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Abstract. Selecting drought-tolerant alfalfa cultivars is conducive to improve the forage yield in arid and 

semi-arid areas. In this study, drought resistance of five alfalfa (Medicago sativa L.) cultivars at the 

seedling stage was analyzed by using agronomic and physiological indicators. After withholding water 

for 6 days and then re-watering for 4 days, shoot dry weights of “Longdong” and “Daye” were 

significantly higher than that of the other cultivars. Under drought stress, “Daye” had healthier plasma 

membrane with the minimum leaf membrane permeability, while the leaf osmotic potential of 

“Longdong” and “Gannong No. 3” were significantly lower than that of the other three cultivars. 

Moreover, “Longdong” showed the highest leaf relative water content. According to the combination of 

above indicators, the relative drought resistance of the five cultivars decreased in order: “Longdong”, 

“Daye”, “Gannong No. 3”, “Sandili”, and “Rambler”. This study suggested that “Longdong” and “Daye” 

might be more suitable for planting in arid and semi-arid regions. 
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Introduction 

Drought is one of the most adverse environmental factors causing the reduction of 

agricultural productivity worldwide (Hassine et al., 2010; Ghaderi et al., 2011). In order 

to face this challenge, we need to identify suitable crops adapting to drought. Alfalfa 

(Medicago sativa L.) is the most important legume forage, which is rich in vitamins, 

minerals and phytonutrients (Xiao et al., 2015; Kumar et al., 2018). Establishing alfalfa 

pastures has played a more and more important role in ecological environment and 

livestock production of China (Shi et al., 2017). Alfalfa planting areas in China were 

significantly extended by 74% from 2001 to 2013, and about 70% of them are 

distributed in northern China, an arid or semi-arid region with water resource shortage 

(Lu, 2013). Planting alfalfa cultivars with strong drought resistance is one of the 

fundamental ways for promoting forage productivity and saving the limited water 

resources in northern China. However, there is a considerable variation of drought 

tolerance among existing alfalfa cultivars (Guo et al., 2004). Alfalfa is very sensitive to 

drought during the seedling stage (Kumar, 2011). Therefore, to evaluate the drought 

tolerance in the seedling stage is necessary for selecting drought-tolerant alfalfa 

cultivars. 

Drought stress can directly disrupt the water balance, decrease the leaf turgor 

potential, and damage the cell membrane (Ma et al., 2012). On a physiological level, the 

most important strategy for plants survival in arid environment is osmotic adjustment, 
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by which plants can retain the water and maintain the stability of cell membrane (Quan 

et al., 2016). Therefore, the physiological indicators such as osmotic potential (Ψs), leaf 

relative water content (RWC) and relative membrane permeability (RMP), were 

frequently used to evaluate drought resistance of plants (Foster et al., 2012; Cui et al., 

2019). However, it is difficult to determine by single physiological indicator and the 

result tends to unilateralism, since the mechanism of drought resistance in plants is 

extremely complex (Cattivelli et al., 2008; Wu et al., 2014). On the other hand, the 

agronomic indicators (such as yield, survival rate, plant height and biomass) are the 

phenotypes that integrate the various physiological mechanisms in response to stress, 

but are readily affected by other factors instead of the concerned factor (Noble and 

Rogers, 1992; Singh et al., 2019). The objective of this study was thus to assess and 

compare the drought resistance among five alfalfa cultivars at the seedling stage by 

combining one agronomic indicator (shoot dry weight) and three physiological 

indicators (leaf RMP, Leaf Ψs and leaf RWC). 

Materials and methods 

Plant materials, growth conditions and treatments 

Seeds of five alfalfa cultivars, “Longdong”, “Gannong No.3”, “Daye”, “Rambler” 

and “Sandili” collected from the Chinese commercial market were surface sterilized and 

germinated as described by Bao et al. (2009). The seedlings were transplanted in plastic 

pots filled with artificial soil with a mixture of perlite, vermiculite and peat moss (v/v, 

1:1:1). Each cultivar was transplanted in 60 pots. All the seedlings were grown in the 

greenhouse in Lanzhou University (36.03°N, 103.40°E; elevation 1520 m) under a 16-h 

photoperiod (the light flux density was approximately 600 µmol/m2/s) at 24 ± 2°C and 

60 ± 5% of relative humidity, watered with 1/8 Hoagland nutrient solution every 2 days, 

and seedlings in each pot were thinned to 3 plants after 5 days. The pots were 

continuously watered with 1/8 Hoagland nutrient solution to maximum field water-

holding capacity for 15 days, then nutrient solution was withheld for 6 days and re-

watered for 4 days. The seedlings in the control group were watered with 1/8 Hoagland 

nutrient solution normally. Each treatment was repeated three times, and each repetition 

contained 10 pots (3 plants/pot). Physiological indicators including leaf relative 

membrane permeability (RMP), leaf osmotic potential (Ψs) and leaf relative water 

content (RWC) were measured after water withholding, and shoot dry weight was 

determined after re-watered. 

 

Measurement of shoot dry weight 

After being re-watered for 4 days, the shoots were cut from stem base of seedlings 

and rinsed with distilled water, then were dried in an oven at 80°C for 48 h and the dry 

weights of shoots were weighed. 

 

Measurement of leaf RMP, Ψs and RWC 

After water withholding for 6 days, the leaves were excised from seedlings. Leaf 

RMP was determined according to the method reported by Bao et al. (2009) using a 

conductivity meter (EC215, HANNA, Italy). Leaf Ψs was measured according to the 

method as described by Wu et al. (2014) using a cryoscopic osmometer (Osmomat-030, 
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Gonotec GmbH, Germany). Leaf RWC was calculated through the method mentioned 

by Ma et al. (2012). 

 

Assessment of drought resistance in five alfalfa cultivars 

According to the method as described by Bao et al. (2009), the data of shoot dry 

weight, leaf RMP, leaf Ψs and leaf RWC were converted into relative values (the ratio 

of value from drought stress to value from control), respectively. Then the relative value 

of each indicator from each cultivar was standardized by the subordinate function 

method (Wu et al., 2014). Finally, the relative drought resistance of each cultivars was 

scored according to standardized values of each indicator by the following formula: [I 

(1) + I (2) + I (3) + I (4)]/4. Where I (1-4) refer to the standardized value of shoot dry 

weight, leaf RMP, leaf Ψs and leaf RWC, respectively. 

 

Statistical analysis 

All data in this study were analyzed by one-way analysis of variance (ANOVA) 

using SPSS 13.0 (SPSS inc. USA) and Duncan’s Multiple Range test was used to detect 

significant differences among the means (P < 0.05). 

Results 

Shoot dry weight 

After withholding water for 6 days and then re-watering for 4 days, shoot biomass of 

each cultivar was significantly reduced. The shoot dry weight of “Rambler” showed the 

largest decline by 35.8% and was significantly lower than that of the other cultivars. 

Shoot dry weights of “Longdong” and “Xinjiang Daye” only decreased by 9.8% and 

12.9%, respectively, and were significantly higher than other three cultivars (Fig. 1). 
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Figure 1. Shoot dry weights of alfalfa seedlings under control and drought conditions for 6 

days, and then re-watering for 4 days. Values are means ± SD (n = 6) and bars indicate SD. 

Different letters on columns indicate significant difference at P < 0.05 (Duncan’s test). LD: 

“Longdong”; GN-3: “Gannong No. 3”; SD: “Sandili”; RB: “Rambler”; DY: “Xinjiang Daye” 
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Leaf relative membrane permeability (RMP) 

After being treated with drought for 6 days, leaf RMP of all cultivars increased 

sharply. However, the leaf RMP of “Longdong” and “Gannong No. 3” were 

significantly higher than those of the other cultivars, while “Xinjiang Daye” showed the 

lowest leaf RMP value, under drought stress (Fig. 2). 
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Figure 2. Leaf relative membrane permeabilities of alfalfa seedlings under control and drought 

conditions for 6 days. Values are means ± SD (n = 6) and bars indicate SD. Different letters on 

columns indicate significant difference at P < 0.05 (Duncan’s test). LD: “Longdong”; GN-3: 

“Gannong No. 3”; SD: “Sandili”; RB: “Rambler”; DY: “Xinjiang Daye” 

 

 

Leaf osmotic potential (Ψs) 

It is observed that leaf Ψs of “Longdong” and “Xinjiang Daye” were significantly 

lower than that of the other three cultivars under the control condition. Under drought 

stress, leaf Ψs of each cultivar significantly decreased, but there were significantly 

differences among five cultivars, in which “Longdong” and “Gannong No. 3” had the 

lowest leaf Ψs compared to other three cultivars (Fig. 3). 

 

Leaf relative water content (RWC) 

Under well-watering condition, there was no significant difference in leaf RWC 

between the five alfalfa cultivars. After withholding water for 6 days, leaf RWC of each 

cultivar was significantly reduced. Moreover, there were significant differences among 

five cultivars, of which “Rambler” showed the lowest RWC (decreased by 53.0%), 

while “Longdong” exhibited the highest RWC (decreased by 35.8%), under drought 

stress, suggesting that “Longdong” showed stronger water retention ability than other 

cultivars (Fig. 4). 

 

Comprehensive assessment on drought resistance among five cultivars 

The relative values of shoot dry weight, leaf RMP, leaf Ψs and leaf RWC, were used 

to evaluate and compare the relative drought resistance of five alfalfa cultivars. From 
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the comprehensive assessment, the relative drought resistance of the five cultivars 

decreased in order: “Longdong”, “Xinjiang Daye”, “Gannong No. 3”, “Sandili” and 

“Rambler”. The result of comprehensive evaluation indicated that “Longdong” and 

“Xinjiang Daye” had relatively higher drought resistance among five cultivars (Table 

1). 
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Figure 3. Leaf osmotic potentials of alfalfa seedlings under control and drought conditions for 

6 days. Values are means ± SD (n = 6) and bars indicate SD. Different letters on columns 

indicate significant difference at P < 0.05 (Duncan’s test). LD: “Longdong”; GN-3: “Gannong 

No. 3”; SD: “Sandili”; RB: “Rambler”; DY: “Xinjiang Daye” 
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Figure 4. Leaf relative water contents of alfalfa seedlings under control and drought conditions 

for 6 days. Values are means ± SD (n = 6) and bars indicate SD. Different letters on columns 

indicate significant difference at P < 0.05 (Duncan’s test). LD: “Longdong”; GN-3: “Gannong 

No. 3”; SD: “Sandili”; RB: “Rambler”; DY: “Xinjiang Daye” 
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Table 1. Comprehensive assessment on drought resistance between the five alfalfa cultivars. 

I (1): shoot dry weight; I (2): leaf relative membrane permeability; I (3): leaf osmotic 

potential; I (4): leaf relative water content 

Cultivars I (1) I (2) I (3) I (4) Mean Order 

Longdong 1.00 0.32 0.55 1.00 0.72 1 

Xinjiang Daye 0.88 1.00 0.18 0.53 0.65 2 

Gannong No.3 0.85 0.00 1.00 0.33 0.54 3 

Sandili 0.69 0.47 0.00 0.50 0.41 4 

Rambler 0.00 0.30 0.03 0.00 0.08 5 

Discussion 

As a major abiotic factor, drought can reduce the growth of plants by directly leading 

to the decrease of shoot yield (Yamaguchi and Sharp, 2010). Therefore, shoot biomass 

is an important indicator for identifying the stress resistance of higher plants, not only 

for its ease of measurement, but also due to the fact that it is a direct reaction to the 

interaction of a variety of physiological mechanisms in plants and external environment 

(Noble and Rogers, 1992; Wu et al., 2014). Numerous studies have been performed on 

the effects of drought stress on the seedling growth of alfalfa by focusing on the 

relationship between water deficit and shoot biomass (Liu et al., 2005; Pang et al., 

2011). In the present study, shoot dry weight of five alfalfa cultivars were significantly 

reduced by water deficit and showed significant difference between cultivars. The 

similar results were also observed in previous studies on drought response of alfalfa 

(Kang et al., 2011; Quan et al., 2016). Foliage yield is the primary determinant of plant 

productivity and economic performance and thus is a momentous criterion for pasture 

managers to screen cultivars with high-yielding (Liu et al., 2005). Our study 

demonstrated again that shoot biomass completely can be used as a reliable indicator for 

evaluating drought resistance in alfalfa cultivars. In addition, this study indicated that 

other important physiological indicators can also be used as a better basis for assessing 

the drought resistance of alfalfa cultivars. 

Abiotic stresses (including drought) can cause the accumulation of high 

concentrations of reactive oxygen species (ROS) in plants, which can result in the cell 

membrane lipid peroxidation, membrane permeability increase and finally inhibit the 

growth of plants (Wang et al., 2009; Zhang et al., 2018). The ability to maintain 

stability of membrane structure is closely related to stress resistance of plants, and 

relative membrane permeability (RMP) is an important indicator reflecting cell 

membrane stability (Guimarães et al., 2011; Quan et al., 2016). In this study, leaf RMP 

of five alfalfa cultivars were significantly increased under drought stress, but the 

increment differed widely among different cultivars. “Xinjiang Daye” showed a 

significantly lower leaf RMP in comparison to other four cultivars under drought stress, 

suggesting that it has the relatively higher ability to maintain the stability of membrane 

structure than other cultivars. This might be resulted from increased antioxidants 

contents as well as higher antioxidant enzymes activities in drought-tolerant cultivars 

under drought stress (Kang et al., 2011; Quan et al., 2016). 

One of the strategies for plants adapting to arid environment is the accumulation of 

osmotic adjustment substances, which reduces osmotic potential and thus slows down 

the water loss of plants (Ma et al., 2012; He et al., 2019). Therefore, the osmotic 
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potential (Ψs) is an important physiological indicator for measuring the drought 

tolerance of plants. In this study, “Longdong” and “Gannong No. 3” showed lowest leaf 

Ψs under water deficit condition. Interestingly, it was found that leaf Ψs of “Longdong” 

and “Xinjiang Daye” were significantly lower than that of the other three cultivars 

under the normal condition, indicating that their adaptability to drought may be stronger 

than the other cultivars, since the lower initial leaf Ψs means the stronger water 

retention capacity (Mohamed and Tawfik, 2006; Ma et al., 2012). The data of leaf 

relative water content (RWC) in this study support this point. Under drought stress, 

“Longdong” had the highest leaf RWC, followed by “Xinjiang Daye”, suggesting that 

these two cultivars have better water status, which may be due to their lower initial 

osmotic potential. Previous studies have demonstrated that drought-tolerant alfalfa 

cultivars showed less water loss and higher water use efficiency in drought conditions 

(Kang et al., 2011; Quan et al., 2016). 

Drought resistance of higher plants is a combination of morphological variations, 

physiological changes, biochemical metabolisms and gene expression regulation, and 

there are diverse mechanisms and environmental variables involved in drought 

responses of plants (Wang et al., 2009), thus it actually hard to be accurately clarified 

by single indicator (Wu et al., 2014; Yan et al., 2015). In the present study, this point 

was confirmed again. Generally, there are various results presented by different 

indicators. Therefore, we developed a comprehensive assessment approach through 

combining one agronomic indicator and three physiological indicators, which are 

closely related to drought resistance, and especially, can be easily measured at seedling 

stage of plants. The results of this assessment clearly showed that the performance of 

“Longdong” and “Xinjiang Daye” were better than the other three alfalfa cultivars under 

drought stress, suggesting that these two cultivars may be more suitable for planting in 

arid and semi-arid regions of northern China. 

Conclusion 

In this study, we developed a comprehensive assessment procedure for drought 

resistance of alfalfa seedlings through combining one agronomic indicator and three 

physiological indicators. The results indicated that there existed great differences in 

drought resistance among five commercial alfalfa cultivars, in which “Longdong” and 

“Xinjiang Daye” were more suitable for planting in arid and semi-arid regions of 

northwestern China, and could be generalized as excellent cultivars with strong 

resistance. The next step will be to determine the overall adaptability by 

comprehensively assessing the drought resistance of the different alfalfa cultivars at 

different growth stages under field conditions, including yield and quality evaluations. 
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