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Abstract

:

Drought is one of the important problems that drastically affect sugarcane production in several countries. The objective of this research was to investigate the effects of early drought stress on physiological parameters and agronomic traits of six sugarcane genotypes under field conditions. The experiment was arranged in a split plot in a completely randomized block design with three replications. The main plot was represented by three different water regimes: field capacity (FC), ½FC and rain-fed (RF), whereas the subplot consisted of six sugarcane genotypes: KK3 (drought tolerant), Q117 (drought tolerant), LK92-11 (drought susceptible), Ths98-271 (S. spontaneum), KK08-214 (the F1 hybrid derived from S. spontaneum × S. officinarum) and E08-4-019 (the F1 hybrid derived from Erianthus sp. × S. officinarum). The six sugarcane genotypes were subjected to three irrigation treatments. The 45-day-old plants of all sugarcane genotypes were exposed to drought by withholding water for 72 days. Certain photosynthetic parameters were measured in the leaves of four-month-old plants. Certain cane yield parameters were measured in the 12-month-old plants. The results showed that early drought stress decreased the maximum quantum yield of PSII efficiency, net photosynthetic rate, transpiration rate and stomatal conductance. Drought stress significantly (p ≤ 0.01) decreased cane yield. The cane yield and sugar yield of KK3 were significantly (p ≤ 0.01) higher than those of the other genotypes. The wild-type sugarcane and the F1 hybrids derived from the wild and commercial sugarcane could maintain better photosynthetic performance while encountering early drought stress.
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1. Introduction


Sugarcane is a significantly productive crop used as the main source of sugar. Moreover, it is used for ethanol production and renewable biofuel energy [1]. Sugarcane plantations are expanding in areas where irrigation is needed. The productivity of a crop grown under drought stress is less than its potential when it is grown under normal precipitation or irrigation. In northeastern Thailand, most field crops are grown on sandy soils with rapid water drainage [2]. Sugarcane is traditionally cultivated in the dry season (November–January). The amount of water supplied by rain is insufficient and the early-season sugarcane plants can be damaged by delayed rain leading to drought. As a result, they are often exposed to early-season drought. To cope with this problem, using drought-tolerant cultivars is an important way to increase sugarcane production in drought-affected areas.



Water deficit stress leads to damaged physiological processes in plants [3,4]. Cell damage is caused by drought stress which affects the growth and yield stability of plants [5,6,7]. The reduction in growth is associated with a decrease in leaf gas exchange [8,9]. Photosynthesis is sensitive to water stress [10]. It is affected not only by the decline of stomatal conductance but also by the level of chloroplast damage under severe stress [11,12,13]. The net photosynthetic rates and stomatal conductance of sugarcane leaves decline after exposure to drought [14,15,16]. The tolerant sugarcane cultivars exhibited better photosynthetic performance than the sensitive cultivar [17]. Photosynthetic rate, stomatal conductance, canopy conductance, and transpiration rate are also used as indirect selection criteria for stress tolerance [18,19,20,21].



The reduction in the process of photosynthesis results in plant yield deterioration under water stress conditions [22]. Drought stress significantly reduces yield and physiological processes in sugarcane [23,24,25,26]. Stalk number and stalk height are influenced by water stress conditions during the initial growth phase [27]. Water stress was reported to reduce cane yield by more than 50% [26]. Water deficit affects cane yield parameters and juice quality traits of sugarcane under field conditions [28].



Many physiological traits, such as the maximum quantum yield of PSII efficiency (Fv/Fm), Soil Plant Analysis Development (SPAD) value, net photosynthetic rate and stomatal conductance have been investigated and suggested for yield improvement under drought stress [5,7,18]. Differences in physiological responses under drought stress are consistent with yield differences [29]. Understanding water stress-response mechanisms is important for drought-tolerant sugarcane breeding.



Several physiological and agronomical measurements in sugarcane have been investigated but comparing research results is limited by variable growth conditions, as well as cultivar and environmental differences. Therefore, the objective of this study was to investigate the physiological responses and to evaluate agronomic traits and sugar-related traits in certain sugarcane genotypes under drought conditions. The information on the physiological basis under drought stress in sugarcane could be useful in developing drought-tolerant sugarcane cultivars or clones. Moreover, measurement of physiological traits of net photosynthetic rate, transpiration rate and stomatal conductance may be useful for early detection of drought-tolerant sugarcane genotypes.




2. Materials and Methods


2.1. Experimental Design


The irrigation and plant treatments were arranged in a split-plot in a randomized complete block design with three replications. The main plot is the irrigation regime, while the subplot is sugarcane genotype. One genotype consisted of four rows of sugarcane plants with two buffer rows between sampled rows. The plot size for each sugarcane genotype was 4.5 m in length, with a spacing of 1.5 m between rows and 0.5 m between plants.




2.2. Plant Material


In this experiment, six sugarcane genotypes were used. The main plot was represented by three different water regimes: field capacity (FC), ½FC and rain-fed (RF), whereas the subplot consisted of six sugarcane genotypes: KK3 (drought tolerant), Q117 (drought tolerant), LK92-11 (drought susceptible), Ths98-271 (S. spontaneum), KK08-214 (the F1 hybrid derived from S. spontaneum × S. officinarum) and E08-4-019 (the F1 hybrid derived from Erianthus sp. × S. officinarum).




2.3. Irrigation Treatments


The six sugarcane genotypes were grown at the Department of Agronomy, Faculty of Agriculture, Khon Kaen University (16°28′22.9″ N 102°48′37.9″ E, 200 m above sea level) on 6 January 2017 and harvested on 25 December 2017. The soil physical properties including permanent wilting point, field capacity and available water were measured. Sugarcane plants in each plot were supplied with the NPK (N-P2O5-K2O) 15-15-15 fertilizer at the rate of 312.5 kg/ha when they were planted and when they were six months old. Soil moisture was measured at weekly intervals using the gravimetric method. The six sugarcane genotypes were subjected to three irrigation regimes: full irrigation (field capacity, FC), ½FC and rain-fed (RF). The 45-day-old plants were exposed to drought by withholding water for 72 days. Subsequently, the six-month-old plants started to recover from early drought stress after receiving the rainwater in May 2017. The data were collected four and six months after planting. The final harvest was made 12 months after planting.




2.4. Soil Moisture Measurement and Meteorological Conditions


Soil moisture was measured using the gravimetric method. The soil was sampled at three different soil depths below the soil surface: 0–15, 15–45 and 45–60 cm. Each sample was weighed and oven-dried at 105 °C for 72 h. The soil under each water regime was sampled and soil moisture content was calculated as follows:


Soil moisture content (%) = [(Wet weight − Dry weight)/Dry weight] × 100



(1)







The soil type at the experimental site was classified as Yasothorn soil series, which are characterized by loamy sand soil (79.16% sand, 16.26% silt and 4.58% clay).



The data on rainfall, temperature, and relative humidity were collected from the weather station (Watchdog 2700, Path computation element group, Arnsberg, Germany) located at the experimental field belonging to the Department of Agronomy, Faculty of Agriculture, Khon Kaen University (16°28′22.9″ N 102°48′37.9″ E, 200 m above sea level).




2.5. Plant Growth and Physiological Measurements


Stalk height was measured from the ground to the top visible dewlap leaf. Leaf greenness was non-destructively determined in the topmost visible dewlap leaf using a SPAD-502 chlorophyll meter (Spectrum Technologies, Aurora, IL, USA). The maximum quantum yield of PSII efficiency was estimated using Handy PEA chlorophyll fluorometer during 9:00–10:30 am. It was sunny during this time period. The ambient climate was as follows: air temperature (29.3 °C), relative humidity (60%) and light intensity (1608 µmol m−2 s−1). Light intensity was measured using Lux meter MLM-1010 (Minipa, São Paulo, Brazil). Electrolyte leakage was determined using the method of Filek et al. [30].



The photosynthetic parameters were analyzed through a Li-6400XT portable photosynthesis system equipped with a 6400-02B LED light source (Li-Cor Inc., Lincoln, NE, USA) between 09:00 and 12:00 am. The following conditions were used: 400 µmolmol−1 of CO2 concentration, 1500 µmol m−2s−1 of light intensity, 500 µmol s−1 of flow rate and temperature at 30 °C. Net photosynthetic rate and gas exchange parameters were measured and automatically calculated using LI-6400XT. Instantaneous water use efficiency (WUEi) was calculated using the following formula:


WUEi = A/E



(2)




where A is a net photosynthetic rate and E is a transpiration rate [31].




2.6. Agronomic Measurements at Harvest


The field-grown sugarcane was manually harvested on 25 December 2017 and two middle rows of each plot were weighed to measure cane yield (tons of cane/ha). Stalk diameter was determined at 1 m above the ground. The internode length and total fresh cane weight per hectare were recorded. Juice quality in terms of brix, pol and purity were analyzed. After juice extraction, the fresh and dry weight of the remaining stalks was weighed for calculating fiber content. Commercial cane sugar (CCS) content was measured and calculated according to the method outlined by Ehsanullah et al. [32]. Sugar yield was calculated from:


Sugar yield = (Cane yield × CCS)/100



(3)








2.7. Statistical Analysis


The data were subjected to analysis of variance (ANOVA) and treatment means were compared by least significant difference (LSD) test using Statistix 10 software.





3. Results


3.1. Soil Moisture Content and Meteorological Conditions


3.1.1. Soil Moisture Content


The soil moisture contents determined from soil physical properties were 13.73% for field capacity and 4.19% for permanent wilting point. During 72 days of water stress treatments, the soil moisture content at 15–45 cm below the soil surface decreased to ½FC. The average soil moisture content under FC conditions was 12.31%, while the value gradually dropped to 6.13 and 2.34% under ½FC and RF conditions, respectively (Figure 1). The moisture content for the soil receiving additional irrigation water (under FC conditions) was close to FC.



The amount of additional water (287.28, 113.99 and 62.07 mm under FC, ½FC and RF conditions, respectively) was applied through drip irrigation. The total annual rainfall received during January–December 2017 was 1431.10 mm. Thus, the total amounts of water received were 1718.38, 1545.09 and 1493.17 mm under FC, ½FC and RF conditions, respectively.




3.1.2. Meteorological Conditions


Maximum and minimum temperature, daily rainfall, and relative humidity were recorded during the entire experimental period from the weather station located near the experimental site. These data are shown in Figure S1. During the drought stress period (February–April), the maximum air temperature ranged from 36.1 to 31.3 °C and the minimum air temperature ranged between 18.1 and 24.3 °C. The relative humidity was in the range of 49.6 to 60.0%, with an average of 56.4% (Figure S1). The recorded rainfall in this period was 43.4 mm.



During the recovery period (May–October 2017), the maximum air temperature ranged from 31.5 to 34.2 °C and the minimum air temperature ranged between 24.1 and 24.4 °C. The relative humidity was in the range of 73.6–87.9%, with an average of 82.7%. The recorded rainfall in this period was 1382.5 mm, while the highest rainfall (319.7 and 319.7 mm, respectively) was observed in July and August.





3.2. Physiological Characteristics of Six Sugarcane Genotypes


3.2.1. Effect of Early Drought Stress on Growth and Physiological Parameters


Mean squares for stalk height and diameter, SPAD value and electrical leakage are shown in Table 1. The interaction between water regime (W) and sugarcane genotype (G) was found for stalk height and diameter as well as SPAD value and maximum quantum yield of PSII efficiency.



Drought stress decreased stalk height in all the six sugarcane genotypes (Table 2). This parameter varied from 117.25 to 61.42 cm under FC conditions, while Q117 and LK92-11 showed the maximum and minimum values, respectively. Under ½FC conditions, the maximum stalk height was observed in KK08-214, whereas the minimum value was found in LK92-11 (32.75 cm). Under RF conditions, E08-4-019 and KK08-214 had the highest stalk height (63.58 and 62.50 cm, respectively) and LK92-11 had the lowest stalk height (24.17 cm).



At the tillering stage, stalk diameter was significantly different among genotypes (Table 2). Under FC conditions, the highest average value was observed in KK3 (3.02 cm), and the lowest value was found in Ths98-271 (1.08 cm). A significant reduction of stalk diameter under drought stress was observed in LK92-11 and KK3.



SPAD value varied from 51.53 to 35.10 under FC conditions and from 43.70 to 32.80 under ½FC conditions, while the range in SPAD value was between 48.47 and 31.30 under RF conditions (Table 3). SPAD value was highest in E08-4-019 and lowest in Q117 (under RF conditions. E08-4-019 exhibited a less reduction in SPAD value (5.95%), while KK08-214 showed the greatest decline in this value (20.28%) under RF conditions.



Electrolyte leakage values were not significantly different among water regimes (Table 3). The sugarcane genotypes expressed differential responses in terms of electrolyte leakage under FC and ½FC conditions. However, the electrolyte leakage among genotypes showed no significant difference under RF conditions. The electrolyte leakage under FC conditions ranged from 24.83% (in E08-4-019) to 15.64% (in KK08-214). Under ½FC conditions, the highest and lowest values were found in LK92-11 (27.36%) and Q117 (15.76%), respectively.



The maximum quantum yield of PSII efficiency values of Ths98-271 and KK08-214 were significantly (p ≤ 0.05) higher than those of the other genotypes under ½FC conditions (Table 4). Q117 showed the lowest maximum quantum yield of PSII efficiency (0.747) under RF conditions.




3.2.2. Effect of Early Drought Stress on Photosynthetic Parameters after 72 Days of Drought Period


Gas exchange responses were different among genotypes in both the well-watered and water-stressed plants (Table 5). The results showed that drought stress caused significant decreases in net photosynthetic rate, transpiration rate and stomatal conductance. However, there was no significant difference in water use efficiency. Water regime interacted with sugarcane genotype. The sugarcane genotypes differentially responded to water regimes.



The net photosynthetic rate of the sugarcane plants varied slightly from 35.78 to 40.66 µmol CO2 m−2s−1 under FC conditions (Table 6). Ths98-271 and KK08-214 had significantly (p ≤ 0.01) higher values of this parameter than the other genotypes under ½FC conditions. The lowest net photosynthetic rate under RF conditions was observed in Q117. Ths98-271 and E08-4-019 exhibited higher values than the other genotypes under RF conditions. Drought stress significantly decreased the net photosynthetic rates of LK92-11, Q117 and KK3 (−33.00, −31.41 and −31.36%, respectively) under RF conditions. However, the net photosynthetic rates of E08-4-091 under the three water regimes were not different.



The stomatal conductance of all the sugarcane genotypes ranged from 0.234 to 0.314 mol H2O m−2s−1 under FC conditions (Table 6). The results showed the maximum value in LK92-11, while the minimum value was observed in E08-4-019. Under ½FC conditions, the stomatal conductance of Ths98-271 was higher than those of the other genotypes. Q117 showed the lowest value under RF conditions, while there was a considerable reduction of 54.0% in the stomatal conductance of LK92-11 due to early drought stress.



Transpiration rates were not significantly different among genotypes under FC conditions. The values ranged from 3.08 to 3.75 mmol H2Om−2s−1 (Table 6). The transpiration rates ranged from 2.13 to 3.86 mmol H2O m−2s−1 under ½FC conditions. The highest transpiration rate under ½FC conditions was noticed in Ths98-271. The range in transpiration rates was between 2.05 and 3.69 mmol H2O m−2s−1 under RF conditions. E08-4-019 had a significantly (p ≤ 0.01) higher value than the other genotypes under RF conditions. In addition, E08-4-019 showed a 19.71% increase in transpiration rate, while the other genotypes exhibited decreased transpiration rates.



No significant difference in water use efficiency was observed among genotypes and treatments (Table 6). The water use efficiency values under FC conditions ranged from 10.29 to 11.93 µmol CO2 mmol−1 H2O. Under ½FC conditions, water use efficiency ranged from 10.66 to 12.19 µmol CO2 mmol−1 H2O, while the highest value was observed in KK3. This sugarcane cultivar also showed the highest water use efficiency value (12.70) under RF conditions.




3.2.3. Effect of Early Drought Stress on Photosynthetic Parameters under Recovery Conditions


Table 7 shows the mean squares for photosynthetic parameters in the leaves of six sugarcane genotypes following two months of rehydration (six months after planting). The net photosynthetic rate, stomatal conductance and water use efficiency were not significantly different among water regimes after rehydration. The genotype x water regime interaction was significant for net photosynthetic rate, stomatal conductance and water use efficiency.



During the drought stress period, the photosynthetic activity tended to decrease. However, the photosynthetic parameters showed a good recovery after re-watering.



The net photosynthetic rate varied from 31.07 to 42.23 µmol CO2m−2s−1 under FC conditions and from 32.10 to 43.33 µmol CO2m−2s−1 under ½FC conditions, while the range in net photosynthetic rate was between 32.03 and 43.13 µmol CO2m−2s−1 under RF conditions (Table 8). After rehydration, KK3, LK92-11, E08-4-019 and Q117 exhibited the increase in net photosynthetic rate with their respective values being recorded at 71.73, 30.64, 26.47 and 11.10 % under ½FC conditions. Under RF conditions, the increase in net photosynthetic rate was observed in Q117, KK08-214, LK92-11, KK3 and E08-4-019 (30.52, 22.67, 21.86, 21.56 and 9.14%, respectively).



After re-watering, stomatal conductance and transpiration rate increased (Table 8). The range of stomatal conductance was between 0.205 and 0.398 mol H2O m−2s−1 under FC conditions. Under ½FC conditions, the highest average values were found in KK3 (0.478 mol H2O m−2s−1) and E08-019 (0.440 mol H2O m−2s−1) and the lowest average value was observed in Q117 (0.217 mol H2O m−2s−1). Under RF conditions, the highest average value was found in E08-019 (0.441 mol H2O m−2s−1) and the lowest average value was observed in Q117 (0.200 mol H2O m−2s−1).



The pattern of transpiration rate was similar to that of net photosynthetic rate (Table 8). Under RF conditions, the transpiration rates of E08-019 and KK3 were significantly (p ≤ 0.01) higher than those of the other genotypes.



The water use efficiency values under FC conditions ranged from 8.20 to 10.05 µmol CO2 mmol−1 H2O with Q117 showing the highest value and Ths98-271 exhibiting the lowest value (Table 8). Under ½FC conditions, the water use efficiency ranged from 8.56 to 10.17 µmol CO2 mmol−1 H2O, while the highest value was observed in Q117. Under RF conditions, water use efficiency ranged from 8.88 to 10.78 µmol CO2 mmol−1 H2O.





3.3. Effect of Early Drought Stress on Agronomic Traits


There were no significant differences in stalk height and diameter under FC, ½FC, and RF conditions (Table 9). However, significant (p ≤ 0.01) differences in stalk height and diameter were found among sugarcane genotypes. Ths98-271 had the lowest stalk height in comparison with the other genotypes. KK3 and LK92-11 had significantly (p ≤ 0.01) larger stalk diameters than the other genotypes (Table 10).



The single stalk weight of all the sugarcane genotypes under FC and ½FC conditions was significantly (p < 0.05) greater than that under RF conditions (Table 10). The highest average values were found in KK3 (1.475 kg), and LK92-11 (1.392 kg) and the lowest average value was detected in Ths98-271 (0.144 kg).



The average millable cane values among genotypes were significantly different. Millable cane was highest in Ths98-271 (602,750 stalks/ha) and lowest in Q117 (75,890 stalks/ha) (Table 10). The significant decreases in millable cane were observed under ½FC (200,220 stalks/ha) and RF conditions (206,710 stalks/ha) in comparison with under FC conditions (251,260 stalks/ha).



The mean of internode length in the controlled plants ranged from 11.11 (in Q117) to 14.78 cm (in Ths98-271) (Table 11). Under ½FC conditions, internode length ranged from 11.71 (in Q117) to 13.93 cm (in KK3). Under RF conditions, the value ranged from 11.86 (in KK3) to 16.02 cm (in KK08-214). Drought reduced the average internode length in many genotypes, whereas KK08-214 and Q117 showed increased internode length under RF conditions.



The fiber content of Ths98-271, KK08-214, E08-4-019 and LK92-11 increased under drought conditions (Table 11). The maximum fiber content was recorded in Ths98-271, while the minimum fiber content was observed in LK92-11 under FC, ½FC and RF conditions.



The results demonstrated that different water regimes resulted in significant differences in cane yield, while sugar yields among water regimes showed no significant difference (Table 12). The interaction between water regime and genotype (W × G) was observed in cane yield, sugar yield and commercial cane sugar. Cane yield varied from 188.66 to 68.33 tons/ha under FC conditions. Under ½FC conditions, the value varied from 147.23 to 75.89 tons/ha (Table 13). The cane yield of KK3 was significantly higher than those of the other genotypes under FC and ½FC conditions. The decrease in cane yield was observed in E08-4-019 and KK3 (37.00 and 21.96%, respectively) under ½FC conditions. The value varied from 117.32 to 46.79 tons/ha under RF conditions. KK3, E08-4-019, LK92-11 and KK08-214 had high cane yields, while Q117 had the lowest cane yield under RF conditions. The decrease in cane yield was observed in KK3, Q117 and E08-4-019 (37.82, 31.53 and 15.35%, respectively) under RF conditions (Table 13).



The sugar yield of KK3 was significantly higher than those of the other genotypes under ½FC conditions (Table 13). The value decreased in Ths98-271, E08-4-019, LK92-11 and KK3 (94.70, 51.21, 2.84 and 2.61%, respectively) under ½FC conditions. The sugar yield of KK3 and LK92-11 were significantly higher than those of the other genotypes under RF conditions. The lowest value was recorded in Ths98-271. The decrease in sugar yield was observed in E08-4-019, Q117 and KK3 (42.94, 21.84 and 14.75%, respectively) under RF conditions.



The pattern of commercial cane sugar is shown in Table 14. The commercial cane sugar ranged from 1.10% in S. Spontaneum (Ths98-271) to 10.49% in Q117 under FC conditions. The values under ½FC conditions ranged between 0.06% in Ths98-271 and 10.86% in LK92-11. The commercial cane sugar ranged from 2.27% (in Ths98-271) to 12.12% (in Q117) under RF conditions. The values were significantly increased in KK3 under ½FC and RF conditions (24.74 and 36.97% respectively).





4. Discussion


4.1. Physiological Responses to Early Drought in Six Sugarcane Genotypes


4.1.1. Effect of Early Drought Stress on Growth and Physiological Parameters


Plant growth decreases under water stress conditions. The reduction in plant growth under drought is caused by altered plant water relations, decreased CO2 assimilation, cellular oxidative stress, membrane damage of affected tissues and inhibition of enzyme activities [8,33]. In our study, early drought stress decreased stalk height in all the six sugarcane genotypes. It was reported that in maize, the decrease of growth in response to drought was related to the whole-plant and organ-specific response processes [34]. The difference in drought stress response in terms of stalk diameter depends on sugarcane genotype [24]. The electrolyte leakage of leaf samples is related to membrane damage caused by oxidative stress. Cell membrane injury is induced; therefore, electrolyte and ions can diffuse [30,35,36]. In the previous studies, the increase in the electrolyte leakage in sensitive sugarcane under drought conditions was reported by Sudhakar et al. [37] and Reyes et al. [38]. Under ½FC conditions, the highest and lowest values were found in LK92-11 and Q117, respectively. However, the electrolyte leakage among genotypes showed no significant difference under RF conditions.



The thylakoid membranes are destroyed which directly or indirectly affect the chlorophyll content under drought stress conditions [39]. Drought causes a decline in the SPAD value of sugarcane leaves after exposure to drought [11,12,40]. SPAD value was employed in screening drought tolerance in sugarcane [5] and under the condition of drought stress, it could be used for screening for drought-tolerant and drought-sensitive genotypes.



Measurement of chlorophyll fluorescence from photosystem II (PSII) has become a useful method for the determination of mechanisms of photosynthesis and to study the effects of various environmental conditions on photosynthetic reactions [41,42]. The chlorophyll fluorescence parameter is used as the drought stress indicator in sugarcane [11,17,26,43]. Souza et al. [44] found that the maximum quantum yield of PSII efficiency decreased in sugarcane leaves after exposure to reduced rainfall. In our study, the decreased maximum quantum yield of PSII efficiency during drought stress was observed in Q117, LK92-11 and E08-4-019. The resistant genotypes seem to show less photosynthetic sensitivity to water shortage [13]. The drought-tolerant genotypes exhibit the higher maximum quantum yield of PSII efficiency which can be classified as drought tolerance [45]. In our study, the maximum quantum yield of PSII efficiency values of Ths98-271 and KK08-214 were higher than those of the other genotypes under ½FC conditions. The characteristics, such as the higher maximum quantum yield of PSII efficiency during drought stress and better recovery after re-watering are observed in the tolerant genotypes rather than in the sensitive genotypes.




4.1.2. Effect of Drought Stress on Photosynthetic Parameters under Drought and Recovery Conditions


The effect of drought on photosynthesis is associated with a large decrease in stomatal conductance due to stomatal closure in response to drought [39]. The reduction of stomatal conductance due to drought stress can affect photosynthetic processes. Many studies on sugarcane reported that greater stomatal closure and reduced transpiration were found in varieties considered to be more sensitive to drought stress [11,19,40]. However, drought-tolerant spring wheat cultivars have smaller stomata sizes and lower stomatal conductance. They are able to maintain relative water content and produce higher grain yield under drought stress conditions [46]. In our study, net photosynthetic rate, stomatal conductance and transpiration rate significantly decreased under drought stress conditions. Sugarcane photosynthetic parameters change with the change in soil moisture [21]. Photosynthetic parameters including net photosynthetic rate and stomatal conductance decreased during 21 days of the drought stress period. However, after re-watering, photosynthesis immediately recovered [21]. Medeiros et al. [14] also studied the effect of drought stress on two sugarcane genotypes exposed to drought for four and eight days. The net photosynthetic rate, stomatal opening and transpiration rate were decreased significantly. After re-watering for two days, RB962962 sugarcane plants recovered rapidly.



Several studies have shown that drought has a drastic effect on photosynthetic traits, such as net photosynthetic rate [14,15,17]. Low soil moisture and high air temperature generally occur together, and drought leads to evapotranspiration and affects photosynthesis under field conditions [47]. Endres et al. [19] reported that sugarcane variety RB92579, which has a drought tolerance mechanism, had higher transpiration and photosynthesis than the other varieties under low leaf water potential conditions. This variety had different responses to drought by reducing leaf water potential without greatly decreasing stomatal conductance and photosynthesis. Gomathi et al. [16] also found that the tolerant genotypes Co 99004 and Co 99008 transpired less water and showed relatively higher photosynthetic rates under drought conditions. Moreover, a strong reduction of transpiration rate was observed in more drought-sensitive sugarcane varieties when they were exposed to drought stress [14]. In specific sugarcane genotypes, the plants maintain photosynthetic activity and have deeper roots to allow plant water status maintenance [48]. Augustine et al. [49] reported that Erianthus arundinaceus IK76-81 had high stomatal conductance, transpiration rate and relative water content as well as a low photosynthetic rate under soil moisture stress.



In our study, it is interesting that S. spontaneum (Ths 98-271) had a higher net photosynthetic rate under early drought conditions. Similarly, Irvine [50] demonstrated that the photosynthetic rate on an area basis of S. spontaneum was greater than those of S. officinarum and hybrid cultivars. Moreover, KK3 was more tolerant and able to maintain higher photosynthetic activity after recovery and had higher cane yield and sugar yield under all three water regimes.



Water use efficiency is an important trait in the selection of drought-resistant varieties [11,51]. The tolerant sugarcane genotypes show higher intrinsic instantaneous water use efficiency and maintain higher water potential and photosynthetic capacity during water deficit [11]. During the drought stress period, KK3 exhibited the highest water use efficiency. However, no significant difference in this parameter was observed among genotypes and treatments.



The strategy in terms of spending or saving water depends on the timing, intensity of the drought period and sugarcane genotype at a particular location. The results suggest that maintaining photosynthetic performance during drought and recovery after re-watering at the stalk growth stage are important for determining the final yield in sugarcane.





4.2. Effect of Drought Stress on Agronomic Traits


Effect of Drought Stress on Yield and Yield Components


Drought stress significantly reduces yield in sugarcane [23,26,27]. Water deficit stress caused stunting, restriction of tillering which led to vacant and low millable stalk, and finally, the decreases in both cane and sugar yields after exposure to drought stress at the early growth stages and midseason [4]. Basnayake et al. [25] reported that water stress treatments reduced cane yield and total dry weight compared with irrigation treatments. Yield and its parameters showed remarkable changes due to inadequate water availability during the formative phase. The single stalk weight, cane height and internode length were reduced after withholding water for 90 days during the formative phase [52]. Prolonged drought stress reduced cane yield by around 21%, while the genotypes differed significantly for almost all the characters except stalk length and diameter under moderate drought stress conditions [53]. In our study, it was found that the decrease in cane yield was 1.32–37.82% under RF conditions. The cane yield of KK3 was higher than those of the other genotypes. The sugar yield of KK3 was significantly higher than those of the other genotypes under ½FC conditions. The sugar yields of KK3 and LK92-11 were significantly higher than those of the other genotypes under RF conditions. Klomsa-Ard et al. [54] reported that KK3 was the most superior genotype for sugar yield. It showed consistent stability and performance of sugar yield. Moreover, Songsri et al. [55] reported that KK3 and LK92-11 had high sugar yield and commercial cane sugar in both the plant and ratoon crops.



The millable cane decreased significantly under ½FC and RF conditions. This parameter was highest in Ths98-271 (602,750 stalks/ha). The results of our study are in agreement with those of Todd et al. [56], who reported that S. spontaneum population had a high stalk number.



The fiber content of Ths98-271, KK08-214, E08-4-019 and LK92-11 increased under early drought conditions. The maximum fiber content was observed in Ths98-271 under FC, ½FC and RF conditions. These results are consistent with those of Bull and Glasziou [57], who indicated that S. spontaneum had the greatest mean fiber content. Clones of S. spontaneum partitioned more photosynthate into the insoluble fiber fraction. Nair et al. [58] reported that the intergeneric hybrids between S. officinarum and E. procerus had low sucrose content. The BC1 progenies generated by crossing between the F1 and modern sugarcane cultivars showed significant improvement in stalk weight and sucrose content. It may be possible to develop varieties with a few more backcrosses.






5. Conclusions


Early drought stress induced decreases in net photosynthetic rate, transpiration rate and stomatal conductance of sugarcane plants. Differences among genotypes were mainly found in photosynthetic parameters. It seems likely that the wild-type sugarcane (Ths 98-271), KK08-214 and E08-4-019 could maintain better photosynthetic performance while encountering drought stress. Wild and commercial sugarcane exhibited better photosynthetic performance while being under recovery conditions. The multiple agronomic traits of six sugarcane genotypes were affected by early drought stress. Drought stress decreased cane yield in sugarcane. KK3 exhibited the ability to maintain physiological functions during drought and recovery after re-watering and showed higher cane yield and sugar yield than those of the other genotypes.
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Figure 1. Soil moisture content at 15–45 cm below soil surface and rainfall between January and December 2017; FC = field capacity, ½FC = ½ field capacity and RF = rain fed. 
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Table 1. Mean squares for stalk height and diameter, Soil Plant Analysis Development (SPAD) value, electrolyte leakage (EL) and maximum quantum yield of PSII efficiency (Fv/Fm) of six sugarcane genotypes under early drought conditions (determined four months after planting).






Table 1. Mean squares for stalk height and diameter, Soil Plant Analysis Development (SPAD) value, electrolyte leakage (EL) and maximum quantum yield of PSII efficiency (Fv/Fm) of six sugarcane genotypes under early drought conditions (determined four months after planting).





	Source of Variance
	df
	Stalk Height
	Stalk Diameter
	SPAD Value
	EL
	Fv/Fm





	Block
	2
	63.40
	0.250
	21.68
	2.13
	0.000085



	Water regime (W)
	2
	11,496.60 **
	0.883 ns
	156.54 **
	2.28 ns
	0.001844 *



	Error (a)
	4
	50.80
	0.219
	9.71
	5.42
	0.000112



	Genotype (G)
	5
	2800.10 **
	3.084 **
	219.61 **
	55.46 **
	0.000746 **



	W × G
	10
	263.30 **
	0.241 *
	24.50 **
	21.06 ns
	0.000318 *



	Error (b)
	30
	112.00
	0.099
	8.85
	9.93
	0.000135







**,* and ns indicate significance at p ≤ 0.01, significance at p ≤ 0.05 and non-significance, respectively.
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Table 2. Stalk height and diameter of six sugarcane genotypes under early drought conditions (determined four months after planting).
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Genotype

	
Stalk Height (cm)

	
Stalk Diameter (cm)




	
FC

	
½FC

	
RF

	
FC

	
½FC

	
RF






	
Ths98-271

	
100.42 ± 6.60 Aa

	
59.17 ± 4.37 Bb

	
45.02 ± 4.75 Cbc

	
1.08 ± 0.28 Ac

	
1.43 ± 0.54 Ac

	
1.00 ± 0.17 Ac




	
KK08-214

	
105.17 ± 14.00 Aa

	
91.67 ± 12.41 ABa

	
62.50 ± 18.19 Bab

	
1.83 ± 0.06 Ab

	
1.87 ± 0.12 Abc

	
1.77 ± 0.38 Aab




	
E08-4-019

	
105.00 ± 14.86 Aa

	
66.67 ± 11.43 Bb

	
63.58 ± 10.36 Ba

	
1.40 ± 0.20 Abc

	
1.53 ± 0.25 Abc

	
1.38 ± 0.26 Abc




	
KK3

	
74.67 ± 10.68 Ab

	
43.83 ± 1.26 Bc

	
34.08 ± 3.00 Bcd

	
3.02 ± 0.51 Aa

	
1.97 ± 0.41 Bb

	
2.03 ± 0.23 Ba




	
Q117

	
117.25 ± 1.09 Aa

	
61.00 ± 7.76 Bb

	
39.70 ± 3.25 Ccd

	
2.73 ± 0.58 Aa

	
2.50 ± 0.43 Aa

	
1.98 ± 0.36 Aa




	
LK92-11

	
61.42 ± 18.45 Ab

	
32.75 ± 6.72 Bc

	
24.17 ± 6.17 Bd

	
3.02 ± 0.50 Aa

	
2.63 ± 0.18 ABa

	
2.27 ± 0.19 Ba








FC = field capacity, ½FC = ½ field capacity and RF = rain fed. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.05.
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Table 3. Soil Plant Analysis Development (SPAD) value and electrolyte leakage (EL) of six sugarcane genotypes under early drought conditions (determined four months after planting).
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Genotype

	
SPAD Value

	
EL (%)




	
FC

	
½FC

	
RF

	
FC

	
½FC

	
RF






	
Ths98-271

	
45.30 ± 0.36 Ab

	
43.70 ± 5.39 Aa

	
37.33 ± 5.06 Ab

	
18.95 ± 3.66 Aab

	
16.22 ± 2.28 Abc

	
17.61 ± 5.04 Aa




	
KK08-214

	
40.10 ± 0.52 Ac

	
40.23 ± 2.57 Aa

	
31.97 ± 7.15 Ab

	
15.64 ± 3.61 Ab

	
18.37 ± 5.11 Abc

	
16.79 ± 1.73 Aa




	
E08-4-019

	
51.53 ± 1.70 Aa

	
43.03 ± 2.44 Ba

	
48.47 ± 2.15 Aa

	
24.83 ± 4.68 Aa

	
20.69 ± 2.29 ABb

	
18.04 ± 0.95 Ba




	
KK3

	
42.57 ± 3.01 Abc

	
34.27 ± 3.62 Bb

	
37.50 ± 0.90 Abb

	
18.30 ± 0.40 Ab

	
18.41 ± 1.83 Abc

	
20.89 ± 3.61 Aa




	
Q117

	
35.10 ± 2.10 Ad

	
32.80 ± 1.08 ABb

	
31.30 ± 1.51 Bb

	
16.10 ± 1.49 Ab

	
15.76 ± 2.26 Ac

	
19.14 ± 1.97 Aa




	
LK92-11

	
43.57 ± 2.72 Abc

	
41.93 ± 0.84 Aa

	
36.63 ± 2.93 Bb

	
21.49 ± 4.22 Bab

	
27.36 ± 0.80 Aa

	
20.12 ± 1.22 Ba








FC = field capacity, ½FC = ½ field capacity and RF = rain fed. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.01.
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Table 4. Maximum quantum yield of PSII efficiency (Fv/Fm) of six sugarcane genotypes under early drought conditions (determined four months after planting).
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Genotype

	
Fv/Fm




	
FC

	
½FC

	
RF






	
Ths98-271

	
0.796 ± 0.001 Ab

	
0.800 ± 0.007 Aa

	
0.798 ± 0.007 Aa




	
KK08-214

	
0.799 ± 0.001 Ab

	
0.792 ± 0.007 Aab

	
0.789 ± 0.011 Aa




	
E08-4-019

	
0.798 ± 0.004 Ab

	
0.780 ± 0.006 Cbc

	
0.788 ± 0.004 Ba




	
KK3

	
0.794 ± 0.007 Ab

	
0.772 ± 0.008 Ac

	
0.775 ± 0.022 Aab




	
Q117

	
0.798 ± 0.002 Ab

	
0.773 ± 0.020 ABbc

	
0.747 ± 0.031 Bb




	
LK92-11

	
0.806 ± 0.003 Aa

	
0.775 ± 0.008 Bbc

	
0.782 ± 0.003 Ba








FC = field capacity, ½FC = ½ field capacity and RF = rain fed. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.05.
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Table 5. Mean squares for net photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs) and water use efficiency (WUE) of six sugarcane genotypes under early drought conditions (determined four months after planting).
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	Source of Variance
	df
	A
	E
	gs
	WUE





	Block
	2
	7.492
	0.26787
	0.00035
	6.806



	Water regime (W)
	2
	127.926 **
	1.67186 *
	0.0403 **
	1.087 ns



	Error (a)
	4
	4.510
	0.17864
	0.0002
	2.808



	Genotype (G)
	5
	150.659 **
	1.20583 **
	0.00633 *
	0.911 ns



	W × G
	10
	71.384 **
	0.58557 *
	0.00582 **
	1.814 ns



	Error (b)
	30
	19.480
	0.26967
	0.00172
	1.453







**,* and ns indicate significance at p ≤ 0.01, significance at p ≤ 0.05 and non-significance, respectively.
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Table 6. Net photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs) and water use efficiency (WUE) of six sugarcane genotypes under early drought conditions (determined four months after planting).
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Genotype

	
Net Photosynthetic Rate (µmol CO2 m−2s−1)

	
Transpiration Rate (mmol H2O m−2s−1 )




	
FC

	
½FC

	
RF

	
FC

	
½FC

	
RF






	
Ths98-271

	
40.25 ± 2.44 AB

	
44.49 ± 3.33 Aa

	
38.83 ± 2.42 Ba

	
3.75 ± 0.23 A

	
3.86 ± 0.95 Aa

	
3.14 ± 0.34 Aab




	
KK08-214

	
37.42 ± 2.88 AB

	
41.17 ± 2.85 Aa

	
31.97 ± 3.61 Babc

	
3.65 ± 0.34 A

	
3.61 ± 0.25 Aab

	
2.87 ± 0.34 Aabc




	
E08-4-019

	
36.67 ± 2.60 A

	
33.30 ± 1.27 Ab

	
39.52 ± 9.22 Aa

	
3.08 ± 0.14 A

	
2.88 ± 0.72 Aabc

	
3.69 ± 0.95 Aa




	
KK3

	
36.76 ± 5.19 A

	
35.35 ± 2.04 Ac

	
25.23 ± 1.42 Bab

	
3.47 ± 0.55 A

	
2.13 ± 0.52 Cc

	
2.82 ± 0.38 Babc




	
Q117

	
35.78 ± 4.04 A

	
28.90 ± 5.42 Bbc

	
24.54 ± 6.42 Bc

	
3.17 ± 0.82 A

	
2.70 ± 0.23 ABbc

	
2.05 ± 0.41 Bc




	
LK92-11

	
40.66 ± 1.50 A

	
29.99 ± 4.03 Bbc

	
27.24 ± 4.95 Bbc

	
3.44 ± 0.17 A

	
2.75 ± 0.24 Bbc

	
2.46 ± 0.41 Bbc




	
Genotype

	
Stomatal conductance (mol H2O m−2s−1)

	
Water use efficiency (µmol CO2 mmol−1 H2O)




	
FC

	
½FC

	
RF

	
FC

	
½FC

	
RF




	
Ths98-271

	
0.268 ± 0.037 Aab

	
0.272 ± 0.068 Aa

	
0.209 ± 0.010 Aab

	
10.79 ± 1.18

	
11.86 ± 2.16

	
12.49 ± 1.82




	
KK08-214

	
0.286 ± 0.039 Aab

	
0.253 ± 0.022 Aab

	
0.171 ± 0.029 Bbc

	
10.29 ± 0.58

	
11.48 ± 1.47

	
11.13 ± 0.26




	
E08-4-019

	
0.234 ± 0.030 Ab

	
0.193 ± 0.026 Abc

	
0.244 ± 0.062 Aa

	
11.93 ± 1.35

	
11.93 ± 2.27

	
10.74 ± 0.24




	
KK3

	
0.280 ± 0.058 Aab

	
0.132 ± 0.020 Cc

	
0.208 ± 0.016 Bab

	
10.64 ± 1.24

	
12.19 ± 2.13

	
12.70 ± 1.66




	
Q117

	
0.243 ± 0.046 Aab

	
0.155 ± 0.031 Bc

	
0.124 ± 0.041 Bc

	
11.59 ± 1.70

	
10.66 ± 1.05

	
11.87 ± 0.84




	
LK92-11

	
0.314 ± 0.015 Aa

	
0.175 ± 0.042 Bc

	
0.141 ± 0.038 Bbc

	
11.85 ± 0.91

	
10.90 ± 0.87

	
11.07 ± 0.20








FC = field capacity, ½FC = ½ field capacity and RF = rain fed. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.05.
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Table 7. Mean squares for net photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs) and water use efficiency (WUE) of six sugarcane genotypes under recovery conditions (determined six months after planting).






Table 7. Mean squares for net photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs) and water use efficiency (WUE) of six sugarcane genotypes under recovery conditions (determined six months after planting).





	Source of Variance
	df
	A
	E
	gs
	WUE





	Block
	2
	19.875
	0.18221
	0.00392
	0.74543



	Water regime (W)
	2
	4.364 ns
	0.53344 *
	0.00561 ns
	1.56514 ns



	Error (a)
	4
	0.699
	0.06555
	0.00086
	0.36104



	Genotype (G)
	5
	132.589 **
	3.11207 **
	0.0501 **
	2.33369 **



	W × G
	10
	15.597 **
	0.50565 **
	0.01002 **
	0.71195 *



	Error (b)
	30
	3.475
	0.105540
	0.00260
	0.29859







**,* and ns indicate significance at p ≤ 0.01, significance at p ≤ 0.05 and non-significance, respectively.
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Table 8. Net photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs) and water use efficiency (WUE) of six sugarcane genotypes under recovery conditions (determined six months after planting).






Table 8. Net photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs) and water use efficiency (WUE) of six sugarcane genotypes under recovery conditions (determined six months after planting).





	
Genotype

	
Net Photosynthetic Rate (µmol CO2 m−2s−1)

	
Transpiration Rate (mmol H2O m−2s−1)




	
FC

	
½FC

	
RF

	
FC

	
½FC

	
RF






	
Ths98-271

	
39.11 ± 1.12 Ab

	
37.94 ± 2.37 Ac

	
37 ± 1.43 Acd

	
4.77 ± 0.12 Aa

	
4.13 ± 0.25 Bc

	
3.82 ± 0.09 Bbc




	
KK08-214

	
41.06 ± 1.17 Aab

	
37.42 ± 1.35 Ac

	
39.21 ± 2.64 Abc

	
4.39 ± 0.14 Aab

	
4.20 ± 0.17 Ac

	
4.34 ± 0.62 Aab




	
E08-4-019

	
38.60 ± 1.65 Ab

	
42.11 ± 2.24 Aab

	
43.13 ± 1.74 Aa

	
3.99 ± 0.56 Ab

	
4.92 ± 0.24 Aab

	
4.86 ± 0.21 Aa




	
KK3

	
42.23 ± 1.27 Aa

	
43.33 ± 1.65 Aa

	
42.98 ± 0.24 Aab

	
4.61 ± 0.41 ABa

	
5.03 ± 0.14 Aa

	
4.52 ± 0.06 Ba




	
Q117

	
31.07 ± 2.50 Ac

	
32.10 ± 0.99 Ad

	
32.03 ± 3.1 Ae

	
3.09 ± 0.21 Ac

	
3.17 ± 0.20 Ad

	
2.97 ± 0.22 Ad




	
LK92-11

	
41.02 ± 2.41 Aab

	
39.18 ± 3.19 Abc

	
33.20 ± 2.53 Bde

	
4.45 ± 0.33 Aab

	
4.30 ± 0.66 Abc

	
3.26 ± 0.31 Bcd




	
Genotype

	
Stomatal conductance (mol H2O m−2s−1)

	
Water use efficiency (µmol CO2 mmol−1 H2O)




	
FC

	
½FC

	
RF

	
FC

	
½FC

	
RF




	
Ths98-271

	
0.398 ± 0.033 Aa

	
0.317 ± 0.034 Bc

	
0.293 ± 0.013 Bbc

	
8.20 ± 0.16 Bb

	
9.22 ± 0.82 ABb

	
9.69 ± 0.51 Abc




	
KK08-214

	
0.364 ± 0.033 Aab

	
0.330 ± 0.025 Ac

	
0.376 ± 0.101 Aab

	
9.35 ± 0.27 Aab

	
8.92 ± 0.35 Ab

	
9.09 ± 0.72 Ac




	
E08-4-019

	
0.305 ± 0.072 Ab

	
0.440 ± 0.034 Aab

	
0.441 ± 0.070 Aa

	
9.78 ± 1.05 Aa

	
8.56 ± 0.50 Ab

	
8.88 ± 0.14 Ac




	
KK3

	
0.387 ± 0.065 Bab

	
0.478 ± 0.013A a

	
0.396 ± 0.014 Ba

	
9.19 ± 0.56 ABab

	
8.62 ± 0.35 Bb

	
9.50 ± 0.13 Abc




	
Q117

	
0.205 ± 0.016 Ac

	
0.217 ± 0.027 Ad

	
0.200 ± 0.026 Ac

	
10.05 ± 0.75 Aa

	
10.17 ± 0.85 Aa

	
10.78 ± 0.35 Aa




	
LK92-11

	
0.368 ± 0.041 Aab

	
0.364 ± 0.102 Abc

	
0.229 ± 0.032 Bc

	
9.24 ± 0.42 Aab

	
9.18 ± 0.77 Ab

	
10.21 ± 0.52 Aab








FC = field capacity, ½FC = ½ field capacity and RF = rain fed. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.05.
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Table 9. Mean squares for single stalk weight, stalk height, stalk diameter, internode length and fiber content of six sugarcane genotypes under early drought conditions.






Table 9. Mean squares for single stalk weight, stalk height, stalk diameter, internode length and fiber content of six sugarcane genotypes under early drought conditions.





	Source of Variance
	df
	Single

Stalk Weight
	Stalk Height
	Stalk Diameter
	Internode Length
	Fiber Content
	Millable Cane





	Block
	2
	0.0011
	1047.83
	0.017
	2.24
	1.281
	3.26 × 108



	Water regime (W)
	2
	0.0665 *
	1807.72 ns
	0.078 ns
	5.19 ns
	10.199 ns
	1.39 × 1010 *



	Error (a)
	4
	0.0045
	2286.64
	0.087
	2.44
	1.479
	1.35 × 109



	Genotype (G)
	5
	2.4588 **
	3198.10 **
	5.681 **
	7.63 **
	402.445 **
	3.71 × 1011 **



	W × G
	10
	0.0357 ns
	1633.67 ns
	0.059 ns
	4.75 *
	4.507 **
	5.84 × 109 ns



	Error (b)
	30
	0.0345
	784.54
	0.035
	1.63
	0.822
	3.16 × 109







**,* and ns indicate significance at p ≤ 0.01, significance at p ≤ 0.05 and non-significance, respectively.
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Table 10. Single stalk weight, stalk height, stalk diameter and millable cane of six sugarcane genotypes grown under well-watered (FC) and water-stressed (½FC and RF) conditions.






Table 10. Single stalk weight, stalk height, stalk diameter and millable cane of six sugarcane genotypes grown under well-watered (FC) and water-stressed (½FC and RF) conditions.












	Treatment
	Single Stalk Weight (kg)
	Stalk Height (cm)
	Stalk Diameter (cm)
	Millable Cane (stalks/ha) × 103





	Water regime (W)
	
	
	
	



	FC
	0.840 ± 0.580 A
	315.54 ± 42.98 A
	1.86 ± 0.77 A
	251.26 ± 224.59 A



	½FC
	0.898 ± 0.523 A
	307.88 ± 27.93 A
	1.88 ± 0.75 A
	200.22 ± 189.79 B



	RF
	0.776 ± 0.448 B
	295.67 ± 36.32 A
	1.76 ± 0.80 A
	206.71 ± 179.60 B



	Genotype (G)
	
	
	
	



	Ths98-271
	0.144 ± 0.020 e
	270.79 ± 32.80 b
	0.66 ± 0.14 e
	602.75 ± 103.58 a



	KK08-214
	0.694 ± 0.202 c
	310.87 ± 38.48 a
	1.53 ± 0.18 c
	172.82 ± 39.08 c



	E08-4-019
	0.451 ± 0.171 d
	309.06 ± 39.49 a
	1.32 ± 0.35 d
	281.89 ± 101.50 b



	KK3
	1.475 ± 0.171 a
	305.35 ± 39.15 a
	2.59 ± 0.22 a
	101.64 ± 11.89 d



	Q117
	0.875 ± 0.183 b
	326.08 ± 22.74 a
	2.25 ± 0.15 b
	75.89 ± 22.62 d



	LK92-11
	1.392 ± 0.245 a
	316.04 ± 25.99 a
	2.65±0.16 a
	81.40 ± 13.37 d



	F-test
	
	
	
	



	W
	*
	ns
	ns
	*



	G
	**
	**
	**
	**



	W × G
	ns
	ns
	ns
	ns







FC = field capacity, ½FC = ½ field capacity and RF = rain fed. **,* and ns indicate significance at p ≤ 0.01, significance at p ≤ 0.05 and non-significance, respectively. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.05.
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Table 11. Internode length and fiber content of six sugarcane genotypes grown under well-watered (FC) and water-stressed (½FC and RF) conditions.






Table 11. Internode length and fiber content of six sugarcane genotypes grown under well-watered (FC) and water-stressed (½FC and RF) conditions.





	
Genotype

	
Internode Length (cm)

	
Fiber Content (%)




	
FC

	
½FC

	
RF

	
FC

	
½FC

	
RF






	
Ths98-271

	
14.78 ± 0.05 Aab

	
13.86 ± 0.10 Aab

	
13.53 ± 1.41 Aab

	
27.35 ± 1.45 Ba

	
26.63 ± 0.80 Ba

	
31.45 ± 1.15 Aa




	
KK08-214

	
13.18 ± 0.80 ABc

	
12.22 ± 1.59 Bab

	
16.02 ± 2.41 Aa

	
17.83 ± 0.81 Bb

	
21.03 ± 2.05 Ab

	
20.70 ± 1.60 ABb




	
E08-4-019

	
15.34 ± 0.88 Aa

	
12.29 ± 2.32 Aab

	
13.32 ± 2.79 Aab

	
19.45 ± 0.65 Bb

	
19.90 ± 0.76 ABb

	
20.85 ± 0.45 Ab




	
KK3

	
14.63 ± 0.39 Aabc

	
13.93 ± 0.19 Aa

	
11.86 ± 1.74 Bb

	
12.90 ± 1.25 Ac

	
12.73 ± 0.50 Acd

	
13.20 ± 0.70 Ac




	
Q117

	
11.11 ± 0.64 Ad

	
11.71 ± 0.49 Ab

	
12.21 ± 0.76 Ab

	
13.23 ± 0.90 Ac

	
12.97 ± 0.12 Ac

	
12.80 ± 0.20 Ac




	
LK92-11

	
13.32 ± 1.41 Ac

	
11.91 ± 0.37 Aab

	
12.16 ± 0.10 Ab

	
9.73 ± 0.64 Bd

	
11.07 ± 0.38 Ad

	
10.50 ± 0.36 ABd








FC = field capacity, ½FC = ½ field capacity and RF = rain fed. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.05.
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Table 12. Mean squares for sugar yield, cane yield and commercial cane sugar (CCS) of six sugarcane genotypes under early drought conditions.






Table 12. Mean squares for sugar yield, cane yield and commercial cane sugar (CCS) of six sugarcane genotypes under early drought conditions.





	Source of Variance
	df
	Cane Yield
	Sugar Yield
	CCS





	Block
	2
	105.70
	4.098
	5.41



	Water regime (W)
	2
	2071.36 **
	3.140 ns
	5.04



	Error (a)
	4
	33.47
	1.533
	1.25



	Genotype (G)
	5
	7828.81 **
	187.044 **
	129.47 **



	W × G
	10
	962.24 **
	7.005 **
	3.42 **



	Error (b)
	30
	127.83
	1.755
	0.84







** and ns indicate significance at p ≤ 0.01 and non-significance, respectively.
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Table 13. Cane yield and sugar yield of six sugarcane genotypes grown under well-watered (FC) and water-stressed (½FC and RF) conditions.






Table 13. Cane yield and sugar yield of six sugarcane genotypes grown under well-watered (FC) and water-stressed (½FC and RF) conditions.





	
Genotype

	
Cane Yield (tons/ha)

	
Sugar Yield (tons/ha)




	
FC

	
½FC

	
RF

	
FC

	
½FC

	
RF






	
Ths98-271

	
82.95 ± 3.48 Acd

	
89.73 ± 3.13 Acd

	
81.85 ± 6.80 Ab

	
0.925 ± 0.913 Ad

	
0.049 ± 0.085 Ae

	
1.883 ± 1.321 Ad




	
KK08-214

	
108.45 ± 10.50 Abc

	
122.62 ± 11.73 Ab

	
106.79 ± 3.57 Aa

	
8.874 ± 2.492 Ac

	
10.467 ± 2.173 Ab

	
9.604 ± 1.234 Ab




	
E08-4-019

	
132.80 ± 15.65 Ab

	
83.66 ± 0.98 Cde

	
112.41 ± 1.16 Ba

	
7.998 ± 0.843 Abc

	
3.902 ± 0.463 Bd

	
4.563 ± 0.065 Bc




	
KK3

	
188.66 ± 10.98 Aa

	
147.23 ± 3.48 Ba

	
117.32 ± 9.46 Ca

	
14.697 ± 0.857 Aa

	
14.314 ± 1.687 Aa

	
12.53 ± 1.294 Aa




	
Q117

	
68.33 ± 15.26 Ad

	
75.89 ± 2.85 Ae

	
46.79 ± 0.36 Bc

	
7.255 ± 2.425 Ac

	
8.054 ± 1.353 Ac

	
5.670 ± 0.060 Ac




	
LK92-11

	
120.48 ± 28.20 Ab

	
102.92 ± 10.78 Ac

	
109.11 ± 11.79 Aa

	
11.424 ± 1.025 Ab

	
11.100 ± 1.315 Ab

	
12.002 ± 1.332 Aa








FC = field capacity, ½FC = ½ field capacity and RF = rain fed. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.01.
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Table 14. Commercial cane sugar (CCS) of six sugarcane genotypes grown under well-watered (FC) and water-stressed (½FC and RF) conditions.






Table 14. Commercial cane sugar (CCS) of six sugarcane genotypes grown under well-watered (FC) and water-stressed (½FC and RF) conditions.





	
Genotype

	
CCS (%)




	
FC

	
½FC

	
RF






	
Ths98-271

	
1.10 ± 1.10 ABd

	
0.06 ± 0.09 Bd

	
2.27 ± 1.46 Ae




	
KK08-214

	
7.29 ± 1.59 Ac

	
8.47 ± 1.00 Ab

	
8.98 ± 0.86 Ac




	
E08-4-019

	
6.70 ± 0.17 Ac

	
4.66 ± 0.50 Bc

	
4.06 ± 0.10 Bd




	
KK3

	
7.79 ± 0.02 Bbc

	
9.72 ± 1.04 Aab

	
10.67 ± 0.36 Ab




	
Q117

	
10.49 ± 2.12 Aa

	
10.58 ± 1.41 Aa

	
12.12 ± 0.22 Aa




	
LK92-11

	
9.69 ± 1.44 Aab

	
10.86 ± 1.62 Aa

	
11.00 ± 0.36 Aab








FC = field capacity, ½FC = ½ field capacity and RF = rain fed. Different uppercase letters indicate significant differences among irrigation treatments in each genotype; different lowercase letters indicate significant differences among genotypes in each irrigation treatment by LSD at p ≤ 0.01.
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