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Abstract: Extreme temperature events as a consequence of global climate change result in a significant
decline in rice yield. A two year phytotron experiment was conducted using three temperature levels
and two heating durations to compare the effects of heat stress at booting (BT), flowering (FL), and
combined (BT + FL) stages on rice yield and yield components. Compared with T1 (Tmean of 27 ◦C),
heat stress at BT + FL and BT stages produced more regenerated tillers and compensated more for
yield loss than heat stress at FL. Heat stress at BT + FL stages alleviated spikelet sterility and yield loss
of original tillers compared to heat stress at FL. The greater variation of yield per plant (YPP) under
heat stress at flowering as compared to BT and BT + FL stages was accompanied by a higher decrease
in spikelet fertility, while, at BT and BT + FL stages, spikelet number per plant and 1000-grain weight
also contributed well to variation in yield. Furthermore, heat stress during BT and BT + FL stages
caused a significant decline in spikelet fertility of the upper part of panicles, followed by middle
and lower parts, while heat stress at the FL stage responded inversely. For every 1 ◦C day increase
in heat degree days at BT, FL, and BT + FL stages, YPPO (only original tillers) declined by 2.9%,
2.5%, and 6.0%, and YPPT (including original + regenerated tillers) decreased by 5.8%, 2.7%, and
2.2%, respectively. The projected alleviation effects under BT + FL stages of heat stress in contrast
to single-stage heat stress would help to accurately estimate rice yield under extreme temperature
events, as well as to develop a heat-tolerant rice cultivar.

Keywords: multiple high-temperature stress; booting; flowering; heat stress; yield; rice

1. Introduction

Climate is considered a key yield-determining factor in crop production. The overall
surface temperature of the world has risen by approximately 1.1 ◦C since 1850, and this
increase is expected to exceed 1.5 ◦C in the next few decades [1]. Climate change not only
enhances the mean temperature but also intensifies the frequency and severity of heat stress
events [2]. The compendium of scientific literature on climate change research indicates that
short events of heat stress around the reproductive growth period result in a substantial
decline in the yields of cereal crops, particularly in rice (Oryza sativa L.) [3–5]. About half of
the world’s population feeds on rice [6,7], and it is mostly cultivated in areas where the
average temperature range is already touching the threshold limits [8]. It is anticipated that
short episodes of heat stress will increase in both frequency and magnitude and cause a
threat to more than 120 million hectares of arable area under rice cultivation globally [9].
Therefore, a further increase in global average temperature will cause significant grain
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yield losses in rice [3,10,11]. A previous report estimated a 41% decline in rice yield by the
end of this century due to heat stress [12].

Heat stress causes irreversible injury to crop plants when the temperature exceeds the
threshold value and persists for a certain duration [13,14]. However, the severity of stress
damage depends on the type of cultivar, growth stage, and physiological processes [15].
According to Espe et al. (2017), grain yield was most affected by short-term heat stress
or point stresses during the reproductive growth stages (booting and flowering) [16].
Booting follows panicle initiation, characterized by a swelling of the flag leaf sheath, and it
continues for 15 days until a panicle from the boot comes up (heading), whereas flowering
occurs upon heading and lasts until the completion of whole-panicle anthesis [17–19].
Generally, the flowering stage is the most sensitive stage to heat stress followed by the
booting stage [10,19–21]. Furthermore, the rice yield reduction due to these point stresses
is relatively higher than the seasonal warming losses [16].

Heat stress during the booting stage mainly affects cell division, while, at flowering,
it causes the pollen damage or failure of anthers to discharge pollen grain and finally
yield reduction [14,22–24]. Grain yield losses are mainly determined by different yield
components, such as spikelet number per panicle, 1000-grain weight, spikelet fertility, and
panicle number per plant. Each component differs not only concerning growth stages
but also in terms of relative contribution to yield. Previous studies have shown that yield
formation is primarily affected by high-temperature stress during the early reproductive
stages rather than during the later reproductive stages [10,17,25]. Therefore, to maintain
and increase grain yields under future climate scenarios, it is indispensable to identify the
yield components governing the yield variation and mitigate their susceptibility to high
temperatures during the early reproductive stages.

Plants can cope with alleviated temperature either by their inherent ability termed
as ‘basal thermo-tolerance’ or induced heat acclimation strategies known as ‘acquired
thermo-tolerance’ [26,27]. Thus, to develop thermo-tolerance in plants, heat acclimatization
is a relatively fast and effective strategy to combat abiotic stresses where the exposure
to past stress in plants changes responses to stress events later [28]. During the heat
acclimatization phase, changes take place at the physiological, biochemical, molecular,
and epigenetic levels, and these changes can be transient or sustained throughout the
life of a plant and sometimes can even be inherited by succeeding generations [29]. Heat
acclimatization has been achieved in plants by mild heat stress treatment in most of the
earlier studies [30–32]; however, fewer studies have reported heat acclimation by severe
heat stress treatment prior to heat stress at a particular growth stage. Moreover, previous
studies were mainly focused on the impact of high-temperature at a particular growth stage
of rice [10,22,33,34]; however, evaluation of high-temperature effects at various growth
stages simultaneously has hardly been reported.

Hence, this study was conducted to explore the relative influence of yield components
to the variation of rice grain yield under heat stress at booting (BT), flowering (FL), and
combined (BT + FL) stages, and to establish a relationship of yield, and yield components
with heat degree days. The outcomes of this study can assist in accurately estimating
yield formation under extreme temperature events, as well as in developing heat-tolerant
rice cultivars.

2. Materials and Methods
2.1. Experimental Design

The study was conducted in Rugao City, Jiangsu Province, China (120.33◦ E, 32.23◦ N).
Two japonica rice genotypes (Wuyunjing 24 and Huaidao 5) were subjected to a two year
environmentally controlled plant phytotron experiment from 2016 to 2017. Rice seedlings
were transplanted into plastic pots upon reaching the three-leaf stage at the density of three
hills per pot and two seedlings per hill. Each pot contained 22.4 L of soil with a diameter of
35.6 cm, a height of 29.8 cm, and a volume of 25.0 L, and it was kept submerged until a week
before harvest. Compared with the plant density of japonica rice grown in the area, which
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varies from 60 to 75 plants per square meter (Jiangsu Agricultural Commission, 2011), the
density of potted plants in the present study was about 66 plants per square meter. We
planted 2000 pots in total to ensure we had enough resources for heat treatment. Base
fertilizers were applied at the rate of 1.5 g N, 1.5 g P2O5, and 2 g K2O per pot, respectively,
before transplanting. Supplemental N was added at rates of 0.3 and 1.2 g N per pot during
mid-tiller and panicle start, respectively. Other crop husbandry practices such as irrigation
and crop protection were carried out following local rice production standards.

All pots were kept under ambient conditions except during heat stress imposition.
Pots containing plants with an equal number of tillers were transferred to phytotron
chambers (L × D × H; 3.4 m × 3.2 m × 2.8 m) for heat stress treatments at booting (BT)
(characterized by the swelling of the flag leaf sheath), flowering (FL) (characterized by 50%
of the panicle initiating spikelet opening), and combined (BT + FL) stages. For BT + FL
stage heat stress treatment, heat-stressed rice plants at the BT stage were again transferred
to phytotrons at the FL stage for similar heat stress treatments. Heat stress treatments
included three temperature levels with daily maximum and minimum ranges: 22 ◦C/32 ◦C
(T1), 30 ◦C/40 ◦C (T2), and 34 ◦C/44 ◦C (T3), with two temperature durations: 2 days
(D2) and 4 days (D4) (Table 1). However, heat stress durations for plants treated at the
BT + FL stage were 4 days (D2+2) and 8 days (D4+4). The dynamics of temperature change in
phytotrons were simulated with the dynamics of ambient temperature, and these dynamics
were consistent for both years. Therefore, we only present the trend of 2016 (Figure 1).

Table 1. Experimental information.

Cultivar Temperature
Levels Stage Durations

Huaidao-5 and Wuyunjing-24
T1 (32/22 ◦C)
T2 (40/30 ◦C)
T3 (44/34 ◦C)

Booting (BT) D2 (2 days) and D4 (4 days)
Flowering (FL) D2 (2 days) and D4 (4 days)

Combined (BT + FL) D2+2 (4 days = 2 days BT + 2 days FL) and
D4+4 (8 days = 4 days BT + 4 days FL)

Phytotrons were equipped with 5TM sensors, a VP-3 sensor, and PYR solar radiation
sensors from METER Group, Inc. USA to measure air (Ta, ◦C) and soil temperature (Ts, ◦C),
relative humidity (RH, %), and photosynthetically active radiation (PAR, µmol m−2s−1),
respectively. The values of vapor pressure deficit (VPD) were estimated as suggested by
Allen et al. (1998). For measuring canopy temperature (Tc, ◦C) an infrared radiometer
(SI-111, Apogee Instruments, Logan, UT, USA) was installed in the middle of each chamber
at a height of 1.6 m and directed diagonally downward onto a 0.8 m2 patch of plant surface.
The dynamics of all these recorded weather parameters are displayed in Figure 1.

2.2. Measurement of Grain Yield Parameters

To examine the grain yield per plant (YPP, g per plant), panicle number per plant
(PNPP), spikelet number per panicle (SNPP), spikelet fertility (SF, %), and 1000-grain weight
(TGW, g), five pots per treatment combination were randomly chosen at physiological
maturity. Primary branches from each panicle were separated into upper, middle, and
lower portions on the basis of their vertical positions. Grains were manually divided into
productive and unproductive sections. The ratio of fertile spikelets to the total spikelets
was used to compute the SF.

Carbon and nitrogen nutrients transferred to the axillary buds and roots owing to
extreme spikelet sterility under T2 and T3 treatments and resulted in the production of
new young panicle-bearing tillers from the axillary buds which were named as regenerated
tillers [35]. Consequently, the final panicles under the T2 and T3 treatments had original and
regenerated tillers. Therefore, the high-temperature effect on grain yield and its components
were observed for original and total tillers (original + regenerated tillers). Regenerated
tillers were also included in the calculation of yield and yield components.
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Figure 1. Design of the daily dynamics of temperature, vapor pressure deficit, relative air humidity
and photosynthetically active radiation in the environment-controlled phytotron. Diurnal variations
of air (A, ◦C, solid lines, (a) left vertical axis), and canopy temperature (C, ◦C, dotted lines, (a) left
vertical axis), vapor pressure deficit (VPD, kPa, dashed lines, (a) right vertical axis), relative air
humidity (RH, %, solid lines, (b) left vertical axis), and average photosynthetically active radiation
(PAR, µmol m−2s−1, (b) right vertical axis) in phytotrons during heat stress treatments in 2016.

2.3. Calculation of Heat Degree Days

Heat degree days (HDD) were used to quantify heat stress in this study. HDD reflects
the intensity and duration of heat stress across the treatments with different temperature
levels and stress durations. Accumulated heat degree days (HDD, ◦C day) were the
accumulated daily heat degree days (HDi) during the stress treatment period from the first
day of treatment to the mth day after treatment.

HDD was calculated as follows:

HDD =
m

∑
i=1

HDi, (1)
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HDi =
1
24

24

∑
t=1

HDt, (2)

HDt =

{
0 Tt < Th

Tt − Th Tt ≥ Th
, (3)

Where HDt (◦C day) denotes the hourly high-temperature degree days, and Tt is the
hourly air temperature at the tth hour of a day which was recorded by an EM50 data logger.
Th (◦C) specifies the temperature threshold for heat stress; following previous reports,
threshold temperatures of 33 ◦C and 35 ◦C for booting and flowering were used in this
study [10,15]. According to their absolute value, grain yield and its components varied
between cultivars and growing seasons. As a result, the relative values of these variables
were used to compare the reactions to HDD. Relative values were calculated for the same
treatment stage and cultivar as the ratio of absolute values from different treatments and
the control treatment (T1) regarding corresponding values.

2.4. Statistical Analysis

The data of yield and yield components acquired from both experiments were sub-
jected to univariate analysis of the variance (ANOVA) using GLM procedures in IBM SPSS
Version 19.0 (IBM Corporation, Armonk, NY, USA). The differences between treatment
combination temperature level and temperature duration means were assessed using Dun-
can’s new multiple range test at 95% level of significance. Additionally, the contribution
of yield components to yield was measured using multilinear regression to assess grain
yield variation under heat stress. Using simple linear regression, relationships between
heat degree day (HDD) and yield or yield components (YPP, PNPP, SNPP, SF, and TGW)
were also developed to quantify heat stress effects on rice yield formation.

3. Results
3.1. Analysis of Variance for Yield and Yield Components

Increasing temperature levels and duration significantly reduced rice grain yield at all
growth stages for both cultivars, except the interactive effects of temperature levels and
duration at the BT stage of Wuyunjing-24, which was nonsignificant. The main effects of
high-temperature level (T) and duration (D) were significant for all traits except D for PNPP
of cultivar Wuyunjing-24 at the FL stage, whereas the interaction T × D was significant for
all traits except for YPP of cultivar Wuyunjing-24 at the BT stage (Table 2).

3.2. Effects of Extreme High-Temperature Stress on Grain Yield

With increasing temperature levels and duration at booting (BT), flowering (FL), and
combined (BT + FL) stages, yield per plant for original tillers (YPPO) and yield per plant in-
cluding regenerated tillers (YPPT) exhibited a decreasing trend for both cultivars (Figure 2).
The decrease in YPPT for T2 and T3 as compared to the control (T1) at BT, FL, and BT + FL
stages for Huaidao-5 was 14.4–62.1%, 21.0–86.8%, and 20.8–78.5% and for Wuyunjing-24
was 11.7–43.7%, 15.1–82.8%, and 11.1–78.1%, respectively. The above ranges include the
minimum and maximum values from T2D2 to T3D4 for single stages and T2D2+2 to T3D4+4
for the BT + FL stage. Results revealed that Huaidao-5, despite its higher sensitivity to
high temperatures, has a better yield compensation ability achieved through regenerated
tillers (RT) as compared to Wuyunjing-24. The outcome, as mentioned above, also implies
that yield compensation due to RT followed the trend BT + FL stage > BT stage > FL stage.
Furthermore, as compared to T1, YPPO showed distinct alleviation effects only for treatment
T2 of Wuyunjing-24 which showed about a 13.8–45.7% decrease at the BT + FL stage and a
15.1–47.7% decrease at FL, whereas, for other treatments, YPPO losses at the BT + FL stage
were equal or more than FL.
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Table 2. Significance of main effects of high-temperature level (T) and duration (D), as well as their
interaction (T × D) for grain yield and yield components (including original and regenerated tillers)
of two rice cultivars at booting (BT), flowering (FL), and combined (BT + FL) stages during the
2016–2017 growing seasons.

Stage Cultivar Yield and Yield Components T D T × D

Booting

Huaidao-5

YPP <0.001 0.001 0.034
PNPP <0.001 <0.001 0.001
SNPP <0.001 <0.001 <0.001

SF <0.001 <0.001 <0.001
TGW <0.001 0.001 0.016

Wuyunjing-24

YPP <0.001 0.003 ns
PNPP <0.001 <0.001 <0.001
SNPP <0.001 <0.001 <0.001

SF <0.001 <0.001 <0.001
TGW <0.001 <0.001 0.001

Flowering

Huaidao-5

YPP <0.001 <0.001 <0.001
PNPP <0.001 <0.001 <0.001
SNPP <0.001 <0.001 0.001

SF <0.001 <0.001 <0.001
TGW <0.001 <0.001 <0.001

Wuyunjing-24

YPP <0.001 <0.001 <0.001
PNPP 0.003 ns 0.025
SNPP <0.001 <0.001 <0.001

SF <0.001 <0.001 <0.001
TGW <0.001 <0.001 0.002

Combined
stages

Huaidao-5

YPP <0.001 <0.001 <0.001
PNPP <0.001 <0.001 <0.001
SNPP <0.001 <0.001 <0.001

SF <0.001 <0.001 <0.001
TGW <0.001 <0.001 <0.001

Wuyunjing-24

YPP <0.001 <0.001 <0.001
PNPP <0.001 <0.001 <0.001
SNPP <0.001 <0.001 <0.001

SF <0.001 <0.001 <0.001
TGW <0.001 <0.001 <0.001

YPP: yield per plant; SNPP: spikelet number per panicle; TGW: 1000-grain weight; SF: spikelet fertility (%); PNPP:
panicle number per pot. Numbers in the table indicate the p-values of main and interaction effects for which at
least one variable was detected as significant (p ≤ 0.05); ns: not significant (p > 0.05).

Moreover, even under the same high-temperature duration, the negative impact
of rising high-temperature level on the YPP of Huaidao-5 was higher as compared to
Wuyunjing-24 at all stages. Moreover, at the same high-temperature level, YPP showed
significant decline at BT, FL, and BT + FL stages under increasing temperature duration in
both cultivars.

3.3. Effect of Extreme High-Temperature Stress on Yield Components

Results showed that the panicle number per plant of original tillers (PNPPO) was not
affected by warming regimes. In contrast, PNPPT (original + regenerated tillers) increased
with increasing temperature as compared to T1. The number of regenerated tillers was
maximum at the BT + FL stage followed by BT, and FL, and much higher for temperature
level T3 than T2 (Figure 3). Compared with T1, SNPPO declined more at BT and BT + FL
stages, while, at FL, a nonsignificant difference was observed. As compared to T1, high
temperature at BT, FL, and BT + FL stages for T2 and T3 treatments caused a decrease
in SNPPT, to 21.5–49.8%, 8.9–31.7%, and 20.9–62.3% in Huaidao-5, and to 11.8–42.1%,
0.5–15.7%, and 9.6–57.1% in Wuyunjing-24, respectively (Figure 4). Moreover, SFO showed
significant alleviation effects for BT + FL stage as compared to FL except for treatment T3D4.
As compared to T1, high-temperature at BT, FL, and BT + FL stages for T2 and T3 treatments
caused a decrease in SFT, to 2.2–49.5%, 23.3–86.6% and 14.3–71.1% % in Huaidao-5, and to
2.7–29.9%, 15.2–82.3%, and 5.0–70.5% in Wuyunjing-24, respectively (Figure 5). Under high-
temperature stress, a decrease in TGWO was also more at BT and BT + FL stages; however,



Agronomy 2022, 12, 3092 7 of 18

less effect was observed under FL. As compared to T1, high-temperature treatments T2
and T3 caused a decrease in TGWT, to 4.4–18.3%, 0.2–13.6%, and 3.2–29.0% in Huaidao-5,
and to 1.2–17.3%, 0.6–7.2%, and 2.7–32.4% in Wuyunjing-24 at BT, FL, and BT + FL stages,
respectively (Figure 6).
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Figure 2. Effects of different high-temperature levels treatments on grain yield per plant including
total (original and regenerated tillers) and original tillers of Huaidao-5 and Wuyunjing-24 at booting
(BT), flowering (FL), and combined (BT + FL) stages. (a) Huaidao-5 at BT treatment; (b) Huaidao-5 at
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indicate significant differences at 0.05 level for total and original tillers, respectively. Vertical bars
represent the standard deviation of the mean.
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Figure 3. Effects of different high-temperature levels treatments on panicle number per plant in-
cluding total (original and regenerated tillers) and original tillers of Huaidao-5 and Wuyunjing-24
at booting (BT), flowering (FL), and combined (BT + FL) stages. (a) Huaidao-5 at BT treatment;
(b) Huaidao-5 at FL treatment; (c) Huaidao-5 at BT + FL treatment; (d) Wuyunjing-24 at BT treatment;
(e) Wuyunjing-24 at FL treatment; (f) Wuyunjing-24 at BT + FL treatment. Different uppercase and
lowercase letters indicate significant differences at 0.05 level for total and original tillers, respectively.
Vertical bars represent the standard deviation of the mean.
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Figure 4. Effects of different high-temperature levels treatments on spikelet number per plant
including total (original and regenerated tillers) and original tillers of Huaidao-5 and Wuyunjing-24
at booting (BT), flowering (FL), and combined (BT + FL) stages. (a) Huaidao-5 at BT treatment;
(b) Huaidao-5 at FL treatment; (c) Huaidao-5 at BT + FL treatment; (d) Wuyunjing-24 at BT treatment;
(e) Wuyunjing-24 at FL treatment; (f) Wuyunjing-24 at BT + FL treatment. Different uppercase and
lowercase letters indicate significant differences at 0.05 level for total and original tillers, respectively.
Vertical bars represent the standard deviation of the mean.
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Figure 5. Effects of different high-temperature levels treatments on spikelet fertility including total
(original and regenerated tillers) and original tillers of Huaidao-5 and Wuyunjing-24 at booting (BT),
flowering (FL), and combined (BT + FL) stages. (a) Huaidao-5 at BT treatment; (b) Huaidao-5 at FL
treatment; (c) Huaidao-5 at BT + FL treatment; (d) Wuyunjing-24 at BT treatment; (e) Wuyunjing-24
at FL treatment; (f) Wuyunjing-24 at BT + FL treatment. Different uppercase and lowercase letters
indicate significant differences at 0.05 level for total and original tillers, respectively. Vertical bars
represent the standard deviation of the mean.
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Figure 6. Effects of different high-temperature levels treatments on 1000-grain weight including total
(original and regenerated tillers) and original tillers of Huaidao-5 and Wuyunjing-24 at booting (BT),
flowering (FL), and combined (BT + FL) stages. (a) Huaidao-5 at BT treatment; (b) Huaidao-5 at FL
treatment; (c) Huaidao-5 at BT + FL treatment; (d) Wuyunjing-24 at BT treatment; (e) Wuyunjing-24
at FL treatment; (f) Wuyunjing-24 at BT + FL treatment. Different uppercase and lowercase letters
indicate significant differences at 0.05 level for total and original tillers, respectively. Vertical bars
represent the standard deviation of the mean.

For every 1 ◦C increase in high temperature under different high-temperature dura-
tions at BT, FL, and BT + FL stages, SNPPT, SFT, and TGWT decreased for both cultivars.
This reveals that SNPP and TGW were more susceptible to high-temperature level at
BT + FL and BT stages, respectively, but SF was more vulnerable at FL, and the yield
losses were primarily induced by SF under high temperatures. For every 1 ◦C increase in
high temperature at BT, FL, and BT + FL stages, PNPPT for D4 (D4+4 for BT + FL stage)
increased by 6.4%, 5.1%, and 13.5% for Huaidao-5, and increased by 5.2%, 1.6%, and
11.3% for Wuyunjing-24. Additionally, every 1 day increase in high-temperature duration
resulted in an obvious decrease in T2 as compared to T3 for FL and BT + FL stages. A
significant decline was observed in both cultivars for SNPP, SF, and TGW with increasing
high-temperature duration at BT, FL, and BT + FL stages. The decrease in TGWO and
TGWT showed non-significant and significant differences for heat stress at FL, respectively.
Moreover, for every 1 day increase in high-temperature duration, the decline in TGWT at FL
in Huaidao-5 was even more than that at BT. For every 1 day increase in high-temperature
duration, the results for PNPPT revealed that T2 produced much lower RT compared to T3.

3.4. Multivariate Analysis between Grain Yield and Yield Components under Heat Stress

The relations obtained through multiple linear regressions among grain yield and
yield components (PNPP, SNPP, SF, and TGW) for original and total tillers under different
treatments are shown in Table 3. The results revealed that YPP under the control treatment
was significantly (p < 0.01) related to PNPP, SNPP, SF, and TGW, and the most robust
relations were observed for PNPP followed by SNPP, TGW, and SF, respectively, while,
under higher-temperature treatments, opposite trends of these relations were observed.
The contribution of PNPPO to YPPO at higher-temperature treatments was not significant,
while PNPPT showed a negative contribution to YPPT and its input was higher at BT and
BT + FL stages. The variation of SNPPO to YPPO under T2 and T3 treatments in Huaidao-5
and Wuyunjing-24, respectively, accounted for obvious changes at the BT stage (57.2–42.7%
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and 26.1–36.9%) as compared to BT + FL stage (22.1–5.7% and 21.2–7.0%), while the FL stage
showed a nonsignificant contribution of SNPPO to yield. Additionally, the contribution of
TGWO to YPPO under T2 and T3 was more significant at BT (2.8–5.7% and 15.2–29.1%) and
BT + FL (6.0–25.4% and 15.6–1.9%) stages for Huaidao-5 and Wuyunjing-24 respectively,
while, at the FL stage, the contribution was nearly 0. SFO was the most important yield
component under high temperature at all growth stages, mainly at the FL stage with
variability of 94.3% and 96.7% in Huaidao-5 and 76.0% and 96.7% in Wuyunjing-24 under
T2 and T3. Other yield components for total tillers had an almost similar trend to original
tillers and were, thus, not discussed.

3.5. Spikelet Fertility (%) in Response to HDD at Various Panicle Positions

Spikelet fertility was the most vulnerable yield component at all three stages; therefore,
it was analyzed for upper, middle, and lower portions of the rice panicle (Figure 7). SF
(%) at varying panicle positions in reaction to high-temperature stress at different stages,
fitting well to a logistic equation of HDD. Heat stress at BT and BT + FL stages resulted
in an obvious decline in SFO of the upper part of panicles, followed by the middle and
lower parts, respectively. Heat stress significantly decreased SFO at FL and BT + FL stages.
Compared with SFO, SFT values increased due to regenerating tillers at BT and BT + FL
stages, but the increasing proportion of the BT + FL stage was higher. The loss of SFT was
much higher under FL treatments due to less RT. Furthermore, the upper part of the panicle
was less affected by high-temperature stress than other parts at the FL stage.

Agronomy 2022, 12, 3092  12  of  19 
 

 

 

Figure 7. Observed and fitted spikelet fertility (%) of upper, middle, and lower parts of the panicles 

in relation to heat degree day (HDD) at three different growth stages of booting (BT) (a), flowering 

(FL) (b) and combined (BT + FL) stages (c). Both varieties were used in the graph (τ was set to 33 °C 

for BT and 35 °C for FL. Total tillers (○ and solid line); original tillers (△ and dashed line). 

3.6. Quantification of Heat Stress Effects on Grain Yield and Yield Components 

HDD–YPP, HDD–SNPP, HDD–TGW, and HDD–SF showed significantly negative (p 

<  0.05)  relationships,  while  the  HDD–PNPPT  relationship  was  significantly  positive 

when both original and regenerated  tillers were considered  (Figure 8). Despite the dif‐

ferences in high‐temperature sensitivity, both cultivars showed similar responses; thus, 

the average data of both cultivars for total and original tillers were used for the subsequent 

quantitative analysis. YPPO, SNPPO, SFO, and TGWO decreased at BT, FL, and BT + FL 

stages by 2.9%, 6.0%, and 2.7%, 1.2%, 0.2%, and 0.7%, 2.0%, 5.9%, and 2.5%, and 0.8%, 0.2%, 

and 0.8%, respectively for every 1 °C day increase in HDD. Moreover, YPPT, SNPPT, SFT, 

and TGWT decreased at BT, FL, and BT + FL stages by 2.5%, 5.8%, and 2.2%, 2.0%, 1.5%, and 

1.6%, 1.9%, 5.7%, and 2.0%, and 0.8%, 0.7%, and 0.8%, respectively,  for every 1 °C day 

increase  in HDD. This  implies  that higher  losses of YPPT and SFT were at  the FL stage 

followed by BT and BT + FL stages, while SNPPT was more affected at BT followed by BT + 

FL and FL stages. In contrast, TGWT was  less affected at all stages. Additionally, PNPPT 

showed an increasing trend with increasing temperature, having the  maximum number 

of about 4.3% at  t he  BT + FL stage followed by BT (3.3%) and FL (2.5%), respectively. A 

comparison of original and total tillers indicated an obvious decline in original tillers than 

total tillers due to compensation from  regenerated  tillers under high‐temperature  stress. 

Despite  the  higher  HDD  at the BT + FL stage, the heat stress effects even for original 

tillers were to a lesser extent than at the FL stage, indicating an alleviation effect at the BT 

+ FL stage. 

Figure 7. Observed and fitted spikelet fertility (%) of upper, middle, and lower parts of the panicles
in relation to heat degree day (HDD) at three different growth stages of booting (BT) (a), flowering
(FL) (b) and combined (BT + FL) stages (c). Both varieties were used in the graph (τ was set to 33 ◦C
for BT and 35 ◦C for FL. Total tillers (# and solid line); original tillers (4 and dashed line).

3.6. Quantification of Heat Stress Effects on Grain Yield and Yield Components

HDD–YPP, HDD–SNPP, HDD–TGW, and HDD–SF showed significantly negative
(p < 0.05) relationships, while the HDD–PNPPT relationship was significantly positive when
both original and regenerated tillers were considered (Figure 8). Despite the differences in
high-temperature sensitivity, both cultivars showed similar responses; thus, the average
data of both cultivars for total and original tillers were used for the subsequent quantitative
analysis. YPPO, SNPPO, SFO, and TGWO decreased at BT, FL, and BT + FL stages by 2.9%,
6.0%, and 2.7%, 1.2%, 0.2%, and 0.7%, 2.0%, 5.9%, and 2.5%, and 0.8%, 0.2%, and 0.8%,
respectively for every 1 ◦C day increase in HDD. Moreover, YPPT, SNPPT, SFT, and TGWT
decreased at BT, FL, and BT + FL stages by 2.5%, 5.8%, and 2.2%, 2.0%, 1.5%, and 1.6%,
1.9%, 5.7%, and 2.0%, and 0.8%, 0.7%, and 0.8%, respectively, for every 1 ◦C day increase in
HDD. This implies that higher losses of YPPT and SFT were at the FL stage followed by
BT and BT + FL stages, while SNPPT was more affected at BT followed by BT + FL and FL
stages. In contrast, TGWT was less affected at all stages. Additionally, PNPPT showed an
increasing trend with increasing temperature, having the maximum number of about 4.3%
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at the BT + FL stage followed by BT (3.3%) and FL (2.5%), respectively. A comparison of
original and total tillers indicated an obvious decline in original tillers than total tillers due
to compensation from regenerated tillers under high-temperature stress. Despite the higher
HDD at the BT + FL stage, the heat stress effects even for original tillers were to a lesser
extent than at the FL stage, indicating an alleviation effect at the BT + FL stage.
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Table 3. Multiple linear regression analysis between grain yield and yield components (includ-
ing original and total tillers) of Huaidao-5 and Wuyunjing-24 under different high-temperature
levels (T1–T3) at booting (BT), flowering (FL), and combined (BT + FL) stages during 2016–2017
growing seasons.

Stage Cultivar
Yield Com-

ponents

Original Tillers Total Tillers

T1 T2 T3 T2 T3

SRC Partial
R2 SRC Partial

R2 SRC Partial
R2 SRC Partial

R2 SRC Partial
R2

Booting

Huaidao-5

SNPP 0.347 ** 0.316 0.650 ** 0.572 0.465 ** 0.427 1.104 ** 0.976 0.998 ** 0.844
TGW 0.218 ** 0.048 0.119 ** 0.028 0.062 0.057 0.178 ** 0.049 0.251 * 0.191

SF 0.041 ** 0.006 0.419 ** 0.378 0.525 ** 0.510 0.504 ** 0.445 0.794 ** 0.752
PNPP 0.679 ** 0.631 0.476 ** 0.021 0.278 ** 0.001 0.931 ** −0.473 1.095 ** −0.798

Wuyunjing-24

SNPP 0.404 ** 0.213 0.341 ** 0.261 0.511 ** 0.369 0.585 ** 0.517 1.963 ** 1.305
TGW 0.118 ** 0.023 0.259 ** 0.152 0.375 ** 0.291 0.258 ** 0.178 0.555 * 0.387

SF 0.038 ** 0.004 0.486 ** 0.471 0.178 ** 0.148 0.565 ** 0.539 0.445 * 0.363
PNPP 0.855 ** 0.760 0.407 ** 0.116 0.537 ** 0.190 0.470 ** −0.234 2.240 ** −1.096
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Table 3. Cont.

Stage Cultivar
Yield Com-

ponents

Original Tillers Total Tillers

T1 T2 T3 T2 T3

SRC Partial
R2 SRC Partial

R2 SRC Partial
R2 SRC Partial

R2 SRC Partial
R2

Flowering

Huaidao-5

SNPP 0.348 ** 0.269 0.045 ** 0.004 0.053 * 0.011 0.087 ** 0.070 0.198 ** 0.139
TGW 0.224 ** 0.004 0.047 ** 0.010 0.043 0.016 0.037 * 0.021 0.119 ** 0.113

SF 0.042 ** 0.025 0.950 ** 0.943 0.974 ** 0.967 1.021 ** 1.012 0.966 ** 0.961
PNPP 0.791 ** 0.702 0.134 ** 0.043 0.118 ** 0.003 0.174 ** −0.104 0.261 ** −0.213

Wuyunjing-24

SNPP 0.211 ** 0.178 0.111 * 0.001 0.025 ** 0.001 0.103 * 0.002 0.172 ** 0.080
TGW 0.311 ** 0.110 0.158 * 0.072 0.044 ** 0.029 0.144 * 0.067 0.050 0.040

SF 0.120 ** 0.018 0.803 ** 0.760 0.970 ** 0.967 0.812 ** 0.768 1.025 ** 1.016
PNPP 0.777 ** 0.693 0.447 ** 0.165 0.079 ** 0.003 0.439 ** 0.161 0.211 ** −0.138

Combined
stages

Huaidao-5

SNPP 0.342 ** 0.311 0.239 ** 0.221 0.069 0.057 0.411 ** 0.402 0.883 * 0.771
TGW 0.218 ** 0.047 0.076 * 0.060 0.273 * 0.254 0.101 ** 0.088 0.151 0.142

SF 0.033 ** 0.003 0.706 ** 0.694 0.674 ** 0.669 0.680 ** 0.665 0.905 ** 0.862
PNPP 0.686 ** 0.639 0.135 ** 0.024 0.104 * 0.017 0.224 ** −0.155 0.869 ** −0.778

Wuyunjing-24

SNPP 0.345 ** 0.285 0.235 ** 0.212 0.089 0.070 0.444 ** 0.424 1.042 ** 0.859
TGW 0.243 ** 0.037 0.169 * 0.156 0.021 0.019 0.200 ** 0.185 0.181 * 0.162

SF 0.055 * 0.043 0.648 ** 0.620 0.912 ** 0.903 0.561 ** 0.535 0.906 ** 0.886
PNPP 0.654 ** 0.635 0.205 ** 0.007 0.099 ** 0.004 0.214 ** −0.145 1.102 ** −0.916

YPP: rice yield per plant (including original and total tillers); SNPP: spikelet number per panicle (including
original and total tillers); TGW: 1000-grain weight (including original and total tillers); SF: spikelet fertility (%)
(including original and total tillers); PNPP: panicle number per pot (including original and total tillers); SRC:
standardized regression coefficient; * p < 0.05, ** p < 0.01.

4. Discussion
4.1. Responses of Rice Yield and Yield Components to High Temperature

Several reactions at cellular, subcellular, and physiological stages were observed in plants
in the process of adaptation to stresses [29]. As there was a constant increase in heat stress
events, acclimatization effects should be taken into account for heat tolerance [19,32,36]. To
compare the combined (BT + FL) stages effects of heat stress with single-stage heat stress
during booting (BT) and flowering (FL), yield and related components under heat stress at
different stages were analyzed. The present study demonstrated that, with increasing high-
temperature levels, durations, and their interactions, a substantial decline was observed
in rice grain yield per plant (YPP), similar to previous reports on heat stress at single
stage [10,22,37].

The highest decrease in YPPT was observed under heat stress at the FL stage fol-
lowed by BT + FL and BT stages as compared to T1 (CK), and it compensated more for
yield loss under T3 as compared to T2 by producing more RT for T3. Previous studies
reported enhanced antioxidant enzymes activities, improved ROS scavenging, better sig-
naling pathways, higher chlorophyll contents and photosynthetic capacity, greater stem
reserve remobilization to grain, and more stomatal conductance in heat-adapted plants as
compared to non-heat-adapted plants, resulting in improved yield [19,29,31,32,38]. Despite
the higher sensitivity of Huaidao-5 toward high temperature (T3D4), it showed higher yield
compensation as compared to Wuyunjing-24 owing to its higher number of regenerated
tillers. Moreover, as compared to T1, YPPO showed distinct alleviation effects only for the
treatment T2 of Wuyunjing-24, whereas, for other treatments, YPPO losses at the BT + FL
stage were equal or more than FL. These results indicated that thermotolerance is restricted
to a certain cultivar and to certain heat stress levels and durations [39]. These outcomes also
revealed that stress scavenging mechanisms failed to maintain the viability of reproductive
organs, and the ability of rice plants to retain stress memory was not enough to combat
heat stress during the FL stage [10].

In the rice crop, the unaltered number of productive tillers or original tillers at key
growth stages of BT and FL under heat stress was consistent with former research [10,21].
However, a considerable increase in RT, especially for the BT + FL stage, was observed
in this study. As compared to the original panicles, the shorter differentiation period and
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grain filling period in regenerated panicles led to a decrease in the number of distinguished
spikelets and florets, resulting in lower SNPP, TGW, and SF in regenerated panicles than
those in original panicles [19,40]. SNPPT decreased more than SNPPO due to less SNPP in
RT than in original tillers. Additionally, the reduction in SNPPO was significant at both BT
and BT + FL stages due to the degradation of secondary branches and florets under high
temperature [37,41,42], while, at FL, it showed nonsignificant differences, as compared to
T1 [10]. However, SNPPT at FL showed substantial results under T3 due to RT having less
SNPP than original tillers. The decline in SNPP under high temperature at BT in this study
was similar to previous reports [37,43,44].

Moreover, SF was mainly affected by heat stress at BT due to incomplete panicle
exertion [37,45]; however, under heat stress at the FL, it was due to the pollen injury or
failure of anther to discharge pollen grain [22,42,46]. Heat stress at the BT stage reduced
GA1 biosynthesis caused by a drop in IAA, which may be the reason for panicle enclosure
in heat-stressed plants [47]. Furthermore, for SF, the FL stage was the most heat-sensitive
stage. For SFO, the BT + FL stage showed significant alleviation effects for both cultivars
except treatment T3D4 compared to the FL stage. These results revealed that under heat
stress at the BT + FL stage, rice plants became thermo-tolerant to high temperature (T2) for
both durations and extreme high temperature (T3) only for a short duration. Therefore,
according to [48], periods of moderate stress can induce tolerance against high temperature,
but there is a limit beyond which even heat-acclimatized plants cannot survive, also in
agreement with our findings. Compared with T1, for treatment T3D4, SFO loss at the
BT + FL stage that already occurred during the BT stage was about 55.7% and 26.5% for
Huaidao-5 and Wuyunjing-24, respectively; however, during FL, Wuyunjing-24 suggested
more SFO loss (59.9%) than Huaidao-5 (39%). These results reveal that Wuyunjing-24 has
better basal thermo-tolerance and Huaidao-5 has enhanced acquired thermo-tolerance.
These findings are consistent with [27], which found that one rice cultivar has a stronger
capacity for heat stress memory, while the other has a higher basal thermo-tolerance. The
fertility loss at all stages, particularly at the BT + FL stage, was more obvious for SFO
than SFT because RT compensated for this loss. The decrease in SF under T2 for every
1 day increase in high-temperature duration was higher than T3 in this study, which was
consistent with previous reports and was attributed to the fact that extreme temperature
impacts are significant even for a short duration, while the impact of mild temperature
increases with the increasing duration of heat [10,22]. Higher yield losses and decreased SF
were obvious during all stages, indicating that SF was more closely related to grain yield
formation than other yield components under heat stress, as in previous studies [22,49].

The significant decline In TGWO under heat stress at BT and BT + FL stages was
mainly because of a reduction in grain size [25,37,44], but there was no significant decrease
under heat stress at FL in consensus with the earlier report on rice [10]. Another reason
for the decline in TGW due to high temperature during the BT stage was the reduction in
translocation of nonstructural carbohydrates through vascular bundles, resulting in a lower
grain filling rate [25,37,50]. A considerable reduction in TGWT at FL was attributed to the
lower TGW of RT. Moreover, for every 1 day increase in high-temperature duration, the
TGWT of Huaidao-5 at FL was even lower than at BT because RT produced at FL had less
duration for grain filling [51]. However, the BT + FL stage was the most affected stage for
the decline in TGWT owing to the massive production of RT. Previous studies indicated that
the emergence of RT in wheat and rice was linked to the intensity/severity of the stress, as
we mostly observed RT under T3 for longer duration D4+4 at BT + FL treatment [19,35,52].

4.2. Impact of High Temperature on Grain Yield-Forming Traits

To determine how much each yield component contributes to grain production, a
standardized regression coefficient has been widely used [40,53,54]. The higher contribution
of filled grains per panicle to YPP than TGW in this study was in agreement with preceding
reports [40,54]. The contribution of TGW and SNPP to YPP under heat stress at BT + FL
and BT stages was higher than at FL. The importance of yield components to yield under



Agronomy 2022, 12, 3092 14 of 18

heat stress at BT + FL stage fell between those at FL and BT stages, as the contribution of SF
to yield under heat stress at the BT + FL stage was higher than that at BT but lower than
that at FL, and the contribution of SNPP and TGW to yield under heat stress at the BT + FL
stage was less than that under heat stress at BT but greater than that under heat stress at
FL. This also implies that the BT + FL stage obtained resistance against high temperature
as its SF was less affected as compared to the FL stage [31,32,38]. Earlier research [22,55]
found that SF was the most vulnerable yield component under high-temperature stress
during reproductive stages, especially during FL. The higher contribution of SFO to yield
under T3 treatment (extremely high temperature) than under T2 treatment (mild high
temperature) revealed that the loss of SF was much higher for T3 than T2, perhaps because
the extremely high-temperature in T3 directly influences the SF and seed formation even
for a short period. On the other hand, RT increased the number of tillers, but they could
not compensate for the actual yield loss, which is why the correlation between YPPT and
PNPPT was negative.

4.3. Comparison of Seed Setting Rate at Various Positions and Relationship of Spikelet Fertility (%)
with Vapor Pressure Deficit

The higher spikelet fertility loss in the upper part of panicles than middle and lower
parts at early reproductive stages and higher spikelet fertility loss in lower parts of the
panicle in late FL stage under high-temperature stress in this study was in line with prior
reports [56,57].

Previously, increased sterility was attributed to the variation in humidity under high-
temperature stress with less focus on vapor pressure deficit (VPD) [58]. Despite the almost
similar increase in relative humidity under T2 and T3 (Figure 1), the loss of SF in T3 was
higher than T2. This revealed that a high VPD of about 3.2 and 4.2 under T2 and T3 during
the daytime was the primary reason for the lower SF in this study (Table 4), and this
lower SF was associated with the fact that most of the physiological and reproductive
processes such as flower opening, anther dehiscence, and fertilization occur during the
daytime [59,60]. Consequently, the loss in SF at FL was more than at BT because flowers
were exposed to higher VPD during the daytime, resulting in the desiccation of anther
and pollens [61,62]. Furthermore, desiccation of anther was also attributed to an increase
in air temperature, which in turn increased its VPD. Accordingly, air would absorb more
water vapors from the surroundings, resulting in higher water loss from the plant body [62].
Significant differences between air temperature and canopy temperature in this study
(Figure 1) suggested that transpirational cooling might have reduced canopy temperature,
which differed from prior findings [63,64].

Table 4. Relationship between average spikelet fertility of both durations and both cultivars and
vapor pressure deficit (VPD). SFO denotes the spikelet fertility of original tillers, and SFT denotes the
spikelet fertility of total tillers. Different letters indicate significant differences at 0.05 level.

Treatment VPD
(Min/Max/Ave)

SFO
(Booting)

SFT
(Booting)

SFO
(Flowering)

SFT
(Flowering)

SFO
(Combined)

SFT
(Combined)

T1 0.64/2.36/1.42 93.04a 92.97a 93.25a 93.25a 92.97a 92.97a
T2 0.37/3.20/1.43 86.84b 86.87b 59.64b 59.85b 70.02b 71.10b
T3 0.47/4.22/1.76 58.87c 60.45c 19.73c 21.69c 21.57c 33.30c

4.4. The Relationship of HDD with the Effect of Extreme High-Temperature Stress on Grain Yield
and Yield Components

Several studies specified that the threshold temperature was used for the calculation
of HDD, yet it remains uncertain whether the threshold temperature differs with crop
growth stages. Usually, the same threshold temperature was used to calculate HDD for
the entire reproductive phase, while some studies reported that different growth stages
had different threshold temperatures [15]. HDD integrates the duration and severity of
high temperatures [19,57,65]. YPP and HDD were significantly negatively correlated in
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both cultivars under heat stress, and HDD at the FL stage had a more adverse effect on
rice yield than at BT and BT + FL stages. A previous study on rice reported that every
1 ◦C day increase in HDD causes about 3.3% yield loss for heat stress at the FL stage [10];
however, according to this study, yield loss was about 5.8%, 2.5%, and 2.2% for FL, BT,
and BT + FL stages, respectively. The higher yield loss in this study was accredited to a
higher-temperature level (max 44 ◦C) than the previous research (max 41 ◦C). Although
there was a short period between BT and FL stages, rice plants in this study showed
evident resistance at the BT + FL stage despite having much higher HDD than the other
two stages. This thermo-tolerance at the BT + FL stage is due to acquired heat stress
memories, and these memories have adaptive advantages where short events of heat stress
often occur [27–29,31]. Moreover, this self-accommodation by rice plants due to RT in this
study was also attributed to super-compensatory or compensatory responses in the plants
after the heat stress treatment. Super-compensatory responses are universal processes in
biology and are usually initiated by stress and injury as a self-accommodation response in
reaction to uncertain environments [35]. The crucial stage impacted by high temperatures
is anther dehiscence and pollen shedding [66]. It is important to identify the genes that
may be responsible for the proper expression of protective chaperones in the anthers
because they will make excellent candidates for molecular breeding of highly productive
heat-tolerant cultivars. In this trial, physiological pathways of stress tolerance induced by
heat acclimatization were discussed, but there is a need to determine the molecular and
physiological mechanisms underlying stress-related memories.

5. Conclusions

Heat-acclimatized rice plants recalled a heat stress memory and significantly compen-
sated for damage to yield and yield components for the total number of tillers by enhancing
the production of regenerated tillers, as well as alleviating the spikelet sterility of original
tillers. Compared to Wuyunjing-24, despite the lower basal thermo-tolerance of Huaidao-5
toward high-temperature, it showed higher acquired thermo-tolerance and yield compen-
sation owing to its higher number of regenerated tillers. The decrease in SF was maximum
for temperature level T3 followed by T2 for the same duration at all growth stages, and the
corresponding opposite pattern was observed for vapor pressure deficit, showing a much
higher increase in T3 than T2, which was the major cause for grain yield loss. The yield loss
was substantially greater during the FL stage for every 1 ◦C day increase in HDD, followed
by BT and BT + FL stages. These findings could aid in evaluating and forecasting rice
yield in future scenarios involving hot events as a result of climate change, in identifying
yield components governing the yield variation and mitigating their susceptibility to high
temperature, and in improving rice model algorithms in high-temperature circumstances.
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