.909, G×T=1.106 Where G is genotype, T is treatment and G×T is interaction between genotype and treatment
A)

B)


Fig 2.  Effect of Kn@40mM and BA@50mM along with GB on intercellular CO2 (µmol/mol) concentration of wheat genotypes at vegetative stage and flag leaf stage under drought stress. A) G=4.388, T=3.642, G×T=4.901 and B) G=1.990, T=2.352, G×T=0.030 Where G is genotype, T is treatment and G×T is interaction between genotype and treatment
A)

B)


Fig 3.  Effect of Kn@40mM and BA@50mM along with GB on biological yield/m2 (g) of wheat genotypes under field drought stress. G = 6.601, T = 5.333, G×T = 9.891. Where, G and T corresponded to genotypes and treatments, G×T were genotype and treatment interaction.














.
Vegetative stage
HD2967	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	333	265	279	320	278	306	PBW660	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	300	251	267	310	263	279	WH1105	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	304	231	265	274	256	258	Treatments
Intercellular Co2

Flag leaf stage
HD2967	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	398	278	296	320	292	299	PBW660	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	355	260	283	288	272	279	WH1105	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	321	224	245	247	236	237	Treatments
Intercellular Co2

HD2967	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	2180	1980	2050	2100	2020	2035	PBW660	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	2160	1950	2048	2105	2015	2030	WH1105	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	2150	1930	2042	2100	2005	2020	Treatments
Biological Yield 

Vegetative stage
HD2967	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	15.54	10.98	13.91	14.34	13.35	14.32	PBW660	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	14.34	11.21	13.34	13.34	13.22	13.26	WH1105	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	12.21	8.98	12.3	12.9	12	12.65	Treatments
Net photosynthetic rate

Flag leaf stage
HD2967	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	17.34	12.21	14.24	14.95	13.88	14.08	PBW660	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	17.34	13.01	14.65	14.89	14.45	14.89	WH1105	T1-Control 	T2- drought Stress	T3-T2+Kn+GB(50mM)	T4- T2+Kn+GB(100mM)	T5-T2+BA+GB(50mM)	T6-T2 +BA+GB(100mM)	14.67	11.19	13.34	13.95	13.25	13.54	Treatments
Net photosynthetic rate
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