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Abstract: This paper aims to clarify the effects of different exogenous phytohormones on the physio-
logical traits of rice (Oryza sativa L.) at the early stage of irrigation under low-temperature stress. In
this study, two types of rice varieties with different temperature sensitivities screened out previously,
namely, a cold-tolerant variety (Nan Jing 9108) and a low-temperature-sensitive variety (Hui Liang
You 898), were used in pots to simulate the process of low-temperature stress in rice at the early stage
of grouting (6-9 days after anthesis) with artificial low-temperature treatments. The experimental
treatments were 450 mg L~! Methyl jasmine acid (M]), 46 mg L~ Melatonin (MT), 69 mg L~! Salicy-
late (SA), 40 mg L1 Erythromycin (GA3), 25 mg L1 Zeatin (Z), 145 mg L1 Spermidine (SPD), and
5mg L~! Abscisic acid (ABA) sprayed on rice before low-temperature stress, while low-temperature
treatment without spraying (DK) and conventional planting without spraying (CK) were added as
the control. The results showed that compared with the room temperature control (CK, sprayed with
deionized water), the low-temperature control (DK, low-temperature treatment, and sprayed with
deionized water) all significantly reduced the rice grain yield. Different exogenous hormones sprayed
before low-temperature stress could increase rice yield, among which, Z and SPD spraying treatments
had a better effect on the yield of Hui Liang You 898, while different exogenous hormone treatments
increased the yield of Nan Jing 9108 in an average manner. The Z and SPD treatments increased
the yield of Hui Liang You 898 by 24.87% and 26.16% and that of Nan Jing 9108 by 15.87% and
17.80%, respectively. This was mainly attributed to the significant increase in thousand-grain weight
and fruiting rate, while there was no significant difference in the number of spikes and number of
grains. The different exogenous hormone treatments were able to delay leaf senescence, enhance
the photosynthetic production capacity of plants by increasing leaf chlorophyll content, and thus
increase the accumulation of photosynthetic assimilation products and population growth rate after
flowering. Among them, both Z and SPD treatments resulted in a population growth rate of more
than 30% from spike flushing to maturity, which led to a higher dry matter accumulation of the plant
at maturity. In addition, in the dry matter distribution of the plant at maturity, the seeds occupied a
higher accumulation amount and proportion compared with the respective DK; the SPD treatment
resulted in the maximum distribution rate of seeds at maturity of Hui Liang You 898, with an increase
of 8.27%, and the Z treatment resulted in the maximum distribution rate of seeds at maturity of Nan
Jing 9108, with an increase of 7.34%. At the same time, the Z treatment significantly increased the
activities of adenosine diphosphate glucose phosphorylated enzyme (AGP) and starch branching
enzyme (SBE) in the grains of both varieties, which resulted in the accumulation of more starch and
ultimately increased the rice grain yield. The results verified that different exogenous phytohormones
could be used to regulate the insufficiency of grouting caused by low-temperature stress during the
grouting and fruiting stages of rice and enriched their agronomic and physiological traits in response
at the same time.
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1. Introduction

Extreme global climate change has been one of the serious challenges of agriculture in
recent years, especially in 2023, which is the second year of El Nifio and also the year of La
Nifia development; as such, the frequency, degree and duration of extreme temperature
occurrences are intensifying. For efficient physiological functioning, all plant species have
an optimum temperature range for growth, development and reproduction, above or below,
which can negatively affect plant performance and result in economic yield losses [1]. Rice
(Oryza sativa L.) is a thermophilic crop that is sensitive to low temperatures, which, during
growth and development, can cause physiological and metabolic disorders in the plant,
decrease photosynthetic capacity, inhibit normal development of rice, affect yield formation,
and thus limit the play of its yield potential [2,3]. In particular, low temperatures at the
beginning of irrigation will cause carbon metabolism dysfunction in the plant, lack of
energy and material supply to the organs, imbalance of the source library, growth and
development hindered, and ultimately cause a decline in rice yield [4].

Natural phytohormones in plants, as well as synthetic compounds with physiological
activity that play a role in regulating plant growth and development, are known as plant
growth substances [5], which play an important role in regulating low-temperature stress
in crops [6]. It was found that most of the phytohormone biosynthesis and signal trans-
duction genes were up-regulated under low-temperature stress, and hormone-mediated
defense mechanisms played an important role in low-temperature stress. These complex
physiological processes may be both interconnected or independent of each other, con-
stituting a self-regulatory network of rice under low-temperature adversity [7]. External
regulation of phytohormones can effectively improve the chlorophyll content, aboveground
biomass and grouting rate, thereby improving rice yield and quality [8]. The common
plant growth substances are auxin (AUX), gibberellin (GA), abscisic acid (ABA), cytokinin
(CTK), salicylic acid (SA), ethylene (ETH), jasmine acid (JA), flavonoid sterols (BR) and
peptide hormones [9], whereas AUX, CTK, GA, SA, and BR are usually considered as
hormones promoting plant growth and development [10]. MJ is involved in the regulation
of plant growth and development as well as the alleviation of plant heavy metal stress,
extreme temperature stress, etc. [11]. Exogenous ABA-soaked root treatments can induce
the expression of ABA-synthesizing genes and inhibit ABA-catabolizing genes with a view
to enhancing the cold tolerance of rice seedlings [12].

Moreover, some studies found that melatonin (MT) and spermidine (SPD), as new
types of phytohormones involved in plant growth and development, have the ability to
scavenge free radicals and improve plant stress tolerance [13] and that the seed-free SPD
content was significantly or highly significantly positively correlated with the rate of grout-
ing [14]. Previous studies have mainly focused on the effects of individual phytohormones
on agronomic and physiological traits in rice [15-17], and less attention has been paid to the
comparison between the responses of multiple exogenous hormones to low-temperature
stress. Are there consistent responses of different exogenous phytohormones to the yields of
hybrid and conventional Japonica rice during the grouting period under low-temperature
stress? What are the physiological mechanisms of high yield? There are a few reports
so far [18-21].

In order to address the above problems, the present study took two varieties of
low-temperature-sensitive (Hui Liang You 898) and cold-resistant (Nan Jing 9108) as ma-
terials, simulated cold damage during the critical fertility period of rice yield formation
through potting experiments, investigated the agronomic and physiological traits under
low-temperature stress with different exogenous phytohormones, such as MT, MJ, SPD,
Z,SA, ABA, and GA3, and observed the relationship between the morpho-physiological
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indicators and yield formation during the filling period. We also observed the relationship
between morpho-physiological indexes and yield formation during the filling period. It
is hoped that the most suitable exogenous phytohormone to enhance the grain quality
of rice under low-temperature stress can be identified. This study explores the suitable
hormone-spraying method to mitigate the reduction of rice yield under low-temperature
stress during the filling stage with a view to provide a theoretical basis and practical
guidance for the application of anti-stress and stable yield cultivation techniques in rice.

2. Materials and Methods
2.1. Test Site and Test Material

The experiment was carried out in 2022 and 2023 at the Chengnan Experimental Base
of Huaiyin Institute of Agricultural Science, Xuhuai District, Jiangsu Province (33°52' N,
119°03' E). The study area is located in the Jianghuai Plain, and the terrain is extremely
flat, with an average elevation of 11 m. It has a northern subtropical humid monsoon
climate, abundant rainfall and four distinct seasons, with an annual average temperature
of 14.7 °C, an annual average of 2055 h of sunshine, and an average of 927 mm of precipita-
tion. The varieties tested were the representative rice varieties of Hui Liang You 898 and
Nan Jing 9108, and exogenous plant hormones were purchased from Shanghai Aladdin
Biochemicals (Shanghai, China) and Shanghai Macklin Biochemicals & Technology Co.,
Ltd. (Shanghai, China). The exogenous plant hormones were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).

The experiment was carried out in a pot-planting trial. Seedlings were planted in
the open field in a wet nursery, sown on 12-15 May, and transplanted into a potting bowl
every year on 13-14 June. Seedlings were planted in three holes per pot; all of them were
double-planted, 9 pots for each treatment, a total of 144 pots, with a diameter of 32 cm, a
height of 34 cm, and filled with 23 kg of sifted fine soil (taken from the soil of a nearby field,
sandy loam with medium acidity), with soil organic matter of 21.3 g kg~!, quick-acting
nitrogen (QN) of 100.6 mg kg~ !, quick-acting phosphorus (QAP) of 24.7 mg kg~!, and
quick-acting potassium (K) of 97.2 mg kg~ !.

The soil was applied according to the standard of nitrogen and fertilizer transportation
for local high-yield cultivation. Referring to the local high-yield cultivation nitrogen
fertilization standard, the base fertilizer was 10 g of compound fertilizer (N, P, K mass ratio
of 15:15:15) per pot, and the tiller fertilizer was 1.2 g of urea per pot. Field management was
the same as local conventional high-yield cultivation, and the dates of each major fertility
period during rice growth were recorded in real time. Hui Liang You 898 was harvested on
20 October 2022 and 18 October 2023, and Nan Jing 9108 was harvested on 24 October 2022
and 23 October 2023, respectively.

2.2. Exogenous Phytohormone Treatment

In 2022 and 2023, the experimental design was the same. A total of 70 days after
rice transplanting (6-9 days after flowering and at the early stage of irrigation), seven
exogenous phytohormone spray treatments were applied to the whole rice leaves using
a sprayer. These spray treatments included methyl jasmine acid (MJ), melatonin (MT),
salicylic acid (SA), gibberellin (GA3), zeatin (Z), spermidine (SPD), and abscisic acid (ABA),
with the aim of spraying the whole leaves with the following phytohormone treatments,
and deionized water sprayed as control (CK). Based on the previous study, the spraying
concentrations are shown in Table 1, which were pre-dissolved in ethanol before spraying
and then diluted to a final ethanol concentration of 0.2% (v/v), and the final solution used
for spraying contained 0.02% (v/v) of Tween-20 as the surfactant [10]. The control was
an equal volume of deionized water, which also contained the same concentrations of
ethanol and Tween-20. Hormone spray treatments were applied at a rate of 100 mL~! for
3 consecutive days after 6:00 p.m. daily, and the spraying process was covered using baffles
to prevent cross-impact.
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Table 1. Exogenous plant hormones for testing.

Exogenous Plant Hormone Dosage

MJ 450 mg L1 [22]
MT 46 mg L1 [23]
SA 69 mg L1 [24]
GA3 40 mg L1 [25]
z 25mg L1 [10]
SPD 145 mg L1 [26]

ABA 5mg L~ [27]

2.3. Low-Temperature Treatment

After the spraying treatment, the potted plants were moved to the artificial climate
chamber for low-temperature treatment, where different temperatures were set for daytime
and nighttime (15 °C during the day and 10 °C at night). One set of filler lights was on
during the daytime (6:00-18:00) with the relative humidity set at about 70%, and the filler
lights were turned off during the nighttime (18:00-6:00) with the relative humidity set at
about 80%. The treatment was continued for 5 days, and then the plants were removed from
the artificial climatic chamber and placed outdoors at room temperature (Figures 1 and 2).
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Figure 1. Experimental technical design drawings.
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2.4. Determination of Yield and Yield Components

Three pots of each treatment were sampled at maturity, and the seeds were tested
indoors to determine and calculate the number of primary pedicels, number of secondary
pedicels, number of empty shells of primary pedicels, number of empty shells of secondary
pedicels, number of effective spikes, number of kernels per spike, thousand-grain weight,
and fruiting rate.

2.5. Determination of SPAD Value

The chlorophyll content was measured by a SPAD-502 chlorophyll meter (Konica
Minolta, Tokyo, Japan) on the 7th (D1), 14th (D2), and 21st (D3) days of low-temperature
treatment during the filling period. The chlorophyll content was measured three times—at
the top, middle and bottom of the sword leaf, respectively. The average was taken as the
SPAD value of this leaf; each treatment was measured nine times, and the average was
taken as the SPAD value of this treatment [22].

2.6. Determination of Dry Matter Accumulation and Transportation

At the flush and maturity stages, three pots were sampled for each treatment. All
sampled plants were divided into three parts: stems (sheaths and culms), leaves, and seeds
after removing the underground parts. They were heated at 105 °C for 30 min, and then
weighed and dried at 80 °C to a constant mass, and then calculated with reference to the
methods of [28,29]:

Pre-flowering nutrient organ assimilate transfer = dry matter weight of nutrient organs
at flush stage—dry matter weight of nutrient organs at maturity stage;

Contribution of pre-flowering assimilate translocation to seed yield = pre-flowering
dry matter translocation/seed dry matter weight at maturity x 100%;

Post-anthesis dry matter accumulation = dry matter accumulation at maturity—dry
matter accumulation at flush;

Contribution of post-flowering dry matter accumulation to seed yield = post-flowering
dry matter accumulation/seed dry matter weight at maturity x 100%;

Population growth rate [g/ (m? d)] = (W2 — W1)/(t2 — t1): where W1 and W2 are the
amount of dry matter measured before and after two times, and t1 and t2 are the time of
the two measurements before and after.

2.7. Determination of Total Starch Content of Seeds

Starch is the main storage form of sugar in plants, and its content determination
is important for investigating the sugar metabolism in plants [30]. For starch content
determination, 0.1 g of the sample was weighed, and three replicates, using the Suzhou Ke
Ming kit (Keming Company, Suzhou, China), 50 uL of the sample and 250 uL of working
solution were taken into EP tubes. The sample was water-bathed at 95 °C for 10 min
(capped tightly to prevent water dispersion), naturally cooled to room temperature, and
then washed with water. Then, 50 uL of the sample and 250 pL of working solution were
put into an EP tube placed in a water bath at 95 °C for 10 min (covered tightly to prevent
water dispersion). Then, the tub was cooled to room temperature naturally, 200 pL was put
into a micro-quartz cuvette or 96-well plate, and the absorbance value was recorded at the
wavelength of 620 nm.

2.8. Determination of Soluble Protein Content

After the harvested rice was stored for 3 months, the quality indicators were measured
after the physical and chemical properties of the rice were stabilized. An amount of 0.1 g of
the sample was weighed for soluble protein content determination with three repetitions.
Then, the Suzhou Ke Ming BCA method protein content determination kit was used and
calculated according to Cp (mg/g fresh weight) = 0.5 X (A assay tube — A blank tube)
+ (A standard tube — A blank tube) <+ 0.1. Under alkaline conditions, cysteine, cystine,
tryptophan, tyrosine, and peptide bonds in proteins were reduced from Cu?* to Cu*;
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two molecules of BCA were bound to Cu* to form a purple complex with absorption peaks
at 540-595 nm, with the strongest at 562 nm.

2.9. Determination of Seed Adenosine Diphosphate Glucose Phosphorylated Enzyme
(AGP) Activity

Adenosine diphosphate phosphorylated enzyme (AGP) activity was determined using
the corresponding kit with reference to the methods of Douglas et al. [31] and Cheng Fang
Min et al. [32]. The main assay procedure was as follows: 20 uL of crude extract of the
enzyme was added to 110 uL of reaction solution (the final concentration was 100 mmol/L
Hep NaOH (pH = 7.4), with 1.2 mmol/L AGPG, 3 mmol/L PPI, 5 mmol/L MgCl,, and
4 mmol/L DTT). After 20 min at 30 °C, the reaction was terminated for 30 s in boiling water
at 10,000x g for 10 min. An amount of 100 pL of supernatant was taken, and 5.2 uL of
colorimetric solution (5.76 mmol/L NAGP, 0.08 unit glucose converting enzyme, 0.07 unit
G6P-dehydrogenase) was added, and the reaction was carried out at 30 °C for 10 min, and
then the 340 nm OD value was determined.

2.10. Determination of Seed Starch Branching Enzyme (SBE) Activity

Refer to the method of Cheng Fang Min et al. [33] to determine the starch branching
enzyme activity. An amount of 20 uL of crude enzyme solution was added to 20 uL of
the reaction solution, and the final concentration of the reaction solution was 50 mmol/L
Hep-NaOH (pH = 7.4), 5 mmol/LGIP, 1.25 mmol/L AMP, and phosphorylase (5.4 units).
The solution sat for 30 min at 30 °C following the termination of the reaction, then 10 uL
of 1 mol/L HCI, 100 uL of Dimethyl sulfoxide, 140 puL of 0.1% I,, and 1% KI were added,
and the 540 nm OD was determined. After 30 min at 30 °C, the reaction was terminated
with 10 puL of 1 mol/L HC], then 100 pL of Dimethyl sulfoxide, 140 pL of 0.1% I, and 1%
KI were added, and the 540 nm OD was determined.

2.11. Statistics Analysis

Microsoft Excel 2016 was used for data entry and calculation, and the SPSS 22.0 (IBM
Corp, Armonk, NY, USA) data processing system was used for statistical analysis. An
analysis of variance (ANOVA) was performed, followed by multiple comparison tests
(p < 0.05). Different letters represent significant differences between different exogenous

phytohormone treatments of the same variety. The graphs were created using Origin 8.0
(Origin Lab, Northampton, MA, USA).

3. Results
3.1. Effect of Different Exogenous Hormones on Yield and Yield Structure of Rice

Analyzing the yield and its components, it can be found (Table 2) that both Hui
Liang You 898 and Nan Jing 9108’s DK treatments significantly reduced their seed yields
compared with CK. The use of different exogenous hormones for spraying treatments
before reaching low temperatures could increase rice yield to different degrees. Compared
with HDK plants, the seed yield of Hui Liang You 898 increased in all treatments, and the
maximum yield was obtained in Z and SPD treatments, with significant yield increases of
24.87% and 26.16%, respectively, which were mainly attributed to the increases in thousand-
grain weight and firmness, while there was no significant difference in the number of spikes
and the number of grains in spikes. Compared with the NDK plants, the yield increase in
Nan Jing 9108, except for MJ and MT treatments, amounted to 15.87-22.74%, which was
also attributed to the significant increase in thousand-grain weight and fruiting rate, but
the overall yield increase was smaller than that of Hui Liang you 898.
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Table 2. Effect of different exogenous hormones on rice yield and its components under low-

temperature stress.

Rice Varieties Treatment Grain Yield Panicles g;ﬁ(‘:ire:: 1000-Grain Percentage of
(g/Pen) (Pen) . Weight (g) Filled Grains (%)
per Panicle
Hui Liang You 898 M] 17197 b 39.00 a 193.07 a 26.10 ¢ 86.30 c
MT 178.63 b 40.33 a 200.87 a 26.90 abc 86.23 ¢
SA 175.03 b 40.67 a 198.33 a 26.03 c 86.40 ¢
GA3 17237 Db 40.67 a 190.90 a 26.07 ¢ 86.80 bc
V4 193.13 a 42.00 a 200.80 a 27.27 ab 88.30 ab
SPD 195.13 a 41.67 a 205.73 a 27.00 abc 88.23 ab
ABA 178.43 b 40.33 a 202.63 a 26.67 bc 87.47 be
HDK 154.67 ¢ 39.67 a 191.00 a 25.13d 78.63 d
HCK 188.53 a 41.67 a 191.23 a 27.77 a 89.80 a
average 178.66 40.67 197.17 26.55 86.46
Nan Jing 9108 M] 134.50 bed 43.33a 143.87 a 25.40 be 89.54 ab
MT 131.67 cd 4333 a 136.87 a 25.27 be 87.16 b
SA 146.13 abc 4433 a 146.60 a 25.93 ab 90.32 ab
GA3 150.07 a 45.00 a 14520 a 26.60 a 91.63 a
Z 141.67 abc 4533 a 139.67 a 26.13 ab 90.97 a
SPD 144.03 abc 43.00 a 14597 a 25.97 ab 91.53 a
ABA 148.60 ab 4533 a 148.20 a 25.40 be 89.85 ab
NDK 12227 ¢ 44.00 a 140.20 a 2453 c 82.03 ¢
NCK 150.73 a 4433 a 14193 a 26.87 a 92.67 a
average 141.07 44.22 143.17 25.79 89.52
Source of variation df
Rice varieties (V) 1 417.031 ** 36.191 ** 351.597 ** 30.408 ** 64.25 **
Exogenous hormone 8 12.986 ** 0.716 0.723 1 10.973 * 30.216 **
treatment (T)
VxT 8 3.439 ** 0.398 1 0.525 "¢ 2.484* 0.882 ¢

* and ** indicate significant effects at 0.05 and 0.01 levels, respectively. ™ represents no significant difference.
MJ, MT, SA, GA3, Z, SPD, and ABA treatments were low-temperature treatments after spraying methyl jasmine,
melatonin, salicylic acid, gibberellic acid, zeatin, spermidine, abscisic acid, respectively. HDK and NDK represent
the low temperature planting treatments for Hui Liang You 898 and Nanking 9108, respectively. HDK and
NDK were used for Hui Liang You 898 and Nan Jing 9108 low-temperature conventional planting treatments,
respectively. No common letter indicates a significant difference at the p = 0.05 level within the same column.

The analysis of variance (ANOVA) of rice yield and its components under different
treatments showed that variety and exogenous hormone treatments had significant or
highly significant effects on rice grain yield. In terms of yield components, different rice
varieties and different exogenous hormone treatments had highly significant effects on
thousand-grain weight and fruiting rate. There were highly significant differences in yield
components between the hybrid and conventional japonica rice, while different exogenous
hormone treatments had no significant effect on the number of spikes and the number of
grains in spikes. There were no significant differences in the effects of the two interactions
on the yield components except for thousand-grain weight, but the effects on seed yield
reached a highly significant level.

3.2. Effects of Different Exogenous Hormones on SPAD Values of Rice Rapeseed Leaves

Regardless of the treatments, there was an overall decreasing trend in the saber
SPAD values of the two rice varieties with the increase in treatment duration (Figure 3).
Compared with CK, the SPAD values of rapier leaves of two varieties of DK treatments were
significantly reduced at 7-21 d after treatment. This indicated that the low-temperature
treatment greatly reduced the chlorophyll content of both varieties. Both the Z and SPD
treatments increased the SPAD values of both varieties. Among them, the highest SPAD
value was found in Hui Two Excellent 898 variety with ABA treatment, indicating that ABA
was able to resist low-temperature stress by significantly increasing leaf chlorophyll content.
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The SPAD values of different exogenous hormone spraying treatments were significantly
higher than those of HDK in Hui Liang You 898 at 7 d after treatment. The SPAD values of
all treatments were higher than those of HDK at 14 d and 21 d after treatment except for the
SA treatment, which was not significantly different from that of HCK. The SPAD values of
Nan Jing 9108 were higher than those of HDK at 7 d, 14 d, and 21 d after treatment, except
for SA treatment.

70

Hui Liang You898
- T

SPAD value

D1 D2 D3
Days after treatment(d)

70

Nan Jing9108

T

i

- z

60 Z
ABA

ab SA
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© T defed abe a-d be @ ab@%h b a @ NCK

50 - T f s T Tec a_rc b ah, a ab
+ o1 d+ b T < ¢ T

IS
<)
T

SPAD value
8

20 -

10

D1 D2 D3
Days after treatment(d)

Figure 3. Effects of different exogenous hormones on SPAD values of rice leaves 7 days post-treatment
(D1), 14 days post-treatment (D2), and 21 days post-treatment (D3). No common letter above the bars
indicates the LSD at p = 0.05 within the same measurement time.

3.3. Effects of Different Exogenous Hormones on Aboveground Dry Matter Partitioning in Rice at
the Maturity Stage

As shown in Table 3, compared with CK, the DK treatments all significantly reduced
the dry matter accumulation of rice grains in the spike, and Hui Liang You 898 and Nan Jing
9108 reduced by 5.74% and 6%, respectively. Compared with the DK treatment, spraying
different exogenous hormones at the early stage of irrigation could increase the dry matter
accumulation of the spike grains at maturity; among them, the dry matter accumulation of
the spike grains was higher than that of HCK under the Z and SPD treatments, and the SPD
treatment reached a significant level in the case of Hui Liang You 898, and the maximum
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accumulation of the spike grains in the case of Nan Jing 9108 was obtained with the Z
treatment, which was greater than that of the NCK treatment. In terms of accumulation
ratio, compared with the DK treatment, the dry matter accumulation ratio of nutrient organs
at maturity was significantly lower in all treatments, but the dry matter accumulation ratio
of grains was significantly higher, indicating that the low-temperature stress adversely
affected the growth and development of all organs of the plant, and the spraying of different
exogenous hormones had a certain mitigating effect, which was favorable to the formation
of yields, and the best effect was obtained with the Z and SPD treatments.

Table 3. Effects of different exogenous hormones on aboveground dry matter partitioning in rice at

maturity under low-temperature stress.

Rice Varieties Treatment Leaf Distribution Stem Sheath Spike Distribution
Ratio % Distribution Ratio % Ratio %
Hui Ling You 898 M] 19.70 bc 32.42 be 47.88 cd
MT 19.66 bc 32.69 ab 47.65d
SA 19.78 bc 3211 bc 48.11 cd
GA3 19.83 bc 32.30 be 47.87 cd
Z 19.62 bc 31.69 bed 48.69 abcd
SPD 19.56 bc 31.22 cd 49.23 ab
ABA 19.30 ¢ 32.28 be 48.42 abcd
HDK 20.75 ab 33.78 a 4547 e
HCK 20.26 abc 31.66 bed 48.08 cd
Average 19.83 3224 cd 47.93
Nan Jing 9108 MJ 20.55 abc 31.37 bed 48.09 cd
MT 20.12 abc 31.77 bed 48.12 cd
SA 20.36 abc 31.43 cd 48.21 bed
GA3 19.78 bc 31.69 bed 48.53 abcd
V4 19.31 ¢ 31.29 cd 4940 a
SPD 20.20 abc 31.27 cd 48.53 abcd
ABA 19.56 bc 31.91 be 48.53 abcd
NDK 2123 a 32.75 ab 46.02 e
NCK 20.56 ab 30.67 d 48.78 abc
Average 20.18 31.57 48.24
Source of variation df
Rice varieties(V) 1 4.296 * 15.334 ** 4.501 *
Exogenous hormone treatment (T) 8 3.511 ** 6.1** 19.087 **
VxT 8 0.487 s 0.546 s 1.049 s

No common letter indicates a significant difference at the p = 0.05 level within the same column. * and ** indicate
significant differences between the two rice varieties at p = 0.05 and p = 0.01 levels, respectively. ™ means the
difference is not significant.

3.4. Effects of Different Exogenous Hormones on Dry Matter Accumulation and Translocation
in Rice

As shown in Tables 4 and 5, compared with CK, Hui Liang You 898, except for
the Z and SPD treatments, it was found that DK treatments reduced the aboveground
dry matter accumulation at maturity and the population growth rate from flushes to
maturity to varying degrees, and increased the amount and proportion of pre-flowering
dry matter translocation, and compared with the HDK treatments, the Z and SPD treatments
could significantly increase the aboveground dry matter accumulation at maturity, the
aboveground dry matter accumulation after flowering and the population growth rate,
by 13.82%, 15.01%, 30.65%, 31.79%, 30.64%, and 31.77%, respectively. accumulation and
population growth rate of 13.82%, 15.01%, 30.65%, 31.79%, 30.64% and 31.77%, respectively.
All other exogenous hormone treatments increased dry matter accumulation at maturity
and aboveground dry matter accumulation after flowering. Overall, spraying Z and SPD
could better promote rice growth and development after low-temperature stress. The
overall trends of the two varieties were the same, but the Z and SPD treatments did



Agronomy 2024, 14, 2450

10 of 20

not have a significant effect on Nan Jing 9108. Compared with NDK, the SA and GA3
treatments increased the dry matter accumulation and population growth rate at maturity
and decreased the amount of nutrient organ transit aboveground before flowering. It
indicated that the Z and SPD treatments could increase the accumulation of post-flowering
photosynthetic assimilates in Hui Liang You 898 and increase the plant population growth
rate from the spike flushing stage to the maturity stage, which led to an increase in the
accumulation of photosynthetic assimilates at the maturity stage, which was conducive to
the promotion of translocation and distribution of seeds to the spikes, and thus led to an
increase in yield.

Table 4. Effect of different exogenous hormones on dry matter accumulation and population growth
rate under low-temperature stress.

Dry Matter Weight Accumulation During the
Critical Period Population Growth Rate from

Rice Varieties Treatment Flushes to Maturity (g (m? d)-1)
Jointing Stage (g/Pen) Maturity (g/Pen)
Hui Ling You 898 M] 217.66 a 346.20 b 2.857 ¢
MT 218.77 a 353.15b 2903 ¢
SA 218.05a 349.46b 2.830 c
GA3 218.11a 34797 b 2.823 ¢
V4 215.07 a 380.62 a 3.450 ab
SPD 214.25a 38591 a 3.507 a
ABA 21933 a 349.46 b 2.867 ¢
HDK 210.15a 327.97 ¢ 2.393 de
HCK 21572 a 372.56 a 3.270b
Average 216.35 357.03 2.99
Nan Jing 9108 M] 169.86 b 270.42 fg 2.100 fg
MT 165.33 b 25871¢g 1993 g
SA 172.82b 296.63 de 2.477 de
GA3 175.85Db 298.20 de 2.447 de
V4 174.63 b 279.40 ef 2.260 ef
SPD 172.73 b 288.77 de 2.323 de
ABA 175.44 b 294.68 de 2.387 de
NDK 164.71b 25796 g 1.777 h
NCK 173.78 b 300.09 d 2.527d
Average 171.68 282.76 2.25
df
Rice varieties (V) 1 774.312 ** 714.375 ** 516.611 **
Exogenous hormone 8 1.529 1s 12.634 ** 29.628 **
treatment (T)
VxT 8 0.697 s 5.612 ** 10.539 **

No common letter indicates a significant difference at the p = 0.05 level within the same column. ** indicate
significant differences between the two rice varieties at p = 0.01 levels. ™ means the difference is not significant.

3.5. Effect of Different Exogenous Hormones on Total Starch Content in Rice Grains

As can be seen from Figure 4, the growth rate of the total starch content in the grains
of the two varieties of rice showed a trend of increasing and then decreasing, and the
dynamics of total starch accumulation in the grains during the process of grouting were
more or less the same. In addition, the different exogenous hormone treatments were able
to increase the total starch content of the grains, and compared to the HDK, the Z and
SPD treatments increased the total starch content of the grains of the Hui Liang You 898,
indicating that the Z and SPD played a great regulatory role in the total starch content of
the grains. The Z and SPD treatments significantly increased the total starch content of
Hui Liang You 898, indicating that Z and SPD played a great role in regulating the total
starch content of grains, of which the SPD treatment significantly increased the starch
accumulation rate of Hui Liang You 898 in the middle of the pre-filling period, which
promoted the filling of the grains, and thus increased the yield. For Nan Jing 9108, except
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for the MT treatment, other treatments showed the same trend in the growth rate of total

starch content.

Table 5. Effects of different exogenous hormones on aboveground dry matter accumulation and

translocation under low-temperature stress.

Aboveground Dry Matter Accumulation

Pre-Flowering Aboveground Nutrient

Organ Translocation

After Flowering
. . T B ;
Rice Varieties reatment C‘;n;ll:}l?::e Contribution to Tral:?jllt: I[;lzent Contribution to
+ o, 3 [v)
(g/Pen) Seed Yield (%) (g/Pen) Seed Yield (%)
Hui Ling You 898 MJ 137173 ¢ 82.71 def 28.66 abcdef 17.29 cde
MT 139.370 ¢ 82.75 def 28.90 abcdef 17.25 cde
SA 135.743 cd 80.72 fg 32.41 ab 19.28 be
GA3 135.523 cd 81.36 £ 31.12 abed 18.64 ¢
Z 165.547 ab 89.28 a 1980 g 10.72 h
SPD 168.323 a 88.63 ab 21.68 fg 11.37 gh
ABA 137.563 ¢ 81.29 f 31.68 abc 18.71c¢
HDK 114.813 fgh 77.00 gh 3432a 23.00 ab
HCK 156.837 b 87.63 abc 22.31 efg 12.37 fgh
Average 143.43 83.49 27.88 16.51
Nan Jing 9108 MJ 104.897 hi 80.65 fg 25.13 bedefg 19.35 bc
MT 99.71011 80.13 fg 24.77 cdefg 19.87 be
SA 123.817 ef 86.59 abced 19.18 g 13.41 efgh
GA3 122.353 efg 84.56 bedef 22.38 efg 15.44 cdefg
Z 113.103 gh 81.95 ef 24.92 cdefg 18.05 cd
SPD 116.037 efg 82.80 def 24.09 defg 17.20 cde
ABA 119.240 efg 83.40 cdef 23.78 defg 16.60 cdef
HDK 88.833 j 74.84h 29.87 abcde 25.16 a
HCK 126.310 de 86.29 abcde 20.08 g 13.71 defgh
Average 112.70 82.36 23.80 17.64
Source of variation df
Rice varieties (V) 1 389.92 ** 323718 14.79 ** 3.23 718
Exogenous hormone 8 30.344 ** 11.97 ** 4353 11.97 **
treatment (T)
VxT 8 10.646 ** 5.025 ** 3.096 ** 5.025 **
No common letter indicates a significant difference at the p = 0.05 level within the same column. ** indicate

significant differences between the two rice varieties at p = 0.01 levels. ™ means the difference is not significant.

Figure 4. Effects of different exogenous hormones on the total starch content of rice grains under
low-temperature stress. Different color bars represent different exogenous hormone treatments. From
left to right (black to crimson) represent SPD, Z, MT, MJ, GA3, ABA, SA, DK, CK.
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3.6. Effects of Different Exogenous Hormones on Protein Content in Rice Grains at the
Maturity Stage

Protein is the second-largest component of rice grain. From Figure 5, it can be found
that Nan Jing 9108 has a lower protein content than Hui Liang You 898 in general, which
may also be the reason why Nan Jing 9108 possesses a better flavor quality. Compared with
the HDK treatment, the Z and SPD treatments significantly reduced the protein content,
while compared with the HCK treatment, the HDK treatment did not significantly reduce
the protein content, indicating that low-temperature stress had no significant effect on
the protein content in Hui Liang You 898 variety, while the Z and SPD treatments might
improve the flavor quality of rice due to the decrease in protein content, which can be
investigated in the future. Compared with NDK treatment, the Z and SPD treatments
also decreased the protein content in Nan Jing 9108 kernels, but the difference was that
low-temperature stress significantly increased the protein content in Nan Jing 9108 kernels,
which might have a serious effect on the flavor quality of its rice.

Hui Liang You898 Nan Jing 9108
CJHeK 2] SPDJABAL|MIL_]1GA3  SAL_JMT[_JHDK o 4 SPDC_JABAL _IMIC_1GA3  SAL_JMTC_IHDK

protein content (mg/g )

T T T T T T
HCK z SPD ABA MJ GA3 SA MT HDK HCK V4 SPD ABA MJ] GA3 SA MT HDK

Figure 5. Effects of different exogenous hormones on rice grain protein content under low-
temperature stress.

3.7. Effects of Different Exogenous Hormones on Adenosine Diphosphate Glucose Phosphorylated
Enzyme (AGP) Activity in Rice Grains

As can be seen from Figure 6, the AGP activity of the two varieties during the filling
and fruiting period showed an unimodal curve during the formation of grain filling, and
the peaks all appeared 14 days after treatment. For Hui Liang You 898, the effect of low-
temperature stress on seed AGP activity was more obvious, except for Z and SPD treatments,
the rate of increase in AGP activity was lower than that of HCK before reaching the peak,
and the peak value was also lower than that of HCK. The enzyme activity gradually
declined after reaching the peak, which might be due to the imbalance of metabolism in
the body of the plant under the low-temperature conditions, and the destruction of tissues
and cellular structure. Compared with Hui Liang You 898, the effect of low-temperature
stress on Nan Jing 9108 was smaller. It was still the Z and SPD treatments that obtained the
maximum peak of AGP activity, and all the treatments increased the AGP activity of rice
seeds compared with NDK.
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Hui Liang You 898 Nan Jing 9108
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Figure 6. Effect of different exogenous hormones on adenosine diphosphate glucose phosphorylated
enzyme (AGP) activity in seeds.

The AGP activity of different varieties differed in their stress capacity to low-temperature
stress, and the ability of different exogenous hormone treatments to improve AGP activity
also differed, but the general trend was the same. The peak AGP activity of Hui Liang You
898 decreased more, and the CRI varied between 107.88% and 148.48%, while that of Nan
Jing 9108 was the next most affected, and the CRI varied between 107.91% and 125.89%.
This indicates that Hui Liang You 898 is less cold-tolerant and can also be supplemented by
the fact that japonica rice is better than hybrid rice in terms of cold tolerance (Table 6).
Table 6. Effect of different exogenous hormones on peak adenosine diphosphate glucose phosphory-
lated enzyme activity in seeds.

Hui Liang You 898 Nan Jing 9108
Peak Adenosine CRI for Peak Adenosine Peak Adenosine CRI for Peak Adenosine
Treatment Diphosphate Glucose Diphosphate Glucose Diphosphate Glucose Diphosphate Glucose
Phosphorylated Phosphorylated Phosphorylated Phosphorylated
Enzyme Activity/U g—1 Enzyme Activity/% Enzyme Activity/U g—1 Enzyme Activity/%
DK 596 h 100.00 6.45b 100.00
SPD 7.78 ¢ 130.53 8.00 a 124.03
MT 643 ¢g 107.88 7.57 ab 117.36
M] 6.92 f 116.10 6.96 ab 107.91
GAj3 6.94 f 116.44 7.16 ab 111.01
ABA 7.16 e 120.13 7.36 ab 114.11
SA 748 d 125.50 7.01 ab 108.68
Z 8.85a 148.48 8.12 a 125.89
CK 7.84b 131.54 7.00 ab 108.53
F-value 1954.17 ** / 57.73 ** /

No common letter indicates significant differences at the p = 0.05 level within the same column. ** indicate
significant differences between the two rice varieties at p = 0.01 levels.

3.8. Effects of Different Exogenous Hormones on Starch Branching Enzyme (SBE) Activity in
Rice Grains

As shown in Figure 7, the SBE activity in rice grains of the two varieties showed an
unimodal curve change of first increase and then decrease during the filling period, and
both of them reached the peak value 14 days after treatment. Compared with HDK and
NDK, the Z treatment obtained the maximum value, which increased the SBE activity in
the grain by 26.54% and 20.53%, respectively. After the peak, compared with HCK, the SBE
activity in the grain decreased in all treatments of Hui Liang You 898 except for the Z and
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GAj; treatments, which may be attributed to the destruction of the cell structure by the low
temperature and the decrease in enzyme activity, which led to the slowing down of the rate
of grouting.

330 Hui Lialg You 898 Nan Jing 9108
——Spd : ;pd
500 * lem o +§,{I[
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Figure 7. Effect of different exogenous hormones on seed starch branching enzyme (SBE) activity.
With the same trend of AGP activity, the peak SBE activity of Hui Liang You 898
decreased more, with the change of CRI ranging from 104.71% to 126.54%, followed by
Nan Jing 9108, with the change of CRI ranging from 102.49% to 120.53%, which was less
affected (Table 7).
Table 7. Effect of different exogenous hormones on peak starch branching enzyme activity in seeds.
Hui Liang You 898 Nan Jing 9108
Treatment Peak Starch Branching CRI for Peak Peak Starch Branching CRI for Peak
E Activitv/U o—1 Starch Branching Enzvme Activity/U o1 Starch Branching
nzyme Acuvity’’ & Enzyme Activity/% y yive Enzyme Activity/%
DK 42091 h 100.00 449.12 bc 100.00
SPD 465.93 e 110.70 496.34 bc 110.51
MT 44074 g 104.71 500.90 b 111.53
MJj 459.86 £ 109.25 481.96 bc 107.31
GA; 476.94 c 113.31 489.15 bc 108.91
ABA 471.82d 112.10 460.31 c 102.49
SA 468.91 de 111.38 503.74 ab 112.16
z 532.60 a 126.54 54132 a 120.53
CK 516.94 b 122.81 516.93 ab 115.10
F-value 1032.51 ** / 64.65 ** /

No common letter indicates a significant difference at the p = 0.05 level within the same column. ** indicate
significant differences between the two rice varieties at p = 0.01 levels.

4. Discussion

Plant hormones and their regulatory roles have been important in crop cultivation and
physiological research. At present, the application of exogenous phytohormone regulation
in rice has been very extensive, and there have been many reports on crop yield and quality
in response to regulation. Many exogenous phytohormones have been discovered and
widely used to investigate the molecular and physiological mechanisms of crop cultivation
in adverse conditions [15,16,34]. However, there are fewer reports on the effects of many
different exogenous phytohormones on physiological traits and yield in rice under specific
periods. In particular, the occurrence of low-temperature stress during the rice grain
filling and fruiting stage is highly probable and less studied. Two different rice varieties
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were used as materials in this study (Hui Liang You 898, Nan Jing 9108). Seven different
exogenous phytohormone treatments were performed. Furthermore, the participation of
exogenous phytohormones in the regulation of low-temperature adversity suffered by rice
during the filling stage. The effects of spraying seven different exogenous phytohormones
on agronomic and physiological traits of rice subjected to low-temperature stress during
the filling stage were observed. Thus, we can explore the physiological effects of plant
exogenous hormones on rice subjected to low-temperature stress during the period of
grouting and fruiting and the effective ways to reduce yield loss and also enrich the
physiological mechanisms of plant hormones to regulate low-temperature stress in rice and
improve the quality of rice.

4.1. Effects of Different Exogenous Hormones on Chlorophyll Content, Seed Protein Content, and
Total Starch Content and the Seed AGPase and SBEase Activities of Rice Leaves Under
Low-Temperature Stress at the Early Stage of Irrigation

The results of this study show that different exogenous hormone treatments, except
for SA treatment, could increase the chlorophyll content of rice saber leaves under low-
temperature stress in the two varieties. These hormone treatments can also delay leaf
senescence, enhance the photosynthetic production capacity of the plant, and favor the
recovery and formation of yield after low-temperature stress. One researcher pointed
out [35] that exogenous ABA can promote the synthesis and transportation of endogenous
ABA in rice under low-temperature stress, improve chlorophyll content and photosynthetic
capacity, and effectively mitigate the adverse effects of low-temperature stress on rice
yield. CTK has been reported to regulate the development of chloroplast lamellae and
chlorophyll synthesis. The authors also observed that Z (a species of CTK) treatment
increased leaf chlorophyll content. It has been shown that the endogenous SA content in
the leaf blades of mutant ospls1 was significantly higher than that of the wild type, and its
premature senescence characteristics may be attributed to changes in SA signaling-related
pathways [36]. This is consistent with the results of this study. Low-temperature stress
treatment reduced the chlorophyll content, and spraying different exogenous hormones
could increase chlorophyll content and delay leaf senescence in low-temperature stress-
treated rice leaves.

The general study concluded that high temperatures during the filling period increase
rice protein content, while low temperatures decrease it [37]. This is generally consistent
with the present results. The Z and SPD treatments obtained lower protein content be-
tween both varieties; they could possibly be used as exogenous hormones for improving
rice quality.

This needs to be explored further. In addition, the total starch content in the strong
and weak grains of rice tended to increase with the advancement of the reproductive
process [38]. In the present study, the total starch content increased gradually, and the
increase appeared to be faster and slower. The Z and SPD treatments significantly increased
the total starch content of Hui Liang You 898. This may be related to the fact that the
Z and SPD treatments significantly increased the AGP and SBE activities in seeds. The
scientists in [14] pointed out that endogenous SPD could promote rice grain filling and
increased grain weight, which were attributed to the fact that the exogenous spraying of
SPD during the pre-flowering period significantly increased the activity of starch synthesis-
related enzymes in weak grains [39]. In this study, spraying different exogenous hormones
increased the AGP and SBE activities in rice grains, which in turn increased grain starch
accumulation and grain weight, with the Z and SPD treatments showing the greatest
enhancement and the peak activity of Hui Liang You 898 showed a greater decrease in
activity peak compared with that of Nan Jing 9108, which corroborated that Hui Liang You
898 was less cold-tolerant.
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4.2. Effects of Different Exogenous Hormones on Dry Matter Accumulation and Translocation in
Rice Under Low-Temperature Stress at Early Filling Stage

Chlorophyll content was significantly correlated with plant photosynthetic capac-
ity [40], and photosynthesis is the main link in the formation of rice yield, and the increase
in photosynthetic capacity makes the plant produce more photosynthetic products, which
in turn produces a higher accumulation of aboveground dry matter weight. Previous stud-
ies have shown that [41] low-temperature stress during the grouting and fruiting period
caused a decline in rice yields because a low temperature reduces the photosynthesis of
leaves and photosynthetic products to the spike, affecting the process of aboveground
dry matter accumulation and distribution, the second soluble sugar synthesis and decom-
position is blocked, the key enzyme activity of starch synthesis of the grains is inhibited,
the organic compounds cannot be efficiently converted to starch, resulting in insufficient
grouting of the grain. This resulted in the inadequate filling of grains and a decrease in the
thousand-grain weight and fruiting rate. In addition, spraying exogenous salicylic acid
(SA) could significantly increase the plants’ soluble sugar, proline, and betaine content
under low-temperature stress and promote the transfer and distribution of aboveground
dry matter accumulation from plants to seeds [42—44]. The results of this study showed that
low-temperature stress treatment reduced chlorophyll content, and spraying different ex-
ogenous hormones could increase the chlorophyll content of low-temperature stress-treated
rice leaves, delay leaf senescence, promote an accumulation and increase in post-flowering
photosynthetically assimilated products of the plant, improve the population growth rate,
and increase the allocation of seeds in the dry matter mass of the plant at the maturity stage
and its proportion, and then improve the yield, which is basically in line with the results of
the previous study. This is basically consistent with the results of previous studies.

In terms of enzymes related to plant dry matter translocation accumulation and
seed starch synthesis, the activities of key enzymes of starch metabolism pathways in the
seed grain directly affect the amount of starch accumulated in the seed grain and grain
weight [45]. The results of a large number of studies have shown that the amount of
post-flowering dry matter accumulation in rice is positively correlated with seed yield,
and it has also been shown that the final formation of seed yield is the result of the joint
action of pre-flowering nutrient organ storage and post-flowering photosynthetic product
accumulation. Spermidine (SPD) and spermine (SPM) can promote rice grain filling and
increase grain weight [46]. On the whole, spraying different exogenous hormones on
both low-temperature-sensitive and cold-tolerant rice varieties used in this study could
improve the plant’s post-flowering photosynthetic material production capacity, increase
the accumulation of photosynthetic assimilation products and post-flowering dry matter
and its proportion at maturity, and facilitate the translocation of photosynthetically active
products to grains at the spike, which ultimately led to the increase in the amount and
proportion of grains accumulated at maturity and the increase the yield. Among the
different exogenous hormone treatments, the spraying of Z and SPD was the most effective,
and the exogenous spraying of Z and SPD under low-temperature stress was able to
increase the chlorophyll content, the activity of AGP and SBE in rice grains, which was
favorable to the accumulation of starch and grain weight.

4.3. Effects of Different Exogenous Hormones on Rice Yield and Its Components Under
Low-Temperature Stress at the Early Stage of Irrigation

As a temperature-loving crop, the growth and development of rice can be adversely
affected by low-temperature stress [47]. The results of this study showed that the filling
and fruiting stage is a critical period for the formation of rice yield and quality, and
low-temperature or low-light stress at this time will cause insufficient accumulation of
photosynthates, slow down the grain filling rate and decrease the starch accumulation
rate and content, which will lead to a reduction in the grain weight and poor quality, and
seriously restrict the increase in rice yield and quality [48-50]. This is basically consistent
with the results of this study; the rice yield of a low-temperature treatment at the early
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stage of irrigation was significantly lower than that of conventional planting treatment.
Previous studies have concluded [51,52] that low-temperature stress during the gestation
period significantly affects yield components such as the number of grains in a spike,
thousand-grain weight, and fruiting rate of rice. One study [53] showed that the earlier
the time of post-sprouting stress, the greater the effect on the fruiting rate, and the effect of
stress on the number of solid grains attached to the primary and secondary branch pedicels
was roughly the same as the effect on the fruiting rate, which further clarified that the
decrease in the fruiting rate caused by low-temperature stress at the early stage of irrigation
was the main reason for the reduction of yields, which was the same as the purpose of the
treatment time of the present study. Another study [54] pointed out that low-temperature
stress at the glume differentiation stage significantly reduced the number of grains in the
spike, the fruiting rate, and the thousand-grain weight of rice, which in turn affected the
final yield.

In research on low-temperature stress tolerance in rice, studies have shown that the
seed free spermidine (SPD) content was significantly or highly significantly positively
correlated with grain filling rate, suggesting that SPD can be used as a chemical regulator to
promote grain filling and increase grain weight and fruit set [55]. The results of this study
show that spraying different exogenous hormones before low temperature can reduce the
adverse effect of low temperature on rice yield to a certain extent, and the overall Z and
SPD can be selected as suitable exogenous hormones for spraying. Melatonin (MT) and
spermidine (SPD) have the ability to scavenge free radicals, improve plant resistance, and
promote the growth and development of rice by increasing its photosynthetic capacity,
thereby alleviating the adverse effects of low-temperature stress on yield [56,57]. In addition,
some studies have used [58-60] methyl jasmine acid (M]J), abscisic acid (ABA), and other
spray treatments for rice under low-temperature stress conditions in different periods,
and all achieved better results in low-temperature stress tolerance. The results of the
present study showed that spray treatments at the pre-grouting stage could withstand
low-temperature stress and thus increase rice yield, which was mainly attributed to the
increase in thousand-grain weight and fruit set, which was basically in agreement with the
results of the previous studies on the enhancement of cold tolerance in rice.

5. Conclusions

The results showed that the DK treatment significantly reduced the rice seed yield
compared with CK. Different exogenous hormones for spraying treatments before low-
temperature stress can improve rice yield, in which the Z and SPD spraying treatments
of Hui Liang You 898 are more effective compared with HDK treatment, and its yield
significantly increased, and even reached the level of HCK, while the yield increase in Nan
Jing 9108 is more average. The main reason for the increase in the yield of exogenous spray
treatments was the increase in the thousand-grain weight and fruiting rate.

Moreover, the chlorophyll content of sword leaves after treatment was higher than
that of DK treatment, so the accumulation of the photosynthetically assimilated products in
the aboveground part of the plant after flowering and the population growth rate increased
along with the increase in the photosynthetic production capacity of the plant, which
led to the higher dry matter accumulation of the plant at the maturity stage. Moreover,
in the distribution of dry matter in the plant at maturity, the seeds occupied a higher
accumulation amount and proportion, and the higher activity of adenosine diphosphate
glucose phosphorylated enzyme (AGP) and starch branching enzyme (SBE) led to a higher
accumulation of starch in the seeds, which ultimately led to an increase in the yield of
rice. In addition, exogenous spraying of Z and SPD under low-temperature stress was
able to obtain a lower seed protein content, which may improve rice quality and can be
investigated specifically in the future.

In summary, the exogenous spraying of Z and SPD can increase the thousand-grain
weight and fruiting rate of rice during the grouting period under low-temperature stress,
thus increasing its yield, which can provide a theoretical basis and technical support for
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high-yield, high-quality, and stress-resistant cultivation of rice. In addition, focusing on the
stability of the area and increasing yields can help to guarantee food security’s bottom line
and the stable production and supply of important agricultural products.

Author Contributions: Conceptualization, K.L., Y.X. and D.G.; methodology, K.L., X.Y., D.G. and
Q.L.; software, Y.C,; validation, W.J., Y.J. and D.G.; formal analysis, Y.J., Y.C. and X.D.; investigation,
ZW. and X.D.; resources, W.Y.; data curation, K.L., Y.X., X.Y.,, WJ. and Z.W.; writing—original
draft preparation, K.L.; writing—review and editing, Y.X. and T.W.; visualization, W.J. and Q.L.;
supervision, W.Y. and Q.L.; project administration, X.D.; and funding acquisition, W.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Natural Science Research Program of Huai’an (Joint Project):
HABL202122 and the National Key Research and Development Program of China (2022YFD2300304).

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Huang, M,; Jiang, L.G.; Zou, Y.B.; Zhang, W.X. On-farm assessment of effect of low temperature at seedling stage on early-season
rice quality. Field Crops Res. 2013, 141, 63-68. [CrossRef]

Liu, Z.L,; Tao, L.Y,; Liu, T.T.; Zhang, X.H.; Wang, W.; Song, ].M.; Yu, C.L.; Peng, X.L. Nitrogen application after low-temperature
exposure alleviates tiller decrease in rice. Environ. Exp. Bot. 2019, 158, 205-214. [CrossRef]

Yang, Z.; Sasaki, O.; Shimotashiro, T. Studies on the low-temperature damage in rice seedlings. Jpn. J. Crop Sci. 2002, 70, 96-101.
[CrossRef]

Yang, J.; Zhang, X.Z.; Wang, D.; Wu, ].S.; Xu, H.; Xiao, Y.; Xie, H.J.; Shi, W.J. The deterioration of starch physiochemical and
minerals in high-quality indica rice under low-temperature stress during grain filling. Front. Plant Sci. 2024, 14, 1295003.
[CrossRef] [PubMed]

Li, K; Jiang, W.Z; Che, Y.; Du, X.E; Yang, W.F,; Gu, D.L. Research progress and prospect on mechanism and regulation of cold
damage in rice. Jiangsu Agric. Sci. 2024, 52, 31-40. [CrossRef]

Peleg, Z.; Blumwald, E. Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin. Plant Biol. 2011, 14, 290-295.
[CrossRef]

Zeng, Z.C.; Zhang, S.C.; Li, W.Y;; Chen, B.S.; Li, W.Y. Gene-expression network analysis identifies specific modules and hub genes
related to cold stress in rice. BMC Genom. 2022, 23, 251. [CrossRef]

Zeng, YH.; Zhang, Y.P; Pan, X H.; Zhu, D.F; Xiang, J.; Chen, H.Z.; Zhang, Y.K. Effect of low temperature after flowering on grain
filling and plant hormones contents in rice. Acta Agron. Sin. 2016, 42, 1551-1559. [CrossRef]

Bari, R.; Jones, ].D.G. Role of plant hormones in plant defense responses. Plant Mol. Biol. 2009, 69, 473—-488. [CrossRef]

Xu, YJ.; Li, K;; Zhu, K.Y;; Tian, Y.E; Yu, Q.; Zhang, W.Y.; Wang, Z.Q. Effect of exogenous plant hormones on agronomic and
physiological performance of a leaf early-senescent rice mutant osled. Plant Growth Regul. 2020, 92, 517-533. [CrossRef]

Zhu, C.Q.; Wei, Q.Q.; Xiang, X.J.; Hu, W.J.; Xu, Q.S.; Cao, X.C.; Zhu, L.F;; Kong, Y.L,; Liu, J.; Jin, Q.Y. Regulation effects of seedling
raising by melatonin and methyl jasmonate substrate on low temperature stress tolerance in rice. Acta Agron. Sin. 2022, 48,
2016-2027.

Yu, PA,; Luo, Z.X.; Peng, M.; Wang, X.Z.; Zhang, G.L. Effect of exogenous ABA on survival rate of rice seedlings under low
temperature stress. Crop Res. 2022, 36, 401—405. [CrossRef]

Shan, L.L. Effect of low temperature during booting stage on rice physiology and alleviating effect of exogenous melatonin. China
Agric. Sci. Technol. Rev. 2023, 25, 23-33. [CrossRef]

Xu, YJ.; Tang, S.P; Jian, C.Q.; Cai, W.L.; Zhang, W.Y.; Wang, Z.Q.; Yang, ].C. Roles of polyamines and ethylene in grain filling,
grain weight and quality of rice. Chin. J. Rice Sci. 2022, 36, 327-335. [CrossRef]

Gogoi, N.; Baruah, K.K; Das, K.K. Effect of low temperature hardening and growth hormone on growth and yield of summer
rice (Oryza sativa L.). Res. Crops 2009, 10, 193-198.

Zeng, Y.H.; Zhang, Y.P,; Xiang, ].; Wu, H.; Chen, H.Z.; Zhang, YK.; Zhu, D.F. Effects of chilling tolerance induced by spermidine
pretreatment on antioxidative activity, endogenous hormones and ultrastructure of indica-japonica hybrid rice seedlings. J. Integr.
Agric. 2016, 15, 295-308. [CrossRef]

Liu, HY;; Ren, X.Q.; Zhu, J.Z.; Wu, X; Liang, C.J. Effect of exogenous abscisic acid on morphology, growth and nutrient uptake of
rice (Oryza sativa) roots under simulated acid rain stress. Planta Int. |. Plant Biol. 2018, 248, 647-659. [CrossRef]

Zhu, H. The Effects of Low Temperature Stress on Physiological Characteristics of Rice After Heading. Master’s Thesis, Anhui
University of Agriculture, Hefei, China, 2015.

Xia, J.C.; Zhao, H.; Liu, W.Z; Li, L.G.; He, Y.K. Role of cytokinin and salicylic acid in plant growth at low temperatures. Plant
Growth Regul. 2009, 57, 211-221. [CrossRef]


https://doi.org/10.1016/j.fcr.2012.10.019
https://doi.org/10.1016/j.envexpbot.2018.11.001
https://doi.org/10.1626/jcs.71.96
https://doi.org/10.3389/fpls.2023.1295003
https://www.ncbi.nlm.nih.gov/pubmed/38317835
https://doi.org/10.15889/j.issn.1002-1302.2024.02.004
https://doi.org/10.1016/j.pbi.2011.02.001
https://doi.org/10.1186/s12864-022-08438-3
https://doi.org/10.3724/SP.J.1006.2016.01551
https://doi.org/10.1007/s11103-008-9435-0
https://doi.org/10.1007/s10725-020-00653-w
https://doi.org/10.16848/j.cnki.issn.1001-5280.2022.05.01
https://doi.org/10.13304/j.nykjdb.2022.0172
https://doi.org/10.16819/j.1001-7216.2022.211010
https://doi.org/10.1016/S2095-3119(15)61051-6
https://doi.org/10.1007/s00425-018-2922-x
https://doi.org/10.1007/s10725-008-9338-8

Agronomy 2024, 14, 2450 19 of 20

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

Chen, T.T.; Zhao, X.; Zhang, C.X,; Yang, Y.J.; Feng, B.H.; Zhang, X.F,; Fu, G.F,; Tao, L.X. Application of salicylic acid improves
filling of inferior grains of rice during late maturity under mild cold stress. Crop Sci. 2017, 57, 2130-2142. [CrossRef]

Yuan, L.M.; Chang, E.H.; Xu, W.; Wang, Z.Q.; Yang, ].C. Effect of low temperature during grain filling on the structure of
endosperm in hybrid rice. Acta Agron. Sin. 2006, 32, 96-102.

Xu, Y.D. Regulation of Methyl Jasmonate to Spikelet-Opening and Seed-Setting of Photo-Thermo-Sensitive Genic Male Sterile
Rice Lines Subjected to High Temperature Stress During Anthesis. Master’s Thesis, Yangzhou University, Yangzhou, China, 2019.
Li, R.Q.; Jiang, M.; Song, Y.; Zhang, H.L. Melatonin alleviates low-temperature stress via ABI5-mediated signals during seed
germination in rice (Oryza sativa L.). Orig. Res. 2021, 12, 727596. [CrossRef] [PubMed]

Wang, D.H.; Li, X.X; Su, Z.K,; Ren, H.X. The role of salicylic acid in response of two rice cultivars to chilling stress. Biol. Plant.
2009, 53, 545-552. [CrossRef]

Zhang, L.L.; Ni, S.J.; Zhang, Z.; Zhao, Y.Z.; Li, X.; Mao, T.; Liu, Y.; Liu, EC. Sustained release effects of exogenous GA3 on
germination and growth of rice seedling under salt stress. China Rice 2018, 24, 42-46. [CrossRef]

Liu, S.J.; Huang, Y.Z.; Li, Y.; Wei, X.D.; Tie, B.Q. The effects of exogenous spermidine on the cadmium and arsenic uptake and
accumulation in rice. J. Agro-Environ. Sci. 2020, 39, 2172-2180. [CrossRef]

Shinkawa, R.; Morishita, A.; Amikura, K.; Machida, R.; Murakawa, H.; Kuchitsu, K.; Ishikawa, M. Abscisic acid induced freezing
tolerance in chilling-sensitive suspension cultures and seedlings of rice. BMIC Res. Notes 2013, 6, 351. [CrossRef]

Luo, L.P; Yu, ZW,; Wang, D.; Zhang, Y.L.; Shi, Y. Effects of planting density and soil moisture on flag leaf photosynthetic
characteristics and dry matter accumulation and distribution in wheat. Acta Agron. Sin. 2011, 37, 1049-1059. [CrossRef]

Zhao, H.; Dai, T.B; Jiang, D.; Jing, Q.; Cao, W.X. Effects of drought and waterlogging on flag leaf post-anthesis photosynthetic
characteristics and assimilates translocation in winter wheat under high temperature. Chin. |. Appl. Ecol. 2007, 18, 333-338.
[CrossRef]

Yoshida, S.; Forna, D.; Cock, J.; Gomez, K. Laboratory Manual for Physiological Studies of Rice, 3rd ed.; International Rice Research
Institute: Los Barios, Philippines, 1971.

Doehlert, D.C.; Kuo, T.M.; Felker, F.C. Enzymes of sucrose and hexose metabolism in developing kernels of two inbreds of maize.
Plant Physiol. 1988, 86, 1013-1019. [CrossRef]

Cheng, EM; Jiang, D.A.; Wu, P; Shi, C.H. The dynamic change of starch synthesis enzymes during the grain filling stage and
effects of temperature upon it. Acta Agron. Sin. 2001, 27, 201-206. [CrossRef]

Cheng, EM.; Zhong, L.].; Zhao, N.C,; Liu, Y.; Zhang, G.P. Temperature induced changes in the starch components and biosynthetic
enzymes of two rice varieties. Plant Growth Regul. 2005, 46, 87-95. [CrossRef]

Grofikinsky, D.K.; van der Graaff, E.; Roitsch, T. Regulation of abiotic and biotic stress responses by plant hormones. In Plant
Pathogen Resistance Biotechnology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2016. [CrossRef]

Xiang, H.T.; Zhou, H.; Zhao, H.D.; Qi, D.Q.; Li, W.; Zhen, D.F,; Wang, Y.X.; Wang, T.T.; Wang, L.Z.; Zeng, X.N. Effect of exogenous
ABA on the endogenous hormone levels and physiology of chilling resistance in the leaf sheath of rice at the flowering stage
under low temperature stress. Acta Prataculturae Sin. 2019, 28, 81-94. [CrossRef]

Yang, Q. Function Analysis of Precocious Leaf Senescence Gene OsPLS] in Rice. Master’s Thesis, Zhejiang University, Hangzhou,
China, 2016.

Hu, YJ.; Yu, EW,; Cong, SM,; Li, L;; Xue, ].T.; Xia, C.Y.; Guo, B.W,; Xing, Z.P. Effects of dynamic temperature at grain filling stage
on yield and quality of soft japonica rice. Acta Agron. Sin. 2022, 48, 3155-3165.

Xia, N. Effect of Cold-Water Stress at Grain-Filling Stage on Starch Accumulation, Yield and Quality of Japonica Rice in Cold-
Region. Master’s Thesis, Northeast Agricultural University, Harbin, China, 2016.

Tan, G.L.; Zhang, H.; Fu, J.; Wang, Z.Q.; Liu, L.J.; Yang, ].C. Post-anthesis changes in concentration of polyamine in superior and
inferior spikelets and their relationship with grain filling of super rice. Acta Agron. Sin. 2009, 35, 2225-2233. [CrossRef]

Wang, 5.Q.; Li, Y.; Ju, WM.; Chen, B.; Chen, ].H.; Croft, H.; Mickler, R.A.; Yang, F.T. Estimation of leaf photosynthetic capacity
from leaf chlorophyll content and leaf age in a subtropical evergreen coniferous plantation. J. Geophys. Res. Biogeosci. 2020, 125,
€2019JG005020. [CrossRef]

Chen, H.Y;; Jia, Y,; Zhao, HW.; Qu, Z.].; Wang, X.P,; Duan, Y.Y.; Yang, R.; Bai, X.; Wang, C.C. Effects of low temperature stress
during grain filling on starch formation and accumulation of superior and inferior grains in rice. Chin. J. Rice Sci. 2022, 36,
487-504. [CrossRef]

Wang, W.L.; Wang, X.; Huang, M.; Cai, J.; Zhou, Q.; Dai, T.B.; Jiang, D. Alleviation of field low-temperature stress in winter wheat
by exogenous application of salicylic acid. J. Plant Growth Regul. 2020, 40, 811-823. [CrossRef]

Shim, 1.S.; Momose, Y.; Yamamoto, A.; Kim, D.W.; Usui, K. Inhibition of catalase activity by oxidative stress and its relationship to
salicylic acid accumulation in plants. Plant Growth Regul. 2003, 39, 285-292. [CrossRef]

Miura, K; Tada, Y. Regulation of water, salinity, and cold stress responses by salicylic acid. Front. Plant Sci. 2014, 5, 4. [CrossRef]
Hirose, T.; Terao, T. A comprehensive expression analysis of the starch synthase gene family in rice (Oryza sativa L.). Planta 2004,
220, 9-16. [CrossRef]

Yang, W.B.; Yin, Y.P; Li, Y; Cai, T.; Ni, Y.L.; Peng, D.L.; Wang, Z.L. Interactions between polyamines and ethylene during grain
filling in wheat grown under water deficit conditions. Plant Growth Regul. 2014, 72, 189-201. [CrossRef]

Yu, S;; Ma, Y.; Zheng, X.; Liu, X.; Sun, D.W. Impacts of low and ultra-low temperature freezing on retrogradation properties of
rice amylopectin during storage. Food Bioprocess Technol. 2012, 5, 391-400. [CrossRef]


https://doi.org/10.2135/cropsci2016.11.0941
https://doi.org/10.3389/fpls.2021.727596
https://www.ncbi.nlm.nih.gov/pubmed/34646287
https://doi.org/10.1007/s10535-009-0099-7
https://doi.org/10.3969/j.issn.1006-8082.2018.02.011
https://doi.org/10.11654/jaes.2020-0828
https://doi.org/10.1186/1756-0500-6-351
https://doi.org/10.3724/SP.J.1006.2011.01049
https://doi.org/10.3321/j.issn:1000-3282.2005.07.015
https://doi.org/10.1104/pp.86.4.1013
https://doi.org/10.3321/j.issn:0496-3490.2001.02.011
https://doi.org/10.1007/s10725-005-7361-6
https://doi.org/10.1002/9781118867716.ch7
https://doi.org/10.11686/cyxb2018225
https://doi.org/10.1016/S1875-2780(08)60119-4
https://doi.org/10.1029/2019JG005020
https://doi.org/10.16819/j.1001-7216.2022.211105
https://doi.org/10.1007/s00344-020-10144-x
https://doi.org/10.1023/A:1022861312375
https://doi.org/10.3389/fpls.2014.00004
https://doi.org/10.1007/s00425-004-1314-6
https://doi.org/10.1007/s10725-013-9851-2
https://doi.org/10.1007/s11947-011-0526-6

Agronomy 2024, 14, 2450 20 of 20

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Xia, N.; Zhao, HW.; Ly, Y.C.; Zhao, Z.D.; Zou, D.T.; Zhao, H.L.; Wang, ].G.; Jia, Y. Effect of cold-water stress at grain-filling stage
on starch accumulation and related enzyme activities in grains of japonica rice in cold-region. Chin. J. Rice Sci. 2016, 30, 62-74.
[CrossRef]

Huang, M.; Zhang, W.X,; Jiang, L.G.; Zou, Y.B. Impact of temperature changes on early-rice productivity in a subtropical
environment of China. Field Crops Res. 2013, 146, 10-15. [CrossRef]

Zhao, X.Q.; Zhang, T.; Wang, W.S.; Zhang, F.; Zhu, L.H.; Fu, B.Y.; Li, Z.K. Time-Course metabolic profiling in rice under low
temperature treatment. Acta Agron. Sin. 2013, 39, 720-726. [CrossRef]

Li, H.B.; Xin, Y.N.; Hou, S.G.; Yu, G.X,; Wang, Y.F,; Chen, Y.; Wang, N.; Zhao, Q.; Fu, L.; Zhang, H.Y. Effects of low temperature
stresses on the characters of plant, yield and the proline contents in rice leaves at booting and heading stages. Chin. Agric. Sci.
Bull. 2011, 27, 63-68.

Ren, H.R. Effects of Low Temperature Chilling Injury at Booting Stage on Yield Formation, Physiological Characteristics and Rice
Quality of Rice. Master’s Thesis, Yangzhou University, Yangzhou, China, 2018.

Zhang, C.X.; Guo, BW.,; Tang, ].; Xu, EE,; Xu, K.; Hu, YJ.; Xing, Z.P; Zhang, H.C.; Dai, Q.G.; Huo, Z.Y.; et al. Combined effects of
low temperature and weak light at grain-filling stage on rice grain quality. Acta Agron. Sin. 2019, 45, 1208-1220.

Zhang, J.E.; Jie, Q.S.; Li, Y.C,; Tian, J.; Wang, S.M.; Lu, K.D. Effects of low temperature stress on the photosynthetic capacity and
yield components of early rice at the spikelet differentiation stage. Chin. J. Agrometeorol. 2014, 35, 410-416. [CrossRef]
Chunthaburee, S.; Sanitchon, J.; Pattanagul, W.; Theerakulpisut, P. Effects of salt stress after late booting stage on yield and
antioxidant capacity in pigmented rice grains and alleviation of the salt-induced yield reduction by exogenous spermidine. Plant
Prod. Sci. 2015, 18, 32-42. [CrossRef]

Hu, Q.J.; Chen, M.X.; Song, ].H. Spermidine enhanced the antioxidant capacity of rice seeds during seed aging. Plant Growth
Regul. 2020, 91, 397-406. [CrossRef]

Li, Y;; Zhang, L.; Zeng, Y.F,; Deng, H.L.; Zhu, L.Y.; Chen, L.F; Wang, G.H. Melatonin-induced resilience strategies against the
damaging impacts of drought stress in rice. Agronomy 2022, 12, 813. [CrossRef]

Abd Allah, E.F; Al Qarawi, A.A.; Al Rashed, S.A.; Hashem, A.; Al Huqail, A.A.; Aldosari, N.S. Modulation of adverse impact of
chilling in Vicia faba L. By methyl jasmonate involves changes in antioxidant metabolism and metabolites. Pak. J. Bot. 2016, 48,
1915-1923.

Hu, Y.R; Jiang, Y.J.; Han, X.; Wang, H.P; Pan, ].].; Yu, D.Q. Jasmonate regulates leaf senescence and tolerance to cold stress:
Crosstalk with other phytohormones. J. Exp. Bot. 2017, 68, 1361-1369. [CrossRef] [PubMed]

Yang, WE; Du, Y.L.; Gu, D.L; Jia, Y.Y.; Wang, W.Z.; Wu, CW.; Du, X.F,; Wen, T.G.; Peng, ]. Effects of four kinds of regulatory
agents on cold-tolerance of rice. Jiangsu J. Agric. Sci. 2017, 33, 739-746.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.16819/j.1001-7216.2016.5099
https://doi.org/10.1016/j.fcr.2013.03.007
https://doi.org/10.3724/SP.J.1006.2013.00720
https://doi.org/10.3969/j.issn.1000-6362.2014.04.008
https://doi.org/10.1626/pps.18.32
https://doi.org/10.1007/s10725-020-00613-4
https://doi.org/10.3390/agronomy12040813
https://doi.org/10.1093/jxb/erx004
https://www.ncbi.nlm.nih.gov/pubmed/28201612

	Introduction 
	Materials and Methods 
	Test Site and Test Material 
	Exogenous Phytohormone Treatment 
	Low-Temperature Treatment 
	Determination of Yield and Yield Components 
	Determination of SPAD Value 
	Determination of Dry Matter Accumulation and Transportation 
	Determination of Total Starch Content of Seeds 
	Determination of Soluble Protein Content 
	Determination of Seed Adenosine Diphosphate Glucose Phosphorylated Enzyme (AGP) Activity 
	Determination of Seed Starch Branching Enzyme (SBE) Activity 
	Statistics Analysis 

	Results 
	Effect of Different Exogenous Hormones on Yield and Yield Structure of Rice 
	Effects of Different Exogenous Hormones on SPAD Values of Rice Rapeseed Leaves 
	Effects of Different Exogenous Hormones on Aboveground Dry Matter Partitioning in Rice at the Maturity Stage 
	Effects of Different Exogenous Hormones on Dry Matter Accumulation and Translocation in Rice 
	Effect of Different Exogenous Hormones on Total Starch Content in Rice Grains 
	Effects of Different Exogenous Hormones on Protein Content in Rice Grains at the Maturity Stage 
	Effects of Different Exogenous Hormones on Adenosine Diphosphate Glucose Phosphorylated Enzyme (AGP) Activity in Rice Grains 
	Effects of Different Exogenous Hormones on Starch Branching Enzyme (SBE) Activity in Rice Grains 

	Discussion 
	Effects of Different Exogenous Hormones on Chlorophyll Content, Seed Protein Content, and Total Starch Content and the Seed AGPase and SBEase Activities of Rice Leaves Under Low-Temperature Stress at the Early Stage of Irrigation 
	Effects of Different Exogenous Hormones on Dry Matter Accumulation and Translocation in Rice Under Low-Temperature Stress at Early Filling Stage 
	Effects of Different Exogenous Hormones on Rice Yield and Its Components Under Low-Temperature Stress at the Early Stage of Irrigation 

	Conclusions 
	References

