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Abstract Extremely high temperature decreases grain yield

and grain quality in rice (Oryza sativa L.). To investigate the

effects of short-term post-anthesis high-temperature stress

on accumulation of grain protein and protein compositions in

rice, 2-year experiments were carried out in phytotron with

two different cultivars, Nanjing 41 (NJ41, heat-sensitive)

and Wuxiangjing 14 (WJ14, heat-tolerant), under different

conditions of high-temperature levels and durations during

anthesis and grain-filling stages. The results showed that

grain protein content and its components (albumin, globulin,

and glutelin) increased with rising temperature levels and

durations, while prolamin content decreased. The contents of

total protein, storage protein, albumin, globulin, and pro-

lamin in NJ41 were more sensitive to different temperature

levels than those inWJ14.Moreover, the contents of albumin

and prolamin in NJ41 changed greater under temperature

durations than those in WJ14. The effects of high-tempera-

ture stress on accumulation of grain protein and composition

weremore sensitive to high-temperature levels and durations

during anthesis stage than those during grain-filling stage.

The results could help us further understand the physio-

chemical processes governing rice yield and quality under

high-temperature conditions during rice anthesis and grain-

filling stages.
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composition

Introduction

The accelerated global warming has become a growing

problem owing to the greenhouse effect. It is estimated that

the global air temperature has increased by 0.5 �C in the

last century and will continue increasing by 1.4–5.8 �C by

the end of the twenty-first century (Teixeira et al. 2013;

Liao et al. 2014). High temperature has become a major

limitation to crop productivity and quality (Parent et al.

2010; Liu et al. 2013a). Rice (Oryza sativa L.) is one of the

most important cereal crops and provides staple food for

more than half of the world population, particularly in

Asia. High temperature is the principal factor determining

rice growth, development, and ultimately grain yield and

quality, particularly during post-anthesis reproductive stage

(Teixeira et al. 2013; Wang et al. 2014).

During rice anther development, extremely high temper-

ature results in declination in pollen viability, retention of

pollen in anthers, and pollen germination (Harsant et al.

2013; Das et al. 2014). During grain-filling period, high

temperature shortens grain-filling duration, accelerates plant

aging, decreases grain weight, and changes the chemical

ingredients of rice caryopses such as starch, storage protein,

and fatty acid, affecting the quality of rice (Lin et al. 2010).
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Most research has focused on the effects of high temperature

on starch. High temperature can reduce starch content and

change starch structure. Furthermore, high temperature

decreases the expression of several starch synthesis-related

genes, but increases the expression of starch-consuming

a-amylases gene (Nelson et al. 2011).However, the effects of

high temperature on protein have been less than adequately

studied in rice. Protein accounts for 6–10 % of dry matter of

debraned rice grains and is important for grain quality for

nutrition, cooking, and brewing. Proteins in rice are in gen-

eral classified into glutelin, prolamin, globulin, and albumin,

constituting about 70, 3, 7, and 5 % of rice grain nitrogen,

respectively (Lin et al. 2010). High temperature can change

rice grain protein content and protein composition, but the

extent has been controversial. It is suggested that high tem-

perature during rice grain-filling period is beneficial for the

accumulation of Asp-family amino acids and protein com-

ponents (Liang et al. 2013). Lin et al. (2010) showed that high

temperature increased the accumulation of storage protein at

early filling stage but decreased the accumulation of pro-

lamin at maturation. The effects of high temperature on

different classes of storage protein have not been docu-

mented in detail. Further dynamic changes of grain protein

and its composition under different conditions of high-tem-

perature levels have not been reported so far, not to mention

the difference between the heat-sensitive and heat-tolerant

genotypes.

Therefore, we designed a field experiment using two

cultivars with different high-temperature-tolerance levels

to conduct further investigation through setting different

high-temperature levels and durations. The objectives of

the experiment presented in this study were (1) to inves-

tigate the effects of different high-temperature levels and

durations on accumulation and composition of grain pro-

tein and (2) to quantify the effects of post-anthesis high

temperature on grain protein and its composition. The

results could contribute to the basic theoretical research for

a better understanding of the different responsive mecha-

nisms of rice protein under high-temperature stress during

anthesis and grain-filling stages and providing useful

information for assessing rice quality.

Materials and methods

Experiments

The field experiments were carried out during the period of

2012–2013 in the automatic artificial climate chamber at the

experimental station (32�030N, 118�460E) of Nanjing Agri-

cultural University during the rice-growing season. Two

japonica cultivarsWuxiangjing 14 (WJ14, heat-tolerant) and

Nanjing 41 (NJ41, heat-sensitive) were evaluated in the

experiments. Seedlings were raised for about 22 days in a

nearby paddy field, and then transplanted to plastic pots (with

an inside diameter of 28.8 cm and a height of 35.6 cm) filled

with 20 kg air-dried paddy soil. Each pot was filled with

3.0 g N, 2.0 g P2O5, and 1.5 g K2O.

High-temperature treatment

The pots with plants of 50 % open flowers with dehiscent

anthers in a panicle on the same day were selected to

implement the treatments of different high-temperature

levels and durations. The spikelets were also labeled at

anthesis when at least half the spikelets of a panicle were

flowering. At anthesis and 12 days after anthesis (in the

early stage of grain filling), pots were transferred to four

phytotron rooms severally with the maximum/minimum

temperature gradients of 32/22 �C (T1), 35/25 �C (T2),

38/28 �C (T3) and 41/31 �C (T4) under natural daylight

conditions (the phytotron rooms were covered with high

transparent glasses having 75 % optical transparency). T1

treatment was used as a control for the experiment. Dura-

tions of high temperature under different high-temperature

levels were defined as 2 d (D1), 4 d (D2), and 6 d (D3). The

information of different high-temperature treatments is

summarized in supplementary Table S1.

The phytotron rooms measured 4.4 m 9 4.2 m 9 2.8 m

(L 9 W 9 H). Each chamber was equipped with an air

conditioner capable of maintaining constant temperatures.

Daily temperature variation in phytotron was controlled to

simulate the diurnal change pattern of temperature in

ambient environment, and temperature fluctuations at each

given time were within 1 �C (Supplementary Fig. S1).

Temperature and relative humidity (RH) in phytotron were

measured once every 5 min using HOBO data loggers

(Onset Computer Corp., Bourne, MA, USA) with the

stand-alone sensors above plant canopy.

Sampling

The tagged grains were harvested every 6–10 days after

plants were moved outdoor after high-temperature treat-

ments in phytotron until the physiological maturity, with

each sample consisting of five barrels. Grains were dried at

80 �C to constant weight and dehulled, and then ground

into a fine powder with pestle for protein content and its

composition determination.

Protein measurement

Total grain protein was extracted as described by Lin et al.

(2010) with minor modifications. An amount of 50 mg

powder was placed into a 1.5 ml Eppendorf tube with 1 ml

extraction buffer (125 mM Tris–HCl buffer, pH 6.8,
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containing 4 Murea, 4 %SDS and 5 %2-mercaptoethanol).

The homogenates were vortexed vigorously, incubated at

60 �C for 2 h in a shaker, and then centrifuged at 20 �C and

13,000 9 g for 10 min until the supernatant was clear. The

extracted total protein samples were collected as the final

supernatant and stored at -80 �C.
Four classes of storage proteins (albumin, globulin, pro-

lamin, and glutelin) were extracted sequentially as described

by Kim et al. (2013). 0.2 g powder of each sample was

transferred into 1.5 ml Eppendorf tube, and suspended in

1 ml 10 mM Tris–HCl (pH 6.8). The suspension was incu-

bated at room temperature for 6 h in a shaker, vortexed

vigorously every 30 min, and then centrifuged at 4 �C at

13,000 9 g for 15 min. The supernate was collected to

measure albumin content. The precipitate was suspended

with 1 ml 10 mM Tris–HCl (pH 6.8, containing 0.5 M

NaCl). Then the above steps were repeated. The supernate

was collected to measure the globulin content. The precipi-

tate was suspended with 1 ml 60 % n-propanol containing

5 % 2-mercaptoethanol for extraction of prolamin, and the

extraction procedure was done as above. Finally, glutelin

were extracted from the previous precipitate suspended in 1

ml solution 1 % lactic acid containing 1 mM EDTA-2Na.

Each extraction was repeated two times in order to remove

all the proteins of each fraction. The extracted proteins were

freeze-dried and stored at -80 �C.
The grain nitrogen concentration was determined by

micro-Kjeldahl method and grain protein content was cal-

culated by nitrogen concentration using a conversion

coefficient of 5.95. Grain storage protein content is equal to

the sum of the contents four proteins.

Statistical analysis

The data calculations were conducted according to Liu

et al. (2013a, b). For cases where there were no significant

differences in data across the two-year study and the

interactions between year and cultivar, and year and tem-

perature treatment, data from both years were averaged.

Results

Effects of post-anthesis high temperature on total

grain protein

The total protein content of all treatments initially declined

progressively, and then increased gradually. The protein

Fig. 1 Effects of high

temperature on total protein

content in the rice cultivar NJ41

(a, c, e) and WJ41 (b, d, f). The
lines starting at 7 days after

anthesis represent anthesis

treatments under high

temperatures. The lines starting

at 18 days after anthesis

represent grain-filling

treatments under high

temperature. Data are the mean

of three replicates ± standard

deviation shown by vertical

error bars. The different high-

temperature levels were defined

as 32/22 �C (T1), 35/25 �C
(T2), 38/28 �C (T3), and

41/31 �C (T4). The different

durations were defined as

2 days (D1), 4 days (D2), and

6 days (D3)
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content increased with the increasing high-temperature

levels (Fig. 1a, b). The protein contents under T2D2, T3D2,

andT4D2 treatments of both cultivars were higher than those

under T1D2 treatment, except under T2D2 treatment of

WJ14 at grain-filling stage. As shown in Fig. 1c–f, the total

protein content of both cultivars increased with the increas-

ing of high-temperature durations (T3D3[T3D2[T3D1;

T4D3[T4D2[T4D1). The increase in WJ14 was higher

than in NJ41. The extent of high-temperature-induced

changes in total protein content was comparatively greater at

anthesis stage than those at grain-filling stage in both rice

cultivars.

Effects of post-anthesis high temperature on storage

protein

As shown in Fig. 2a, b, all stress treatments had an influ-

ence on storage protein content. The storage protein con-

tent increased with the increasing -temperature levels in

both stage treatments. At anthesis stage, the storage protein

content of T1D2, T2D2, T3D2, and T4D2 treatments in

WJ14 slightly increased, then decreased, and finally

increased. The changes of storage protein content of T4D2

treatment in NJ41 showed similar trends. The storage

protein content in NJ41 reached the lowest value earlier

than in WJ14. At grain-filling stage, the storage protein

content in NJ41 and WJ14 showed a typical ‘‘V’’ curve.

From Fig. 2c–f, the same trend could be observed in two

rice cultivars under high-temperature durations. The stor-

age protein content increased with the increasing high-

temperature durations (T3D3[T3D2[T3D1 and

T4D3[T4D2[T4D1). The protein content in NJ41

reached the lowest value earlier than in WJ14 at anthesis

and grain-filling stages. The effects of high-temperature

stress at anthesis stage were higher than those at grain-

filling stage in both rice cultivars.

Effects of post-anthesis high temperature

on albumin

The albumin contents in all treatments first de-

clined rapidly, and then increased gradually in both rice

cultivars (Fig. 3a, b). With the increase in the high-

temperature levels, the albumin content increased, except

that there was no difference between T1D2 and T2D2

treatments of WJ14. The albumin content increased under

Fig. 2 Effects of high

temperature on storage protein

content in the rice cultivar NJ41

(a, c, e) and WJ41 (b, d, f). The
lines starting at 7 days after

anthesis represent anthesis

treatments under high

temperatures. The lines starting

at 18 days after anthesis

represent grain-filling

treatments under high

temperature. Data are the mean

of three replicates ± standard

deviation shown by vertical

error bars. The different high-

temperature levels were defined

as 32/22 �C (T1), 35/25 �C
(T2), 38/28 �C (T3), and

41/31 �C (T4). The different

durations were defined as

2 days (D1), 4 days (D2), and

6 days (D3)
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high-temperature durations, but there were no obvious

changes between T3D1, T3D2, and T3D3 treatments in

WJ14 under grain-filling stage (Fig. 3c–f). The ex-

tents of increases were much higher in NJ41 than in WJ14.

The effects of high temperature on albumin content during

anthesis stage were greater than those caused during grain-

filling stage in both rice cultivars.

Effects of post-anthesis high temperature

on globulin

Figure 4a, b showed that the globulin content decreased first

rapidly, and then increased gradually in different treatments

during anthesis and grain-filling stages. The lowest values of

NJ41 occurred earlier than those of WJ14. The globulin

content increased with increasing temperature levels in both

rice cultivars (T4D2[T3D2[T2D2[T1D2). However,

no differencewas found betweenT2D2 andT1D2 treatments

of WJ14 under grain-filling stage. With the increase of high-

temperature durations, the globulin content increased in both

rice cultivars at both stages (Fig. 4c,d,e, and f). The effects of

high temperature on globulin content during anthesis were

higher than those during grain-filling stage in both rice

cultivars.

Effects of post-anthesis high temperature

on prolamin

As shown in Fig. 5a, b, a sharp decrease in prolamin

content under higher high temperatures was observed at

both stages compared to T1D2 treatment. The higher the

temperature level, the lower the prolamin content

(T4D2\T3D2\T2D2\T1D2). The prolamin content

increased firstly, then decreased, and finally increased,

except for the treatments of NJ41 at the grain-filling stage.

Prolamin content characteristically decreased with the

increasing temperature durations at both stages (Fig. 5-

c,d,e, and f). There were no obvious changes between

T3D1 and T3D2 treatments in WJ14 at grain-filling stage.

The extent of inhibition in NJ41 was higher than that in

WJ14 under high-temperature levels and durations. The

effects of high-temperature during anthesis on prolamin

content were higher than those during grain-filling stage in

both rice cultivars.

Effects of post-anthesis high temperature on glutelin

Figure 6a,b,c,d,e, and f showed that the glutelin content

increased first, then decreased, and finally increased, except

Fig. 3 Effects of high

temperature on albumin content

in the rice cultivar NJ41 (a, c,
e) and WJ41 (b, d, f). The lines

starting at 7 days after anthesis

represent anthesis treatments

under high temperatures. The

lines starting at 18 days after

anthesis represent grain-filling

treatments under high

temperature. Data are the mean

of three replicates ± standard

deviation shown by vertical

error bars. The different high-

temperature levels were defined

as 32/22 �C (T1), 35/25 �C
(T2), 38/28 �C (T3), and

41/31 �C (T4). The different

durations were defined as

2 days (D1), 4 days (D2), and

6 days (D3)
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for the treatments of NJ41 at grain-filling stage, which was

similar to the changes of prolamin content. However, the

glutelin content increased with the increasing high-tem-

perature levels (T4D2[T3D2[T2D2[T1D2). The

high-temperature durations significantly caused the induc-

tion of glutelin content (Fig. 6c–f). The extent of induction

in WJ14 was much higher than that in NJ41. The effects of

high temperature during anthesis on globulin content were

higher than those caused during filling stage in both rice

cultivars.

Effects of post-anthesis high temperature

on the ratio of prolamin to glutelin

High temperature resulted in a significant decrease in the

ratio of the content of prolamin to glutelin (P/G, Fig. 7).

The P/G ratio decreased with the increase of high-tem-

perature levels and durations under both stage treatments,

especially T4D3 treatment. The extent of decrease was

greater under high-temperature levels and durations in

NJ41 than in WJ14. The effects of high temperature during

anthesis on P/G ratio were higher than those during grain-

filling stage in both rice cultivars.

Discussion

Protein content is crucial to rice grain quality and nutri-

tional value (Kawakatsu et al. 2010). Previous studies have

shown that high temperature can increase rice grain protein

content (Liang et al. 2013; Liu et al. 2013b). Cooper et al.

(2008) showed that although high temperature could

increase the protein content of rice grain, this might not be

significant. In the present study, the results showed that

high temperature increased total protein content in both

rice cultivars, the extent of the increase in WJ14 under

high-temperature levels was lower than that in NJ41, while

the changes under high-temperature durations were

reversed. The results suggested that protein expression

patterns vary with temperature levels and durations and

genotypes. This profiling method might be able to display

polymorphisms among different genotypes, and even to

Fig. 4 Effects of high

temperature on globulin content

in the rice cultivar NJ41 (a, c,
e) and WJ41 (b, d, f). The lines

starting at 7 days after anthesis

represent anthesis treatments

under high temperatures. The

lines starting at 18 days after

anthesis represent grain-filling

treatments under high

temperature. Data are the means

of three replicates ± standard

deviation shown by vertical

error bars. The different high-

temperature levels were defined

as 32/22 �C (T1), 35/25 �C
(T2), 38/28 �C (T3), and

41/31 �C (T4). The different

durations were defined as

2 days (D1), 4 days (D2), and

6 days (D3)
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reveal the quality characteristics of different genotypes

(Jagadish et al. 2010; Kim et al. 2013).

In recent years, enhancing rice grain storage proteins to

improve rice nutritive value has gradually become one of

the important targets for rice quality breeding (Liang

et al. 2013). High temperature increases the accumulation

of all classes of storage proteins at early filling stage, but

decreases the accumulation of prolamin at maturity (Lin

et al. 2010). In this study, storage protein accumulation

was accelerated under high-temperature levels and dura-

tions. Rice storage proteins are in general classified into

glutelin, prolamin, globulin, and albumin. Albumin and

globulin have little effects on dough quality, however,

they are nutritionally important because most of them

contain essential amino acids for human nutrition (Gao

et al. 2009; Kim et al. 2013). Liang et al. (2013) showed

that albumin and globulin contents in grains and amino

acid contents were significantly increased during grain

filling under high-temperature stress. This study showed

that the contents of albumin and globulin increased with

the increasing high-temperature levels and durations. The

extent of increase of albumin was higher in NJ41 than in

WJ14, suggesting that the albumin content in heat-

sensitive cultivars was more sensitive to high temperature

than those in heat-tolerant cultivars. However, Lin et al.

(2010) showed that albumin content was not significantly

affected by high temperature, but globulin content was

reduced. The different effects of high temperature on

albumin and globulin contents may depend upon the rice

genotypes, high-temperature levels, samples for determi-

nation, or the experimental time scales. A significantly

low concentration of globulin has been found in the

central chalky region of grains of these sake cultivars

(Shizukawa et al. 2002). Low level of globulin was also

found in immature and dead grains induced under high

temperature (Lin et al. 2010).

Most storage proteins in rice grains are glutelins which

contain high amounts of essential amino acid of lysine.

Prolamin is generally rich in leucine, but poor in lysine

and sulfur-containing amino acids (Shewry 2007). The

present study showed that high temperature increased the

content of glutelin protein, and decreased the prolamin

protein, which is supported by the results of Ashida et al.

(2013) who showed that rice grown under high tempera-

ture after heating tended to show lower prolamin content

and higher glutelin content. In addition, our results also

Fig. 5 Effects of high

temperature on prolamin

content in the rice cultivar NJ41

(a, c, e) and WJ41 (b, d, f). The
lines starting at 7 days after

anthesis represent anthesis

treatments under high

temperatures. The lines starting

at 18 days after anthesis

represent grain-filling

treatments under high

temperature. Data are the means

of three replicates ± standard

deviation shown by vertical

error bars. The different high-

temperature levels were defined

as 32/22 �C (T1), 35/25 �C
(T2), 38/28 �C (T3), and

41/31 �C (T4). The different

durations were defined as

2 days (D1), 4 days (D2), and

6 days (D3)
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showed that the extent of induction of glutelin in WJ14

was higher than that in NJ41 under high-temperature

levels and durations. The extent of inhibition of prolamin

in NJ41 was much higher than that in WJ14 under high-

temperature levels and durations. Liao et al. (2014)

reported that four glutelin-related proteins (OsUP8,

OsUP12, OsUP13, and OsUP14) were upregulated in both

heat-sensitive and heat-tolerant rice lines under high-

temperature stress during the first half of the ripening

period. Lin et al. (2010) reported that the expression of

six glutelin-related proteins in rice caryopsis increased

under high-temperature stress during grain-filling stage.

When rice is grown under high temperatures, the syn-

thesis of 13 kDa prolamin and the expression of prolamin

genes were attenuated (Yamakawa et al. 2007). The

amount of prolamin is negatively related to the

digestibility and palatability of rice. High-temperature-

induced decrease in prolamin might change the physico-

chemical properties (Lin et al. 2010). The relatively

consistent increase in glutelin and decrease in prolamin

can lead to a lower ratio of prolamin to glutelin (P/G),

which is as an indicator of grain quality for rice wine

brewing in rice grains. The results suggested that high

temperature may degrade grain quality for rice wine

brewing (Shizukawa et al. 2002; Lin et al. 2010).

In conclusion, to the best of our knowledge, for the

first time, we analyzed the dynamic changes in the

accumulation profiles of protein content and composition

during rice anthesis and grain-filling stages under dif-

ferent high-temperature levels. The results showed that

high temperature during rice anthesis and grain-filling

stages increased grain protein content and protein com-

ponents (albumin, globulin, and glutelin), while it

decreased prolamin content. The contents of total pro-

tein, storage protein, albumin, and prolamin in NJ41

were sensitive to temperature levels than WJ14. The

effects of high-temperature stress at anthesis stage were

greater than those at grain-filling stage. The results could

Fig. 6 Effects of high

temperature on glutelin content

in the rice cultivar NJ41 (a, c,
e) and WJ41 (b, d, f). The lines

starting at 7 days after anthesis

represent anthesis treatments

under high temperatures. The

lines starting at 18 days after

anthesis represent grain-filling

treatments under high

temperature. Data are the means

of three replicates ± standard

deviation shown by vertical

error bars. The different high-

temperature levels were defined

as 32/22 �C (T1), 35/25 �C
(T2), 38/28 �C (T3), and

41/31 �C (T4). The different

durations were defined as

2 days (D1), 4 days (D2), and

6 days (D3)
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help us understand the basis of physiochemical processes

governing rice quality during rice post-anthesis under

high-temperature conditions.
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