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Reform and Practice of Crop Cultivation for Agronomy Bachelor Degree Under Personnel Training Mode
LIU Yang,ZHANG Bao-jun
(Agronomy College,Northwest A&F University, Yangling,Shaanxi 712100,China)
Abstract:Crop cultivation is the main professional curriculum for agronomy bachelor degree of agricultural univer—
sity. In this article,we analyzed the method and approach for the response of the theory and experiment teaching of crop
cultivation on the classification training under the change of personnel training mode in Northwest A&F University.
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Drought inhibits wheat grain filling. Polyamines (PAs) are closely associated with plant resistance due to
drought and grain filling of cereals. However, little is known about the effect of PAs on the grain filling of
wheat under drought stress. This study investigated whether and how PAs are involved in regulating
wheat grain filling under drought stress. Two wheat genotypes differing in drought resistance were used,
and endogenous PA levels were measured during grain filling under different water treatments. Addi-
tionally, external PAs were used, and the variation of hormone levels in grains was measured during
grain filling under drought stress. The results indicated that spermidine (Spd) and spermine (Spm)
relieve the inhibition caused by drought stress, and putrescine (Put) has the opposite effect. The higher
activities of S-adenosylmethionine decarboxylase and Spd synthase in grains promotes the synthetic
route from Put to Spd and Spm and notably increases the free Spd and Spm concentrations in grains,
which promotes grain filling and drought resistance in wheat. The effect of PA on the grain filling of
wheat under drought stress was closely related to the endogenous ethylene (ETH), zeatin (Z) + zeatin
riboside (ZR) and abscisic acid (ABA). Spd and Spm significantly increased the Z + ZR and ABA con-
centrations and decreased the ETH evolution rate in grains, which promoted wheat grain filling under
drought. Put significantly increased the ETH evolution rate, which led to excessive ABA accumulation in
grains, subsequently aggravating the inhibition of drought on wheat grain filling. This means that the
interaction of hormones, rather than the action of a single hormone, was involved in the regulation of
wheat grain filling under drought.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

wheat. Over 70% of its precipitation falls during the monsoon
months from June to September (Li et al., 2000) and, as a result,

The yield potential of wheat (Triticum aestivum L.) is divided into
the following three major components: the panicle number per
plant, the grain number per panicle, and the grain weight. Grain
filling, the final stage of cereal growth, determines the grain weight
(Yang and Zhang, 2006). Modern high yield crop production sys-
tems require high yield outputs, and for this reason, improved grain
filling has become more important than ever (Saini and Westgate,
2000; Zahedi and Jenner, 2003).

Drought is one of the main abiotic stresses limiting crop growth
and accounting for considerable grain yield reduction in crops
(Jiang and Zhang, 2004). In northern China, one of the most
important wheat production regions in China and world, the re-
gion's rainy season does not coincide with the growth stage for
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0981-9428/© 2016 Elsevier Masson SAS. All rights reserved.

droughts are a common occurrence during the winter wheat
growth stage. In cereals such as wheat, stress caused by drought at
the time of grain-filling usually shortens the grain-filling period
and reduces the grain-filling rate, which leads to a reduction in
grain weight and grain yield (Kobata et al., 1992; Zhang et al., 1998).
Thus, how to relieve the inhibition effect of drought stress on the
grain filling of wheat is important for wheat production of China.
Polyamines (PA) are organic polycations, which are low molec-
ular weight nitrogen-containing compounds (Igarashi and
Kashiwagi, 2000). They have been described as endogenous plant
growth regulators or intracellular messengers that regulate plant
growth, development, and responses to abiotic stresses (Alcazar
et al, 2006; Kusano et al, 2007; Paschalidis and Roubelakis-
Angelakis, 2005; Tomosugi et al., 2006). PAs are closely associated
with plant resistance to water stress (Groppa and Benavides, 2008).
Capell et al. (2004) found that the rice transgenic plant with a high
expressing Datura stramonium adc gene produced much higher
putrescine (Put, one PA) under stress and promoted spermidine
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(Spd, another PA) and spermine (Spm, another PA) synthesis, ulti-
mately protecting the plants from drought. However, the wild-type
plants were insufficient in triggering the conversion of Put into Spd
and Spm, and they were sensitive for drought stress although the
Put increased under drought stress. Yamaguchi et al. (2007) found
that an Arabidopsis mutant plant, which cannot produce Spm, is
hypersensitive to drought, and this phenotype was cured by Spm
pretreatment. Yang et al. (2007) suggested that the increased
concentrations of free Spd, free Spm, and insoluble-conjugated Put
under water stress were significantly correlated with the yield
maintenance ratio of rice. These observations indicate that by the
manipulation of endogenous PA metabolism, an enhancement in
crop drought resistance may occur. Furthermore, Farooq et al.
(2009) found that exogenously applied PA increases leaf water
status, photosynthesis and membrane properties, thereby
improving the drought tolerance of rice. Yamaguchi et al. (2007)
found that an Arabidopsis mutant plant, which cannot produce
Spm, is hypersensitive to drought, and this phenotype was cured by
Spm pretreatment. Yang et al. (2007) suggested that the increased
concentrations of free Spd, free Spm, and insoluble-conjugated Put
under water stress were significantly correlated with the yield
maintenance ratio of rice. In addition, PA was thought to be
involved in the regulation of grain development. The PA concen-
tration of normal kernels was significantly higher than that of
aborting maize kernels (Zea mays L.), and the PA concentration was
positively correlated with the endosperm nuclei number (Liang and
Lur, 2002). Yang et al. (2008) found that higher levels of Spd and
Spm promote grain filling and increase the grain weight of rice
(Oryza sativa L.); however, Put, had the opposite effect. Tan et al.
(2009) suggested that low concentrations of Spd and Spm and
low Spd/Put and Spm/Put ratios may be important physiological
causes of the low grain filling rate and the low grain weight of
inferior spikelets in super rice. These studies suggest that the PA is
related to drought resistance and grain development in plants.
However, the effect of PA on the regulation of wheat grain filling
under drought stress and its mechanism remain unclear.

Plant hormones play an important role in regulating grain
development. High levels of cytokinins (CTKs) are generally found
in the developing grains of cereals, peas, and beans (Dietrich et al.,
1995; Michael and Seiler-Kelbitsch, 1972; Morris et al., 1993; Saha
et al,, 1986; Yang et al., 2000). CTKs are thought to be involved in
cell division during seed development (Yang et al., 2000). In rice,
superior grains have higher abscisic acid (ABA) concentrations and
lower ethylene (ETH) concentrations compared with inferior
grains, and the ratio of ABA/ETH is positively and significantly
correlated with the grain filling rate (Yang et al., 2006). In addition,
the grain filling rate is positively correlated with indole-3-acetic
acid (IAA) concentration in rice grains (Xu et al, 2007). High
gibberellin 1 (GA1) and GAqg levels were found in the large panicles
of rice immediately before and during anthesis (Suzuki et al., 1981).

PA and ETH reportedly share the same S-adenosylmethionine
biosynthetic precursor, and increasing PA biosynthesis has a
notable effect on ETH synthesis rates (Liang and Lur, 2002). Exog-
enous PA represses ETH synthesis in oat (Avena sativa L.) leaves
(Fuhrer et al., 1982) and rice panicles (Yang et al., 2008). In addition,
exogenous ABA increased the Put concentration in chickpeas (Cicer
arietinum L.) (Bueno and Matilla, 1992). This reduced endogenous
ABA concentration led to a decrease in the PA levels in maize (Liu
et al., 2005). These studies provided clear evidence that there is a
close relationship between PA and hormones in the regulation of
plant growth. Our previous study suggested that exogenous Spd
and Spm significantly increase the endogenous zeatin (Z) + zeatin
riboside (ZR), ABA, and IAA concentrations and significantly
decrease the ETH concentration in wheat grains, thus affecting
wheat grain filling (Liu et al., 2013). However, little is known about

the relationship between PA and hormones in the regulation of
wheat grain filling under drought study.

In the present study, two winter wheat cultivars that differ in
drought resistance were used. The effects of drought stress on grain
filling were monitored, and changes in endogenous Spd, Spm and
Put concentrations in grains and leaves were observed. The activ-
ities of the enzymes involved in PA biosynthesis, such as ornithine
decarboxylase (ODC, EC 4.1.1.17), arginine decarboxylase (ADC, EC
4.1.1.19), S-adenosylmethionine decarboxylase (SAMDC, EC 4.1.1.50)
and Spd synthase (EC 2.5.1.16) were measured during wheat grain
filling. In addition to these observations, external Spd, Spm and Put
were treated under drought stress, and the grain filling character-
istics and changes in IAA, Z + ZR, ABA and ETH in the grains were
measured during wheat grain filling. The objective of the present
study was to investigate the effect of PA on wheat grain filling under
drought stress and to determine the relationship of PA and hor-
mones with the regulation of wheat grain filling. We also sought to
determine whether the grain filling of wheat can be regulated by
manipulating the PA levels under drought stress.

2. Materials and methods
2.1. Study site description

This study was conducted from 2012 to 2014 at the Crop Spec-
imen Farm in Northwest A&F University, Shaanxi Province, north-
western China. The latitude and longitude of the experimental
station are 34°22’N and 108°26'E, respectively. The annual mean
precipitation of the experimental station is 550 mm. The annual
mean maximum and minimum air temperatures at the site are
42 °Cand —19.4 °C, respectively, and the annual mean temperature
is 12.9 °C. The total yearly sunshine duration is 2196 h, and the
frost-free period is 220 days. The soil at the experiment farm is
Eum-Orthrosols (Chinese soil taxonomy), and the mean bulk den-
sity of the soil was 1.33 g cm—>. The readily available N, P and K
quantities were 57.45 mg kg™, 17.33 mg kg™, and 118.57 mg kg™,
respectively. The organic matter concentration of the 0—20 cm
topsoil was 12.34 g kg™, and the pH was 7.35.

2.2. Experimental design and treatments

2.2.1. The first experiment

The experiment was performed in large waterproof sheds. The
internal shed dimensions were 32 m (length) x 15 m (width) x 3 m
(height). The sheds had a transparent plastic-covered roof and four
open sides. Mobile sheds were used to control natural rainfall on
rainy days. Each plot area was 3 m x 4 m. The plot was divided by
cement barriers.

Two wheat cultivars, Changhan 343 (a drought-resistant
cultivar) and Xinong 979 (a drought-susceptible cultivar), were
grown. The seeds were sown on Oct 18 for the 2012—2013 growth
year and on Oct 20 for 2013—2014. The sowing density was
150 kg ha~!, with a row spacing of 0.20 m. Fertilizer at 150 kg ha™!
urea and 150 kg ha~! diammonium orthophosphate was applied at
basal levels.

The experiment was a 3 x 2 (three levels of soil moisture and
two cultivars) factorial design, with 6 treatment combinations.
Each of the treatments contained three plots as replicates in a
complete randomized block design. From anthesis until maturity,
three levels of soil moisture were imposed on the plants by con-
trolling water application. The well-watered (WW) treatment was
maintained soil water potential at —20 + 5 kPa, the moderately soil-
dried (MD) treatment was maintained soil water potential
at —40 + 5 kPa, and the severely soil-dried (SD) treatment was
maintained soil water potential at —60 + 5 kPa. Soil water potential
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was monitored at a soil depth of 15- to 20-cm. Five tension meters
(SWP-100, Soil Science Research Institute, China Academy of Sci-
ences, Nanjing, China) were installed in each plot. Tension meter
readings were recorded at 11:00—12:00 each day. When the read-
ings dropped to a certain value, the appropriate amount of water
per plot was added to each of the WW, MD and SD treatments.
Before anthesis, the soil water potential was maintained
at —20 + 5 kPa.

2.2.2. The second experiment

The experiment was also performed in large waterproof sheds.
The format was the same as in the first experiment. The same two
cultivars, Xinong 979 and Changhan 343, were used in external PA
application treatments. Each cultivar received five treatments from
anthesis until maturity, as follows: (1) CK1: the soil water potential
was maintained at —20 + 5 kPa; (2) CK2: the soil water potential
was maintained at —60 + 5 kPa; (3) S1: the soil water potential was
maintained at —60 + 5 kPa, and Spd was externally sprayed on
wheat panicles; (4) S2: the soil water potential was maintained
at —60 + 5 kPa, and Spm was externally sprayed on wheat panicles;
and (5) P1: the soil water potential was maintained at —60 + 5 kPa,
and Put was externally sprayed on wheat panicles. Before anthesis,
the soil water potential was maintained at —20 + 5 kPa.

At anthesis, 1 mmol L~! Spd (S1), 1 mmol L~! Spm (S2), and
2 mmol L~! Put (P1) were sprayed on the wheat panicles with a
sprayer. The chemicals were applied daily for 6 day at a rate of 5 ml
per spike for each application. All of the solutions contained 0.1%
(V/V) ethanol and 0.01% (V/V) Tween-20. The same volume of
deionized water containing the same concentrations of ethanol and
Tween-20 was applied to each of the control plants (CK1 and CK2).
Each treatment had three replicates with a completely randomized
block design. The Spm, Spd, and Put were purchased from Sigma-
—Aldrich (USA).

2.3. Measurement

Four hundred spikes that flowered on the same day were chosen
and tagged in each plot. Twenty tagged spikes from each plot were
sampled at 3-d intervals from anthesis to maturity. All grains from
each spike were removed. Grains on a spike were divided into su-
perior grains and inferior grains. The most basal grains in the
middle spikelets (four to 12 spikelets) from the bottom of a spike
were considered superior grains, and the most distal grains in the
middle spikelets (four to 12 spikelets) from the bottom of a spike
were considered inferior grains (Jiang et al., 2003). Half of the
sampled grains were used for measurements of PA, hormones and
enzyme activities. The other half of the grains were dried at 70 °C
and weighed until a constant weight was observed.

2.3.1. Grain-filling process
The grain filling process was simulated using Richards’ (1959)
growth equation, according to Yang et al. (2006):

w-—A (1)

(1 + Be—kt)¥

The grain-filling rate (G) was calculated as the derivative of Eq.

(1):

—kt
c_ AkBe 2)
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[W, the grain weight (mg); A, the final grain weight (mg); t, time
after anthesis (d); B, k and N, coefficients determined by

regression.|

The active grain-filling period was defined as the period when
W was between 5% (t1) and 95% (t;) of A. The average grain-filling
rate during this period was therefore calculated from t; to t
(Yang et al., 2006).

2.3.2. PAs

Spd, Spm, and Put were extracted and measured according to
Yang et al. (2008) and Liu et al. (2002). Briefly, approximately 0.5 g
FW of samples was homogenized in a pre-chilled mortar and pestle
in 3—5 ml of 5% (v/v) perchloric acid (PCA). The homogenates were
incubated at 5 °C for 1 h and centrifuged at 25,000 x g for 20 min.
After centrifugation, the supernatant and pellet were collected
separately. To extract soluble-conjugated PAs, aliquots (2 ml) of the
supernatant were mixed with 2 ml 12 N HCl and heated at 110 °C
for 18 h in flame-sealed glass ampules. After acid hydrolysis, HCI
was evaporated from the tubes by further heating at 80 °C, and the
residues were resuspended in 0.5 ml of 5% (v/v) PCA. To extract
insoluble-conjugated PAs, the pellet was rinsed four times with 5%
PCA to remove any trace of soluble PA. Then, the pellet was dis-
solved by vigorous vortexing in 2 ml of 1 N NaOH. The mixture was
centrifuged at 25,000 g for 20 min, and the supernatant was hy-
drolyzed under the same conditions mentioned above.

PAs in the non-hydrolyzed supernatant, hydrolyzed supernatant
and hydrolyzed pellet were derived with benzoyl chloride and
quantified by a high-performance liquid chromatography system
(Waters 1525 Binary HPLC Pump/2489 UV Detector, Waters, USA).
Exactly 20 uL of each methanol (60% v/v)-redissolved sample was
injected and loaded onto a Waters Symmetry C18 column
(7.5 cm x 4.6 mm, 3.5 um). The column temperature was 30 °C,
with a flow rate of 0.7 ml min~". Polyamine peaks were detected at
an absorbance of 230 nm.

2.3.3. PA biosynthetic enzyme activity

The activities of ADC, ODC, SAMDC and Spd synthase were
measured according to Yang et al. (2008). The sampled grains
(approximately 0.5 g FW) were ground to a fine powder and ho-
mogenized with 2—3 ml extraction buffer (pH 8.0) containing
25 mM potassium-phosphate, 50 uM EDTA, 100 pM phenyl-
methylsulfonyfluoride, 1 mM 2-mercaptoethanol and 25 mM
ascorbic acid. After centrifugation at 25,000 g at 4 °C for 20 min, the
supernatant was dialyzed overnight against the extraction buffer.
The activities of ODC, ADC and SAMDC were determined by
measuring CO, evolution as described by Lee et al. (1997). Spd
synthase activity was assayed according to Kasukabe et al. (2004).
An aliquot of the supernatant was incubated at 37 °C for 30 min in a
reaction mixture consisting of 0.1 M Tris—HCI (pH 8.0), 30 uM Put,
25 pM decarboxylated S-adenosylmethionine, and 20 pM adenine.
The reaction product (5-deoxy-5-methyl-thioadenosine) was
quantified via an HPLC (Waters 1525 Binary HPLC Pump, Waters,
USA) that was equipped with a fluorescence detector (Waters Multi
) and a reverse-phase (C18) column (Waters). The proteins in the
extract were quantified as described by Bradford (1976). Each in-
dependent sample had three measurements.

2.3.4. Hormones

The methods for the extraction and purification of Z + ZR, I1AA,
and ABA were essentially identical to those described by Yang et al.
(2001). A sample of approximately 0.5 g was ground in a mortar (on
ice), and 5 ml 80% (v/v) methanol extraction medium containing
1 mmol L~ butylated hydroxytoluene (BHT) was used as an anti-
oxidant. The methanolic extracts were incubated at 4 °C for 4 h and
centrifuged at 10,000 xg for 15 min at the same temperature. The
supernatants were passed through Chromosep C18 columns (C18
Sep-Park Cartridge, Waters Corp, USA) that had been prewashed
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with 10 ml 100% and 5 ml 80% methanol. The hormone fractions
were dried with N and dissolved in 1 ml Phosphate Buffer Saline
(PBS) containing 0.1% (v/v) Tween 20 and 0.1% (w/v) gelatin (pH 7.5)
for analysis by an enzyme-linked immunosorbent assay (ELISA).

The mouse monoclonal antigens and antibodies against Z + ZR,
IAA and ABA, and immunoglobulin G-horseradish peroxidase (IgG-
HRP) used in the ELISA were produced at the Phytohormones
Research Institute, China Agricultural University. The method for
quantification of Z + ZR, GAs (GA1+GAy), IAA, and ABA by ELISA was
described previously (Yang et al., 2001). The recovery rates of 1AA,
Z + ZR and ABA were 93.1 + 7.3%, 88.2 + 3.7% and 89.3 + 3.2%,
respectively.

Ethylene evolved from grains was measured according to Yang
et al. (2006) with modifications. Briefly, sampled grains were
placed between two sheets of moist paper for 1 h at 27 °C in
darkness to allow wound-induced ethylene production to subside.
Each sample contained 80—100 grains. Grains were then trans-
ferred to 25-ml glass vials containing moist filter paper, which were
immediately sealed with airtight subaseal stoppers and then
incubated in the dark for 8 h at 27 °C. A 1-ml gas sample was
withdrawn through the subaseal with a gas-tight syringe, and
ethylene was assayed using a gas chromatograph (Trace GC Ultra™,
Thermo Fisher Scientific, USA) equipped with a Porapak Q column
(0.3 cm x 200 cm, 0.18—0.30 mm) and flame ionization detector
(FID). The temperatures of the injection port, column and detector
were kept constant at 70, 70 and 150 °C, respectively. Nitrogen was
used as a carrier at a flow rate of 40 KPa, and hydrogen and air were
used for FID at rates of 35 and 350 ml min~, respectively. The rate
of ethylene evolution was expressed as a function of per unit fresh
weight (FW).

2.4. Yield and yield components

Plants (except at the border) from a 1-m? site from each plot
were harvested at maturity for the determination of grain yield.
Yield components, i.e., the spikes per square meter, grain number
per spike, and grain weight, were determined from plants har-
vested from a 1-m? site (excluding the border plants) randomly
sampled from each plot.

2.5. Statistical analysis

The results were analyzed for variance using SPSS 16.0 for
Windows. Data from each sampling set were analyzed separately.
The means were tested by the least significant difference method at
P = 0.05 (LSD 0.05). The PA and hormone levels were presented as
the data for 2013—2014.

3. Results
3.1. Yield and yield components

The soil moisture significantly affected the grain yield of the
wheat, but the response of the grain yield in the two cultivars to soil
moisture was different. For Xinong 979, the grain yield of MD was
significantly higher than in the WW and SD treatments, and the
grain yield of WW was significantly higher than that of SD. For
Changhan 343, the grain yields of the MD and WW treatments were
all significantly higher than that of the SD treatment, but there was
no significant difference for the grain yields of the WW and MD
treatments of Changhan 343. Additionally, the yield of Xinong 979
was more sensitive for drought stress compared to Changhan 343.
The grain yields of the SD treatment of Xinong 979 was 20.9% and
26.1% lower than that of WW treatment at 2012—2013 and
2013—-2014, respectively. However, the grain yield of the SD

treatment of Changhan 343 was only 14.5% and 13.0% lower than
that of WW treatment at 2012—2013 and 2013—2014, respectively.

For yield components, the soil moisture significantly affected
grain weight, but the soil moisture had no significant effects on the
panicles per ha and spikelets per panicle. This result suggested that,
in this study, the soil moisture regulates the grain weight in order to
regulate the grain yield of wheat.

3.2. Grain filling

Soil moisture significantly affected the grain filling of wheat.
However, there was a significant difference observed for the re-
sponses of grain filling of the two cultivars on the soil moisture
(Fig. 1, Table 2). Drought stress significantly affected the grain filling
of the superior grains and inferior grains of Xinong 979. The MD
treatment significantly increased and the SD treatment signifi-
cantly decreased the maximum grain weights and the maximum
and mean grain-filling rates of the superior grains and inferior
grains of Xinong 979 compared with WW treatment. Furthermore,
drought stress only significantly affected the grain filling of the
inferior grain of Changhan 343, and the drought had no significant
effect on the grain filling of the superior grains of Changhan 343.
The MD treatment significantly increased and the SD treatment
significantly decreased the maximum grain weights and the
maximum and mean grain-filling rates of the inferior grains of
Changhan 343 compared with WW treatment. However, there was
no significant difference observed for the maximum grain weights
and the maximum and mean grain-filling rates of superior grains
among WW, MD and SD treatments of Changhan 343.

3.3. Polyamines in grains

The free Spm and Spd concentrations in the grains transiently
increased during early and middle grain filling stages, reaching a
maximum at 15 days after anthesis for the superior grains and 18
days after anthesis for the inferior grains, and decreasing thereafter
(Fig. 2). The two cultivars showed similar trends. In contrast to
these results, the free Put concentration of the grains decreased
gradually during the grain filling stage. The free Spd and Spm
concentrations in superior grains were significantly higher than
that in inferior grains; however, the free Put concentration in su-
perior grains was significantly lower than that in inferior grains.
Furthermore, the free Spd and Spm concentrations in grains of
Changhan 343 were higher than those of Xinong 979 during the
early and middle grain filling stages, but the Put concentration in
the grains of Changhan 343 was lower than that of Xinong 979
during the early and middle grain filling stages.

The soil moisture significantly affected the free PA concentra-
tions in grains. The MD treatment significantly increased and the
SD treatment significantly decreased the free Spd and Spm con-
centrations in superior grains and inferior grains of Xiong 979
compared with WW during the early and middle grain filling
stages. For Changhan 343, the SD also significantly decreased the
free Spd and Spm concentrations in inferior grains and the MD
significantly increased these concentrations compared with WW
treatment during the early and middle grain filling stages. How-
ever, the soil moisture had no significant effect on the free Spd and
Spm concentrations in superior grains. In contrast to the effects of
Spd and Spm, the drought stress significantly increased the free Put
concentration in grains. The free Put concentrations in the superior
grains of Xinong 979 and the inferior grains of Changhan 343 and
Xiong 979 of WW treatment were significantly higher than those of
the MD and SD treatments, and the free Put concentration in the
grains of the MD treatment were significantly higher than that of
SD treatment.
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Fig. 1. Effects of drought stress on grain weights (A: Xinong 979; B: Changhan 343) and grain filling rates (C: Xinong 979; D: Changhan 343) of wheat. S: superior grain; I: inferior
grain. WW: maintained the soil water potential at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water
potential —60 + 5 kPa after anthesis. Vertical bars represent + the standard error of the mean (n = 3).

Table 1
Effect of soil moisture on yield and yield component of wheat.

Year Cultivar Treatment No. of panicles (x10* hm—2) Spikelets per panicle Grain weight (mg) Grain yield (t hm—2)
2012-2013 Xinong 979 wWw 371.6a 35.62a 41.55b 5.5b
MD 377.8a 36.73a 44.74a 6.2a
SD 370.2a 34.71a 33.73c 4.3c
Changhan 343 ww 397.5a 40.31a 49.12a 7.9a
MD 390.3a 39.43a 50.03a 7.7a
SD 386.4a 38.57a 46.16b 6.9b
2013-2014 Xinong 979 Ww 401.6a 34.22a 42.36b 5.8b
MD 401.2a 35.90a 44.92a 6.5a
SD 400.7a 33.44a 34.38c 4.6¢
Changhan 58 Ww 414.3a 42.8a 48.51a 8.7a
MD 414.8a 42.2a 49.25a 8.6a
SD 411.5a 41.6a 45.22b 7.7b

Values within a column and for the same year and same cultivar followed by different letters are significantly different at P = 0.05. WW: maintained the soil water potential
at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water potential —60 + 5 kPa after anthesis.

Different from free polyamine, the soil moisture had no signif-
icant effects on the soluble-conjugated and insoluble-conjugated
PAs in wheat grain (Figs. 3 and 4). The soluble-conjugated and
insoluble-conjugated Spd and Spm concentrations in superior
grains were higher than that of inferior grains, and the soluble-
conjugated and insoluble-conjugated Put concentrations in supe-
rior grains were lower than that of inferior grains. However, no
significant difference was observed for the soluble-conjugated and
insoluble-conjugated Spd, Spm and Put concentrations among
WW, MD and SD treatments.

The regression analysis showed that the maximum grain weight
and the maximum and mean grain-filling rate were very signifi-
cantly and positively correlated with free maximum free Spd and
Spm concentrations in grains, and these values were significantly

and negatively correlated with the maximum free Put concentra-
tion in grains (Table 3). Unlike free PAs, the correlations of
maximum soluble-conjugated and insoluble-conjugated PAs con-
centrations in grains and the maximum grain weight and the
maximum and mean grain-filling rate were insignificant.

3.4. Changes in enzymatic activities

To better understand the roles of PAs in wheat grain filling, the
activities of four enzymes involved in the biosynthesis of PAs in
grains, ADC, ODC, SAMDC, and Spd synthase, were determined.
Fig. 5 illustrates the changes in the activities of ADC, ODC, SAMDC,
and Spd synthase in grains during grain filling. The changes in the
activities of SAMDC and Spd synthase were similar with the
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Table 2
Grain-filling characteristics of winter wheat under different soil moisture.

Cultivars Spikelet category Treatment Wmax mg Gmax mg grain~' d~! Gmean mg grain~! d~!
Xinong 979 S wWw 46.93b 2.46b 1.73b
MD 48.57a 2.89a 1.83a
SD 40.52c 2.21c 1.62c
I wWw 37.30b 1.83b 1.40b
MD 40.05a 2.02a 1.58a
SD 27.67c 1.57c 1.20c
Changhan 343 S Ww 51.11a 3.15a 1.92a
MD 52.00a 3.19a 1.99a
SD 50.84a 3.10a 1.95a
1 WWwW 46.39b 2.60b 1.76b
MD 47.62a 2.71a 1.84a
SD 42.12c 2.39c¢ 1.67c

Values within a column and for the same cultivar and same grain type followed by different letters are significantly different at P = 0.05. WW: maintained the soil water
potential at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water potential —60 + 5 kPa after anthesis.
Wmax: the final grain weight; Gmax: maximum grain-filling rates; Gmean: mean grain-filling rates; S: superior grain; I: inferior grain.

changes in concentrations of free Spd and Spm (Fig. 2) and were
closely associated with the grain filling rate (Fig. 1). MD increased
whereas SD decreased the SAMDC and Spd synthase activities in
the inferior grains of the two cultivars and in the superior grains of
Xinong 979. However, the MD and SD had no significant effects on
the SAMDC and Spd synthase activities in superior grains of
Changhan 58. The changing pattern of ADC activity was similar to
free Put concentrations in grains, and both MD and SD treatments
enhanced ADC activities in inferior grains of the two cultivars and
in superior grains of Xinong 979, being more enhanced under SD
than under MD. However, the MD and SD had no significant effects
on the ADC activities in the superior grains of Changhan 58.
Compared with the ADC activity, the ODC activity was much lower
and showed no significant difference between WW, MD and SD.

3.5. Polyamine in leaves

Free PA concentrations in flag leaves slowly decreased during
the grain filling stage and showed no significant differences be-
tween the two cultivars when plants were well watered (Fig. 6). The
drought stress significantly promoted the free PAs in flag leaves.
The concentrations of free PAs in the flag leaves of MD and SD
treatments were increased and exhibited one peak for each cultivar.
However, the peak values and time of appearance varied greatly
according to cultivar. The highest peak value of free Put of Xinong
979, the drought-susceptible cultivar, was shown at 24 d after
anthesis. However, the highest peak value of free Put of Changhan
343, the drought-resistant cultivar, was shown at 12 d after
anthesis. In addition, the peak value of free Put of Xinong 979 was
significantly higher than that of Changhan 343 under the same
treatment. During the whole period of withholding water, Chan-
ghan 343 had more free Spd and free Spm in the flag leaves
compared with Xinong 979. The changes in soluble-conjugated PA
and insoluble-conjugated PA concentrations in the flag leaf were
similar to those in free PAs (Figs. 7 and 8). The MD and SD treat-
ments significantly increased the soluble-conjugated and
insoluble-conjugated PA levels. However, there were no significant
differences between the two cultivars in either Put, Spd, or Spm in
the soluble-conjugated or the insoluble-conjugated forms when
the soil moisture was same.

3.6. Effect of external PA on grain filling of wheat under drought
stress

The external PAs had a significant effect on the grain filling of
wheat under drought stress (Table 4). The external Put, Spd and
Spm all had no significant effects on the mean grain-filling rates

and maximum grain weights of superior grains under drought
stress. In comparison, the external Spd and Spm significantly pro-
moted the mean grain-filling rates and maximum grain weights of
inferior grains under drought stress. However, the external Put
significantly decreased the mean grain-filling rates and maximum
grain weights of inferior grains under drought stress.

3.7. Effect of PA on endogenous hormones in grains under drought
stress

The IAA and Z + ZR concentrations in grains showed similar
patterns during grain filling. The IAA and Z + ZR concentrations in
the grains transiently increased at the early grain filling stage and
reached a maximum at 12 days after anthesis for superior grains
and 18 days after anthesis for inferior grains. The concentrations
decreased thereafter (Fig. 9). The IAA and Z + ZR concentrations in
superior grains were significantly higher than that in inferior grains
during the early and middle grain filling stages.

The drought stress significantly decreased the IAA and Z + ZR
concentrations in the inferior grains of Xinong 979 and Changhan
343, and it significantly decreased the IAA and Z + ZR concentra-
tions in the superior grains of Xinong 979. Under drought stress, the
external applications of Spm, Spd, and Put all significantly
increased the IAA concentration in the grains during the early and
middle grain filling stages. The IAA concentrations in the superior
and inferior grains of S1, S2 and P1 treatments were all significantly
higher than those of the CK2 treatment at 6—18 days post-anthesis.
In contrast to the IAA, the different PAs had different effects on the
grain Z + ZR concentrations in grains under drought stress. The
external Spd and Spm significantly increased the Z + ZR concen-
trations in the grains during the early and middle grain filling
stages. Under drought stress, the Z + ZR concentrations in the
grains treated with S1 and S2 were significantly higher than those
of the CK2 from 6 to 18 d post-anthesis. However, there was no
significant difference in the Z + ZR concentrations of grains be-
tween the P1 and CK2 treatments during the grain filling stage.

Similar to the IAA and Z + ZR concentrations, the ABA grain
concentration transiently increased at the early grain filling stage
and then decreased (Fig. 10). However, the ABA concentration in the
grains reached a maximum at 18 days and 24 days after anthesis for
superior grains and inferior grains, respectively. External applica-
tions of Spd, Spm, and Put under drought stress all significantly
increased the ABA concentration in the wheat grains. The ABA
concentrations in the grains from the S1, S2, and P1 treatments
were all significantly higher than that of the CK2 treatment from 6
to 24 days after anthesis. In addition, the ABA concentration of the
grains from the P1 treatment was significantly higher than those of
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Fig. 2. Effect of drought stress on the free PA content in wheat grains (A, C and E: Xinong 979; B, D and F: Changhan 343). S: superior grain; I: inferior grain. WW: maintained the
soil water potential at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water potential —60 + 5 kPa after

anthesis. Vertical bars represent + the standard error of the mean (n = 3).

the S1 and S2 treatments; compared with Spd and Spm, the
externally applied Put had a more notable effect on the ABA con-
centration in the grains.

During the grain filling stage, the ETH evolution rate in the
grains gradually decreased (Fig. 10). The external PAs all signifi-
cantly affected the ETH evolution rate in the grains under drought
stress. However, the different PAs had different effects on ETH
evolution rate in grains under drought stress. Under drought stress,
the external Spd and Spm significantly decreased the ETH evolution
rate in the wheat grains, whereas the external Put significantly
increased the ETH evolution rate in the grains during the grain
filling stage.

4. Discussion
4.1. Effects of PAs on the grain filling of wheat under drought stress

Grain filling determines the grain weight and represents an
important agronomic trait for wheat production. Drought signifi-
cantly affected the grain filling of crops such as wheat and rice
(Yang and Zhang, 2006). PA was thought to be involved in the
regulation of grain filling of cereals. During the early and middle
grain filling stages of rice, the Spd and Spm concentrations in su-
perior grains were significantly higher than that in inferior grains;
however, the Put concentration of the superior grains was lower
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Fig. 3. Effect of drought stress on the soluble-conjugated PA content in wheat grains (A, C and E: Xinong 979; B, D and F: Changhan 343). S: superior grain; I: inferior grain. WW:
maintained the soil water potential at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water
potential —60 + 5 kPa after anthesis. Vertical bars represent + the standard error of the mean (n = 3).

than that of the inferior grains (Yang et al., 2008). The grain filling
rate and grain weight of rice were positively and significantly
correlated with the Spd and Spm concentrations and the Spd/Put
and Spm/Put ratios in the grains, but the grain filling rate and
weight were negatively correlated with the Put concentration of
the grains (Tan et al., 2009). In addition, PA was involved in the
drought resistance of plants and the manipulation of PA meta-
bolism may enhance crop drought resistance (Capell et al., 2004).
Exogenously applied PA improved the drought tolerance of rice
(Farooq et al., 2009). In the present study, the free Spd and Spm
concentrations in grains and flag leaves of the drought-resistant

cultivar, Changhan 343, were significantly higher than those of
Xiong 979, the drought-susceptible cultivar. However, the free Put
concentrations in the grains and flag leaves of Changhan 343 were
significantly lower than in those of Xinong 979. The free maximum
Spd and Spm concentrations in grains were significantly and
positively correlated with the maximum grain weight and the
maximum and mean grain-filling rate of wheat, and the free
maximum Put concentration in grains was significantly and nega-
tive correlated with the maximum grain weight and the maximum
and mean grain-filling rate of wheat. Additionally, the external
application of Spd and Spm significantly increased the grain filling
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Fig. 4. Effect of drought stress on the insoluble-conjugated PA content in wheat grains (A, C and E: Xinong 979; B, D and F: Changhan 343). S: superior grain; I: inferior grain. WW:
maintained the soil water potential at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water
potential —60 + 5 kPa after anthesis. Vertical bars represent + the standard error of the mean (n = 3).

rate and weight of wheat under drought stress. However, the
external application of Put significantly decreased the grain filling
rate and weight of wheat under drought stress (Fig. 1, Table 1).
These results demonstrated that free Put, Spm and Spd play an
important role in the response of grain filling on drought stress of
wheat. Free Spd and Spm can relieve the inhibition of drought
stress on wheat grain filling. However, free Put aggravates the
inhibition.

In contrast to free PA, the soil moisture had no significant effects
on the soluble-conjugated PAs and insoluble-conjugated PAs in
wheat grains (Figs. 3 and 4). However, the soil moisture signifi-
cantly increased the soluble-conjugated and insoluble-conjugated

PA levels in flag leaves. Soil moisture had no significant effect on
the soluble-conjugated and insoluble-conjugated PA levels in
grains, and there were no significant differences between the two
cultivars in terms of Put, Spd, or Spm in the soluble-conjugated and
insoluble-conjugated form in grains and leaves when the soil
moisture levels were the same. These results suggest that the
soluble-conjugated PAs and the insoluble-conjugated PAs could
play a minor role in responding to soil drying and in regulating the
grain filling of wheat.

In higher plants, Put can be directly synthesized from ornithine
via ODC or indirectly from arginine via ADC (Gemperlova et al.,
2006). Spd and Spm are synthesized via Spd synthase and Spm
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Table 3

Correlation coefficients of peak PAs contents in wheat grain with the maximum
grain filling rate (Gmax), mean grain filling rate (Gmean), and maximum grain
weight (Wmax) of wheat.

Wmax Gmax Gmean
Free Spd 0.918** 0.966** 0.935**
Free Spm 0.934** 0.974** 0.953**
Free Put -0.926** —0.924** —0.905**
Soluble-conjugated Spd 0.395 0.341 0.327
Soluble-conjugated Spm 0.160 0.128 0.098
Soluble-conjugated Put 0.512 0.573 0.567
Insoluble-conjugated Spd -0.439 -0.514 —-0.503
Insoluble-conjugated Spm 0.413 0.440 0.375
Insoluble-conjugated Put 0.495 0.501 0.545

**Significant at the 0.01 probability level (n = 6). Wmax: the final grain weight (mg);
Gmax: maximum grain-filling rates; Gmean: mean grain-filling rates.

synthase, respectively, by the sequential addition of aminopropyl
groups to Put. The aminopropyl groups are generated from S-ade-
nosyl-L-methionine (SAM) by SAMDC (Maiale et al., 2004). The
present results show that increasing the free Put concentrations in
grains is closely associated with increasing the ADC activities under
both MD and SD treatments (Fig. 3A and Fig. 5A, E). The soil
moisture treatments exhibited no significant effect on ODC activ-
ities (Fig. 5B, F). The results suggested that, similarly to rice (Yang
et al.,, 2008), the Put synthesis in wheat grains occurs primarily
via ADC as opposed to ODC. Additionally, the activities of SAMDC
and Spd synthase are closely associated with the changes of free
Spd and Spm in grains, and the soil moisture significantly affected
the activities of these enzymes. The MD increased whereas SD
decreased the SAMDC and Spd synthase activities in the inferior
grains of the two cultivars and in the superior grains of Xinong 979.
The activities of SAMDC and Spd synthase in the grains of Changhan
343 were significantly higher than in those of Xinong 979. The
activities of SAMDC and Spd synthase in grains were significantly
and positively correlated with maximum free Spd and Spm con-
centrations in grains and the maximum grain weight and the
maximum and mean grain-filling rate. However, there was no
significant difference between the activities of ADC in grains of the
two cultivars and the correlations of ADC activity in grains and the
maximum grain weight, and the maximum and mean grain-filling
rates were insignificant. Capell et al. (2004) suggested that the
modulation of the PA biosynthetic pathway in transgenic rice
promoted the Spd concentration in plants and confers tolerance of
drought stress. Based on these results, we suggest that the higher
activities of SAMDC and Spd synthase in the grains of Changhan
343 promote the synthetic route from Put to Spd and Spm and
increase the concentrations of free Spd and Spm in grains, thereby
promoting grain filling and drought resistance compared with
Xinong 979.

4.2. Relationship of hormone and PA in regulation of wheat grain
filling

It has been reported that PA, by interacting in some way with
hormones, regulates the growth and development of plants
(Kusano et al.,, 2007; Smith et al., 1985). PA and ETH share the same
biosynthetic precursor S-adenosylmethionine, and PA biosynthesis
was notably affected by the ETH synthesis rates (Liang and Lur,
2002; Walden et al., 1997). Fuhrer et al. (1982) reported that
exogenous PAs could repress ethylene synthesis in oat leaves. Yang
et al. (2008) indicated that the external application of Spd or Spm
decreases the ETH level in rice panicles. The previous studies sug-
gested that ETH inhibits grain filling of rice and wheat because it

can aggravate the premature senility of plants (Liu et al., 2013; Yang
et al.,, 2007). In the present study, drought stress significantly
promoted the ETH evolution rate of wheat grain, and the external
Spd and Spm significantly decreased the ETH evolution rate in
grains under drought stress. This result implies that higher Spd,
Spm and ETH exhibit an antagonistic relationship. Similar obser-
vations were also reported in Arabidopsis thaliana (Hu et al., 2006),
maize (Feng et al, 2011), tomato (Solanum lycopersicum)
(Nambeesan et al., 2012) and rice (Chen et al., 2013). It is therefore
speculated that a potential metabolic interaction or competition
between free Spd and Spm and ETH biosynthesis may mediate the
effects of soil drying on the grain filling of wheat. Spd and Spm may
relieve the premature senility of plants under drought stress by
inhibiting ETH biosynthesis and increasing the grain filling rate and
grain weight under drought stress. In contrast to Spd and Spm, the
external Put significantly increased the ETH evolution rate in grains
under drought stress. This suggests that Put promotes the ETH
synthesis, and this may be the reason why Put notably decreases
the maximum grain weight and the maximum and mean grain-
filling rate under drought stress.

Previous studies suggested that ABA was involved in regulating
the grain filling of rice and wheat and the resistance of plant to
drought stress (Yang et al, 2006). External PA increased the
endogenous ABA levels (Steiner et al., 2007). In the present study,
the external Put, Spd and Spm all significantly increased the ABA
concentration in grains under drought stress; however, the ABA
concentration in the grains of Put treatment was significantly
higher than those of Spd and Spm treatments under drought stress.
ABA accumulation in plants can promote the drought resistance of
plants. However, the excessive accumulation of ABA in plants may
work against the drought resistance of plants (Yang et al., 2006).
Yang and Zhang (2006) found that an increase in ABA concentration
in grains under moderately dry soil conditions increased the grain-
filling rate of rice, whereas much higher ABA concentrations under
severely soil-dried condition reduced the grain-filling rate of rice.
This previous study suggested that ABA promotes the transport of
carbohydrates from the stem to the grains, but the excessive
transport of carbohydrates may lead to deficiencies of carbohy-
drates in vegetative organs such as leaves and roots and may
aggravate the premature senility of plants. Based on these results,
we suggest that the effect of Spd and Spm on grain filling of wheat
under drought stress may be related to the promotion of ABA
accumulation in grains, which increases the transport of carbohy-
drates from the stem to the grains. However, Put treatment led to
excessive ABA accumulation in grains, which exacerbated the
premature senility of plants and decreased the drought resistance
of grain filling of wheat.

In addition to ABA and ETH, CTK plays an important role in
regulating the grain filling of cereal (Yang et al., 2002; Zhang et al.,
2009a). In rice, wheat, maize, and barley (Hordeum vulgare L.), a
higher CTK concentration was generally observed in the endosperm
of the grains, and CTKs were thought to be involved in cell division
during the early phase of seed development (Dietrich et al., 1995;
Michael and Seiler-Kelbitsch, 1972; Morris et al., 1993; Saha et al.,
1986; Xu et al., 2007; Yang et al., 2000). Yang et al. (2008) indicated
that external Spd and Spm significantly increased the Z + ZR levels
in rice inferior grains, whereas methylglyoxal-
bis(guanylhydrazone) (MGBG), which inhibits the biosynthesis of
Spd and Spm, significantly reduced Z + ZR levels in rice inferior
grains. In the present study, external Spd and Spm significantly
increased the Z + ZR concentrations in the inferior grains of Xinong
979 and Changhan 343 and the superior grains of Xinong 979 under
drought stress. However, the external Put had no significant effect
on the Z + ZR concentrations in the grains of two wheat cultivars.
The regression analysis demonstrated that the maximum grain



Fig. 5. Effect of drought stress on the PA biosynthetic enzyme activity in wheat grains (A, C, E and G: Xinong 979; B, D, F and H: Changhan 343). S: superior grain; I: inferior grain.
WW: maintained the soil water potential at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water
potential —60 + 5 kPa after anthesis. Vertical bars represent + the standard error of the mean (n = 3).
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Fig. 6. Effect of drought stress on the free PA content in flag leaves (A, C and E: Xinong 979; B, D and F: Changhan 343). WW: maintained the soil water potential at —20 + 5 kPa after
anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water potential —60 + 5 kPa after anthesis. Vertical bars represent + the

standard error of the mean (n = 3).

weight and mean grain-filling rate were significantly and positively
correlated with maximum Z + ZR concentrations in grains
(R =0.928** and 0.934**, respectively). The results were similar to
those of Yang et al. (2008). This means that the effect of PA on the
grain filling of wheat under drought stress was closely related to
the endogenous CTK in grains. In addition to CTKs, IAA is involved
in the regulation of the grain filling process (Xu et al., 2007; Yang
and Zhang, 2006; Zhang et al., 2009b). IAA notably regulates the
endosperm cell division in developing grains (Davies, 1987). High
IAA concentrations in the grains could create an “attractive power”
leading to an increase in CTK concentrations in grains (Seth and

Waering, 1967; Singh and Gerung, 1982). In the present study,
external Spd, Spm and Put all significantly increased the IAA con-
centrations in grains under drought stress. However, external Spd,
Spm and Put had different effects on the grain filling of wheat
under drought stress. The regression analysis demonstrated that
the correlations of maximum IAA concentration in grains, and the
maximum grain weight and mean grain-filling rate were insignif-
icant (R = 0.452 and 0.503, respectively). Based on these results, we
suggest that IJAA may be an important factor for regulating wheat
grain filling. However, the effect of PA on the grain filling of wheat
under drought stress showed no close relationship with



Y. Liu et al. / Plant Physiology and Biochemistry 100 (2016) 113—129 125

Fig. 7. Effect of drought stress on the soluble-conjugated PA content in flag leaves (A, C and E: Xinong 979; B, D and F: Changhan 343). WW: maintained the soil water potential
at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water potential —60 + 5 kPa after anthesis. Vertical bars

represent + the standard error of the mean (n = 3).

endogenous IAA.

These results suggest that multiple hormones are involved in
the regulation of grain filling of wheat. The previous study sug-
gested that the interaction of hormones significantly affects the
grain filling of cereal (Yang et al., 2001). The ratio of ABA/ETH was
significantly and positively correlated with the grain filling of
wheat (Yang et al., 2006). In the present study, we found that the
correlations of the maximum ABA concentration in grains with
the maximum grain weight and mean grain-filling rate were
insignificant (R = 0.013 and 0.059, respectively). However, the
ratio of ABA/ETH in grains was significantly and positively

correlated with maximum grain weight and mean grain-filling
rate (R = 0.688"* and 0.713** respectively). Additionally, the
maximum Z + ZR concentrations in grains were significantly and
positively correlated with maximum grain weight and mean
grain-filling rate, and the ETH evolution rate in grains was
significantly and negatively correlated with maximum grain
weight and mean grain-filling rate. These observations indicate
that the effect of PA on grain filling of wheat is significantly related
to other hormones. The interactions of hormones or plant growth
regulators, not just a single type of hormone, were involved in the
regulation of wheat grain filling. The accumulation and transport
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Fig. 8. Effect of drought stress on the insoluble-conjugated PA content in flag leaves (A, C and E: Xinong 979; B, D and F: Changhan 343). WW: maintained the soil water potential
at —20 + 5 kPa after anthesis. MD: maintained the soil water potential —40 + 5 kPa after anthesis. SD: maintained the soil water potential —60 + 5 kPa after anthesis. Vertical bars

represent + the standard error of the mean (n = 3).

of photosynthate determined the grain weight of cereal (Yang
et al., 2006). Our previous study suggested that external PA pro-
motes photosynthesis in wheat flag leaves (Liu et al., 2013). In
addition, ABA, Z + ZR, and ETH all affect the accumulation or
transport of photosynthate (Yang et al., 2006). Therefore, we
suggest that PA and hormones may be involved in the grain filling
of wheat, which may be related to the accumulation and transport
of photosynthate. Further studies on the specific effects of the
individual hormones and their interactions with each other and
their effects on the grain filling in wheat are necessary.

5. Conclusion

The results indicate that moderate drought significantly pro-
motes grain filling and severe drought significantly inhibits grain
filling in wheat. Endogenous free PAs play an important role in the
response of grain filling during drought stress in wheat. Free Spd
and Spm can notably relieve the inhibition of drought stress on
wheat grain filling, and free Put aggravates the inhibition of
drought stress on wheat grain filling. However, endogenous
soluble-conjugated PAs and insoluble-conjugated PAs play a minor
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Table 4
Effect of external PAs on grain filling characters under drought stress.
Cultivars Spikelet category Treatment Wmax mg Gmean mg grain~' d~! Dd
Xinong 979 S CK1 47.14a 1.73a 27.25a
CK2 40.49b 1.61b 25.15b
S1 41.31b 1.64b 25.19b
S2 41.35b 1.63b 25.37b
P1 39.97b 1.59b 25.14b
1 CK1 38.02a 1.43a 26.59a
CK2 27.90c 1.21c 23.06¢
S1 34.12b 1.36b 25.09b
S2 33.49b 1.34b 24.99bc
P1 24.68d 1.07d 23.07c
Changhan 343 S CK1 51.88a 1.99a 26.07a
CK2 50.39a 1.95a 25.84a
S1 50.69a 1.97a 25.73a
S2 51.56a 1.99a 2591a
P1 49.12a 1.93a 25.45a
1 CK1 47.13a 1.78a 26.48a
CK2 41.34c 1.62c 25.52b
S1 43.40b 1.72b 25.23b
S2 43.18b 1.71b 25.25b
P1 38.79d 1.52d 25.19b

Values within a column and for the same cultivar and same grain type followed by different letters are significantly different at P = 0.05. CK1: soil water potential was
maintained at —20 + 5 kPa. CK2: soil water potential was maintained at —60 + 5 kPa. S1: soil water potential was maintained at —60 + 5 kPa and external sprayed Spd on wheat
panicles. S2: soil water potential was maintained at —60 + 5 kPa and external sprayed Spm on wheat panicles. P1: soil water potential was maintained at —60 + 5 kPa and
external sprayed Put on wheat panicles. Gmean: mean grain-filling rates; D: active grain-filling period; S: superior grain; I: inferior grain.

Fig. 9. Effect of external PA on the IAA and Z + ZR contents in wheat grains under drought stress (A and C: Xinong 979; B and D: Changhan 343). S: superior grain; [: inferior grain.
CK1: soil water potential was maintained at —20 + 5 kPa. CK2: soil water potential was maintained at —60 + 5 kPa. S1: soil water potential was maintained at —60 + 5 kPa and
external sprayed Spd on wheat panicles. S2: soil water potential was maintained at —60 + 5 kPa and external sprayed Spm on wheat panicles. P1: soil water potential was
maintained at —60 + 5 kPa and external sprayed Put on wheat panicles. Vertical bars represent + the standard error of the mean (n = 3).

role in responding to soil drying and in regulating the grain filling of thus promoting grain filling and drought resistance in wheat. The
wheat. The higher activities of SAMDC and Spd synthase in grains Spd and Spm significantly increased the Z + ZR and ABA concen-
can promote the synthetic route from Put to Spd and Spm and tration and decreased the ETH evolution rate in grains, which
notably increase the free Spd and Spm concentrations in grains, promoted wheat grain filling under drought. Put significantly
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Fig. 10. Effect of external PA on the ABA content and ETH evolution rate in wheat grains under drought stress (A and C: Xinong 979; B and D: Changhan 343). S: superior grain; I:
inferior grain. CK1: soil water potential was maintained at —20 + 5 kPa. CK2: soil water potential was maintained at —60 + 5 kPa. S1: soil water potential was maintained
at —60 + 5 kPa and external sprayed Spd on wheat panicles. S2: soil water potential was maintained at —60 + 5 kPa and external sprayed Spm on wheat panicles. P1: soil water
potential was maintained at —60 + 5 kPa and external sprayed Put on wheat panicles. Vertical bars represent + the standard error of the mean (n = 3).

increased the ETH evolution rate and led to excessive ABA accu-
mulation in grains, which aggravated the inhibition of drought on
wheat grain filling. This means that the interaction of hormones,
rather than the action of a single hormone, was involved in the
regulation of wheat grain filling under drought.
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Abstract

Drought is a multifaceted stress condition that inhibits crop growth. Seed germination is one of the critical and sensitive
stages of plants, and its process is inhibited or even entirely prevented by drought. Polyamines (PAs) are closely associ-
ated with plant resistance to drought stress and seed germination. However, little is known about the effect of PA on the
seed germination of wheat under drought stress. This study investigated the involvement of PAs in regulating wheat seed
germination under drought stress. Six wheat genotypes differing in drought resistance were used, and endogenous PA
levels were measured during seed germination under different water treatments. In addition, external PAwas used for seed
soaking and the variation of hormones, total soluble sugar and starch were measured during the seed germination under
different water treatments. These results indicated that the free spermidine (Spd) accumulation in seeds during the seed
germination period favored wheat seed germination under drought stress; however, the free putrescine (Put) accumulation
in seeds during the seed germination period may work against wheat seed germination under drought stress. In addition,
seed soaking in Spd and spermine (Spm) significantly relieved the inhibition of seed germination by drought stress; howev-
er, soaking seeds in Put had no significant effect on seed germination under drought. External Spd and Spm significantly
increased the endogenous indole-3-acetic acid (IAA), zeatin (Z)+zeatin riboside (ZR), abscisic acid (ABA), and gibberellins
(GA) contents in seeds and accelerated the seed starch degradation and increased the concentration of soluble sugars in
seeds during seed germination. This may promote wheat seed germination under drought stress. In conclusion, free Spd
and Put are key factors for regulating wheat seed germination under drought stress and the effects of Spd and Put on seed
germination under drought notably related to hormones and starch metabolism.

Keywords: polyamine, drought, seed germination, wheat, abscisic acid, starch

1. Introduction

Abiotic and biotic stresses occur frequently during a plant’s
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life cycle (Munne and Muller 2013). Drought is one of the
main abiotic stresses that can limit crop growth and accounts
for considerable grain yield reduction in crops. Winter wheat
(Triticum aestivum L.) is one of the most important food crops
in China and the world. However, the rainy season in the
main wheat-producing region of China does not coincide
with the growth stages of winter wheat (Li et al. 2000). As
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a result, drought is a common occurrence during the winter
wheat growth stage.

Seed germination is usually the most crucial phase during
seedling establishment (Hubbard et al. 2012; Shi et al.
2014). However, this process is inhibited or even entirely
prevented by drought (Hubbard et al. 2012). In the northern
arid and semi-arid regions, one of the most important wheat
producing regions in China, drought is one of the main fac-
tors that limits seed germination and the grain production
of wheat. Hence, methods that can relieve the inhibition of
the seed germination of wheat by drought are important for
the wheat production of China and the world.

Polyamines (PAs) are endogenous plant growth regula-
tors that mediate many plant physiological processes and
the response to environmental stressors. The three main
PAs in plants are spermidine (Spd), spermine (Spm) and
putrescine (Put) (Paschalidis and Roubelakis-Angelakis
2005; Alcazar et al. 2006; Tomosugi et al. 2006; Kusano
et al. 2007; Yang et al. 2008). Polyamine is involved in
the seed germination of plants. The PA contentincreases
during the first 15 d of Ocotea catharinensis seed germi-
nation and then decreases and stabilizes between 30 and
60 d of germination (Dias et al. 2009). Exogenous PAs
improve the seed germination of the hot pepper (Khan
et al. 2012). Inhibition of PA biosynthesis retards the pea
germination process (Villanueva and Huang 1993). The PA
levels increase during the seed development of soybeans
andrice (Sen et al. 1981; Lin et al. 1984). In addition, PAs
are closely associated with plant resistance to drought
stress (Groppa and Benavides 2008). The manipulation
of PA metabolism may enhance crop drought resistance
(Capell et al. 2004). Farooq et al. (2009) found that ex-
ogenously applied PAs increase leaf water status, photo-
synthesis and membrane properties, which improves the
drought tolerance of rice. Yamaguchi et al. (2007) found
that an Arabidopsis mutant plant, which cannot produce
Spm, is hypersensitive to drought and that this pheno-
type was cured by Spm pretreatment. Yang et al. (2007)
suggested that the increasing of free Spd, free Spm and
insoluble-conjugated Put during water stress significantly
correlated with the yield maintenance ratio of rice. These
studies suggested that PAs were notably related to the
drought resistance and seed germination of plants.

Plant hormones play important roles in regulating seed
germination. Abscisic acid (ABA) inhibited the seed germi-
nation of plants such as Arabidopsis thaliana (Kucera et al.
2005; Muller et al. 2006). Graeber et al. (2010) suggested
that ABA delayed the radicle expansion, which inhibited
seed germination. Gibberellins (GA) antagonized the effect
of ABA on seed germination (Miransari and Smith 2014),
which stimulated the synthesis and production of hydrolases,
especially a-amylase, resulting in the germination of seeds

(Yamaguchi 2008). Auxins and cytokinins (CTK) are also
involved in the regulation of seed germination. CTKs are
active during all stages of seed germination (Chiwocha et al.
2005; Nikolic et al. 2006; Riefler et al. 2006). MicroRNA60
inhibits auxin response factor 10 during Arabidopsis thali-
ana seed germination, which allows seed germination (Liu
et al. 2007).

There was a significant relationship between PAs and hor-
mones on the regulation of plant growth. PAs and ethylene
share the biosynthetic precursor S-adenosyl-L-methionine
(SAM), and increases in Spd and Spm biosynthesis are
likely to affect the rate of ethylene synthesis (Walden et al.
1997; Liang and Lur 2002). Exogenous Spd and Spm
significantly increased the zeatin (Z)+zeatin riboside (ZR)
content in rice grains (Yang et al. 2008). Both PA and ABA
are involved in the response of grape rootstocks to salinity
(Upreti and Murti 2010).

These studies provide clear evidence that PAs significantly
affect the seed germination and the drought resistance of
plants. However, little is known about the effect of PAs on
the seed germination of wheat under drought stress. Pieru-
zzi et al. (2011) suggested that the effect of PA on the seed
germination of Araucaria angustifolia (Gymnosperm) and
Ocotea odorifera (Angiosperm) was significantly related to
indole-3-acetic acid (IAA) and ABA. However, it is not known
whether the effect of PA on seed germination of wheat is
related to these hormones.

In our previous study, we found that the seed germination
of different wheat cultivars was significantly different under
drought stress (Xu et al. 2014). In the present study, two
experiments were conducted: (1) six wheat cultivars, the
seed germination of which varied in drought resistance,
were used, and we measured the variation of Spm, Spd and
Put in seed during seed germination induced by different
water treatments; and (2) external Spd, Spm and Put were
used for seed soaking, and the variation of hormones, total
soluble sugar and starch in seed were measured during the
seed germination under different water treatments. The
purpose of the present study was to investigate the effect
of PA on wheat seed germination under drought stress and
the relationship of PA, hormones and starch during wheat
seed germination induced by drought stress.

2. Materials and methods
2.1. The first experiment

Six wheat cultivars, the seed germination of which was
different in drought resistance, were used. Changhan 58,
Lunxuan 988 and Xiza 5 are the drought-resistant cultivars,
and Wanmai 52, Luomai 18 and Zhengmai 7698 are the
non-resistant cultivars (Xu et al. 2014). Uniform seeds
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of each wheat cultivar were selected and soaked in 2.5%
sodium hypochlorite for 10 min for surface sterilization, and
washed with distilled water following the protocol of Li et al.
(2013). Two pieces of filter paper, with a 14-cm diameter,
were placed in each petri dish. Polyethylene glycol (MW
6000, PEG-6000, 15% w/v) was used to stimulate the wa-
ter stress. An equal volume of distilled water (CK) or 15%
PEG-6000 (DT) was added to soak the paper. Then, 50
seeds were placed in each dish.

The growth temperatures were 22°C/18°C (day/night),
the day and night times were 12 h/12 h, and the illumination
intensity was 600 ymol m2s™. The experiment used a
completely randomized block design with three replicates
for each treatment. Samples were harvested at 0, 1, 2, 3,
4, and 5 d after sowing for endogenous PA measurements.
At 7 d post sowing the samples were harvested to determine
the seed germination rate and the length and weight of the
coleoptile and radicle.

2.2. The second experiment

Two wheat cultivars, Changhan 58 (drought-resistant at
seed germination stage) and Luomai 18 (drought-suscep-
tible at seed germination stage), were used. Seed surface
sterilization was the same as in the first experiment. Before
germination, three treatments were set by presoaking the
seeds in 0.1 mmol L=* Spm, Spd and Put for 6 h. The Spm,
Spd and Put concentrations used here were proven to be
optimal in preliminary experiments (Du et al. 2010). Seeds
pre-soaked with distilled water were used as the control.

Two pieces of filter paper, with a diameter of 14 cm, were
placed in each petri dish. Polyethylene glycol (MW 6000,
PEG-6000) was used to stimulate the water stress. An equal
volume of distilled water (T1), 15% PEG-6000 (T2) or 20%
PEG-6000 (T3) was added to soak the paper. Then, 50
seeds were placed in each dish. The growth environment
was same as the first experiment. The experiment used a
completely randomized block design, with three replicates
for each treatment. Samples were harvested at 2 and 4 d
post sowing, and the total soluble sugar, starch and hormone
were measured. At 7 d post sowing, the samples were
harvested to determine the seed germination rate and the
length of the coleoptile and radicle.

2.3. Germination rate (GR) and germination index (Gl)

At 7 d after sowing, GR was measured and defined as the
percentage of germinated seeds in each Petridish. GI=}(G/
T), where G, is the germination percentage attheithdand T,
is the day of the germination test (Wang et al. 2004; Li et al.
2013). If the length of the radical and coleoptile reached
the full and half length of the seed, respectively, the seed

was defined as germinated.

2.4. Radical and coleoptile growth of germinating
seeds

The length and dry weight of the radical and coleoptile were
measured at 7 d post sowing. Coleoptile, radicle and the
seed residues of germinating seeds were isolated and killed
at 105°C for 2 h and then dried at 70°C until they reached
a constant weight.

2.5. Drought resistance index

The drought-tolerant coefficience (DC) of each trait mea-
sured was calculated as:
iiDT
DC_XWK
The drought resistance indexes (DI) of each trait mea-
sured were calculated as:
XijDT
XijCK
Xpr and X, were the values of trait (j) for the genotype
(i) evaluated under DT (15% PEG-6000 was used for seed
germination) and CK (the distilled water was used for seed

germination) treatments, respectively (Xu et al. 2014).

DI=DCx

2.6. Extraction and quantification of PAs

Spd, Spm and Put were extracted and measured according
to Yang et al. (2008) and Liu et al. (2002). Briefly, approx-
imately 0.5 g fresh weight (FW) of samples was homoge-
nized in 5 mL of 5% (v/v) perchloric acid (PCA), and the
homogenates were incubated at 5°C for 1 h. Then, they
were centrifuged at 25000xg for 20 min. The supernatant
and pellet were collected separately. The supernatant was
used to extract the free PAs and soluble-conjugated PAs.
The pellet was used for insoluble-conjugated PA extraction
(dissolved by 1 mol Lt NaOH). To extract soluble-con-
jugated and insoluble-conjugated PAs, 2 mL of 5% PCA
supernatant and NaOH supernatant were acid hydrolyzed
by 2 mL of 12 mol L HCI and resuspended in 0.5 mL of
5% (v/v) PCA, respectively.

PAs in the non-hydrolyzed supernatant, hydrolyzed
supernatant and hydrolyzed pellet were derived with
benzoyl chloride and quantified with a High-Performance
Liquid Chromatography System (Waters 1525 Binary HPLC
Pump/2489 UV Detector, Waters, USA). Exactly 20 uL
of each sample was injected and loaded onto a waters
Symmetry C18 column (7.5 cmx4.6 mm, 3.5 ym). The
column temperature was 30°C, with a flow rate of 0.7 mL
min-t. Polyamine peaks were detected at an absorbance
of 230 nm.
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2.7. Extraction and quantification of hormones

Approximately 0.5 g FW of sample was taken, and the
endogenous Z+ZR, GAs (GA +GA)), IAA, and ABA were
extracted according to the previous studies (Yang et al.
2001; Liu et al. 2011). The samples were homogenized
with 5 mL of 80% (v/v) methanol, which contained 1 mmol
L butylated hydroxytoluene (BHT). The extracting solu-
tion was passed through Chromosep C18 columns (C18
Sep-Park Cartridge, Waters Corp., Millford, MA, USA), and
the fractions were vacuum dried at 40°C and dissolved
in 1 mL of phosphate-buffered saline (PBS) containing
0.1% (v/v) Tween 20 and 0.1% (w/v) gelatin (pH 7.5) for
enzyme-linked immunosorbent assay (ELISA). The ELISA
Kits were manufactured by the Phytohormones Research
Institute, China Agricultural University. The quantification
of Z+ZR, GAs (GA, +GA ), IAA, and ABA was performed by
ELISA as previously described (Yang et al. 2001; Liu et al.
2011). The recovery rates for I1AA, Z+ZR, ABA, and GAs
were (85.414.7), (93.1+6.2), (89.5+3.2), and (78.2+5.4)%,
respectively.

2.8. Concentrations of starch and soluble sugars in
germinating seed

To extract sugars, 0.1 g powdered dried germinating seed
sample was extracted twice with 80% (v/v) ethanol at
80°C and centrifugation at 3000xg. After centrifugation,
the supernatant and pellet were collected separately. The
supernatant was collected for the measurement of soluble
sugar concentration measurement. To extract starch, the

pellet was dissolved by vigorous vortexing in 36 and 18 mol L*
perchloric acid and centrifugation at 3000xg. The perchloric
acid supernatants were combined for starch concentration
measurement. The soluble sugar and starch concentra-
tion measurements were performed using the anthrone
method, 0.1 mL of the supernatant was boiled in 5 mL of
anthrone-H,SO, solution (0.15 g anthrone in 100 mL of 70%
H,S0,) for 20 min at 80°C, and then the absorption at 620 nm
was measured (Fales 1951; Liu et al. 2011).

2.9. Statistical analysis

The results were analyzed using SPSS 16.0. The data from
each sampling set were analyzed separately. The means
were tested by the least significant difference method at
P=0.05 (LSD 0.05).

3. Results

3.1. Effect of drought on the seed germination of
different wheat cultivars

Drought significantly inhibited the seed germination of
wheat. At 7 d after germination, the seed germination
rate, seed germination index, coleoptile and radicle length
of seed, coleoptile and radicle weight of seed of drought
treatment were all significantly lower than that of the control
for the all six cultivars (Table 1).

However, there was a significant difference observed for
the drought resistance of seed germination among the six
cultivars. The DI of the seed GR and Gl and the length and

Table 1 Effects of drought on the seed germination of different wheat cultivars®

Cultivars Treatments? GR (%) Gl (%) CL (cm) RL (cm) CW (mg seed™) RW (mg seed™?)
Luomai 18 CK 96.67 a 70.06 a 2.88 a 3.90a 295a 3.60a
DT 13.33b 9.50 b 0.09b 0.35d 0.24b 0.61b
Wanmai 52 CK 92.22 a 89.65 a 2.58a 4.33a 3.13a 2.36a
DT 1556 b 0.23b 0.10 b 0.22d 0.17b 0.36 b
Zhengmai 7698 CK 91.11a 73.50 a 227a 411a 3.00a 2.39a
DT 11.11b 9.37b 0.09b 0.20d 0.09b 0.19b
Lunxuan 988 CK 100.00 a 73.19a 1.64 a 2.78 bc 3.41a 3.77a
DT 57.78 b 18.50 b 0.83b 2.06 ¢ 1.02b 231b
Changhan 58 CK 97.78 a 79.61a 3.08 a 414 a 3.63a 293 a
DT 72.22b 50.39b 157b 3.37ab 214 b 1.71b
Xiza 5 CK 97.78 a 76.72 a 299 a 392a 3.41a 3.95a
DT 73.33b 45.85b 1.21b 2.89 bc 1.67b 1.90b
Source of variation ~ Genotype (G) 11.74" 57.47" 28.39 10.55™ 14.07" 12.52"
(F-value) Water (W) 186.49" 16.75" 671.91" 174.85" 372.45% 11.34*
GxW 11.43" 498.24" 15.33" 14.68" 4.31" 12.13"

Y GR, germination rate; Gl, germination index; CL, coleoptile length; RL, radical length; CW, radical weight; RW, radical weight. The

same as below.

2 CK, the distilled water was used for seed germination; DT, 15% PEG-6000 was used for seed germination.
”, significantly different at the 0.01 probability level. Values within a column and for the same cultivar followed by different letters are

significantly different at P=0.05.
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dry weight of seed coleoptile and radicle of Lunxuan 988,
Changhan 58 and Xiza 5 were all significantly higher than
those of Luomai 18, Wanmai 52 and Zhengmai 7698
(Table 2). This resultindicates that the drought resistance of
seed germination of Lunxuan 988, Changhan 58 and Xiza 5
was significantly higher than that of Luomai 18, Wanmai 52
and Zhengmai 7698.

3.2. Effect of drought on the changes of PA contents
at germination period

The free Spd and Put contents in the germinating seeds
showed increasing trends during seed germination (Fig. 1).
The drought significantly affected the free Spd and Put
contents in the germinating seeds. However, the response
of free Spd and Put contents to drought had a notable
genotype difference.

The drought-susceptible cultivars, Luomai 18, Zheng-
mai 7698 and Wanmai 52, had significantly lower free Spd
content in seeds of the DT treatment than CK treatment at
the 5th d after treatment. In contrast, the free Spd content
in seeds of the DT treatment was significantly higher than
that of the CK treatment at the 2nd d after treatment for
the drought-resistant cultivars, Changhan 58, Xiza 5 and
Lunxuan 988. In addition, the free Spd content in seeds
of drought-resistant cultivars was significantly higher than
that of drought-susceptible cultivars during the 2nd to 5th d
after treatment.

The change in free Put of seeds induced by drought
stress was different from that in the free Spd. For the
drought-resistant cultivars, the free Put content in seeds of
DT treatment was lower than that of CK at the 5th d after
treatment. In contrast, the free Put content in seeds of the
DT treatment was significantly higher than that of the CK
treatment at the 2nd d after treatment for the drought-sus-
ceptible cultivars. In addition, the free Put content in the
seeds of drought-resistant cultivars was significantly lower
than that of drought-susceptible cultivars during the 2nd to
5th d after treatment.

During seed germination, the soluble- and insoluble-con-
jugated Spd and Put contents in the germinating seeds
showed increasing trends (Figs. 2 and 3). Drought stress
significantly promoted the soluble- and insoluble-conjugated

Spd and Put contents in seeds. The soluble- and insolu-
ble-conjugated Spd contents in seeds of the DT treatment
were significantly higher than those of the CK treatment
during the 2nd to 4th d after treatment, and the soluble-
and insoluble-conjugated Put contents in seeds of the DT
treatment were significantly higher than those of the CK
treatment on the 2nd and 3rd d after treatment.

3.3. Effect of external PA on the seed germination of
wheat under drought stress

Drought stress significantly inhibited the seed germination of
wheat. Anotable difference was observed in seed germina-
tion between the two wheat varieties under drought stress
(Fig. 4). Under normal conditions, there was no significant
difference in seed germination between Changhan 58 and
Luomai 18. However, at 15% PEG-6000 and 20% PEG-
6000 conditions, the germination rate, coleoptile and radicle
length of Changhan 58 were significantly higher than that
of Luomai 18.

External PA also significantly affects wheat seed germi-
nation, and there was a notable difference in the effects of
Spd, Spm and Put on the seed germination under different
water treatments. The T1 treatment (no water stress), the
external Spd, Spm and Put had no significant effects on the
seed germination rate of wheat. At T2 (15% PEG-6000)
and T3 (20% PEG-6000) treatments, external Spd and Spm
significantly promoted the seed germination rate compared
to the control but external Put had no significant effect on the
seed germination rate of wheat. In addition, external Spd
and Spm significantly promoted the coleoptile and radicle
growth of wheat seeds. The coleoptile and radicle length
of the Spd and Spm treatments were significantly higher
than those of the control treatment at all water conditions.
However, no significant difference was observed for the
coleoptile or radicle length between Put and the control
treatment in all water conditions.

3.4. Effect of external PA on the hormonal changes
during seed germination under drought stress

With increasing PEG-6000 concentration, the GAs, IAA and
Z+ZR contents in seeds decreased (Figs. 5-7). However,

Table 2 Drought resistance index (DI) of the different wheat cultivars at germination period

Cultivar GR Gl CL RL Cw RW

Luomai 18 0.019 0.015 0.001 0.008 0.006 0.033
Wanmai 52 0.027 0.014 0.002 0.003 0.003 0.018
Zhengmai 7698 0.014 0.009 0.001 0.003 0.001 0.005
Lunxuan 988 0.348 0.255 0.163 0.395 0.255 0.448
Changhan 58 0.556 0.413 0.311 0.71 0.389 0.315
Xiza 5 0.573 0.364 0.190 0.552 0.252 0.288
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Fig. 1 Changes in free spermidine (Spd) and putrescine (Put) contents in wheat seeds during seed germination under drought stress.
CK, distilled water was used for seed germination; DT, 15% PEG-6000 was used for seed germination. Vertical bars represent
the standard error of the mean (n=3). *, values for the same days were significantly different at P=0.05. The same as below.
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Fig. 2 Changes in soluble-conjugated Spd and Put contents in wheat seeds during seed germination under drought stress.
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Fig. 3 Changes in insoluble-conjugated Spd and Put contents in wheat seeds during seed germination under drought stress.
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the ABA content in seeds increased with increasing PEG-
6000 concentration (Fig. 8). There was a notable difference
observed for the hormone contents in seeds during seed
germination between the two wheat varieties under drought
stress. There was no significant difference for the GAs, IAA,
ABA, or Z+ZR contents in seeds during seed germination
between any water stress levels in the Changhan 58 and
Luomai 18 cultivars. However, the GAs, IAA and Z+ZR
contents in seeds of Changhan 58 were higher than those
of Luomai 18 at 15 and 20% PEG-6000 conditions.
External PA significantly affected the hormone content
in seeds during seed germination. External Spd and Spm
significantly increased the GAs, |IAA and Z+ZR contents
in seeds at the 2nd and 4th d after treatment. External
Put had no significant effects on the GA or Z+ZR contents
in seeds, but it significantly increased the IAA content in
seeds at the 2nd and 4th d after treatment. In contrast
to these hormones, external Spd, Spm and Put all signifi-
cantly increased the ABA content in seeds; however, the
ABA contents in seeds of Spd and Spm treatments were
significantly lower than those of Put treatment. The ABA
content in seeds of Put treatment was significantly higher
than that of Spd, Spm and control treatments at the 2nd
and 4th d after treatment, and there was no significant

difference observed for the ABA content in seeds of Spd,
Spm or control treatments.

3.5. Effects of pre-soaking with PA on starch and
total soluble sugar in seed

The total soluble sugar concentration in seeds had an in-
creasing trend, and the starch concentration in seeds had a
decreasing trend during seed germination (Figs. 9 and 10).
Drought stress decreased the total soluble sugar concen-
tration in seeds and increased the starch concentration in
seeds. External Spd and Spm significantly increased the
total soluble sugar concentration in seeds and significantly
decreased the starch concentration in seeds during seed
germination. However, external Put had no significant effect
on the total soluble sugar or starch concentration in seeds
during germination.

4. Discussion

Drought is a multifaceted stress condition that inhibits crop
growth and causes serious crop yield limitations (Muscolo
et al. 2014). Seed germination is the most critical and sen-
sitive stage in the life cycle of plants (Ahmad et al. 2009)
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and is a process that is inhibited or even entirely prevented
by drought (Hubbard et al. 2012). PAs are closely associ-
ated with plant resistance to drought stress (Groppa and
Benavides 2008). The manipulation of endogenous PA
metabolism or external application of PA could affect the
resistance of crops to drought stress (Capell et al. 2004;
Farooq et al. 2009). In the present study, there was no
significant difference observed in the free Spd or Put con-
tents in seeds during seed germination between different
cultivars under normal conditions. However, the free Spd
content in seeds of drought-resistant cultivars was signifi-
cantly higher than that of drought-susceptible cultivars under
drought treatment during seed germination, but the free Put
content in seeds of drought-resistant cultivars was signifi-
cantly lower than that of drought-susceptible cultivars during
seed germination under drought treatment. These results
suggested that free Spd accumulation in seeds during the
germination period favors wheat seed germination under
drought stress; however, free Put accumulation in seeds
during the seed germination period may work against wheat
seed germination under drought stress. In addition, presoak-
ing the seeds in Spd significantly promoted the wheat seed
germination and coleoptile and radicle growth under drought
stress. Presoaking the seed in Put had no significant effect
on seed germination and even inhibited the coleoptile and
radicle growth under drought stress. Put is the precursor
of Spd synthesis, but the effects of Spd and Put on plant
growth and development can differ (Yang et al. 2008; Liu
et al. 2013). Previous studies suggested that the Spd could
relieve drought inhibition of plant growth. Overexpression of
Spd synthase enhances tolerance to multiple environmental
stresses including drought and up-regulates the expression
of various stress-regulated genes in transgenic Arabidopsis
thaliana (Kasukabe et al. 2004).

A transgenic rice plant, in which the PA biosynthetic
gene was modulated to promote the Spd content in plants,
had better drought tolerance (Capell et al. 2004). The free
Spd content in flag leaves had a significant and positive
correlation to the yield maintenance ratio of rice (Yang et al.
2007). In contrast to Spd, the role of Put in drought stress
responses of plants is also unclear (Bouchereau et al. 1999;
Chen and Zhang 2000; Capell et al. 2004).

Previous studies suggest that a high accumulation of Put
at the early stages of drought is necessary for plants to adapt
to stress. However, excessive or long-term accumulation
of Put may promote oxidation products and may be toxic
to plants (DiTomaso et al. 1989; Watson and Malmberg
1996; Richard and Alexandra 1997). The promotion of
the synthesis of Spd and Spm from Put can improve the
drought resistance of transgenic rice plants. In contrast,
wild-type plants were drought-sensitive because drought is

insufficient to trigger the conversion of Put to Spd and Spm,
even though the wild-type plants had high Put accumulation
under drought stress (Capell et al. 2004). Combined with
previous studies, we suggest that the reason for the results
of the present study may be that the synthetic route from
Put to Spd in drought-susceptible wheat cultivars may be
inhibited by drought and that this route of drought-resistant
cultivars may have more resistance to drought stress than
that of drought-susceptible cultivars. The drought-sus-
ceptible wheat cultivars accumulated more free Put than
the drought-resistant cultivars, and the free Spd content of
drought-susceptible wheat cultivars was significantly less
than that of drought-resistant cultivars. The seed germina-
tion of drought-resistant cultivars had more resistance for
drought stress than that of drought-susceptible cultivars.

The previous study suggested that like Spd, Spm could
notably relieve the inhibition of plant growth by drought
stress (Yang et al. 2007). However, in the present study,
we found an interesting result, endogenous Spm cannot be
detected during the seed germination of wheat. However,
external presoaking of seeds in Spm significantly promot-
ed seed germination under drought stress. This result
suggested that Spm could relieve the inhibition of wheat
seed germination by drought stress; however, it is not the
dominant factor for wheat seed germination.

In addition to free PA, soluble- and insoluble-conjugat-
ed PAs are also involved in the regulation of plant growth
(Yang et al. 2007). In the present study, the soluble- and
insoluble-conjugated Spd and Put in seeds showed no
significant difference between the various cultivars during
seed germination under drought stress. In addition, the
values of the soluble- and insoluble-conjugated Spd and Put
were significantly less than those of free Spd and Put. We
suggest that the soluble- and insoluble-conjugated PA may
be involved in the regulation of seed germination. However,
they are not the main factors governing seed germination
under drought stress.

It is reported that PA and hormones interact to regulate
the growth and development of plants (Smith et al. 1985;
Kusano et al. 2007). Yang et al. (2008) indicated that exter-
nal Spd and Spm promoted the endogenous CTK content of
rice grains. Steiner et al. (2007) indicated that PAincreased
endogenous ABA levels. Our previous study found that
external PA significantly increased the IAA content in wheat
grains (Liu et al. 2013). Plant hormones significant affected
seed germination. ABA inhibited the seed germination of
plants such as Arabidopsis thaliana (Kucera et al. 2005;
Muller et al. 2006). GA antagonized the effect of ABA on
seed germination (Miransari and Smith 2014). In addition,
auxins and CTK also regulated seed germination (Chiwocha
et al. 2005; Nikolic et al. 2006; Riefler et al. 2006; Liu et al.
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2007). The results of the present study suggested that the
promotion of the seed germination of wheat by Spd or Spm
might relate to their effects on the endogenous hormones.
External Spd and Spm significantly increased endogenous
IAA, Z+ZR and GA contents in seeds during seed germina-
tion and may promote the wheat seed germination and cole-
optile and radicle growth under drought stress. In addition,
Put, Spd and Spm all significantly increased the ABA content
in seeds under drought stress; however, the ABA content
in seeds after Put treatment was significantly higher than
that of Spd and Spm treatments under drought stress. ABA
accumulation can promote the drought resistance of plants;
however, the excessive accumulation of ABA in plants may
reduce the drought resistance of plants (Yang et al. 2006).
We suggested that the promotion effect of seed germination
under drought stress by Spd and Spm might relate to the
promotion of ABA accumulation in seeds. However, Put
treatment lead to excessive ABA accumulation in seeds and
reduced the drought resistance of the seed germination of
wheat. The previous study suggested that IAA significantly
promoted the seed germination and growth (Jung and Park
2011; Park et al. 2011). The present study suggested that
the Spd, Spm and Put all significantly increases the IAA
contents in seeds under drought. However, there was a
notably difference for the effects of Spd, Spm and Put on
the seed germination under drought stress. This means
that the seed germination and growth of wheat was not be
only regulated by IAA. Inthe present study, IAA, CTK, ABA,
Gas, and polyamines were all involved in the regulation
of seed germination under drought stress. This means
that the balance of hormones, rather than the individual
hormones, regulated the seed germination of wheat under
drought stress.

In addition, the external Spd and Spm exerted consid-
erable effects on starch metabolism under drought stress.
The promotion of seed germination by Spd and Spm was
closely associated with rapid seed starch degradation
along with a fast increase in the concentration of soluble
sugars in germinating seeds under drought. The previous
study suggested that Spd and Spm significantly affect the
starch metabolism of grains during rice grain filling (Yang
et al. 2008). In addition, a previous study suggested that
various hydrolytic enzymes are synthesized and involved
in starch mobilization during seed germination (Zhang et al.
2005) and that the production of most hydrolytic enzymes is
GA-dependent (Lovegrove and Hooley 2000; Zhang et al.
2010). In the present study, external Spd and Spm signifi-
cantly increased the endogenous GA content in seeds. The
effects of Spd and Spm on starch degradation may relate to
GAs, or Spd and Spm immediately affect starch degradation.
Further study is needed to answer this question.

5. Conclusion

Free Spd accumulation in seeds during the seed germina-
tion period favored wheat seed germination under drought
stress; however, free Put accumulation in seeds during the
seed germination period may reduce wheat seed germi-
nation under drought stress. In addition, soaking seeds
in Spd and Spm significantly relieve the inhibition of seed
germination by drought stress. However, soaking seeds
in Put had no significant effect on seed germination under
drought. External Spd and Spm significantly increased the
endogenous |AA, Z+ZR, ABA, and GA contents of seeds
and accelerated seed starch degradation and increased
the concentration of soluble sugars in seeds during seed
germination, which may promote wheat seed germination
under drought stress.
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ABSTRACT

To promote the grain weight of wheat, the key is to improve the grain filling of inferior grain. The remobilization
of non-structural carbohydrate (NSC) stored in reserve in the stem (sheath + culm) pre-anthesis is important for
the grain filling of cereal. However, the mechanism that regulates the NSC reserve in the stem pre-anthesis on
grain filling of inferior grains of wheat remains unclear. In the present study, six wheat cultivars with different
grain weight were used. Additionally, different rates of nitrogen (N) fertilizer were examined. The objective of
the present study was to investigate the relation between the NSC reserve in the stem pre-anthesis and grain
filling of inferior grain of wheat and determine the mechanism of that relation. The results showed that the grain
weight of inferior grain was significantly lower than that of superior grain, and the inferior grain was more
affected by environmental factors than the superior grain. The superior grain had higher content of zeatin (Z)
+ zeatin riboside (ZR) and activities of synthase (SS) and ADP-glucose pyrophosphorylase (AGPP) and lower
rate of ethylene (ETH) evolution than those of inferior grain. Because of these differences, the superior grain had
higher sink strength and grain-filling rate and therefore had higher grain weight than that of inferior grain. With
a high NSC reserve stored in the stem pre-anthesis, the Z + ZR content increased and the ETH evolution rate
decreased in inferior grain significantly, which promoted the sink strength and grain-filling rate of inferior grain
of wheat. Suitable nitrogen (N) fertilizer application notably increased the NSC reserve stored in the stem pre-
anthesis, which promoted the sink strength and grain-filling rate of inferior grain. However, excess N fertilizer
significantly decreased the NSC accumulation in the stem pre-anthesis and inhibited the sink strength and grain-
filling rate of inferior grain of wheat.

1. Introduction

Zhang, 2010; Kato et al., 2007).
According to the grain filling characteristics, the grain of wheat is

Wheat (Triticum aestivum L.) is an important crop in China. With
increasing population and decreasing area of agricultural land, pro-
moting crop production is essential in China. For wheat, the grain yield
is separated into three components, and an effective approach to pro-
mote the grain yield of wheat is to increase the contributions of these
components. However, the panicle number per plant has likely reached
the highest level and continuing to increase the number may lead to
serious problems such as lodging, premature senescence, and increased
damage by diseases and insects, among others. Thus, the inevitable
approach to increase the grain yield of wheat is to increase the grain
weight or grain number per panicle, based on a suitable panicle number
per area. Grain filling of cereals determines the grain weight, and
therefore, improving grain filling is important for high grain weights
and grain yields of cereals such as wheat (Chen et al., 2013; Yang and
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divided into two types, superior and inferior grain. Superior grain pri-
marily consists of earlier flowering flowerets and is located at the
bottom of a spikelet, and the inferior grain primarily consists of later
flowering flowerets and is located at the top of a spikelet of wheat
(Jiang et al., 2003). In a previous study, inferior grain had higher
temporal and spatial variation than that of superior grain, and the in-
ferior grain was more sensitive to environmental factors (Yang, 2010).
The poor grain filling of inferior grain is the primary explanation for the
inability of large panicle rice cultivars to reach their high yield poten-
tials (Yang and Zhang, 2010). Thus, the key to promote wheat grain
weight and grain yield is to improve the grain filling of inferior grain.

Mechanisms have been proposed to explain the poor grain filling of
inferior grain. Some previous studies suggest a priority in the photo-
synthate supply to the superior grain, which may lead to a deficiency of
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Fig. 1. The average monthly temperature and precipitation during the wheat growing seasons in experimental fields at Yangling (A. 2014-2015; B. 2015-2016) and Doukou Experimental
Station (C. 2015-2016).

Table 1

Grain yield and yield components of different wheat cultivars.

Year Cultivars No. of panicles  Spikelets Grain Grain
(x10*hm~2)  per panicle weight yield
(mg) (thm™?)
2014-2015 Shuagda 1 370.02¢ 38.95a 57.84a 7.55ab
Fugao 1 525.03b 37.37a 45.95b 7.91a
Zhoumai 22 510.51b 37.58a 47.83b 7.96a
Xiaoyan 6 615.34a 33.16b 35.85¢ 7.13b
Xiaoyan 22  630.81a 36.18ab 36.34c 7.44ab
Xinong 538  674.86a 34.56b 37.57¢ 7.70a
2015-2016 Shuagda 1 327.62c 40.31a 50.16a 6.95ab
Fugao 1 493.85b 39.35a 41.24b 7.84a
Zhoumai 22  451.46b 38.46a 42.11b 7.38a
Xiaoyan 6 584.11a 31.67b 31.57¢ 6.02b
Xiaoyan 22  601.95a 33.95b 34.61c 6.81b
Xinong 538  612.79a 32.57b 30.15¢ 6.25b
F Value Year (Y) 137.57° 0.17 57.24 37.29°
Cultivar (C) 619.14 15.42 90.070° 10.11
Y xC 2.792 1.579 1.689 2.604

Values within a column and for the same year followed by different letters are sig-
nificantly different at P = 0.05.
* F values significant at the P = 0.05 level.

photosynthate for the grain filling of inferior grain in rice (Murty and
Murty, 1982). Kato (2004) suggest that the deficiency of sink size is the
primary limitation of the grain filling of inferior grains of rice. Ad-
ditionally, some studies suggest that lower activity of the enzymes that
regulate the sucrose to starch conversion limits the grain filling of in-
ferior grain, compared with the enzyme activity of superior grain
(Ishimaru et al., 2005; Wang et al., 2008). However, the mechanism of
the poor grain filling of inferior grain of cereals remains unclear.

Carbon and nitrogen are the primary constituent elements of wheat
grain (Yu, 2003). The carbohydrates used for grain filling are supplied
from two sources: current assimilation post-anthesis and remobilization
of reserves stored in the stem pre-anthesis. The remobilization of non-
structural carbohydrate (NSC) reserves stored in the stem (sheath
+ culm) pre-anthesis contributes approximately 20-30% of grain
weight of wheat (Yang et al., 2004a). Horie et al. (2005) found that the
reserve of NSC in the stem pre-anthesis was significantly correlated
with rice growth at the early grain filling state, and Fu et al. (2011)
suggested that the reserve of NSC in the stem pre-anthesis promoted the
grain filling of inferior grains of rice. However, whether increasing the
reserve of NSC in the stem pre-anthesis could improve the grain filling
of inferior grains of wheat was unclear, and the mechanism for the
regulation of reserves of NSC in the stem pre-anthesis on grain filling of
inferior grains of wheat has also not been determined.

The cytokinins and ethylene (ETH) play important roles in the
regulation of the grain filling of cereals. A large transient increase of
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zeatin (Z) and zeatin riboside (ZR) significantly promoted the en-
dosperm cell division of grains of wheat (Morris et al., 1993). Superior
grains had a higher level of ethylene (ETH) than that of inferior grains
of wheat (Yang et al., 2006). Our previous study found that plastic-
covered ridge and furrow planting significantly affected the Z + ZR and
ETH levels in grains, which promoted the grain filling of inferior grain
of wheat (Liu et al., 2013a).

Starch is the primary component of wheat grain, accounting for
approximately 65-74% of grain weight. The starch of wheat grain is
derived from the NSC stored in the stem, and sucrose is the primary
form of stored NSC (Yang et al., 2004b). In a previous study, sucrose
synthase (SS) and ADP-glucose pyrophosphorylase (AGPP) were no-
tably involved in the regulation of the biosynthesis from sucrose to
starch in wheat grain (Jiang et al., 2003). The activities of AGPP and SS
in superior grains were notably higher than those in inferior grains of
rice and wheat, and AGPP and SS activities were significantly correlated
with grain weight of rice and wheat (Yang et al., 2001a; Jiang et al.,
2003).

In these studies, the hormones and the activities of AGPP and SS in
grains were all significantly correlated with the grain filling of wheat.
However, the relationship between the reserve of NSC in the stem pre-
anthesis and the changes in hormones and activities of AGPP and SS in
grains during grain filling of wheat remains unclear, in addition to
whether the effect of the reserve of NSC in the stem pre-anthesis on
grain filling of inferior grains is related to the hormones and activities
of AGPP and SS in grains. In the present study, six wheat cultivars that
were different for grain filling and grain weight were used, and the
reserve of NSC in the stem pre-anthesis and the changes in hormones
and activities of AGPP and SS in grains during grain filling were mea-
sured. Additionally, different rates of nitrogen (N) were applied to the
wheat cultivars, and the activities of AGPP and SS in grains during grain
filling were measured. The objective of this study was to investigate the
effect of the reserve of NSC in the stem pre-anthesis on grain filling of
inferior grains of wheat and determine whether an effect was related to
hormones and the activities of AGPP and SS in inferior grains of wheat.

2. Materials and methods
2.1. Experiment design

2.1.1. First experiment

This study was conducted from 2014 to 2016 at Northwest A &F
University, Yangling, Shaanxi Province, China (34°17’ N, 108°05’ E).
The organic matter content and available nitrogen (N), phosphorus (P)
and potassium (K) of the 0-20 cm of topsoil in the cropland were
12.39 gkg™!, 49.85mgkg~!, 24.63mgkg™" and 110.14 mgkg’,
respectively.

Six winter wheat cultivars, Shuangda 1, Fugao 1, Zhoumai 22,
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Table 2
Grain-filling characteristics of different wheat cultivars.
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Year Cultivar Superior grain Inferior grain
MGR (mg grairfl dh AGP (d) GW (mg) MGR (mg grain’1 dhH AGP (d) GW (mg)

2014-2015 Shuagda 1 1.94a 31.91a 62.01a 1.53a 32.28a 49.4a
Fugao 1 1.56b 33.42a 52.08b 1.26b 33.02a 41.73b
Zhoumai 22 1.50b 33.47a 50.36b 1.16bc 33.83a 39.09b
Xiaoyan 6 1.26¢ 33.03a 41.47c 0.99cd 32.75a 32.30c
Xiaoyan 22 1.23c 34.38a 42.25¢ 1.00cd 33.36a 33.25¢
Xinong 538 1.20c 33.85a 40.56¢ 0.93d 32.88a 30.60c

2015-2016 Shuagda 1 1.92a 31.88a 60.25a 1.34a 30.45a 40.80a
Fugao 1 1.59b 33.03a 51.86b 1.12b 30.37a 34.01b
Zhoumai 22 1.49b 32.99a 49.16b 1.08c 31.17a 33.66b
Xiaoyan 6 1.27¢ 33.16a 40.90c 0.88d 30.64a 26.96¢
Xiaoyan 22 1.23c 33.92a 41.72¢ 1.02bc 29.07ab 29.65¢
Xinong 538 1.19¢ 33.13a 39.42¢ 0.85d 27.56b 23.43d

Mean 2014-2015 1.45 33.34 48.12 1.14 33.02 37.73
2015-2016 1.45 33.02 47.22 1.05 29.88 31.42
cv 0.01 0.69 1.34 6.17 7.06 12.91

F Value Year (Y) 0.012 0.539 1.971 42.410 56.008 180.324
Cultivar (C) 137.755 1.838 108.651° 121.077 2.115 130.581
Y xC 0.160 0.085 0.128 3.772 1.761 2.571

Values within a column and for the same year followed by different letters are significantly different at P = 0.05. MGR: mean grain filling rate; AGP: active grain filling period; GW: Grain

weight.
* F values significant at the P = 0.05 level.

Fig. 2. The stem biomass, NSC accumulation in the stem and NSC per spikelet at anthesis of different wheat cultivars in the first experiment. Vertical bars represent + the standard error
of the mean (n = 3). SD1, FG1, ZM22, XY6, XY22 and XN 538 are the cultivars Shuangda 1, Fugaol, Zhengmai 22, Xiaoyan 6, Xiaoyan 22 and Xinong 538, respectively.

Xiaoyan 6, Xiaoyan 22 and Xinong 538, were sown on October 16 in
2014 and 2015. The sowing rate was 150 kg ha™!, and the row spacing
was 0.25 m. Urea and (NH,),HPO, were applied at 375 kgha™?'. All
fertilizer use was at a basal level. The experiment was conducted with a
complete randomized design. Each treatment had three replicates. The
area of each plot was 6 m? (3m x 2 m).

2.1.2. Second experiment

This study was conducted from 2015 to 2016 at the Doukou Wheat
and Maize Experimental Farm of Northwest A & F University, Shaanxi
Province, China (34°36” N, 108°52’ E). The organic matter content and
available N, P and K of the 0-20 cm of topsoil of the cropland were
15.24gkg™ !, 40.26 mgkg™!, 18.56 mgkg ' and 186.75 mgkg ™,
respectively.

Five levels of N were applied: 0, 120, 180, 240 and 300 kg N ha= L.
The N fertilizer was urea, which was applied at basal levels. Two wheat
cultivars, Zhoumai 22 and Xinong 538, were sown on Oct 14, 2015. The
sowing rate was 225kgha”!, and the row spacing was 0.25m.
Ordinary superphosphate at 150 kg ha™! of P,O5 was applied at basal
levels. The experiment was conducted with a complete randomized
block design. Each treatment had three replicates. The area of each plot
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was 12m? (4 m x 3 m).
The average monthly temperature and precipitation of the two ex-
periment stations during the experimental period are shown in Fig. 1.

2.2. Sampling and measurement

At anthesis, twenty wheat plants from each plot were sampled. The
spike, leaf and stem (sheath + culm) were separated and put into dif-
ferent paper bags. The spikelet per spike was measured, and then the
spike, leaf and stem were deactivated of enzymes and dried at 70 °C to a
constant weight and weighed. The spike, leaf and stem were ground for
measurement of NSC.

Three hundred ears that headed on the same day were tagged in
each plot, and 20 ears were sampled at 4-day intervals during grain
filling period. The grains on an ear were divided into superior grains
and inferior grains (Jiang et al., 2003). Some grains were used for the
hormone and enzyme measurements and the others were used to de-
termine the grain weight. Yield and yield components were determined
according to our previous study (Liu et al., 2016).
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Fig. 3. Correlations of stem biomass, NSC accumulation in the stem and NSC per spikelet at anthesis with the mean grain-filling rate, active grain-filling period and grain weight of
inferior grain of wheat in the first experiment. Correlation coefficients (r) are presented, and ** indicates significance at the 0.01 probability level (n = 12).

2.2.1. Grain-filling process
The grain-filling process was fitted by the Richards’ (1959) growth
equation as described by Zhu et al. (1988).

2.2.2. Hormones

The endogenous Z + ZR was extracted with 80% (v/v) methanol
and quantified by enzyme-linked immunosorbent assay (ELISA) ac-
cording to previous studies (Liu et al., 2011; Yang et al., 2001a). The
Phytohormones Research Institute, China Agricultural University,
manufactured the ELISA kits. The recovery rate was 94.3 = 2.7%. The
ETH evolved from the grains was determined according to our previous
study (Liu et al., 2016).

2.2.3. Activities of SS and AGPP

The activities of SS and AGPP were measured according to Jiang
et al. (2003). The frozen grains (stored at — 40 °C) were homogenized in
50 mM Hepes-NaOH (pH 7.5) buffer solution. The SS and AGPP activ-
ities were measured using a spectrophotometer (2600 UV/vis; Unic
Corp., China) at 480 and 340 nm, respectively.

2.3. Statistical analyses

The SPSS 16.0 statistical software package was used to conduct
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ANOVAs. The data from each sampling were analyzed separately. The
means were tested by the least significant difference at Pg g5 (LSDg gs)-
The hormone levels and enzyme activity of the first experiment were
sampled in 2015-2016.

3. Results
3.1. Grain yield and grain filling of different wheat cultivars

The six cultivars had different components of grain yield (Table 1).
The panicles per area of XY 6, XY 22 and XN 538 was significantly
higher than that of SD 1, FG 1 and ZM 22, and the panicles per area of
FG 1 and ZM 22 was significantly higher than that of SD1. However, the
spikelets per panicle and grain weight of SD 1, FG 1 and ZM 22 were
significantly higher than those of XY 6, XY 22 and XN 538, and the
grain weight of SD1 was significantly higher than that of FG 1 and ZM
22. The grain-filling rate and grain weight of superior grains and in-
ferior grains showed a similar trend: SD1 > FG1and ZM 22 > XY 6,
XY 22 and XN 538 (Table 2). However, no significant differences were
observed for the active grain-filling period among the six cultivars.
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Fig. 4. Changes in Z + ZR and ETH levels in superior grain (A and C) and inferior grain (B and D) during grain filling of different wheat cultivars in the first experiment. Vertical bars
represent * the standard error of the mean (n = 3). SD1, FG1, ZM22, XY6, XY22 and XN 538 are the cultivars Shuangda 1, Fugaol, Zhengmai 22, Xiaoyan 6, Xiaoyan 22 and Xinong

538, respectively. S: superior grain and I: inferior grain.
3.2. NSC accumulation in the stem

The stem biomass, reserve of NSC in the stem pre-anthesis and NSC
per spikelet (NSCPS) showed a similar trend: SD 1 > ZM 22 and FG
1 > XY 6, XY 22 and XN538 (Fig. 2). No significant differences were
detected for the stem biomass, reserve of NSC in the stem pre-anthesis
and NSCPS between 2014 and 2015 and 2015-2016. Based on regres-
sion analyses, the stem biomass, reserve of NSC in the stem pre-anthesis
and NSCPS were significantly and positively correlated with the grain-
filling rate and grain weight of inferior grains. However, these same
parameters were not significantly correlated with the active grain-
filling period of inferior grain (Fig. 3).

3.3. Hormones

With the grain filling, the Z + ZR content in grains increased in-
itially and then decreased (Fig. 4). The peak value of the Z + ZR con-
tent in superior grains and inferior grains occurred separately at 12 and
16 days post anthesis, respectively. Additionally, the Z + ZR content in
superior grains was significantly higher than that in inferior grains
during the early and middle grain-filling stages. The Z + ZR content in
grain of SD1 was significantly higher than that of ZN 22 and FG 1, and
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the Z + ZR content in grain of ZN 22 and FG 1 was significantly higher
than that of XY 6, XY 22 and XN 538 during the early and middle grain-
filling stages.

Different than the contents of Z + ZR, the ETH evolution rate in
grains continually decreased during the grain-filling stage, and the ETH
evolution rate in superior grains was significantly lower than that in
inferior grains. The ETH evolution rates in grains of SD 1, FG 1 and ZM
22 were significantly lower than those of XY 6, XY 22 and XN 538
during the early and middle grain-filling stages.

3.4. Activities of SS and AGPP

The activities of SS and AGPP of grain at 4 days post anthesis were
significantly lower than those at 16 days post anthesis (Fig. 5). The SS
and AGPP activities of superior grain were significantly higher than
those of inferior grains. The genotypic differences of SS and AGPP ac-
tivities of grains showed that SD 1 > ZM22 and FG1 > XY6, XY22
and XN538.

3.5. Effect of N on grain yield and grain filling of grain

With the increase in level of N fertilizer, the grain yield of wheat
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Fig. 5. Changes in SS and AGPP activities in superior grain (A and C) and inferior grain (B and D) during grain filling of different wheat cultivars in the first experiment. Vertical bars
represent * the standard error of the mean (n = 3). SD1, FG1, ZM22, XY6, XY22 and XN 538 are the cultivars Shuangda 1, Fugaol, Zhengmai 22, Xiaoyan 6, Xiaoyan 22 and Xinong
538, respectively. S: superior grain and I: inferior grain.

Table 3
Effect of nitrogen on grain yield and yield components of wheat.

Cultivar Treatment No. of paniles (x10* hm™~?2) Spikelets per panile Grain weight (mg) Grain yield (t hm~?)
Mean Superior grain Inferior grain

Zhoumai 22 NO 314.93d 28.13c 35.36¢ 47.64a 23.98d 3.21d
N1 368.85¢ 33.64b 38.17b 47.91a 27.70c 4.65¢
N2 462.63b 38.95a 42.35a 48.53a 32.53a 7.52a
N3 513.67a 36.79a 40.11ab 47.86a 29.98b 7.37a
N4 524.78a 33.92b 38.26b 48.00a 27.92¢ 6.61b

Xinong 538 NO 504.81d 25.35¢ 26.68d 39.39a 18.24d 3.37d
N1 536.59¢ 30.25b 28.19¢ 39.54a 21.50c 4.48¢
N2 613.42b 33.64a 31.23b 39.66a 25.70b 6.37b
N3 670.47ab 34.77a 33.24a 38.96a 27.94a 7.62a
N4 706.88a 34.68a 30.02b 39.30a 24.38b 7.18ab

Values within a column and for the same cultivar followed by different letters are significantly different at P = 0.05. NO, N1, N2, N3, N4 means the nitrogen rate is 0, 75, 150, 225,
300 kg hm ~2, respectively.
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Table 4
Effect of nitrogen on grain filling characteristics of inferior grain wheat.

Cultivar Treatment Inferior grain
MGR (mg grain~*d 1) AGP (d) GW (mg)

Zhoumai 22 NO 0.83c 28.89b 23.98d
N1 0.92b 30.11a 27.70c
N2 1.04a 31.28a 32.53a
N3 0.97ab 30.91a 29.98b
N4 0.93b 30.02a 27.92¢

Xinong 538 NO 0.72d 25.34¢ 18.24d
N1 0.78c 27.56b 21.50c
N2 0.91ab 28.24ab 25.70b
N3 0.95a 29.41a 27.94a
N4 0.84b 29.02a 24.38b

Values within a column and for the same cultivar followed by different letters are sig-
nificantly different at P = 0.05. NO, N1, N2, N3, N4 means the nitrogen rate is 0, 75, 150,
225, 300 kg hm ™2, respectively. MGR: mean grain filling rate; AGP: active grain filling
period; GW: Grain weight.

first increased and then decreased (Table 3). However, the response of
ZM 22 and XN 538 to N fertilizer was different; the maximum grain
yield of ZM 22 occurred in the N2 treatment, whereas the maximum
grain yield of XN 538 occurred in the N3 treatment. With the increase in
level of N fertilizer, the panicles per plant continually increased.
However, the spikelets per panicle and grain weight increased initially
and then decreased. The maximum spikelets per panicle and grain
weight of ZM 22 were observed in the N2 treatment, whereas those of
XN 538 occurred in the N3 treatment.

Nitrogen fertilizer had no significant effect on the grain weight of
superior grains, but the grain weight of inferior grains was significantly
affected. With the increase in level of N application, the grain weight of
inferior grains initially increased and then decreased (Table 4). The
maximum grain weight of inferior grains was in the N2 and N3 treat-
ments for ZM 22 and XN 538, respectively. Nitrogen fertilizer sig-
nificantly increased the active grain-filling period. However, the mean
grain-filling rate first increased and then decreased with the increase in
level of N application. Additionally, the grain weight of inferior grain
was significantly and positively correlated with the mean grain-filling
rate (r = 0.9900**) and active grain-filling period (r = 0.9568**).
Thus, by regulating the mean grain-filling rate and active grain-filling
period, the N fertilizer regulated the grain weight of inferior grain.

3.6. Effect of N on NSC accumulation in the stem
Nitrogen significantly affected the stem biomass, reserve of NSC in

the stem pre-anthesis and NSCPS (Fig. 6). With the increase in level of
N, the stem biomass, reserve of NSC in the stem pre-anthesis and NSCPS
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first increased and then decreased. The peak values of stem biomass,
reserve of NSC in the stem pre-anthesis and NSCPS of ZM 22 occurred in
the N3 treatment, whereas those of XN 538 were observed in the N4
treatment.

3.7. Effect of N on hormones and activities of SS and AGPP in inferior
grains

Nitrogen fertilizer significantly increased the content of Z + ZR and
the activities of SS and AGPP and decreased the rate of ETH evolution in
inferior grains (Figs. 7 and 8). The content of Z + ZR and activities of
SS and AGPP in inferior grain first increased and then decreased with
the increase in level of N, and the peak values were in the N2 treatment.
In contrast to these results, the rate of ETH evolution in inferior grain
decreased with the increase in level of N.

4. Discussion

The poor grain filling of inferior grain is the primary factor that
inhibits the promotion of the grain weight of cereals; thus, the key to
promote the grain weight of cereals is to improve the grain filling of
inferior grain (Yang and Zhang, 2010). In the present study, the grain
weight of inferior grain was significantly lower than that of superior
grain. However, the coefficients of variation of mean grain-filling rate,
active grain-filling period and grain weight of inferior grains in the two
years of the study were notably higher than those of superior grains.
The N fertilizer significantly affected the grain filling of inferior grains
but had no significant effect on that of superior grains of wheat. Based
on these results, the inferior grain was more sensitive to environmental
factors than the superior grain, and promoting the grain filling of in-
ferior grain might be the key measurement to promote the grain weight
of wheat.

In a previous study, low sink strength was implicated as a primary
reason for the poor grain filling of inferior grain, and a hypothesis was
proposed that high levels of enzymes involved in the regulation of the
synthesis from sucrose to starch would promote the sink activity of rice
(Fu et al., 2011; Liang et al., 2001). The important enzymes that reg-
ulate the synthesis from sucrose to starch are SS and AGPP: SS is the
primary enzyme that regulates the sucrose cleavage in wheat grains,
and AGPP is one of the key enzymes involved in starch synthesis in
wheat grain (Jiang et al., 2003). In the present study, the activities of SS
and AGPP in superior grain were significantly higher than those in in-
ferior grain, and the activities of these two enzymes in the high grain
weight cultivars were significantly higher than those of low grain
weight cultivars. Thus, the superior grain had higher sink strength than
that of inferior grain, which might be one of the primary reasons that
the grain-filling rate and grain weight of superior grain were sig-
nificantly higher than those of inferior grain.
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Fig. 6. Effects of nitrogen fertilizer on stem biomass, NSC accumulation in the stem and NSC per spikelet at anthesis in the second experiment. Vertical bars represent = the standard
error of the mean (n = 3). ZM22 and XN 538 are the cultivars Zhengmai 22 and Xinong 538, respectively. NO, N1, N2, N3 and N4 indicate N fertilizer levels of 0, 120, 180, 240 and

300 kg N ha™!, respectively.
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Fig. 7. Effects of nitrogen fertilizer on Z + ZR content and ETH evolution rate in inferior grain in the second experiment. Vertical bars represent + the standard error of the mean
(n = 3). A and B: Zhengmai 22; C and D: Xinong 538. NO, N1, N2, N3 and N4 indicate the N fertilizer levels of 0, 120, 180, 240 and 300 kg N ha~!, respectively.

In addition to the activities of SS and AGPP, the hormonal levels in
grains are significantly correlated with the grain-filling rate, and mul-
tiple hormones are involved in regulating the grain-filling rate of cer-
eals (Yang and Zhang, 2006). The levels of CTK in rice grains are sig-
nificantly correlated with grain filling (Yang et al., 2002; Zhang et al.,
2009), and studies on barley (Hordeum vulgare L.), maize, rice and
wheat suggest that CTK is indispensable for cell division during the
early grain development phase (Dietrich et al., 1995; Yang et al., 2000).
In the present study, the superior grain had higher Z + ZR content than
that in the inferior grain, and the Z + ZR contents in grain of high grain
weight cultivars were notably higher than those of low grain weight
cultivars. In previous studies, CTK was an important regulating factor
for the differentiation and division of endosperm cells of rice and no-
tably promoted the synthesis of starch in inferior grain of rice, thereby
promoting the grain filling of inferior grain (Yang et al., 2000; Yang
et al., 2008; Chen et al., 2013). In the present study, the Z + ZR con-
tents in grain were significantly and positively correlated with the SS
and AGPP activities in grain (r = 0.6079** and 0.7859**, respectively).
Therefore, a high Z + ZR content in grain promoted the activities of SS
and AGPP in grain and the synthesis of starch, which promoted the
grain filling of wheat.

In contrast to CTK, the rate of ETH evolution of the superior grains
is significantly lower than that of the inferior grains in rice and wheat,
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and low ETH in grains is associated with a higher filling rate in the
superior grains (Yang et al., 2006; Xu et al., 2007). Thus, ETH inhibits
the grain filling of cereal. In previous studies, ETH significantly de-
creases the activities of SS and AGPP and inhibits starch synthesis and
therefore, decreases grain weights of rice and wheat (Liu et al., 2008;
Yang et al., 2006; Yang et al., 2014). In the present study, the superior
grain had lower rates of ETH evolution than those of inferior grain, and
the ETH evolution rates in grain of high grain weight cultivars were
notably lower than those of low grain weight cultivars. Additionally,
the ETH evolution rate in grain was significantly and negatively cor-
related with the SS and AGPP activities in grain (r = —0.8935** and
—0.7370**, respectively). Therefore, in contrast to CTK, a high ETH
evolution rate in grain inhibits the activities of SS and AGPP and the
synthesis of starch, which inhibit the grain filling of wheat. From these
results, we suggest that increasing the CTK content and decreasing the
rate of ETH evolution in grain might be a key approach to promote the
grain filling of inferior grain of wheat.

Based on a previous study, a deficiency of carbohydrates for grain
filling is the primary cause of the poor grain filling of inferior grain (Fu
et al., 2011). The carbohydrates that are used for grain filling originate
from two sources: current assimilation post-anthesis and remobilization
of reserves stored in the stem pre-anthesis (Yang et al., 2004a). Ac-
cording to Horie et al. (2005), the reserve of NSC in the stem pre-
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Fig. 8. Effects of nitrogen fertilizer on SS and AGPP activities in inferior grain in the second experiment. Vertical bars represent =+ the standard error of the mean (n = 3). A and B:
Zhengmai 22; C and D: Xinong 538. NO, N1, N2, N3 and N4 indicate the N fertilizer levels of 0, 120, 180, 240 and 300 kg N ha™", respectively.

anthesis was significantly correlated with rice growth at the early grain-
filling stage. Fu et al. (2011) found that the reserve of NSC in the stem
pre-anthesis significantly promoted the grain filling of inferior grains of
rice. According to Zheng et al. (2010), at the early grain-filling stage of
rice, the current assimilation post-anthesis may not supply sufficient
NSC for grain filling, because the initiation of grain filling requires a
large supply of NSC. In the case of insufficient supply, the NSC reserves
stored in the stem pre-anthesis may be transported from stem to spikelet
to supply the grain filling. The remobilization of NSC reserves stored in
the stem pre-anthesis may be a signal to begin grain filling of inferior
grain of rice (Zheng et al., 2010). In the present study, the wheat cul-
tivars that had high grain-filling rates and grain weight had more NSC
reserves stored in the stem pre-anthesis and had high NSCPS. Based on
regression analyses, the NSC reserve stored in the stem pre-anthesis was
significantly and positively correlated with the mean grain-filling rate
and grain weight of inferior grains. However, the NSC reserve was not
significantly correlated with the active grain-filling period. Therefore,
the NSC reserve stored in the stem pre-anthesis increased the grain
weight by promoting the grain-filling rate of inferior grain but had no
significant effect on the active grain-filling period of inferior grain.
Based on regression analyses, the NSC reserve stored in the stem
pre-anthesis was significantly and positively correlated with the con-
tents of Z + ZR and the activities of SS and AGPP in inferior grains.
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However, the NSC reserve stored in the stem pre-anthesis was sig-
nificantly and negatively correlated with the rate of ETH evolution in
inferior grain. Therefore, the NSC reserve stored in the stem pre-an-
thesis increased the Z + ZR content and decreased the rate of ETH
evolution in inferior grain of wheat. From this conclusion, we suggest
that the NSC reserve stored in the stem pre-anthesis may act alone to
regulate the hormone balance in inferior grain, thereby promoting the
activities of SS and AGPP. Through this regulation, the NSC reserve
promotes the sink strength, which can promote the transport of car-
bohydrates from current assimilation post-anthesis from stem to in-
ferior grain and thereby increase the grain-filling rate of inferior grain.
In contrast to rate of grain filling, the active grain-filling period is
primarily regulated by the senescence of plants (Liu et al., 2013b).
However, the senescence of leaves primarily correlates with the as-
similation and transport of carbohydrates post-anthesis (Yang et al.,
2001b), and NSC reserves stored in the stem pre-anthesis may have no
significant effect on the senescence of plant. Therefore, in this study,
the NSC reserves stored in the stem pre-anthesis had no significant ef-
fect on the active grain-filling period of inferior grain.

Nitrogen fertilizer is an important agricultural component in crop
production and significantly affects the grain weight of cereal.
However, different studies report different results. In some studies, N
significantly increases the grain weight of cereal (Yan et al., 2016),
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whereas in others, high levels of N fertilizer had no significant effect on
grain weight or even decreased the grain weight of cereal (Jiang et al.,
2016). Thus, the effect of N is complex on the grain weight of cereals. In
the present study, we found that with the increase in level of N ferti-
lizer, the grain weight of wheat first increased and then decreased. In a
previous study, N fertilizer notably affected the carbon metabolism of
plants (Gong et al., 2009). Zheng et al. (2010) found that suitable N
fertilizer application significantly increased the NSC accumulation in
stems of rice, because the N significantly promoted photosynthesis of
leaves; however, excess N application significantly decreased the NSC
accumulation in stems of rice, because the growth of vegetative organs
such as leaves was significantly promoted, which was a process that
consumed much of the NSC from photosynthesis and led to the low NSC
accumulation in stems. In the present study, with the increase in N
fertilizer, the NSC accumulation in stems was significantly affected.
With the increase in N, the accumulation of NSC in the stem pre-an-
thesis first increased and then decreased. Additionally, the peak values
of NSC accumulation in the stem pre-anthesis and the grain weight of
inferior grain occurred at the same level of N. Based on regression
analyses, the accumulation of NSC in the stem pre-anthesis was sig-
nificantly and positively correlated with the grain-filling rate and grain
weight of inferior grain (r = 0.8952** and 0.8570*%, respectively).
Thus, the NSC also significantly affected the grain filling of inferior
grain under N fertilizer application, and suitable N fertilizer application
is important for the production of wheat.

Additionally, in the present study, N fertilizer had different effects
on the grain weight of superior grain and inferior grain. Nitrogen fer-
tilizer had no significant effect on the grain weight of superior grains
but significantly affected that of inferior grains. Our analysis suggests
that this difference between grain types is because the superior grain
had “prior dominant”; thus, the NSC accumulation in the stem is
priority transported to superior grains (Zheng et al., 2010), which ob-
tain sufficient NSC for grain filling of those grains. However, because of
this priority, the inferior grains cannot obtain sufficient NSC for grain
filling when the accumulation of NSC in the stem is insufficient.
Therefore, in the present study, because the inferior grain could not
obtain sufficient NSC in the NO and N4 treatments, the grain weights of
those two treatments were notably lower than those of the N2 and N3
treatments. We also found that the N fertilizer significantly affected the
Z + ZR content, ETH evolution rate and SS and AGPP activities in in-
ferior grain. Based on regression analyses, the contents of Z + ZR and
activities of SS and AGPP in grain were significantly and positively
correlated with the NSC accumulation in the stem pre-anthesis
(r = 0.7532%*, 0.7478** and 07296**, respectively), and the rate of
ETH evolution in grain was significantly and negatively correlated with
the NSC accumulation in the stem pre-anthesis (r = —0.8143**) under
N treatments. Thus, the N fertilizer significantly affected the NSC ac-
cumulation in the stem pre-anthesis, which promoted the sink strength
and the grain-filling rate of inferior grain of wheat. Therefore, the
agronomic practices that significantly increase the NSC accumulation in
the stem pre-anthesis, such as N fertilizer application, can significantly
promote the grain filling of inferior grain of wheat.

5. Conclusions

The superior grain had higher Z + ZR content and SS and AGPP
activities and lower ETH evolution rate than those in inferior grain,
which led to greater sink strength and higher rate of grain filling and
resulted in higher grain weight in the superior grain than in the inferior
grain. High NSC reserves stored in the stem pre-anthesis significantly
increased the Z + ZR content and decreased the ETH evolution rate in
inferior grain, which promoted the sink strength and grain-filling rate
of inferior grain of wheat. Suitable N fertilizer significantly increased
the NSC reserves stored in the stem pre-anthesis, which promoted the
sink strength and grain-filling rate of inferior grain; however, excess N
fertilizer significantly decreased the NSC accumulation in he stem pre-
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anthesis, which inhibited the sink strength and grain-filling rate of in-
ferior grain of wheat.
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ABSTRACT

Potassium foliage application of (KFA) is widely used for wheat production in China. The objective of this
study was to investigate the effect of KFA on grain filling of wheat under different soil moisture conditions
and the underlying mechanisms. The results indicate that KFA increased the zeatin (Z), Z riboside (ZR),
and abscisic acid (ABA) contents and the ethylene (ETH) evolution rate in inferior grains during the early
and middle grain filling stages, which promoted sink strength. However, KFA decreased the activities
of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), as well as the soil-plant analyses
development (SPDA) value and increased the malondialdehyde (MDA) content in the flag leaves. The
effect of KFA on grain filling also exhibited a notable genotypic difference. In the heavy-panicle cultivar,
KFA had no significant effect on grain filling under the well-watered (WW) treatment, but it decreased
the rate and active period of the grain filling of inferior grains and significantly decreased the grain weight
following soil-dried (SD) treatment. In the light-panicle cultivar, KFA significantly promoted the grain
filling rates of inferior grains and increased the grain weight under the WW treatment. However, KFA
significantly decreased the active grain filling period but increased the grain filling rate and, therefore,

had no significant effect on the grain weight under the SD treatment.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Drought is one of the main abiotic stresses limiting wheat
(Triticum aestivum L.) production in northern China (Jiang and
Zhang, 2004; Lietal.,2000). Grain filling, an important growth stage
of cereal, determines the grain weight (Yang and Zhang, 2006). In
cereals such as wheat, the booting and grain filling stages are most
sensitive to the water supply (Yu, 2003). Drought stress during the
grain filling stage usually seriously reduces the grain weight and
yield (Kobata et al., 1992; Zhang et al., 1998). Thus, reducing the
inhibitory effect of drought stress on wheat grain filling is impor-
tant for improving wheat production in northern China.

Potassium (K) is an important nutrient element that signifi-
cantly affects the grain weight and yield of cereals (Brennan and
Bolland, 2009; Kunzovéa and Hejcman, 2010; Wani et al., 2014).
Previous studies have indicated that K fertilizer promotes the grain
filling of wheat in dryland (Chen et al., 2006; Hu et al., 2014). Wang
et al. (2003) suggested that K significantly promoted the accumu-
lation and transfer of sucrose in stems and increased the starch
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content in wheat grain. Zou et al. (2007) suggested that the appro-
priate application of K fertilizer increased the net photosynthetic
rate of flag leaves during the grain filling stage. In addition, K signif-
icantly affected the drought resistance of wheat (Raza et al., 2014).
Wei et al. (2013) suggested that external K ameliorated drought
stress in wheat while Damon et al. (2011) found that the endoge-
nous K content of a drought-resistant variety was significantly
higher than that of a drought-sensitive variety of wheat was. These
results suggest that K significantly affected the grain weight and
drought resistance of wheat. However, the effects of K on grain
filling of wheat under drought stress conditions are unclear.

In northern China, N and P fertilizers are the main types used for
wheat production. K fertilizer is rarely used in wheat production
because the K level in the soil is traditionally considered sufficient
for wheat production in this region (Guo et al, 2010). How-
ever, increase wheat grain yields are accompanied by increased K
absorption from the soil by the wheat plants to maintain growth,
which would lead to a K deficiency for subsequent wheat produc-
tion if the levels in the soil are not supplemented (Chen et al.,
2006). Because the price of K fertilizers has increased over the years,
farmers have not been encouraged to increasing their use in wheat
production. In addition, wheat roots exhibit a gradual senescence
in the later growth period, which weakens their ability to absorb
nutrients (Zhao and Si, 2015). For these reasons, K foliage applica-
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tion (KFA) is mainly used for wheat production in northern China
because of its low cost and ease of use compared to that of soil fer-
tilizer. However, the previously reported effects of KFA on wheat
grain weight and yield differed, and some studies suggests that KFA
significantly increased grain weight (Lvetal.,2011; Sunetal., 2006)
while others found no significant effect on wheat yield or even an
increased yield (Cao et al., 2015; Yan and Pei, 2014). Therefore, the
effect of KFA on wheat grain weight is complex, and the relationship
of its observed differential effects with soil moisture is unclear.
Plant hormones play an important role in regulating the grain
filling of cereals including cytokinin (CTK), which is important for
the endosperm cell division of wheat grains (Morris et al., 1993).
The abscisic acid (ABA) levels of superior wheat grains were signifi-
cantly higher than those of inferior wheat grains, while the ethylene
(ETH) levels showed an opposite trend (Yang et al., 2006). Indole-
3-acetic acid (IAA) levels in superior rice grains were higher than
those in inferior rice grains (Oryza sativa L.) (Xu et al., 2007). Fur-
thermore, the maximal grain filling rate was negatively correlated
with gibberellic acids (GAs) in rice grains (Yang et al., 2001a).
Although it is well known that hormones affect grain filling in
wheat, the relationship between hormonal changes and the KFA-
induced grain filling is unclear. The objectives of this study were
to investigate the effect of K foliage application on the grain filling
of wheat under different soil moisture conditions and determine
how the changes in endogenous hormones in the developing wheat
grains under KFA are related to the grain filling process under
drought stress conditions. Drought stress was applied during the
grain filling stage of wheat and potassium chloride (KCl), the main
type of KFA used for wheat production in northern China, was used
as a foliage application at the anthesis stage. Furthermore, changes
in IAA, ABA, zeatin (Z) plus zeatin riboside (ZR), GAs, and ETH in the
wheat grain were measured during the grain filling process.

2. Materials and methods
2.1. Experimental design and treatments

The experiment was conducted in mobile waterproof sheds
using 3m x 4m plots, which were divided by a concrete wall.
The soil is Eum-Orthrosols (Chinese soil taxonomy), and the
readily available N, P and K concentrations were 51.23 mgkg™1,
20.01 mgkg~!, and 105.37 mg kg1, respectively. The organic mat-
ter concentration of the 0-20 cm topsoil was 11.96 gkg-1, and the
pH was 7.02. Two wheat cultivars, Zhoumai 22 and Xinong 538,
were grown. The seeds were sown on October 20 and October 18
during the 2013-2014 and 2014-2015 growth years, respectively.
The seedling rate was 150kgha~! with a row spacing of 0.20m.
The fertilizer was applied at basal levels of 150kgha~! each of
urea and diammonium orthophosphate. The experiment was based
on a 2 x 2 x 2 factorial design (two soil moisture levels, two KFA
application rates, and two cultivars), with eight treatment combi-
nations. Each treatment was applied to three plots as replicates in
a complete randomized block design.

From anthesis to maturity, two levels of soil moisture were
maintained, and the moisture treatments were based on those of
our previous study (Liu et al., 2016). The well-watered (WW) and
soil-dried (SD) treatments maintained the soil water potential of
the 15-20cm soil layer at —20+5 and —60 +5 kilopascals (kPa),
respectively. Five tension meters (SWP-100, Soil Science Research
Institute, China Academy of Sciences, Nanjing, China) were installed
in each plot and readings were recorded at 11:00-12:00 each day.
When the reading dropped to a certain value, appropriate amounts
of water were added. Before anthesis, the soil water potential was
maintained at —20 + 5 kPa.

Under each soil moisture condition at anthesis, 30 mmol L~! KCl
was sprayed on the leaves using a sprayer (T1) daily for 4 days
at a rate of 750 kghm2 at each application. The same volume of
deionized water was applied to the control plants (CK).

2.2. Measurements

Four hundred spikes that flowered on the same day in each plot
were tagged and sampled from anthesis to maturity on a 4-day
interval for each plot while 20 spikes were sampled at each sam-
pling stage. Grains on a spike were divided into superior and inferior
grains according to Jiang et al. (2003). One half of the sampled grains
was used to measure the hormones, while the other half was dried
at 70°C to a constant weight, which was recorded. On the same
sampling day, 20 flag leaves were sampled from each plot, stored
at —40°C, and were used to measure the superoxide dismutase
(SOD), peroxidase (POD), and catalase (CAT) activities, as well as
malondialdehyde (MDA) content. At 8-day intervals from anthesis
to maturity, the soil-plant analyses development (SPAD) value of
the flag leaves was measured with an SPAD-502 chlorophyll meter
model (Minolta Camera Co., Osaka, Japan).

2.2.1. Grain filling process
The grain filling process was simulated using Richards’s (1959)
growth equation and according to Yang et al. (2006):

A

w-—=2 (1)
(1+ Be-ke)N
The grain filling rate (G) was calculated using a derivation of Eqn.
1:
AkBe~kt
G=———F57 ()
(14 Be~kt) N

where, W is the grain weight (mg); A is the final grain weight (mg);
t is the time after anthesis (d); and B, k, and N are coefficients
determined using regression.

The active grain filling period was defined as the period when W
was between 5% (t1) and 95% (t; ) of A. Therefore, the average grain
filling rate during this period was calculated from t; to t, (Yang
et al., 2006).

2.2.2. Hormones

Approximately 0.5 g of the free weight (FW) sample was col-
lected, and the endogenous Z, ZR, GAs (GA; +GA4), IAA, and ABA
were extracted according to a previously reported method (Yang
et al,, 2001a). The samples were homogenized with 5mL 80%
(v/v) methanol containing 1 mmolL~! butylated hydroxytoluene
(BHT). The extracting solution was passed through Chromosep C18
columns (C18 Sep-Park Cartridge, Waters Corp., Milford, MA, USA),
the fractions were vacuum-dried at 40°C, and dissolved in 1 mL
phosphate-buffered saline (PBS) containing 0.1% (v/v) Tween 20
and 0.1% (w/v) gelatin (pH 7.5) for the enzyme-linked immunosor-
bent assay (ELISA). The ELISA kits were manufactured by the
Phytohormones Research Institute, China Agricultural University.
The quantification of Z+ZR, GAs (GA1 + GA4), IAA, and ABA was per-
formed using an ELISA as previously described (Yang et al., 2001a).
The recovery rates for IAA, Z+ZR, ABA, and GAs were 85.4+4.7%,
93.1+6.2%, 89.5 +3.2%, and 78.2 + 5.4%, respectively.

The ETH generated by the grains was determined according to
the methods of Beltrano et al.(1994) and Yang et al. (2008). The ETH
was assayed using a gas chromatography (GC) system (Trace GC
Ultra™, Thermo Fisher Scientific, USA) according to our previous
study (Liu et al., 2016).
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Table 1

Variation analysis of cultivar, soil moisture and foliage application on grain yield, grain filling characteristics, hormones, antioxidant enzyme activity of wheat.
Factor No. of spikes Spikelets per spike Grain weight Grain yield W-S G-S A-S W-I G-1 A-1 SOD POD
Soil moisture (M) ns ns . . o > ns . . . > o
Foliage application (F) ns ns . * ns ns ns . * . o o
CxM ns ns * ns ns o ns ns ns ns ns o
CxF ns ns * ns ns ns ns o o * ns *
M x F ns ns > * ns . ns o o > * ns
CxMxF ns ns ns ns ns * ns ns * ns ns ns
Factor IAA-S Z+ZR-S ABA-S ETH-S IAA-I Z+ZR-1 ABA-I ETH-I CAT MDA SPAD
Cultivar (C) ns . . ok . ok ok . ok ok ns
Soil moisture (M) ok wk *k ok *ok ok ok wk ok sk *ok
Foliage application (F) ns ns ns ns ns > > o > o o
CxM * ns ns ns ns > > * ns > *
CxF ns ns ns ns o ns ns ns ns o ns
M x F ns ns ns ns o ns ns ns ns ns ns
CxMxF ns ns ns ns o > > * ns ns ns

*and **, significantly at 0.05 and 0.01 probability level. ns, no significant at P=0.05. W: the final grain weight; G: mean grain-filling rates; A: Active grain-filling period; S:
superior grain; I: inferior grain. Data of grain yield and grain filling characteristics used for variation analysis is the mean of the data of 2013-2014 and 2014-2015. Data of
hormones and antioxidant enzyme activity used for variation analysis is the mean of that during grain filling stage of the each treatment.

2.2.3. Activities of SOD, POD, and CAT, and MDA content in flag
leaves

For enzyme extraction, 500 mg of the fresh leaves was ground in
5 mL extraction buffer consisting of 100 mM potassium phosphate
buffer (pH 7.0), 1 mM ethylenediaminetetraacetic acid (EDTA), and
1% polyvinylpolypyrrolidone (PVPP). The extract was centrifuged at
20,000 rpm for 20 min at 4 °C, the supernatant was collected, and
was used in all the enzyme analyses.

The activity of SOD (EC 1.15.1.1) was evaluated based on its abil-
ity to inhibit the photoreduction of nitroblue tetrazolium (NBT),
as proposed by Wang and Huang (2000). Measurements were
recorded at 560 nm, and 1 unit of SOD corresponded to the amount
of enzyme capable of inhibiting 50% of the NBT photoreduction
under the experimental conditions. CAT (EC 1.11.1.6) activity was
determined by measuring the hydrogen peroxide H,0, consump-
tion at 240nm over 3min (Wang and Huang, 2000). POD (EC
1.11.1.7) activity was determined by measuring guaiacol oxidation
at 470 nm according to the method of Wang and Huang (2000) with
modifications.

Samples containing 500 mg of leaf tissue were homogenized
in 5mL 0.1% trichloroacetic acid (TCA), centrifuged at 20,000 x g
for 20min at 4°C, and the supernatant was used for MDA
content determination using the method of Wang and Huang
(2000) based on the thiobarbituric acid reaction. MDA content
was calculated according to the following formula: MDA content
(mM)=[(A535-A600)/1.56] x 105.

2.3. Statistical analysis

The results were analyzed using an analysis of variance (ANOVA)
using the statistical package for the social science (SPSS) 16.0 for
Windows. The analysis used complete randomized block design.
The means were analyzed using the least significant difference
(LSD) method at P=0.05 (LSD 0.05).

3. Results
3.1. Grain yield

Table 1 shows that the drought stress post-anthesis and KFA
had no significant effects on the number of spikes and spikelets per
spike of the two cultivars. In contrast, drought stress significantly
decreased the grain weight and yield of both cultivars (Table 2). The
cultivars, KFA and soil moisture had significant interaction effect on

the regulation of grain weight. For Xinong 538, the KFA significantly
promoted the grain weight of that, but the KFA had no significant
effect on the grain weight of Zhoumai 22. Under WW condition,
the KFA significantly increased the grain weight, but the KFA had
opposite effect under the SD condition.

3.2. Grain filling

KFA had no significant effect on the maximum grain weight
and the maximum and mean grain filling rates of superior grains
(Figs. 1 and 2). However, drought and KFA significantly affected
the maximum grain weight and the maximum and mean grain
filling rates of inferior grains. Furthermore, drought significantly
decreased the maximum grain weight and the maximum and mean
grain filling rates of inferior grains of the two cultivars. However,
KFA had different effects on the grain filling rate and grain weight
of the two cultivars. Variance analysis suggested that the KFA had
no significant effect on the number of spikes and spikelets per
spkie, but it significantly affected the grain weight and grain yield
(Table 1). So in this experiment, the KFA through affects the grain
weight to affects the grain yield of wheat.

For Xinong 538, KFA significantly promoted the maximum grain
weight and the maximum and mean grain filling rates of inferior
grains under the WW treatment and the maximum and mean grain
filling rates of inferior grains under the SD treatment. However, KFA
had no significant effect on the active grain filling period of infe-
rior grains under the WW treatment and significantly decreased
the active grain filling period of inferior grains under the SD treat-
ment. KFA significantly increased the maximum and mean grain
filling rates of inferior grains but had no significant effect on the
maximum grain weight under SD treatment. For Zhoumai 22, KFA
had no significant effect on the maximum grain weight and the
active grain filling period or the maximum and mean grain fill-
ing rates of inferior grains under WW treatment. However, KFA
significantly decreased the maximum and mean grain filling rates
and active grain filling period of inferior grains under the SD treat-
ment and, therefore, significantly decreased the maximum grain
weight of inferior grains under the SD treatment. Variance anal-
ysis suggested that the cultivar, spikelet categories, soil moisture,
and KFA all significantly affected the grain filling characteristics of
wheat (Table 2). Moreover, the interaction between cultivar and
KFA, spikelet categories and KFA, spikelet categories and soil mois-
ture, and soil moisture and KFA significantly affected the grain
filling characteristics of wheat.
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Fig. 1. Effects of drought and K foliage application (KFA) on grain weights of (A) Xinong 538 and (C) Zhoumai 22 and grain filling rates of (B) Xinong 538 and (D) Zhoumai
22 wheat cultivars. Results are mean + standard deviation (vertical bars, n=3). Some vertical bars may be too small to be visible. WW: soil water potential maintained at
—20+ 5 kPa after anthesis. SD: soil water potential maintained at —60 + 5 kPa after anthesis. T1: 30 mmol L-! KCl was sprayed on the leaves at anthesis. CK: deionized water
was sprayed on the leaves at anthesis. S: superior grain; I: inferior grain.

Fig. 2. Effect of drought and K foliage application (KFA) on grain filling characteristics of wheat. Results are mean =+ the standard deviation (vertical bars, n=3). WW: soil
water potential maintained at —20 4 5 kPa after anthesis. SD: soil water potential maintained at —60 + 5 kPa after anthesis. T1: 30 mmol L~ KCI was sprayed on the leaves at
anthesis. CK: deionized water was sprayed on the leaves at anthesis. S: superior grain; I: inferior grain. X: Xiaoyan 22. Z: Zhoumai 22.
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Table 2

Effects of drought and K foliage application on grain yield and yield components of two wheat cultivars.

a. Effect of cultivar o grain yield and yield components

Cultivar (C) No. of spikes Spikelets per spike Grain weight Grain yield
(x10*hm~2) (mg) (thm=2)

Xinong 538 544.2a 31.5b 30.3b 5.2b
Zhoumai 22 456.4b 40.9a 41.4a 7.7a
b. Grain weight as affected by C x M, C x F and F x M interactions

Moisture (M) Fertilizer (F)
Cultivar (C) WwW SD Cultivar (C) CK T1
Xinong 538 33.8bA 26.9bB Xinong 538 29.7bB 32.0bA
Zhoumai 22 45.7aA 37.2aB Zhoumai 22 41.8aA 41.0aA

b. Grain weight as affected by C x M, C x F and F x M interactions

Moisture (M)

Fertilizer (F) Ww SD
CK 38.9bA 32.9aB
T1 40.5aA 31.2bB

c. Grain yield as affected by F x M interaction

Moisture (M)
Fertilizer (F) WWwW SD
CK 7.0bA 5.8aB
T1 7.6aA 5.4aB

Values followed by different lowercase letters are significantly different at P=0.05 within a column. Values followed by different uppercase letters are significantly different
at P=0.05 within a row. WW: maintained the soil water potential at —20 =+ 5kPa after anthesis. SD: maintained the soil water potential —60 + 5kPa after anthesis. T1:
30 mmol L' KCl was sprayed on the leaves at anthesis. CK: deionized water was sprayed on the leaves at anthesis.

3.3. Hormones

3.3.1. IAAand Z+ZR

The change in IAA and Z+ZR contents in the grains exhibited
similar trends, increasing at the early grain filling stage and reach-
ing peak values 12 and 16days post-anthesis for superior and
inferior grains, respectively (Fig. 3). In addition, the IAA and Z+ZR
contents of the superior grains were significantly higher than those
of the inferior grains were during the early grain filling stage of the
two cultivars.

Drought stress significantly decreased the IAA contents of supe-
rior and inferior grains at the early and middle grain filling stages.
KFA had no significant effect on the IAA contents of the superior
or inferior grains and the Z+ZR content of superior grains. How-
ever, KFA significantly increased the Z + ZR content of inferior grains
under both the WW and SD treatments at the early and middle grain
filling stages.

3.3.2. ABA and ETH

The trends observed for changes in the ABA level of the grains
were similar to those for the IAA and Z + ZR, but the peak ABA value
of the grains occurred later than the peak IAA and Z + ZR values did.
Peak values were achieved 16 and 20days post-anthesis for the
superior and inferior grains (Fig. 4), respectively. The ABA content
of the superior grains was significantly higher than that of the infe-
rior grains was in the early and middle grain filling stages. Drought
stress significantly decreased the ABA contents of the superior and
inferior grains at the early and middle grain filling stages. KFA had
no significant effect on the ABA content of the superior grains; how-
ever, it significantly increased the ABA content of inferior grains at
the early and middle grain filling stages.

In contrast to IAA, Z+ZR, and ABA, the ETH evolution rate of the
grains decreased with grain filling and was significantly lower in
the superior grains than it was in the inferior grains. Drought stress

significantly increased the ETH evolution rate of both the supe-
rior and inferior grains. KFA had no significant effects on the ETH
evolution rate of the superior grains. In contrast, KFA significantly
increased the ETH evolution rate of the inferior grains during the
early and middle grain filling stages for the two cultivars.

3.4. Antioxidant enzyme activity, MDA content, and SPAD value

During the grain filling stage, the SOD, POD and CAT activities
and SPAD value of the flag leaves decreased during the grain filling
stage (Fig. 5). In contrast, the MDA content in flag leaves increased
during the grain filling stage (Fig. 6). Drought stress and KFA signif-
icantly decreased the SOD, POD and CAT activities and SPAD value
of the flag leaves and that significantly increased the MDA content
in flag leaves during the grain filling stage.

4. Discussion
4.1. Effect of KFA on grain filling of wheat

Previous studies indicated that K fertilizer notably increases the
grain weight of wheat (Chen et al., 2006; Hu et al., 2014). How-
ever, the results of our present study suggest that the effect of KFA
on wheat grain filling was significantly related to the wheat culti-
vars. Under normal soil moisture conditions, KFA had no significant
effect on the grain weight of Zhoumai 22, the large-sink cultivar,
but significantly increased the grain weight of Xinong 538, a small-
sink cultivar. In addition, the variance analysis suggested that KFA
only significantly affected the grain filling of inferior grains and not
that of the superior grain. Moreover, the variance analysis suggests
that the interaction between cultivar and KFA, soil moisture and
KFA significantly affected the grain filling characteristics of wheat.
This indicates that cultivar and soil moisture are all involved in the
regulatory effects of KFA on grain weight of wheat and a notable
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Fig. 3. Effect of drought and K foliage application (KFA) on the Indole-3-acetic acid (IAA) and zeatin (Z) plus Z riboside (Z + ZR) contents of wheat grains (A and C) Zhoumai 22
and (B and D) Xinong 538. Results are mean =+ standard deviation (vertical bars, n=3). Some vertical bars may be too small to be visible. WW: soil water potential maintained
at —20 4+ 5 kPa after anthesis. SD: soil water potential maintained at —60+ 5 kPa after anthesis. T1: 30 mmol L~! KCl was sprayed on the leaves at anthesis. CK: deionized

water was sprayed on the leaves at anthesis. S: superior grain; I: inferior grain.

interaction occurs between these factors in the regulation of grain
filling of wheat.

The grain filling of cereal was determined by the relationship
between the sink and source (Yang and Zhang, 2010). A previous
study suggested that a stronger source is necessary to ensure a suf-
ficient carbohydrate supply for grain filling of cereals and high sink
activity promotes the carbohydrate transport from source to sink
(Fuetal, 2011). Plant hormones are significantly related to the sink
activity of cereal grains, and multiple hormones are involved in reg-
ulating the sink activity of cereals (Yang and Zhang, 2006). CTK is
regarded as indispensable for cell division during the early grain
development phase and significantly promotes the endosperm cell
division of cereal grain (Chen et al., 2013; Dietrich et al., 1995;
Michael and Seiler-Kelbitsch, 1972; Morris et al., 1993; Saha et al.,
1986). ABA can promote sink activity and carbohydrate transport
from stems to grains of rice and wheat (Xu et al., 2007; Yang et al.,
2006). ETH promotes plant senescence and a moderate increase in
ETH evolution can promote carbohydrate transport from stems to
grains of wheat (Yang et al., 2006). The present study suggests that
KFA significantly increased the Z+ZR and ABA contents and ETH
evolution rate in inferior grain. Based on these results, we suggest
that the KFA-induced regulation of grain filling of inferior wheat
grains was mediated by its modulation of the Z+ZR, ABA, and ETH
levels in grains. Wang et al. (2003) suggested that K significantly
promoted the accumulation and transfer of sucrose in stems. These
results suggest that the increased Z +ZR content in grains induced

by KFA may have promoted endosperm cell division and conse-
quently increased the sink capacity of inferior grains of wheat,
thereby enhancing their potential to absorb more of the carbohy-
drate transported from the stem. In addition, KFA may increase the
ABA content and ETH evolution rate in grains to promote the sink
activity as well as the transport of carbohydrate from stem to grains
and, thereby, enrich the sink capacity. This may be the main mech-
anism by which KFA promoted the grain filling of inferior grains
of wheat during the early and middle grain filling stages in the
present study. However, in the present study, we found that KFA
significantly decreased the grain filling rate during the later stage
of the inferior grains of the large-sink cultivar, Zhoumai 22. This
is likely the main reason why KFA had no significant effect on the
grain weight of Zhoumai 22. From this observation, we surmised
that KFA might have aggravated the premature senescence of the
wheat plants.

One of the important reasons for plant senescence is that active
oxygen or free radicals affect the pericellular membrane, thereby
inhibiting normal cell metabolism (Zhao et al., 2011). Antioxidants
such as SOD, POD, and CAT eliminate active oxygen or free radi-
cals and notably reduce their detrimental effects on the pericellular
membrane, which relieves the plant senescence (Yamazaki and
Kamimura, 2002). The present study found that KFA significantly
decreased the activities of SOD, POD, and CAT and significantly
increased the MDA content of the flag leaves, which decreased the
SPAD value and the net photosynthetic rate of the leaves. This result
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Fig. 4. Effect of drought and K foliage application (KFA) on abscisic acid (ABA) content and ethylene (ETH) evolution rate of wheat grains (A and C) Zhoumai 22 and (B and
D) Xinong 538. Results are mean =+ the standard deviation (vertical bars, n=3). Some vertical bars may be too small to be visible. WW: soil water potential maintained at
—20+ 5 kPa after anthesis. SD: soil water potential maintained at —60 + 5 kPa after anthesis. T1: 30 mmol L-! KCl was sprayed on the leaves at anthesis. CK: deionized water

was sprayed on the leaves at anthesis. S: superior grain; I: inferior grain.

indicates that KFA notably promoted the senescence of the wheat
plants.

These results revealed that KFA significantly affected the hor-
mones in the grains, which promoted the sink activity and capacity,
thereby enhancing the transfer of carbohydrate reserves stored in
the source to the sink. However, the effect of KFA might decrease
the carbohydrate content of the leaves and stem, leading to senes-
cence of the plant leaves (Yang and Zhang, 2010). For the large-sink
cultivar, Zhoumai 22, the larger sink requires a greater carbohy-
drate supply from the source to meet the grain filling needs and the
larger sink has a strong “attractive power” that promotes the trans-
fer of carbohydrate from source to sink. This effect may intensify
the “burden” on the source to supply sufficient carbohydrate to sat-
isfy the grain filling requirement, leading to premature senescence
of the plant (Yang and Zhang, 2010). A previous study found that a
hybrid rice strain with a large panicle exhibited obvious premature
senescence and poor grain filling (Yang and Zhang, 2010). More-
over, KFA enhances the carbohydrate transport from the source to
the sink by regulating the hormonal changes in the grains. This
effect may lead to an excessive shortage of carbohydrates in the
source and cause severe premature senescence of the Zhoumai 22
plant. Therefore, KFA significantly decreased the grain filling rate
during the later stage of the inferior Zhoumai 22 grains. This com-

prehensive effect of KFA on the sink and source indicates it did not
have a significant effect on the grain weight of Zhoumai 22.

Compared to Zhoumai 22, the sink of Xinong 538, which is a
small-sink cultivar, requires less carbohydrate from the source,
and the sink capacity and activity are the key limiting factors for
the grain filling of these types of wheat and rice cultivars (Yang
and Zhang, 2006). KFA promoted the sink capacity and activity as
well as increased the carbohydrate transport from the source to
the sink. Because the source of the small-sink cultivar was stronger
than that of its sink, the source had sufficient carbohydrate to sup-
ply the grain filling. Therefore, the KFA did not notably decrease
the grain filling rate during the later stage of the inferior grains
of Xinong 538, although it significantly decreased the chlorophyll
content and promoted the senescence of the plants at the later grain
filling stage. Therefore, in contrast to its effects on Zhoumai 22, KFA
significantly increased the grain filling rate of the inferior Xinong
538 grain, which increased its grain weight.

4.2. Relationship between drought, KFA, and grain filling of wheat

A previous study suggested that drought stress significantly
inhibited the grain filling of wheat (Yang et al., 2006) and our
present study showed a similar result. Moreover, the effect of KFA
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Fig. 5. Effects of drought and K foliage application (KFA) on antioxidant enzyme activities of wheat flag leaves (A, C, and E) Zhoumai 22 and (B, D, and F) Xinong 538. Results
are mean =+ standard deviation (vertical bars, n=3). Some vertical bars may be too small to be visible. WW: soil water potential maintained at —20 + 5 kPa after anthesis. SD:
soil water potential maintained at —60 + 5 kPa after anthesis. T1: 30 mmol L-! KCI was sprayed on the leaves at anthesis. CK: deionized water was sprayed on the leaves at
anthesis.
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Fig. 6. Effects of drought and K foliage application (KFA) on malondialdehyde (MDA) content and soil-plant analyses development (SPAD) value of the flag leaves (A and C)
Zhoumai 22 and (B and D) Xinong 538. Results are mean + standard deviation (vertical bars, n=3). Some vertical bars may be too small to be visible. WW: soil water potential
maintained at —20+ 5 kPa after anthesis. SD: soil water potential maintained at —60 + 5 kPa after anthesis. T1: 30 mmol L-! KCl was sprayed on the leaves at anthesis. CK:

deionized water was sprayed on the leaves at anthesis.

on grain filling of wheat differed between the WW and SD treat-
ments. Under SD treatment, the KFA had no significant effect on
the grain weight of Xinong 538, but it significantly decreased that
of Zhoumai 22. We determined that this phenomenon was also
related to the relationship between the sink and source.

KFA enhanced the sink capacity and activity of the inferior grain
of the large-sink cultivar, Zhoumai 22, as well as its carbohydrate
transport from source to sink. However, this process caused an
excessive shortage of carbohydrates in the source and premature
senescence of the plants. A previous study suggested that drought
stress promotes the transfer of dry matter from the stem to the pan-
icle and promotes plant senescence (Yang et al., 2001b). Therefore,
the combined action of drought stress and KFA notably aggravated
the senescence of plants and caused severe premature senescence
of plants. Therefore, under SD conditions, KFA not only significantly
decreased the grain filling rate during the later stage of the infe-
rior grains, but it also significantly decreased the active grain filling
period. This led to a notable decrease in the grain weight of the KFA-
treated Zhoumai 22 compare that of the CK under SD conditions.

In contrast to its effects on Zhoumai 22, under the SD condi-
tion, KFA significantly decreased the active grain filling period of

the inferior Xinong 538 grains. However, because KFA enhanced
the sink activity and transport of carbohydrate from the source to
sink, it abrogated the key rate-limiting factors for grain filling of
the small-sink cultivar, which are low sink capacity and activity.
Furthermore, this activity of KFA significantly increased the grain
filling rate of the inferior Xinong 538 grain under SD conditions.
The KFA showed a considerable effect on the grain filling rate and
active grain filling period of the inferior grain, which led its lack
of a significant effect on the grain weight of Xinong 538 under SD
conditions.

Based on these results, we concluded that the effect of KFA on
grain weight of wheat was different from that of the application
of K fertilizer to the soil. While KFA significantly enhanced the
sink capacity and activity as well as the transport of carbohydrate
from the source to sink, it also caused premature plant senescence.
Therefore, the effect of KFA on grain weight differed with the vari-
ous cultivars and conditions soil moisture. In wheat production, the
effective use of KFA and preventing its enhancement of the prema-
ture senescence of wheat plants is important for the yield. Some
studies have suggested that foliage application of N or P relieves
plant senescence and prolongs the grain filling period of wheat (Li



104 X. Lv et al. / Field Crops Research 206 (2017) 95-105

et al,, 2015; Xu et al., 2016). Therefore, mixed foliage application
of K, N, and P may be an effective approach to promoting the grain
filling of wheat on dryland production.

5. Conclusions

The results of the present study indicate that drought stress sig-
nificantly inhibited grain filling and decreased the grain weight
of inferior grains of wheat. The effects of KFA on the grain fill-
ing of wheat varied depending on the sink type. KFA significantly
increased the Z+ZR and ABA contents and the ETH evolution
rate of inferior grains during the early and middle grain filling
stages, which promoted sink strength. However, KFA significantly
decreased the activities of SOD, POD, and CAT as well as decreased
the MDA content and SPDA value of the flag leaves, which aggra-
vated the premature senescence of the plant. The effect of KFA
on grain filling had a notable genotypic difference. KFA affected
the grain filling of inferior grains but not that of superior grains.
Furthermore, KFA showed no significant effect on the grain fill-
ing of the large-panicle cultivar under the WW treatment, while
it significantly decreased the grain filling rate and active period of
inferior grains, which significantly decreased the grain weight. KFA
significantly promoted the maximum and mean grain filling rates
of inferior grains of the light-panicle cultivar, which significantly
increased the grain weight under the WW treatment. However,
under the SD treatment, KFA significantly decreased the active grain
filling period, although it increased the grain filling rate. Therefore,
KFA had no significant effect on the weight of inferior grains under
the SD treatment.
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ABSTRACT

Foliage application of fertilizer is an important supplement for soil application fertilizer. Phosphorus (P) and
Potassium (K) are important nutrient elements that significantly affect the grain weight and grain yield of wheat,
and foliage application of K and P is mainly used for wheat production in the northern dryland region of China.
However, the mechanism underlying the regulation of grain filling by foliage application of K and P is not
understood. In the present study, monopotassium phosphate (KH,PO,4), monosodium orthophosphate
(NaH,PO,4) and potassium chloride (KCI) were used for foliage application at the anthesis of wheat, and the
changes of IAA, ABA, Z + ZR, GAs and ETH in wheat grain were measured during the grain filling process. The
objective of this study was to investigate the effect of P and K foliage application on the grain filling process of
wheat and to determine how changes in the endogenous hormones of the developing grains of winter wheat
under P and K foliage application are related to the grain filling process. The results indicate that the effect of P
and K foliage application on the grain filling of wheat is the difference. The K foliage application significantly
increased the Z + ZR and ABA contents and decreased the ETH evolution rate in inferior grains, which promoted
sink strength and increased the grain filling rate and the grain weight. In comparison, the P foliage application
significantly promoted the activities of SOD, POD, and CAT and decreased the MDA content in the flag leaves
and relieved the premature senility of the plant, which increased the active grain-filling period and the grain
weight. For the heavy panicle cultivar, foliage P had a reasonable effect on grain filling, and for the light panicle
cultivar, foliage K had a reasonable effect on grain filling. The mixture of P and K had an additive effect and
prevented P and K deficiencies. Foliage application of KH,PO, is an effectual measure for promoting the grain
weight of wheat.

1. Introduction

The yield potential of wheat (Triticum aestivum L.) is dissected into

that the K in the soil is enough for wheat production in this region (Guo
et al.,, 2010). In addition, P fertilizer is also often lacking in wheat
production because of the cost of production (Meng et al., 2008). By

three major components as follows: panicle number per plant, grain
number per panicle and grain weight. Grain filling, the final stage of
cereal growth, determines the grain weight (Yang and Zhang, 2006).
Currently, the high yield crop production systems need high yield
outputs, and because of this, improving grain filling has become more
important than ever (Saini and Westgate 2000; Zahedi and Jenner
2003).

Phosphorus (P) and Potassium (K) are important nutrient elements
that significantly affect the grain weight and grain yield of wheat (Kang
et al., 2014; Zhan et al., 2015; Wani et al., 2014; Kunzova and Hejcman,
2010; Brennan and Bolland, 2009). The northern dryland region is the
largest wheat growing area in China. In this region, nitrogen (N) is the
main fertilizer for wheat production. K fertilizer is rarely applied for
wheat production in this region because the traditional view suggests
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increasing of the wheat grain yield, the wheat plants should absorb
more P and K from the soil to maintain growth, and this may lead to a P
and K deficiency for wheat production if there is not enough P and K
fertilizer supplement in the soil (Chen et al., 2006). Previous studies
indicate that an appropriate increase of P and K content in the soil
notably promotes the wheat yield in this region (Chen et al., 2006; Hu
et al., 2014). However, the price of P and K fertilizers has increased
over the years, and this inhibits the farmers from increasing P and K
fertilizers for wheat production. In addition, the basic fertilizer is the
main fertilization pattern for wheat production in this region, and this
fertilization pattern may lead to nutrient deficiency at the later growth
period, especially the grain filling stage of wheat (Zhao and Si, 2015). A
previous study suggested that a top dress can resolve this problem and
notably promoted nutrient-use efficiency of the middle and later
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growth stage of wheat (Zhao and Si, 2015). However, a top dressing is
difficult to apply in the northern dryland region in China because ir-
rigation and rain are deficient during the wheat growth period in this
region.

For these reasons, foliage application of K and P is mainly used for
wheat production in the northern dryland region of China because of its
lower cost compared to soil fertilizer, and it can be applied without
regard to irrigation or rain. In China, monopotassium phosphate
(KH,PO,) is extensively used for foliage application at the anthesis
stage of wheat. Previous studies suggest that KH,PO, significantly
promotes the grain filling and grain weight of wheat (Lu et al., 2013).
However, the mechanism underlying the regulation of grain filling by
KH,PO, is not understood.

Plant hormones play an important role in regulating the grain filling
of cereals. The large transient increase of zeatin (Z) and zeatin riboside
(ZR) in grains is an important condition for seed setting and the en-
dosperm cell division of grains of wheat (Morris et al., 1993). The ab-
scisic acid (ABA) concentrations in superior grains were significantly
higher than those of inferior grains, and the ethylene (ETH) con-
centrations showed an opposite trend (Yang et al., 2006). The content
of indole-3-acetic acid (IAA) was higher in superior grains than in in-
ferior ones at the early grain-filling stage of rice (Oryza sativa L.) (Xu
et al., 2007). The maximal grain filling rate was negatively correlated
with the Gibberellic acids (GAs) in the rice grains (Yang et al., 2001),
but our previous study suggests that there is no significant correlation
between GA content in grains and the grain filling rate and the grain
weight of wheat (Liu et al., 2013a,b).

These studies indicate that the hormones notably affect the wheat
grain filling. However, the relationship between hormonal changes and
the grain filling induced by KH,PO, is unclear. In the present study,
KH,PO,4, monosodium orthophosphate (NaH,PO,) and potassium
chloride (KCI) were used for foliage application at the anthesis stage of
wheat, and the changes of IAA, ABA, Z + ZR, GAs and ETH in the
wheat grain were measured during the grain filling process. The ob-
jective of this study was to investigate the effect of P and K foliage
application on the grain filling process of winter wheat and to de-
termine how the changes in the endogenous hormones of the devel-
oping grains of winter wheat under P and K foliage application are
related to the grain filling process.

2. Materials and methods
2.1. Study site description

This study was conducted from 2011 to 2014 at the experimental
station of the Crop Specimen Farm in Northwest A&F University,
Shaanxi Province, China, at an elevation of 466.7 m above sea level.
The annual mean temperature was 12.9 °C, and the annual mean pre-
cipitation was 550 mm, 70% of which fell from June to September. The
soil in the top 1.2 m was Eum-Orthrosols (Chinese soil Taxonomy) with
mean bulk density of 1.35 g cm ™ 3. The readily available N, P and K of
the cropland in this study were 53.21 mgkg™?, 21.34 mg kg~ ' and
105.68 mg kg !, respectively. The organic matter content of 0-20 cm
topsoil and the pH were 12.27 gkg™' and 7.32, respectively. The
average monthly temperature and precipitation of the four years during
the experimental period are shown in Fig. 1.

2.2. Experiment design and treatments

2.2.1. The first experiment

Two winter wheat cultivars, Shuangda 1 and Xinong 538, were
grown in the dryland field. The seeds were sown on Oct 20 for 2011 and
Oct 19 for 2012. At anthesis, 10 mmolL™}, 30 mmolL™! and
50 mmol L™ KH,PO, (PK1, PK2 and PK3, respectively) was sprayed
from above canopy using a sprayer. The chemicals were applied daily
for 4 days at a rate of 750 kghm™2 at each application. All of the
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solutions contained 0.01% (V/V) Tween-20. The same volume of
deionized water containing the same concentration of Tween-20 was
applied to the control plants (CK1). Each treatment had three replicates
with a completely randomized block design, and the plot dimension
was 3m X 2m.

2.2.2. The second experiment

Two winter wheat cultivars, Shuangda 1 and Xinong 538, were
grown in the dryland field. The seeds were sown on Oct 20 for 2013 and
Oct 18 for 2014. At anthesis, 30 mmol L~ ! KH,PO, (PK), 30 mmol L™ !
NaH,PO, (P) and 30 mmol L' KCl (K) was sprayed from above ca-
nopy, using a sprayer. The chemicals were applied daily for 4 days at a
rate of 750 kg h m ™2 at each application. All of the solutions contained
0.01% (V/V) Tween-20. The same volume of deionized water con-
taining the same concentration of Tween-20 was applied to the control
plants (CK2). Each treatment had three replicates with a completely
randomized block design and the plot dimension was in 3m X 4 m.

For the two experiments, the sowing density was 150 kg ha~! with
a row spacing of 0.25m. We applied 150kgha~' of urea and
100 kg ha™! of diammonium orthophosphate at basal levels. Irrigation
was provided at winter and jointing stage, respectively, and the irri-
gation amount was 60 mm at the each stage.

2.3. Sampling and measurement

Four hundred spikes that flower on the same day were chosen and
tagged in each plot. Twenty tagged spikes from each plot were sampled
at 4-day intervals from anthesis to maturity. All of the grains from each
spike were removed. The grains on a spike were divided into superior
grains and inferior grains. The most basal grains in the middle spikelets
(four to 12 spikelets) from the bottom of a spike were considered su-
perior grains, and the most distal grains in the middle spikelets (four to
12 spikelets) from the bottom of a spike were considered inferior grains.
Half of the sampled grains were used for the hormone measurements.
The other half of the grains were dried at 70 °C to a constant weight and
were weighed. Twenty flag leaves of the tagged spikes from each plot
were sampled at 8-day intervals from anthesis to maturity. The flag
leaves were freeze by liquid nitrogen for 15 min and then store at
—40 °C refrigerator.

2.3.1. Grain-filling process
The grain-filling process was fitted by the Richards’s (1959) growth
equation as described by Zhu et al. (1988):

A

W= —
(1 + Be *)N

(@)
The grain-filling rate (G) was calculated as the derivative of Eq. (1):
AkBe™*t

G= %%
a + Be-o)("¥)

(2)

[W, the grain weight (mg); A, the final grain weight (mg); t, time after
anthesis (d); B, k and N, coefficients determined by regression.]

The active grain-filling period was defined as the period when W
was between 5% (t;) and 95% (t,) of A. The average grain-filling rate
during this period was therefore calculated from t; to t,.

2.3.2. Hormones

Approximately 0.5g of the FW sample was taken, and the en-
dogenous Z + ZR, GAs (GA; + GA,), IAA, and ABA were extracted
according to previous studies (Yang et al., 2001; Liu et al., 2011). The
samples were homogenized with 5 mL of 80% (v/v) methanol, which
contained 1 mmol L' butylated hydroxytoluene (BHT). The extracting
solution was passed through Chromosep C18 columns (C18 Sep-Park
Cartridge, Waters Corp., Milford, MA, USA), and the fractions were
vacuum dried at 40 °C and dissolved in 1 mL of phosphate-buffered
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Fig. 1. The average monthly temperature and precipitation during the four wheat growing seasons in experimental field.

saline (PBS) containing 0.1% (v/v) Tween 20 and 0.1% (w/v) gelatin
(pH 7.5) for enzyme-linked immunosorbent assay (ELISA). The ELISA
kits were manufactured by the Phytohormones Research Institute,
China Agricultural University. The quantification of Z + ZR, GAs (G-
A; + GAy), IAA, and ABA was performed by ELISA as previously de-
scribed (Yang et al., 2001; Liu et al., 2011). The recovery rates for IAA,
Z + ZR, ABA, and GAs were (85.4 + 4.7) %, (93.1 = 6.2) %,
(89.5 + 3.2) %, and (78.2 * 5.4) %, respectively.

The ethylene evolved from the grains was determined according to
Beltrano et al. (1994) and Yang et al. (2008). The ethylene was assayed
using a gas chromatograph (Trace GC Ultra™, Thermo Fisher Scientific,
USA) equipped with a Porapak Q column (0.3 cm X 200 cm,
0.18-0.30 mm) and a flame ionization detector (FID). The temperatures
for the injection port, the column and the detector were kept constant at
70, 70 and 150 °C, respectively. Nitrogen was used as a carrier at a flow
rate of 40 Kpa, and hydrogen and air were used for the FID at rates of
35 and 350 mL min~?, respectively. The rate of ethylene evolution is
expressed as a function of per unit fresh weight (FW).

2.4. Yield and yield components

Plants (except the border) from a 1-m? site from each plot were
harvested at maturity for determination of the yield components, i.e.,
the spikes per square meter, the spikelets number per spike, and the
grain weight and grain yield.
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2.5. Antioxidant enzyme activity, malonaldehyde (MDA) content

Enzyme extraction was carried out by 500 mg of fresh leaves were
ground in 5 mL extraction buffer constituted of 100 mM potassium
phosphate buffer (pH 7.0), 1 mM EDTA and 1% PVPP. The extract was
centrifuged at 20,000 rpm per 20 min at 4 °C and the supernatant was
collected. The collected supernatants were used in all enzyme analyses.

The activity of superoxide dismutase (SOD, EC 1.15.1.1) was eval-
uated by its ability to inhibit the photoreduction of nitroblue tetra-
zolium (NBT), as proposed by Wang and Huang (2000). Measurements
were taken at 560 nm and one unit of SOD corresponded to the amount
of enzyme capable of inhibiting 50% of NBT photoreduction in the
experimental conditions. Catalase activity (CAT, EC 1.11.1.6) was de-
termined by H202consumption at 240 nm during 3 min (Wang and
Huang, 2000). Guaiacol peroxidase activity (POD, EC 1.11.1.7) was
determined by guaiacol oxidation at 470 nm according to Wang and
Huang (2000) with modifications.

Samples containing 500 mg of leaf tissue were homogenized in 5 mL
0.1% trichloroacetic acid (TCA), and centrifuged at 20,000g per 20 min
at 4 °C. The supernatant was used for MDA content determination. The
method used followed that of Wang and Huang (2000) and was based
on thiobarbituric acid reaction. MDA content was calculated according
to the formula MDA content (nM) = [(A535 — A600)/1.56] x 105.
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2.6. SPAD value and net photosynthetic rate of flag leaves

The SPAD value and net photosynthetic rate were measured at 8-
day intervals from anthesis to maturity. Ten flag leaves of the tagged
plants from each plot were sampled. The SPAD measurements were
performed by SPAD-502 Chlorophyll Meter (Minolta Co. Ltd., Osaka,
Japan). The net photosynthetic rate was measured by the portable
photosynthesis system (LI-6400XT, Li-Cor Co. Ltd., UAS).

2.7. Statistical analyses

SPSS 16.0 was used for the ANOVA. The data from each sampling
were analyzed separately. The means were tested by the least sig-
nificant difference at P ¢ o5 (LSD ¢ 9s)-

3. Results
3.1. Yield and yield component

Foliage-applied KH,PO, significantly affected the grain yield of the
wheat; however, the response of the grain yield of the two cultivars to
KH,PO,4 was different (Table 1, the first experiment). For Xinong 538,
the grain yields of the PK1, PK2 and PK3 treatments were all sig-
nificantly higher than those of the CK1 treatment. And the grain yields
of the PK2 and PK3 treatments were significantly higher than that of
PK1. For Shuangda 1, the grain yields of the PK2 and PK3 treatments
were significantly higher than that of CK1, but there was no significant
difference between the grain yields of the PK1 and CK1 treatments of
Shuangda 1.

Foliage-applied KH,PO, did not significantly affect the spikes per ha
and spikelets per spike for the two cultivars. However, it did sig-
nificantly affect the grain weight of the wheat, and the effect of KH,PO,4
on grain weight was similar to that of the grain yield. This means that
the KH,PO,, through regulation of the grain weight, affects the grain
yield of the wheat. In addition, 30 mmol L~ ! and 50 mmol L ™! KH,PO,
similarly promote the grain weight and grain yield of the wheat, and
the promoting effects on grain weight and grain yield were notably
higher than 10 mmol L.~ KH,PO,.

Table 2 shows that external KH,PO,4, NaH,PO4 and KCl did not
significantly affect the panicles per ha and spikelets per panicle. In
addition, the foliage-applied KH,PO,, NaH,PO,4 and KCI had different
effects on grain weight and grain yield for the two cultivars. For
Shuangda 1, the foliage-applied NaH,PO, significantly promoted the

Table 1
Effect of KH,PO, foliage application on the grain yield and yield component of wheat.
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grain weight and grain yield, and the foliage-applied KCI did not sig-
nificantly affect the grain weight and grain yield. For Xinong 538, the
foliage-applied KCl significantly promoted the grain weight and grain
yield, and the foliage-applied NaH,PO, did not significantly affect the
grain weight and grain yield. In addition, the foliage-applied KH,PO,
significantly promoted the grain weight and grain yield of the two
cultivars, and the grain weight and grain yield of the PK treatment was
significantly higher than the P and K treatments.

3.2. Grain filling

The external KH,PO,4, NaH,PO,4 and KCl had different effects on the
grain filling of superior grains and inferior grains (Table 3, Fig. 2).
External KH,PO,, NaH,PO, and KCl all did not significantly affect the
grain filling of the superior grains, and external NaH,PO,4 did not sig-
nificant affect the grain filling of inferior grains of Xinong 538. Beside
this, the external KH,PO, significantly promoted the grain filling of the
inferior grains of the two cultivars and KCl significantly promoted the
grain filling of inferior grains of Shuangda 1. The maximum grain
weight and the maximum and mean grain-filling rates of the inferior
grains of the K and PK treatments were significantly higher than those
of the CK2 for the two cultivars. However, the K treatment notably
decreased the active grain-filling period, and by this, the maximum
grain weight of the K treatment was significantly lower than that of the
PK treatment.

3.3. Hormonal changes

3.3.1. IAAand Z + ZR

The IAA and Z + ZR contents in the grains had a similar trend, and
they increased at the early grain filling stage and reached a peak value
at 12 and 16 days post-antheis for the superior grains and inferior
grains, respectively (Fig. 3). The IAA and Z + ZR contents in the grains
of Shuangda 1 were significantly higher than those of Xinong 538.
Moreover, the IAA and Z + ZR contents in the superior grains were
significantly higher than those in the inferior grains during 0-16 days
post-anthesis for Shuangda 1 and during 0-12 days for Xinong 538.

The external spray of KH2PO4, NaH2PO4 and KCl did not sig-
nificantly affect the IAA contents in the superior grains and inferior
grains and the Z + ZR contents in the superior grains. Contrary to this,
these notably affected the Z + ZR content in the inferior grains. The
external spray of KH2PO4 and KCl significantly increased the Z + ZR
content in the inferior grains at 4-16 days post-antheis. However, the

Year Cultivar Treatments No. of spikes Spikelets per spike Grain weight Grain yield
(x10*hm™2) (mg) (thm™?)
2011-2012 Shuangdal CK1 311.0a 43.7a 50.53b 6.86b
PK1 307.7a 43.3a 51.83ab 6.91ab
PK2 314.2a 43.4a 52.73a 7.18a
PK3 309.7a 44.2a 52.80a 7.23a
Xinong538 CK1 598.3a 33.9a 34.47¢c 6.99¢
PK1 592.3a 34.0a 36.63b 7.37b
PK2 603.1a 33.9a 39.10a 7.98a
PK3 592.0a 33.6a 39.33a 7.83a
2012-2013 Shuangdal CK1 348.9a 43.5a 50.87b 7.72b
PK1 352.3a 43.4a 51.88ab 7.93ab
PK2 350.7a 44.6a 52.90a 8.28a
PK3 352.7a 43.6a 53.03a 8.02a
Xinong538 CK1 612.3a 31.0a 36.70c 6.97¢
PK1 617.7a 31.7a 38.13b 7.46b
PK2 614.3a 32.4a 39.50a 7.86a
PK3 613.0a 32.7a 39.80a 7.70a

Values within a column and for the same year and the same cultivar followed by different letters are significantly different at P = 0.05. PK1, PK2 and PK3 represent 10 mmol L.~ ?,
30 mmol L™ ! and 50 mmol L™ KH,PO,, respectively, that was sprayed on leaves at anthesis. CK1 means that deionized water was sprayed on leaves at anthesis.
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Table 2
Effects of P and K foliage application on the grain yield and yield component of wheat.

Field Crops Research 214 (2017) 83-93

Year Cultivar Treatment No. of spikes Spikelets per spike Grain weight Grain yield
(x10*hm™3?) (mg) (thm™?)
2013-2014 Shuangdal CK2 363.2a 44.2a 46.42c 7.45¢
P 364.5a 45.2a 48.68b 8.02b
K 366.5a 44.5a 46.17c 7.53c
PK 368.7a 45.9a 50.18a 8.49a
Xinong538 CK2 596.6a 33.7a 36.41c 7.32¢c
P 603.2a 33.4a 37.04bc 7.46bc
K 594.1a 34.3a 38.34ab 7.81ab
PK 601.8a 34.4a 39.60a 8.20a
2014-2015 Shuangdal CK2 367.4a 42.1a 49.03c 7.58¢
P 369.1a 42.3a 51.32b 8.01b
K 370.2a 41.7a 49.31c 7.61c
PK 370.4a 42.8a 52.99a 8.40a
Xinong538 CK2 633.6a 31.5a 37.41c 7.47c
P 629.5a 32.2a 38.28bc 7.76bc
K 631.4a 32.3a 39.86b 8.13b
PK 638.2a 33.1a 41.52a 8.77a

Values within a column and for the same year and the same cultivar followed by different letters are significantly different at P = 0.05. P, K and PK represent 30 mmol L™ ! KH,PO,,
30 mmol L.~ ! NaH,PO, and 30 mmol L.~ ! KCl, respectively, that was sprayed on leaves at anthesis. CK2 means that deionized water was sprayed on leaves at anthesis.

Table 3
Effect of P and K foliage application on the grain-filling characteristics of wheat.

Year Cultivar Spikelet categories Treatment Wmax Gmax Gmean D
mg mg grain~'d~?! mg grain~'d~?! d
2012-2013 Shuangdal S CK2 52.07a 3.18a 1.98a 26.3a
P 52.40a 3.22a 1.97a 26.6a
K 51.68a 3.24a 1.95a 26.5a
PK 51.87a 3.24a 1.95a 26.6a
I CK2 40.76¢ 2.21b 1.65b 24.7b
P 42.80b 2.23b 1.64b 26.1a
K 40.59¢ 2.57a 1.82a 22.3c
PK 46.55a 2.58a 1.84a 25.3ab
Xinong538 S CK2 40.00a 2.42a 1.63a 24.5a
P 40.71a 2.44a 1.64a 24.8a
K 41.01a 2.46a 1.67a 24.6a
PK 41.38a 2.39%9 1.68a 24.6a
I CK2 31.35¢ 1.57b 1.26b 24.9a
P 31.87c 1.54b 1.23b 25.9a
K 34.10b 1.76a 1.38a 24.7a
PK 35.67a 1.79a 1.39a 25.7a
2013-2014 Shuangdal S CK2 54.67a 3.27a 2.04a 26.8a
P 54.47a 3.33a 2.01a 27.1a
K 54.25a 3.31a 1.98a 27.4a
PK 54.61a 3.34a 2.03a 26.9a
I CK2 42.83c 2.36b 1.77b 24.2b
P 45.76b 2.43b 1.76b 26.0a
K 42.37¢ 2.68a 1.90a 22.3c
PK 50.23a 2.71a 1.91a 26.3a
Xinong538 S CK2 41.53a 2.51a 1.67a 24.9a
P 42.21a 2.48a 1.66a 25.4a
K 42.03a 2.41a 1.64a 25.6a
PK 41.82a 2.43a 1.66a 25.2a
I CK2 34.01c 1.68b 1.31b 25.1a
P 35.15¢ 1.71b 1.29b 26.2a
K 36.51b 1.93a 1.46a 25.0a
PK 37.80a 2.00a 1.45a 26.1a

Values within a column and for the same cultivar and same grain type followed by different letters are significantly different at P = 0.05. P, K and PK represent 30 mmol L.~ KH,POy,,
30 mmol L.~ ! NaH,PO, and 30 mmol L.~ KCl, respectively, that was sprayed on leaves at anthesis. CK2 means that deionized water was sprayed on leaves at anthesis. Wmax: the final
grain weight; Gmax: maximum grain-filling rates; Gmean: mean grain-filling rates; D: active grain-filling period S: superior grain; I: inferior grain.

external spray of NaH2PO4 did not significantly affect the Z + ZR
contents in the inferior grains.

3.3.2. ABA and ETH
The change in the trend of ABA in the grains was similar with IAA
and Z + ZR, but the peak value of ABA in the grains was later than IAA
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and Z + ZR. It reached the peak value at 16 and 20 days post-antheis
for the superior grains and inferior grains, respectively (Fig. 4). The
ABA content in the superior grains was significantly higher than that in
the inferior grains at the early and middle grain filling stages. The ex-
ternal spray of KH2PO4, NaH2PO4 and KCl did not significantly affect
the ABA content in the superior grains and inferior grains. Contrary to
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Fig. 2. Effects of P and K foliage application on grain weights (A: Shuangda 1; B: Xinong 538) and grain filling rates (C: Shuangda 1; D: Xinong 538) of wheat. S: superior grain; I: inferior
grain. Vertical bars represent * the standard deviation of the mean (n = 6). P, K and PK represent 30 mmol L~ ! KH,PO,4, 30 mmol L~ NaH,PO, and 30 mmol L~ ! KCI, respectively,
that was sprayed on leaves at anthesis. CK2 means that deionized water was sprayed on leaves at anthesis.

this, the external spray of KH2PO4 and KCl significantly increased the
ABA content in the inferior grains during 4-20 days post-anthesis for
Shuangda 1 and Xinong 538.

Contrary to the fact that the IAA, Z + ZR and ABA, the ETH evo-
lution rates in the grains are continuing decrease with grain filling, and
the ETH evolution rate in the superior grains was significantly lower
than that in the inferior grains. Similar to ABA, the external spray of
KH2PO4, NaH2PO4 and KCl had no significant effects on the ETH
evolution rate in the superior grains and the inferior grains. In contrast,
the external spray of KH2PO4 and KCl significantly increased the ETH
evolution rate in inferior grains during 4-16 days post-anthesis for
Shuangda 1 and Xinong 538.

3.4. Antioxidant enzyme activity

During the grain filling stage, the SOD and POD activities of flag
leaves first increased and then decreased, and they reached a peak
value at 16 and 24 days post-anthesis, respectively (Fig. 5). Contrary to
this, the CAT activity of the flag leaves decreased during the grain
filling stage. The external KH2PO4, NaH2PO4 and KCl had a different
effect on the antioxidant enzymes activities of the flag leaves. At the
early grain filling stage, they did not significantly affect the antioxidant
enzymes activities of the flag leaves. After 16 days post-anthesis, the
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external KH2PO4 and NaH2PO4 significantly promoted the SOD, CAT
and POD activities of the flag leaves compared to the CK2 plants, but
the external KCl significantly decreased the SOD, CAT and POD activ-
ities of the flag leaves.

3.5. MDA, SPAD and photosynthesis

With grain filling, the MDA content of the flag leaves continued to
increase and the net photosynthetic rate and the SPAD value of the flag
leaves continued to decrease (Fig. 6). The external KH,PO, and
NaH,PO, significantly decreased the MDA content of the flag leaves
and significantly increased the net photosynthetic rate and the SPAD
value of the flag leaves during the middle and later grain filling stage
compared to the CK2 plants. Contrary to this, the external KCl sig-
nificantly increased the MDA content of the flag leaves and significantly
decreased the net photosynthetic rate and the SPAD value of the flag
leaves during the middle and later grain filling stages.

4. Discussion
To analyze the mechanism underlying the regulation of grain filling

by KH,PO,4, NaH,PO, and KCl were used for foliage application to study
the effects of P and K foliage application, respectively, on the grain
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Fig. 3. Effect of P and K foliage application on the IAA and Z + ZR content in the wheat grains (A and C: Shuangda 1; B and D: Xinong 538). S: superior grain; I: inferior grain. Vertical
bars represent * the standard deviation of the mean (n = 6). P, K and PK represent 30 mmol L™ KH,PO,, 30 mmol L.~ ! NaH,PO, and 30 mmol L.~ " KCl, respectively, that was sprayed

on leaves at anthesis. CK2 means that deionized water was sprayed on leaves at anthesis.

filling of wheat. K foliage application significantly promoted the grain
weight of the light panicle cultivar Xinong 538, and P foliage applica-
tion significantly promoted the grain weight of the heavy panicle cul-
tivar Shuangda 1. However, the P and K foliage application together
promoted the grain filling of all the two cultivars. This means that P and
K had an additive effect on the grain filling of wheat. Beside this, the
present study suggests that the P and K foliage application is through
regulated the grain filling of the inferior grains to regulate the grain
filling of the wheat.

The grain filling rate and the grain-filling period determined the
grain weight of the cereals. The present study found that the K foliage
application significantly promoted the maximum and mean grain-filling
rates of the inferior grains of the two cultivars, and the P foliage ap-
plication significantly promoted the active grain-filling period of
Shuangda 1. In addition, the foliage application of K significantly pro-
moted the grain-filling rate of the early and middle grain filling stage,
and it had no notable effects on the grain-filling rate of the later grain
filling stage. From this, we suggest that the K foliage application mainly
affects the grain-filling rate of the early and middle grain filling stages
to regulate the grain weight, and the P application, mainly through its
effects on the grain-filling period, regulates the grain weight of the
wheat.

The hormones are involved in regulating the grain-filling rate of
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cereals (Yang and Zhang, 2006). Studies about barley (Hordeum vulgare
L.), maize, rice and wheat suggest that cytokinin (CTK) is indispensable
for cell division during the early grain development phase (Michael and
Seiler-Kelbitsch, 1972; Saha et al., 1986; Morris et al., 1993; Dietrich
et al., 1995; Yang et al., 2000). The study about rice and wheat suggests
that the ABA content of the superior grains was significantly higher
than the inferior grains, and the ETH evolution rate of the superior
grains was significantly lower than the inferior grains, and the high
ABA and low ETH in the grains are associated with a higher filling rate
in the superior grains (Yang et al., 2006; Xu et al., 2007). The present
study suggests that the foliage application of KCl and KH,PO, sig-
nificantly increases the Z + ZR level in the inferior grains during the
early and middle grain filling stage. Beside this, the regression analysis
of the present study demonstrated that the maximum and mean grain-
filling rates were significantly and positively correlated with the max-
imum Z + ZR concentrations in the grains (R = 0.896** and 0.907**,
respectively). This means that the Z + ZR play an important role in the
grain filling of wheat induced by K foliage application. Moreover, in the
present study, the foliage application of KCl and KH,PO, significantly
promoted all of the ABA and ETH levels in the inferior grains. Yang
et al. (2006) suggests that the moderate drought stress notably in-
creased the ratio of ABA/ETH and promoted the grain filling of wheat
grain. The results of the present study suggest that the foliage
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Fig. 4. Effect of P and K foliage application on the ABA content and ETH evolution rate in the wheat grains (A and C: Shuangda 1; B and D: Xinong 538). S: superior grain; I: inferior grain.
Vertical bars represent = the standard deviation of the mean (n = 6). P, K and PK represent 30 mmol L~ ! KH,PO,, 30 mmol L.~ NaH,PO, and 30 mmol L~ ! KCl, respectively, that was
sprayed on leaves at anthesis. CK2 means that deionized water was sprayed on leaves at anthesis.

application of KCl and KH,PO, increases the ratio of ABA/ETH in the
inferior grains (Fig. 7), and the regression analysis demonstrates that
the maximum and mean grain-filling rates are significantly and posi-
tively correlated with the ratio of ABA/ETH in the inferior grains
(R = 0.871** and 0.882**, respectively). These results suggest that
multiple hormones, rather than a special hormone, are involved in
regulating the grain filling rate of wheat induced by the foliage appli-
cation of K. The foliage application of K, through the regulation of
endogenous ABA, ETH and Z + ZR, affects the grain-filling rate of
wheat.

Although the foliage application of K significantly promoted the
grain filling rate of the inferior grains of the two cultivars, it only sig-
nificantly promoted the grain weight of Xinong 538. We found that the
reason of this is that the foliage application of K significantly decreased
the active grain-filling period and the grain-filling rate of the later grain
filling stage of Shuangda 1. This means that the foliage application of K
may aggravate the premature senescence of the plants of Shuangda 1.
One of the important reasons for the plant senescence is that the active
oxygen or free radical detriment the pericellular membrane inhibits
normal cell metabolism (Zhao et al., 2011). An antioxidase, such as
SOD, POD and CAT, eliminates the active oxygen or free radical and
notably relieves the detrimental effects of active oxygen or free radical
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on the pericellular membrane and relieves the senescence of the plants
(Yamazaki and Kamimura, 2002). The present study found that the
foliage application of K significantly decreased the activities of SOD,
POD and CAT of the flag leaves and significantly increased the MDA
content in the flag leaves, which decreased the SPAD value and the net
photosynthetic rate of the leaves. This means that the foliage applica-
tion of K promoted the senescence of the wheat plants. Compared to K,
the foliage application of P had an opposite effect and relieves the se-
nescence of the wheat plants.

Although the foliage application of K significantly promoted the
grain-filling rate of the inferior grains of the two cultivars, it sig-
nificantly decreased the activity of the grain-filling period of Shuangda
1, and because of this, the grain weight of the K treatment was not
significantly different than the CK2 treatment. However, the foliage
application of K did not significantly affect the activity of the grain-
filling period of Xinong 538, and the foliage application of K sig-
nificantly promoted the grain weight of the inferior grains of Xinong
538. The foliage application of P significantly increased the SPAD value
and the net photosynthetic rate of the flag leaves and relieved the se-
nescence of the plants but had no significant effect on the active grain-
filling period of the inferior grains of Xinong 538. However, the foliage
application of P significantly increased the active grain-filling period of
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Fig. 5. Effects of P and K foliage application on the antioxidant enzyme activities of the flag leaves of the wheat (A, C and E: Shuangda 1; B, D and F: Xinong 538). Vertical bars
represent * the standard deviation of the mean (n = 6). P, K and PK represent 30 mmol L.~ KH,PO,, 30 mmol L ™! NaH,PO, and 30 mmol L. ™! KCl, respectively, that was sprayed on
leaves at anthesis. CK2 means that deionized water was sprayed on leaves at anthesis.

Fig. 6. Effects of P and K foliage application on the MDA content, SPAD value and net photosynthetic rate of the flag leaves of the wheat (A, C and E: Shuangda 1; B, D and F: Xinong 538).
Vertical bars represent = the standard deviation of the mean (n = 6). P, K and PK represent 30 mmol L~ ! KH,PO,, 30 mmol L~ NaH,PO, and 30 mmol L~ ! KCl, respectively, that was
sprayed on leaves at anthesis. CK2 means that deionized water was sprayed on leaves at anthesis.
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Fig. 7. Effects of P and K foliage application on the ratio of ABA/ETH in the grains of the wheat (A: Shuangda 1; B: Xinong 538). S: superior grain; I: inferior grain. P, K and PK represent
30 mmol L™ ! KH,PO,, 30 mmol L™ NaH,PO, and 30 mmol L™ ! KCl, respectively, that was sprayed on leaves at anthesis. CK2 means that deionized water was sprayed on leaves at

anthesis.

the inferior grains of Shuangda 1. From this study, we found that the
foliage application of K significantly affected the hormones in the gains,
which notably promoted the sink strength and might lead to more
carbohydrate reserves stored in the source that are transferred to the
sink. However, the effect of K might decrease the carbohydrate content
in the leaves and stem and might lead to leave senility of the plant
(Yang and Zhang, 2010). For the heavy panicle cultivar Shuangda 1, a
bigger sink is needed for the transfer of much carbohydrate supply from
the source to maintain the grain filling need, and an insufficient car-
bohydrate supply from the source for the sink-filling is the main lim-
iting factor for the grain filling of these types of wheat and rice cultivars
(Yang and Zhang, 2010). The foliage application of K intensifies the
carbohydrate transport from the source to the sink. This may lead to an
excessive shortage of carbohydrates in the source and lead to severe
premature senility of the plant of Shuangda 1. Thus, the foliage appli-
cation of K significantly decreases the grain-filling rate during the later
grain filling stage and the active grain-filling period of the inferior
grains of Shuangda 1. Compared to Shuangda 1, the sink of Xinong 538,
which is the light panicle cultivar, needs less of a carbohydrate supply
from the source, and the sink strength might be the key limiting factor
for the grain filling of these types of wheat and rice cultivars (Yang and
Zhang, 2006). The foliage application of K promoted the sink strength
and might increase the carbohydrate transport from the source to the
sink. Due to the stronger source of the light panicle cultivar compared
to the sink, the source had a sufficient carbohydrate to supply the grain
filling. Thus, the foliage application of K did not notably decrease the
active grain-filling period of the inferior grains of Xinong 538, although
it significantly decreased the chlorophyll content and promoted the
senescence of the plants at the later grain filling stage. Thus, in contrast
to Shuangda 1, the foliage application of K significantly increased the
grain-filling rate of the inferior grains, which increased the grain weight
of the inferior grains of Xinong 538.

Compared to K, the foliage application of P significantly relieved the
senescence of the plants. However, the foliage application of P did not
significantly affect the hormone levels and the grain-filling rate of the
inferior grains. For Shuangda 1, the insufficient carbohydrate supply
from the source for the sink-filling is the main limiting factor for the
grain filling, and the foliage application of P notably promotes the net
photosynthetic rate of the flag leaves and promotes the carbohydrate
supply, which significantly increased the active grain-filling period and
the grain weight of Shuangda 1. In contrast, the carbohydrate supply
from the source for the sink filling is sufficient, and thus, the foliage
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application of P did not significantly affect the active grain-filling
period and the grain weight of Xinong 538, although it significantly
increased the SPAD value and the net photosynthetic rate of the flag
leaves.

5. Conclusions

The present study indicated that the effect of P and K foliage ap-
plication on the grain filling of wheat is the difference. The K foliage
application significantly increased the Z + ZR and ABA contents and
decreased the ETH evolution rate in inferior grains, which promoted
sink strength and increased the grain filling rate and the grain weight.
In comparison, the P foliage application significantly promoted the
activities of SOD, POD, and CAT and decreased the MDA content in the
flag leaves and relieved the premature senility of the plant, which in-
creased the active grain-filling period and the grain weight. For the
heavy panicle cultivar, foliage P had a reasonable effect on grain filling,
and for the light panicle cultivar, foliage K had a reasonable effect on
grain filling. The mixture of P and K had an additive effect and pre-
vented P and K deficiencies. Foliage application of KH,PO, is an ef-
fectual measure for promoting the grain weight of wheat.
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Jian Luo?, Bin Wei', Juan Han*, Yuncheng Liao and Yang Liu*

College of Agronomy, Northwest A&F University, Yangling, China

The improvement of grain filling is the key issue for promoting wheat thousand grain weight
and grain yield. The levels of polyamines (PAs) significantly affect grain filling in cereals, but
the mechanism by which PAs affect grain filling in wheat is unclear. In the present study, six
wheat cultivars whose grain filling differed were used, and their grain-filling characteristics
and endogenous PA contents were measured. In addition, exogenous PAs were supplied
during the wheat grain-filling period. The grain-filling characteristics, hormone levels,
starch contents, and gene expression [based on RNA sequencing (RNA-seq)] in the grain
were analyzed. The objective of the present study was to investigate the effects of PAs
on grain filling in wheat. The results suggested that the direct synthetic pathway from
putrescine (Put) to spermidine (Spd) in the grain was a key factor in promoting grain filling
and thousand grain weight in wheat. Spd through regulates the grain-filling rate of inferior
grain during the early grain-filling period to affecting the grain filling and thousand grain
weight of wheat. The promotive effect of Spd on the grain filling of inferior wheat grain
was notably related to carbohydrate metabolism in that grain. Spd significantly increased
the zeatin (2) + zeatin riboside (ZR) contents but reduced the ethylene (ETH) evolution
rate in the inferior grain. In addition, Spd significantly increased the sucrose synthase (SS)
and acid invertase (Al) activities in the inferior grain. These effects of Spd led to increased
sucrose content in the inferior grain. These reasons might explain why Spd significantly
promoted the filling and weight of inferior wheat grain.

Keywords: polyamine, grain filling, wheat, carbohydrate transport, hormone

INTRODUCTION

Wheat (Triticum aestivum L.) is an important global cereal crop species worldwide, including within
China, and promoting wheat grain production is essential for food security in China. The grain yield
of wheat can be divided into three components: the number of spikes per unit area, the number of
spikelets per spike, and thousand grain weight (Yu, 2011). In China, high wheat grain yield relies
mainly on high numbers of spikes per unit area (Cai et al., 2014). However, the high numbers of
spikes may lead to severe problems, such as lodging, premature senescence, and increased damage
from disease and insects (Sicher and Bunce, 1998; Robert., 2002; Kelbert et al., 2004). Therefore,
increasing the thousand grain weight or grain number per spike based on a suitable panicle number
per area is an inevitable approach to promote wheat grain yield. In cereals, grain filling determines
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the thousand grain weight, so improving grain filling is important
for achieving increased wheat thousand grain weight and grain
yield (Kato et al., 2007).

Wheat grain can be divided into two types: superior grain
and inferior grain. Superior grain consists mainly of early
flowering types, usually located on basal of the middle spikelets,
which produce larger and heavier grains, while inferior grain
consists mainly of late-flowering types, usually located on distal
of the middle spikelets and the basal and the distal spikelets,
poorly to produce grains (Jiang et al.,, 2003; Yang and Zhang,
2010). Compared with superior grain, inferior grain requires
more energy for grain filling (Peng et al., 2011), and inferior
grain is more sensitive to environmental factors, such as water,
temperature, and fertilizer (Peng et al., 2013). Therefore, the
weight of inferior grain is low and notably varies from year to
year (Yang and Zhang, 2010). Previous studies suggested that
variations in the grain weight of cereals such as rice (Oryza sativa
L.) and wheat are caused mainly by inferior grain (Yang and
Zhang, 2006). Thus, improving the filling of inferior grain is key
for promoting wheat grain weight and grain yield.

Carbohydrates are the main components of wheat grain and
account for more than 70% of grain dry weight (Yang et al., 2004).
The carbohydrates that accumulate in wheat grain are derived
mainly from the transportation of nonstructural carbohydrates
(NSCs) stored in the stem (Sikder and Gupta, 1976). Previous
studies have suggested that superior grain and inferior grain
notably differed in their ability to use NSCs stored in the stem
(Murty and Murty, 1982). Compared to those of superior grain,
the lower sink size and sink strength of inferior grain limit the
transport of NSCs from the stem; this phenomenon leads to the
inferior grain being a poor sink for NSCs stored in the stem,
which is one of the main reasons why in cereals, compared with
superior grain, inferior grain experiences poor filling and weighs
less (Fu et al.,, 2011; Liang et al., 2017). Appropriate nitrogen (N)
and potassium (K) fertilizer applications significantly promoted
NSC transport from the stem to inferior grain and notably
increased the weight of inferior grain of wheat and rice (Fu et al.,
2011; Yang and Zhang, 2010; Liang et al., 2017). This finding
means that promoting NSC transport from the stem to inferior
grain may be an effective way to improve the grain filling of
inferior grain in cereals.

Polyamines (PAs) are important endogenous plant growth
regulators and notably regulate the grain filling of cereals such as
wheat, rice, and maize (Kusano et al., 2007; Yang et al., 2008; Liu
etal., 2013). Previous studies have suggested that PA biosynthesis
is significantly related to the grain-filling rate and grain weight
in rice; high spermidine (Spd, a type of PA) and spermine (Spm,
a type of PA) levels in grain were beneficial to the grain filling
of inferior spikelets in rice (Yang et al., 2008; Chen et al., 2013).
Severe water deficit significantly reduced Spd levels in grain
and inhibited grain filling in wheat (Liu et al., 2016; Yang et al.,
2017). External Spd and Spm promoted wheat grain filling (Liu
et al., 2013). These findings indicated that PAs affect grain filling
in cereals. However, the mechanism by which PAs affect grain
filling in wheat is unclear.

Previous study has suggested that PAs are notably related
to carbohydrate metabolism in plants (Oufir et al., 2008).

Chen etal. (2013) suggested that PAs promote starch synthesis
and consequently promote grain filling in rice. Liu et al.
(2013) suggested that PAs increase both the photosynthetic
rate in flag leaves and carbohydrate accumulation in plants,
thereby promoting grain filling in wheat. However, whether
the effect of PAs on the grain filling of wheat is related to
NSC transport from the stem to the grain is also unclear. The
previous study suggested that the superior grains of wheat
showed generally higher activity of sucrose synthase (SS,
EC 2.4.1.13) than inferior grains, and this may relate to the
higher starch accumulation rates and grain weight of superior
grain (Jiang et al., 2003). Wang et al. (2017) suggested that
sucrose-phosphate synthase (SPS, EC 2.4.1.14) activity in
straws was important for carbon reserve remobilization of
rice. Beside this, the acid invertase (AI, EC 3.2.1.26) was
related to the sucrose unloading in grain, and the nitrogen
application notably promoted the AI activity in wheat grain
and increased the sugar content in grains (Zhang et al., 2014).
These mean that these enzymes were notably involved in
the sugar transport of cereals. But, whether the PA through
regulated the activities of these enzymes, such as SS, SPS
and Al to affect the grain filling of wheat, is also unclear. In
addition to carbohydrates, hormones, plant senescence, and
N metabolism are also considered to regulate grain filling
in cereals Takahashi et al., 1996; Kim et al., 2011; Wilkinson
et al., 2012). Previous studies have suggested that the effect of
PAs on the grain filling of cereals was related to hormone and
plant senescence (Yang et al., 2008), which means that there
may be an interaction among PAs, hormones, carbohydrate
metabolism, and plant senescence in the regulation of wheat
grain filling. However, little is known about the regulatory
network of PAs on the grain filling of inferior wheat grain.
RNA sequencing (RNA-seq) has become an essential
method for large-scale analysis of genes in various fields of
plant biology, including grain filling in cereal crops. Li et al.
(2014) identified 7713 differentially expressed genes (DEGs)
in grain-filling caryopses between the rice sugary mutant
and the wild-type strain based on RNA-seq data. Moreover,
using RNA-seq, Jeong et al. (2017) studied phosphorus (P)
remobilization from rice flag leaves during grain filling, and
Peng et al. (2011) suggested that the expression and function
of miRNA partly explain the slow grain-filling rate of inferior
spikelets. However, little is known about the mechanism of
grain filling in wheat via RNA-seq analysis.

In the present study, six wheat cultivars whose grain filling
differed were used, and the grain-filling characteristics,
endogenous PA content, and the activities of the enzymes that
regulated PA synthesis were measured. In addition, exogenous
Spd and putrescine (Put) were supplied during the wheat
grain-filling period. The objective of the present study was to
investigate the effect of PAs on the grain filling of inferior grain
in wheat. For this, the grain-filling characteristics of the grain
and gene expression (based on RNA-seq) were analyzed, and the
endogenous zeatin (Z) and zeatin riboside (ZR) contents, the
ethylene (ETH) evolution rate, the starch and sucrose contents,
the activities of the enzymes involved in sucrose-starch synthesis,
and carbohydrate transport from stem to grain were measured.
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MATERIALS AND METHODS

Experimental Design
Two experiments were conducted at the experimental site of
Northwest A&F University, Yangling, Shaanxi Province, China
(34°17° N, 108°05’ E) in 2014-2016, and the two experiments
were conducted in the same experimental field. The soil at the
experimental site is an Eum-Orthrosol (Chinese soil taxonomy).
The organic matter content and available N, P, and K in the 0-20
cm of topsoil in the cropland were 12.39 g kg~!, 49.85 mg kg,
24.63 mg kg™!, and 110.14 mg kg!, respectively.
The First Experiment

Six winter wheat cultivars, Shuangda 1 (SD 1), Fugao 1 (FG 1),
Zhoumai 22 (ZM 22), Xiaoyan 6 (XY 6), Xiaoyan 22 (XY 22), and
Xinong 538 (XN 538), were sown at a rate of 150 kg ha™!, and the
row spacing was 0.25 m. The sow date was October 16 in 2014-
2015 and 2015-2016. Urea and (NH,),HPO, were applied and
each of them applied at 375 kg ha~!. All fertilizer applied was at a
basal level. The experiment was conducted in accordance with a
completely randomized design, and each treatment consisted of
three replicates. The area of each plot was 6 m? (3 x 2 m).
The Second Experiment

Two wheat cultivars, SD 1 and XN 538, were sown. The
planting method was the same as that of the first experiment.
At anthesis, four treatments were applied to each cultivar: SPD,
the spikes were sprayed with 1 mmol L' Spd at anthesis; Put,
the spikes were sprayed with 2 mmol L™! Put at anthesis; MGBG
(Yang et al., 2008), the spikes were sprayed with 5 mmol L™
methylglyoxal-bis(guanylhydrazone) (MGBG, an inhibitor of
Spd) at anthesis; and CK, the spikes were sprayed with water
at anthesis. Spd, Put, MGBG, and water were applied daily for
four days at a rate of 5 ml spike™! for each application. All of the
solutions contained 0.1% (V/V) ethanol and 0.01% (V/V) Tween-
20. For the CK, the water contained the same concentrations of
ethanol and Tween-20. Each treatment was replicated three times
in a split-plot experimental design. The area of each plot was 5 m?
(2.5 x 2 m). Two cultivars, four chemical application treatments,
and three replicates gave 24 individual plots. The Spm, Spd, and
MGBG were purchased from Sigma-Aldrich (USA).

Sampling and Measurements
For each treatment, the spikes that flowered on the same day were
tagged and sampled from anthesis to maturity at 4-day intervals.
Forty spikes were sampled at each sampling stage for each plot.
The grain on an ear was divided into superior grain and
inferior grain according to the methods of Jiang et al. (2003).
Half of the sampled grain was quickly frozen in liquid N and
then stored at —80°C, and the enzymes within the other half were
deactivated by heating at 105°C for 30 min, after which the grain
was then dried at 70°C to a constant weight and subsequently
weighed. The yield and yield components were determined
according to our previous methods (Liu et al., 2016).

Grain-Filling Process
The grain-filling process was fitted by Richards’ (1959) growth
equation as described by Zhu et al. (1988).

A
(1+8e+)' (M

The grain filling rate (G) was calculated using a derivation of
Equation 1:

AkBe™®

N+1

(1 + Be_kt)(T) @

where W is the grain weight (mg); A is the final grain weight (mg);
t is the time after anthesis (d); and B, k, and N are coeflicients
determined using regression.

The active grain filling period was defined as the period when
W was between 5% (t,) and 95% (t,) of A. Therefore, the average
grain filling rate during this period was calculated from ¢, to t,
(Yang et al., 2006).

G=

PAs

Spd, Spm, and Put were extracted and measured according to
the methods of Liu et al. (2002). Briefly, approximately 0.5 g
fresh weight (FW) of samples was homogenized in 3-5 ml of 5%
(v/v) perchloric acid (PCA) in a prechilled mortar and pestle.
The Spd, Spm, and Put were measured according to the methods
Liu et al. (2016) and quantified via a high-performance liquid
chromatography system (Waters 1525 Binary HPLC Pump/2489
UV Detector, Waters, USA).

PA Biosynthetic Enzyme Activity

The activities of arginine decarboxylase (ADC, EC 4.1.1.19),
S-adenosylmethionine decarboxylase (SAMDC, EC 4.1.1.50),
and Spd synthase (SpdSy, EC 2.5.1.16) were measured according
to the methods of Yang et al. (2008). The activities of ADC and
SAMDC were determined by measuring the CO, evolution as
described by Lee et al. (1997), and the SpdSy activity was assayed
according to the methods of Kasukabe et al. (2004).

RNA Extraction, Library Preparation, and RNA-Seq
At 8 and at 16 days post-anthesis, four tagged spikes in each
plot were used, respectively. The inferior grain of these spikes
was sampled, after which it (the inferior grain of 8 and 16 days
post-anthesis) was mixed together and then used for RNA-seq
analysis. The RNA extraction, library preparation, and RNA-seq
were performed by Novel Bioinformatics Ltd., Co. (Shanghai,
China). The total RNA was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA), and the RNA quality was confirmed
using a microspectrophotometer (NanoDrop™ 2000, Thermo
Fisher Scientific, MA, USA).

A sequencing library of each RNA sample was prepared by
using an Illumina TruSeq RNA Library Prep Kit v2 according
to the protocol provided by the manufacturer (Illumina, USA).
FAST-QC was then used to evaluate the quality of the sequencing
data (Langmead et al., 2009; Trapnell et al., 2009). Raw reads
after quality control testing were subsequently mapped to the
reference wheat genome using the HISAT?2 algorithm with the
default parameters (Pertea et al., 2016).
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A differential expression analysis was performed in which
the EBSeq algorithm was used to filter DEGs by a log-fold
expression change (log2 fold change (FC) > 0.585 or <—0.585)
with a false discovery rate (FDR) threshold of <0.05. The DEGs
were queried via BLAST using the tools and databases for the
T. aestivum L. IWGSCl+popseq.31 genome assembly hosted on
the EnsemblPlants website (http://plants.ensembl.org/Triticum_
aestivum/Info/Index). Gene Ontology (GO) analysis was applied
to analyze the main functions of the DEGs according to the GO
database, which provides key functional classifications for genes
(Ashburner et al., 2000). Pathway assignments were carried out
based on the Kyoto Encyclopedia of Genomes and Genomes
(KEGG) database (http://www.genome.ad.jp/kegg/). The RNA-
seq analysis had three biological replicates, and the RNA-seq
data were deposited in the Sequence Read Archive of NCBI; the
accession number is SRP217735.

Sucrose and Starch Contents and the Activities
of Enzymes Involved in Starch Biosynthesis in the
Grain
Sucrose was extracted from the grain by 80% ethyl alcohol and
measured by the resorcinol-HCl method (Wang and Huang,
2000). After sucrose was extracted, the residue was extracted by
36 mol L~! PCA, and then extracted by 18 mol L~! PCA, and the
extracting solutions were mixed and used for starch measured.
The starch concentration was measured via the anthrone method
(Liu et al., 2011).

The activities of SS, SPS, and Al in the grain or stems were
measured according to the methods of Jiang et al. (2003) and
Yang et al. (2004).

Hormones

Endogenous Z+ZR and abscisic acid (ABA) were extracted
according to previous reports (Liu et al., 2011), using 80% (v/v)
methanol. Z+ZR and ABA were quantified via by enzyme-
linked immunosorbent assays (ELISAs) (Liu et al., 2011). The
recovery rates for Z+ZR and ABA were 94.8 + 5.7% and 92.4+
8.8%, respectively.

The ETH generated by the grains was determined according
to the methods of Beltrano et al. (1994) and Yang et al. (2008).
The ETH was assayed using a gas chromatography (GC) system
(Trace GC Ultra™, Thermo Fisher Scientific, USA) according to
our previous study (Liu et al., 2016).

Statistical Analyses

The SPSS 16.0 statistical software package was used to conduct
ANOVAs. The data from each sampling were analyzed separately.
The analysis used completely randomized design and split-plot
experimental design, respectively, for experiments 1 and 2. The
means were tested by the Tukey HSD test.

RESULTS

Grain Filling

Figure 1 and Supplemental Table 1 show that the thousand
grain weights of the six cultivars were significantly different.
The mean grain-filling rate and thousand grain weight among
the cultivars followed the order of SD 1 > FG 1 and ZM 22 >
XY 6, XY 22, and XN 538 (Figures 1A, B-a). However, no
significant differences in the active grain-filling period were
observed between the six cultivars (Figure 1B-b). Among the
six cultivars, the grain-filling rate and weight of the superior
grain were significantly higher than those of the inferior grain
of each cultivar (Figure 2). However, the trends of the active
grain-filling period between the superior grain and inferior
grain differed between the two years. In 2014-2015, no
significant differences were observed for the active grain-filling
period between the superior grain and inferior grain for any of
the six cultivars. However, the active grain-filling period of the
inferior grain was significantly lower than that of the superior
grain in 2015-2016. These results suggested that compared with
the superior grain, the significant low grain weight of inferior
grain for these six cultivars seems due to the lower level of grain
filling rate.

FIGURE 1 | Grain-filling characteristics of different wheat cultivars. (A) The mature grains of the six wheat cultivars. (B) The mean grain-filling rate (a) and active
grain-filling period (b) of the six wheat cultivars. Vertical bars represent + the standard error of the mean (n = 3, n represents the biological replicates). Values for the
same year and same grain type followed by different letters are significantly different (P 0.05). * represents the significant difference (P 0.05) between superior grain
and inferior grain for the same year. SD 1, FG 1, ZM 22, XY 6, XY 22, and XN 538 are the cultivars Shuangda 1, Fugao 1, Zhengmai 22, Xiaoyan 6, Xiaoyan 22, and
Xinong 538, respectively. S, superior grain; |, inferior grain; 1 and 2 represent 2014-2015 and 2015-2016, respectively.
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FIGURE 2 | The changes of grain weight and grain-filling rate characteristics during grain-filing period. Vertical bars represent + the standard error of the mean

(n =3, n represents the biological replicates). * represents the significant difference (P 0.05) between superior grain and inferior grain at the same day. The solid line
and dashed line represent the grain weight and grain-filling rate, respectively. SD 1, FG 1, ZM 22, XY 6, XY 22, and XN 538 are the cultivars Shuangda 1, Fugao 1,
Zhengmai 22, Xiaoyan 6, Xiaoyan 22, and Xinong 538, respectively. S, superior grain; I, inferior grain.

PA Contents

During the grain-filling period, the trends of the endogenous Put
and Spd levels in the grain differed (Figures 3 and 4). The Put
level in the grain decreased during grain filling (Figure 3). In
addition, the Put level in the superior grain was notably lower

than that in the inferior grain during the grain-filling period.
With respect to the low-grain-weight cultivars, XY 6, XY 22, and
XN 538, the Put levels in the grain were significantly greater than
those of the high-grain-weight cultivars, SD 1, FG 1, and ZM 22,
on the same day during the grain-filling period. In contrast to Put,
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FIGURE 3 | The changes of putrescine (Put) contents in wheat grains during grain-filling period. Vertical bars represent + the standard error of the mean (n = 3, n
represents the biological replicates). * represents the significant difference (P 0.05) between superior grain and inferior grain at the same day. SD 1, FG 1, ZM 22, XY
6, XY 22, and XN 538 are the cultivars Shuangda 1, Fugao 1, Zhengmai 22, Xiaoyan 6, Xiaoyan 22, and Xinong 538, respectively. S, superior grain; |, inferior grain.

FIGURE 4 | The changes of spermidine (Spd) contents in wheat grains during grain-filling period. Vertical bars represent + the standard error of the mean (n = 3, n
represents the biological replicates). * represents the significant difference (P 0.05) between superior grain and inferior grain at the same day. SD 1, FG 1, ZM 22, XY
6, XY 22, and XN 538 are the cultivars Shuangda 1, Fugao 1, Zhengmai 22, Xiaoyan 6, Xiaoyan 22, and Xinong 538, respectively. S, superior grain; |, inferior grain.
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the Spd in the grain first increased and then decreased during the
grain-filling period, and the Spd peaked at 16 days post-anthesis
(Figure 4). The Spd levels in the grain of the low-grain-weight
cultivars, XY 6, XY 22, and XN 538, were significantly lower than
those of high-grain-weight cultivars, SD 1, FG 1, and ZM 22, on
the same day during the grain-filling period. The Spd levels in
the superior grain were significantly greater than those in the
inferior grain in all six cultivars. Correlation analysis revealed
that the Spd levels in the grain were positively and significantly
correlated with the grain-filling rate and thousand grain weight,
but the Put levels in the grain were negatively and significantly
correlated with the grain-filling rate and thousand grain weight
(Table 1). However, the Put and Spd levels in the grain were not
significantly correlated with the active grain-filling period.

The exogenous PAs affected the endogenous Pas’
concentration in grains (Supplemental Table 2). The
exogenous Spd significantly increased the endogenous Spd
concentration in inferior grain. Beside this, the exogenous
MGBG significantly decreased the Spd concentration in
superior grain and inferior grain.

PA Biosynthetic Enzyme Activity

The ADC, SAMDC, and SpdSy activities in the grain notably
differed between the six cultivars (Figure 5). The ADC activity
in the grain decreased during grain filling, and the ADC activity
was significantly higher in the inferior grain than in the superior
grain on the same day post-anthesis. In the superior grain, XY
6 exhibited the highest ADC activity at 8 days post-anthesis,
but the highest ADC activity in the inferior grain on the same
day occurred in ZM 22. In contrast to the ADC activity, the
SAMDC and SpdSy activities exhibited a similar trend among
the cultivars. Compared with the low-grain-weight cultivars,
XY 6, XY 22, and XN 538, the high-grain-weight cultivars, SD
1, FG 1, and ZM 22, had higher SAMDC and SpdSy activities in
their grain. In addition, the SAMDC and SpdSy activities were
significantly lower in the inferior grain than in the superior grain
on the same day post-anthesis.

EFFECTS OF EXOGENOUS PAS ON
GRAIN FILLING

The results of 2-year experiments suggested that exogenous
PAs significantly affected the thousand grain weight of the two

cultivars (Supplemental Table 3). The exogenous PAs had no
significant effect on the weight of superior wheat grain (Figure
6). However, exogenous Spd significantly promoted the increase
in inferior thousand grain weight, and exogenous MGBG, an
Spd synthesis inhibitor, significantly reduced the weight of the
inferior grain. However, exogenous Put had no significant effect
on the weight of the inferior grain.

Exogenous Spd differentially affected the mean grain-filling
rate and active grain-filling period (Figure 7 and Table 2).
Exogenous Spd and MGBG had no significant effect on the active
grain-filling period of either the superior grain or inferior grain.
However, exogenous Spd significantly promoted the mean grain-
filling rate of the inferior grain, whereas exogenous MGBG had
the opposite effect. The grain-filling rate of the inferior grain in
the SPD treatment was greater than that in the CK treatment
during 4-24 days post-anthesis.

GENE EXPRESSION OF RNA-SEQ DATA

Compared to CK, the external Spd upregulated 167 genes’
expression, and it downregulated 282 genes’ expression (Figure
8A). KEGG analysis revealed that 317 DEGs were assigned to
10 KEGG pathways (FDR < 0.05) (Figure 8B). These KEGG
pathways involve mainly starch and sucrose metabolism, plant
hormone signal transduction, phenylpropanoid biosynthesis,
secondary metabolite biosynthesis, fatty acid elongation, etc.

GO analysis revealed that DEGs associated with the biological
process (BP) term werelargely associated with signal transduction,
the ETH biosynthetic process, transport, the starch biosynthetic
process, cell differentiation, and cell response to cytokinin (CTK)
stimuli, while concerning the molecular function (MF) term, the
DEGs were found to be associated with nucleotides; DNA and
protein binding; and hydrolase, catalytic, transferase, transporter,
and kinase activities (Figure 9). In addition, the DEGs associated
with the cellular component (CC) term were largely associated
with chromosomes, nuclei, the cytoplasm, CCs, the plasma
membrane, and the extracellular region.

Carbohydrate in Grain

During the grain-filling period, the sucrose content in the grain
continually decreased, and the starch content in grain continually
increased (Figures 10A-D). At 4 and 8 days post-anthesis, the
sucrose content in the inferior grain was significantly lower than

TABLE 1 | Correlation coefficients of peak polyamine (PA) contents in wheat grain for the two grain types (superior grain and inferior grain) and six cultivars with the
mean grain-filing rate (MGR), active grain-filing period (AGP), and final grain weight (GW) of wheat.

MGR AGP GW Spd Put
MGR 1
AGP 0.5536 1
GW 0.9865™ 0.56680 1
Spd 0.8838™ 0.3661 0.8464* 1
Put -0.8283" -0.4556 -0.8162** -0.9486" 1

*Significant at the 0.05 probability level (n = 12). **Significant at the 0.01 probability level (n = 12). GW, the final grain weight; MGR, mean grain-filing rates;, AGF, active
grain-filling period; Spd, spermidine; Put, putrescine. The n represents the treatment number; for the correlation analysis, there are six cultivars and two grain types, so

it had 12 treatments.
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FIGURE 5 | The changes of polyamine (PA) biosynthetic enzyme activity in wheat grains during grain filling period. Vertical bars represent + the standard error of the
mean (n = 3, n represents the biological replicates). Values for the same day followed by different letters are significantly different (P 0.05). SD 1, FG 1, ZM 22, XY 6,
XY 22, and XN 538 are the cultivars Shuangda 1, Fugao 1, Zhengmai 22, Xiaoyan 6, Xiaoyan 22, and Xinong 538, respectively. (A, C, and E) represent the superior

grain; (B, D, and F) represent the inferior grain.

that in the superior grain. However, the sucrose content in the
inferior grain was significantly greater than that in the superior
grain at 16-24 days post-anthesis. In contrast to sucrose, the starch
content in the inferior grain was significantly lower than that in

the superior grain during the grain-filling period. Exogenous Spd
and MGBG significantly altered the sucrose and starch contents in
the inferior grain but had no significant effect on the sucrose and
starch contents in the superior grain. Exogenous Spd significantly
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FIGURE 6 | Effect of external PA on the grain weight of wheat. (A and B) Shuangda 1 at 2014-2015 and 2015-2016, respectively; (C and D) Xinong 538 at
2014-2015 and 2015-2016, respectively. PUT, SPD, MGBG, and control represent external applied Put, Spd, methylglyoxal-bis(guanylhydrazone) (MGBG), and
water, respectively, to spikelets at anthesis stage. Vertical bars represent + the standard error of the mean (n = 3, n represents the biological replicates). Values within
the same grain type followed by different letters are significantly different (P 0.05); ns represents there being no significant difference among all of the treatments for

the same grain type.

promoted an increase in sucrose content in the inferior grain at 4
and 8 days post-anthesis and an increase in starch content in the
inferior grain at 16 and 40 days post-anthesis; exogenous MGBG
had the opposite effect. In addition, at 4 and 8 days post-anthesis,
exogenous Spd significantly promoted SS and Al activities in
the inferior grain but had no significant effect on the SS and
Al activities in the superior grain (Figures 10E-H); exogenous
MGBG had the opposite effect.

Hormones

Exogenous Spd significantly affected the Z+ZR, ABA, and ETH
levels in the inferior grain but had no significant effect on those
in the superior grain (Figure 11). Exogenous Spd significantly
promoted an increase in Z+ZR and ABA levels in the inferior
grain at 8 and 16 days post-anthesis. In contrast, the ETH
evolution rate in the inferior grain in the SPD treatment was
significantly lower than that in the CK treatment at 8 and 16 days
post-anthesis; exogenous MGBG had the opposite effect.

DISCUSSION

How to improve the poor grain-filling ability of inferior grain
in cereals such as rice and wheat is important for promoting
wheat thousand grain weight and yield (Yang and Zhang, 2010).
Previous studies have suggested that PAs are notably involved in
the grain filling of rice and wheat (Wang et al., 2012; Liu et al.,
2013) Yang et al. (2008) suggested that a high Spd level in grain
is one of the reasons why superior grain had a higher grain-
filling rate than did inferior grain. In addition, exogenous Spd
notably released the inhibitory effect of drought on wheat grain
filling (Yang et al., 2014; Liu et al., 2016). In the present study,
the superior grain had a higher Spd level than did the inferior
grain, and the Spd levels in grain of the high-grain-weight
cultivars were notably higher than those of the low-grain-weight
cultivars. In addition, correlation analysis revealed that the Spd
level in the grain was positively and significantly correlated with
the grain-filling rate and thousand grain weight. Exogenous Spd
significantly increased grain filling. These results indicate that
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FIGURE 7 | Effect of external PA on the changes of grain weight and grain-filling rate of Shuangda 1 (A and B) and Xinong 538 (C and D) during the grain-filling
period. SPD, MGBG, and control represent external applied Spd, MGBG, and water, respectively, to spikelets at anthesis stage. Vertical bars represent + the
standard error of the mean (n = 3, n represents the biological replicates). * represents there being significant difference among the treatments for the same grain type
(F value > Fy45). S, superior grain; |, inferior grain.

TABLE 2 | Effect of external PA on the grain-filling characteristics of wheat.

Cultivar Spikelet categories Treatment MGR AGP GW
mg grain-' d-' d mg

Shuangda 1 S CK 1.82a 35.94a 65.41a

SPD 1.81a 35.85a 64.89a

MGBG 1.80a 35.88a 64.58a

CK 1.68b 31.27a 52.53b

SPD 1.76a 31.56a 55.55a

MGBG 1.56¢ 31.60a 49.30c

Xinong 538 S CK 1.35a 32.20a 43.47a

SPD 1.33a 33.04a 43.94a

MGBG 1.33a 32.29a 42.95a

CK 1.13b 27.93a 31.56b

SPD 1.34a 26.84a 35.97a

MGBG 0.96¢ 28.18a 27.05¢

Values within a column and for the same cultivar and same grain type followed by different letters are significantly different (P < 0.05). GW, the final grain weight;
MGR, mean grain-filling rates; AGR, active grain-filling period; S, superior grain; |, inferior grain. SPD, MGBG, and CK represent external applied Spd, MGBG, and water,
respectively, to spikelets at anthesis stage. The data list in the table is the average of the three biological replicates.

Frontiers in Plant Science | www.frontiersin.org 10 November 2019 | Volume 10 | Article 1309


https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Luo et al.

Polyamine, Grain Filling, and Wheat

FIGURE 8 | Gene expression base on the RNA sequencing (RNA-seq) analysis. (A) The red dot represents the differentially expressed genes (DEGs) between
the SPD (spikes sprayed with 1 mmol L' Spd at anthesis and CK (spikes sprayed with water at anthesistreatment (B) The Kyoto Encyclipedia of Genomes and
Genomes (KEGG) pathway of the DEGs [false discovery rate (FDR)<0.05]. The RNA-seq analysis had three biological replicates.

FIGURE 9 | The Gene Ontology (GO) terms of the DEGs (FDR<0.05). BP, biological process; MF, molecular function; CC, cellular component.

increased Spd levels in grain can notably promote increased
grain filling in wheat. In contrast to the Spd content, the Put
content was significantly greater in the inferior grain than in the
superior grain, and the Put level in the grain was negatively and
significantly correlated with the grain-filling rate and thousand
grain weight. However, exogenous Put had no significant effect
on the wheat grain filling, which means that Put may not be the
key factor that regulates grain filling in wheat.

ADC, SAMDOC, and SpdSy are key enzymes that regulate PA
synthesis and are significantly involved in the regulation of grain
filling in rice and wheat (Yang et al., 2008; Liu et al., 2016). ADC
regulates Put synthesis, and SAMDC and SpdSy are involved in
the pathway in which Spd is synthesized from Put (Chen et al.,
2013). In the present study, the ADC activity in the grain did
not significantly differ between the high-weight cultivars and the
low-weight cultivars. However, the SAMDC and SpdSy activities

in the grain of the high-grain-weight cultivars were significantly
higher than those of the low-grain-weight cultivars, and the
superior grain had higher SAMDC and SpdSy activities than
did the inferior grain for the same cultivar. Correlation analysis
suggested that SAMDC and SpdSy activities were positively and
significantly correlated with Spd levels in the grain but were
negatively and significantly correlated with Put levels (data not
shown). However, ADC activity was not significantly correlated
with PAs levels in the grain. This finding means that the synthesis
of Put may not be significantly related to wheat thousand grain
weight. In contrast, compared with the low-grain-weight cultivars
and inferior grain, the high-grain-weight cultivars and superior
grain had a more direct Put-to-Spd biosynthesis pathway. These
results suggest that the direct synthetic pathway from Put to Spd
within grain may be in favor of the grain filling and promoting
the thousand grain weight in wheat.
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FIGURE 10 | Effect of external PA on the sucrose and starch contents and sucrose synthase (SS) and acid invertase (Al) activities in grains of Shuangda 1 (A, C, E,
and G) and Xinong 538 (B, D, F, and H). SPD, MGBG, and control represent external applied Spd, MGBG, and water, respectively, to spikelets at anthesis stage.
Vertical bars represent + the standard error of the mean (n = 3, n represents the biological replicates). S, superior grain; |, inferior grain. E-H, Values within the same
day and same grain type followed by different letters are significantly different (P 0.05). ns represents there being no significant difference among all of the treatments
for the same grain type. * represents there being significant difference among the treatments for the same grain type (F value>F o).

Frontiers in Plant Science | www.frontiersin.org 12 November 2019 | Volume 10 | Article 1309


https://www.frontiersin.org/journals/plant-science/
http://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Luo et al.

Polyamine, Grain Filling, and Wheat

FIGURE 11 | Effect of external PA on the hormonal changes in grains of Shuangda 1 (A, C, and E) and Xinong 538 (B, D, and F). SPD, MGBG, and CK represent
external applied Spd, MGBG, and water, respectively, to spikelets at anthesis stage. Vertical bars represent + the standard error of the mean (n = 3, n represents the
biological replicates). * represents there being significant difference among the treatments for the same grain type (F value>F, q5). S, superior grain; |, inferior grain.

The grain filling in wheat is governed by the grain-filling rate
and the active grain-filling period. In the present study, compared
with the superior grain, the significant low grain weight of
inferior grain for these six cultivars seems due to the lower level
of grain-filling rate (Figure 1 and Table 1). In addition, the Put

and Spd levels in the grain were not significantly correlated with
the active grain-filling period. Exogenous Spd had no significant
effect on the active grain-filling period, although it notably
increased the wheat grain-filling rate and thousand grain weight.
In addition, our results showed that exogenous Spd affected the
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grain-filling rate mainly during the early grain-filling period. The
combination of the results in which exogenous Spd and MGBG
significantly affected only the grain filling of inferior grain and
not the grain filling of superior grain suggests that PAs regulated
the grain-filling rate of the inferior grain mainly during the early
grain-filling period, affecting the grain filling and thousand grain
weight of wheat. Therefore, in the present study, we selected the
inferior grain during the early grain-filling period (10 days post-
anthesis) to research the regulatory mechanism of Spd in wheat
grain filling.

Fu et al. (2011) suggested that sink strength is an important
factor in regulating grain filling in rice. Low sink strength is
one of the main reasons for the poor grain filling of inferior
rice and wheat grain, and increased sink strength notably
improves the poor grain filling of inferior cereal grain (Kato,
2004). With respect to the synthesis of starch from sucrose in
grain, endogenous hormone levels are important indices of sink
strength in cereals (Ishimaru et al., 2005; Wang et al., 2008). In the
present study, exogenous Spd significantly promoted an increase
in sucrose content in the inferior grain during the early grain-
filling period, and MGBG had the opposite effect. In addition,
the SS and AT activities in the inferior grain in the Spd treatment
were significantly higher than those in the control treatment,
and MGBG notably reduced the activities of both enzymes.
The previous study suggested that the high SS activity in grain
promotes the synthetic from sucrose to starch, and this effect was
in favor to the sucrose transport from stem to grain (Jiang et al,,
2003; Yang et al., 2004). Beside this, the Al was related to the
sucrose unloading in grain, and the nitrogen application notably
promoted the Al activity in wheat grain and increased the sugar
content in grains (Zhang et al., 2014). SS and AT activities notably
promote increased sink activity, and the activity of these two
enzymes is positively and significantly correlated with the grain-
filling rate in rice and wheat (Verma et al.,, 2018). These results
indicate that Spd notably promoted the unloading of sucrose,
which was then transported from source tissue, in the sink tissue
of inferior grain. Zhang et al. (2009) suggested that one of the
reasons for the poor grain filling of inferior rice grain is the
“energy barrier” of inferior grain, which has difficulty receiving
sucrose transported from stem source tissue. On the basis of these
findings, we suggested that the promotive effect of Spd on the
unloading of sucrose in inferior grain may significantly increase
the reception ability of inferior grain for sucrose, thus promoting
the transport of sucrose from the stem to inferior grain.

Previous studies have suggested that multiple plant hormones
are involved in the regulation of grain filling in cereals. CTKs
represent an important factor that is significantly related to grain
filling in cereals. CTK levels in roots were positively correlated
with photosynthesis in the flag leaves of rice during the grain-
filling period (Yang et al., 2002). Moreover, grain-filling patterns
were significantly related to Z+ZR contents in both the grain
and the roots during the early and middle grain-filling periods
(Yang et al., 2000). The results of our previous study suggested
that drought stress significantly reduced Z+ZR contents in
grain and inhibited the grain filling of wheat (Liu et al., 2013b).
In the present study, exogenous Spd significantly promoted an
increase in Z+ZR contents in the inferior grain at 8 and 16 days

post-anthesis; exogenous MGBG had the opposite effect. Previous
studies suggested that the effects of PA on rice grain filling were
notably related to Z+ZR contents in the grain (Yang et al., 2008).
In addition, the results of our previous study suggested that Spd
notably relieves the inhibition effect of drought on grain filling
of wheat, and this may relate to the significant increasing of the
Z+ZR concentrations in the grains. However, the external Put had
no significant effect on the Z+ZR concentrations in grains, and it
cannot relieve the inhibition effect of drought on grain filling of
wheat (Liu et al., 2016). These findings mean that the promotive
effect of Spd on the filling of inferior wheat grain is notably related
to the Z+ZR content. GO analysis in the present study revealed
that exogenous Spd significantly affected the BPs involving
cellular responses to CTK stimulus and cell differentiation
(Figure 6D). The number and division rate of endosperm cells
determine the sink size in cereals such as wheat and rice (Chen
etal,,2013). Zhang et al. (2010) suggested that CTKs significantly
increase endosperm cell division and promote the sink strength
of rice grain. In addition, CTK levels notably increased during
the early development of the seeds of both pea and bean (Michael
and Seiler-Kelbitsch 1972; Saha et al., 1986; Morris et al., 1993;
Dietrich et al., 1995). Beside this, CTK was notably related to
the sucrose metabolism. Yang et al. (2002) suggested that ABA
and CTK are involved in controlling plant senescence and
enhanced carbon remobilization when wheat is subjected to
water stress. Lee and Huang (2013) suggested that CTK affects
sucrose metabolism conducing to de novo shoot organogenesis
in rice callus. Wang et al. (2016) suggested that lovastatin, a CTK
inhibitor, inhibited the invertase activity and metabolism and
transport of glucose, fructose, and sucrose of tasgl, a wheat stay-
green mutant; however, the activity of invertase was partially
recovered in tasgl when treated with 6-benzylaminopurine, and
this means that CTK might regulate the stay-green phenotype
of tasgl by regulating the invertase activity involved in sucrose
remobilization. Our previous study suggested that the Z+ZR
contents in grain were significantly and positively correlated with
the SS activities in wheat grain and that a high Z+ZR content
in grain promoted the synthesis of starch, which promoted the
grain filling of wheat (Liang et al., 2017). These mean that CTK
significantly regulated the sucrose metabolism and was involved
in the synthesis from sucrose to starch during wheat grain filling.
These results suggested that Spd increased the Z+ZR contents
in the inferior grain of wheat and promoted endosperm cell
division, thereby increasing the sink size of the inferior grain.
These phenomena caused the inferior grain to accommodate
increased amounts of carbohydrates transported from the stem.
In addition, exogenous Spd also promoted SS and Al activities
and sucrose unloading in the inferior grain, which means that
Spd may affect CTK levels in the grain to promote both increased
sink size and sink strength in the inferior grain and the transport
of sucrose from the stem to that grain. These phenomena may
constitute the main reason why Spd promoted increased filling
of the inferior wheat grain.

In addition to CTKs, ETH and ABA are also involved in the
regulation of grain filling of cereals. Yang et al. (2006) suggested
that high ratio of ABA/ETH under soil drought stress notably
promoted the grain-filling rate of wheat. Lv et al. (2017) suggested
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that foliar applications of potassium significantly promoted the
ABA concentration and reduced ETH evolution rates in inferior
grain and increased the grain-filling rate of inferior grain in
wheat. PAs and ETH share the same synthetic precursor, and
their metabolism is affected by each other (Bisbis et al., 2000).
Wang et al. (2012) suggested that the interaction between PAs
and ETH notably regulated rice grain filling. Liu et al. (2013)
suggested that the promoting effect of external Spd on grain
filling of wheat was significantly related to the increasing of ABA
concentration in grains. In the present study, exogenous Spd
significantly reduced the ETH evolution rate and promoted the
ABA concentration in the inferior grain, whereas MGBG had
the opposite effect. These results are similar to those of previous
studies (Chen et al., 2013; Liu et al., 2013). In addition, previous
studies suggested that ETH inhibits wheat endosperm cell
division (Yang et al., 2017). The ABA increased the sink strength
of the inferior grain and promoted the carbohydrate transport to
inferior grain of rice (Yang and Zhang, 2010). These results mean
that Spd maybe inhibited ETH synthesis and promoted the ABA
concentration to promote the endosperm cell division and sink
strength of wheat grain.

CONCLUSION

PAs significantly affected wheat grain filling and thousand grain
weight. The direct synthetic pathway of Spd from Put in the
grain was a key factor in promoting increased grain filling and
thousand grain weight in wheat. Spd regulates the grain-filling
rate of inferior grain mainly during the early grain-filling period,
affecting wheat grain filling and thousand grain weight. The
promotive effect of Spd on the grain filling of the inferior grain
of wheat was notably related to carbohydrate transport from the
stem to that grain. Spd significantly increased the Z+ZR contents
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Effect of Exogenous Polyamines on Mechanism of Floret Degeneration in
Wheat

LYU Xiao-Kang, WEN Xiao-Xia, LIAO Yun-Cheng, and LIU Yang*

College of Agronomy, Northwest A&F University, Yangling 712100, China

Abstract: Kernel number per spike has a close relationship with floret degeneration in wheat, which is regulated greatly by
polyamines (PAs), one of important plant growth regulators. In this study, we applied exogenous spermine (Spm), spermidine
(Spd) and putrescine (Put) to the young spikes of cultivars Shuangda 1 (large-spike type) and Xinong 538 (small-spike type) to
investigate the effects of PAs on floret degeneration, endogenous hormones, and the carbon and nitrogen changes in wheat floret.
The results indicated that exogenous Spd and Spm had similar effects on floret degeneration whereas exogenous Put was in func-
tion. In the treatments with external Spd and Spm applied, the floret degeneration was inhibited and the number of fertile florets
increased significantly. In the external Put treatment, floret degeneration aggravated and the fertile floret number decreased sig-
nificantly. Such influence by external PAs was different in upper and lower florets of a spike and the upper florets (inferior florets)
showed greater effects than the lower ones (superior florets). The concerntrations of endogenous Spd and Spm, zeatin (Z) + zeatin
ridoside (ZR), and the ratio of Z+ZR-t0-abscisic acid (ABA) in inferior florets increased after applying exogenous Spd and Spm.
However, the evolution rate of endogenous ethylene (ETH) in inferior floret decreased. As a result, the total soluble sugar and
protein contents increased significantly in inferior floret. In contrast, exogenous Put showed reverse effects compared to Spd and
Spm. Our results indicate that PAs were involved in the regulation of floret degeneration by changing the endogenous hormone
concerntrations and the carbon and nitrogen metabolism in wheat plants.
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S1: 1 mmol L™ exogenous Spd applied; S2: 1 mmol L™ exogenous Spm applied; P1: 2 mmol L™ exogenous Put applied; CK: control.

2.4 ( 5) 10d
, Z+ZR Z+ZR , 2d
, 18 d : , Z+ZR
10d, Z+ZR , , 6d 2d,



9 : 1395

120 - Shuangda 1 120 - Xinong 538
2012-2013 2012-2013
S|
-I[ i[ E mm S2
90 — Pl —~ 90| { {
& —CK S
~ o)
p A
B 60 S 6ol
g S
% e
= o
£ 30| = 30}
o LA [ IR ] | L[ Y] | 0 jl‘\l-l_iL.EA
1 2 3 4 5 6 1 2 3 4 5 6
120 -
120 - 2013-2014 2013-2014
BT 1 i
—~ 90 | 90 -
< S
f 5 .
= g
£ 60 - 5 60 L
2 2
br—] ()
5 &
= 30| 8 30t
0 Ll L | | _.Iljlj_ll_.:u 0 L | | _jljﬂ_ll_[l‘_AA
1 2 3 4 5 6 1 2 3 4 5 6

Floret position

3 SMNRZBRMAREEAMARZNERNFMN
Fig. 3 Effect of exogenous polyamines on the fertile floret number ratio of different floret set of wheat
S1: 1 mmol L™ Spd; S2: 1 mmol L™ Spm; P1: 2 mmol L™ Put; CK: ( )
S1: 1 mmol L™ exogenous Spd applied; S2: 1 mmol L™ exogenous Spm applied; P1: 2 mmol L™ exogenous Put applied; CK: control.

Z+ZR
, 1 Z+ZR 2.5
538 Spd  Spm
Z+ZR , Put Z+ZR ,
ABA - - -
, , 14d 6d ,
ABA : - - , 6 d
18d 6d ABA ( 6) 1
; , 538 Spd Spm  Put
ABA
Spd  Spm ABA , Put
, Put ABA , Spd  Spm
1 ABA 538
, ETH i
ETH 3 itig
538 ETH 1 3.1
Spd  Spm ETH
Put ETH

ETH (-6l



1396 42

240 - 240 -
Shuangda 1 Xinong 538

180 180

120

120

60 60

Free Spm content (nmol g FW™)

0 1 1 O 1 1 1

18 16 14 12 10 8 6 4 2 0 18 16 14 12 10 8 6 4 2 0
400 - 400
300 300

200 200

100 100

Free Spd content (nmol g FW™)

0L I Y I — L | [ S S IS E— | N I N |
18 16 14 12 10 8 6 4 2 O 18 16 14 12 10 8 6 4 2 0
900 900
z
2 600 600 |-
[=]
E
£
5
1=
S
5 300 300 -
Ay
8
3
0L TR
18 16 14 12 10 8 6 4 2 O 18 16 14 12 10 8 6 4 2 0

Days before anthesis (d)

B4 SMNEZERMNENERNIRS RS 2 RIF0E(2013-2014)
Fig. 4 Effect of exogenous polyamlnes on endogenous PA contents in wheat floret (2013 2014)
S: 1 ; S1: 1 mmol L™ Spd; S2: 1 mmol L™ Spm; P1: 2 mmol L™ Put; CK: ( )
S: superior floret; I: inferior floret; S1: 1 mmol L™ exogenous Spd applied; S2: 1 mmol L™ exogenous Spm applied; P1: 2 mmol L™
exogenous Put applied; CK: control.
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Fig. 5 Effect of exogenous polyamines on endogenous hormone contents in wheat floret (2013-2014)
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K IR RAY M
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(AR RAMBH R AR A e, BRI % 7121000

BE: (BN REEHECFERLEIRE/A T ZNA, RV AP EZHBAREE. TATRT
PEAE AT LA Ay Fo LSRR A A % A Y R0, A BY TR A R B VT HF E R R . AR A 33 Al e o A
MGG AR, FOHRPEAER LR B EWG P, R R AR B WA %+ Ao 23R PALME J Y
MR, A RS ERERFEAREA LB, 7] UFEELE R LRAF AR, ¥ AHHESH
#E(PT) Ky a8, SRR (CPT) Fosedh (ZT) AARRA MEHIET X, KA LR G & PCR AR, ME L%
T W 9% B LB AL AT, T AE BB R E A0 5 DR R EZ B kR, [4
R KB ARFEHECABEZHATTZLEZFPH, TRGHET AL RARBFHHEFZATR
W, PR3 MPHET RAATFABEN AR, EARGHET AT, LRBRENZEPTLY, EEUER
Z, ZEERBEEEE, RABRANTERESN. HETAMLREMUERBEL O AR FN YT, 5K
GEAEL, FRHfehr A EFRGLEEL. Ao 28 ARG EMRE. BEEHREE. EEEH
BT (CPCA) HRAW, LRMAENMEFEAEMERRUEZZBMET XOPm, JF LB E Mm%
FREEAEREIHEL, ERHTAT, LBHEE. APWESASEFTEZF VW LRAWHEIA; EHEMD
MART, LETERREENLANEARBTUFEF DO LRAFTHELN. (LR ZEX HRARY HHE,
LU LA A R AR E A, AR EF Y RS, ATY R LR EN T WA, R
ERADWEACELA B EF YW L RAE A FE.

KR RPMHHE TRMAS REA; BEFE PREAMS BELEX

Effect of Conservation Tillage Practices on Soil Microbial
Spatial Distribution and Soil Physico-Chemical
Properties of the Northwest Dryland
LI Tong, WANG ZiTing, LIU Lu, LIAO YunCheng, LIU Yang, HAN Juan

(College of Agronomy, Northwest Agriculture and Forestry University, Yangling 712100, Shaanxi)

doi: 10.3864/j.issn.0578-1752.2017.05.009

Abstract: [Objective] Conservation tillage has been applied widely in the arid region of Northwest China, it is an important

technical

measure of agricultural production, explorating the effect of conservation tillage on soil fertility and soil microbial

community structure and will help the sustainable development of agricultural production. This experiment from the angle of the
combination of soil physico-chemical properties and microorganism to investigate the effect of conservation tillage on soil microbial
spatial structure, and the relevance of abundance of microbial communities and soil physico-chemical properties of dryland wheat
field, providing a theoretical basis and practical support measures for the promotion of conservation tillage. [Method] In this
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experiment, the soil of arid region in Northwest China was used as the research object, compared to conservational plow tillage (PT),
two kinds of conservation tillage methods, including chisel plow tillage (CPT) and zero tillage (ZT) were designed, the indicators of
soil physico-chemical properties and the abundance of microbial communities were measured by using real-time PCR, and the
relations between the spatial distribution of microbial communities and soil physico-chemical properties and conservation tillage
were analyzed. [Result] Long-term conservation tillage had a significant effect on the environment of dryland wheat field, the
abundance of soil fungi and bacterial communities had different effects with different tillage methods, they showed different levels of
response to the three tillages. In different tillage methods, the spatial distribution of soil microbe was uneven, continuity was poor,
higher spatial variability, and showed a strong spatial aggregated distribution. There were also significant effects of tillage method on
soil physico-chemical properties and enzyme activities, compared with traditional tillage, chisel plow tillage and zero tillage could
significantly improve soil clay, water, total nitrogen, ammonium nitrogen content and urease and invertase activities. The results of
canonical principal component analysis (CPCA) showed that the changes of soil microbial community abundance and
physico-chemical properties were mainly affected by tillage methods, and the soil microbial community abundance is closely related
to physico-chemical properties, under the zero tillage mode, the content of soil clay, water and ammonium nitrogen significantly
affected the distribution of soil bacterial community, and under chisel plow tillage mode, the content of soil soluble carbon and the
activity of catalase significantly affected the distribution of soil fungal communities. [ Conclusion] Using conservation tillage in
dryland wheat field could affect the abundance and the spatial distribution of soil microbial communities, and significantly affected
soil physico-chemical properties, and then affecting the spatial structure of soil microbes. Simultaneously, soil moisture and the
contents of carbon and nitrogen were respectively significantly affected soil bacteria and fungi community abundance.

Key words: conservation tillage; soil microbial; spatial distribution; community abundance; soil physico-chemical properties;
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Fig. 2 Kriging maps of the spatial interpolation of soil fungi community abundance with three tillages
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Fig. 3 Kriging maps of the spatial interpolation of soil bacteria community abundance with three tillages
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Table 1 The semi-variance model type and parameters of soil microbial community abundance
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Table 2 Physico-chemical factors affecting the distribution of bacteria and fungi communities under different tillages
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3 0.195 Clay, TN, Sucrase 0.41 DOC, NHy, Sucrase
et 1 0.318 VHC 0.249 Catalase
4l 2 0.32 VHC, NOs-N 0.382 pH, Catalase

3 0.368 Clay, Sucrase, Catalase 0.424 pH, DOC, Catalase
IRAAHE 1 0.255 NH,-N 0.203 NO3-N
cPT 2 0.348 NH4-N, TN 0.264 DOC, DON

3 0.347 NH,-N, DON, TN 0.286 DOC, NOs-N, DON
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