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Abstract: Potassium (K) has a significant effect on wheat yield and quality. Owing to the limitations
of irrigation and production costs, soil-based applications of potassium fertilizer are not performed
in wheat production on the Loess Plateau of China. In the late growth stage of wheat, potassium
deficiency occurs even under sufficient nitrogen/phosphorus (N/P) levels, so it is necessary to
supplement potassium through foliar spraying. However, there are few studies on the effect of the
foliar application of potassium fertilizer (KFA) on wheat quality. Field experiments were conducted
at two experimental sites for 2 years to study the effects of different potassium fertilizer application
levels and periods on wheat yield and quality. The results showed that KFA had no significant effect
on the yield of the wheat variety Xinong 20 (XN20) but increased the yield of the wheat variety
Xiaoyan 22 (XY22). The improvement effect of KFA on the wet gluten content and stabilization
time (ST) of XN20 was better than that on these parameters of XY22, while the sedimentation value
(SV) and formation time (FT) showed the opposite trend. KFA significantly reduced the albumin
content of the two varieties but had no significant effect on the globulin content. Compared with
that at the other two stages, the potassium application in the form of potash fertilizer spray at a
concentration of 60 mmol L™1 (K;) at the flowering stage (BBCH 65) significantly increased the
protein content, wet gluten content, SV and gluten protein content in XN20 grains, whereas the
application at 10 days after flowering (AA10, BBCH 71) at the K; concentration was more beneficial to
prolonging the dough FT. For XY22, the application of potassium fertilizer at the K, concentration at
the flowering stage increased the wet gluten and gluten protein levels and dough development time.
There were significant genotypic differences in the composition and content of HMW-GS between
the two varieties. KFA significantly increased the levels of the 1, 7 + 8, and 4 + 12 subunits in XN20
and the 1 subunit in XY22, but had no significant effect on the 2 + 12 subunit in XY22. Partial least
squares path modelling (PLS-PM) analysis showed that the processing quality indexes (SV, FT, ST)
and gluten protein and HMW-GS levels were regulated by the potassium fertilizer foliar spraying
stage and concentration and revealed in part that KFA affected the processing quality by affecting
the HMW-GS content.

Keywords: yield; protein and protein components; dough rheological properties; HMW-GS

1. Introduction

Wheat (Triticum aestivum L.) is a staple crop that is important for global food secu-
rity [1]. With economic development and the improvement in living standards, there is
an increasing demand for high-quality wheat. As the wheat yield increases, sufficient
attention should be given to grain quality to achieve simultaneous growth in both quantity
and quality [2,3]. Therefore, the identification of effective measures to improve wheat
quality to meet the market demand for high-quality wheat is particularly important.

Potassium (K) is one of the essential nutrient elements for plants, and it is involved in
photosynthesis, carbohydrate and protein formation, water and nutrient transport, and
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nitrogen utilization [4]. Therefore, it has significant effects on wheat yield and quality [5,6].
In Northwest China, the soil is traditionally considered to be rich in potassium [7], nitrogen
and phosphate fertilizers are the main fertilizers used in wheat production, while potassium
fertilizer is rarely applied. However, an increase in crop yield leads to a decrease in the
soil potassium content, and the senescence of the root system in the late wheat growth
stage weakens the plant’s nutrient absorption ability, which results in potassium shortages
following wheat production [8].

Potassium deficiency has negative effects on the yield and quality of wheat [9], and
reduces the quality and quantity of agricultural products [10,11]. The current literature
indicates that at the global level, K is as limiting as N and P for plant productivity in terres-
trial ecosystems [11]. Foliar fertilization increased corn height, leaf area, fresh matter, and
yield [12]. However, improper foliage fertilization could also cause leaf wilt, thus reducing
leaf effective surface and photosynthetic efficiency [13]. In addition, potassium deficiency
leads to reductions in both the number and size of leaves produced, resulting in a decrease
in the amount of photosynthetic assimilates available for growth and ultimately having
strong negative effects on production yield and quality [9]. Therefore, supplementing
potassium in the late stages of production is favourable for wheat production.

Foliar fertilization has many advantages over soil fertilization and can compensate for
a lack of soil fertilization. As a supplementary means of basic fertilization, foliar spraying
can improve crop nutrient absorption and transformation efficiency, which is often recom-
mended in production. However, when large amounts of nutrients are needed for crop
supply, the effect of foliar fertilization is limited [14]. Moreover, the spray concentration
must be considered to avoid burning the leaves. The absorption rate and utilization effi-
ciency of nutrients applied to crop leaves are much higher than those of fertilizers applied
to soil [15]. Due to the complex soil environment and soil fertilization, the crop absorption
efficiency was low, and foliar spraying of iron and magnesium is an ideal practice [16].
Compared with soil K fertilization, foliar application of potassium fertilizer (KFA) has the
advantages of low cost and no restriction of irrigation conditions and can be combined
with simultaneous insect control spray management (one spraying event with three pre-
vention measures). For these reasons, KFA is of great significance in wheat production in
northern China.

Protein components play an important role in nutritional quality and processing
quality of grain [17], and are the main factors determining wheat quality [18]. It is generally
believed that gliadin plays a major role in dough elongation, while gluten plays a major
role in the elasticity or strength of the dough [2]. Among the rheological properties of
wheat dough, the dough formation time (FT), stabilization time (ST), and sedimentation
value (SV), which directly affect dough strength, are the most direct and accurate indexes
reflecting the wheat processing quality [19]. Differences in the grain glutenin levels affect
the dough FT, ST, and SV [20]. In addition, the high molecular weight glutenin subunit
(HMW-GS) is an important component of grain protein, and its composition and content
are important indicators of wheat processing quality [21]. Appropriate amounts of K
fertilizer were shown to increase the wheat yield [22], and quality indexes such as the wet
gluten content, SV, ST, protein content, and protein yield, especially the wet gluten content
and protein content, were significantly increased [23]. Previous studies on the effect of
potassium fertilizer on quality have mainly focused on soil potassium application, and
there have been few studies on KFA.

Numerous studies have found that the influence of KFA on the grain weight and
quality of wheat is complex. The effect of KFA on grain weight of different varieties differed
greatly due to differences in the gluten types of wheat [24]. Variation in the amounts and
periods of potassium application to soil resulted in large differences in yield and the rational
application of potassium fertilizer could significantly improve wheat yield and quality [6].
The appropriate application of potassium fertilizer can increase the wheat yield and the
crude protein content [25]. However, some studies have shown that the grain quality of
wheat decreases after the application of potassium fertilizer [21]. Although there are many
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studies on the effect of potassium fertilizer application on wheat yield and quality, previous
research has focused mainly on the effect of soil application of potassium fertilizer, and
there are few studies on the effects of the amount and period of KFA.

It is well known that the potassium fertilizer has an effect on wheat yield and quality.
In this study, different concentrations of potassium fertilizer were sprayed on the wheat
leaves at three stages. The effects of foliar application of potassium on wheat grain yield,
protein and protein components, wet gluten content, and dough mixing were studied. The
characteristics and influence of quality indicators such as HMW-GSs were investigated, and
whether HMW-GSs are closely related to the processing quality of wheat was determined
to help guide the development of potassium farmland management measures suitable for
local production.

2. Materials and Methods
2.1. Experimental Sites

Field experiments were conducted at the Crop Specimen Farm of Northwest A&F
University (CSF, 34°160' N, 108°4’ E; altitude 521 m) and Doukou wheat and maize test
station (DK, 34°36’ N, 108°52' E; altitude 427.4 m), Shaanxi Province, during 20162017
and 2017-2018. The soil type was loamy clay, and the soil physical and chemical properties
and the temperature and rainfall are listed in Table 1 and Figure 1. In this study, two
winter wheat varieties (provided by Northwest A&F University, Yangling, China), namely,
the strong gluten wheat variety Xinong 20 (XN20) and the medium gluten wheat variety
Xiaoyan 22 (XY22), were grown for experimentation. Nitrogen and phosphorus fertilizers
were applied as basal fertilizers (soil tillage was used, and no herbicides, fungicides,
or insecticides were applied) in one application of 150 kg ha~! urea and 100 kg ha~!
diammonium phosphate (N 69 kg ha~!, P205 53.8 kg ha~!), respectively. The wheat at
CSF was sown on 12 October 2016 and 3 October 2017, and the wheat at DK was sown on
18 October 2016 and 10 October 2017. The seedling rate at all the test sites was 150 kg ha~1,
and the row spacing was 0.25 m. Each test site was subjected to 24 treatments in a split-zone
test design, and each treatment had three replicates with a plot size of 5 x 3 m.

Table 1. Soil chemical properties of the 0—20 cm top soil.

Sit SOM AP AK TN TP TK
1te

(gkg™1) (mgkg™1) (mgkg1) (gkg™1) (gkg™1) (gkg™1)
CSFE 12.31 7.91 167.44 0.78 0.71 15.52
DK 15.99 23.63 259.48 1.26 1.11 27.44

CSF: Crop specimen farm; DK: DouKou experimental station; SOM: Soil organic matter; AP: Available phosphorus;
AK: Available potassium; TN: Total nitrogen; TP: Total phosphorus; TK: Total potassium.

In this experiment, potassium chloride (KCI) was sprayed at the wheat booting stage
(BBCHA48), flowering stage (BBCH 65), and 10 days after flowering (AA10, BBCH 71). Potash
fertilizer spray concentrations of 30 mmol L~! (K1), 60 mmol L~! (K2), and 90 mmol L~!
(K3) were used, and the spraying rate was 750 kg hm~2 at each application. An equal
volume of deionized water was applied to control plants (CK). At each spraying time point,
spraying was carried out from 17:00 to 19:00 every day for two consecutive days. The
monthly rainfall and average air temperatures from sowing to harvest in the two crop
seasons and the soil chemical properties of the topsoil (0-20 cm) are shown in Figure 1 and
Table 1.
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Figure 1. Precipitation and temperature changes in the winter wheat growth season from 2016 to 2018. CSF: Crop specimen

farm; DK: Doukou wheat and maize test station.

2.2. Experimental Design
2.2.1. Grain Yield Determination

Three 1 m? areas in each plot (excluding the boundary) were selected, and the plants
in those areas were harvested. The wheat grains were dried naturally and were used to
measure the quality parameters. The number of spikes in each sampling area was counted
to calculate the spikes per hectare. The kernel number of each spike was determined
by counting the total number of grains on 50 spikes. Thousand-kernel weights were
determined by randomly selecting 1000 kernels, with three replicates.

2.2.2. Determination of the Protein Content and Components, Wet Gluten Content, and
Dough Rheological Properties

A near-infrared reflectance instrument (Diode Array 7200, Perten Instruments AB,
Sweden) was used to estimate the protein content, wet gluten content, SV, dough ST, and
FT of the grain, which were determined as described previously [26]. The sample plate
with the instrument was filled with wheat grains and flattened. Then, the sample disc was
put into the analysis position, and the analysis was started. Each test was conducted three
times, and the average value of the test data was calculated. Three technical repetitions
were performed per sample.

According to the solubility of proteins in various solvents, four protein components,
namely, albumin, globulin, prolamin, and glutenin, were extracted in sequence according
to a previous study [27]. Extraction of albumin was performed as follows: One gram of
flour was weighed and placed in a test tube, and 10 mL of distilled water was added. Then,
the mixture was oscillated for 30 min. The supernatant was centrifuged at 4000 r/min
for 15 min and transferred to a 50 mL volumetric flask. After continuous extraction for
three times, the supernatant was put into a 50 mL volumetric flask and the volume was
measured. The extracts of globulin, gliadin, and glutelin were obtained in 10% NaCl, 75%
ethanol, and 0.2% NaOH, respectively. The glutenin content was determined by biuret
colorimetry [28], and the levels of the other three proteins were determined by Coomassie
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brilliant blue staining [29]. Each sample was measured three times on the basis of internal
calibration, and the average value was calculated.

2.2.3. Quantification of HMW-GSs by Reversed-Phase High-Performance Liquid
Chromatography (RP-HPLC)

The extraction and separation of glutenin were based on the method described by [30].
Samples were eluted by a Hitachi liquid chromatograph (coupled to D-2000 Elite HSM
software, an L-2400 UV detector, an L-2300 column incubator, and an L-2130 pump)
equipped with a Zobax 300SB-C18 analytical column (aperture 300, particle size 3.5 um,
150 x 4.6 mm). Mobile solvents A and B were deionized water and acetonitrile, respectively,
and each solvent contained 0.1% (v/v) trifluoroacetic acid. The injection volume was 20 mL,
and the column temperature was maintained at 50 °C. Elution was performed at a flow rate
of 1.0 mL min~!, and detection was performed by measuring the ultraviolet absorbance
at 210 nm. The proteins were eluted with a linear gradient from 24 to 48% solvent B
over 55 min with a 10-min equilibration period at a flow rate of 1.0 mL min~!. An initial
isocratic condition with 24% solvent B was followed by a 50 min linear gradient from
24 to 56% solvent B. After each run, the column was cleaned with 90% solvent B (5 min)
and equilibrated with the starting concentration of solvent B (10 min). The HMW-GS
content was calculated from the area under the curve in the RP-HPLC chromatogram.

2.3. Data Analysis

The annual results were subjected to ANOVA and correlation analysis using SPSS 16.0
for Windows. The analysis was conducted by a split-plot design, and the mean value was
analysed by the least significant difference (LSD) method, p = 0.05, LSD 0.05. In addition,
partial least squares path modelling (PLS-PM) was used to show the relationships among
the potassium fertilizer, protein content, HMW-GSs, and processing quality indexes. The
degree to which latent variables (i.e., period and concentration of KFA, protein content,
HMW-GSs, and processing quality indexes) explained the observed variables were deter-
mined using PLS-PM. The path coefficients and R? were used to show the strength and
direction of relationships between latent variables and assess the proportion of explained
variance. An average variance extracted (AVE) and composite reliability (CR) greater than
0.5 and 0.7, respectively, suggest that the model was effective. Smart PLS (version 3.2.9)
was used for PLS-PM [31,32]. All figures were prepared using Origin 2019. The data for
each index in the figures were the averages for the two sites in the 2 years.

3. Results
3.1. Yield and Grain Protein Concentrations

The results showed that the yield and protein content of XN20 were significantly
affected by the year and location, and the protein content was also significantly affected
by the spraying period and concentration of potassium fertilizer (Table 2). The yield of
XY22 was significantly affected by the year and potassium fertilizer concentration, and
the protein content was significantly affected by the location, potassium fertilizer spraying
period, and concentration (Table 3). The varieties significantly affected the yield and protein
content ((Supplementary Table S1). KFA had no significant effect on the yield of XN20,
but it increased the yield of XY22, and the effect was strongest under the K, concentration
(Figure 2). There was a significant difference in protein content between the two varieties
in each year. The grain protein concentrations of XN20 were significantly higher than those
of XY22 (Figure 3). There were significant differences in protein content between the two
varieties during the three spraying periods, and the effect of spraying during flowering or
at 10 days after flowering was significantly higher than that at the booting stage. The K,
treatment at anthesis of XN20 and XY22 led to the highest grain protein for both varieties
(increasing by 7.9 and 6.8%, respectively), and the yield was significantly higher than that
in the CK treatment.
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Table 2. Variance analysis of the effects of year, experimental site, and foliar application stage and concentration of potassium fertilizer on yield, protein and components, wet gluten,
sedimentation value, and rheological properties of dough of wheat XN 20.

Factor Yield Protein Gﬁin Sedl\lg TEZatlon Stab]{::rzlztlon Dev?rli(g?ent Albumin Globulin Gliadin Glutelin
Year (Y) 7.67 ** 22.54 ** 93.36 ** 15.68 ** 45.09 ** 35.74 ** 53.93 ** 84.05 ** 399.99 ** 332.53 **
Area (A) 19.52 ** 89.97 ** 81.90 ** 10.18 ** 7.06 ** 2.71 206.04 ** 331.01 ** 1353.66 ** 113.66 **
Stage (S) 1.31 12.93 ** 7.79 ** 4.08 * 42.00 ** 44,10 ** 10.99 ** 2.51 70.59 ** 63.10 **

Concentration (C) 1.77 61.85 ** 13.86 ** 8.97 ** 117.44 ** 154.13 ** 6.37 ** 2.74% 318.22 ** 259.99 **

Y x A 12.28 ** 0.12 241 111.43 ** 10.28 ** 10.08 ** 0.88 6.12* 16.49 ** 1.01

Y xS 0.50 0.41 2.06 0.52 3.49 % 0.35 12.13 ** 0.22 0.31 0.43

Y x C 0.57 1.07 0.11 0.11 0.78 1.25 3.38* 1.21 1.63 1.94

A xS 2.14 1.05 1.93 0.62 7.52 ** 10.39 ** 12.76 ** 0.41 2.63 10.42 **

A xC 0.02 0.21 438 ** 0.07 1.03 1.33 1.62 0.13 0.42 2.37

SxC 0.28 1.51 1.30 1.02 3.34 ** 7.05 ** 3.31 ** 0.31 5.50 ** 7.72 **

YxAXS 1.15 0.34 6.16 ** 0.28 3.61*% 3.89 % 11.76 ** 0.16 2.12 435*
Y xAxC 0.62 0.52 0.67 0.22 0.75 1.41 4.83 ** 0.61 3.79 * 1.85
Y xS xC 0.25 0.12 1.06 0.11 0.31 1.14 1.71 1.68 0.78 1.74
AxSxC 0.49 0.13 1.10 0.29 1.42 2.23% 2.99 * 0.08 2.13 1.49
YxAxSxC 0.32 0.11 0.74 0.75 1.51 1.52 1.56 0.68 191 3.06 **

* And **, significantly at 0.05 and 0.01 probability level, respectively.
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Table 3. Variance analysis of the effects of year, experimental site, and foliar application stage and concentration of potassium fertilizer on yield, protein and components, wet gluten,
sedimentation value, and rheological properties of dough of wheat XY22.

Wet

Sedimentation

Stabilization

Development

Factor Yield Protein Gluten Value Time Time Albumin Globulin Gliadin Glutelin
Year (Y) 13.75 ** 3.17 11.26 ** 149.44 ** 295.69 ** 48.02 ** 5.59 * 377.03 ** 280.69 ** 496.25 **
Area (A) 1.01 42.89 ** 14.41 ** 81.25 ** 0.13 233.69 ** 23.23 ** 21.75 ** 338.69 ** 436.00 **
Stage (S) 1.06 8.25 ** 7.18 ** 2.61 12.27 ** 45.50 ** 42.00 ** 1.11 9.69 ** 24.27 **

Concentration (C) 3.98 * 25.67 ** 10.71 ** 5.72 ** 4.82 ** 83.11 ** 156.63 ** 4.87 ** 16.04 ** 222.41 **

Y x A 11.68 ** 9.62 ** 2.79 0.45 243.07 ** 143.34 ** 101.02 ** 160.54 ** 56.76 ** 2.31

Y xS 0.27 0.03 1.13 0.02 2.55 1.73 4.04* 1.53 2.49 1.07

Y x C 0.24 0.66 1.94 0.33 3.20% 191 3.00 * 0.77 4.83 ** 0.07

A xS 1.17 0.33 0.56 0.26 0.95 1.76 7.52 ** 0.16 1.55 0.06

A xC 0.90 0.02 0.77 0.18 2.01 2.16 28.94 ** 0.41 8.42 ** 8.33 **

SxC 0.62 1.56 1.06 0.34 2.25* 4.88 ** 7.35 ** 0.43 0.81 8.21 **

YxAXxS 0.03 0.49 1.14 0.99 242 3.58 * 3.51*% 0.12 5.22 ** 1.76
Y xAxC 0.05 0.86 0.14 0.65 6.08 ** 1.43 0.89 0.22 3.07 * 1.81
Y xSxC 0.18 0.21 0.59 041 2.18 0.59 3.68 ** 0.05 0.51 0.88
AxSxC 0.67 0.15 0.83 0.47 0.49 0.89 10.44 ** 0.26 0.83 2.19
YxAxSxC 0.08 0.26 0.44 0.43 2.37* 3.01 ** 1.27 0.13 1.34 1.14

* And **, significantly at 0.05 and 0.01 probability level, respectively.
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Figure 3. Effects of potassium foliar application on the protein and wet gluten of wheat with Xinong 20 and Xiaoyan 22. I
and III represented Xinong 20, and II and IV represented Xiaoyan 22. Booting (BBCH 48), Anthesis (BBCH 65), and AA10
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3.2. Changes in Dough Rheological Properties

The year, site, and KFA all significantly affected the wet gluten content, SV, and ST
of XN20, and the FT was significantly affected by the year, potassium fertilizer spraying
stage, and concentration (Table 2). The year, site, and KFA all significantly affected the wet
gluten content and FT of XY22, the SV was significantly affected by the year and potassium
fertilizer spraying concentration, and the ST was significantly affected by the year, potas-
sium fertilizer spraying stage, and concentration (Table 3). In addition, the interaction of
the spraying stage and K level notably affected the dough FT and ST (Tables 2 and 3). The
variety significantly affected wet gluten, SV, ST, and FT of the two varieties (Supplementary
Table S1). The interaction of years, locations, and varieties significantly affected the SV, ST,
and FT of the two varieties. There were significant differences in the wet gluten content,
SV, and ST between years.

As shown in Figure 4, the SV and the dough formation and stabilization times of
XN20 were approximately 3—4 times higher than those of XY22. The improvement effect
of KFA on the wet gluten content and ST of XN20 was better than that of XY22, while the
SV and FT showed an opposite trend. For XN20, the application of potassium fertilizer at
the flowering stage with the K2 level had better effects on the wet gluten content, SV, and
dough ST than did the application at the other stages. The FT was greatest under AA10
with the K2 concentration (increasing by 13.91%), although it did not significantly differ
from that achieved with spraying at the flowering stage. For XY22, spraying potassium at
the K2 concentration was more effective at prolonging the dough ST and FT and increasing
the wet gluten content and SV when conducted at anthesis than at other times (increasing
the values by 8.10, 18.60, 4.21, and 3.40%).
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Figure 4. Effects of potassium foliar application on the rheological properties of wheat with Xinong 20 and Xiaoyan 22. I,
III, and V represented Xinong 20, and II, IV, and VI represented Xiaoyan 22. Booting Booting (BBCH 48), Anthesis (BBCH
65), and AA10 (BBCH 71): Potassium fertilizer foliar sprayed at booting stage, anthesis stages, and 10 days post anthesis,
respectively. K, Ky, and K3 represented the application concentration of potassium 30, 60, and 90 mmol L™, respectively.
CK: Same amount of deionized water was sprayed on the leaves. Vertical bars represent the mean values + standard
deviation (n = 3). Different lower-case letters indicate a significant difference (p < 0.05). Different capital letters indicate a
significant difference (p < 0.05) among different spraying stages.
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3.3. Changes in Protein Fractions

The year, site, and KFA all significantly affected the albumin, gliadin, and glutelin
levels and globulin was significantly affected by the year, site, and potassium fertilizer
spray concentration (Tables 2 and 3). In addition, the interaction of the spraying period
and K level notably affected the levels of albumin, prolamin, and gluten of XN20 and the
contents of albumin and gluten in XY22. The variety significantly affected the albumin,
globulin, gliadin, and gluten levels (Supplementary Table S1). The interaction of the
year, location, and variety significantly affected the albumin, globulin, and gliadin levels
in the two varieties. There were significant differences in the four protein components
between years.

As shown in Figures 5 and 6, the albumin content of XN20 was lower than that of
XY22, while the contents of the other three proteins showed the opposite trend. KFA
increased the contents of prolamin and glutenin in both varieties but was not conducive to
the accumulation of nutritional albumin and had no significant effect on globulin content.
Compared with the potassium application in the other two spraying periods, the potassium
fertilizer applied 10 days after flowering had a stronger effect on gluten content in XN20.
However, for XY22, spraying at the flowering stage had the greatest effect on the gluten
content, and the increase was strongest with the K, concentration. The content of albumin
in both varieties decreased considerably under KFA at the K, concentration at 10 days after
anthesis. When the potassium fertilizer was sprayed on the leaves of XN20 at 10 days post
flowering, the contents of gliadin and gluten increased by 16.08 and 15.93%, respectively.
In addition, the gliadin and gluten levels in XY22 increased by 4.90 and 17.12% under KFA
at the K, concentration at anthesis.
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Figure 5. Effects of potassium foliar application on the Albumin and Globulin of wheat with Xinong 20 and Xiaoyan 22. I
and III represented Xinong 20, and II and IV represented Xiaoyan 22. Booting (BBCH 48), Anthesis (BBCH 65), and AA10

(BBCH 71): Potassium ferti
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amount of deionized water was sprayed on the leaves. Vertical bars represent the mean values + standard deviation (n = 3).

Different lower-case letters indicate a significant difference (p < 0.05). Different capital letters indicate a significant difference

(p < 0.05) among different spraying stages.
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Figure 6. Effects of potassium foliar application on the Gliadin and Glutelin of wheat with Xinong 20 and Xiaoyan 22. I
and III represented Xinong 20, and II and IV represented Xiaoyan 22. Booting (BBCH 48), Anthesis (BBCH 65), and AA10
(BBCH 71): Potassium fertilizer foliar sprayed at booting stage, anthesis stages, and 10 days post anthesis, respectively.
K1, K,, and K3 represented the application concentration of potassium 30, 60, and 90 mmol L~1, respectively. CK: Same
amount of deionized water was sprayed on the leaves. Vertical bars represent the mean values + standard deviation (n = 3).
Different lower-case letters indicate a significant difference (p < 0.05). Different capital letters indicate a significant difference
(p < 0.05) among different spraying stages.

3.4. Effect of KFA on the HMW-GS Content in Grain

As shown in Figure 7, according to the previously described naming method [33], the
subunit composition of XN20 was 1, 7 + 8, and 4 + 12, and the subunit composition of
XY22 was 1,7 + 9, and 2 + 12. Moreover, the subunit composition of HMW-GSs was not
affected by KFA. The composition and concentration of HMW-GSs had important effects
on the quality of dough processing. Here, we focused on the effect of KFA on the level of
each subunit.

The contents of subunits 1 and 7 + 8 in XN20 were significantly affected by the year,
site, and KFA, the level of the 4 + 12 subunits in XN20 was significantly affected by the year,
site, and potassium fertilizer spray concentration, and the contents of subunits 7 + 9 and
2 + 12 in XY220 were markedly affected by the potassium fertilizer application (Table 4).
The interaction between the spraying period and concentration of potassium fertilizer
significantly affected the HMW-GS content of the two varieties, except for subunit 4 + 12
of XN20. The content of subunits in XN20 was significantly higher than that in XY22,
and KFA significantly increased the contents of each subunit in XN20 and 1 subunit in
XY22 (Figure 8). Moreover, in XN20, the level t of subunit 1 was lower than those of the
7 + 8 and 4 + 12 subunits (Figure 8). The content of subunit 1 in flowering stage A was
significantly higher than that in the booting stage and AA10. However, there was no
significant difference in the content of subunits 4 + 12 among the different spraying periods.
The content of each subunit in XN20 increased most obviously at the K; concentration.
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Asorbance at 210nm(AU)

There was an interaction effect of the spraying time and amount on the contents of subunits
1and 7 + 8, and the greatest increases (of 23.95 and 6.32%, respectively) were observed in
response to the K, concentration at the flowering stage.

HMW-GS LMW-GS
47
12 9 ﬁ .!:
A L N XY22
A Y _j\_ . .
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i
|
12 |
n N
| Wy ‘, ,1 / / XN20
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Figure 7. Reverse phase high performance liquid chromatography (SE-HPLC) image of high molecular weight gluten
subunit (HMW-GS). KFA was the potassium foliar application on wheat. CK was applied as the same amount of water.

Table 4. Variance analysis of the effects of year, experimental site, and foliar application stage and
concentration of potassium fertilizer on the HMW-GS content of wheat XN20 and XY22.

HMW-GS (XN20) HMW-GS (XY22)

Factor
1 7+8 4+12 1 749 2+12
Year (Y) 2233%  1092% 3522 0.46 17811% 24432 %
Area (A) 31.50%  2955%  623.06* 3.32 0.13 3.29
Stage (S) 87.00%  1252% 049 30.8 ** 1555  18.17*
Concigratm 11452 4857* 7.82 % 6115% 1259  19.19*
Y x A 4391 % 6.99*  559.05**  365.44**  37438**  503.88*
Y xS 3.24% 0.91 2.67 15.72 1.57 1.18
Y x C 0.16 11.35 ** 0.20 8.38 5.47 * 10.16 **
AXS 6.93 +* 27.20 ** 0.11 0.14 1.33 0.85
AxC 0.19 0.99 0.05 0.27 8.55 ** 10.22
SxC 7.68 ** 2.46* 0.66 3.83 % 279 % 4.86*
Y x AxS 475% 6.90 ** 3.69* 0.14 0.56 1.30
Y xAxC 0.23 0.73 111 0.27 7.64 % 10.65 **
YxSxC 0.94 0.59 0.06 3.50 ** 0.33 0.96
AxSxC 0.71 4.90 ** 0.53 0.15 0.41 1.01
YxAxSxC 1.04 147 0.61 0.15 0.64 0.85

* And **, significantly at 0.05 and 0.01 probability level, respectively.

Figure 8 shows that in XY22, the content of subunit 1 was lower than those of the
7 +9 and 2 + 12 subunit pairs. Compared with the other two periods, spraying potassium
fertilizer at the flowering stage facilitated the increase of the 1 and 2 + 12 subunit levels,
and the improvement was most significant with the K, concentration at the flowering stage.
There was no significant difference in the content of subunits 7 + 9 among the different
spraying periods, and the level increased significantly under the K, concentration. There
was an interaction effect of the spraying time and amount on the contents of subunits 1,
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7 +9, and 2 + 12, with the greatest increase (of 30.70, 1.23, and 2.02%, respectively) was
observed in response to the K, treatment at the flowering stage.
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Figure 8. Variation of HMW-GS content in Xinong 20 and Xiaoyan 22. I, III, and V represented Xinong 20, II, IV, and
VI represented Xiaoyan 22. Booting (BBCH 48), Anthesis (BBCH 65), and AA10 (BBCH 71): Potassium fertilizer foliar
sprayed at booting stage, anthesis stages, and 10 days post anthesis, respectively. K, Ky, and K3 represented the application

concentration of potassium 30, 60, and 90 mmol L}, respectively. CK: Same amount of deionized water was sprayed on the

leaves. Vertical bars represent the mean values + standard deviation (n = 3). Different lower-case letters indicate a significant

difference (p < 0.05). Different capital letters indicate a significant difference (p < 0.05) among different spraying stages.

3.5. Partial Least Squares Path Modelling

The results of PLS-PM showed that 91.5, 95.9, and 92.1% of the variation in the SV, ST,
and development time of XN20 were attributed to the period and concentration of KFA
(Figure 9). The period and concentration of potash fertilizer application explained 68.1 and
90.7%, respectively, of the variation in gliadin and gluten. The direct effects of gliadin on SV,
ST, and FT (with path coefficients of 0.419, 0.270, and 0.240, respectively) were lower than
those of gluten (with path coefficients of 0.771, 0.708, and 0.692, respectively). The direct
effect of potassium fertilizer application period (path coefficient = 0.512) on gliadin was
stronger than that of the potassium fertilizer application period (path coefficient = 0.215).
The effects of the application period and concentration of potassium fertilizer were weaker
than those of the HMW-GS 4 + 12 subunit (with path coefficients of 0.003 and 0.047,
respectively). The direct effects of potassium fertilizer concentration on the HMW-GS 1
and 7 + 8 subunits were slightly larger than those in the spraying (with path coefficients of
0.623 and 0.511, respectively).

For XY22, 56.8, 63.4, and 83.9% of the variation in SV, ST, and development time,
respectively, were explained by the period and concentration of potassium fertilizer foliar
application (Figure 10). Moreover, 78.1, 63.3, and 57.6% of the variation in HMW-GS 1,
7 +9,and 2 + 12, respectively, was caused by differences in the application periods and
concentrations of potassium fertilizer. Relative to that on SV and ST, the direct effect of
gliadin on the development time was stronger (path coefficient = 0.839). The direct effects
of gluten on the development time and ST were also strong (with path coefficients of 0.350
and 0.333, respectively), but the direct effect on SV was weak (path coefficient = 0.006).
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Figure 9. The results of PLS-PM showed the direct and indirect effects of period and concentration of potash application,
Gliadin, Glutelin, and HMW-GS (1, 7 + 8, 4 + 12) on the process quality index (sedimentation value (SV), stabilization
time (ST), formation time (FT)) of wheat XN20. Solid and dotted arrows represent the positive and negative relationships,
respectively. The strength of path coefficients is proportional to the width of arrows. The variance of the explained
proportion is expressed in terms of R2.
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Figure 10. The results of PLS-PM showed the direct and indirect effects of stage and concentration of potash application,
Gliadin, Glutelin, and HMW-GS (1, 7 + 9, 2 + 12) on the process quality index (sedimentation value (SV), stabilization
time (ST), formation time (FT)) of wheat XY22. Solid and dotted arrows represent the positive and negative relationships,
respectively. The strength of path coefficients is proportional to the width of arrows. The variance of the explained
proportion is expressed in terms of R2.
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4. Discussion
4.1. Changes in the Protein Content and Its Components

This study showed that the foliar application of potassium fertilizer had different
effects on the yield of the two varieties, which was beneficial to the increase of the yield
of medium gluten wheat XY22, and had no significant effect on the yield of strong gluten
wheat XN20. The difference in the response of two varieties to potassium fertilizer might
be caused by the accumulation or transportation of photosynthetic products [9]. The
potassium fertilizer was beneficial to the transportation and accumulation of photosynthetic
products for XY22, and ultimately increased the grain yield. Potassium plays vital roles
in photosynthesis, protein synthesis, enzyme activation, osmo-regulation, energy transfer,
stomatal movement, cation and anion balance, and stress resistance [4,34]. Potassium can
play effective roles in the physiological processes of photosynthesis, carbohydrate and
protein formation, water and nutrient transport, nitrogen (N) utilization, and stimulation
of early growth in plants [4]. Potassium can promote the absorption and transport of NO3 ™~
in plants [35] and the conversion of amino acids into protein, thereby increasing the grain
protein content. The results of the present study indicated that foliar spraying of potassium
fertilizer in the late stage of wheat growth significantly increased the protein and wet
gluten contents and gluten protein in the grain in both varieties, but the best spraying effect
was observed at different stages, which may have been caused by the differences in the
gluten types of the selected wheat.

These findings are consistent with those of a previous study in which potassium was
applied to soil [36]. The results suggested that late spraying of potash fertilizer affects
wheat grain quality and can have effects similar to those of soil K, which may be related to
wheat growth. These results indicated that the effect of KFA on wheat grain quality in the
later growth period can have effects similar to those of soil potassium application, which
may be related to the characteristics of the potassium demand and protein accumulation of
wheat. Wheat absorbs K periodically, and certain quantities of K are needed in later growth
periods. The appropriate K fertilizer application in the correct amount can improve the
quality of wheat grains by increasing the accumulation of N and K in the middle and late
stages of wheat growth [37,38]. In our study, the spraying of potassium fertilizer at the late
growth stage may have increased the protein content of the mature grain by promoting
the absorption and transport of nitrogen in the late filling stage. There was significant
genotype associated differences in protein accumulation in wheat. The protein content
of high-protein varieties decreases slowly in the early stage of filling. Furthermore, the
accumulation rate of wheat grain storage protein is significantly higher in high-protein
varieties than in low-protein varieties. In this experiment, it was found that the protein
accumulation rate of the high-protein variety XN20 was higher than that of the low-protein
variety XY22.

An appropriate increase in potassium application in the mid-growth stage of wheat
led to simultaneous improvements in the grain yield and quality of the strong and medium
gluten wheat varieties [39]. The results of the present study showed that the application
of potassium fertilizer in the late growth period increased the protein content of the two
varieties, but had an effect on yield only in XY22. These results indicated that spraying
potassium fertilizer at the later growth stage of wheat improved wheat quality and that
the effect on yield varied with variety. In addition, a study on soil potassium application
has shown that the appropriate postponement of the topdressing period can promote the
absorption and transport of nitrogen in the late filling stage and increase the protein content
of the grain at the mature stage [39]. However, in the present study, spraying of K fertilizer
at the booting stage, the flowering stage, and 10 days after flowering had no significant
effect on the yield or protein content of wheat. This finding differs from the results of
applying potassium to the soil. Previous studies have shown that the accumulation of
protein in wheat grains at the filling stage presents an “S”-shaped curve [40]. In this study,
the period of foliar potassium spraying corresponded to the early stage of protein accumu-
lation. Therefore, its effect on protein accumulation was largely consistent. These results
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show that spraying potassium fertilizer after flowering helps synergistically increase wheat
yield and protein quality. In wheat production in China, an important agronomic practice
during the flowering period is to conductone the spraying event with three preventive
measures (with the spray including chemicals for pest control and growth regulators to
protect against dry and hot wind conditions) to improve the combined resistance of wheat
in the later stage. In this period, potash fertilizer can be sprayed in combination with
applying these measures. This approach can improve the yield and quality of wheat. In
addition, spraying with other regulators can reduce labour and other costs and efficiency
of wheat production.

In this study, the effect of potassium on the formation of different protein components
was analysed. It was found that the effect of potassium application on the promotion of
gliadin in the high-protein variety XN20 was greater than that on the medium-protein
variety XY22, and the glutenin content of the two varieties was significantly increased after
the potassium application. Therefore, gliadin and glutenin were the main contributors
to the improvement in grain protein content by potassium, while albumin contributed
to a lesser extent. In this study, KFA had no significant effect on the globulin content
but slightly reduced albumin content and significantly increased gluten content. These
findings indicated that KFA positively affected the grain processing quality. This positive
effect might have been mediated by changes in the FT of the protein components in
grains, nitrogen accumulation during flowering, or post anthesis nitrogen absorption in
the aboveground parts [41,42]. Nitrogen accumulation is the main source of grain protein
accumulation and nitrogen plays an important role in nitrogen metabolism and affects the
synthesis of protein components [43]. In the grain filling stage, the synthesis of albumin
and globulin occurred earlier than that of gluten protein, the nutritional protein content
increased in the early filling stage and then remained stable, and the content of gluten
increased with the grain development until the end of maturation [42]. KFA may affect the
content of each protein component by affecting nitrogen accumulation and translocation.
After potassium fertilizer was sprayed on the leaves, the albumin content decreased, which
may have been due to the fact that the potassium fertilizer inhibited the formation of
amino acids that introduce nitrogen into albumin, which finally resulted in a decrease
in the albumin content. The relationship between the globulin content and nitrogen
accumulation and translocation is nonlinear and highly significantly positively correlated
with gliadin and glutenin [38]. Therefore, although KFA increased nitrogen accumulation
and transport, the globulin content in grains did not increase significantly. After foliar
spraying of potassium fertilizer, the accumulation and reuse of nitrogen increased, which
led to an increase in the gliadin and glutenin content.

4.2. Changes in HMW-GS Contents and Processing Quality Indicators

Wheat gluten is composed mainly of prolamin and glutenin, which form a tightly
cross-linked three-dimensional structure through hydrogen bonds, other noncovalent
bonds, and disulfide bonds. The interactions of various proteins in gluten has important
impacts on dough rheological properties and flour processing quality. With respect to
wheat dough rheological properties, the FT, ST, and SV directly affect dough strength
and are the most direct and accurate indicators of wheat processing quality [19]. This
study showed that KFA improved the wet gluten content, SV, ST, and FT of the grains,
which indicated that the spraying of potassium fertilizer on leaves in the late growth stage
improved the processing quality of the wheat grains (Figure 4). These phenomena are
inconsistent with some previous research results, possibly due to the differences in the
varieties selected, fertilization methods, and cultivation environment among studies [44].
These findings also showed that the potassium fertilizer application methods have different
effects on wheat grain processing quality. The gliadin and glutenin contents had influence
on the ductility and elasticity of the dough respectively, and the processing quality of wheat
flour was significantly affected by the gluten content [45]. This study showed that KFA
was conducive to the increase of gliadin and glutenin content, and ultimately affected the
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changes of processing quality indexes such as wheat flour ST, FT, and SV. It is necessary
to strengthen the research in this area to explore the physiological mechanisms through
which the potassium fertilizer affects the quality of wheat grain and thereby provide a
reference for the improved application of potassium fertilizer.

In addition to protein components, the composition and content of HMW-GSs have a
significant impact on the wheat processing quality [46,47]. The Cys residues in HMW-GSs
can form disulfide bonds in the protein structure. Through disulfide bond links, large
protein polymers can be formed between HMW-GSs [48-50]. In addition, an increase in
the glutamine residue content in HMW-GSs can lead to increased formation of hydrogen
bonds, which is beneficial for maintaining the stability of the glutenin polymer structure
and thus improves dough mixing time and ST [51,52]. Due to the compensation effect
between subunits, subunit combinations can be used to evaluate the machining quality
more accurately than single subunits. Therefore, we performed a combinatorial analysis of
subunits at the same site. Previous studies suggested that 1, 2,*,5+ 10,7 + 8, and 14 + 15 are
high-quality subunit combinations that often have better food processing quality than other
subunit combinations [53]. The present study revealed that the content of high-quality
subunit 1 and total content of the subunits in XN20 were significantly higher than those
in XY22.

The results showed that the wet gluten content of XN20 was significantly higher
than that of XY22 and that the dough rheological properties of XN20 were better than
those of XY22. The PLS-PM analysis showed that the processing quality indexes (SV, FT,
ST) and gluten protein and HMW GS levels were regulated by the potassium fertilizer
foliar spraying time and concentration and revealed that KFA affected the processing
quality partially by affecting the HMW-GS content. The wet gluten content of XN20 was
significantly higher than that of XY22, and its dough rheological properties were also better
than those of XN20. These findings indicate that the reason why the processing quality
of XN20 was better than that of XY22 may be related to the composition and content of
high-quality subunits in the former. In addition, the foliar spraying of potassium fertilizer
increased the content of each subunit pair. This may have occurred due to the fact that the
foliar spraying of potassium fertilizer increased the number of Cys residues, changed their
distribution, or increased the content of glutamine and enhanced hydrogen bond synthesis,
which ultimately increased the content of HMW-GS, enhanced the strength and elasticity
of the dough, and improved the processing quality of the wheat. These changes may be
the physiological reasons underlying the improvement in wheat quality in the middle and
late stages of growth by foliar potassium spraying.

5. Conclusions

The results showed that KFA had no significant effect on the yield of XN20 but
increased the yield of XY22. KFA had no significant effect on the globulin content but
reduced the albumin content. For XN20, among the treatment combinations, potassium
fertilizer at the K, concentration (60 mmol L™!) sprayed at 10 days after flowering was the
most beneficial for increasing the gluten content. However, under the K, concentration at
flowering stage, SV, dough ST, and FT exhibited the most obvious increases, and the levels
of the 1,7 + 8, and 4 + 12 subunits increased significantly. For XY22, the wet gluten content,
gluten protein content, dough ST and FT increased most significantly when potassium was
sprayed at the K, concentration at the flowering stage. The HMW-GS content in XN20
was significantly higher than that in XY22. There were significant genotypic differences
in HMW-GS composition and content between the two wheat varieties, which could
explain the changes in processing quality. These results indicated that KFA affected the
grain processing quality by increasing the contents of HMW-GSs, and the variations in
subunit types and content between the two varieties resulted in the varietal differences
in processing quality. With respect to wheat production, suitable KFA methods can be
used to achieve high quality and high yield. Overall, KFA improved the wheat quality and
significantly increased SV and dough rheological properties, thus improving the quality of
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grain processing. In general, KFA with K, concentration (60 mmol L™~1!) at the flowering
stage was the most beneficial to increase the yield and quality of the two varieties of wheat
simultaneously. In Northwest China, the quality of both strong gluten and medium gluten
wheat were all improved, and both varieties were suitable for planting.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091749/s1, Table S1: Variance analysis of the effects of year, area, cultivar, and
foliar application of potash fertilizer on yield, protein and components, wet gluten, sedimentation
value, and rheological properties of dough.
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