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Abstract 

 

Physiological traits associated with drought tolerance are useful as surrogate traits for drought tolerance. Information on the 

association of root traits and water use efficiency (WUE) and plant growth in sugarcane is rather limited. The objective of this study 

was to evaluate genotypic variation for root traits, WUE and growth characters of above ground parts of sugarcane. A 2 × 10 factorial 

experiment was set up in a randomized complete block design with two replications for three pots per experimental unit in a 

greenhouse during January to May 2009. Ten sugarcane cultivars were assigned as factor A and two water regimes (well-watered 

control and water stress at early growth stage) were assigned as factor B. Data were recorded for root length, root surface area, root 

volume, root dry weight and relative rate of height growth (RHG) at 10 days after dehydration (100 days after planting; DAP) and 10 

days after recovery (110 DAP). Data for water use efficiency and root dry weight were recorded at 110 DAP. Stalk diameter was 

measured at 90 DAP, 100 DAP and 110 DAP. Drought significantly reduced stalk diameter, biomass, root length, root surface area, 

root volume and root dry weight, but it did not significantly affect root/shoot ratio, WUE, and RHG. Higher phenotypic variations for 

root traits were observed after recovery and variation of WUE and biomass were also significant. Associations of root traits with 

biomass and WUE were higher after recovery than before initiation of drought and at drought. The genotypes 03-4-425 and Phill66-

07 had higher WUE and large root systems. Root traits are useful as surrogate traits for WUE in sugarcane.  
 

Keywords: Drought tolerance; Genotypic variation; Rehydration; Surrogate trait; WUE. 

Abbreviations: β-Light transmission coefficient measured depending on crop cover; BIO-Above ground biomass; DAP-Days after 

planting; D-Soil water drainage; DW-Dry weight; Eo-Evaporation from class A pan (mm/day); Es-Surface evaporation; ETcrop-Crop 

water requirement (mm/day); ET-Evapotranspiration; ETo-Evapotranspiration of a reference plant under specified conditions 

calculated by pan evaporation method; FC-Field capacity; FW-Fresh weight; Kc-Crop water requirement coefficient for sugarcane; 

LSD-Least Significant Difference; Mf-Soil moisture at final harvest; Mi-Starting soil moisture before sowing; PWP-Permanent 

wilting point; RHG-Relative rate of height growth; R-Surface runoff; t-Days from the last irrigation; WUE-Water Use Efficiency. 

 
 

Introduction 

 

Sugarcane (Saccharum officinarum L.) is an important crop 

for sugar production in the tropics, where drought is a 

recurring problem, and the crop is dependent mostly on 

rainfall. Drought problems exist in most sugarcane 

production areas in the world. In Thailand, the largest 

sugarcane production areas are in the Northeast. These areas 

usually have lower rainfall than other parts of the country, 

and sugarcane is highly at risk of drought problems. Drought 

can reduce sugarcane yield by up to 60% (Robertson et al., 

1999). Growing sugarcane cultivars with drought tolerance 

can alleviate drought problems and reduce yield losses from 

drought stress. Improvement of drought tolerance in 

sugarcane is an economical way to improve crop productivity 

under drought conditions. However, the improvement of 

drought tolerance in this crop will not be possible if the 

mechanism underlying the tolerance of the crop is not fully 

understood. Better understanding of the mechanisms 

underlying drought tolerance and breeding of crop plants for 

drought tolerance has been major goals of plant biologists 

and crop breeders (Xiong et al., 2006). Selection for 

physiological traits associated with drought tolerance might 

increase the success of breeding of sugarcane for drought 

tolerance. The ability of a plant to modify its roots to capture 

water for transpiration may be an important mechanism to 

avoid drought stress (Fukai and Cooper, 1995; Songsri et al., 

2009). Plants with high levels of drought avoidance should 

stabilize yield under drought (Serraj et al., 2004). Root 

characteristics have been identified as the ability to adapt to 

drought stress in many plants including peanut (Songsri et al., 

2008b), chickpea (Serraj et al., 2004), bread wheat (Gesimba 

et al., 2004), rice (Wang et al., 2009) and Arabidopsis 

thaliana (Xiong et al., 2006). In sugarcane, Smith et al. 

(2005) suggested that drought tolerance is higher in cultivars 

with a tendency to develop deep root systems and found that 

root system properties may be used as selection criteria for 

drought tolerance and water use efficiency (WUE). In 

addition, large root systems can maintain high WUE under 

drought stress conditions (Songsri et al., 2009). WUE is a 

ratio of dry matter production to water use (Anyia and 

Herzog, 2004), and it shows the ability of a crop to convert 

available water to biomass (Ali et al., 2005). Under drought 

stress conditions, it would be important to produce a large 

amount of biomass, which contributes to crop yield, using a 

low or limited amount of water (Karaba et al., 2007). 

Therefore, an understanding of the traits associated with 

WUE such as the ability of roots to increase water uptake and 
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maintain high photosynthetic capacity should be useful in 

improving WUE under drought stress conditions. However, 

information on the relationships between WUE and root traits 

in sugarcane is rather limited. The objectives of this study 

were to evaluate genotypic variations of ten sugarcane 

cultivars and their responses to different water regimes for 

WUE and root systems, and to determine the inter-

relationships among these traits. The information should be 

useful for a better understanding of the responses of 

sugarcane cultivars to water stress. 

 

Results and Discussion 

 

Plant and soil water status  
 

Water stress is a common phenomenon and it severely 

reduces yields of field crops grown under rainfed conditions 

(Jangpromma et al., 2010a). Therefore, there have been 

attempts for many decades to identify and understand the 

traits associated with drought tolerance in sugarcane 

cultivars. In this study, sugarcane cultivars grown under 

drought conditions and then allowed to recover from drought 

were compared with those grown under continuously well-

irrigated conditions. Water treatments were clearly different 

during the stress period (90 to 100 DAP). The stressed plants 

wilted, whereas the normal plants did not wilt. As wilting 

occurred in a short period of only 10 days, the stressed plants 

survived. At 90 days after planting, soil moisture contents 

were similar for stressed and non-stressed treatments (12.0 

and 12.4%, respectively), and the difference between 

treatments and predetermined value (11.5%) was lower than 

1%. The results indicate reasonably good control of the 

treatments. The details for soil water status determination are 

reported in a parallel paper (Jangpromma et al., 2010b).  

After the imposition of drought stress, soil moisture content 

of the stressed treatment became 3.9%, whereas the 

predetermined value of permanent wilting point (PWP) was 

2.6%. The difference between stressed treatment and PWP 

was higher than 1% (1.3%), showing that the stressed plants 

could survive. At 110 DAP when the stressed crop had fully 

recovered, the soil water status of the stressed treatment was 

13%, whereas the soil water status of the non-stressed 

treatment was 10.5%. The difference of 2.5% might indicate 

that leaf amount and area of the non-stressed treatment were 

greater than for stressed plants that had not fully recovered 

within 10 days.  Larger leaves result in higher plant 

transpiration flux (Verstraeten et al., 2008). Therefore, the 

non-stressed plants took up a larger amount of soil water than 

did the stressed plants as the soil of the non-stressed 

treatment was much dryer than that of the stressed treatment. 

 

Drought and recovery affected root traits, growth 

parameters and WUE 

 

Although the drought imposition period was very short (10 

days), drought significantly reduced root length, root surface 

area, root volume and root dry weight, but it did not 

significantly affect the root shoot ratio (Table 1). All root 

characters could fully recover when the plants were re-

watered at 110 days after planting. Drought did not 

significantly affect water use efficiency (WUE) and relative 

rate of high growth (RHG), but it did reduce biomass and 

stalk diameter (Table 2). Biomass and stalk diameter could 

not fully recover when the plants were supplied with water 

after withholding. The results indicate that although drought 

significantly affected root characteristics, these traits 

recovered rapidly after drought relief. For biomass and stem 

diameter, the effects of drought lasted longer and these traits 

could not fully recover after drought relief. It is expected that 

if drought lasts longer than 10 days, root traits might not fully 

recover, and drought could severely affect yield. The results 

partially explain why drought can reduce yield in sugarcane. 

The unchanged root/shoot ratio might explain that sugarcane 

invested in roots under drought conditions to mine more 

water in deeper soil. Droughts reduced root systems of 

sugarcane by 50-80%, when the soil water status reduced to a 

water potential of -0.07 MP (Saliendra and Meinzer, 1992). 

Most studies have reported drought reduced growth and yield 

of sugarcane (Inman-Bamber and Smith, 2005; Silva et al., 

2008; Smith et al., 2005). The reductions in root traits as 

affected by drought have been reported in other crops such as 

in peanut (Songsri et al., 2009), rice (Wang et al., 2009), 

arabidopsis (Xiong et al., 2006) and sorghum (Tsuji et al., 

2005). Drought stress also caused reduction in other drought 

tolerance traits, for example seed yield (Rahimi et al., 2011), 

specific leaf area (Jongrunklang et al., 2008; Liu and Stützel, 

2004), chlorophyll content (Jangpromma et al., 2010a; 

Jangpromma et al., 2010b; Silva et al., 2007) and leaf relative 

water content (Jangpromma et al., 2010a; Silva et al., 2007; 

Songsri et al., 2008a). However, most reports so far have not 

explained how plants recover after drought relief. The results 

of the present study support theoretical expectations and 

previous results. However, the results provide reasons why 

drought can affect growth and yield in sugarcane. Significant 

differences among sugarcane cultivars were observed for root 

length, root surface area, root volume, root dry weight and 

root shoot ratio in the stressed period and the recovered 

period. The cultivar Khon Kaen 3 was the best genotype for 

these traits at stressed and recovered periods, whereas the 

cultivar B34-164 performed most poorly for these traits 

(Table 1).  Higher variations in root traits were found at the 

recovered period. Significant differences among sugarcane 

cultivars were also observed for WUE and biomass at the 

recovered period (Table 2). Differences in stalk diameters 

were not significant at 90, 100 and 110 DAP, whereas 

differences in relative rate of height growth were found only 

at 100 DAP. Silva et al. (2008) found high variations among 

sugarcane genotypes for stalk number, stalk height, stalk 

diameter, stalk weight and cane yield. The differences in 

results from different studies could be due to differences in 

experiment conditions, sugarcane cultivars used in different 

experiments and timing of sugarcane growth. The results 

indicate that selection of sugarcane cultivars with good root 

characters is possible in these sugarcane cultivars, and 

selection should also be promising for WUE and biomass. 

The interactions between sugarcane genotypes and water 

regimes were significant for root length, root surface area, 

root volume, root dry weight and root/shoot ratio in the 

recovered period, whereas the interactions for these traits 

were not significant at the stressed period. The results 

indicate that sugarcane cultivars show differential responses 

to re-watering after a stressed period. 

 

Relationships between drought resistance traits and WUE 

 

Under well-watered and drought stressed treatments, the 

correlation coefficients between root traits and traits related 

to drought tolerance especially for biomass and WUE are 

positive but they are still not significant (Table 3). However, 

most correlation coefficients (r = 0.65 to 0.82) become 

significant in the recovery phase, except for the correlation 

coefficient (r = 0.56) between WUE and root dry weight. It 

should be noted here that the correlation coefficients between 

drought related traits (WUE and biomass) and root traits (root  
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Table 1. Root length (cm), root surface area (cm2), root volume (cm3), root dry weight (g/plant), and root/shoot ratio of 10 sugarcane cultivars at 100 and 110 DAP. 

Root length (cm) Root surface area (cm2) 
  

Root volume (cm
3
) Root dry weight (g/plant) 

Root/Shoot  
Treatment 

100 DAP 110 DAP 100 DAP 110 DAP 100 DAP 110 DAP 100 DAP 110 DAP  110 DAP 

  Soil moisture (A)          

FC 160663 ±78377 A 76794 ±56334 A 16951 ±7603 A 9122 ±6460 A 144.22 ±61.47 A 87.13 ±59.46 A 27.94 ±11.80 A 18.42 ±11.62 A  0.22 ±0.12 A 

Stress 116690 ±48893 B 72532 ±29690 A 12104 ±4609 B 8584 ±3134 A 101.22 ±37.39 B 81.61 ±27.24 A 21.42 ±7.46 B 17.69 ±5.56 A  0.24 ±0.07 A 

F-test * NS ** NS ** NS * NS  NS 

 Cultivar (B)           

Uthong 6 145474 ±32302 abc 58438 ±29235 bc 14599 ±2948 abc 6694 ±2826 bc 117.10 ±22.36 bc 61.57 ±21.18 cd 21.03 ±2.77 cde 13.80 ±5.61 cd  0.23 ±0.07 bc 

Khon Kaen 80 128893 ±25258 abc 68578 ±31288 bc 13946 ±2064 abc 8599 ±3275 bc 121.36 ±21.23 abc 86.85 ±29.53 bc 24.95 ±3.55 bcd 18.90 ±7.86 bc  0.27 ±0.11 b 

K86-161 139598 ±46162 abc 52147 ±23998 bc 15329 ±4085 abc 6706 ±2465 bc 134.91 ±28.44 abc 69.60 ±18.45 bcd 25.03 ±1.85 bcd 15.68 ±4.55 bcd  0.19 ±0.05 bc 

Khon Kaen 3 206183 ±92788 a 151747 ±91086 a 21403 ±9611 a 18357 ±9837 a 178.33 ±81.40 a 178.47 ±81.79 a 36.98 ±9.54 a 36.03 ±13.77 a  0.42 ±0.12 a 

03-4-425 183443 ±25970 abc 89776 ±20518 b 18304 ±1453 ab 10542 ±2181 b 147.83 ±12.13 ab 99.03 ±17.77 b 33.80 ±5.30 ab 22.55 ±3.07 b  0.23 ±0.03 bc 

KU60-1 124107 ±22998 bcd 67991 ±14650 bc 14898 ±3683 abc 8078 ±1800 bc 143.15 ±44.78 ab 76.68 ±18.54 bcd 24.93 ±3.71 bcd 16.48 ±3.33 bcd  0.24 ±0.05 bc 

Phill66-07 119199 ±53203 bcd 83196 ±46188 bc 12353 ±5076 bcd 9772 ±4719 b 102.67 ±38.32 bcd 91.69 ±37.79 bc 22.55 ±6.77 cd 19.80 ±7.32 bc  0.22 ±0.10 bc 

B34-164 48004 ±14567 d 41206 ±15008 c 5595 ±1755 d 4906 ±1678 c 52.39 ±14.98 d 46.55 ±14.98 d 10.98 ±3.05 e 9.43 ±2.93 d  0.15 ±0.04 c 

Uthong 2 87975 ±46008 cd 59282 ±13702 bc 9287 ±4432 cd 6720 ±1678 bc 78.53 ±35.00 cd 61.48 ±7.75 cd 15.25 ±6.18 de 12.60 ±1.89 cd  0.17 ±0.03 c 

LF82-2122 203888 ±109174 a 74266 ±24204 bc 19565 ±11229 ab 8156 ±2394 bc 150.94 ±93.98 ab 71.78 ±20.41 bcd 31.30 ±19.03 abc 15.30 ±4.05 bcd  0.19 ±0.04 bc 

F-test * ** * ** * ** ** **  ** 

A × B NS * NS ** NS ** NS *  NS 

CV (%) 38.33 39.93 35.15 33.77 33.67  27.89 29.48 29.75  27.69 
NS, *, ** non-significant and significant at 0.05 and 0.01 probability levels, respectively. Means in the same column with the same letters (capital letters for factor A and small letters for factor B) are not different by 

95% LSD at p ≤ 0.05. Each value represents the mean ± SD. 
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Fig 1. Relationship between water use efficiency (WUE) 

(g/kg) of 10 sugarcane cultivars under well-watered (FC) and 

stressed conditions during January to May 2009. ; **  

significant at 0.01 probability levels. 

 

 

length, root surface area, root volume and root dry weight) 

were much stronger in the drought recovery phase.  The 

results might indicate the importance of roots for growth 

recovery after drought relief as they can promote flush 

growth. Traits associated with WUE such as root systems can 

enhance the yield under water stress (Songsri et al., 2009). 

Seghatoleslami et al. (2008) reported that proso millet 

(Panicum miliaceum L.) genotype with the greatest seed yield 

had the highest WUE. Therefore, drought tolerance might be 

achieved by selection for large root systems that contribute to 

high yield and WUE under water stress conditions.  

 

Variability of sugarcane cultivars in WUE  
 

Water use efficiency under well-watered conditions ranged 

from 1.3 to 2.3, whereas WUE under drought stressed 

conditions ranged from 1.5 to 2.25 (Fig. 1). Therefore, the 

range of variation in WUE during stress was somewhat lower 

than that under well-watered conditions. The effect of WUE 

depends on plant species and severity (Seghatoleslami et al., 

2008). Drought may reduce variability in WUE in sugarcane. 

The correlation coefficients between well-watered conditions 

and drought conditions were high and significant (r = 0.83). 

The results indicate that the cultivars which showed high 

WUE under well-watered conditions also showed high WUE 

under stressed conditions and vice versa. In this case, 

evaluation under drought stressed conditions may be not 

necessary. Sugarcane genotypes 03-4-425 and Phill66-07 had 

high WUE, whereas Uthong 6, KU60-1, B34-164 and Khon 

Kaen 80 had low WUE, under both drought and well-watered 

conditions. Higher WUE in 03-4-425 and Phill66-07 was due 

to higher root systems to capture soil water for transpiration 

as indicated by high and significant correlation of the traits 

especially after re-watering (Table 3). In general, crops that 

have greater WUE are associated with greater yield 

(Jongrunklang et al., 2008; Karaba et al., 2007; 

Seghatoleslami et al., 2008; Songsri et al., 2009). 

Consequently, crops that can maintain high WUE under 

drought or well-irrigated conditions are considered to be 

drought tolerant in terms of total dry matter production 

(Jongrunklang et al., 2008). As water use efficiency was 

well-associated with root traits, these traits may be useful for 

use as selection criterion for WUE. 

 

Materials and methods 

 

Plant culture and stress treatment 

 

The details of the experiment have been described previously 

(Jangpromma et al., 2010b). Briefly, the stalk at maturity 

stage (8 months) of ten sugarcane breeding lines and cultivars 

(Uthong 6, Khon Kaen 80, K86-161, Khon Kaen 3, 03-4-425, 

KU60-1, Phill66-07, B34-164, Uthong 2 and LF82-2122) 

provided by the Khon Kaen Field Crops Research Center, 

Khon Kaen, Thailand were tested for their responses to 

drought during 90-100 DAP and recovery from drought stress 

during 101-110 DAP (January to May 2009) at Khon Kaen 

University. The pot experiment was undertaken under open-

sided greenhouse conditions, so that the air temperature was 

higher than outside by around 2-3oC. Plastic containers 27.5 

cm in diameter and 35.0 cm in height were filled with 22 kg 

of dry soil to create uniform bulk density of 1.5 g/cm3 from 

the bottoms of the containers to 10 cm below the top of the 

pots. The soil particles consisted of sand (73.03%), silt 

(22.67%), clay (4.30%) and organic matter (0.25%), and the 

soil type was identified as sandy loam. The soil chemical 

properties comprised pH 5.0, total nitrogen 0.040%, available 

phosphorus of 72 ppm and extractable potassium at 67 ppm. 

The soil moisture contents were 11.5% at field capacity (FC) 

and 2.67% at permanent wilting point (PWP). Sugarcane seed 

stalks of 10 cultivars were cut into short pieces each of which 

had one active bud, and they were pre-germinated in 

germinating trays containing moistened absorbent paper. The 

uniformly-germinated seed canes were then planted in the 

plastic containers. There was one plant in each pot for 110 

days during January to May 2009. A factorial experiment in a 

randomized complete block design with two replications was 

carried out in a greenhouse during January to May 2009 at 

the Field Crops Research Station of Khon Kaen University 

located in Khon Kaen province. Two water regimes (field 

capacity and drought stress followed by recovery) were 

assigned as factor A and 10 sugarcane cultivars were 

assigned as factor B. Water was supplied daily to the 

experiment at field capacity level from planting to 90 days 

after planting (DAP), and the amount of water was calculated 

as described previously (Jangpromma et al., 2010b; Songsri 

et al., 2009). After 90 DAP, water level at field capacity was 

maintained throughout the experiment for well-watered 

control. For drought treatment, water was withheld at 90 to 

100 DAP. Re-watering was applied after 100 DAP and the 

stressed treatments were maintained at field capacity. 

Calculation of total crop water use for each water treatment 

was calculated as the sum of transpiration and soil 

evaporation. Crop water requirement was calculated using the 

equation as described previously (Jangpromma et al., 2010b; 

Songsri et al., 2009); 

 
    where, ETcrop is the crop water requirement (mm/day), ETo  is 

the evapotranspiration of a reference plant under specified 

conditions calculated by the pan evaporation method, Kc  is 

the crop water requirement coefficient for sugarcane, which 

varies with genotype and growth stage. Surface evaporation (Es) 

was calculated as described previously (Jangpromma et al., 

2010b; Songsri et al., 2009); 
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Table 2. Water use efficiency (WUE) (g/kg), biomass (g/plant), stalk diameter (mm.), relative rate of height growth (RHG) (%) of 10 sugarcane cultivars at 90, 100 and 110 DAP. 

WUE (g/kg)  Biomass ( g/plant)  Stalk diameter (mm.)  Relative rate of height growth (%) Treatment 

  110 DAP  110 DAP  90 DAP  100 DAP  110 DAP  100 DAP  110 DAP 

Soil moisture (A)              

FC 1.85 ±0.37 A  81.59 ±19.80 A  22.53 ±3.88 A  22.98 ±3.49 A  23.93 ±3.31 A  2.82 ±2.88  A  3.60 ±3.33 A 

Stress 1.83 ±0.22 A  73.15 ±9.70 B  22.15 ±2.85 A  21.23 ±2.41 B  22.09 ±1.77 B  2.21 ±2.39  A  2.28 ±2.26 A 

F-test NS  **  NS  *  *  NS  NS 

Cultivar (B)              

Uthong 6 1.45 ±0.24 e  59.70 ±10.78 d  21.95 ±2.52 ab  22.54 ±2.62 ab  25.11 ±3.99 a  2.70 ±1.24 bcd  3.89 ±3.24 ab 

Khon Kaen 80 1.67 ±0.16 de  68.65 ±4.99 cd  22.87 ±3.03 ab  21.69 ±2.53 bc  23.64 ±2.02 a  0.05 ±0.00 e  1.16 ±1.42 b 

K86-161 1.90 ±0.22 cd  80.83 ±15.86 bc  24.00 ±1.82 a  23.02 ±1.27 ab  24.63 ±2.88 a  0.79 ±0.95 de  4.26 ±3.41 ab 

Khon Kaen 3 1.95 ±0.16 bc  85.20 ±12.40 ab  23.35 ±4.28 ab  25.75 ±4.64 a  24.13 ±3.32 a  6.41 ±3.73 a  4.26 ±3.41 b 

03-4-425 2.24 ±0.15 a  98.00 ±12.99 a  21.30 ±1.75 ab  21.98 ±2.62 bc  21.76 ±1.43 ab  3.31 ±2.67 bc  4.39 ±2.45 ab 

KU60-1 1.63 ±0.04 e  68.50 ±3.24 cd  21.68 ±1.14 ab  21.55 ±2.84 bc  22.78 ±3.00 ab  0.78 ±0.93 de  1.67 ±0.69 b 

Phill66-07 2.20 ±0.22 ab  95.65 ±16.20 a  21.26 ±1.47 ab  22.31 ±2.86 bc  22.49 ±2.18 ab  1.59 ±1.97 cde  3.21 ±4.77 ab 

B34-164 1.53 ±0.23 e  60.83 ±8.12 d  19.00 ±2.62 b  18.97 ±2.83 c  19.63 ±1.65 b  4.24 ±3.51 ab  1.21 ±0.47 b 

Uthong 2 1.88 ±0.21 cd  76.45 ±11.72 bc  24.40 ±6.94 a  22.17 ±3.94 bc  22.83 ±2.78 ab  1.62 ±0.67 cde  5.38 ±4.36 a 

LF82-2122 1.93 ±0.14 c  79.90 ±4.06 bc  23.60 ±4.08 a  21.11 ±2.65 bc  23.11 ±2.32 a  3.68 ±1.95 bc  2.66 ±2.17 ab 

F-test **  **  NS  NS  NS  **  NS 

A×B NS  NS  NS  NS  NS  *  NS 

CV (%) 9.14  11.26  13.63  10.43  9.89  66.47  81.03 
NS, *, ** non-significant and significant at 0.05 and 0.01 probability levels, respectively. Means in the same column with the same letters (capital letters for factor A and small letters for factor B) are not different by 

95% LSD at p ≤ 0.05. Each value represents the mean ± SD. 

 

Table 3. Correlation between water use efficiency (WUE), biomass, stalk diameter, relative rate of height growth (RHG), and root traits of 10 sugarcane cultivars under well watered, stress and recovery 

conditions. 

 Root length Root surface area Root volume Root dry weight Root/ Shoot ratio 

FC  (110d)      

WUE 0.26 0.27 0.28 0.39 0.22 

Biomass 0.34 0.35 0.36 0.47 0.28 

Stalk diameter 0.40 0.39 0.39 0.37 0.49 

Relative rate of height growth -0.08 -0.05 -0.02 -0.00 -0.02 

Stress (100d)      

WUE 0.38 0.33 0.26 0.35 - 

Biomass 0.42 0.37 0.31 0.37 - 

Stalk diameter 0.12 0.16 0.17 0.43 - 

Relative rate of height growth -0.31 -0.37 -0.46 -0.02 -0.02 

Recovery (110d)      

WUE 0.73* 0.73* 0.67* 0.56 -0.00 

Biomass 0.82** 0.81** 0.75* 0.65* 0.17 

Stalk diameter -0.15 -0.15 -0.14 -0.12 -0.34 

Relative rate of height growth 0.40 -0.01 -0.13 -0.08 0.24 
      *, ** significant at 0.05 and 0.01 probability levels, respectively. 
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where,  Es is the soil evaporation (mm), β is the light 

transmission coefficient measured depending on crop cover, 

Eo is the evaporation from class A pan (mm/day), t is the days 

from the last irrigation. Soil moisture contents were measured 

by the gravimetric method at 90 DAP, 100 DAP and 110 

DAP. 

 

Stalk diameter 
 

The centre point of the stalk was measured for diameter 

before the imposition of drought (90 DAP), after drought 

(100 DAP) and at drought recovery (110 DAP) using vernier 

calipers. 

 

Relative rate of height growth 

 

The relative rate of height growth (RHG) was measured 

before the imposition of drought (90 DAP), after drought 

(100 DAP) and drought recovery (110 DAP) according to the 

method described by Wang et al. (2006);  

 

 
  

For RHG calculation at drought stress, basic and final values 

are plant height at 90 DAP and 100 DAP, respectively. For 

RHG calculation at drought recovery, basic and final values 

are plant height at100 DAP and 110 DAP, respectively. 

 

 Biomass 
 

After drought recovery for 10 days (110 DAP), the plants 

were cut at the soil surface and shoot fresh weight (FW) was 

determined immediately. The plant samples were then oven-

dried at 80°C for 48 h and plant dry weight (DW) was 

determined. Biomass was defined as total above ground plant 

dry weight. 

 

Water use efficiency 
 

Evapotranspiration (ET) under varying watering regimes was 

calculated using the soil water balance equation for the 

growing season as follows:  

 

  
 

where I = the irrigation applications, Mi = starting soil 

moisture before sowing, Mf = soil moisture at final harvest 

(soil moisture was measured by the gravimetric method), D = 

soil water drainage, and R = surface runoff. Under the pot 

experiment, soil water drainage and runoff were ignored. 

Water use efficiency (WUE) for each treatment was 

calculated as above ground biomass (BIO) divided by 

seasonal evapotranspiration (ET);  

 

 
 

Root characteristics 
 

After the plants were cut at above ground level, roots were 

sampled and washed. Ten percent of total roots was used for 

determination of root length, root surface area and root 

volume at 10 days after dehydration (100 DAP) and 10 days 

after recovery (110 DAP). Root samples and shoot samples 

were oven-dried at 80°C for 48 h, and dry weights of roots 

and shoots were recorded. Percentage of root length, root 

surface area and root volume were calculated using 

WINRHIZO Pro 2004a software (REGENT Instruments Inc, 

Quebec, Canada). 

 

Statistical analysis 

 

Analysis of variance was performed for RHG, stalk diameter, 

biomass, WUE, root surface area, root volume, root dry 

weight and root/shoot ratio according to a factorial design. 

Where main effects were significant, Least significance 

difference (LSD) was used to compare means (Hoshmand, 

2006). Correlation coefficients among RHG, stalk diameter, 

biomass, root surface area, root volume, root dry weight, 

root/shoot ratio, and WUE were calculated to understand the 

relationship between drought resistance traits and WUE. 

 

Conclusion 

 

The effects of drought and recovery on 10 sugarcane cultivars 

were rather similar. Drought caused the reduction of drought 

tolerance traits and root systems. The sugarcane cultivars 03-

4-425 and Phill66-07 were the best genotypes for WUE and 

large root systems. These might be identified as genotypes 

having drought avoidance mechanisms. Therefore the root 

system is the important characteristic associated with WUE. 

Results of this paper indicate that the response of sugarcane 

under recovery conditions is best for high WUE. This might 

be suitable for use as a screening criterion for drought 

tolerance cultivars. Nevertheless, drought tolerance is a 

complex trait, the expression of which depends on action and 

interaction of different morphological, physiological and 

biochemical characteristics. Hence, in order to understand 

more about drought tolerance mechanisms in terms of 

biochemistry, the proteins or genes that are associated with 

drought should be studied.  
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