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Estimating the yield stability
of heat-tolerant rice genotypes
under various heat conditions
across reproductive stages:

a 5-year case study

Chao Wu'23, Kehui Cui**?, Qian Li?, Liuyong Li?, Wencheng Wang?, Qiugian Hu?,
Yanfeng Ding?, Ganghua Li3, Shah Fahad*“*, Jianliang Huang?, Lixiao Nie? &
Shaobing Peng®?

Heat events during the reproductive stages of rice plants induce great yield losses. Cultivating
heat-tolerant varieties is a promising strategy for guaranteeing grain security under global warming
scenarios. Most heat-tolerant rice genotypes were identified under heat during the flowering stage,
but it is unclear whether these currently screened heat-tolerant rice genotypes maintain stable high
grain yields when heat stress occurs during the other reproductive stages. In the present study, two
notable heat-tolerant rice cultivars, Nagina22 and Shanyou63, and one typical heat-sensitive cultivar,
Liangyoupeijiu, were evaluated for their yield response and yield stability under heat treatments
during the panicle initiation, flowering, and grain filling stages during 2010-2014. Our results revealed
that rice cultivars respond differently to heat stress during different reproductive stages. Nagina22
was the most tolerant to heat stress during the flowering and grain filling stages but was susceptible
during panicle initiation; Shanyou63 was the most tolerant to heat stress during panicle initiation and
grain filling and was moderately tolerant to heat stress during the flowering stages. Genotype and
genotype-by-environment interaction biplot yield analysis revealed that Shanyou63 exhibited the
highest stability in high grain yield, followed by Nagina22, and Liangyoupeijiu exhibited stable low
grain yield when experiencing heat stress across the three reproductive stages. Our results indicate
that the heat tolerance of different rice cultivars depends on the reproductive stage during which
heat stress occurs, and the effects manifest as reductions in grain yields and seed setting rates. Future
efforts to develop heat-tolerant varieties should strive to breed varieties that are comprehensively
tolerant to heat stress during any reproductive stage to cope with the unpredictable occurrence of
future heat events.

Climate change, triggered by human activity and characterized by global warming, is increasingly threatening
grain production and food security. Rice is a staple food for approximately half of the world’s population, but fre-
quent extreme heat events have taken a toll on rice production®. An analysis of historical data concluded that rice
grain yields decrease by 14% for every 1 °C increase in average daily temperature® and 10% for every 1 °C increase
in average nighttime temperature®. Additionally, high nighttime temperature was reported to have more serious
impact on rice grain yield than high daytime temperature treatment under certain heat-stressed conditions*.
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Rice plants are highly susceptible to heat stress during their reproductive stages®, i.e., from panicle initia-
tion to complete panicle maturity’. Heat events may occur at any stage during the reproductive phase of rice
under global warming conditions. Rice grain yield responds differently to heat stress with different underlying
mechanisms during different reproductive stages’. Heat stress during panicle initiation induces morphological
abnormalities in the reproductive organs, which results in reductions in the number of spikelets per panicle,
grain weight and seed setting rate; heat stress during flowering induces physiological abnormalities in the male
organs®, thus reducing the seed setting rate’; and heat stress during grain filling disturbs carbohydrate metabo-
lism, which reduces grain weight°. To cope with the unpredictable occurrence of heat events during the repro-
ductive stages, rice plants should develop corresponding unique mechanisms for heat mitigation and adaptation.

The development of heat-tolerant rice varieties is a critical strategy for coping with global warming. Heat
stress during flowering represents a greater threat to rice grain yields than heat stress during other growth
stages!!. Thus, most of the heat-tolerant rice genotypes were screened under heat during the flowering stage'.
The rice cultivar Nagina22, which is reported to have high spikelet fertility (80%) even when experiencing heat
stress as high as 38 °C during flowering®?, is well known as a heat tolerant cultivar and widely used in breeding
programmes for heat tolerance!*!°. The rice variety Shanyou63, a rice hybrid famous for its high yield and broad
adaptability in China'é, has also been reported to achieve high spikelet fertility under heat stress in controlled
and field conditions during the flowering stage'”'s.

In recent years, heat events have occurred in the middle and lower reaches of the Yangtze River, which
constitutes one of the main paddy rice production areas in China, as early as mid-July, during which panicle
development of midseason rice occurs. However, the heat tolerance of typical heat-tolerant rice cultivars during
nonflowering reproductive stages has rarely been studied®. Future heat event occurrence is becoming unpredict-
able and serious, and it is uncertain whether the existing heat-tolerant rice genotypes identified during certain
reproductive stages could resist heat stress during other critical reproductive stages. Evaluations of rice grain
yields and their determinants under heat stress during different stages of reproductive growth enable a compre-
hensive understanding of the overall heat tolerance of different rice cultivars.

The objective of this study was to (i) evaluate the variation in grain yield and yield components in response
to heat stress in two typical heat-tolerant cultivars, Nagina22 and Shanyou63, during panicle initiation, flower-
ing, and grain filling and (ii) assess their overall heat tolerance by evaluating the yield stability of the two typical
heat-tolerant cultivars based on the average yield response to heat stress across different reproductive stages.

Results

High temperature treatments. In temperature-controlled facilities during 2010, the recorded mean day-
time/nighttime temperatures were 33.5 °C/31.1 °C under the high nighttime temperature (HNT) treatment and
36.6 °C/27.9 °C under high daytime temperature (HDT) treatment imposed during the panicle initiation stage,
which were approximately 0.0 °C/3.2 °C and 3.1 °C/0.0 °C higher than those of the control (CK) treatment
(daytime/nighttime: 33.5 °C/27.9 °C), respectively; during the flowering stage, the mean daytime/nighttime tem-
peratures were 32.7 °C/28.4 °C and 34.3 °C/26.6 °C under the HNT and HDT temperature treatments, which
were approximately 0.0 °C/1.8 °C and 1.6 °C/0 °C higher than those of the CK treatment, respectively; during the
grain filling stage, the mean daytime/nighttime temperatures were 29.2 °C/26.2 °C and 30.7 °C/23.7 °C under the
HNT and HDT temperature treatments, which were approximately 0.0 °C/2.5 °C and 1.5 °C/0.0 °C higher than
those of the CK treatment, respectively (Table 1).

In 2011 during the panicle initiation stage, the recorded mean daytime/nighttime temperatures were
31.6 °C/29.4 °C, 34.9 °C/26.4 °C and 35.3 °C/29.8 °C under the HNT, HDT and high daytime and nighttime
temperature (HDNT) treatments, which were approximately 0.1 °C/2.9 °C, 3.4 °C/0.0 °C and 3.8 °C/3.3 °C higher
than those of the CK treatment (daytime/nighttime: 31.5 °C/26.5 °C), respectively; during the flowering stage,
the mean daytime/nighttime temperatures under the heat treatments were 31.7 °C/28.7 °C, 33.5 °C/26.3 °C
and 33.3 °C/28.4 °C under the HNT, HDT and HDNT temperature treatments, which were approximately
0.7 °C/2.7 °C, 2.5 °C/0.3 °C and 2.3 °C/2.4 °C higher than those of the CK treatment, respectively; during the grain
filling stage, the mean daytime/nighttime temperatures were 30.5 °C/28.8 °C, 33.3 °C/25.7 °C and 33.3 °C/29.7 °C
under the HNT, HDT and HDNT temperature treatments, which were approximately 0.0 °C/3.2 °C, 2.7 °C/0.1 °C
and 2.7 °C/4.1 °C higher than those of the CK treatment, respectively (Table 1).

In 2012, during the flowering stage, the recorded mean daytime/nighttime temperatures were 31.8 °C/32.1 °C,
33.6 °C/28.7 °C and 34.6 °C/30.9 °C under the HNT, HDT and HDNT temperature treatments, which were
approximately 1.3 °C/5.7 °C, 3.1 °C/2.3 °C and 4.1 °C/4.5 °C higher than those of the CK treatment (daytime/
nighttime: 30.5 °C/26.4 °C), respectively; during the grain filling stage, the mean daytime/nighttime temperatures
were 31.6 °C/32.3 °C, 34.2 °C/27.5 °C and 35.4 °C/31.1 °C under the HNT, HDT and HDNT temperature treat-
ments, which were approximately 1.6 °C/6.4 °C, 4.2 °C/1.6 °C and 5 °C higher than those of the CK, respectively
(Table 1).

In 2013, during the panicle initiation stage, the recorded mean daytime/nighttime temperatures were
33.5°C/31.9 °C, 36.1 °C/26.7 °C and 38.3 °C/31.5 °C under the HNT, HDT and HDNT temperature treatments,
which were approximately 1.6 °C/4.7 °C, 4.2 °C/0.0 °C and 6.4 °C/4.3 °C higher than those of the CK treatment
(daytime/nighttime: 31.9 °C/27.2 °C), respectively (Table 1).

In 2014, during the panicle initiation stage, the recorded mean daytime/nighttime temperatures were
34.3 °C/26.7 °C under the HDT temperature treatments, which were approximately 5.4 °C/0.3 °C higher than
those of the CK treatment (daytime/nighttime: 28.9 °C/26.4 °C), respectively; during the flowering stage, the
mean daytime/nighttime temperatures were 34.5 °C/26.6 °C under the HDT temperature treatments, which were
approximately 6.4 °C/0.0 °C higher than those of the CK treatment, respectively; during the grain filling stage,
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Reproductive stages
Year | Treatment | Panicle initiation | Flowering Grain filling
CK 33.5/27.9 32.7/26.6 29.2/23.7
HNT 33.5/31.1 32.7/28.4 29.2/26.2
2010 HDT 36.6/27.9 34.3/26.6 30.7/23.7
HDNT - - -
CK 31.5/26.5% (93.4)® | 31.0/26.0 (85.5) | 30.6/25.6 (83.1)
So11 HNT 31.6/29.4 (82.4) 31.7/28.7 (83.6) | 30.5/28.8 (78.4)
HDT 34.9/26.4 (81.9) 33.5/26.3 (77.4) | 33.3/25.7 (79.8)
HDNT 35.3/29.8 (80.5) 33.3/28.4(80.4) | 33.3/29.7 (80.5)
CK - 30.5/26.4 (80.8) | 30.0/25.9 (81.6)
012 HNT - 31.8/32.1(75.7) | 31.6/32.3 (72.5)
HDT - 33.6/28.7 (78.6) | 34.2/27.5 (75.9)
HDNT - 34.6/30.9 (78.0) | 35.4/31.1 (74.6)
CK 31.9/27.2 (80.2) - -
2013 HNT 33.5/31.9 (74.0) - -
HDT 36.1/26.7 (81.5) . -
HDNT 38.3/31.5(75.2) - -
CK 28.9/26.4 (85.8) 28.1/26.7 (86.2) | 26.1/25.9 (80.8)
HNT - - -
2014
HDT 34.3/26.7 (80.7) 34.5/26.6 (83.1) | 34.5/26.3 (75.0)
HDNT - - -

Table 1. Average temperatures (daytime/nighttime, °C) and average relative humidity (%) in the greenhouse
from 2010-2014. HNT, high nighttime temperature treatment; HDT, high daytime temperature treatment;
HDNT, high daytime and nighttime temperature treatment; CK, control. A, average temperature records

of daytime and nighttime during the five experimental years; B, values in the brackets were average relative
humidity during the whole day.

the mean daytime/nighttime temperatures were 34.5 °C/26.3 °C under the HDT temperature treatments, which
were approximately 8.4 °C/0.4 °C higher than those of the CK treatment, respectively (Table 1).

Responses of rice grain yield and yield components to heat treatments. Heat treatments during
the reproductive stages reduced rice grain yield and yield components. Significant differences existed among
the three reproductive stages in grain yield (P<0.05), seed setting rate (P<0.05), spikelet number (P<0.01),
and grain weight (P<0.01), among the three cultivars in grain yield (P<0.05) and spikelet number (P<0.01),
and among the three heat treatments in grain weight (P<0.01). No significant interactions were found among
the reproductive stages, cultivars and heat treatments except for grain weight, which was significantly affected
by (P<0.01) the interaction between reproductive stage and cultivar/heat treatment (Table 2). On average, heat
treatments during the panicle initiation, flowering and grain filling stages reduced the grain yield by 49.2%,
25.0% and 16.4% in Nagina22, by 19.5%, 34.1% and 16.5% in Shanyou63, and by 40.0%, 55.9% and 28.7% in
Liangyoupeijiu, respectively, across the HNT, HDT, and HDNT treatments.

The seed setting rate decreased by an average of 30.9%, 11.2% and 9.8% in Nagina22, 11.7%, 34.7% and 17.2%
in Shanyou63, and 18.6%, 52.3% and 25.8% in Liangyoupeijiu under heat stress during the panicle initiation,
flowering and grain filling stages, respectively, across the three heat treatments (Table 2). The spikelet number
decreased by an average of 14.3%, 5.5% and 1.9% in Nagina22, by 3.3%, — 1.4% and — 0.8% in Shanyou63, and
by 23%, 5.1% and — 0.9% in Liangyoupeijiu when heat stress was imposed during the panicle initiation, flower-
ing and grain filling stages, respectively, across the three heat treatments. Grain weight decreased by an average
0f 10.1%, 0.4% and 4.9% in Nagina22, by 5.4%, 1.5% and 3.6% in Shanyou63, and by 8.2%, 0.8% and 2.5% in
Liangyoupeijiu under heat stress during the panicle initiation, flowering and grain filling stages, respectively,
across the three heat treatments. Heat stresses had negligible effects on panicle number in the three rice cultivars
(Nagina22, Shanyou63 and Liangyoupeijiu) during the three reproductive stages (Table 2).

Average yield response and yield stability of different rice cultivars under heat stress. Figure 1
shows the results view of mean relative grain yields and yield components vs. stability of these yield character-
istics by genotype and genotype by environment interaction biplot analysis. The averages of relative grain yields
and relative yield components across heat treatments and experimental years for the three rice cultivars were
approximated by the projections (indicated by dotted line) of their markers onto the average environmental
coordinate (AEC). The double arrow that runs parallel to the x-axis indicates the direction of yield performance
of the different cultivars. Shanyou63 maintained the highest average grain yield under heat stress during the
three reproductive stages, followed by Nagina22 and Liangyoupeijiu (Fig. 1A). Each cultivar’s resilience to heat
stress (stability) was estimated by its projection (dotted line) on the AEC y-axis. The double arrow that parallels
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Temperature Seed setting Spikelet Panicle
Cultivar Growth stage | treatment Grain yield | rate number number Grain weight
HNT 64.7 80.3 93.2 91.7 96.0
Panicle initia- | HDT 48.9 66.9 80.1 107.0 89.6
tion HDNT 38.7 60.1 83.7 90.5 842
Mean 50.8cd 69.1abc 85.7bc 96.4ab 89.9f
HNT 84.7 94.4 95.8 89.7 101.1
HDT 71.3 83.7 98.5 88.8 97.8
Nagina22 Flowering
HDNT 69.1 88.4 89.2 88.1 100.0
Mean 75.0ab 88.8ab 94.5ab 88.8b 99.6a
HNT 80.2 86.7 97.8 93.2 95.9
HDT 86.7 91.9 99.5 98.5 96.1
Grain filling
HDNT 83.9 92.0 97.1 98.2 93.2
Mean 83.6a 90.2a 98.1a 96.6ab 95.1cd
HNT 78.1 79.5 97.0 98.6 97.8
Panicle initia- | HDT 72.2 87.4 94.7 96.1 93.8
tion HDNT 91.2 97.8 98.3 103.4 92.4
Mean 80.5ab 88.3ab 96.7a 99.4a 94.6de
HNT 78.7 77.6 105.0 99.2 98.2
HDT 54.6 55.8 97.5 98.6 98.6
Shanyou63 Flowering
HDNT 64.4 62.6 101.8 99.2 98.7
Mean 65.9abc 65.3bc 101.4a 99.0a 98.5ab
HNT 91.9 93.0 103.4 94.5 99.0
HDT 76.9 76.3 98.5 101.8 94.5
Grain filling
HDNT 81.9 79.1 100.6 102.7 95.6
Mean 83.5a 82.8ab 100.8a 99.7a 96.4bcd
HNT 62.6 78.1 84.2 97.5 94.1
Panicle initia- | HDT 68.3 97.4 72.5 99.7 93.8
tion HDNT 49.1 68.9 735 97.6 87.4
Mean 60.0bcd 81.4ab 76.7¢ 98.2a 91.8ef
HNT 53.3 58.3 90.8 96.6 97.0
HDT 39.7 41.7 98.6 101.3 97.2
Liangyoupeijiu | Flowering
HDNT 39.2 43.2 95.2 101.2 95.9
Mean 44.1d 47.7¢ 94.9ab 99.7a 96.7bcd
HNT 79.4 82.7 95.3 101.6 99.2
HDT 68.8 71.0 106.5 97.7 97.3
Grain filling
HDNT 65.8 69.0 101.2 102.4 96.0
Mean 71.3abc 74.2ab 100.9a 100.6a 97.5abc
Stage (S) 4.70* 2.73* 12.98** 0.82 27.36**
Cultivar (C) 4.32* 2.44 5.87** 2.97 2.05
Heat treatment (T) 1.56 0.69 0.38 0.83 9.48**
SxC 2.17 2.61* 2.35 0.67 3.39*
SxT 0.21 0.45 0.98 0.28 2.92*
CxT 0.45 0.24 0.56 0.61 0.86
SxTxC 0.31 0.38 0.59 0.72 0.79

Table 2. Relative yield and yield components (%) under heat treatments. HNT, high nighttime temperature
treatment; HDT, high daytime temperature treatment; HDNT, high daytime and nighttime temperature
treatment. *, significance at 5%; **, significance at 1%

the y-axis shows the ranks of the different cultivars with respect to the stability of their yield or yield components
under heat stress. The greater the absolute length of the projection for grain yield or yield components of a given
cultivar, the less stable the grain yield or yield components. Based on this analysis, Shanyou63 and Liangyoupei-
jiu were more stable in terms of average grain yield than Nagina22 under heat stress during all three reproductive
stages (Fig. 1A). Shanyou63 experienced the highest average grain weight, spikelet number, and seed setting rate
under heat stress during the three reproductive stages (Fig. 1). Shanyou63 also exhibited the highest stability in
grain weight, followed by Nagina22 (Fig. 1B). Nagina22 was the most stable in terms of spikelet number, fol-
lowed by Shanyou63 (Fig. 1C). Liangyoupeijiu had the most stable seed setting rate (Fig. 1D).

Scientific Reports |

(2021) 11:13604 | https://doi.org/10.1038/s41598-021-93079-x nature portfolio



www.nature.com/scientificreports/

o
. . ) - . .
Grain yield Pl (5 Grain weight NZ2
X o | A 2 @ ] {20
« - I «\Q;\{\
K g
@ X‘akis & &7 %
N [N & NG
c o | € 3 @ [
g s o FL SO \f@,
8 S N N
£ Loy, £ o SY LYPy ©
3 3 gy g < ~
K FL Yoy Ve Lypy 3 GF
2 ; Q S
(&} ; O
£ , | GF 2ol &
o e & + %
A PI G
0
T T T T b3 T T T T T
15 1.0 0.0 05 10 15 1.0 05 0.0 05 10
Principal component1 64.7% Principal component1 72.8%
. -5 .
NSpikelet pumber; > 2 1 Seed setting rate .
Rz e g 455\‘ SF 9 ey
X v | 2, %//.r LY R o
X < NG e
3 %Y g
N N o
c 2, S0, c
o 2 U LU ..... [} Pl
U
8 ° é@r,v/é/ g
[e% 3 Q
§ g
85 :
2 ) FL &
2 2
£ e | + &
5 Q}..
%5
(o} SY63
T T T T T T T T T
1.0 05 0.0 05 1.0 15 1.0 05 0.0 05 1.0

Principal component1 64.2% Principal component1 73.9%

Figure 1. GGE biplot view of mean relative grain yields and yield components vs. stability of these yield
characteristics for the three rice cultivars tested over 5 years. PI, panicle initiation stage; FL, flowering stage; GE,
grain filling stage; SY63, Shanyou63; N22, Nagina22; LYPJ, Liangyoupeijiu.

Discussion

Rice plants are vulnerable to heat stress during the reproductive stages. The average daytime temperatures of
the heat treatments (HDT, HDNT) were approximately 3.1-5.4 °C, 1.6-6.4 °C and 1.5-8.4 °C higher than those
of the control during the panicle initiation, flowering, and grain filling stages, respectively, from 2010 to 2014.
The average nighttime temperatures under the heat treatments (HNT, HDNT) were approximately 3.2-4.7 °C,
1.8-5.7 °C and 2.5-6.4 °C higher than those under the control during panicle initiation, flowering, and grain
filling, respectively, across the 5 experimental years (Table 1). The critical temperatures during the reproductive
stages of panicle initiation, flowering, and grain filling for rice development are 33.1 °C, 35.0 °C and 31.3 °C,
respectively>®!°. In the present study, the recoded temperatures (Table 1) in the temperature-controlled facili-
ties approached the critical temperature thresholds of rice plants during the three reproductive stages during
2010-2014 and thus were considered heat stress.

Responses of grain yields and yield components to heat stress during different reproductive
stages. The current study investigated the responses of yield and yield components of three rice cultivars
to heat stress imposed during three stages of reproductive growth (panicle initiation, flowering, and grain fill-
ing). Reductions in grain yields induced by heat treatments during panicle initiation were due to synchronous
reductions in seed setting rate, spikelet number, and grain weight; however, yield reductions were primarily due
to reduced seed setting rates that resulted from heat treatments during the flowering and grain filling stages
(Table 2). These findings are supported by previous research showing that heat stress significantly reduced seed
setting, spikelets per panicle, and grain weight during panicle initiation® but only reduced seed setting sig-
nificantly during flowering and grain filling?'. Shi et al.** also reported that heat stress at different reproductive
stages (gametogenesis, anthesis) impacted grain yields and yield components to different degrees. Together,
these data indicate that grain yield and yield components respond to heat stress differently depending on the
reproductive stage during which the stress occurs.

The seed setting rate was reduced by heat stress during all three reproductive stages in all three cultivars,
with the most serious reduction occurring when heat stress was applied during flowering (32.7% on average),
followed by panicle initiation (20.4% on average) and grain filling (17.6% on average) (Table 2). Similarly, a
previous study reported that rice plants were most sensitive to heat stress during flowering'!. Decreased seed
setting rates induced by heat stress during flowering have been attributed to physiological abnormalities in the
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reproductive organs, e.g., inhibition of anther dehiscence caused by a disturbance in water metabolism, reduction
in pollen shedding due to disruption of anther dehydration, impaired stigma receptivity attributed to reduced
stigma peroxidase and stigma-surface esterase activity, and reduced pollen germination caused by ion imbal-
ance, disturbance in carbohydrate metabolism and changes in the levels of regulators such as phytohormones
under heat stress’; however, decreased seed setting under heat stress during panicle initiation might be due to
morphological abnormalities of the reproductive organs, including panicle enclosure, structural abnormalities
in the anthers, disruptions in the function of the septum and tapetum, inhibition of microsporogenesis, mor-
phological abnormalities of the stigma and pollen, etc.>!>%.

During the grain filling stage that follows flowering stage, heat treatments impairs spikelet fertility (such as
insufficient pollen grain on stigma'® and exserted stigmas'®; In the viewpoint of assimilate supply, heat treat-
ment also inhibits the assimilate production via lowering photosynthetic rate?* and promoting senescence of
functional leaves®, and further reduces the assimilate distribution to grains; heat exposure may also impair early
embryo? and seed development?; additionally, heat stress often show adverse effects on activities of enzymes
for starch synthesis?®. These adverse influences of heat stress may partly explain the reduced seed setting rate
during the grain filling stage.

Grain weight was reduced by heat treatment during panicle initiation and grain filling. Notably, the negative
impact of heat stress on grain weight during the panicle initiation stage (average 7.9% reduction) seemed to be
more severe than that during the grain filling stage (average 3.7% reduction) in the present study (Table 2). In the
2014 season experiment, the average temperatures during panicle initiation (daytime/nighttime: 34.3 °C/26.7 °C)
were nearly the same as those during grain filling (daytime/nighttime: 34.5 °C/26.3 °C) (Table 1), and the average
relative grain weight (90.2 + 3.2%, avg. + SD) under heat stress during panicle initiation was lower than the average
relative grain weight (96.3 £2.0%) during the grain filling stage in the three studied rice cultivars (Supplemental
Table S1). Similarly, larger reductions in grain weight were observed during panicle initiation than during the
grain filling stage under the same high soil temperature regime®.

Rice grain weight is determined by multiplying grain size by grain plumpness. Previous studies have reported
reductions in grain weight induced by heat stress during grain filling?'. The lighter grain weight of heat-stressed
plants has been primarily attributed to impaired grain plumpness, which is associated with a shorter duration
of grain filling and an altered grain filling rate?®. While the grain filling rate is increased by moderately high
temperatures?, it is also decreased by extremely high temperatures®’; however, moderate and extremely high
temperatures also shorten the duration of grain filling and thus reduce the final grain weight. In contrast, the
decreased grain weight caused by heat stress during panicle initiation has primarily been attributed to decreased
grain size, which is associated with reduced nonstructural carbohydrates®, undeveloped vascular bundles®, and
reduced grain size (length and width), which are involved in disrupted formation of meristems?!. Therefore,
our results and previous investigations together suggest that heat stress during the reproductive phase impairs
grain weight; heat stress during panicle initiation detrimentally affects the development of spikelets and filling
of grains. The underlying mechanisms of the severe effects of heat injury on grain weight during the panicle
initiation stage should be further investigated.

The early reproductive phase is crucial for panicle development because it is strongly associated with spikelet
number per panicle. The spikelet number was reduced by heat treatments only during panicle initiation in this
study (Table 2). Previous studies also reported reduced panicle size in heat-stressed rice plants*>*? and that heat
stress attenuated the differentiation of secondary branches and attached florets while promoting degradation of
branches and attached florets®'. The fewer spikelets per panicle, branches and attached florets in heat-stressed
rice plants were associated with inhibited transportation and enhanced degradation of cytokinins induced by
heat treatment during the panicle initiation stage>*. It is noteworthy that the heat treatments during flowering
and grain filling had no substantial effects on spikelet number per panicle in this study (Table 2). Taken together,
grain yield and yield components (seed setting rate, spikelet number, and grain weight) responded differently to
heat stress with different underlying mechanisms during different reproductive stages in rice cultivars.

Cultivar differences in response to heat stress during different reproductive stages. In the
current study, we found that Nagina22 generally retained the highest relative grain yields (75.0-83.6%) among
the three cultivars under heat treatments during flowering and grain filling (Table 2); however, this cultivar pro-
duced the lowest relative grain yields (50.8%) among the three cultivars under heat treatments during panicle
initiation (Table 2). In previous investigations, heat treatments during panicle initiation®' or booting® induced
serious spikelet sterility in Nagina22. Additionally, our results indicate that Nagina22 experienced lower seed
setting (69.1%) and grain yields (50.8%) under heat treatment during panicle initiation than during flowering
(88.8% for seed setting rate and 75.0% for grain yield) or during grain filling (90.2% and 83.6%), respectively
(Table 2). These data suggest that Nagina22 is highly tolerant to heat stress during flowering and grain filling but
is susceptible to heat stress during panicle initiation. Our results reveal that different rice cultivars might have
different heat resistance depending on the reproductive stage during which heat stress occurs and that vulner-
ability to heat stress manifests as changes in grain yields and the seed setting rate.

In the current study, the rice cultivar Shanyou63 exhibited high relative grain yields under heat stress during
panicle initiation (80.5%) and grain filling (83.5%) and moderate relative grain yields during flowering (65.9%)
(Table 2). However, Liangyoupeijiu consistently produced low relative grain yields (60% for panicle initiation,
44.1% for flowering, and 71.3% for grain filling) under heat stress during all reproductive stages (Table 2). Previ-
ous studies reported similar findings for both Shanyou63 and Liangyoupeijiu'”*!. The mean vs. stability view of
the genotype and genotype by environment interaction biplot indicates that Shanyou63 had the highest average
yield, followed by Nagina22 and Liangyoupeijiu; Shanyou63 also demonstrated higher stability than Nagina22 in
terms of grain yield (Fig. 1A), grain weight (Fig. 1B), and seed setting rate (Fig. 1D) under heat stress. Li et al.*®
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Panicle initiation | Flowering | Grain filling | Entire reproductive phase

Liangyoupeijiu - - - -

Nagina22 - ++ ++ +
Shanyou63 ++ + ++ s
Ideal heat tolerant genotype ++ ++ ++ ++

Table 3. Ideal rice genotypes with comprehensive tolerance to heat stress. —, heat sensitive; +, moderately
heat tolerant; ++, heat tolerant. + in bold font indicates the more tolerant to heat stress than the rice cultivar
Nagina22/Shanyou63.
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Figure 2. Relationship between relative grain yield and relative yield components. PI, panicle initiation stage;
FL, flowering stage; GE, grain filling stage; filled circle, Liangyoupeijiu; filled triangle, Nagina22; filled square,
Shanyou63.*, significant correlation at the p <0.05 level; ns, no significant correlation.

reported that Shanyou63 exhibited higher relative grain yields than Nagina22 under in-season heat stress. Thus,
these data demonstrate that Shanyou63 might consistently achieve relatively high grain yields under heat stress
during the three reproductive phases. Moreover, Shanyou63 is considered a milestone in the development and
production of hybrid rice varieties in China due to its high yield and wide adaptability to various environments;
it is therefore commonly used in both basic research and agronomic studies related to biotic/abiotic stress
tolerance'®. In conclusion, Shanyou63 exhibited higher comprehensive tolerance to heat stress than Nagina22
throughout the reproductive period (Table 3), supported by its high and stable relative grain yields under heat
stress during different reproductive stages.

Yield variation in rice genotypes was due mainly to the differences in seed setting rate under heat as sup-
ported by the facts that (i) seed setting rate suffered from the most serious impairment under heat treatments
during the reproductive stages (Table 2), and (ii) the relative seed setting rate correlated significantly with
relative grain yield (Fig. 2). During the panicle initiation stage, the heat-induced reduction in seed setting rate
in Nagina22 and Liangyoupeijiu was largely due to incomplete panicle enclosure, inhibited anther dehiscence
and pollen shedding, reduced pollen vigor, which were ascribed to the reduced levels of indole-acetic acid and
gibberellin acid under heat treatments; heat-tolerant Shanyou63 maintained stable levels of indole-acetic acid
and gibberellin acid, and thus generated complete panicle exsertion and small reductions in pollen vigor, anther
dehiscence, and pollen shedding®. During the flowering stage, the reduction in seed setting rate in heat-sensitive
Liangyoupeijiu was largely due to the reduced anther dehiscence, pollen viability and pollen germination under
heat treatments; the high seed setting rate in Nagina22 and Shanyou63 was attributed to the good performance
in anther dehiscence, pollen shedding, and pollen germination under heat treatments®>*. During the grain filling
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stage, heat treatment reduced grain plumpness especially in inferior grains in heat-sensitive Liangyoupeijiu, thus
decreased seed setting rate and grain weight*®*’; however, heat treatments had small effects on grain plumpness
in Nagina22 and Shanyou63'¢404.,

Perspectives on heat tolerant cultivars under unpredictable heat events. Heat injury varies not
only with the intensity, duration and fluctuation of temperatures above optimal limits but also with the stage of
plant development®. The timing and duration of heat events, which threaten crop production, are expected to
become more problematic in large parts of the world, making it necessary to explore all aspects of plant growth
and development to breed, modify and select crops adapted to such conditions. We proposed that identification
and screening for ideal heat-tolerant genotypes that exhibited comprehensive heat tolerance to heat events dur-
ing any growth stage is an effective strategy for coping with the increasing unpredictability of future heat stress
events. The rice cultivar Shanyou63 is currently a near model cultivar of this objective (Table 3).

Most studies have assessed the heat tolerance of rice cultivars only during a specific period, usually during
flowering®'2. The rice cultivar Nagina22, which has drawn special attention for its extreme tolerance to heat stress
during the flowering stage, has been widely used in studies of the physiological and molecular mechanisms of
heat tolerance'®. The quantitative trait locus (QTL) gHTSF4.1 on chromosome 4 in Nagina22 was found to be
responsible for high seed setting rates under heat stress during the flowering stage*>. It was proposed that the
transfer of heat tolerance QTLs from Nagina22 to varieties could maintain stable grain yields at high temperatures
during flowering by molecular breeding approaches®.

However, gHTSF4.1, which controls spikelet fertility under heat stress, was identified in Nagina22 during the
flowering stage. We speculated that gHTSF4.1 could arouse certain mechanisms to overcome the physiological
abnormalities in anthers that induced spikelet sterility under heat stress during flowering, but it is not clear if
the improved genotypes carrying gHTSF4.1 could cope with heat stress during other reproductive stages, such
as panicle initiation, during which heat induces morphological abnormalities in the reproductive organs. In the
present study, the widely recognized typical rice cultivar Nagina22 was proven to be susceptible to heat treatment
during the panicle initiation stage (Table 3). Thus, the QTL gHTSF4.1, which is linked to heat tolerance during
flowering, and other tolerance donors that could overcome heat stress during the other critical reproductive
stages should be integrated to produce ideal heat-tolerant genotypes (Table 3) that are comprehensively tolerant
to heat across the reproductive phase.

Conclusions

Our results indicate that grain yield losses during heat stress are primarily due to decreased seed setting rates, and
also spikelet numbers and grain weights, which vary depending on the rice cultivar and the reproductive stage
during which heat stress occurs. Nagina22, a heat-tolerant rice cultivar, was most tolerant during the mid-late
reproductive phase (flowering and grain filling) but was highly susceptible during the early reproductive phase
(panicle initiation). The rice cultivar Shanyou63, which is comprehensively tolerant to heat stress during panicle
initiation, flowering, and grain filling, could currently represent an ideal cultivar with comprehensive tolerance to
heat stress. Future efforts to breed heat-tolerant varieties should focus on increasing comprehensive tolerance to
heat stress throughout the entire reproductive phase to cope with the unpredictability of future heat stress events.

Materials and methods

Two typical heat-tolerant rice cultivars (Nagina22 from the Genetics Resource Center of the International Rice
Research Institute, Shanyou63, an elite rice hybrid produced by the Sanming Institute of Agricultural Sciences,
Sanming City, China) and one heat-sensitive rice cultivar (Liangyoupeijiu, a high-yielding variety produced
by the Jiangsu Academy of Agricultural Sciences, Nanjing City, China) were used during 2010-2014*>*%>, To
have all of the materials arrive at the same developmental phase of panicle initiation and flowering, the sowing
dates of the three rice cultivars were adjusted according to records of their growth phases in our previous stud-
ies. Seeds were sown in plastic seeding trays with loamy soil after dormancy was broken at 50 °C for 5 days. At
the three-leaf stage, four seedlings of each cultivar were transplanted into a 14.0 L plastic pot (height, 28.5 cm,
top diameter, 30.0 cm; base diameter, 25.0 cm) containing a mixture of 17.0 kg soil (loam: sand, 2:1) and 12.5 g
compound fertilizer (N:P,05:K,0, 16%:16%:16%). The potted rice plants were randomly arranged with four
replications under natural ambient conditions in each experimental year. Seedlings were thinned to three plants
per pot (each plant had three tillers) 8 days after transplanting, and the main stems were tagged. A total of 1.0 g
of urea was top dressed per pot 10 days after transplanting. The plants were irrigated with a water table depth
of approximately 2 cm from transplanting to maturity. Each pot was manually rotated clockwise by 90° every 7
days to avoid positional effects. Pests, diseases, birds, and weeds were intensively controlled.

We assessed the effects of heat stress on rice grain yield and other yield components, including seed setting,
spikelet number, grain weight, and panicle number, using 5-year experiments at the same site. The experiments
were conducted in plastic-covered sheds in 2010* and in greenhouses from 2011-2014°>** at Huazhong Agricul-
tural University, Wuhan, China (30°29'N, 114°22'E). In each greenhouse, a dehumidifier, an air conditioner, two
ventilators and two sensors for monitoring the air temperature and relative humidity were running automatically
to maintain the temperatures in the greenhouse at the targeted setting.

Global climate warming exhibits strong diurnal variations, characterized as diurnal asymmetric warming®.
The effects of HDT and HNT and HDNT treatments on rice cultivars were thus examined in the present study.
The experimental design included four temperature treatments: HNT treatment (high nighttime temperature
from 19.00-07.00 h), HDT treatment (high daytime temperature from 07.00-19.00 h), HDNT treatment (high
daytime and nighttime temperature for 24 h), and a CK treatment, in which rice plants were grown under
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favorable temperatures during the entire day (the same temperature regimes as the HNT treatment) and night
(the same temperature regimes as the HDT treatment).

For the CK treatment, the temperatures were set at 24 °C from 05:00 to 06:00; 31 °C from 10:00 to 11:00;
32 °C from 12:00 to 13:00; and 27 °C from 20:00 to 21:00 when the temperature treatment was imposed during
the panicle initiation stage and were set at 24 °C from 05:00 to 06:00; 30 °C from 10:00 to 11:00; 31 °C from 12:00
to 13:00; and 27 °C from 20:00 to 21:00 when the temperature treatment was imposed during the flowering/
grain filling stage.

For HNT, the temperatures were set at 31 °C from 05:00 to 06:00; at 31 °C from 10:00 to 11:00; at 32 °C from
12:00 to 13:00; and 32 °C from 20:00 to 21:00 when the temperature treatment was imposed during the panicle
initiation stage and were set at 28 °C from 05:00 to 06:00; 30 °C from 10:00 to 11:00; 31 °C from 12:00 to 13:00;
and 31 °C from 20:00 to 21:00 when the temperature treatment was imposed during the flowering/grain filling
stage.

For HDT treatment, the temperatures were set at 24 °C from 05:00 to 06:00; at 38 °C from 10:00 to 11:00; at
39 °C from 12:00 to 13:00; and 27 °C from 20:00 to 21:00 when the temperature treatment was imposed during
the panicle initiation stage and were set at 24 °C from 05:00 to 06:00; 34 °C from 10:00 to 11:00; 35 °C from 12:00
to 13:00; and 27 °C from 20:00 to 21:00 when the temperature treatment was imposed during the flowering/
grain filling stage.

For HDNT treatment, the temperatures were set at 31 °C from 05:00 to 06:00; at 38 °C from 10:00 to 11:00;
at 39 °C from 12:00 to 13:00; and 32 °C from 20:00 to 21:00 when the temperature treatment was imposed dur-
ing the panicle initiation stage and were set at 28 °C from 05:00 to 06:00; 34 °C from 10:00 to 11:00; 35 °C from
12:00 to 13:00; and 31 °C from 20:00 to 21:00 for the temperature treatment imposed during the flowering/grain
filling stage.

In the controlled greenhouses, the relative humidity (%) was set to 80%, and the air temperature and rela-
tive humidity were controlled with a central auto controller (Auto Greenhouse Monitoring and Data Manage-
ment System, Version 3.00, Auto, Beijing, China), with the temperatures inside the greenhouses being gradually
changed to approach the next set of temperature values. The air temperature and relative humidity were recorded
5 cm above the rice canopy using a stand-alone sensor (HOBO, H08-003-02, Onset Computer Corporation,
Bourne, MA, USA).

The average temperatures and average relative humidity recorded in the temperature-controlled facilities
during the experiments are shown in Table 1, part of which were reported in previous studies*>****. With few
exceptions, all temperature treatments were implemented during panicle initiation in 2010, 2011, 2013, and 2014
and during flowering and grain filling in 2010, 2011, 2012, and 2014. The HNT treatment was not implemented
in 2014, and the HDNT treatment was not included in 2010 and 2014. Heat treatments were not implemented
during the panicle initiation stage in 2012 and were not implemented during flowering and grain filling in 2013
(Table 1). The recordings of relative humidity during 2011-2014 were presented in Table 1; however, the relative
humidity was not available during 2010.

All plants were carefully cultivated under natural ambient conditions, after which they were moved to tem-
perature-controlled facilities at the start of panicle initiation (when the first row of floral primordia was visible
on the shoot apex, the stage can be referred to RO stage according to Counce et al.”), flowering (when an average
of 5% spikelets of the main tillers had exserted their anthers, the stage can be referred to R3 stage according to
Counce et al.”), and grain filling (when an average of 95% spikelets of the main tillers had exserted their anthers,
the stage can be referred to R5 stage according to Counce et al.”) to undergo temperature treatments for 15, 7,
and 30 days, respectively, during each rice-growing season. To determine the grain yield and yield components,
the whole plants for each biological replicate in each experimental year were harvested at maturity except for
2013, in which three panicles of the main stems were harvested, and then threshed manually to determine the
grain yield and yield components.

Panicles per plant was counted before harvest. After harvest, salt water (1.12 g cm™ density) was used to
separate filled grains from empty and unfilled grains. The grains were dried, and partially filled grains were picked
out carefully by manually pressing the grains between the forefinger and thumb. Filled grains were oven dried at
80 °C to a constant weight to determine grain yield and grain weight (mg grain™"). Spikelet number was defined
as all spikelets per panicle, the seed setting rate was calculated as 100 x the ratio of the number of fully filled
spikelets to the total number of spikelets per panicle in the five-year experiments, and grain yield was defined
as yield per plant in the five years except for 2013, during which grain yield was defined as yield per main stem,
as reported in our previous studies®>*+4°,

Relative values of grain yield and yield components (%) for different rice cultivars were used to evaluate
cultivar-specific responses to heat treatments in this study. Relative values were defined as the ratio of a value
under a given heat treatment to the value under the control treatment for grain yield or yield components in the
same rice cultivar. Relative values of grain yield and yield components (Supplemental Table S1) were calculated
according to the absolute values of rice grain yield and yield components (Supplemental Table S2) obtained from
2010 to 2014 by master/doctorate research performed by our group®>*+*.

In the present study, the five experimental years were considered replications. The average values of rela-
tive yield and yield components (%) are presented in Table 2 under specific temperature treatments across the
experimental years. The mean relative values of yield and yield components under the different temperature
treatments for all experimental years were used for analysis of variance, regression analysis, and for genotype
and genotype-by-environment interaction biplot analysis, which was used to visually assess any genotype x high
temperature interactive effects on a given relative yield trait across experimental years and heat treatments dur-
ing panicle initiation, flowering, and grain filling and to rank genotypes according to stability of their yield and
yield components under the heat treatments. The GGEBiplotGUI package in R statistical software (ver. 3.4.1
Analytical Software, Tallahassee, FL, USA) was used according to Bernal and Villardon*, and the R code for
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the analysis of multivariate stability (genotype and genotype-by-environment interaction biplots) was used
according to Frutos et al.*%.

Received: 15 July 2019; Accepted: 11 June 2021
Published online: 30 June 2021

References

1.

2.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

IPCC. In Climate change 2014: synthesis report. contribution of working groups I, II and III to the fifth assessment report of the
intergovernmental panel on climate change. (eds R. K. Pachauri ef al.). 56-73 (Cambridge University Press, 2014).

Zhang, G. L. et al. Effects of high temperature stress on physiological characteristics of anther, pollen and stigma of rice during
heading-flowering stage. Chin. J. Rice Sci. 28, 155-166. https://doi.org/10.3969/j.issn.1001-7216.2014.02.007 (2014).

. Aggarwal, P. K. In Global climate change and Indian agriculture. (eds P. K. Aggarwal et al.). vi-vii (Indian Council of Agricultural

Research, 2009).

. Peng, S. B. et al. Rice yields decline with higher night temperature from global warming. Proc. Natl. Acad. Sci. USA. 101, 9971-9975.

https://doi.org/10.1073/pnas.0403720101 (2004).

. Wu, C. et al. Roles of phytohormone changes in the grain yield of rice plants exposed to heat: A review. Peer] 7, €7792. https://doi.

org/10.7717/peer;j.7792 (2019).

. Fahad, S. et al. Consequences of high temperature under changing climate optima for rice pollen characteristics-concepts and

perspectives. Arch. Agron. Soil Sci. 64, 1473-1488. https://doi.org/10.1080/03650340.2018.1443213 (2018).

. Counce, P. A,, Keisling, T. C. & Mitchell, A. J. A uniform, objective, and adaptive system for expressing rice development. Crop

Sci. 40, 436-443. https://doi.org/10.2135/cropsci2000.402436x (2000).

. Wilson, Z. A, Song, J., Taylor, B. & Yang, C. The final split: The regulation of anther dehiscence. J. Exp. Bot. 62, 1633-1649. https://

doi.org/10.1093/jxb/err014 (2011).

. Sun, T. et al. Stage-dependent temperature sensitivity function predicts seed-setting rates under short-term extreme heat stress in

rice. Agric. Forest Meteorol. 256-257, 196-206. https://doi.org/10.1016/j.agrformet.2018.03.006 (2018).

Shi, W. et al. High day- and night-time temperatures affect grain growth dynamics in contrasting rice genotypes. J. Exp. Bot. 68,
5233-5245. https://doi.org/10.1093/jxb/erx344 (2017).

Satake, T. & Yoshida, S. High temperature induced sterility in indica rices at flowering. Jpn. J. Crop Sci. 47, 6-17. https://doi.org/
10.1626/jcs.47.6 (1978).

Wu, C. & Cui, K. Progress on effect of high temperature on rice yield formation. J. Agric. Sci. Technol. 16, 103-111. https://doi.org/
10.13304/j.nykjdb.2013.449 (2014).

Li, X. et al. Metabolic and transcriptomic signatures of rice floral organs reveal sugar starvation as a factor in reproductive failure
under heat and drought stress. Plant Cell Environ. 38, 2171-2192. https://doi.org/10.1111/pce.12545 (2015).

Talla, S. K. et al. Cytokinin delays dark-induced senescence in rice by maintaining the chlorophyll cycle and photosynthetic com-
plexes. J. Exp. Bot. 67, 1839-1851. https://doi.org/10.1093/jxb/erv575 (2015).

Wu, C. et al. Enclosed stigma contributes to higher spikelet fertility for rice (Oryza sativa L.) subjected to heat stress. Crop J. 7,
335-349. hitps://doi.org/10.1016/j.c}.2018.11.011 (2019).

Xie, E. & Zhang, J. Shanyou 63: An elite mega rice hybrid in China. Rice 11, 17. https://doi.org/10.1186/s12284-018-0210-9 (2018).
Tian, X. H. et al. Heat-induced floret sterility of hybrid rice (Oryza sativa L.) cultivars under humid and low wind conditions in
the field of Jianghan basin, China. Plant Prod. Sci. 13, 243-251. https://doi.org/10.1626/pps.13.243 (2010).

Wu, C. et al. Intensified pollination and fertilization ameliorate heat injury in rice (Oryza sativa L.) during the flowering stage.
Field Crops Res. 252, 107795. https://doi.org/10.1016/j.fcr.2020.107795 (2020).

Sanchez, B., Rasmussen, A. & Porter, J. R. Temperatures and the growth and development of maize and rice: A review. Glob. Change
Biol. 20, 408-417. https://doi.org/10.1111/gcb.12389 (2014).

Wang, Y. L. et al. Effect of high temperature stress on rice spikelet differentiation and degeneration during panicle initiation stage.
Chin. J. Agrometeorol. 36, 724-731. https://doi.org/10.3969/j.issn.1000-6362.2015.06.009 (2015).

Dou, Z. et al. Application of nitrogen fertilizer at heading stage improves rice quality under elevated temperature during grain-
filling stage. Crop Sci. 57, 2183-2192. https://doi.org/10.2135/cropsci2016.05.0350 (2017).

Shi, W,, Ishimaru, T., Gannaban, R. B., Oane, W. & Jagadish, S. V. K. Popular rice (Oryza sativa L.) cultivars show contrasting
responses to heat stress at gametogenesis and anthesis. Crop Sci. 55, 589-596. https://doi.org/10.2135/cropsci2014.01.0054 (2015).
Hu, Q. et al. Abnormal anther development leads to lower spikelet fertility in rice (Oryza sativa L.) under high temperature during
the panicle initiation stage. Res. Square. https://doi.org/10.21203/rs.3.rs-104822/v1 (2020).

Zhang, S. T,, Zhang, G. L., Chen, L. Y. & Xiao, Y. H. Effects of high temperature stress on net photosynthetic rate and chlorophyll
fluorescence parameters of flag leaf in rice. Chin. J. Rice Sci. 25, 335-338. https://doi.org/10.3724/SP.J.1011.2011.00353 (2011).
Tang, R. S. et al. Effects of high temperature on grain filling and some physiological characteristic in flag leaves of hybrid rice. J.
Plant Physiol. Mol. Biol. 31, 657-662. https://doi.org/10.3321/j.issn:1671-3877.2005.06.015 (2005).

Cao, Y. Y. et al. Growth characteristics and endosperm structure of superior and inferior spikelets of indica rice under high-
temperature stress. Biol. Plantarum 60, 532-542. https://doi.org/10.1007/s10535-016-0606-6 (2016).

Huang, M., Zhang, H., Zhao, C., Chen, G. & Zou, Y. Amino acid content in rice grains is affected by high temperature during the
early grain-filling period. Sci. Rep. 9, 2700. https://doi.org/10.1038/s41598-019-38883-2 (2019).

Zhen, C. Z. et al. Effect of high temperature on the expressions of genes encoding starch synthesis enzymes in developing rice
endosperms. J. Integr. Agric. 14, 642-659. https://doi.org/10.1016/52095-3119(14)60782-6 (2015).

Arai-Sanoh, Y., Ishimaru, T., Ohsumi, A. & Kondo, M. Effects of soil temperature on growth and root function in rice. Plant Prod.
Sci. 13, 235-242. https://doi.org/10.1626/pps.13.235 (2010).

Zhang, G. L., Chen, L. Y,, Zhang, S. T., Zheng, H. & Liu, G. H. Effects of high temperature stress on microscopic and ultrastructural
characteristics of mesophyll cells in flag leaves of rice. Rice Sci. 16, 65-71. https://doi.org/10.1016/S1672-6308(08)60058-X (2009).
Wu, C. et al. Heat-induced phytohormone changes are associated with disrupted early reproductive development and reduced
yield in rice. Sci. Rep. 6, 34978. https://doi.org/10.1038/srep34978 (2016).

Wang, Y. L. et al. Effect of heat stress on spikelet degeneration and grain filling at panicle initiation period of rice. Acta Agron. Sin.
42, 1402-1410. https://doi.org/10.3724/SP.].1006.2016.01402 (2016).

Wu, C. et al. Heat-induced cytokinin transportation and degradation are associated with reduced panicle cytokinin expression
and fewer spikelets per panicle in rice. Front. Plant Sci. 8, 371. https://doi.org/10.3389/fpls.2017.00371 (2017).

Poli, Y. et al. Characterization of a Nagina22 rice mutant for heat tolerance and mapping of yield traits. Rice 6, 36. https://doi.org/
10.1186/1939-8433-6-36 (2013).

Li, L. Y. Effects of high temperature treatments at different growth stages on the growth and yield formation of rice. Master degree
thesis (Huazhong Agricultural University, 2015).

Mackill, D. J., Coffman, W. R. & Rutger, J. N. Pollen shedding and combining ability for high temperature tolerance in rice. Crop
Sci. 22, 730-733. https://doi.org/10.2135/cropscil 982.0011183X002200040008x (1982).

Scientific Reports |

(2021) 11:13604 | https://doi.org/10.1038/s41598-021-93079-x nature portfolio


https://doi.org/10.3969/j.issn.1001-7216.2014.02.007
https://doi.org/10.1073/pnas.0403720101
https://doi.org/10.7717/peerj.7792
https://doi.org/10.7717/peerj.7792
https://doi.org/10.1080/03650340.2018.1443213
https://doi.org/10.2135/cropsci2000.402436x
https://doi.org/10.1093/jxb/err014
https://doi.org/10.1093/jxb/err014
https://doi.org/10.1016/j.agrformet.2018.03.006
https://doi.org/10.1093/jxb/erx344
https://doi.org/10.1626/jcs.47.6
https://doi.org/10.1626/jcs.47.6
https://doi.org/10.13304/j.nykjdb.2013.449
https://doi.org/10.13304/j.nykjdb.2013.449
https://doi.org/10.1111/pce.12545
https://doi.org/10.1093/jxb/erv575
https://doi.org/10.1016/j.cj.2018.11.011
https://doi.org/10.1186/s12284-018-0210-9
https://doi.org/10.1626/pps.13.243
https://doi.org/10.1016/j.fcr.2020.107795
https://doi.org/10.1111/gcb.12389
https://doi.org/10.3969/j.issn.1000-6362.2015.06.009
https://doi.org/10.2135/cropsci2016.05.0350
https://doi.org/10.2135/cropsci2014.01.0054
https://doi.org/10.21203/rs.3.rs-104822/v1
https://doi.org/10.3724/SP.J.1011.2011.00353
https://doi.org/10.3321/j.issn:1671-3877.2005.06.015
https://doi.org/10.1007/s10535-016-0606-6
https://doi.org/10.1038/s41598-019-38883-2
https://doi.org/10.1016/S2095-3119(14)60782-6
https://doi.org/10.1626/pps.13.235
https://doi.org/10.1016/S1672-6308(08)60058-X
https://doi.org/10.1038/srep34978
https://doi.org/10.3724/SP.J.1006.2016.01402
https://doi.org/10.3389/fpls.2017.00371
https://doi.org/10.1186/1939-8433-6-36
https://doi.org/10.1186/1939-8433-6-36
https://doi.org/10.2135/cropsci1982.0011183X002200040008x

www.nature.com/scientificreports/

37. Prasad, P. V. V,, Boote, K. J., Allen, L. H., Sheehy, J. E. & Thomas, J. M. G. Species, ecotype and cultivar differences in spikelet fertility
and harvest index of rice in response to high temperature stress. Field Crops Res. 95, 398-411. https://doi.org/10.1016/j.fcr.2005.
04.008 (2006).

38. Xiao, H., Hao, X., Wang, W, Wang, Y. & Li, L. Effect of high temperature at grain filling stage on grain formation physiology of
hybrid rice “Liangyou-peijiu”. Acta Agric. Boreali-Occident Sin. 21, 71-76. https://doi.org/10.7606/j.issn.1004-1389.2012.3.016
(2012).

39. Duan, H,, Tang, Q,, Ju, C. X,, Liu, L. J. & Yang, J. C. Effect of high temperature and drought on grain yield and quality of different
rice varieties during heading and early grain filling periods. Sci. Agric. Sin. 45, 4561-4573. https://doi.org/10.3864/j.issn.0578-1752.
2012.22.003 (2012).

40. Shi, W, Xiao, G., Struik, P. C,, Jagadish, K. S. V. & Yin, X. Quantifying source-sink relationships of rice under high night-time
temperature combined with two nitrogen levels. Field Crops Res. 202, 36-46. https://doi.org/10.1016/j.fcr.2016.05.013 (2017).

41. Wang, Y. & He, L. Effects of meteorological conditions on yield componets of hybrid rice Shanyou 63. Chin. Agric. Sci. Bull. 22,
206-210. https://doi.org/10.3969/j.issn.1000-6850.2006.08.053 (2006).

42. Ye, C.R. et al. Identifying and confirming quantitative trait loci associated with heat tolerance at flowering stage in different rice
populations. BMC Genet. 16, 41. https://doi.org/10.1186/s12863-015-0199-7 (2015).

43. Madan, P. et al. Effect of elevated CO, and high temperature on seed-set and grain quality of rice. J. Exp. Bot. 63, 3843-3852. https://
doi.org/10.1093/jxb/ers077 (2012).

44. Wu, C. Effects of high temperature during the reproductive stages on rice yield formation and its phytohormonal basis. Doctor degree
thesis, (Huazhong Agricultural University, 2016).

45. Li, Q. Responses of hormones to high day and night temperatures and their relationships with yield. Master degree thesis, (Huazhong
Agricultural University, 2012).

46. Rathore, S., Bindoff, N. L., Phillips, H. E. & Feng, M. Recent hemispheric asymmetry in global ocean warming induced by climate
change and internal variability. Nat. Commun. 11, 2008. https://doi.org/10.1038/s41467-020-15754-3 (2020).

47. Bernal, E. E. & Villardon, P. G. GGEBiplotGUI: Interactive GGE Biplots in R. https://CRAN.R-project.org/package=GGEBiplotG
UI (2016).

48. Frutos, E., Galindo, M. P. & Leiva, V. An interactive biplot implementation in R for modeling genotype-by-environment interac-
tion. Stoch. Env. Res. Risk A. 28, 1629-1641. https://doi.org/10.1007/s00477-013-0821-z (2014).

Acknowledgements
This study was jointly supported by the National Natural Science Foundation of China (grant nos. 31871541,
32001471, 30971707), the Natural Science Foundation of Jiangsu Province (grant no. BK20180537).

Author contributions

C.W. and K.C. designed the experiments. C.W., Q.L., L. L., W. W,, and Q. H. performed the experiments. K.C.,
J.H., LN,, and S.P. performed some parts of the experiments. C.W. and K.C. analyzed the data and wrote the
manuscript. S.E, Y.D,, G.L., LN,, J.H., and S.P. revised the manuscript. All authors have read and approved the
final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-93079-x.

Correspondence and requests for materials should be addressed to K.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:13604 | https://doi.org/10.1038/s41598-021-93079-x nature portfolio


https://doi.org/10.1016/j.fcr.2005.04.008
https://doi.org/10.1016/j.fcr.2005.04.008
https://doi.org/10.7606/j.issn.1004-1389.2012.3.016
https://doi.org/10.3864/j.issn.0578-1752.2012.22.003
https://doi.org/10.3864/j.issn.0578-1752.2012.22.003
https://doi.org/10.1016/j.fcr.2016.05.013
https://doi.org/10.3969/j.issn.1000-6850.2006.08.053
https://doi.org/10.1186/s12863-015-0199-7
https://doi.org/10.1093/jxb/ers077
https://doi.org/10.1093/jxb/ers077
https://doi.org/10.1038/s41467-020-15754-3
https://CRAN.R-project.org/package=GGEBiplotGUI
https://CRAN.R-project.org/package=GGEBiplotGUI
https://doi.org/10.1007/s00477-013-0821-z
https://doi.org/10.1038/s41598-021-93079-x
https://doi.org/10.1038/s41598-021-93079-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Estimating the yield stability of heat-tolerant rice genotypes under various heat conditions across reproductive stages: a 5-year case study
	Results
	High temperature treatments. 
	Responses of rice grain yield and yield components to heat treatments. 
	Average yield response and yield stability of different rice cultivars under heat stress. 

	Discussion
	Responses of grain yields and yield components to heat stress during different reproductive stages. 
	Cultivar differences in response to heat stress during different reproductive stages. 
	Perspectives on heat tolerant cultivars under unpredictable heat events. 

	Conclusions
	Materials and methods
	References
	Acknowledgements


