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ABSTRACT

Changes in temperature, rainfall, and the occurrence of extreme weather events have been adversely affecting the tea sector. Drought effects on tea (Camellia sinensis) plants can be seen as an alteration of many physiological and biochemical processes. Apart from the agronomic and cultivar aspects, drought tolerance ability and the drought stress mitigation ability can be improved by the application of some mineral nutrients soon after drought sets in.  Due to unpredictable weather pattern in tea growing regions, it has become difficult to determine the correct application time of these minerals. Therefore, exploring the capability of using osmolytes to address the short-term drought effects in young tea is a timely need for the sustainability of the tea industry. Hence, drought stress mitigation strategy was tested with the foliar application of three concentrations of Glycine Betaine (GB) (4, 12, 20 g/L) including Water Spray (WS) and No Spray (NS) treatments for one-year-old potted tea plants of TRI 2025 (drought tolerant) and TRI 2023 (drought susceptible) tea cultivars under glasshouse conditions. Measurements were taken on physiological parameters such as photosynthetic rates, stomatal conductance, transpiration rate, temperature, relative water content (RWC) as well as proline and sugar content were taken as biochemical parameters of tea plants exposed to drought stress. There is a difference in response of different tea cultivars to the exogenous application of Glycine Betaine during a short-term drought. A significantly higher (p < 0.05) photosynthesis rate was recorded in 12 g/L GB treatment for cultivar TRI 2025 and no clear pattern of variation was observed in TRI 2023. Further investigation is necessary to make a firm conclusion.
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1. INTRODUCTION

Tea (Camellia sinensis L.) produced in Sri Lanka, is popular as “Ceylon Tea” and has higher demand as the best quality tea in international trade [1]. Most of the tea plantations are adversely affected by moisture stress conditions due to uneven distribution of rainfall within the year. Drought effects on tea plants can be seen as an alteration of many physiological and biochemical processes such as photosynthetic rate, stomatal conductance, water use efficiency, transpiration rate, relative water content, chlorophyll content, differential biomass partitioning and accumulation of abscisic acid and proline [2]. Thus, apart from the agronomic and cultivar properties, drought tolerance ability and the drought stress mitigation ability can be improved by the application of some mineral nutrients such as potassium, calcium, zinc and boron etc. [2]. Tea Research Institute of Sri Lanka (TRISL) recommended spraying of 2% Sulphate of Potash or Muriate of Potash at a rate of 2 kg per hectare in 100 L of water during the 1st year, 4 kg per hectare in 200 L of water during 2nd year and 8 kg per hectare in 400 L of water during 3rd year and onwards before drought as a protective strategy. Spraying should be commenced at least a month prior to the onset of drought and continued at 2-4-week intervals depending on the severity of drought. Urea can also be mixed (2 kg/ha) with potassium sulphate to enhance the absorption of K+. Spraying of Kaolin (5-10 kg of Kaolin in 100 L of water) on to the leaves of young tea plants reduces heat and water loss by transpiration. Spraying should be done soon after the drought setting in Anon. [3]. However, based on recent experiences, predicting the onset of drought is getting difficult due to climate change and thereby performing this recommendation becomes more and more difficult. Due to erratic weather pattern in tea growing regions, it has become difficult to determine the correct application time of these chemicals. The current climate change impacts directly affect the productivity of the tea crop and causing negative impacts to the economy. Further, the current placement of Sri Lanka at the 2nd place in global climate risk index 2019 [4] indicates that there is a high probability to occur climate related disasters such as frequent dry conditions in Sri Lanka. A convenient drought stress mitigation strategy is important for sustainable tea production in Sri Lanka. Therefore, taking timely precautionary measures would be highly important to prevent negative impacts of climate change on the tea industry. Although there are many strategies to mitigate the long-term drought stress in tea, the use of anti-transpirants and stress alleviators to mitigate the short-term drought stress has been very scarce. Therefore, many chemicals are emerging in the market as anti-transpirants. However, tea being a beverage, it has to comply with a lot of standards. Therefore, exploring the possibilities of using osmolytes to address the short-term drought effects in tea is a timely need for the sustainability of the tea industry which would help to reduce the ad-hoc usage of chemicals and thereby to protect the name of “Pure Ceylon Tea” in the international market.

2. MATERIALS AND METHODS

[bookmark: _Toc83106647][bookmark: _Toc110097877]2.1 Location

The present study was conducted in a glasshouse of the Plant Physiology Division of Tea Research Institute of Sri Lanka (TRISL), Talawakelle (elevation 1376 m, above mean sea level (amsl), agro ecological region of WU2a). The average annual rainfall of the area is 2250 mm and average minimum and maximum temperatures are 14.2 °C and 22.8 °C respectively. 

[bookmark: _Toc83106648][bookmark: _Toc110097878]2.2 Experimental Setup

Nursery plants of TRI 2023 (drought susceptible) and TRI 2025 (drought tolerant) cultivars were transferred to plastic pots of approximately 0.30 m diameter and maintained under the glasshouse. All the plants were maintained and fertilized according to the recommendations of the TRISL and under similar conditions. All the plants were brought to field capacity and the watering was stopped for all the plants. Stimulated drought stress was provided by withholding the water application to the potted plants. Once the soil moisture content of the watering withheld plants was reduced up to about 50% of the field capacity, different concentrations of GB was applied to the plants as per the rates given in the  Table 1.

[bookmark: _Toc83106650][bookmark: _Toc110097879]2.3 Experimental Design

The experiment was arranged according to Randomized Complete Block Design (RCBD). Each treatment consisted of ten replicate plants per each cultivar.


Table 1. Layout of treatments

	Treatment Description
	Abbreviation

	Water-spray
	WS

	No-spray
	NS

	Glycine Betaine 4 g/L of water
	GB4

	Glycine Betaine 12 g/L of water
	GB12

	Glycine Betaine 20 g/L of water
	GB20



[bookmark: _Toc110097880][bookmark: _Toc83106651]


2.4 Measurements

Both physiological and biochemical parameters were measured to study the effect of application of GB on drought stress reduction in immature tea using recently fully matured leaves. The measurements were taken after 14 days and 21 days from applying the treatments.

[bookmark: _Toc83106652][bookmark: _Toc110097881]2.5 Physiological parameters

[bookmark: _Toc83106653][bookmark: _Toc110097882]2.5.1 Gas exchange parameters

The gas exchange parameters (net photosynthetic rate (Pn), stomatal conductance (Gs), and rate of transpiration (E)) were measured on recently fully matured tea leaves using a Portable Infrared Gas Analyzer (CIRAS 3, PP Systems, USA). All measurements were conducted from 9.00 to 13.00 h. All gas exchange measurements were carried out using an artificial light source (Light Emitting Diode-LED), at saturated photosynthetically active radiation (PAR) of 1200 µmol m-2 s-1 and leaf area 4.5 cm2, at ambient CO2 concentration.

[bookmark: _Toc83106654][bookmark: _Toc110097883]2.5.2 Relative Water Content (RWC)

Leaves were collected from potted plants and their individual fresh mass (FM) was taken immediately using a four decimal analytical balance (Model-Mettler RADWAG, Poland). These leaf samples were then immersed in distilled water in covered flasks and kept for 24 hours. Then the leaves were taken separately, wiped the water from leaf surface with tissue paper gently and their turgid mass (TM) was taken using the same balance mentioned previously. Thereafter these leaf samples were placed in a pre-heated oven at 85 °C and were dried until a constant weight was received, following which their dry mass (DM) were taken using the same balance described previously. RWC was calculated using the following equation [5].

[bookmark: _Toc83106655][bookmark: _Toc54100338]RWC = [(FM – DM) / (TM - DM] * 100

[bookmark: _Toc110097884]2.5.3 Soil Moisture Content (VWC %)

Soil moisture content of the active root zone depth i.e. 7.5 cm depth was measured using a digital soil moisture meter (Field scout TDR 150, USA).
[bookmark: _Toc83106656][bookmark: _Toc110097885]
2.6 Biochemical Parameters

[bookmark: _Toc83106657][bookmark: _Toc110097886]2.6.1 Leaf proline content

Leaf samples were collected and oven dried for 72 hours at 50 °C using a hot air oven (MEMMERT, ULM 800, Germany). Thereafter the leaf samples were finely powdered, a sample of 500 mg was mixed with 10 mL of 80% ethanol and placed for 15 minutes in a water bath (MEMMERT, WNB22, Germany) at 60 °C. Then it was transferred to a centrifuge tube and centrifuged for 10 minutes at 3500 rpm and the supernatant was decanted. The residue was treated with 5 mL of 80% ethanol followed by keeping for 10 minutes in the water bath maintained at 60°C and then was centrifuged for 10 minutes at 3500 rpm. The supernatant was mixed with the previously collected supernatant. The consolidated supernatant was mixed with 5 mL of chloroform and 10 mL of distilled water. Then it was shaken well and kept for 10 minutes for separation of the aqueous layer and the organic layer. The organic layer was discarded and the aqueous layer was selected for proline assay. The total volume of the aqueous layer was measured. Then, 200 µL of prepared leaf extraction was diluted with 800 µL of distilled water to make a sample of 1 mL and was reacted with 1 mL of Glacial Acetic acid and 1 mL of Ninhydrin regent for 45 minutes in a boiling water bath. The solution was allowed to cool to room temperature. Exactly 3 mL of Toluene was added to the reaction mixture and the leaf proline was extracted to the organic layer by shaking thoroughly. The pink colored Toluene phase was used to measure the absorbance at 520 nm to determine the proline content (Jenway 6715 UV/VIS Spectrophotometer). This was expressed in dry weight basis using a standard curve, using standard DL - proline [6].

[bookmark: _Toc83106658][bookmark: _Toc110097887]2.6.2 Leaf Total Soluble Sugar (TSS) content

40 µL of the prepared leaf extraction was diluted with 960 µL of distilled water to make a sample of 1 mL and reacted with 1 mL of 5% phenol and 5 mL concentrated H2SO4 and left to cool at room temperature. The soluble carbohydrate content (SC, mg g-1 dry wt.) was determined by measuring the absorbance at 490 nm and expressed in dry weight basis from a standard curve, using sucrose standards, according to the method of Agastian et al. [7].

[bookmark: _Toc83106659][bookmark: _Toc110097888]2.7 Statistical Analysis

The data were tabulated and analyzed by using GLM procedure in SAS V9 package to determine the effect of application of GB on short term drought stress mitigation of immature tea. Mean separation was done by using Duncan’s New Multiple Range test at p = 0.05.

3. RESULTS AND DISCUSSION

[bookmark: _Toc110097890][bookmark: _Hlk106565523]3.1 Relative Water Content (RWC)

Results revealed that the RWC is significantly (p < 0.0001) decreased with the progression of drought stress (Fig. 1). 
[bookmark: _Hlk109589877]However, there were no significant differences of relative water content among the different treatments (p = 0.4298) or between cultivars (p = 0.1317) tested (Fig. 2).

[bookmark: _Hlk106571605]The RWC is a parameter that is considered when determining the levels of stress due to water deficit in plants. According to a previous study, if high soil moisture content was being maintained in the soil, relative water content (RWC) did not vary significantly among the cultivars. However, with the reduction of soil moisture content, RWC have been declined rapidly [8]. 

[bookmark: _Toc110097891]3.2 Gas Exchange Parameters 

[bookmark: _Toc110097892]3.2.1 Photosynthesis

Results clearly indicated that significantly the highest photosynthetic rate was observed in treatment GB12 in both cultivars tested (p < 0.05) (Fig. 3). 

However, the interaction effect between the treatment and cultivar was significant.  Therefore, the effect of exogenous application of Glycine Betaine was evaluated for the different cultivars separately. Accordingly, in TRI 2023, the drought susceptible cultivar, the highest rate of photosynthesis observed in GB12 was not significantly different to that of GB4 or NS treatment where as in drought tolerant cultivar TRI 2025 the GB12 treatment resulted the highest rate of photosynthesis rate to that of all other treatments (Fig.  4).

[bookmark: _Hlk106651698]Under normal ambient atmospheric conditions, a lower rate of photosynthesis (2-14 µmol m-2 s-1) can be observed in tea in comparison to the photosynthesis of the most tropical plants (20-40 µmol m-2 s-1) [9]. However, the efficiency of CO2 fixation by photosynthesis process depends on both internal plant anatomical, physiological, biochemical factors and the external environmental factors. In addition to the internal factors, the external factors are influencing photosynthesis of tea leaves of different cultivars. Light, water and nutrition are the major external environmental factors affecting photosynthesis of tea [10]. Therefore, the observed lower rates of photosynthesis are justifiable in this experiment as this study was conducted under moisture stressed conditions.


[image: ]

Fig. 1. Variation of relative water content with the progression of drought stress in tea plants (bars with the same letter are not significantly different at p = 0.05)

[image: ]

Fig. 2. Variation of relative water content with the progression of drought stress in tea plants for treatment groups (similar patterned bars with the same letter are not significantly different at p = 0.05)
[image: ]

Fig. 3. Variation of Rate of Photosynthesis among different treatments in general at 14 days after applying treatments (bars with the same letter are not significantly different at p = 0.05)

[image: ]

[bookmark: _Hlk109925070]Fig. 4. Variation of Rate of Photosynthesis among different treatments in TRI 2023 and TRI 2025 at 14 days after applying treatments (similar patterned bars with the same letter are not significantly different at p = 0.05)

[bookmark: _Toc110097893]
3.2.2 Stomatal conductance  

Results clearly indicated that the highest stomatal conductance was observed in GB20 treatment in both cultivars (p < 0.05) tested with no significant difference to that of GB12 (Fig. 5). 

[bookmark: _Hlk109590227]Similarly, that of rate of photosynthesis, the interaction effect of cultivar and treatment was significant.  Therefore, the effect of Glycine Betaine application was evaluated for different cultivars separately. Accordingly, in treatment TRI 2023, the drought susceptible cultivar the highest stomatal conductance observed in GB12 and GB20 treatments were not significantly different to that of WS. Further, in TRI 2025, the drought tolerant cultivar, there was no significant difference of highest stomatal conductance observed in GB20 to that of NS treatment (Fig. 6).

Decrease of photosynthesis during water stress is a consequence of both stomatal closures causing increased constraints on carbon dioxide diffusion and decreased chloroplast activity [10]. 
[bookmark: _Toc110097894]
3.2.3 Transpiration rate

According to De Costa et al. [10], both hourly and daily transpiration rates of tea plants were highly sensitive to soil water availability. Results clearly indicated that highest transpiration rate was observed in treatment GB20 treatment in both cultivars (p < 0.05) (Fig. 7).

Here again, the interaction effect of cultivar and treatment was significant.  Therefore, the effect of Glycine Betaine application was evaluated for different cultivars separately. It clearly showed that the application of GB12 and GB20 in drought susceptible TRI 2023 was significantly highest with no significant difference to that of WS treatment. In drought tolerant TRI 2025, the significantly the highest transpiration rate resulted in GB20 treatment was not significantly different to that of NS treatment (Fig. 8).

[image: ]

Fig. 5. Variation of Stomatal Conductance among different treatments in general at 14 days after applying treatments (bars with the same letter are not significantly different at p = 0.05)
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Fig. 6. Variation of Stomatal Conductance among different treatments in TRI 2023 and TRI 2025 at 14 days after applying treatments (similar patterned bars with the same letter are not significantly different at p = 0.05)
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Fig. 7.  Variation of Transpiration Rate among different treatments in general at 14 days after applying treatments (bars with the same letter are not significantly different at p = 0.05)
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Fig. 8. Variation of Transpiration Rate among different treatments in TRI 2023 and TRI 2025 at 14 days after applying treatments (similar patterned bars with the same letter are not significantly different at 
p = 0.05)
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Fig. 9. Variation of Leaf Temperature among different treatments in TRI 2023 and TRI 2025 at 14 days after applying treatments (similar patterned bars with the same letter are not significantly different at 
p = 0.05)


The results are in agreement with Damayanthi et al. 2010, where it was emphasized that the mean transpiration rate was significantly (p < 0.05) different amongst different cultivars and different soil moisture levels (p < 0.05). 

[bookmark: _Toc110097895][bookmark: _Hlk106749761]3.2.4 Leaf temperature 

Results clearly indicated that the application of GB12, GB20 or WS resulted the lowest leaf temperature in both cultivars tested. Further, the highest leaf temperature observed in GB4 treatment was not significantly different to that of NS treatment in cultivar TRI 2023. In cultivar TRI 2025, significantly the highest leaf temperature was observed in NS treatment (Fig. 9). 

[bookmark: _Hlk106752620]According to De Costa et al. [10], the optimum leaf temperature for maximum rate of photosynthesis differs depending on the soil moisture status. Accordingly, under poorly irrigated conditions, the optimum leaf temperature varies in a narrow range of 20-24 C compared to that of 20-30 C under well irrigated conditions. The observed leaf temperature values under this study were far above these reported values and therefore, reducing leaf temperature by exogenous application of anything suitable such as GB12, GB20 or WS would benefit the tea plants to have a favourable rate of photosynthesis. Plants rely on transpiration and evaporative cooling to prevent thermal damage, but little is known about the direct effect of temperature on stomata and stomatal conductance. The dynamic behaviour of stomata in regulating water loss dictates the rate of plant dehydration as soil water availability declines, so understanding the high-temperature response of stomata is essential for predicting tree death from hotter droughts [11]. Further, it would be beneficial to study the correlations between the leaf temperature and these factors in future to come up with better drought mitigation packages in tea.
[bookmark: _Toc110097896]
3.3 Leaf Total Soluble Sugar (TSS) Content 

The models of the TSS were not statistically significant. Therefore, it was not possible to comment on the impact of the TSS accumulation in response to the exogenous application of GB in immature tea plants under this study.

[bookmark: _Toc110097897]3.4 Leaf Proline Content 

Similarly, the models of the leaf proline content were not statistically significant. Therefore, it was not possible to comment on the impact of the leaf proline accumulation in response to the exogenous application of GB in immature tea plants under this study.

4. CONCLUSION

The results of the present study clearly revealed that the exogenous application of Glycine Betaine does not improve the Relative Water Content of immature tea plants during a short-term drought stress. There is a difference in response of different tea cultivars to the exogenous application of Glycine Betaine during a short-term drought. Further, it enhances the rate of photosynthesis when sprayed at a concentration of 12 g/L of water, to a drought tolerant cultivar such as TRI 2025. However, among different parameters tested, there is no clear pattern of variation was observed in the drought susceptible cultivar, i.e. TRI 2023. Therefore, it is necessary to further investigate the impact of application of Glycine Betaine during drought stress before making a final conclusion.
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