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Abstract: Low-temperature stress has become an important abiotic factor affecting high and stable
wheat production. Therefore, it is necessary to take appropriate measures to enhance low-temperature
tolerance in wheat. A pot experiment was carried out using Yannong19 (YN19, a cold-tolerant cultivar)
and Xinmai26 (XM26, a cold-sensitive cultivar). We employed traditional phosphorus application
(TPA, i.e., R1) and optimized phosphorus application (OPA, i.e., R2) methods. Plants undertook
chilling (T1 at 4 °C) and freezing treatment (T2 at —4 °C) as well as ambient temperature (CK at 11 °C)
during the anther differentiation period to investigate the effects of OPA and TPA on photosynthetic
parameters and the accumulation and distribution of dry matter. The net photosynthetic rate (Pn),
stomatal conductance (Gs) and transpiration rate (Tr) of flag leaves decreased in low-temperature
treatments, whereas intercellular carbon dioxide concentration (Ci) increased. Compared with R1CK,
Pn in R1T1 and R1T2 treatments was reduced by 26.8% and 42.2% in YN19 and 34.2% and 54.7%
in XM26, respectively. In contrast, it increased by 6.5%, 8.9% and 12.7% in YN19 and 7.7%, 15.6%
and 22.6% in XM26 for R2CK, R2T1 and R2T2 treatments, respectively, under OPA compared with
TPA at the same temperature treatments. Moreover, low-temperature stress reduced dry matter
accumulation at the reproductive growth stage. OPA increased dry matter accumulation of vegetative
organs after the flowering stage and promoted the transportation of assimilates to grains. Hence, the
grain number per spike (GNPS), 1000-grain weight (TGW) and yield per plant (YPP) increased. The
low-temperature treatments of T1 and T2 caused yield losses of 24.1~64.1%, and the yield increased
by 8.6~20.5% under OPA treatments among the two wheat cultivars. In brief, OPA enhances low-
temperature tolerance in wheat, effectively improves wheat architecture and photosynthesis, increases
GNPS and TGW and ultimately lessens yield losses.

Keywords: wheat; low-temperature stress; optimized phosphorus application; photosynthesis;
carbon assimilation; yield

1. Introduction

Temperature is the primary abiotic factor affecting the growth of wheat and other
crops [1]. Nowadays, several studies are being carried out on climate change and global
warming, which impose abiotic stress on crops [2]. Low-temperature events’ intensity,
frequency and duration are increasing due to global warming [3,4]. As spring approaches,
wheat’s sensitivity to cold and the risk of low-temperature stress also increase [5]. Recently,
low-temperature stress has caused considerable losses to wheat producers [6,7].
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Many studies have shown that the most sensitive period of low temperature in wheat
is from the jointing to booting stages [8,9]. When wheat enters the vegetative to reproduc-
tive phase, low-temperature stress causes severe damage to young spikes, which affects
subsequent grain filling and fruiting [10]. Photosynthesis is one of the crops’ most sensitive
physiological processes influenced by low temperature [11,12]. The photosynthetic capacity
of wheat drastically decreases with the reduction in net photosynthetic rate and photosyn-
thetic area, leading to reduced biomass accumulation and lowered grain yield [13]. Under
low-temperature stress, the enzymatic activities associated with photosynthetic carbon
assimilation were severely disrupted, leading to the Calvin cycle’s obstruction and the
diminished rate of photosynthesis [11,14]. Low-temperature stress results in the yellowing
of leaves and, in severe cases, permanent leaf wilting takes place, leading to the temporary
or permanent restriction of photosynthesis [15]. With the extension of treatment time
and the decrease of temperature, the net photosynthetic rate of wheat leaves decreased
gradually and recovered slowly within 7~15 days after freezing treatment [5]. The structure
and function of wheat flag leaves were seriously damaged when the temperature was
below —5 °C [16].

The grain number per spike (GNPS) and 1000-grain weight (TGW) of wheat signif-
icantly decreased when it was subjected to low-temperature stress at the jointing and
booting stages [17]. The decrease in GNPS was the primary reason for wheat yield decline.
Studies revealed that low-temperature stress at the booting stage causes pollen sterility,
poor spikelets setting and the yield to be reduced up to 50% [9,18]. This severe reduction is
due to the low-temperature induced excessive accumulation of reactive oxygen species,
which leads to pollen abortion, anther inactivation and decreased GNPS [11,19]. Moreover,
under low-temperature stress, an imbalanced source-sink relationship reduces assimilates’
accumulation and transportation to spike, resulting in a significant decrease in GNPS and
TGW [6].

As an essential nutrient in plants, phosphorus plays an important role in various
metabolic activities and biological pathways [20,21]. Previously, plenty of studies showed
that phosphorus could improve the stress resistance of horticultural crops and field
crops [22,23]. Phosphorus application effectively improves the soil-plant nutrition re-
lationship, ensures source-sink balance, strengthens membrane stability and alleviates
dehydration and oxidation stress caused by abiotic stress such as low-temperature [6,24].
Under water deficit stress, the positive effects of phosphorus were reflected in improving
the growth and phenolic compounds in the root [25]. Furthermore, it is good to enhance the
antioxidant enzymatic activities in crop plants and reduce malondialdehyde content using
microbial phosphorus [26]. In the reproductive growth stage of plants, senescent leaves
are the primary source of nutrients for bank tissues, and the reactivation of phosphorus is
beneficial for plants to obtain sufficient nutrients and maintain metabolic balance [27].

Previous studies comprehensively revealed the harm of low-temperature stress on
wheat and the alleviating mechanism of phosphorus but lacked in quantitative analysis of
phosphorus’s role under low-temperature stress. In the present study, controlled phytotron
experiments were conducted using two winter wheat cultivars with different cold sensi-
tivities under different low-temperature treatments and different methods of phosphorus
application during the anther differentiation period. This study aimed to (1) analyze the
effects of optimized phosphorus application (OPA) on the photosynthetic performance
of wheat flag leaves under low-temperature stress, (2) quantify the effects of OPA on dry
matter accumulation, transportation and its distribution under low-temperature stress and
(3) compute the effects of OPA on wheat yield and its components under low-temperature
stress.

2. Materials and Methods
2.1. Experimental Design

This experiment was conducted in 2020-2021 in the Agricultural Extraction Garden of
Anhui Agricultural University (31°86’ N, 117°26’ E; 30 m altitude) in Hefei, Anhui Province,
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China. This location has a humid monsoon climate in the northern subtropics. From 2016
to 2020, low-temperature events were frequent in March (Figure S1). Additionally, the
wheat growing season is from November to May of the following year. The winter wheat
cultivars Yannong19 (YN19, cold-tolerant) and Xinmai26 (XM26, cold-sensitive) were used
for the experimentation. Wheat cultivars were sown in pots with a diameter of 26 cm and a
height of 35 cm on 1 November 2020. Every pot was filled with 10 kg of soil before sowing,
and then 3 cm of soil were covered on the wheat seeds after sowing.

Potting soil was taken from the 0~20 cm tillage layer with an organic matter content of
16.3 g kg~! and available nitrogen, phosphorus and potassium contents of 112.2, 23.0 and
161.6 mg kg1, respectively. In the whole growth period, 1.8 g urea (base application 1.2 g +
top application 0.6 g at jointing stage) and 1.7 g potassium sulfate (one-off base application)
were applied to each pot of wheat. The method of phosphorus application (MPA) was
divided into traditional phosphorus application (TPA, R1: 5 g superphosphate for base
application) and optimized phosphorus application (OPA, R2: base application 2.5 g + top
application 2.5 g at jointing stage). There were 144 pots for two cultivars, i.e., 12 pots were
planted in each treatment of YN19 and XM26 (Table 1). All the pots were buried in the soil,
and the upper edge of the basin was flushed with the floor. Eighteen seeds were planted in
each pot, and nine seedlings were maintained at the three-leaf stage.
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Figure 1. The weather conditions during March at anther differentiation period in the wheat-growing
season (2020—2021).

Table 1. Test treatment.

Temperature Regimes

Variety MPA Number of
CK (11 °C) T1(4°QC) T2 (—4°Q) Experimental Pots
R1 YNRICK YNRITI YNRIT2 36 pots
YN19 R2 YNR2CK YNR2T1 YNR2T2 36 pots
R1 XMRICK XMRIT1 XMRIT2 36 pots
XM26 R2 XMR2CK XMR2T1 XMR2T2 36 pots

From 14 to 15 March 2021, crop plants were observed under a microscope when the spikes had reached the anther
differentiation period (OLYMPUS SZ2-ILST; Tokyo, Japan). Except for the control treatments (CK), all other pots
were transferred to an artificial climate chamber (DGXM—1008; Ningbo Jiangnan Instrument Manufacturing
Factory, Ningbo, China; 1300 mm length x 630 mm width x 1305 mm height) with a humidity of 75% and light
intensity of 0 pmol-m~2-s~!-s for each treatment. The average temperature on the day of treatment (15 March
2021) was 15 °C, and the lowest temperature at night was 11 °C (Figure 1). The temperature in the chamber was
set at 4 °C (T1) and —4 °C (T2) from 01:00 a.m. to 05:00 a.m., and the pots were moved back to the field after
treating with low temperature. Field conditions were maintained until the plants reached maturity. One hour
before and after the low-temperature treatments, pots were moved to the indoor climate chamber to prevent
sudden temperature drop shock. Abbreviations: MPA = the method of phosphorus application; R1 = traditional
phosphorus application; R2: optimized phosphorus application.
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2.2. Sampling and Measurement
2.2.1. Plant Morphology

Plant height and tillers number were measured at the booting stage (BS i.e., 3.29),
flowering stage (FS, i.e., 13 April), grain-filling stage (GS, i.e., 29 April) and maturity stage
(MS, i.e., 21 May), respectively. Similarly, leaf areas per plant were also measured at booting,
flowering and grain-filling stages. Plant height and leaf areas were measured with a steel
ruler of 1 m and a plastic ruler of 30 cm, respectively. The length (L) and max-width (W)
of green leaves were measured to calculate the leaf area (LA): LA = 0.75 x L x W. Nine
wheat plants in each pot were randomly chosen at each stage to measure the morphological
indicators, and the average value of three plants was used as one replication.

2.2.2. Determination of Photosynthetic Parameters

A Li-6400 (LI-COR, Lincoln, NE, USA) portable photosynthetic measurement system
was used to measure the net photosynthetic rate (Pn), stomatal conductance (Gs), intercel-
lular carbon dioxide concentration (Ci) and transpiration rate (Tr) of flag leaves in the main
stem at flowering and grain-filling stages, respectively. During the test, the leaf chamber of
the red and blue light sources was used, and the photosynthetically active radiation was
set at 1100 umol-m~2-s~1. Three randomly selected flag leaves of the main stem were used
to measure the photosynthetic traits in each treatment.

2.2.3. Dry Matter Accumulation, Translocation, and Distribution

The samples with measured morphological traits were put into a constant temperature
air dryer (DHG-240L; Hefei Youke Instrument Equipment Co., Ltd., Hefei, China) and
placed at 105 °C for 30 min, then dried at 75 °C to obtain constant weight. Wheat plants
were divided into three parts at the flowering stage: spikes, stems + sheaths and leaves, and
at the maturity stage, they were divided into four parts: grains, spike axis + glumes, stems
+ sheaths and leaves. Dry matter was weighed using a digital balance with an accuracy
of 0.0001 g (ME204E/02; Shanghai Mettler Toledo Instrument Co., Ltd., Shanghai, China).
Moreover, the following parameters related to dry matter accumulation and remobilization
within the wheat plants during grain filling were calculated:

(1) Dry matter transportation of vegetative organs before flowering stage (DMT) = Dry
matter of vegetative organs at the flowering stage—dry matter of vegetative organs at
maturity stage (g).

(2) Proportion of dry matter transportation of vegetative organs before flowering stage
(%) (PDMT) = (DMT/dry matter of vegetative organs at the flowering stage) x 100%.

(3) Contribution of dry matter transportation of vegetative organs before the flowering
stage to dry matter of grains (%) (CDMT) = (DMT/dry matter of grains at maturity
stage) x 100%.

(4) Dry matter accumulation of vegetative organs after flowering stage (DMAA) = Dry
matter of grains at maturity stage—DMT (g).

(5) Contribution of dry matter after flowering stage to dry matter of grains (%) (CDMAA)
= (DMAA /dry matter of grains at maturity stage) x 100%.

2.2.4. Grain Yield Components

At the maturity stage, three wheat plants were randomly selected from each pot to
investigate the grain number per spike (GNPS), spike number per plant (SNPP), 1000-grain
weight (TGW) and the yield per plant (YPP = SNPP x GNPS x TGW).

2.3. Statistical Analysis

Microsoft Excel (version 2016; Microsoft, Inc., Redmond, WA, USA) was used to
sort data, figures and tables. Comparisons were made using one-way ANOVA using
SPSS statistical software (version 19; SPSS, Inc., Chicago, IL, USA). Statistical divergence
among treatments was determined using Tukey’s honestly significant difference (HSD) test.
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Correlation tests were calculated using Pearson’s correlation coefficient. The data were
expressed as mean =+ standard error (SE) triplicates.

3. Results
3.1. Plant Morphology

With the advancement of the growth stages, the plant height of YN19 and XM26
increased first, then decreased from the booting stage to the maturity stage and reached
the maximum at the grain-filling stage, whereas the tillers number and leaf areas per plant
decreased after the booting stage (Figure 2). Low-temperature stress resulted in reduced
plant height, tiller number and leaf areas, and no significant difference was observed
between the treatments at the booting and flowering stages. Compared with R1CK, the
plant height of YN19 in R1T1 and R2T2 decreased by 7.8% and 10.1% at the maturity
stage, respectively; whereas plant height increased by 3.4%, 4.1% and 2.8% in R2CK, R2T1
and R2T2 under OPA, compared with TPA at the same temperature levels, respectively.
After low-temperature treatments, the plant height of XM26 in R1T1 and R1T2 decreased
by 3.2% and 14.5% in R1CK, respectively; then it increased by 2.4%, 2.4% and 3.3% in
R2CK, R2T1 and R2T2 under OPA, compared with the same temperature treatments under
TPA, respectively. At the maturity stage in R1T1 and R1T2 treatments, the tiller number
decreased by 10.0%~20.0% in YN19 and 10.5%~36.8% in XM26, respectively, compared
with R1CK; while 10.0%, 11.0%, 12.5%, 10.5%, 5.9% and 16.7% increases in R2CK, R2T1
and R2T2 were observed in YN19 and XM26, respectively, under OPA, compared with the
same temperature treatments under TPA. Additionally, the leaf areas per plant of the two
cultivars were the highest in R2CK, significantly higher than those of T2. The leaf area
per plant decreased by 20.5~31.3% in YN19 and 20.0~50.3% in XM26, respectively, after
low-temperature treatment under TPA compared with R1CK; under OPA, it was increased
by 9.0~14.9% in YN19 and 13.6~17.4% in XM26, respectively (Figure 2).

Thus, low-temperature treatments diminished the plant morphological traits in two
cultivars, especially for XM26 in T2 treatment, and OPA alleviated the damage of low-
temperature stress.

3.2. Photosynthetic Parameters

At the flowering stage, except for YNR2T1, the Pn of the low-temperature treatments
among two wheat cultivars was significantly lower than that of CK. The Pn of T1 and
T2 decreased by 19.1~33.1% in YN19 and 25.9~40.1% in XM26, respectively, under TPA,
whereas it increased by 5.2~16.2% and 3.6~18.2%, respectively, under OPA treatment. At
the grain-filling stage, the Pn in the ambient temperature was significantly higher than
that in low-temperature treatments, which in T1 treatment was significantly higher than
T2. However, no significant difference was found among the treatments at the same
temperature. Compared with R1CK, the Pn of YN19 in the R1T1 and R1T2 treatment
was reduced by 26.8% and 42.2%, respectively; it increased by 6.5%, 8.9% and 12.7% in
the treatments of R2CK, R2T1 and R2T?2, respectively, under OPA compared with those
under TPA at the same temperature treatments. The Pn of XM26 under TPA was reduced
by 34.2~54.7% after low-temperature treatment and increased by 7.7~22.6% under OPA
treatments compared with TPA treatments (Table 2).

The Gs of two cultivars at the flowering stage was higher than that at the grain-filling
stage in the same treatment. After low-temperature treatment, the Gs of the two cultivars
except for YNR2T1 decreased significantly compared with ambient temperature treatment.
Compared with R1CK at the grain-filling stage, the Gs in R1T1 and R1T2 decreased by
32.1~51.5% in YN19 and 31.1~54.6% in XM26, respectively, while it was increased by
8.2~15.4% and 5.9~22.2%, respectively, under OPA in the same temperature treatments
(Table 2).

At the flowering and grain-filling stages, the Ci of the T2 treatment was significantly
lower than CK, while there was no significant difference between T1 and T2 treatments
between the two cultivars. At the grain-filling stage, the Ci of T1 and T2 under TPA
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treatment increased by 14.2% and 39.5% in YN19 and 20.2% and 41.3% in XM26, respectively.
Compared with TPA, Ci decreased in the treatment of OPA by 4.2~7.7% in YN19 and
5.4~7.2% in XM26, respectively (Table 2).
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Figure 2. Effects of OPA on wheat morphology under low-temperature stress at booting, flowering
and grain-filling stages. (A) Plant height of YN19. (B) Plant height of XM26. (C) Tiller number of
YN19. (D) Tiller number of XM26. (E) Leaf areas per plant of YN19. (F) Leaf areas per plant of
XM26. Data represent means =+ SE (n = 3). Vertical bars represent standard errors. Abbreviations:
YN19 = Yannong19; XM26 = Xinmai26; BS = booting stage; FS = flowering stage; GS = grain-filling
stage; MS = maturity stage. R1CK, R1T1 and R1T2 represent 11 °C, 4 °C and —4 °C under traditional
phosphorus application, respectively; and R2CK, R2T1 and R2T2 represent 11 °C, 4 °C and —4 °C
under optimized phosphorus application, respectively.
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Table 2. Effects of OPA on wheat photosynthetic parameters under low-temperature stress at flowering and grain-filling stages.

YN19 XM26
Stage MPA TEMP Pn Gs Ci Tr Pn Gs Ci Tr
umol-m—2.s—1 mol-m—2.s—1 umol-mol—1 mmol-m—2.s—1 umol-m—2.s—1 mol-m—2.s~1 umol-mol—1 mmol-m—2.s~1
CK 251+0.7a 0.231 + 0.005 ab 141.7 £4.1 cd 489+ 0.34a 247 +04a 0.219 £ 0.010 a 148.3 = 5.5de 4744+ 014 a
R1 T1 20.3 + 0.3 bc 0.179 + 0.003 ¢ 154.0 £ 2.3 bc 3.78 + 0.13 abc 18.3 £ 0.5 bc 0.153 4 0.007 bc 170.7 = 7.4 bc 3.46 +0.10b
T2 16.8 +0.7 ¢ 0.124 + 0.013 d 175.7 £3.7 a 2.55+0.10c¢ 14.8 £05d 0.110 4+ 0.005 d 195.0£5.7a 224+ 0.10d
FS
CK 264 +0.8a 0.255 + 0.014 a 132.0£25d 511 +0.23a 256 £0.8a 0.230 £+ 0.009 a 135.7 £ 28e 496 + 0.08 a
R2 T1 23.6 +=1.0ab 0.200 % 0.007 be 146.3 £ 6.9 cd 3.93 +0.44 ab 199+04Db 0.168 + 0.002 b 162.0 + 2.5 cd 3.58 + 0.08 b
T2 194+ 02c 0.158 + 0.006 cd 169.0 2.5 ab 3.27 £ 0.25bc 175+ 0.6 ¢ 0.133 + 0.008 cd 184.7 + 8.4 ab 2.89 £0.07 ¢
CK 123+ 03a 0.134 4+ 0.004 a 1740 £55¢ 3.35+0.12a 11.7+0.2a 0.119 £ 0.005 a 175.3 4 3.84 de 3.12 + 0.09 ab
R1 T1 9.0 £ 0.3 bc 0.091 + 0.003 be 198.7 + 6.8 bc 2.71 + 0.07 be 7.7 +£0.4bc 0.082 4+ 0.003 bc 210.7 £+ 3.53 bc 253 +0.16¢
T2 71+03c 0.065 + 0.004 ¢ 2427 +6.0a 2.42 +£0.09 ¢ 53+04d 0.054 4+ 0.008 ¢ 247.7 + 6.98 a 1.74 £ 0.07 d
GS
CK 131+ 03a 0.145 4+ 0.004 a 166.7 £ 5.8 ¢ 3.52+0.13a 12.6 £ 03 a 0.126 £+ 0.006 a 162.7 = 3.84 ¢ 3.36 £ 0.08 a
R2 T1 9.8+ 02b 0.101 + 0.007 b 1870+ 75¢ 2.88 +0.07b 89+04Db 0.098 4+ 0.007 ab 197.7 £ 4.98 cd 2.81 4+ 0.07 bc
T2 8.0+03cd 0.075 + 0.002 cd 224.0 + 6.2 ab 2.55 4+ 0.07 bc 6.5+ 05cd 0.066 4= 0.003 ¢ 234.3 + 6.36 ab 195+ 0.12d

Data represent mean =+ SE (1 = 3). Different letters following the data within each column indicate significant differences at p < 0.05. Abbreviations: YN19 = Yannong19; XM26 = Xinmai26;
Pn: net photosynthetic rate; Gs: stomatal conductance; Ci: intercellular carbon-dioxide concentration; Tr: transpiration rate; MPA = the methods of phosphorus application;
TEMP = temperature; FS = flowering stage; GS = grain-filling stage. R1 and R2 represent traditional phosphorus application and optimized phosphorus application, respectively. CK, T1
and T2 represent 11 °C, 4 °C and —4 °C, respectively.
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At the flowering and grain-filling stages, Tr in the T2 treatment of YN19 was signifi-
cantly lower than that of CK, and that of XM26 decreased significantly with the increase of
low-temperature intensity. Compared with R1CK at the grain-filling stage, the Tr of R1T1
and R1T2 decreased by 19.1~27.8% in YN19 and 18.9~44.2% in XM26, respectively; whereas
under OPA, the Tr increased by 5.1~6.3% in YN19 and 7.7~12.1% in XM26, respectively,
compared with TPA at the same temperature treatments (Table 2).

It is shown in Table 2, with the increasing low-temperature and advancement of the
growth stage, Pn, Gs and Tr showed a decreasing trend, whereas Ci took a different direction.
The stronger the low-temperature intensity, the better the effect of OPA. Furthermore, the
effect of OPA on XM26 was better than that of YN19. However, the reduction degree for
the Ci of XM26 under T2 treatment was lower than that of YN19, which may be attributed
to its sensitivity toward low-temperature stress and the irreversible damage of XM26 at
—4 °C. In brief, OPA was beneficial in improving the photosynthesis of wheat leaves after
low-temperature treatment.

3.3. Dry Matter
3.3.1. Dry Matter Accumulation

Dry matter accumulation showed an upward trend from the booting to maturity
stage, while dry matter accumulation decreased with increasing low-temperature stress
(Table 3). Low temperature had no significant effect on the dry matter accumulation of
YN19 but significantly reduced the dry matter accumulation of XM26 at the booting stage.
With the gradual decrease in low temperature, dry matter accumulation in T2 treatment
showed a significant downward trend in two cultivars at the flowering and grain-filling
stage. At the maturity stage, dry matter accumulation in the R1T1 and R1T2 treatments
decreased by 22.1~36.6% in YN19 and 41.1~56.9% in XM26, respectively, compared with
R1CK; while it increased by 10.1~14.8% in YN19 and 7.4~13.9% in XM26, respectively,
under OPA compared with TPA in the same temperature treatments.

Table 3. Effects of OPA on wheat dry matter accumulation under low-temperature stress at different
growth stages.

Variety

MPA

TEMP BS FS GS MS

R1

CK
T1
T2

741 £ 0.57 a
6.95+ 054 a
6.37 £0.07 a

10.45 £ 0.65 ab
8.54 +0.71 cd
713+0.88d

12.19 £ 0.52 ab
9.99 £0.27 c
926 £0.28 ¢

15.01 £ 1.22 ab
11.70 £1.31cd
9.52+1.17d

YN19

R2

CK
T1
T2

755+ 044 a
714+ 040 a
6.72£0.16a

1135+ 1.16a
9.09 £ 0.94 bc
8.15 £ 0.52 cd

12.66 = 0.38 a
10.62 £ 0.17 be
975+ 042 ¢

16.53 £1.83a
13.20 £ 1.76 bc
10.93 £0.98 cd

R1

CK
T1
T2

714 £ 045ab
5.63 +0.24 cd
4.62+0.18d

9.83 £ 0.15a
6.55 + 0.22 bc
491 +0.12d

11.31 £ 0.62a
7.41 + 0.57 be
548 £0.30 ¢

14.37 £ 022 a
8.47 £ 0.15bc
6.20 +0.48d

XM26

R2

CK
T1
T2

737 £ 034 a
6.27 + 0.23 be
518 +0.12d

10.18 £0.35a
735+ 0.35b
539+ 0.41cd

1257 £ 051 a
8.43+045b
6.25 + 0.25 bc

15.44 + 0.68 a
9.60 +0.18 Db
7.06 = 0.22 cd

Data represent mean + SE (n = 3). Different letters following the data within each column indicate signifi-
cant differences at p < 0.05. Abbreviations: YN19 = Yannong19; XM26 = Xinmai26; MPA = the methods of
phosphorus application; TEMP = temperature; BS = booting stage; FS = flowering stage; GS = grain-filling
stage; MS = maturity stage. R1 and R2 represent traditional phosphorus application and optimized phosphorus
application, respectively. CK, T1 and T2 represent 11 °C, 4 °C and —4 °C, respectively.

3.3.2. Dry Matter Accumulation in Different Wheat Organs

With the extension of low-temperature stress, the accumulation of aboveground veg-
etative organs showed a significant decreasing trend in both cultivars at the flowering
stage. The dry matter accumulation in the spikes of YN19 decreased, but there was no
significant difference among treatments. In XM26, the dry matter accumulation under T2
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treatment was significantly lower than that under ambient temperature. Moreover, dry
matter accumulation in T1 and T2 treatments was reduced by 20.4~32.0% in YN19 and
32.6~48.5% in XM26, respectively, under TPA after low-temperature treatments; dry matter
accumulation increased by 6.3~11.2% in YN19 and 2.2~10.9% in XM26, respectively, under
OPA with the same temperature treatments compared with TPA (Figure 3A,B).

o
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Figure 3. Effects of OPA on dry matter accumulation in different wheat organs under low-temperature
stress at different growth stages. (A) Different organs dry matter accumulation of Yannong19 at the
flowering stage. (B) Different organs dry matter accumulation of Xinmai26 at the flowering stage.
(C) Different organs dry matter accumulation of Yannong19 at the maturity stage. (D) Different
organs dry matter accumulation of Xinmai26 at the maturity stage. Data represent mean + SE
(n = 3). Different letters following the data within each column indicate significant differences at
p < 0.05. Aboveground vegetative organs: leaves + stems + sheaths. R1 and R2 represent traditional
phosphorus application and optimized phosphorus application, respectively. CK, T1, and T2 represent
11°C, 4 °C and —4 °C, respectively.

The dry matter accumulation in aboveground vegetative organs, spike axis + glumes and
grains of two cultivars decreased with the extension of low-temperature stress (Figure 3C,D).
The dry matter accumulation in aboveground vegetative organs significantly decreased after
low-temperature treatments, but there was no significant difference between T1 and T2
treatments among the two cultivars. The grain dry matter accumulation trend was similar
to that of aboveground vegetative organs. At the maturity stage, compared with R1CK,
dry matter accumulation of R1T1 and R2T2 in aboveground vegetative organs was reduced
by 19.2~31.3% in YN19 and 33.7~48.4% in XM26, respectively; however, it increased by
11.2~17.5% in YN19 and 4.4~7.9% in XM26, respectively, under the treatments of OPA with
the same temperature treatments compared with TPA. Compared with R1CK, the dry matter
accumulation of spike axis + glumes of R1T1 and R2T2 decreased by 20.4~38.8% in YN19
and 38.0~51.5% in XM26, respectively; it increased by 8.3~14.3% in YN19 and 8.1~12.4%
in XM26, respectively, under the treatments of OPA with the same temperature treatments
compared with TPA. In addition, grain dry matter accumulation in T1 and T2 decreased by
25.1~41.0% in YN19 and 47.1~64.3% in XM26, respectively, under TPA compared with CK; it
increased by 7.9~13.7% in YN19 and 8.9~21.0% in XM26, respectively, under OPA with the
same temperature treatments compared with TPA.

3.3.3. Dry Matter Redistribution in Wheat

The DMAA and CDMAA of the two cultivars showed a downward trend, while
CDMT exhibited an upward trend with the extension of low-temperature treatment. The
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DMAA of T1 and T2 decreased by 26.4~44.6% in YN19 and 56.4~73.0% in XM26 under
TPA, respectively, while it increased by 15.3~26.0% in YN19 and 15.5~31.5% in XM26 under
OPA with the same temperature treatments compared with TPA, respectively. Furthermore,
CDMAA was reduced by 1.5~6.0% in YN19 and 18.9~24.4% in XM26 under OPA after
low-temperature treatment, respectively, while it increased by 6.9~10.5% in YN19 and
2.8~6.4% in XM26 under OPA with the same temperature treatments compared with TPA,
respectively (Table 4).
Table 4. Effects of OPA on wheat redistribution under low-temperature stress during the anther
differentiation period.
. Dry Matter BF Dry Matter AF
Variety MPA TEMP
PDMT CDMT DMAA CDMAA
CK 26.96 & 0.57 a 33.81 :092a 4.51 4+ 0.07 ab 66.19 092 a
R1 T1 26.06 = 4.82a 3479 £625a 3.32+0.32 cd 6521 £6.25a
T2 26.06 = 1.74 a 3778 =252 a 250+0.18d 6222 +£251a
YN19
CK 23.65+0.22a 2922 £0.61a 520+£0.05a 70.78 £0.62 a
R2 T1 2234 +£343a 28.67 =4.73 a 4.13 £0.38 bc 7133 £473 a
T2 2201 +£1.67 a 3126 =289 a 315+ 0.22d 68.74 == 2.89 a
CK 33.65+529a 36.11 £4.27 a 459 +£048a 63.89 £4.26 a
R1 T1 3450 £251a 4821 £297 a 2.00 £0.38b 5179 £297 a
T2 3322+ 179a 5173 =298 a 1.24£0.11b 48.27 =298 a
XM26
CK 31.78 £290 a 3249 £4.27 a 530+042a 67.51 £4.27 a
R2 T1 3560 £721a 4530+ 9.18a 246 £0.33b 5470 £9.18 a
T2 33.80 =5.01a 48.62 =11.22a 1.63 £042b 51.38 =11.22 a

Data represent mean + SE (1 = 3). Different letters following the data within each column indicate significant
differences at p < 0.05. Abbreviations: YN19 = Yannong19; XM26 = Xinmai26; MPA = the methods of phosphorus
application; TEMP = temperature; BF: before flowering stage; AF = after flowering stage; PDMT = proportion of
dry matter transportation of vegetative organs; CDMT = contribution of dry matter transportation of vegetative
organs to dry matter of grains; DMAA = dry matter accumulation of vegetative organs; CDMAA = contribution
of dry matter to dry matter of grains. R1 and R2 represent traditional phosphorus application and optimized
phosphorus application, respectively. CK, T1, and T2 represent 11 °C, 4 °C, and —4 °C, respectively.

3.4. Yield and Yield Components

In general, low-temperature stress in T1 had no significant effect on the YPP of YN19
but resulted in a substantial decrease in the YPP of XM26. In addition, the YPP at T2
treatment was significantly lower than that at ambient temperature between the two
cultivars, and there was no significant difference between T1 and T2. The YPP in R1T1 and
R1T2 decreased by 24.1%~48.2% in YN19 and 47.1~64.1% in XM26, respectively, compared
with R1CK; it increased by 8.6%, 10.3% and 10.4% in YN19 and 8.9%, 20.0% and 20.5% in
XM26, respectively, under OPA with the same temperature treatments compared with TPA
(Table 5).

The SNPP in the T1 treatment was not significantly decreased, while the SNPP in the T2
treatment was significantly lower than that in CK (Table 5). Compared with the R1CK, the
SNPP of YN19 and XM26 under R1T2 treatment decreased by 20.0% and 24.2%, respectively,
and decreased by 24.3% and 22.8%, respectively, under R2T2 treatment compared with
the R2CK. There was no significant difference in the GNPS and KGW of YN19 among
the treatments, whereas low-temperature treatments significantly reduced GNPS and
KGW in XM26. The GNPS of XM26 in R1T1 and R2T2 decreased by 26.1% and 36.8%,
respectively, compared with R1CK; GNPS increased by 7.2% and 8.8%, respectively, under
OPA compared with TPA. The TGW of R1T1 and R1T2 decreased by 8.6% and 11.5% in
YN19 and 15.5% and 24.2% in XM26, respectively, compared with R1CK; it increased by
3.0%, 8.2% and 1.8% in YN19 and 3.2%, 5.4% and 3.8% in XM26, respectively, under OPA
with the same temperature treatments compared with TPA (Table 5).
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Table 5. Effects of OPA on wheat redistribution under low-temperature stress during the anther differentiation period.

Variety MPA TEMP Spike Number Grains per Spike 1000-Grain Weight (g) Yield per Plant (g) Yield Reduction Rate (%)
CK 35+ 02ab 464+ 2.0a 40.03 £ 1.27 ab 6.52 + 0.50 ab —
R1 T1 3.3+02ab 403 £32a 36.59 + 1.73 ab 4.95 + 0.58 bc 24.1
T2 27+02b 358+21a 3544 +1.05b 3.384+0.17 ¢ 48.2
YN19
CK 37+02a 469+ 22a 4122 £ 0.63 a 708 £042a —8.6
R2 T1 3.3+03ab 414 +28a 39.59 + 0.68 ab 5.46 4+ 0.36 abc 16.3
T2 2.8 +£0.2ab 36.3+29a 36.09 + 0.94 ab 3.73+0.38 ¢ 42.8
CK 33+02a 524+43a 4113+ 059 a 719 £0.63 a —
R1 T1 2.8 +02ab 38.7+13b 34.77 + 1.74 bc 3.80 4+ 0.08 bc 47.1
T2 25+02b 33.1+03b 31.18 £ 142d 258 +0.11c¢ 64.1
XM26
CK 35+02a 528 +2.6a 4244 +0.28 a 783 £035a —-8.9
R2 T1 3.0+ 0.0ab 41.5+48b 36.66 + 1.24b 456 + 0.57b 36.6
T2 27+02b 36.0+24b 32.38 £0.55 cd 3.11 + 0.25 bc 56.7

Data represent mean =+ SE (n = 3). Different letters following the data within each column indicate significant differences at p < 0.05. Abbreviations: YN19 = Yannong19; XM26 = Xinmai26;
MPA = the methods of phosphorus application; TEMP = temperature. R1 and R2 represent traditional phosphorus application and optimized phosphorus application, respectively. CK,
T1 and T2 represent 11 °C, 4 °C and —4 °C, respectively.
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3.5. Correlation Analysis

The correlations among morphological traits, photosynthetic parameters, dry matter
assimilation, translocation, yield and its components at the grain-filling stage are shown in
Figure 4. The results showed that Ci was significantly and negatively correlated with all
indexes. PH showed a significant and positive correlation with major indexes except for
LA and GNPS, and LA showed a significant and positive correlation with other indexes.
The photosynthetic parameters were highly significantly correlated with the yield and its
components. The Pn has the highest correlation with SNPP, GNPS, TGW and YPP; Ci was
significantly and negatively correlated with yield components. Moreover, DA and DMAA
had significant and positive correlations with SNPP, GNPS, TGW and YPP.
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Figure 4. Correlation analysis of morphological traits, photosynthesis, dry matter assimilation and
transportation with yield. Abbreviations: PH: plant height at the grain-filling stage; LA: leaf area
at the grain-filling stage; Pn: the net photosynthetic rate at the grain-filling stage; Gs: stomatal
conductance at the grain-filling stage; Ci: intercellular carbon-dioxide concentration at the grain-
filling stage; Tr: transpiration rate at the grain-filling stage; DA: dry matter accumulation in maturity
stage; DMAA: dry matter accumulation of vegetative organs after flowering stage; SNPP: spike
number per plant; GNPS: grain number per spike; TGW: 1000-grain weight; YPP: yield per plant.

4. Discussion

Researchers have extensively documented low-temperature stress-induced morpho-
logical changes in plants, and morphological changes are the most visible symptom of
stress [28,29]. The plant height, tillers number and area of green leaves decreases signifi-
cantly or even withers after low-temperature stress [9,30]. Studies have shown that when
wheat leaves are exposed to —5 °C for 3 days at anther differentiation period, most leaves
appear drooped and wilted, and the electrolyte leakage rate increases significantly [31].
Low-temperature stress at the jointing stage reduces the number of productive tillers,
which the newly formed tillers cannot compensate for at the later growth stages [32]. It
is well known that crop growth, development and stress tolerance are closely related to
nutrient supply [33,34]. The optimal tillers number and leaf areas could be maintained
by adequate phosphorus application, which is handy in achieving a higher grain yield in
wheat [35,36]. The optimization of phosphorus application is vital in wheat cultivation
which is more suitable for fulfilling the wheat nutrition demand, balanced source—sink
relationship and harmonious growth of wheat organs [37]. Similarly, our study found
that the tillers number of YN19 and XM26 increased by 9.0~14.9% and 13.6~17.4% at the
grain-filling stage; whereas leaf areas per plant increased by 10.0~12.5% and 5.9~16.7%,
respectively, at the maturity stage after OPA.
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Photosynthesis is the source of plant energy conversion and carbon metabolism,
the only way to accumulate dry matter and one of the physiological and biochemical
processes [38,39]. It is highly vulnerable to low-temperature stress [40]. Chloroplast
structure, photosynthetic pigment, photosynthetic rate and photosystem II activity are
severely reduced under low-temperature stress [13,41]. Poor photosynthesis reduces dry
matter accumulation and transportation, halting the final wheat yield [11]. Many studies
showed that the photosynthetic capacity of various plant leaves reduced significantly after
low-temperature stress [42]. In this study, Pn, Gs and Tr decreased, and Ci increased
under low-temperature treatment, while Pn, Gs and Tr increased and Ci decreased after
OPA. The damage of low-temperature stress to the leaves of cold-sensitive cultivar XM26
was greater than that of YN19, a cold-tolerant cultivar. This was because of the intrinsic
genetic trait of the cold-tolerant wheat cultivar since it has greater temperature homeostasis
in leaf respiration and photosynthesis than cold-sensitive cultivars [43]. Therefore, the
recovery rate of YN19 was better than XM26 after low-temperature treatment during
the anther differentiation period [5]. Waraich et al. [44] described that phosphorus also
maintained cell turgor by maintaining high leaf water potential, thus increasing stomatal
conductance and photosynthetic rate. This study showed that the Pn of YN19 and XM26
increased by 6.5~12.7% and 7.8~22.6%, respectively, after OPA at the grain-filling stage,
suggesting that OPA could enhance the low-temperature stress tolerance of leaves and
improve the photosynthetic capacity of wheat leaves in the two cultivars. Similarly, foliar
application of potassium dihydrogen phosphate and salicylic acid effectively combats the
low-temperature stress [45]. As an important nutrient element, phosphorus application
also played an important role in reducing malondialdehyde, improving osmotic stress
tolerance and cell membrane stability, and ultimately improving photosynthesis of wheat
leaves [46,47].

Dry matter accumulation is the basis of yield formation. Due to the declined photo-
synthetic capacity, dry matter accumulation decreased significantly in wheat leaves after
low-temperature treatment [48]. Liu et al. [49] pointed out that when the temperature
dropped from —2 °C to —6 °C, the reduction rate of dry matter accumulation of cold-
sensitive cultivars increased from 17.8% to 35.9% at the jointing stage. In this study, dry
matter accumulation at the maturity stage in YN19 and XM26 was significantly reduced by
36.6% and 56.9%, respectively, at the low temperature of —4 °C. The dry matter drop rate
in the present study is higher than that reported previously [49], which might be attributed
to the treatment duration or equipment. Thus, it is suggested that the low-temperature
effect on wheat dry matter accumulation depended on not only the low-temperature
level and duration but also the wheat growth stages when the low-temperature event
occurred [50]. Due to dehydration and poor photosynthesis caused by low-temperature
stress, dry matter accumulation of aboveground organs and transportation to grains signifi-
cantly decreased [6]. Ma et al. [51] also found that stress reduced dry matter assimilation
and translocation capacity in the post-flowering stages. As a vital element, phosphorus
improved stress tolerance and nutrient transport capacity to grains in wheat [52]. Likewise,
when post-flowering nutrition of wheat is limited, phosphorus stored in the pre-flowering
vegetative organs tends to maintain dry matter accumulation and transfer to grains through
remobilization [53]. The optimal application of phosphorus increased the post-flowering
supply and utilization efficiency of phosphorus, effectively maintained the dry matter
accumulation in wheat organs and increased pre-flowering dry matter transportation and
post-flowering accumulation in vegetative organs [27].

It is established that low-temperature stress eventually reduces yield by reducing
photosynthesis and dry matter accumulation and transportation [6,49]. Previous stud-
ies mostly focused on the damage of low-temperature stress during the reproductive
stage [54,55]. At this stage, wheat is undergoing spike differentiation and development.
Here, low-temperature stress causes flower abortion, pollen and ovule sterility, disrupts
fertilization and affects seed filling, resulting in poor seed setting and consequently lowered
grain yield [56]. Our study showed that the chilling stress (T1) at the anther differentiation
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period did not significantly reduce SNPP in the two cultivars but could substantially reduce
the GNPP in the sensitive cultivar XM26. Additionally, freezing stress (T2) significantly
reduced GNPS, SNPP and TGW in both cultivars, XM26 and YN19. Analysis of spikelets
at different locations revealed that low-temperature stress at the anther differentiation
period poses maximum damage to the upper spikelets. The yield reduction rate of the
cold-sensitive cultivar was more than 90% at —2 °C for 24 h [5]. This was due to the late
development of upper spikelets, less accumulation of nutrients and osmotic adjustment
substances [10,56]. Low-temperature stress had different effects on yield and its compo-
nents in different growth stages of wheat. Zheng et al. [57] found that low-temperature
stress during the vegetative stage mainly impacted the effective tillers number, resulting in
a decreased SNPP. However, low-temperature stress during the reproductive stage caused
higher yield losses, especially by significantly reducing GNPS and TGW [17].

Many previous studies examined the effects of different low-temperature intensities
or durations on wheat yield and its components. Few explored the reduction in yield
losses based on phosphorus optimization. Indeed, some researchers proposed strategies to
improve wheat’s low-temperature tolerance or yield from the perspective of cultivation
and breeding. In the field condition, the number of fertile spikelets increased significantly
by increasing phosphorus from 60 to 90 kg hm~2, and the TGW also increased with
increasing phosphorus application [44]. This study showed that OPA improved the low-
temperature tolerance of wheat, which is consistent with previous studies. The yield
increased by 8.6~8.9% after OPA at ambient temperature and by 10.1~20.5% after OPA
at low-temperature treatment in both cultivars. The reason was that OPA increased the
photosynthetic capacity of wheat leaves and promoted the transportation of assimilates
to grains after the flowering stage. Subsequently, GNPS and TGW also increased. Qiu
et al. [58] also indicated that minimizing phosphorus fixation and improving phosphorus
utilization efficiency was a new scheme to apply phosphorus fertilizer with post-plant
applications rather than pre-plant applications.

5. Conclusions

The present study concluded that low-temperature stress-induced morphological
alterations and disrupted leaf photosynthesis led to the restricted accumulation and trans-
portation of assimilates and severe reduction in DM transportation from vegetative organs
(source pool) to grains (sink pool), resulting in the decrease of GNPS, TGW and YPP. The
damage of low-temperature stress to cold-tolerant cultivar XM26 was more prominent than
cold-tolerant cultivar YN19. The OPA could slow down flag leaf senescence, increase green
leaf area, enhance photosynthetic capacity and improve the assimilation accumulation and
transportation to grains, thus reducing wheat yield losses. The mitigation effect of OPA in
XM26 was better than that in YN19, and that in T2 treatment was better than in T1 and CK
treatments.

In future work, it is necessary to explore the physiological and molecular mechanism
induced by phosphorus fertilizer to improve low-temperature tolerance in wheat to ensure
efficient fertilizer utilization and maintain global food security.
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