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Abstract Drought stress is a main limitation of rice pro-

duction in many regions worldwide, as most improved rice

varieties are not drought tolerant. This study analyzed the

effects of various drought stresses and subsequent recovery

on dry weight accumulation and biochemical characteris-

tics of different rice varieties (the drought-tolerant variety

DA8, the drought-sensitive variety Malagkit Pirurutong,

and the fast-recovering variety Kinandang Patong). The

water treatments were irrigated (control), drought stress,

and subsequent re-watering. The results showed that under

the same drought stress level, DA8 retained higher water

content than the other varieties. In addition, water content

in sheaths was higher than that in leaves. DA8 obtained a

higher dry weight accumulation than the other varieties

under both the control and drought conditions. Proline

content in all varieties increased significantly after drought

stress. In addition, it accumulated more in leaves than in

sheaths. DA8 expressed a higher ability to accumulate

proline than Malagkit Pirurutong or Kinandang Patong.

Total soluble sugar and starch contents of the three vari-

eties decreased under drought stress compared to control.

However, the change in total soluble sugar and starch

levels depended not only on the drought stress condition

but also on the environment and variety. Proline-accumu-

lating ability under drought stress may be a useful indicator

of the drought tolerance of rice.

Keywords Drought stress � Proline metabolism � Rice �
Soluble sugar � Starch

Introduction

Rice (Oryza sativa L.) is the most important food crop in

developing countries and a staple food of more than half of

the world’s population (Seck et al. 2012). Although drought

stress is a constant threat to rice production worldwide,

most improved rice varieties are susceptible to drought

(Fischer et al. 2003). A vast number of studies, including

studies on morphological traits and physiological, bio-

chemical, and molecular regulation, have been conducted to

unravel the mechanisms of the drought response in plants

(Fang and Xiong 2015). A common mechanism of plants to

cope with drought stress is overproduction of compatible

organic solutes (Serraj and Sinclair 2002). Proline accu-

mulation is a well-known metabolic response of plants to

drought and other environmental stressors (Szabados and

Savouré 2010). Proline regulates osmotic adjustment and

stabilizes protein structure and cell membranes. In addition,

it acts as a protective agent for enzymes, and is a free radical

scavenger and antioxidant (Ashraf and Foolad 2007; Ver-

bruggen and Hermans 2008; Szabados and Savouré 2010;

Kishor and Sreenivasulu 2014). Although proline accumu-

lation has been extensively studied under water-deficit

conditions, its exact role in drought resistance remains

controversial. Some results have shown that proline

& Doan Cong Dien

diendoancong@gmail.com

1 Laboratory of Plant Nutrition, Graduate School of

Bioresource and Bioenvironmental Sciences, School of

Agriculture, Kyushu University, 744 Motooka Nishi-ku,

Fukuoka 819-0395, Japan

2 Department of Cultivation Science, Faculty of Agronomy,

VietNam National University of Agriculture, Ha Noi,

Viet Nam

3 Laboratory of Plant Nutrition, Division of Molecular

Biosciences, Department of Bioscience and Biotechnology,

Faculty of Agriculture, Kyushu University, 744 Motooka

Nishi-ku, Fukuoka 819-0395, Japan

123

Plant Physiol. Rep.

https://doi.org/10.1007/s40502-019-00462-y

Author's personal copy

http://orcid.org/0000-0001-5574-5163
http://crossmark.crossref.org/dialog/?doi=10.1007/s40502-019-00462-y&amp;domain=pdf
https://doi.org/10.1007/s40502-019-00462-y


accumulation is a general symptom of leaf dehydration and

is associated with stress susceptibility (Hanson et al. 1977).

Some researchers have reported that susceptible potato

varieties accumulate proline earlier and to a higher level

than drought-resistant varieties (Bansal and Nagarajan

1986; Schafleitner et al. 2007). By contrast, proline accu-

mulates at higher amounts in drought-resistant genotypes of

cotton, tall fescue, and wheat than the drought-susceptible

genotypes (Parida and Dagaonkar 2008; Man et al. 2011;

Sultan et al. 2012). Bandurska et al. (2017) suggested that

barley genotypes are equally resistant to moderate drought

stress regardless of differences in proline accumulation.

Although proline confers osmotic tolerance under stress

conditions, its specific role during plant growth is not

completely clear (Bandurska et al. 2017).

Soluble sugars (sucrose, glucose, and fructose) play an

important role maintaining the overall structure and growth

of plants (Rosa et al. 2009). They are involved in osmotic

adjustment under drought stress (Xu et al. 2007; Koster and

Leopold 1988), and also play an active role regulating

growth, photosynthesis, carbon partitioning, and carbohy-

drate and lipid metabolism in response to various abiotic

stressors (Rosa et al. 2009). Lemoine et al. (2013) sug-

gested that soluble sugar regulation in plants is very

complex. Xu et al. (2015) found that soluble sugar con-

centration in roots and leaves of susceptible rice varieties

increases under drought. On the other hand, soluble sugars

in stems of both tolerant and susceptible genotypes sig-

nificantly decrease under drought stress (Xu et al. 2015).

Studies on the effects of sugars under various abiotic

stressors represent an emerging field of research to be

explored and sugars could play a pivotal role conferring

tolerance against various abiotic stressors by modulating

several physiological processes (Rathinasabapathi 2000).

Starch is another key molecule mediating plant

responses to abiotic stressors, such as water deficit, high

salinity, or extreme temperatures. Under these challenging

environmental conditions, plants generally remobilize

starch to provide energy and carbon at times when photo-

synthesis may be potentially limited. The sugars and other

derived metabolites released support plant growth under

stress, and function as osmoprotectants and compatible

solutes to mitigate the negative effects of stress (Krasensky

and Jonak 2012). González-Cruz and Pastenes (2012)

reported that a drought-resistant variety of broad bean

(Phaseolus vulgaris) degrades more starch than a drought-

sensitive variety. Zanella et al. (2016) suggested that

diurnal starch is degraded under osmotic stress to produce

sugars and proline in Arabidposis. Matthias et al. (2016)

proposed that the regulation of leaf starch degradation is

important for osmotic stress tolerance in plants. By con-

trast, several studies have reported an increase in starch

accumulation under stress. Examples include the halophyte

Thellungiella halophila (Wang et al. 2013), the green alga

Chlamydomonas reinhardtii (Siaut et al. 2011), and in

some cases Arabidopsis (Kaplan and Guy 2004; Skirycz

et al. 2010).

Although many studies on drought tolerance in rice have

been published, studies on the combined responses of rice

to drought and subsequent recovery conditions are rela-

tively scant. Drought stress tends to develop slowly as soil

gradually dries but many experiments have applied

‘‘shock’’ treatments as drought stress when immediately

changing plants from normal to stress conditions. In the

present study, drought stress was allowed to develop

slowly after drying soil. Plants were sampled every day to

understand the daily responses of plants under different

water conditions. We evaluated the responses of different

rice genotypes to various drought stresses and subsequent

recovery in terms of dry matter accumulation and bio-

chemical characteristics.

Materials and methods

Experimental design

The experiment was conducted in a greenhouse at the

Faculty of Agriculture, Kyushu University, Japan

(33�370N, 130�250E, 3 m above sea level) during summer

2017. Three rice varieties (DA8, Malagkit Pirurutong, and

Kinandang Patong) with different water-deficit-response

characteristics were used. DA8 is a drought-tolerant vari-

ety, Malagkit Pirurutong is a drought-sensitive variety, and

Kinandang Patong expressed rapid recovery ability after

re-watering in a previous experiment (Dien et al. 2017).

Plants of the three varieties were simultaneously cultivated

in the same pots (1/2000a Wagner) to achieve the same

water conditions among the varieties. Each pot contained

12 kg air-dried soil (water holding capacity 47.73%) and

1.0 g N ? 1.0 g P2O5 ? 1.0 g K2O was applied. The fer-

tilizers used consisted of (NH4)2SO4, K2SO4, and KH2PO4.

The chemicals were dissolved in distilled water and then

were applied by mixing with the soil in each pot. The soil

was sieved through a 2 cm mesh screen and pre-mixed

with fertilizer 2 days before sowing time.

All seeds were surface-sterilized in 1% sodium

hypochlorite solution for 10 min and rinsed thoroughly in

distilled water before being germinated at 25 �C over

3 days. Five uniformed germinated seeds were sown in the

same pot and thinned to two plants per variety per pot

10 days after sowing. The drought treatment commenced

3 weeks after sowing by withdrawing water from the

drought pots while continuing an irrigated condition in the

control pots. Soil water content in the pots was measured

using an EC 5 soil moisture sensor (Decagon, USA) and
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converted into volumetric values (cm3/cm3). After 7 and

9 days of drought treatment (DAD), the plants were re-

watered for recovery. The drought stress levels at 7 and 9

DAD were called moderate drought (MD) and severe

drought (SD), respectively.

Sampling was performed from 10:00 am to 1:00 pm

every day from the day the drought treatment started until 9

DAD. During the re-watering condition, samples of the

varieties were taken every day until 5 days after re-wa-

tering from the MD, and 7 days after re-watering from the

SD. Based on relative stem position, leaves were separated

with the youngest two leaves (not fully expanded) con-

sidered immature and the remaining leaves (fully expan-

ded) considered mature. Mature leaves, immature leaves

and sheaths were collected at each sampling time. The

collected samples were quickly placed in pre-weighed zip-

sealed bags, and measured immediately to determine leaf

and sheath fresh weights. Samples were freeze dried for

48 h in a freeze dryer FDU-506 (EYELA, Tokyo Rikakikai

Co., LTD., Japan) before use in further analyses (dry

weight accumulation, proline content, total soluble sugar

content, and starch content). Air temperature and humidity

were measured inside the greenhouse with the TR-72wf

Thermo Recorder (T&D Corp., Japan) while soil temper-

ature during the control and drought trials was recorded

with a TR-71U Thermo Recorder (T&D Corp., Japan).

Determination of water content

The water content (%) in mature leaves, immature leaves,

and sheaths of each variety was calculated using the fol-

lowing equation: water content (%) = ((fresh weight - dry

weight)/fresh weight) 9 100 (Lindenberg et al. 2015).

Determination of proline content

Free proline in mature leaves, immature leaves, and sheaths

of the rice varieties were extracted from freeze-dried

samples and colorimetrically estimated using the acid–

ninhydrin method (Bates et al. 1973). Samples of 50 mg

were homogenized four times with 80% ethanol in an

80 �C water bath. The extract was filtered into a 50 mL

volumetric flask and filled with 80% ethanol. A 5 mL

aliquot of the extract was mixed with 1 mL acid–ninhydrin

reagent (1.25 g ninhydrin, 30 mL glacial acetic acid, and

20 mL 6 M H3PO4) and 2.5 mL glacial acetic acid and

incubated for 45 min in boiling water. The reaction was

stopped by placing the test tubes in an ice bath. The

solution was mixed vigorously after adding 10 mL toluene.

The light absorbance of the toluene phase was estimated to

be 520 nm on a spectrophotometer (UV-120-02, Shimadzu,

Japan). Proline concentration was determined using a

standard curve prepared with a proline standard.

Determination of total soluble sugar

Total soluble sugar (TSS) was determined following the

method of Yoshida et al. (1976). The extraction step for

TSS was the same as that for proline. For the analyses,

0.5 mL of TSS extract was mixed with 4.5 mL 80%

ethanol in a test tube. The mixture was incubated for

7.5 min in boiling water after slowly adding 10 mL

anthrone reagent (2 g anthrone in 1 L of 95% H2SO4). The

reaction was stopped by placing the test tubes in an ice

bath. Light absorbance was measured at 630 nm using a

spectrophotometer (UV-120-02, Shimadzu, Japan).

Determination of starch content

Starch content was determined following the method of

Yoshida et al. (1976). The residue in the test tube after

extracting total soluble sugar was dried to completeness at

80 �C for 1 h. Then 1 mL distilled water was added to the

test tube and incubated for 15 min in boiling water. After

cooling the test tube, 1 mL 9.2 N HClO4 was added and

stirred occasionally for 15 min by vortex. The tube with

the extract was filled to 5 mL with distilled water, cen-

trifuged for 10 min at 3000 rpm, and then filtered into a

50 mL volumetric flask. The residue in the test tube was

extracted two more times following the above procedure

using 4.6 N HClO4. The volumetric flask with the extract

was filled with distilled water before conducting starch

analyses.

For the starch analyses, 0.5 mL starch extract and

4.5 mL distilled water were added to a test tube. After the

test tube was placed in an ice bath, 10 mL anthrone reagent

was slowly added, and the mixture was incubated for

7.5 min in boiling water. The reaction was stopped by

placing the test tubes in an ice bath. Light absorbance was

measured at 630 nm using a spectrophotometer (UV-120-

02, Shimadzu, Japan).

Statistical analyses

The experiment was conducted using a randomized com-

plete block design with three replications. Analysis of

variance was used to test for differences, and Tukey’s HSD

test was used to identify significant differences at the 5%

probability level using STAR software (IRRI 2013).

Results

Environmental conditions

The environmental conditions during the study are shown

in Fig. 1. The humidity inside the greenhouse was 48–73%,
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while air temperature remained at 30–33 �C. Soil temper-

ature was generally 1–2 �C higher than the air temperature.

The soil temperature under the drought condition remained

1.8–2.5 �C higher than that under control condition from 6

to 9 DAD.

Soil water content

Data on soil water content are shown in Fig. 2, expressed

in terms of volumetric water content (cm3/cm3). Soil water

content decreased quickly during the drought treatment.

Volumetric content was only 0.116 and 0.102 cm3/cm3

from 7 to 9 DAD, respectively.

Water content in leaves and sheaths

The water content in mature leaves and immature leaves of

the rice varieties was 75–80% under control condition,

while the sheaths retained more water at 86–94% (Fig. 3).

Water levels gradually decreased under drought stress

conditions and were significantly lower than those under

control conditions from 5 to 6 DAD. Among all varieties,

under MD, DA8 had the highest water levels in mature

leaves (60.6%), immature leaves (47.09%), and sheaths

(75.03%) at 7 DAD. Malagkit Pirurutong had the least

water, with values of 23.4%, 20.16%, and 66.39%,

respectively.

Under SD, DA8 again had the highest water content,

with values of 19.9% for mature leaves, 32.58% for

immature leaves, and 68.08% for sheaths at 9 DAD,

respectively. Malagkit Pirurutong again had the lowest,

with values of 7.04%, 7.40%, and 24.48%, respectively.

Two hours after re-watering after exposure to MD

(RMD), water levels had begun to recover in all varieties,

and immature leaves and sheaths had reached the same

levels of controls at 5 days RMD. Re-watering after SD

(RSD) increased the water levels of mature leaves of DA8

but not Malagkit Pirurutong or Kinandang Patong. Water

content in immature leaves of DA8 and Kinandang Patong

quickly recovered after RSD. The levels in sheaths of all

varieties increased after RSD, but only DA8 recovered to

the same level as control (Fig. 3).

Dry weight accumulation

Dry weight accumulation of all varieties was depressed

under drought stress, and was significantly lower than in

control from about 6 DAD (Fig. 4). Among the varieties,

DA8 had the highest dry weight accumulation under stress,
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followed by Kinandang Patong and Malagkit Pirurutong.

At 7 DAD, the average dry weight of leaves of DA8 was

3.40 g/plant, significantly higher than those of Malagkit

Pirurutong (2.16 g/plant) and Kinandang Patong

(2.53 g/plant). RMD positively affected dry weight accu-

mulation of all varieties. At 5 days RMD, the dry weights

of all varieties were significantly higher compared to

drought stress conditions, but these decreased from 7 to 9

DAD. Re-watering after 9 days of drought stress increased

leaf dry weight of DA8 and Kinandang Patong but not that

of Malagkit Pirurutong.

At 7 DAD, the dry weights of sheaths of DA8

(2.62 g/plant) were significantly higher than those of

Malagkit Pirurutong (1.33 g/plant) and Kinandang Patong

(1.92 g/plant). After RMD, the dry weights of all varieties

increased, being 3.27, 2.20, and 2.40 g/plant in DA8,

Malagkit Pirurutong, and Kinandang Patong, respectively,

at 5 days RMD. These values were significantly lower than

those of control at the corresponding times. The weights

decreased during 7–9 DAD and were 2.02, 1.27, and

1.61 g/plant, respectively, at 9 DAD. These values were

still far lower than those of control.

Proline content

Large variation in proline accumulation was detected

between varieties under drought stress (Fig. 5). At 7 DAD,

proline levels in mature leaves were significantly higher in
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DA8 (20.54 lmol/g DW) than in Malagkit Pirurutong

(7.96 lmol/g DW) and Kinandang Patong (8.09 lmol/g

DW). Immature leaves of DA8 also expressed the highest

proline accumulation (17.48 lmol/g DW). Sheaths accu-

mulated lower amounts than leaves under the same con-

ditions. At 7 DAD, DA8 accumulated 8.29 lmol/g DW

proline in sheaths, significantly more than Malagkit Piru-

rutong (5.94 lmol/g DW) and Kinandang Patong

(5.03 lmol/g DW).

Prolonging drought stress from MD to SD increased

proline content in all rice varieties. However, a significant

increase (P\ 0.05) was only observed in DA8. Proline

levels in mature leaves, immature leaves, and sheaths of

DA8 at 9 DAD treatment were 25.19, 23.15, and

12.14 lmol/g DW, respectively.

The levels in all varieties decreased as a result of sub-

sequent re-watering after drought stress. The content of

mature leaves of DA8 declined significantly at 2 h RMD.

One day after RMD, the levels in sheaths of Kinandang

Patong fell to the same level as control. At 4 days RMD,

proline content in all parts of every variety decreased to the

same level as control. At 2 h SD, the levels in mature

leaves of all varieties had decreased significantly compared

to drought stress levels. Mature leaves of DA8 needed

5 days while Malagkit Pirurutong and Kinandang Patong

required 7 days after re-watering for proline levels to reach

the same level as control.

All immature leaves of Malagkit Pirurutong and

Kinandang Patong under SD were completed dried and no

new leaves emerged during the 5-day re-watering stage.

Only immature leaves of DA8 were collected for proline

analyses during RSD. The results showed that the proline

content of immature leaves decreased significantly after re-

watering. The levels declined to the same levels as controls

4 days after re-watering. Similarly, levels decreased

quickly in the sheaths of all varieties after RSD, reaching

control levels 6 days after re-watering for DA8 and 7 days

after re-watering for the other two varieties.

Figure 6 illustrates the relationship between water con-

tent and proline accumulation under drought stress. A

negative correlation was observed. Generally, more severe

drought stress resulted in lower water levels and conse-

quently higher proline accumulation. However, the specific

equation and correlation values were different between

varieties. DA8 accumulated higher levels of proline in

mature leaves, immature leaves, and sheaths under the

same water content, compared to Malagkit Pirurutong and

Kinandang Patong.

Total soluble sugar content

Figure 7 shows the levels of total soluble sugar (TSS).

Under control conditions, levels fluctuated during the

experiment. Drought stress decreased the levels in all plant

parts.

Under MD, the levels in mature leaves of DA8

(105.56 mg/g DW), Malagkit Pirurutong (110.21 mg/g

DW), and Kinandang Patong (117.03 mg/g DW) were

significantly lower than control levels. The values were

123.46, 99.66, and 112.81 mg/g DW; 157.94, 132.53, and

139.46 mg/g DW; and 98.40, 94.04, and 101.22 mg/g DW

in mature leaves, immature leaves, and sheaths,

respectively.

Prolonging drought stress from MD to SD resulted in

decreased levels in mature leaves of all varieties, being

101.06, 105.71, and 111.37 mg/g DW in DA8, Malagkit

Pirurutong, and Kinandang Patong, respectively; the same

was true of sheaths, being 92.70, 80.72, and 79.12 mg/g

DW, respectively. At 1 day RMD, TSS in mature leaves,

immature leaves and sheaths of varieties increased com-

pared to drought condition. However, TSS of varieties were

consistently decreased in later days of re-watering
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condition. Re-watering from SD increased TSS in leaves

and sheaths of varieties compared to drought condition. At

7 days RMD, the levels in all plant parts of DA8 were

significantly higher than those under control conditions.

Starch content

Starch content in different parts of varieties seen a large

fluctuation under control condition with a trend of

increasing through the experimental time. Drought stress

decreased starch content in comparison with control con-

dition, but at the different rate among varieties (Fig. 8).

Extending the drought treatment from MD to SD

resulted in a further decrease in mature leaves and sheaths.

Interestingly, the levels increased in immature leaves. The

starch content was increased from 17.51 to 29.97 mg/g DW

for DA8, from 18.44 to 21.95 mg/g DW for Malagkit

Pirurutong and from 20.62 to 27.11 mg/g DW for Kinan-

dang Patong, respectively.

Re-watering from MD did not significantly change

starch content in mature leaves or immature leaves but

increased it in sheaths. At 5 days RMD, sheath starch

content in DA8, Malagkit Pirurutong and Kinandang

Patong were 60.07, 59.15 and 58.75 mg/g DW, respec-

tively. Re-watering from SD increased starch content in

mature leaves of DA8 (from 11.82 to 22.36 mg/g DW),

Malagkit Pirurutong (from 16.97 to 22.93 mg/g DW) and

Kinandang Patong (from 14.41 to 21.38 mg/g DW). At

7 days RSD, sheath starch content also increased in DA8

(from 18.35 to 38.31 mg/g DW), Malagkit Pirurutong
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(from 16.94 to 51.73) and Kinandang Patong (from 15.23

to 28.53 mg/g DW). However, the levels remained signif-

icantly lower than under control conditions.

Discussion

We analyzed the responses of three different rice varieties

to various drought stresses and the subsequent recovery

conditions. Under drought stress, water content in mature

leaves, immature leaves, and sheaths of all varieties

declined compared to control conditions, particularly from

6 DAD treatment (Fig. 3). DA8 retained more water than

the other varieties throughout the periods of drought stress.

In Dien et al. (2017), DA8 expressed a larger root system,

with higher total root length, root surface area and root

volume compared to Malagkit Pirurutong and Kinandang

Patong. This suggests that DA8 might have higher water

absorption ability than the other varieties. Under control

condition, the leaves of DA8 had higher dry weight than

the other varieties (Fig. 4), suggesting that DA8 has a

larger leaf system. Dien et al. (2017) reported that DA8

also maintained higher stomatal conductance than Malagkit

Pirurutong or Kinandang Patong, indicating a higher tran-

spiration rate in DA8 than in the other two varieties.

Although drought stress negatively affected dry weight

accumulation in all varieties (Fig. 4), the remaining higher

water content and transpiration rate may have helped DA8

maintain higher photosynthetic activity and consequently

higher dry weight accumulation than the other varieties.

These results also confirm that DA8 is more resistant to

drought than Malagkit Pirurutong or Kinandang Patong.

Under both the control and drought stress conditions,

water levels were higher in sheaths than in leaves, sug-

gesting that water is stored preferentially in sheaths. Re-

watering from SD only increased water content in mature

leaves of DA8 (Fig. 3). In addition, the dry weights of all

varieties decreased when drought stress was prolonged

from 7 (MD) to 9 days (SD). This indicates that 9 days of

drought treatment was too severe for rice plants, particu-

larly for Malagkit Pirurutong and Kinandang Patong.

Osmotic adjustment is a biochemical mechanism that

helps plants acclimate to dry soil in response to a water

deficit. One mechanism of osmotic adjustment is the

accumulation of compatible solutes, such as the amino acid

proline (Hare et al. 1998). In this study, proline was highly

accumulated under drought stress, and further accumulated

after an increase in drought severity, in line with previous

studies (Szabados and Savouré 2010; Sultan et al. 2012).

Interestingly, DA8 accumulated more proline than

Malagkit Pirurutong and Kinandang Patong, particularly in

leaves (Figs. 5, 6). Hence, proline-accumulating ability
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under drought conditions could serve as a drought-toler-

ance indicator in rice. Several studies have indicated that

proline that accumulates during episodes of water deficit is

rapidly lost when that deficit is eliminated (Stewart 1972;

Singh et al. 1973; Blum and Ebercon 1976). Indeed, that

was the case in our study. Our study clearly explored the

daily changing of proline in different parts of rice varieties

under various drought and subsequent recovery conditions.

In addition to proline, soluble sugars are highly sensitive

to environmental stress, as they act on the supply of car-

bohydrates from source organs to sink organs (Rosa et al.

2009). Previous studies have suggested that soluble sugars

have a role as an osmoprotectant, regulating osmotic

adjustment, protecting membranes, and scavenging toxic

reactive oxygen species under various types of stress

(Parvaiz and Satyawati 2008). However, while some

studies have reported that soluble sugar levels increase

under drought stress, a recent study of rice seedlings sug-

gested the opposite (Xu et al. 2015). In the present study,

the levels decreased in response to drought (Fig. 7). Sol-

uble sugars, including monosaccharides and oligosaccha-

rides, are the main products of photosynthesis (Oscar et al.

2010). Photosynthetic activity is inhibited during drought

stress, which may explain the decrease in soluble sugar

accumulation, particularly under SD. However, it should be

noted that sugar levels fluctuated under control conditions,

responding to changes in daily environmental conditions

(Fig. 1) and also due to individual plant characteristics.

Starch content tended to decrease with drought stress

(Fig. 8), in agreement with previous studies that have

suggested that starch is degraded during drought to provide

energy and carbon when photosynthetic activity is
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restricted (Matthias and Diana 2017). However, similar to

soluble sugar, starch levels also fluctuated under control

conditions. After re-watering from drought, starch levels in

leaves and sheaths increased but were still significantly

lower than those under control conditions. This suggests

that starch was used to cope with drought.

Conclusion

Under drought stress, water levels in mature leaves,

immature leaves, and sheaths of three rice varieties

decreased compared to control condition. Water was stored

preferentially in sheaths, and the plants accumulated a high

concentration of proline as an osmoprotectant to protect

against severe damage due to drought stress. Under the

same drought conditions, DA8 maintained higher water

levels but also higher proline accumulation in all plant

parts versus other varieties. We suggest that proline-accu-

mulation ability under drought stress may be a useful

indicator of the drought-tolerance potential of rice.

Finally, the metabolism of soluble sugar and starch was

affected by drought stress but also depended on daily

changes in the environmental conditions and characteristics

of the different varieties. Researchers should carefully

control experimental conditions in studies on carbohydrate

metabolism. In addition, it can be concluded that soluble

sugar and starch levels are not reliable indicators of

drought-tolerance potential in rice.
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