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Abstract 

 

We established a novel in vitro method, termed the root recovery assay, to evaluate the 

survival under osmotic stress of lettuce (Lactuca sativa L.) seedlings. Under salinity and 

drought stress, combination of the root-bending assay and root recovery assay showed 

the same trends in dry weight and survival rate as a hydroponic culture. Both in vitro 

assays and hydroponics ranked the three lettuce cultivars in the same order of drought 

tolerance. The root-bending assay evaluated the plant’s growth and the root recovery 

assay indicated the plant’s survival. In addition, the combined assay required less space 

and approximately half the time period compared with the hydroponic culture. These 

results suggested that application of the root-bending and root recovery assay should be 

a rapid and space-saving method with which to evaluate the osmotic stress tolerance of 

lettuce from both growth and survival standpoints. 

 

Abbreviations: cv. – cultivar; MS – Murashige and Skoog; PEG – polyethylene glycol 

 

Introduction 

 

Osmotic stresses, such as high salinity and drought, negatively influence crop yield. 

Evaluation of stress tolerance is important in order to select an appropriate variety to 

cultivate in unfavorable conditions. Although much investigative effort has been 

directed toward this goal, most of the studies have evaluated the stress tolerance of 

plants by measuring either growth or survival. Slower growth induced by abiotic stress 
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is an adaptive feature for plant survival because it allows plants to rely on multiple 

resources to combat stress (Zhu, 2001). Furthermore, a general trade-off function 

between drought tolerance and maximum plant growth rate was assumed by a 

mathematical model (Sambatti and Caylor, 2007). In fact, the constitutive 

overexpression of the stress-related DREB/CBF gene has been shown to cause not only 

stress tolerance but also growth retardation of transgenic plants (Liu et al., 1998). 

Assessment using either a growth or survival index is probably only a partial evaluation 

of the stress tolerance. Another problem with the evaluation of stress tolerance is that a 

classical method such as hydroponic culture requires a long time period and a large area. 

The root-bending assay was established for screening cadmium-sensitive mutants in 

Arabidopsis (Howden and Cobbett, 1992), and subsequently was applied to screen 

mutants for salt tolerance (Wu et al., 1996). Recently, it was demonstrated that this 

assay was suitable for screening mutants related to proton rhizotoxicity (Iuchi et al., 

2007). This method saves a great deal of space and time through the utilization of 

seedlings in vitro for the test. Root bending is supposed to reflect plant growth (Howden 

and Cobbett, 1992; Wu et al., 1996). For the reason mentioned above, the novel root 

recovery assay was adopted in the present study to evaluate plant survival under 

osmotic stress. We examined the responses of lettuce (Lactuca sativa L.), which is one 

of the most-consumed vegetables in the world. Lettuce is classified as a moderately 

sensitive crop with a threshold salinity level of 1.3 dS m–1 at which no yield loss occurs 

(≈11 mM NaCl; Ashraf, 1994) and a 50% reduction in yield occurs at 5.2 dS m–1 (≈55 

mM NaCl; Orcutt and Nilsen, 2000). Improvement of the osmotic stress tolerance of 

lettuce is desirable for the breeding of new cultivars. The aim of this work was to study 

the applicability of combination of the root-bending assay and the root recovery assay to 

provide an index of osmotic stress tolerance in lettuce. 
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Materials and Methods 

 

 Seeds of lettuce cv. Okayama-Saradana (Takii Seed Co., Japan) were 

germinated in LC-1 Hortcube growing medium (SMITHERS-OASIS, Ohio, US) and 

irrigated with 0.1% (v/v) Hyponex (N:P:K = 6:10:5, Hyponex, Osaka, Japan). After 25 

d seedlings were transferred to a hydroponic system. After 5 d acclimatization, 

seedlings were treated with nutrient solution containing 0–200 mM NaCl. Drought 

stress was imposed by withholding water from seedlings with approximately seven true 

leaves, that were germinated and grown in a vermiculite bed. The relative survival 

percentage and dry mass were determined after 16 d of NaCl treatment or every other 

day until 14 d of dehydration stress. The dry weight was measured after drying the 

plantlets in an oven at 80 ºC for a minimum of 48 h. The relative dry weight (RDW) 

was calculated with the following formula: RDW = (dry weight of stressed plants)/(dry 

weight of control plants) × 100. The death of a plant was determined by observation of 

dessication or browning of the apical bud.  

The modified root-bending assay (Howden and Cobbett, 1992; Wu et al., 1996) 

and the root recovery assay were carried out as follows. Five-day-old seedlings 

germinated on Murashige and Skoog’s basal medium (MS) (Murashige and Skoog, 

1962) at pH 5.7–5.8 supplemented with 3% (w/v) sucrose and 0.8% (w/v) agar were 

placed upside down on the assay medium (Figure 1A). The assay medium comprised 

the MS medium modified by containing 1.0% (w/v) agar (Wako Pure Chemical 

Industries Ltd, Osaka, Japan) and either 0–600 mM NaCl or 0–15% (v/v) polyethylene 

glycol (PEG) #200. Seven replicate seedlings were assayed in each culture bottle 

(100×100×110 mm). If a seedling was resistant to the osmotic stress, its root bent due to 
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gravitropism (Figure 1A). After the root-bending assay, the seedlings were rehydrated 

by transferal to standard MS medium lacking NaCl or PEG (Figure 1B). The recovery 

of a seedling was judged to have occurred with the emergence of lateral roots. The 

root-bending and recovery ratios were calculated 7 and 14 d, respectively, after the 

assay began. Both the hydroponic and in vitro cultures were maintained at 22 ºC under a 

16 h photoperiod of approximately 70 μmol m–2 s–1 light. An additional two lettuce 

cultivars (cv. Marino and cv. Blizzard; Yokohama Nursery Co. Ltd, Japan) were used 

for comparison of drought stress tolerance in the in vitro assays and the hydroponic 

experiment. 

 

Results and Discussion 

 

In order to ascertain the appropriateness of the survival/death judgment for the 

plants grown hydroponically, a pilot experiment was conducted to evaluate the 

correlation between water content and defined survivability (data not shown). The water 

content of all of the withered plants was less than 50% with a maximum of 49.8%, and 

that of surviving plants was more than 60% with a minimum of 61.7%. In addition, 

none of the withered plants recovered in the rehydration treatment, whereas the 

non-withered plants did recover (data not shown). According to these results, the 

observation of desiccation or browning of the apical bud was an appropriate index of 

survivability.  

Dry weight, which is the most common measure of plant growth, gradually 

declined with increasing duration of dehydration stress in the hydroponic culture 

(Figure 2A). In contrast, the survival rate suddenly declined after 10 d (Figure 2A). 

Similar results were obtained in the NaCl stress experiment. The growth inhibition 



 7

curve showed a gradual decrease with increasing NaCl concentrations ranging from 0 to 

150 mM. In contrast, salinity of up to 100 mM NaCl did not affect the survival 

percentage, but NaCl concentrations exceeding 150 mM significantly reduced survival 

to less than 40% of the control (Figure 2B). The results of these experiments indicated 

that the assessment of osmotic stress tolerance can differ with measurement of either 

growth or survivability, as well as the timing of the measurement. 

Zhu (2001) argued that the extent of salt or drought tolerance often appears to 

be inversely related to growth rate in nature. Taken together with our results, early 

growth retardation seems to be one of the strategies for survival under osmotic stress. It 

may be difficult for plants to maintain both growth and survivability concurrently when 

under stress. Therefore, prioritization of either trait is essential in the breeding of 

stress-tolerant crops. Maintenance of growth is an appropriate strategy in crop breeding 

to prevent a reduction in yield on arable land in response to a transient stress. For 

example, salt accumulation or spray strewn by a storm or typhoon in coastal areas, and a 

temporary water shortage resulting from abnormal weather might be classified as 

transient, because these moderate stresses can be avoided by artificial treatments, such 

as irrigation or overhead sprinkling with water. Early growth retardation will provide 

short-term relief until a remedy is applied or conditions return to normal. Prioritization 

of survivability of plants will be best suited for the development of crops to be grown in 

a severe environment, such as salt marshes, deserts, or arid regions. Prolonging the 

plant’s life at the expense of reduced growth would contribute toward this objective. 

 The assessment of stress tolerance in vitro by combination of the root-bending 

assay and the root recovery assay generated similar results to the experiments on 

hydroponic cultures (Figure 3A and B). Both the root-bending and root recovery assays 

showed greater tolerance of seedlings in vitro than those of whole plants tested 
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hydroponically. This may be due to tissue specificity or environmental factors such as 

the high humidity in the culture bottle. Newmann (1995) mentioned that even though 

salinity can induce a rapid reduction in root growth, shoot growth decreases 

proportionally more than root growth. As observation of bending was a more simplified 

evaluation than measurement of dry weight, the root-bending curve had a steeper slope 

compared to the dry weight growth inhibition curve shown in Figure 2. The 

root-bending ratio, which is an indicator of growth sustainability under stress (Howden 

and Cobbett, 1992; Wu et al., 1996), was not affected at PEG concentrations up to 5.0% 

(≈280 mM), but declined with increasing PEG concentrations ranging from 5.0 to 

12.0% (Figure 3A). Following transferal to an assay medium lacking PEG for 

rehydration, new lateral roots emerged in some seedlings that did not exhibit root 

bending, while other seedlings showed no change. These observations made it possible 

to determine either the survival or death of the plantlets. Although at 7.0 and 8.0% PEG 

the root-bending ratio was under 50%, the root recovery ratio was 100% (Figure 3A). 

Similarly, the root-bending ratio under salt stress was lower in comparison with the root 

recovery rate (Figure 3B). As the threshold NaCl concentration for survival was 

considered to be 400–500 mM, a further experiment was conducted to detect the effect 

of the stress period on the recovery ratio. NaCl stress treatment for 1 d resulted in higher 

root recovery ratios of 79% (400 mM NaCl), 9% (450 mM) and 0% (500 mM; data not 

shown) in comparison with those recorded after 14 d (Figure 3B). From these results, 

the root recovery index represents the survival of plants under osmotic stress. 

In order to demonstrate the accuracy of the root-bending and recovery assays, the 

stress tolerances of three lettuce cultivars (cvs. Okayama-Saradana, Marino and 

Blizzard) were examined in both in vitro and hydroponic cultures. The root-bending and 

recovery ratios exhibited similar trends to the relative dry weight and the survival ratios 
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under drought stress in the hydroponic culture (data not shown). Table 1 summarizes the 

results for each ratio after 12 d of dehydration stress and for the 10% PEG treatment. 

These criteria were determined as the thresholds at which Okayama-Saradana showed 

about 50% survival or recovery ratios (Figures 2 and 3). With regard to the root-bending 

ratio, the tolerance of the cultivars was in the rank order Blizzard > Marino > 

Okayama-Saradana. The relative dry weight did not differ significantly between 

cultivars but showed the same order of tolerance as that estimated by the root-bending 

ratio. The cultivar order of tolerance for the survival indices differed from that of the 

growth indices, viz. Marino > Blizzard > Okayama-Saradana. This result supported the 

hypothesized relationship between early growth retardation and survivability of plants 

under drought stress as mentioned already. Although significant differences were found 

only in the root-bending and recovery assays (P < 0.01), this might reflect the more 

strict environmental control in vitro. 

There are three parameters that might be used to assess the effect of salt on a 

particular species, namely survival, vegetative growth and seed production (Flowers and 

Yeo, 1989). At least growth and survival can be assessed by the root-bending and 

recovery assays. Moreover, a combination of these assays could shorten the 

experimental period required. The salinity and drought stress experiments with 

hydroponic cultures ran for 39–46 d for each entire experiment, whereas the in vitro 

assays needed only a 26 d period. Furthermore, in vitro assays require much less space 

and allow evaluation of many samples simultaneously. The assays can be utilized for 

basic estimation of tolerance differences among many cultivars, in transgenic studies, 

and for high-throughput screening. We concluded that combination of the root-bending 

and root recovery assays are a rapid and space-saving method to evaluate the osmotic 

stress tolerance of lettuce from both growth and survival standpoints. 
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Table 

 

Table 1. Comparison of in vitro assays and hydroponic culture to evaluate tolerance to 

osmotic stress in three lettuce cultivars. For experimental details, see legends to figures 

2 and 3. 

 

Cultivar 
Growth  Survival 

RDW1 RBR2  SR1 RRR2 

Okayama-Saradana  31.0 ±  3.6 2.9 ± 2.1b   45.8 ± 20.8  37.5 ± 6.9b 

Marino  34.8 ± 6.3 14.3 ± 9.0ab   100.0 ± 0.0  100.0 ± 0.0a 

Blizzard  39.0 ± 4.4 35.7 ± 10.9a   77.8 ± 22.2  97.6 ± 2.4a 

Data are the mean ± SE of at least three replications (n ≥ 5). Data within a column 

followed by different letters were significantly different at p = 0.01. 

1 Relative dry weight (RDW) and survival ratio (SR) in the hydroponic experiment were 
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calculated after 12 d drought stress as the relative percentage of the control plants.  

2 Root-bending ratio (RBR) and root recovery ratio (RRR) in the in vitro assays were 

calculated from the number of plantlets whose roots were bent on medium including 

10% PEG, or that formed lateral roots in the rehydration treatment, respectively. 

 

Legends to Figures 

 

Figure 1. The root-bending and root recovery assays under osmotic stress. Five-day-old 

lettuce seedlings were transferred upside down from standard MS medium to the assay 

medium containing 200 mM NaCl for 7 d (A; the root-bending assay). The roots of the 

lefthand and central plantlets were bent, but the root of the righthand plantlet was not 

bent. The plantlets were subsequently transferred onto a medium lacking NaCl for the 

root recovery assay (B). Lateral roots were formed only in the lefthand plantlet after 14 

d culture. Scale bars = 20 mm. 

 

Figure 2. The effect of drought (A) and salinity (B) stress on growth and survival of the 

hydroponic-cultured lettuce cv. Okayama-Saradana seedlings. Twenty-five-day-old 

seedlings were drought stressed by halting watering (A). Thirty-day-old seedlings were 

treated with nutrient solution including a range of NaCl concentrations (B). Each plot 

represents the dry weight (○) or survival rate (●) relative to the control 0–14 d after the 

start of the drought stress and 16 d after imposing salinity stress. Vertical bars indicate 

the SE of at least three replications. 

 

Figure 3. The root-bending assay and the root recovery assay of lettuce cv. 

Okayama-Saradana seedling responses to drought (A) and salinity stress (B). 
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Five-day-old seedlings were transferred onto assay media containing various 

concentrations of PEG (A) or NaCl (B) for 7 d. Subsequently, stressed plants were 

transferred to normal media for rehydration for another 14 d. The relative percentage of 

the controls were calculated from the number of plantlets whose roots were bent (○) or 

that formed lateral roots (●). Vertical bars indicate the SE of at least three replications. 

For the experimental details, see the legend to Figure 1. 
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