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Abstract

:

The aim of this investigation was to enhance overall growth, yield attributes as well as physio-biochemical adaptive strategies by exogenous foliar application of glycine betaine (GlyBet) in two rice varieties against water deficit stress under greenhouse conditions. Rice crop cvs. RD43 (low amylose content) and SPR1 (high amylose content) grown in clay pots containing garden soil until booting stage were chosen as the test plant material, sprayed by 0 (control) or 100 mM GlyBet and subsequently subjected to: MWD (mild water deficit by 8 d water withholding; 24.80% SWC; Soil water content) or SWD (severe water deficit by 14 d water withholding; 13.63% SWC) or WW (well-watered conditions or control). Free proline content in cv. RD43 was rapidly increased in relation to the degree of water deficit and suppressed by exogenous GlyBet, while free proline in cv. SPR1 was lower than cv. RD43. Overall growth performances and yield traits in both cultivars under MWD were maintained by exogenous application of GlyBet; however, these parameters declined under SWD even after the GlyBet application. Degradation of photosynthetic pigments and chlorophyll fluorescence in pretreated GlyBet plants under SWD were prevented, resulting in elevated net photosynthetic rate (Pn). Interestingly, Pn was very sensitive parameter that sharply declined under SWD in both RD43 and SPR1 genotypes. Positive relationships between physio-morphological and biochemical changes in rice genotypes were demonstrated with high correlation co-efficiency. Based on the key results, it is concluded that foliar GlyBet application may play an important role in drought-tolerant enhancement in rice crops.
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1. Introduction


Rice is an important carbohydrate source for the world population with nearly 3 billion people consuming rice as a staple food, especially in Asia [1]. In fact, rice cultivation consumes about 24%–30% of fresh water resources in its whole life cycle. Water-saving strategies and improved varieties with high water use efficiency [2] have been developed [3,4,5]. In the world, 79 million ha cultivation of low land rice provides 75% of the world’s rice production [6]. In Asia, paddy fields (40%–46% of irrigated area) have been known to consume 2- to 3-fold the volumes of the fresh water used by other crops [7]. A water shortage in the irrigated paddy fields is evidently observed, depending upon the high evaporation rate or the limiting fresh water supply, resulting in reduced productivity [8,9,10,11,12]. Drought stress as a consequence of climate change in rainfed areas is a major constraint to high productivity [13,14,15].



A large number of anti-drought agents, i.e., compatible solutes (GlyBet, proline, trehalose) and plant growth regulators (gibberellic acid, paclobutrazol, cytokinins, salicylic acid) are investigated for the amelioration of the drought stress [16,17,18,19]. GlyBet is a member of quaternary ammonium compounds, and a neutral compatible solute that plays a key role in cellular osmotic adjustment, maintaining the organelles (mitochondria, chloroplasts) and water-use efficiency in the plants under water deficit [20,21]. Rice crop has been reported as a GlyBet non-accumulator plant with a very low amount of GlyBet [<1 μmol g−1 dry weight (DW)] [22]. However, overexpression of GlyBet biosynthesis-related genes, i.e., CMO (choline monooxygenase) and BADH (betaine aldehyde dehydrogenase) in rice crop has improved abiotic tolerance in the plant [23,24,25]. Alternatively, exogenous application of GlyBet in the rice crop has been well established to improve plant growth, development and yield traits under drought stress [26,27,28]. For example, exogenous foliar of 100 mM GlyBet in Pathumthani 1 (PT1), a drought-sensitive cultivar for water deficit alleviation (physiological adaptation, growth retention and yield stabilization, has been published [27]. The uptake, translocation and accumulation of GlyBet by exogenous application have been reported in several other plant species as well [29,30,31,32]. In addition, regulation of antioxidative defense mechanisms and their physiological adaptation in rice crops to cope with drought stress using GlyBet seed priming has also been well investigated [26]. Consequently, the role of GlyBet in physiological and biochemical adaptation processes and hormonal regulation against a drought situation has been well studied [20,33]. However, information regarding the endogenous proline regulation in drought-stressed plants pretreated with GlyBet, especially in different rice genotypes, is limited.



Recently, a released rice variety, RD43 (SPR99007-22-1-2-2-1 registered by the Rice Department, Thailand, 5 October 2010) with medium glycemic index and low amylose content [34] and irrigated lowland variety, Suphan Buri 1 (SPR1; SPRLR85163-5-1-1-2 registered by the Rice Department, Thailand, 28 October 1993) with high amylose content [35,36] were selected to be tested for water deficit-tolerant abilities using exogenous foliar GlyBet. These cultivars have been reported as moderately salt tolerant [37], however, there is no study in context with their drought tolerance efficiency. The objective of this study was to improve the overall growth and yield traits as well as physio-biochemical strategies by exogenous GlyBet application in the selected rice varieties under water deficit stress.




2. Materials and Methods


2.1. Plant Material, Exogenous Glybet Foliar and Water Deficit Treatments


Seeds of two rice genotypes, ‘Rice Department #43 or RD43’ (low glycemic index) and ‘Suphan Buri 1 or SPR1’ (high amylose content) obtained from the Pathumthani Rice Research Center, Thailand, were used as test materials. Two-week-old seedlings of rice were transplanted into clay pots (ø = 20 cm) containing 2 kg garden soil (Electroconductivity (EC) = 2.687 dS m−1; pH = 5.5; organic matter = 10.36%; total nitrogen = 0.17%; total phosphorus = 0.07%; total potassium = 1.19%). The transplanted seedlings were incubated in a greenhouse under 500−1000 μmol m−2 s−1 photosynthetic photon flux density with a 10 h d−1 photoperiod, 25–37 °C ambient temperature and 50%–85% relative humidity, until booting stage. Rice plants were treated with 0 (water) and 100 mM foliar spray of GlyBet (Betaine; 50 mL plant−1). Thereafter, 3 sets of drought treatment were set up. These included: well-watered condition (WW; 44.02% soil water content (SWC)), mild water deficit condition (MWD; 24.80% SWC) by withholding water for 8 days, and severe water deficit condition (SWD; 13.63% SWC) by withholding water for 14 days, (Figure S1). In addition, the relative humidity and air temperature during the water withholding period were recorded using a data logger (MicroLogPROII, Fourtec-Fourier Technologies Ltd., Rosh Ha’ayin, Israel) (Figure S2). Shoot height, number of leaves, number of tillers and flag leaf area in each treatment were measured. In addition, panicle weight (PW), panicle length (PL), seed fertility (SF) and hundred grain weight (HGW) at the time of harvest were also recorded.




2.2. Proline Quantification


Free proline in the flag leaf tissues of each treatment, collected at 0, 2, 4, 6, 8, and 14 days after water withholding and 3-days re-watering (recovery), was analyzed according to the method of Bates et al. [38]. Fifty milligrams of fresh material were ground with liquid nitrogen in a mortar. The homogenate powder was mixed with 1 mL of aqueous sulfosalicylic acid (3%, w/v) and filtered through filter paper (Whatman #1, Sigma-Aldrich, Darmstadt, Germany). The extracted solution was reacted with an equal volume of glacial acetic acid and ninhydrin reagent (1.25 mg ninhydrin in 30 mL of glacial acetic acid and 20 mL of 6 M H3PO4) and incubated at 95 °C for 1 h. The reaction was terminated by placing the container in an ice bath. The reaction mixture was mixed vigorously with 2 mL of toluene. After cooling to 25 °C, the chromophore was measured at 520 nm by spectrophotometer (HACH DR/4000; Model 48,000, HACH Company, Loveland, CO, USA) using L-proline as a calibration standard.




2.3. Plant Physiological Assay


Chlorophyll a (Chla), chlorophyll b (Chlb), and total chlorophyll (TC) content in the flag leaf tissues were analyzed according to the method of Shabala et al. [39]. One hundred milligrams of leaf tissue were homogenized in a glass vial with 10 mL of 99.5% acetone, and blended using a homogenizer. The glass vials were sealed with Parafilm® to prevent evaporation, and then stored at 4 °C for 48 h. Chla and Chlb concentrations were measured at 662 nm and 644 nm, respectively, using an ultraviolet–visible (UV–VIS) spectrophotometer (DR6000™ UV-VIS Spectrophotometer, HACH®, Loveland, CO, USA) against acetone (99.5%) as a blank.



Chlorophyll fluorescence emission was measured from the adaxial surface of flag leaf using a fluorescence monitoring system (model FMS 2; Hansatech Instruments Ltd., Norfolk, UK) in the pulse amplitude modulation mode [40]. A leaf, kept in dark for 30 min was initially exposed to the modulated measuring beam of a far-red light (LED; Light emitted diode source) with typical peak at wavelength of 735 nm. Original (F0) and maximum (Fm) fluorescence yields were measured under weak modulated red light (<85 μmol m−2 s−1) with 1.6 s pulses of saturating light (>1500 μmol m−2 s−1 PPFD; Photosynthetic photon flux density) and calculated using FMS software for Windows®. The variable fluorescence yield (Fv) was calculated using the equation: Fv = Fm − F0. The ratio of variable to maximum fluorescence (Fv/Fm) was calculated as the maximum quantum yield of PSII photochemistry. The photon yield of PSII (ΦPSII) in the light was calculated as: PSII = (Fm‘ − F)/Fm‘ after 45 s of illumination, when steady state was achieved [41].



Net photosynthetic rate (Pn; μmol m−2 s−1) was measured using a portable photosynthesis system with an infrared gas analyzer (Model LI 6400, LI-COR® Inc., Lincoln, NE, USA). Pn parameter was measured by continuously monitoring the content of the air entering and exiting in the IRGA headspace chamber, according to Cha-um et al. [42].




2.4. Plant Morphological Characterization and Yield Traits


Shoot height, number of leaves, number of tillers and flag leaf area in each treatment were measured. In addition, panicle weight (PW), panicle length (PL), seed fertility (SF) and hundred grain weight (HGW) at the time of harvest were also recorded.




2.5. Statistical Analysis


The experiment was arranged as 3 × 2 factorial in a completely randomized design (CRD) with six replicates (n = 6) for each treatment. The mean values from six treatments were compared using Tukey’s HSD (Honestly significant difference) and analyzed by SPSS software (version 11.5 for Window®, SPSS Inc., Chicago, IL, USA). In addition, the relationships between physiological and morphological characters were validated using Pearson’s correlation co-efficiency method.





3. Results and Discussion


3.1. Free Proline Accumulation Pattern under Water Deficit Conditions


At booting stage, free proline in the flag leaf of indica rice cv. RD43 was increased in relation to the degree of water deficit and the maximum value obtained was 120.94 (29.14 folds high over well watering) and 172.32 μmol g−1 FW (56.68-fold high over well watering) in MWD and SWD, respectively. The content declined by re-watering in the recovery process (Figure 1a). Similarly, free proline in cv. SPR1 under water deficit was accumulated by 1.80- and 20.93-fold in MWD and SWD, respectively, over WW conditions (Figure 1b). Interestingly, free proline accumulation rate in flag leaf of GlyBet-pretreated rice cvs. RD43 and SPR1 under water deficit declined when compared to untreated plants (Figure 1). Free proline was a major compatible solute in cv. RD43 to cope with water deficit stress, whereas this was not applicable in case of cv. SPR1, pointing towards the difference in their patterns of responses towards water deficit conditions (Figure 1). Moreover, free proline in GlyBet-pretreated rice cv. SPR1 under MWD was similar to that of well watering, and comparatively high under SWD (Figure 1b).



An exogenous GlyBet foliar application in rice crop for abiotic stress tolerance, i.e., drought [26,27] and salt [43,44,45] has been well explored. Endogenous levels of GlyBet in several organs of monocotyledonous plant species, maize [46] and wheat [47,48,49], is enriched by exogenous GlyBet dosage application, water withholding period and their interaction. In addition, GlyBet uptake and translocation in higher plants, tobacco [50], sunflower [51] and Carapa guianensis Aublet [32], under drought conditions has also been reported. In the present study, free proline in both RD43 and SPR1 cultivars was regulated by reduction in the degree of SWC and it was decreased by exogenous foliar GlyBet application. In papaya cv. BH-65, free proline in the leaves of 18 d water deficit stress was recorded to be the maximum, but it was subsequently decreased by re-watering and repressed by GlyBet pretreatment [52]. Similarly, free proline in tobacco cvs. DHJ5210 (drought tolerant) and ZY100 (drought-sensitive) under drought stress was down-regulated by 80 mM GlyBet application [50]. In 19 wheat genotypes, free proline and endogenous GlyBet levels in the drought-stressed plants treated with exogenous GlyBet application increased in both tillering and anthesis stages [49]. Free proline in GlyBet pretreated rice cv. PT1 [27], maize cvs. S911 and S9 [17], sunflower [53] and pea [54], under water deficit conditions was the maximum. Moreover, free proline in leaf and panicle tissues of drought stressed rice cv. Basmati-385, irrespective of GlyBet foliar spray, enriched compared to cv. KS-282 [28]. The major role of free proline enrichment in the drought stress tolerance via osmotic adjustment and antioxidant activities at the cellular levels has been well established [26,48,50,54].




3.2. Overall Growth Performances and Yield Traits


Shoot height in rice cv. RD43 under MWD and SWD without GlyBet treatment was significantly declined by 3.53% and 5.23% over well watering, respectively, whereas shoot height under SWD with GlyBet application dropped by 4.31% over well watering conditions. In contrast, shoot height in cv. SPR1 under SWD without GlyBet was expressively declined by 14.43% over well watering and improved on GlyBet foliar application (Table 1). The number of leaves in cvs. RD43 and SPR1 irrespective of GlyBet treatment under SWD were decreased. The number of tillers per clump in cvs. RD43 and SPR1 without GlyBet treatment under MWD and SWD were significantly reduced; however, those were elevated by exogenous GlyBet application (Table 1). Interestingly, number of tillers in cv. RD43 under SWD was strongly raised up by GlyBet application, although it declined by 21.77% in cv. SPR1 (Table 1). In addition, flag leaf area in cvs. RD43 and SPR1 without GlyBet treatment under SWD was declined by >50% over well watering. Flag leaf area was found to be a good indicator to identify the cv. RD43 as water deficit tolerant over cv. SPR1, as it showed the reduction by 38.55% under MWD and by 55.50% under SWD (Table 1).



In the present study, overall growth performance, i.e. shoot height, number of leaves, number of tillers and flag leaf area, in rice cvs. RD43 and SPR1 grown under MWD were strongly improved by exogenous GlyBet application. Under SWD, number of leaves in both cultivars was significantly dropped even after exogenous GlyBet application. In rice cv. PT1 (drought sensitive), shoot height in plants under water deficit was deteriorated by 11.47% over the control, whereas it was maintained by 100 mM GlyBet foliar application (4.09% reduction of control) [27]. In tobacco, shoot height in cvs. DHJ5210 (drought-tolerant) and ZY100 (drought-sensitive) under drought stress was elevated by 80 mM GlyBet application [50]. In maize cultivars, Dongdan-60 and ND-95, shoot height and number of leaves under drought stress was elevated by GlyBet pretreatment and these traits in Dongdan-60 were more noticeable than in ND-95 [55]. In papaya cv. BH-65, the number of leaves was a very sensitive trait responding strongly to 18 d water deficit stress and declining by 65.27% to that of well watering (control), while it was improved by 50 mM GlyBet treatment (only 39.16% reduction to that of control) [52]. Moreover, plant height, number of leaves and leaf area of tomato cv. PS under drought stress (water withholding for 14 and 21d) were ameliorated by 10 mM GlyBet application [56].



Panicle weight of rice cv. SPR1 under MWD and SWD without GlyBet treatment was decreased by 28.92% and 63.45% over well watering, respectively. However, it declined by only 29.51% and 46.53%, respectively, in GlyBet-pretreated plants. In contrast, panicle weight of rice cv. RD43 under MWD was improved by GlyBet application; however, it was declined by 36.39% over well watering, when exposed to SWD (Table 2). Similarly, panicle length in cv. SPR1 under MWD and SWD without GlyBet pretreatment was decreased by 8.42% and 18.72%, respectively, over well watering, and decreased by 8.03% and 17.05%, respectively, over well watering in plants with GlyBet pretreatment. Interestingly, panicle length of cv. RD43 was strongly increased by foliar GlyBet application, leading to maintenance of the panicle weight and panicle length, especially under SWD (Table 1). Seed fertility in cv. SPR1 under MWD and SWD was significantly reduced by 30.37% and 74.96% over well watering. It was subsequently lifted-up by GlyBet pretreatment in cv. RD43 under MWD, whereas it declined by 33.14% under SWD with GlyBet pretreatment. Grain weight (100 grains) in cvs. SPR1 and RD43 under SWD without GlyBet application declined by 19.93% and 14.56% over the control, and it was strongly improved by GlyBet application (Table 2).



Panicle weight, panicle length, seed fertility and HGW in cv. RD43 under water deficit were better than those in cv. SPR1, and these were further improved by 100 mM GlyBet foliar application, especially under SWD. In rice cv. PT1 (drought sensitive), panicle length, panicle weight, seed fertility and HGW of GlyBet pretreated plants at booting stage under water deficit stress were significantly improved compared to untreated plants [27]. Likewise, number of seeds per panicle in 100 mM GlyBet pretreated rice cvs. KS-282 (coarse grain rice) and Basmati-385 (fine grain rice) under water deficit stress was greater than untreated plants [28]. Grain yield (g m−2) of 100 mM GlyBet foliar sprayed wheat genotypes under drought stress was strongly elevated compared to untreated plants [57]. Moreover, yield traits, cob length, number of kernels per row, number of kernels per cop and grain yield per plant in GlyBet-pretreated maize cvs. Dongdan-60 and ND-95 under drought conditions were also better compared to the plants without GlyBet application [55].




3.3. Physiological Changes and Relationships between Those Traits


Chla and Chlb contents in flag leaf of rice cv. RD43 without GlyBet pretreatment were sensitive to SWD, and decreased by 57.35% and 46.50% over the control (Table 3). Chla in flag leaf tissues of rice cv. RD43 without GlyBet pretreatment under MWD was degraded by 35.67% over control. Chla and Chlb contents in cv. SPR1 under SWD without GlyBet application were found to be minimum at 130.38 and 170.63 μg g−1 FW, respectively (Table 3). TC content in cv. RD43 without GlyBet pretreatment under SWD was significantly degraded by 51.13% (Figure 2a), as well as being lowest at 301.01 mg g−1 FW in cv. SPR1 under SWD (Figure 2b). Maximum quantum yield of PSII (Fv/Fm) and photon yield of PSII (ΦPSII) of rice crop cv. RD43 without GlyBet pretreatment under SWD were diminished by 46.53% and 49.04% over the control, whereas these were retained upon exogenous GlyBet application. Moreover, Fv/Fm and ΦPSII in cv. SPR1 without GlyBet pretreatment under SWD were reduced by 22.35% and 41.95% over control, respectively (Table 3). Interestingly, Fv/Fm in cv. SPR1 with GlyBet pretreatment under SWD declined by 11.49% over the control. Pn in rice cv. RD43 without GlyBet treatment under MWD, and SWD was reduced by 31.63% and 80.73% over the control, respectively; but it was elevated upon GlyBet pretreatment, especially under MWD (Figure 2c). However, Pn in cv. SPR1 was sharply declined when subjected to SWD in both with (77.68% reduction over control) or without (85.82% reduction over control) GlyBet application (Figure 2d). Positive relationships between Chla content and Fv/Fm in cv. RD43 (r2 = 0.6456; Figure 3a) and SPR1 (r2 = 0.7568; Figure 3b), and between TC content and ΦPSII in cv. RD43 (r2 = 0.5354; Figure 3c) and SPR1 (r2 = 0.5665; Figure 3d) were demonstrated. Moreover, positive relationships between ΦPSII and Pn in cv. RD43 (r2 = 0.8941; Figure 4a) and SPR1 (r2 = 0.7298; Figure 4b) as well as Pn and panicle weight in cv. RD43 (r2 = 0.9682; Figure 4c) and SPR1 (r2 = 0.9332; Figure 4d) were also established.



The reduction rate of chlorophyll pigments, i.e. Chla, Chlb and TC, in crop species depends on the degree of water deficit, GlyBet application, drought tolerant abilities and their interaction [27,55]. SPAD (Konica Minolta Chlorophyll Meter SPAD 502 PLUS) value or chlorophyll content in flag leaf of wheat was maintained in cv. HF9703 (drought tolerant) better than in cv. SN215953 (drought-sensitive) when subjected to drought stress [47]. In addition, similar results in cotton [19] and tobacco [50] have been established. Consequently, Fv/Fm and ΦPSII in rice cvs. RD43 and SPR1 under SWD without GlyBet were sharply diminished and strongly improved by GlyBet pretreatment. In PT1 rice, Fv/Fm and ΦPSII in flag leaf tissues were very sensitive to severe water deficit (25% soil water content) and diminished by 41.42% and 42.49% over the control, respectively, but promoted by exogenous GlyBet pretreatment, resulting in maintained Pn [27]. In wheat cvs. HF9703 (drought-tolerant) and SN215953 (drought-sensitive), the diminishing rate of Fv/Fm depended on their drought-tolerant abilities, intensity of drought stress, as well as strongly being enhanced by GlyBet application [48]. Moreover, ΦPSII in tobacco cvs. DHJ5210 (drought-tolerant) and ZY100 (drought-sensitive) under drought stress conditions was retained in GlyBet treated plants [50]. Under SWD, Pn was a sensitive parameter in rice crop cvs. RD43 (80.73% reduction) and SPR1 (85.82% reduction) but it was stabilized in 100 mM GlyBet pretreated plants. Similar results of Pn stabilization under drought stress using exogenous GlyBet application in papaya [52], tobacco [50], cotton [19], and wheat [47] have been reported. In addition, a positive relation between physiological data and panicle weight of rice cvs. RD43 and SPR1 was validated. In an earlier study, relationships between Chla and Fv/Fm (r2 = 0.74), TC and ΦPSII (r2 = 0.72), Fv/Fm and Pn (r2 = 0.82), Pn and panicle weight (r2 = 0.67) in GlyBet pretreated rice (cv. PT1) under water deficit have been established [27]. Likewise, positive relations between TC and ΦPSII (r2 = 0.91), photochemical quenching (qP) and Pn (r2 = 0.64), Pn and plant dry weight (r2 = 0.75) in GlyBet-pretreated rice (cv. KDML105) under salt stress have been validated [58].





4. Conclusions


Overall growth performances, yield attributes, physio-biochemical responses in indica rice cvs. RD43 and SPR1 coping with water deficit conditions, especially severe water deficit were ameliorated by 100 mM GlyBet foliar application at the booting stage. Under severe water deficit, chlorophyll pigments, chlorophyll fluorescence and net photosynthetic rate in 100 mM GlyBet-pretreated plants were maintained, leading to them retaining overall growth performances and yield traits. Foliar GlyBet application may play an important role as a simple short-gun technique for drought-tolerant improvement in the rice crop.
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Figure 1. Free proline in two different rice genotypes, RD43 (a) and SPR1 (b), exogenously applied with (100 mM GlyBet) or without GlyBet, and subsequently subjected to well watering (WW) and water withholding for 0, 2, 4, 6, 8, 14 (water withholding), and 17 (recovery) days under greenhouse conditions. Error bars represent ± SE. Different letters in each bar represent significant difference at p ≤ 0.05 according to Tukey’s honest significant difference (HSD). 
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Figure 2. Total chlorophyll content (a,b), and net photosynthetic rate (c,d) in two different rice genotypes, RD43 and SPR1, exogenously applied with (100 mM GlyBet) or without GlyBet, and subsequently subjected to well watering (WW) and water withholding for 8 (mild water deficit, MWD) and 14 days (severe water deficit, SWD) under greenhouse conditions. Error bars represent ± standard error (SE). Different letters in each bar represent significant difference at p ≤ 0.05 according to Tukey’s HSD. 
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Figure 3. Relationships between chlorophyll a content (Chla) and maximum quantum yield of PSII (Fv/Fm) (a,b), and total chlorophyll content (TC) and photon yield of PSII (ΦPSII) (c,d) in two different rice genotypes, RD43 and SPR1, exogenously applied with (100 mM GlyBet) or without GlyBet, and subsequently subjected to well watering (WW) and water withholding for 8 (mild water deficit, MWD) and 14 days (severe water deficit, SWD) under greenhouse conditions. Error bars represent ±SE. 
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Figure 4. Relationships between photon yield of PSII (ΦPSII) and net photosynthetic rate (Pn) (a,b), and Pn and panicle weight (c,d) in two different rice genotypes, RD43 and SPR1, exogenously applied with (100 mM GlyBet) or without GlyBet, and subsequently subjected to well watering (WW) and water withholding for 8 (mild water deficit, MWD) and 14 days (severe water deficit, SWD) under greenhouse conditions. Error bars represent ±SE. 
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Table 1. Shoot height (SH), number of leaves (NL), number of tiller (NT) and flag leaf area (FLA) in two different rice genotypes, RD43 and SPR1, exogenously applied with (100 mM GlyBet) or without GlyBet, and subsequently subjected to well watering (WW) and water withholding for 8 (mild water deficit, MWD) and 14 days (severe water deficit, SWD) under greenhouse conditions.
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Water Regimes

	
GlyBet

	
RD43

	
SPR1




	

	

	
SH (cm)

	
NL

	
NT

	
FLA (mm2)

	
SH (cm)

	
NL

	
NT

	
FLA (mm2)






	
WW

	
0

	
95.47a

	
3.67a

	
11.00a

	
8158ab

	
107.67a

	
3.33a

	
7.67a

	
8647a




	

	
100

	
96.28a

	
3.50a

	
10.00ab

	
8865a

	
105.05a

	
3.17a

	
7.67a

	
10176a




	
MWD

	
0

	
92.10b

	
3.33a

	
9.33b

	
7183bc

	
105.70a

	
3.20a

	
6.00b

	
5314b




	

	
100

	
93.17ab

	
3.50a

	
9.50b

	
9393a

	
107.88a

	
3.27a

	
6.33ab

	
8695a




	
SWD

	
0

	
90.48b

	
2.00b

	
9.00b

	
3857d

	
92.13c

	
1.60b

	
5.80b

	
3848b




	

	
100

	
92.13b

	
2.67b

	
9.33b

	
6287c

	
106.84a

	
1.83b

	
6.00b

	
5962b




	
Significant level

	

	

	

	

	

	

	

	

	




	
Water

	

	
*

	
**

	
**

	
**

	
*

	
ns

	
ns

	
**




	
GlyBet

	

	
ns

	
ns

	
ns

	
**

	
**

	
**

	
**

	
**




	
Water×GlyBet

	

	
ns

	
ns

	
ns

	
ns

	
*

	
*

	
*

	
**








ns, *, and ** represent not-significant, and significant difference at p ≤ 0.05 and p