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Abstract  

 

Improving drought tolerance through drought preconditioning is an important way to understand drought tolerance mechanism in 

plants. Some limited researches have focused on the gene expression patterns in conjunction with the underlying enzymes promoting 

drought tolerance and post-drought recovery in white clover. The objective of this study was to identify whether 

preconditioning-induced drought tolerance is in relation to changes of antioxidant enzyme activities, gene expression and 

osmoregulatory solutes in white clover. Plants of white clover cultivar, ‘Chuanyin Ladino’ (drought sensitive), were exposed to two 

cycles of drought preconditioning (non-preconditioned, well-watered plants, as a control) then exposed to drought stress for 11 days 

and rewatered for 6 days in a growth chamber with 14 h photoperiod at day/night temperature of 21/16 °C, 70 % relative humidity, 

and 300 µmol m-2 s-1 photosynthetic photon flux density. Results showed that drought preconditioning improved drought tolerance 

and post-drought recovery in white clover, as demonstrated by significantly lower (p≤0.05) lipid peroxidation, better cell membrane 

stability and higher relative water content in drought-preconditioned plants as compared to non-preconditioned plants under drought 

stress and rewatering. Drought-preconditioned plants exhibited higher superoxide dismutase (SOD), ascorbate peroxidase (APX), 

catalase (CAT) and guaiacol peroxidase activities (POD), as well as higher transcript level of Cu/Zn SOD gene. Meanwhile, more 

accumulation of soluble sugars and betain and less accumulated proline were also observed in preconditioned plants. Enhanced 

antioxidant enzyme activities and significantly higher transcript level of Cu/Zn SOD gene may be the critical reasons in acquiring 

drought tolerance through drought preconditioning. This study also suggests that drought preconditioning improved white clover 

drought tolerance, which could be related to more accumulation of soluble sugars and betain, while the accumulated proline is 

associated with the degree of drought stress injury in white clover. 
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difference; MDA_Malondialdehyde; Non_Non-preconditioned; Pre_Drought-preconditioned; R_Rewatered; ROS_Reactive 

oxygen species; RWC_Relative water content; SOD_Superoxide dismutase. 

 

Introduction 

 

White clover (Trifolium repens L.) is an essential cool-season 

perennial forage legume in temperate pastures of the world, 

contributing to animal performance, improving the quality of 

consumed herbage, and improving soil fertility through 

nitrogen fixation. However, white clover is less drought 

tolerant than other perennial temperate forage legumes [e.g. 

alfalfa (Medicago sativa L.)], owing to its shallow root 

system and inability to effectively control transpiration 

(Annicchiarico and Piano, 2004). Its seedling tap-root does 

not persist for more than two years under dry conditions 

(Westbrooks and Tesar, 1955; Charlton, 1984). Therefore, 

improving drought tolerance and understanding drought 

tolerance mechanism in white clover are critical for 

increasing legume content, enhancing pasture quality and 

animal performance in grazed swards.  

Drought tolerance can be acquired through pre-disposition 

of plants to water stress (drought preconditioning), such as in 

mediterranean species (Pistacia lentiscus L., Quercus 

coccifera L., and Juniperus oxycedrus L.) seedlings 

(Vilagrosa et al., 2003) and Eucalyptus globulus subsp. 

bicostata seedlings (Guamaschelli et al., 2006). Various 

drought-induced physiological changes may be favorable for 

subsequent drought tolerance. Renu and Devarshi, (2007) 

reported that the drought-acclimated wheat cultivar “C306” 

leaves maintained favorable water relations and lower 

membrane injury due to low H2O2 accumulation than 

non-acclimated ‘C306’ plants during severe water stress. The 

study of Guamaschelli et al. (2003) showed that 

drought-preconditioned Eucalyptus globulus seedlings 

displayed greater tolerance of water stress than 

non-conditioned plants and perform better during early 

establishment (higher survival and early growth) associated 

with higher values of stomatal conductance, predawn relative 

water content and water potential and lower mortality under 

drought stress. However, fewer reports were given about 

improving drought tolerance through drought preconditioning 

in white clover; thereby, further studies need to be done.  

Drought tolerance in plants involves various physiological 

responses, including antioxidant defenses and osmolytes (Lu 

et al., 2009). Drought stress causes imbalance between the 

generation and quenching of reactive oxygen species (ROS). 

ROS, such as superoxide radicals (O2
-), hydrogen peroxide 
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(H2O2) and hydroxyl radicals (-OH), which are highly 

reactive in the absence of effective protective mechanism. 

Drought can seriously damage plants by lipid peroxidation, 

protein degradation, breakage of DNA and cell death 

(Hendry, 1993; Tambussi et al., 2000). To minimize and 

eliminate oxidative damage, plants have evolved an 

antioxidant defense system composed of both non-enzymatic 

and enzymatic constituents present in plant cells, such as 

ascorbate peroxidase (APX), catalase (CAT), guaiacol 

peroxidase (POD), superoxide dismutase (SOD) (Sairam et 

al., 2011). These antioxidants could remove, neutralize, and 

scavenge the ROS at different cellular locations, helping to 

reduce lipid peroxidation and maintaining cell membrane 

stability (Foyer et al., 1994; Scandalios, 1993). Previous 

studies generally agreed that maintaining active antioxidant 

enzymes is important for drought tolerance in various plant 

species by increasing the protection capacity against 

oxidative damage (Sharma and Dubey, 2005; Turkan et al., 

2005; Xu et al., 2011). Furthermore, general idea is that 

morphological changes and osmotic adjustments may be a 

mechanism for long-term acclimation, when plants are under 

drought stress. The accumulation of these compatible solutes, 

such as soluble sugar, betaine and free proline, is one of the 

most common responses of plants to water deficit (Morgan, 

1984).  

Osmotic adjustment could be involved in plant response to 

water deficit in two ways. The first, by improving the plant’s 

ability to absorb water when the deficit is moderate; and 

second, by enhancing osmoprotection and maintaining 

structural and functional integrity of cell components 

(Lambers et al., 2006). Osmoprotection is of paramount 

importance especially when water stress is severe and the 

plant fights for survival (Hasegawa et al., 2000). Many 

previous studies also suggested that osmoregulatory solutes 

in white clover played a cardinal role to survive under 

drought stress (Turner, 1990; Karsten and Macadam, 2001). 

However, limited research has focused on the gene 

expression patterns in conjunction with the underlying 

enzymes promoting drought tolerance and post-drought 

recovery in white clover. Further understanding of 

association of antioxidant enzyme activity and gene 

expression under drought stress and rewatering condition is 

important for studying molecular factors controlling 

antioxidant defense. In addition, effects of drought 

preconditioning on changes of different osmolytes in white 

clover have not been well revealed under drought and 

rewatering conditions. The objectives of this study are (i) to 

determine whether the acquired drought tolerance induced by 

drought preconditioning is associated with the changes in 

antioxidant enzymes and osmoregulatory solutes 

accumulation and (ii) to determine differential SOD gene 

expression patterns in drought-preconditioned and non- 

preconditioned plants under drought stress and post-drought 

recovery. Such information will help further understanding of 

the interactive effects of plant tolerance to drought stress and 

gain more insights on the possible mechanisms of the 

enhanced drought tolerance. 

 

Results 

 

Physiological response to drought stress and post-drought 

recovery following drought preconditioning  

 

Gradual decrease in relative water content (RWC) for either 

preconditioned or well-water treated white clovers was 

observed at various stages of drought stress.  

 

 
 

 
 

Fig 1. Effects of drought preconditioning on physiological 

responses to drought stress and post-drought recovery in 

white clover: (A) leaf relative water content (RWC), (B) 

electrolyte leakage (EL), and (C) malondialdehyde (MDA) 

content. Vertical bars indicate LSD (P≤0.05) for treatment 

comparisons and different letters indicate a significant 

difference at a given day of treatment. Pre, 

drought-preconditioned; Non, non-preconditioned; D 0-11, 

drought 0-11 d; R 3-6, rewatered 3-6 d.   
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The drought-preconditioned plants were able to maintain 

higher RWC level than non-preconditioned plants under the 

same duration of drought treatment (Fig. 1A). RWC was 

significantly higher for drought-preconditioned plants after 8 

days and 11 days of drought stress as compared to 

non-preconditioned plants. Meanwhile, RWC of drought- 

preconditioned plants was recovered to a higher level after 6 

days of rewatering, but this difference was not statistically 

significant (Fig. 1A). Phenotypic effect of drought 

preconditioning was shown in Fig. 2 and drought- 

preconditioned plants maintained green and turgid. At the 

same time it also had less injury in the process of drought 

stress and recovered better after 6 d of rewatering, as 

compared to non-preconditioned plants (Fig. 2). 

During drought stress, both the EL of 

drought-preconditioned and non-preconditioned plants 

increased significantly (Fig. 1B). The EL of drought- 

preconditioned plants was significantly higher than that 

non-preconditioned plants at the beginning of drought stress, 

but the EL of non-preconditioned plants increased steeply 

and drought-preconditioned plants maintained significantly 

lower EL level at the end of drought stress. The result 

indicated that drought-preconditioned plants maintained 

better membrane stability than non-preconditioned plants. 

After rewatering, both treatments were rapid decline in EL 

level and the EL of drought-preconditioned plants was also 

significantly lower than non-preconditioned plants, which 

indicated a better ability of membrane repairing in 

drought-preconditioned plants (Fig. 1B). 

Drought preconditioning increased MDA content before 

exposure of preconditioned plants to drought stress (0 d) (Fig. 

1C). However, during drought stress, preconditioned plants 

had 14%, 12%, and 13% lower MDA content than 

non-preconditioned plants at 4 d, 8 d and 11 d, respectively. 

Lipid peroxidation was decreased after rehydration in two 

treatments. The recovery of both treatments was well, which 

almost closed to the well-watered level. The differences in 

MDA content between the two treatments were statistically 

significant (Fig. 1C). 

 

Effects of drought preconditioning on antioxidant enzyme 

activity under drought stress and post-drought recovery 

 

At the beginning of drought stress, the activities of SOD were 

not significantly different between drought-preconditioned 

and non-preconditioned plants and both were increased from 

0 d of drought to 8 d of drought and then started to decrease 

(Fig. 3A). Drought-preconditioned plants showed signifi- 

cantly higher SOD activity over non-preconditioned plants 

after 11 d of drought stress and reached to a peak value at 8 d 

of drought stress. After 3 d of rewatering, the activity of SOD 

in drought-preconditioned plants maintained significantly 

higher level than that in non-preconditioned plants (Fig. 3A). 

In response to drought stress, the activities of CAT showed an 

increase and reached a peak value at 11 d of drought stress 

and then started to decrease after 6 d of rewatering in both 

drought-preconditioned and non-preconditioned plants (Fig. 

3B). However, CAT activity of drought-preconditioned plants 

was significantly higher than that of non-preconditioned 

plants at 4 d and 11 d of drought. After 6 d of rewatering, the 

activities of CAT in both treatment plants returned to the 

well-watered level without statistically significant 

differences. 

During the process of drought stress, APX activities 

showed similar trend in drought-preconditioned and 

non-preconditioned plants, where were increased gradually, 

with maximum activity at the last day of drought stress and 

then declined to the lower level in both treatments after 6 d of 

rewatering (Fig. 3C). However, APX activity of 

drought-preconditioned was significantly higher than that of 

non-preconditioned in the whole process of drought stress. 

There was a gradual increase in POD activities for both 

treatments until the end of drought stress and then started to 

decline after 6 d of rewatering (Fig. 3D). POD activity 

increased up to about 67% in drought-preconditioned 

treatment and 41% in non-preconditioned treatment at the last 

day of drought stress. A significantly higher POD activity 

was observed in drought-preconditioned plants than that in 

non-preconditioned plants at 0, 8 and 11 d of drought stress 

(Fig. 3D). 

 

Differential Cu/Zn superoxide dismutase (SOD) gene 

expression to drought stress and post-drought recovery 

between drought-preconditioned and non-preconditioned 

plants 

 

The expression of Cu/Zn SOD was strongly enhanced in both 

treatments by drought stress and 6 d of rewatering (Fig. 4). 

The transcript levels of Cu/Zn SOD gene were not different 

between drought-preconditioned and non-preconditioned 

treatment under well-watered condition (0 d), but there was 

significantly higher expression of Cu/Zn SOD detected in 

drought-preconditioned plants than in non-preconditioned 

plants, after 8 d of drought stress. Both treatments still 

maintained higher transcript level of Cu/Zn SOD at 6 d of 

rewatering. These results were consistent with SOD activities 

in both treatments as discussed previously (Fig. 4). 

 

Effects of drought preconditioning on the accumulation of 

osmoregulatory solutes under drought stress and 

post-drought recovery 

 

There are significant higher osmoregulatory solutes (total 

soluble sugar, free proline and betain) content in 

drought-preconditioned plants as compared to non- 

preconditioned plants before drought stress (0 d) (Fig. 5A). 

Progressive water deficit induced significant increase of 

soluble sugar content, so that soluble sugar accumulation of 

drought-preconditioned and non-preconditioned plants in 

leaves reached their maximum after 11 d and 8 d of drought 

stress, respectively. More soluble sugar was accumulated in 

drought-preconditioned plants than in non-preconditioned 

plants in response to drought stress. As a result, there was a 

significant difference in soluble sugar content between two 

treatments after 11 d of drought stress. After 6 d of 

rewatering, soluble sugar content in both treatments were 

changed, almost reaching the same final level (Fig. 5A).  

Free proline content increased in leaves of both treatments, 

when RWC decreased and drought stress intensified (Fig. 5B). 

Non-preconditioned plants, which had a faster increase, 

maintained higher free proline content than drought- 

preconditioned plants in response to drought stress. Free 

proline content became significantly higher in non- 

preconditioned plants at 8 d and 11 d of drought stress and 3 

d and 6 d of rewatering, as compared to pre-condition treated 

plants. At the last day of drought stress, free proline content 

increased 2.8 and 4.82 folds in drought-preconditioned and 

non-preconditioned plants, respectively (Fig. 5B). 

  Furthermore, changes of betaine content showed similar 

trends of change in leaves of both treatments under drought 

stress and rewatering (Fig. 5C). Betaine content increased 

when drought stress extended. Drought-preconditioned plants  
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Fig 2. Effects of drought preconditioning on phenotypic responses to drought stress and post-drought recovery in white clover. These 

Photos were taken at: (A) drought 0 d (after two cycles of drought preconditioning and then rewatering for 3 d), (B) drought 8 d, (C) 

drought 11 d, and (D) rewatering 6 d. Pre, drought-preconditioned; Non, non-preconditioned. 

 

had obviously higher betaine content than non- 

preconditioned plants at the start and could also maintain 

significantly higher betaine content with duration of drought 

stress and rewatering (Fig. 5C).  

 

Discussion 

 

When plants are subjected to drought stress, they are 

characterized by an increase in the level of ROS, expression 

of antioxidant genes and activities of antioxidants meant for 

ROS scavenging and improved antioxidant defense system 

results in tolerance against drought (Mano, 2002). In current 

study, we chose drought-sensitive white clover ‘Chuanyin 

Ladino’ as material to study the drought tolerance mechanism 

of drought preconditioning associated with antioxidant 

defense, according to our early study (Li et al., 2013) that 

found drought-tolerant white clover cultivar PI 288084 

(provided by NPGS) have more active reactive oxygen 

species (ROS) scavenging system and higher activities of 

SOD, POD, CAT and APX than drought-sensitive cultivar 

‘Chuanyin Ladino’. Those results also indicated that 

antioxidant defense plays an important role in improvement 

of drought tolerance in white clover. SOD is regarded as the 

key enzyme in the active oxygen scavenger system because it 

catalyzes superoxide free radical dismutation into H2O2 and 

O2, which is the first step of scavenging ROS (Bowler et al., 

1992). Raul et al. (2006) found that SOD activity 

significantly increased in resistant white clover plants, but no  

 

 

 

significant change was observed in the sensitive biotype 

under drought stress. Furthermore, higher expressions of 

antioxidant enzyme genes in drought-tolerant cultivars or 

transgenic drought-tolerant plants of tobacco, rice and 

kentucky bluegrass have been reported (Badawi et al., 2004; 

Prashanth et al., 2008; Xu et al., 2011). The results form this 

study showed that increased activities of SOD in both 

treatments during the early period of drought stress could be 

an adaptation or response to alleviate oxidative stress and 

improve growth. SOD activity in drought-preconditioned 

plants showed a higher increase compared to non- 

preconditioned plants during prolonged period of drought 

stress, which resulted in a statistically significant difference 

(p≤0.05).  

The expression of Cu/Zn SOD was consistent with SOD 

activities in both treatments and significantly higher 

expression of Cu/Zn SOD was detected in drought- 

preconditioned plants than in non-preconditioned plants after 

8 d of drought stress. It is suggested that drought- 

preconditioned plants have higher potential to scavenge 

superoxide free radical. The better capacity could be 

attributed to drought preconditioning. CAT and APX are two 

major enzymes which catalyze the conversion of H2O2 to 

H2O and O2 in overcoming drought stress imposed oxidative 

stress as there is an increase in CAT activities in stressed 

plants (Asada, 1992; Hrishikesh et al., 2008). 

Drought-preconditioned plants maintained significantly  

D C 

A B 

Pre Non 

Pre 

Pre 

Pre Non Non 

Non 

24 cm 

 
2

5
 c

m
 



485 

 

 

 

 

 
 

Fig 3. Effects of drought preconditioning on antioxidant 

enzyme activities under drought stress and post-drought 

recovery in white clover: (A) Superoxide dismutase (SOD) 

activity, (B) Catalase (CAT) activity, (C) Ascorbate 

peroxidase (APX) activity, and (D) Guaiacol peroxidase 

(POD) activity. Vertical bars indicate LSD (P≤0.05) for 

treatment comparisons and different letters indicate a 

significant difference at a given day of treatment. Pre, 

drought-preconditioned; Non, non-preconditioned; D 0-11, 

drought 0-11 d; R 3-6, rewatered 3-6 d. 

 

 

 

 

higher CAT and APX activities as compared to 

non-preconditioned plants throughout the drought stress 

process. POD activities also showed similar trend in both 

treatments of plants. From these results, drought 

preconditioning improved or enhanced antioxidant defense 

system in white clover. Conversely, it may suppress 

drought-induced leaf senescence, as demonstrated by lower 

lipid peroxidation (lower MDA content) and better cell 

membrane stability under drought stress. The increase of 

antioxidant enzyme activities and gene expression may play 

an important role in protecting grass species from drought 

stress injury.  

Drought-stressed plants have been shown to accumulate 

organic osmolytes such as sugars and amino acids that are 

known to contribute to the plant tolerance under water-deficit 

conditions (Schellenbaum et al., 1998). Betaines, ectoine, and 

proline are among the compatible solutes that also 

accumulate in plants as a widespread response against 

environmental stress (Chen and Murata, 2002). Some 

investigators observed that more sugars accumulated in 

drought-tolerant cultivars as compared to that in 

drought-sensitive cultivars (Turner, 1990; Kerepesi and 

Galiba, 2000). Early study has reported that under water 

deficit, soluble carbohydrate accumulation was significantly 

higher in a drought-tolerance white clover cultivar when 

compared with a drought-sensitive cultivar (Michael et al., 

2000). In our case, drought-preconditioned plants maintained 

significantly higher soluble sugars, proline and betain content 

than non-preconditioned plants prior to exposure of plants to 

drought stress (0 d). The accumulated osmolytes in the 

process of drought preconditioning may not be used 

completely in growth or something else after two days of 

rewatering. Furthermore, both the drought-preconditioned 

and non-preconditioned plants accumulated soluble sugars, 

free proline and betain in response to drought stress and these 

organic osmolytes content changed after 6 d of rewatering, 

almost reaching the same final level. More soluble sugars and 

betain were accumulated in drought-preconditioned plants 

than in non-preconditioned plants. This result suggested 

soluble sugars and betain in white clover may be involved in 

osmotic adjustment and osmoprotection, which can explain 

the higher RWC and better membrane stability in 

drought-preconditioned plants regarding the response of 

drought stress. It is worthwhile to further investigate the 

different function and capacity of osmotic adjustment about 

soluble sugars and betain induction by drought precondition 

under drought stress. 

Iannucci et al. (2002) suggested that proline levels of white 

clover played an important role in response to drought stress. 

But in our results, less accumulated proline was observed in 

drought-preconditioned treatment. Other similar results also 

showed that drought-tolerant cultivars accumulated less 

proline than drought-sensitive cultivars in many crops and 

grass species under drought stress (Hanson et al., 1979; 

Premachandra et al., 1995; Sundaresan and Sudhakaran, 1995; 

Lu et al., 2009). These studies have reported on the 

relationship between proline accumulation and stress 

tolerance under drought stress and suggested that proline 

accumulation caused by drought stress was not an indicator 

for drought stress resistance, but just a symptom of drought 

stress injury. Taking into account, the significantly declined 

RWC and cell membrane stability and increased lipid 

peroxidation level in non-preconditioned plants compared to 

drought-preconditioned plants, we highly suggest that 

non-preconditioned plants with higher free proline under 

drought condition may reflect a more severe metabolic injury 

caused by drought stress.  
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Fig 4. Effects of drought preconditioning on relative expression ratio of Cu/Zn Superoxide dismutase (SOD) gene under 0 d of 

drought stress (Drought 0), 8 d of drought stress (Drought 8) and 6 d of rewatering (Rewatered 6). Bars indicate ± SE (n=3). 

Different letters indicate a significant difference for treatment comparisons at a given day. Pre, drought-preconditioned; Non, 

non-preconditioned. 

 

 

Materials and Methods  

 

Plant materials 

 

Our earlier study (Li et al., 2013) showed that white clover 

cultivar PI 288084 (drought tolerance, provided by NPGS) 

have more active reactive oxygen species (ROS) scavenging 

system and higher activities of SOD, POD, CAT and APX 

than cultivar ‘Chuanyin Ladino’ (drought sensitive). The 

results suggested that comparatively higher ROS scavenging 

system could be associated with better drought tolerance and 

post-drought recovery in white clover. Accordingly, in this 

study we chose drought-sensitive white clover ‘Chuanyin 

Ladino’ as material to study the drought tolerance mechanism 

of drought preconditioning associated with antioxidant 

defense. Plants of white clover cultivar, ‘Chuanyin Ladino’ 

(drought sensitive), were collected from the farm of Sichuan 

Agricultural University, Sichuan, China and were planted in 

pots (24 cm diameter, 25 cm deep) filled with sterilized 

mixture of sand and loamy soil (1: 2, v: v). The plants were 

watered daily and fertilized weekly with Hoagland’s solution 

(Hoagland and Arnon, 1950) in the greenhouse. After three 

months of establishment in the greenhouse, plants were 

transferred to a growth chamber with 14 h photoperiod at 

day/night temperature of 21/16 °C, 70 % relative humidity, 

and 300 umol m-2 s-1 photosynthetic photon flux density.  

 

Drought preconditioning and stress treatments 

 

One set of plants in four containers (four replicates) were 

kept well-watered by daily irrigation to serve as a 

well-watered control or non-preconditioned. Another set of 

plants in four containers were exposed to two cycles of 

drought preconditioning. These plants were subjected to 

drought stress for 7 d until leaf relative water content dropped 

to around 60 % and then rewatered for 3 d to allow leaf 

relative water content recovered to the well-watered control 

level. The re-watered plants were then subjected to the 

second cycle of drought stress for 7 d, and then rewatered for 

2 d until leaves were fully hydrated or turgid well-watered 

control. After rewatering, both drought-preconditioned and 

non-preconditioned plants were exposed to drought stress for 

11 d and rewatered for 6 d in growth chambers (21 °C/16 °C, 

day/night). Drought-preconditioned and non-preconditioned 

plants were arranged randomly inside chamber. Mature 

leaves were sampled at 0, 4, 8 and 11 d after the beginning of 

drought stress and at 3 and 6 d after recovery by optimal 

watering.  

 

Antioxidant enzymes and lipid peroxidation analysis 

 

0.2 g fresh leaves were randomly sampled from each pot at 

each sampling date and ground on ice with 4 ml of 50 mM 

cold phosphate buffer (pH 7.8), containing 1% (w/v) 

polyvinylpyrrolidone. The homogenate was centrifuged at 12 

000 g for 30 min at 4 °C. The supernatant was used for assays 

of antioxidant enzyme activities and content of 

malondialdehyde (MDA). The SOD activity was measured 

by recording the rate of p-nitro blue tetrazolium chloride 

reduction in absorbance at 560 nm (Giannopolities and Rise, 

1977). The activity of CAT, POD and APX was determined 

by following the changes in absorbance at 240, 470, 290 and 

340 nm, respectively (Chance and Maehly, 1955; Nakano and 

Asada, 1981). Protein content was determined using 

Bradford’s (1976) method. The content of MDA was 

measured using the method of Dhindsa et al. (1981).  

 

Cu/Zn superoxide dismutase (SOD) gene expression 

analysis 

 

Gene expression was performed using a reverse transcriptase 

polymerase chain reaction (RT-PCR). Total RNA was 

extracted from mature leaves with RNeasy Mini Kit (Qiagen) 

according to the manufacturer’s protocol. RNA concentration 
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Fig 5. Effects of drought preconditioning on the 

accumulation of osmoregulatory solutes under drought stress 

and post-drought recovery in white clover: (A) total soluble 

sugar content, (B) free proline content, and (C) betaine 

content. Vertical bars indicate LSD (P≤0.05) for treatment 

comparisons and different letters indicate a significant 

difference at a given day of treatment. Pre, drought- 

preconditioned; Non, non-preconditioned; D 0-11, drought 

0-11 d; R 3-6, rewatered 3-6 d. 

 

 

was calculated from the optical density of the samples at 260 

nm. RNA was reverse-transcribed with Revert Aid First 

Stand Cdna Synthesis Kit (Fermentas). The synthesized 

cDNA was subjected to PCR using primers of Cu/Zn SOD 

and β-Actin (as internal control).  

The β-Actin gene (GenBank ID: JF 968419) and Cu/Zn 

SOD gene (AY434497.1) were amplified with specific 

primers, respectively. The specific primers of β-Actin gene 

were: forward: 5’-TTACAATGAATTGCGTGTTG-3’; 

reverse: 5’-AGAGGACAGCCTGAATGG-3’. The specific 

primers of Cu/Zn SOD genes were: forward: 

5’-GCCTCTTACTGTCGTTGC-3’; reverse: 5’-CCTGTTG- 

AGATACACCCATT-3’. The ORF region is chosen for 

primer pairs designed. The conditions of the PCR protocol 

for β-Actin gene and Cu/Zn SOD genes were both as follows: 

3 min at 94 °C and 27 repeats of denaturation at 94 °C for 30 

s, annealing at 57 °C for 30 s and extension at 72 °C for 1 

min. Aliquots of individual PCR products were resolved 

through agarose gel electrophoresis and images were 

captured by Quantity One and the bands were also 

determined with the Discovery Series Quantity One. 

 

Measurement of osmoregulatory solutes 

 

Free proline was quantified spectrophotometrically by the 

ninhydrin method according to Bates et al. (1973). Soluble 

sugars were quantified following the phenolsulfuric acid 

method described by Robyt and White (1987). Betaine was 

estimated by the colorimetric method according to Grieve 

and Grattan (1983).  

 

Statistical analysis 

 

A completely randomized design with four replicates was 

used for two treatments and six sampling dates for leaves. 

The general linear model procedure of SAS 9.1 (SAS 

Institute, Cary, NC) was used to determine the significance of 

relationships among the measured variables. Conclusions are 

based on differences between means significant at P≤0.05. 

 

Conclusion 

 

In summary, these results imply that drought preconditioning 

improved drought tolerance in drought-sensitive white clover 

cultivar of ‘Chuanyin Ladino’, as demonstrated by lower 

lipid peroxidation, better cell membrane stability and higher 

RWC in drought-preconditioned plants as compared to 

non-preconditioned plants. Enhanced antioxidant enzyme 

(SOD, CAT, APX and POD) activities and higher transcript 

level of Cu/Zn SOD gene may be one of the critical reasons 

in acquiring drought tolerance through drought 

preconditioning. This study also suggests that drought 

preconditioning enhanced white clover drought tolerance 

could be related to higher accumulation of soluble sugars and 

betain, while the accumulated proline is associated with the 

degree of drought stress injury in white clover. The obtained 

results will help better understand physiological mechanism 

of plants under drought stress and post-drought recovery. 
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