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ABSTRACT

To clarify the response characteristics of broomcorn millet yield and quality to various fertilizers under low nitro-
gen conditions, the present study investigated the effects of different fertilization treatments, including no ferti-
lization (HCK, CCK), urea (HF1, CF1), phosphate fertilizer (HF2, CF2), compound fertilizer (HF3, CF3), and
organic fertilizer (HF4, CF4), on the agronomic traits, quality, and starch pasting properties of proso millet.
As experimental materials, non-waxy proso millet (Hequ red proso millet, denoted as HQH) and waxy proso
millet (Chishu 1, denoted as CS1) were utilized. The results showed that under low nitrogen conditions, urea
treatment (HF1) significantly increased plant height and yield, and phosphate fertilizer treatment (HF2) signifi-
cantly increased thousand-grain weight (TW). For waxy proso millet Chishu NO.1 (CS1), urea treatment (CF1)
significantly increased yield, phosphate fertilizer treatment (CF2) significantly influenced the height of the plants,
and compound fertilizer treatment (CF3) significantly increased thousand-grain weight. In terms of quality, phos-
phate fertilizer treatment (CF2) and organic fertilizer treatment (CF4) resulted in a substantial augmentation of
both the total starch content and amylose content of waxy proso millet Chishu NO.1 (CS1), respectively, and
organic fertilizer treatment (HF4, CF4) resulted in a notable enhancement of the protein content of proso millet.
Organic fertilizer treatment (HF4) increased peak viscosity (PV), hot viscosity (HV), setback viscosity (SV), final
viscosity (FV), breakdown viscosity (BV), pasting time (PTim), and pasting temperature (PTemp) of non-waxy
proso millet. Phosphate fertilizer treatment (CF2) increased the peak viscosity (PV), hot viscosity (HV), break-
down viscosity (BV), final viscosity (FV), pasting time (PTim), and pasting temperature (PTemp) of waxy proso
millet. Organic fertilizer treatment (HF4) and phosphate fertilizer treatment (CF2) under low nitrogen were the
most effective in improving the comprehensive quality of non-waxy and waxy proso millet, respectively. The find-
ings of our research elucidated the impacts of various fertilizers on the productivity and quality of non-waxy and
waxy proso millet in nitrogen-deficient environments. Furthermore, this research offered a conceptual underpin-
ning for attaining enhanced cultivation outcomes, encompassing both improved yield and quality, of proso millet
in drought-prone regions.
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1 Introduction

Proso millet (Panicum miliaceum L.) originates from China and has a long planting history [1]. As a
gluten-free food, numerous vitamins, minerals, and amino acids can be found in abundance in proso
millet. At the same time, proso millet has the characteristics of drought tolerance, barren tolerance and
short growth period [2], A common planting in arid and semi-arid regions, it plays a vital role in both the
security of food and the sustainable growth of agriculture.

Nitrogen fertilizer can promote root growth [3], affect nutrient absorption and transport, prolong grain
filling time, and increase crop yield [4], Meanwhile, the application of nitrogen fertilizer under low nitrogen
conditions promoted the increase of protein content and amylose content of rice [5]. The increase in protein
content directly affects the quality of crops. The change in protein content will affect the water absorption of
starch to a certain extent, further regulate the combination of starch and water, and then influence the paste
formation characteristics of starch [6]. Phosphorus fertilization enhances the activity of enzymes involved in
nitrogen metabolism in root tissues, promotes root growth, increases rhizosphere soil nutrient absorption [7],
and increases grain biomass by increasing sucrose content and sucrose synthase (SUS) activity [8]. At the
same time, phosphate fertilizer can activate the high-affinity transporter of rice [9], thereby promoting
starch degradation, which reduces the hardness of rice and increases its viscosity [10]. Compound
fertilizer promotes soil nitrification, increases soil inorganic nitrogen content [11], provides abundant
nutrients to increase protoplast composition accelerates cell division and elongation [12], and ultimately
increases crop leaf area index and yield. The employment of a composite fertilizer led to an augmentation
in both total starch content and amylose content but had no significant effect on pasting properties [13].
The utilization of organic fertilizer effectively ameliorates soil physical structure and augments the
organic carbon content in the soil [14], promotes the increase of soil total nitrogen, and improves
nitrogen utilization efficiency [15], so as to improve soil fertility. Jia et al. [16] observed that the
utilization of organic fertilizer positively influences the starch content in wheat, elevating its PV, SV, and
FV, thereby enhancing the quality of the wheat.

Proso millet is mainly planted in dry and thin areas, Soil nitrogen deficiency is one of the main problems
in the production process of proso millet [17], Insufficient nitrogen supply will inhibit root growth. The
synergistic effect of nitrogen (N), phosphorus (P), and potassium (K) fertilization can enhance the
proliferation of roots, enhance the ability of roots to capture nitrogen, and promote the transport of
nitrogen from roots to stems and grains [18], thereby increasing biomass and yield. At present, the
research on low nitrogen in proso millet mainly focuses on resource evaluation [19], the physiological
mechanism of low nitrogen tolerance [20], and so on. The underlying mechanisms governing the
influence of various fertilizer types on the yield and quality of non-waxy and waxy proso millet under
low nitrogen conditions are not clear.

2 Materials and Methods

2.1 Experiment Overview

The experimentation took place at the Hequ Research Facility at Shanxi Agricultural University, on 15
May 2020. The experimental plot did not apply nitrogen fertilizer for 4 consecutive years, and the previous
crop was millet-maize rotation. The soil nutrients were: pH 8.51, organic matter 8.16 g/kg, total nitrogen
0.61 g/kg, available phosphorus 5.87 mg/kg, available potassium 97.07 mg/kg, and alkali-hydrolyzable
nitrogen 53.59 mg/kg. The meteorological information about the experimental location is presented in
Table 1. The average monthly precipitation during the growth period of proso millet is 60 mm, the
average temperature is 18°C. The test cultivars were selected from the local production to promote the
large area of non-waxy proso millet Hequhong proso millet (HQH) and waxy proso millet Chishu NO.1
(CS1). Hequ Red Millet is a local farmer-cultivated variety that has been planted for a long time in the
region, and it covers a relatively large cultivation area. Chishu NO.1 is bred by the local red millet
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system. The experiment was conducted utilizing a randomized block methodology repeated 5 times, with
row spacing of 45 cm, density of 300,000 plants/hm?, and plot area of 5 m x 6 m. Five distinct
experimental conditions were set up for HQH, including HF1 with urea (150 kg/hm?), HF2 with
phosphate fertilizer (120 kg/hm?), HF3 with compound fertilizer (375 kg/hm?), HF4 with farmyard
manure (30,000 kg/hm?), and HCK as a control with no fertilizer. Similarly, five distinct experimental
conditions were also established for CS1, namely CF1 with urea (150 kg/hm?), CF2 with phosphate
fertilizer (120 kg/hm?), CF3 with compound fertilizer (375 kg/hm?), CF4 with farm manure
(30,000 kg/hm?), and CCK as a control with no fertilizer. Compound fertilizer was >40% potassium
phosphate nitrate (N-P205-K20: 17-20-4), phosphate fertilizer (P205) was 12.5% calcium
superphosphate, nitrogen fertilizer was urea (N: 46.4%), and farm manure was sheep manure (0.46% N,
0.29% P205, 0.24% K20, 12.6% organic matter). Management practices were implemented by the
locally specific technical regulations for cultivation.

Table 1: Climatic records pertaining to the 2020 growth cycle

Month Measured Temperature (°C) Average relative Average wind Hours of
quantity of rain humidity (%)  speed (m/s)  sunshine (h)

Average Maximum Minimum

(mm)

5 7.2 18.7 35.3 4.0 32 3.7 370.8
6 65.1 23.5 36.7 11.8 41 3.1 353.2
7 85.4 22.9 342 12.7 63 2.7 346.5
8 139.0 21.3 329 12.4 71 2.3 257.0
9 58.4 159 27.7 3.7 66 1.9 243.5
10 7.4 7.8 20.7 5.2 47 2.2 259.2

2.2 Indicators and Methods of Determination

2.2.1 Determination of Agronomic Traits

After the plants matured, 15 samples of millet were selected from each treatment for the determination of
agronomic traits. Following natural air drying, the plants were subject to cultivar evaluation. The height of
the millet plant (cm) was quantified from the initial node of the elongated stem, extending up to the apical
growth tip, using a ruler. The ear length (cm) was measured from the attachment point of the first spikelet to
the top of the ear. The stem diameter (cm) at the second node from the base of the plant was determined using
a vernier caliper. Upon maturity, the plants were manually harvested, excluding the two border rows. Each
plot was harvested and threshed individually, and the yield was recorded after drying.

2.2.2 Determination of Nutritional Quality

The protein content was conducted in accordance with the procedure outlined by Li et al. [21]. After
harvest, the grain was naturally air-dried, shelled, and ground into powder. Subsequently, The protein
content in the millet was performed utilizing an automated Kjeldahl apparatus for nitrogen analysis.

For the determination of total starch content, an approach outlined by Zhuang et al. [22] was adopted,
utilizing the Detection Kit provided by Solarbio Company (Beijing, China). After grinding 0.05 g of the
sample, reagents were added and processed through multiple steps including water bath, centrifugation,
and shaking. Ultimately, the absorbance was quantified at a wavelength of 620 nanometers, subsequently
allowing for the computation of starch content through the utilization of a predefined standard curve.

The amylose content was determined using the iodine reagent method [23]. A volume of 10 milliliters of
0.5 molar potassium hydroxide solution (KOH) was administered to the starch specimen, and thoroughly
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mixed, Subsequently, 5 milliliters of 1 molar hydrochloric acid (HCI) and 0.5 milliliters of an iodine-based
reagent were introduced into the mixture. The volume of the mixture was adjusted to 100 milliliters through
dilution, Subsequently, Following this, the absorbance of the mixture was quantified at a wavelength of
620 nanometers using a spectrophotometer. A calibration curve was constructed, and the amylose content
was calculated accordingly.

2.2.3 Determination of Pasting Properties

The pasting properties were determined according to the methodology outlined by Li et al. [24].
Specifically, 3.0 grams of the sample with a moisture content of 14% were precisely weighed and mixed
with 25.0 milliliters of purified water. Following this, the mixture was introduced into the RVA-
4500 Rapid Viscosity Analyzer, manufactured by Perten Instruments, Sweden, for testing. The program
settings were as follows: maintaining at 50°C for 1 min, heating from 50°C to 95°C in 3.45 min,
maintaining at 95°C for 2.4 min, cooling to 50°C in 3.45 min, and finally maintaining at 50°C for 1 min.
The final results included peak viscosity, hot viscosity, breakdown viscosity, final viscosity, setback
viscosity, pasting time, and pasting temperature.

2.2.4 Statistical Analysis

Data were organized using Microsoft Excel 2021 software, and statistical analysis and graph plotting
were performed using Origin Pro 2021 software. The Least Significant Difference (LSD) test was utilized
for statistical analysis and for conducting multiple comparisons, with a significance level set at p < 0.05.
All index data are presented as the mean + standard error of three replicates.

3 Results and Analysis

3.1 The Impact of Varied Fertilizer Treatments on the Agronomic Traits

Distinct fertilizers exert notable influences on the agronomic characteristics of proso millet (Table 2). In
contrast to the control group HCK, the plant heights of HQH under HF1, HF2, HF3, and HF4 treatments
increased by 6.22%, 2.63%, 5.02%, and 5.74%, respectively, with HF1 treatment resulting in the highest
plant height. Compared with HCK, HF2 treatment led to the thickest stem and the heaviest TW,
increasing by 11.07% and 14.34%, respectively, while HF3 treatment resulted in the longest spike,
increasing by 11.35%. In comparison with the control group CCK, the plant heights of CS1 under CF1,
CF2, CF3, and CF4 treatments increased by 5.63%, 18.31%, 16.9%, and 17.6%, respectively, with
CF2 treatment resulting in the highest plant height. Compared to the CCK treatment group,
CF3 treatment led to the longest spike and the heaviest TW, increasing by 26.59% and 30.34%,
respectively. In contrast to the CCK treatment group, CF4 treatment resulted in the thickest stem,
increasing by 24.46%. There were significant differences in plant height, spike length, stem thickness,
and TW between different varieties.

Table 2: Impact of varied fertilizer treatments on agronomic traits

Treatment Plant heigh Spike length Stem diameter Thousand-grain weight (g)
(cm) (cm) (cm)

HCK 139.33 £5.56b 32.33+1.89a  5.60 = 0.14ab 7.67 £0.12¢

HF1 148.00 £2.16a 31.00 +=0.82a  5.30 = 0.33ab 8.13 £ 0.12b

HF2 143.00+2.16ab 33.67 £2.36a  6.22+0.67a 8.77 £0.12a

HF3 146.33 £ 1.25a 36.00+2.83a  5.15+0.43b 8.47 £ 0.19a

HF4 14733 £094a 33.67+3.68a  4.86 +0.49 8.70 £ 0.16a

(Continued)
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Table 2 (continued)

Treatment Plant heigh Spike length Stem diameter Thousand-grain weight (g)
(cm) (cm) (cm)
CCK 94.67 +£0.47b 2633 +1.70b  3.27 £0.09d 8.57 £0.24b
CF1 100.00 £ 4.55b 29.00 =2.83ab  3.88 +£ 0.11ab 10.33 £ 0.56a
CF2 112.00 + 4.08a 28.00 +3.56ab  3.67 + 0.09bc 10.70 + 0.36a
CF3 110.67 £1.70a 3333 +£1.70a  3.40 £ 0.16¢cd 11.17 £ 0.61a
CF4 111.33 £4.19a 33.00+245a  4.07+0.12a 8.73 £ 0.09b
Species 0.000** 0.007** 0.000%** 0.000%*
Treatment 0.000%** 0.033* 0.089 0.000%*
Species * 0.006** 0.506 0.008** 0.000**
Treatment

Note: Within the same column, distinct letters signify notable disparities in treatments for the same variety at the p < 0.05 level, whereas identical
letters represent statistically insignificant differences (p > 0.05). The asterisks (*) and (**) denote statistical significance at the 0.05 and
0.01 levels, respectively.

3.2 The Impact of Varied Fertilizer Treatments on the Yield

Different fertilizers can have significant effects on the yield of proso millet (Fig. 1). Compared with the
control HCK, the yields of non-waxy proso millet HQH increased by 19.66%, 6.26%, 15.71%, and 11.08%
under HF1, HF2, HF3, and HF4 treatments, with HF 1 treatment resulting in the highest yield. In comparison
with the control CCK, the yields of CS1 increased by 25.7%, 12.35%, 20.96%, and 17.13% under CF1, CF2,
CF3, and CF4 treatments, with CF1 treatment achieving the highest yield.
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HCKHF1 HF2 HF3 HF4 CCKCF1 CF2 CF3 CF4

Figure 1: Impact of varied fertilizer treatments on the yield. Different letters indicate significant differences
between means (p < 0.05)

3.3 The Impact of Varied Fertilizer Treatments on the Quality
Different fertilizer treatments can significantly influence the quality attributes of proso millet, resulting
in variations in amylose content, total starch content, and protein content (Fig. 2). Compared with the control
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HCK, the non-waxy proso millet HQH under HF1 treatment had the highest amylose content. The protein
content of HQH treated with HF1, HF3, and HF4 increased significantly by 4.52%, 3.56%, and 5.17%,
respectively, with HF4 treatment showing the highest protein content. In comparison with the control
CCK, the total starch content of CS1 under CF1 and CF2 treatments increased significantly by 20.39%
and 34.6%, respectively, with CF2 treatment exhibiting the highest total starch content. CF2, CF3, and
CF4 treatments led to significant increases in amylose content by 7.93%, 8.62%, and 13.02%,
respectively. CF1 and CF4 treatments also significantly increased protein content by 1.78% and 3.61%,
respectively, with CF4 treatment showing the highest amylose and protein content.
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Figure 2: Impact of varied fertilizer treatments on the nutritive value. (a) Amylose content of proso millet,
(b) total starch content, (c) protein content. Different letters indicate that there is a significant difference
between the mean ( p < 0.05), and the same letter indicates no significant difference

3.4 The Impact of Varied Fertilizer Treatments on the Starch Pasting Properties

Different fertilizer treatments can significantly influence the pasting properties of proso millet starch
(Fig. 3). Compared to the control group HCK, under the HF1 treatment, the PV, HV, BV, FV, SV, PTim,
and PTemp of the HQH starch all showed a downward trend. The HF2 treatment resulted in the highest
BV. The HF3 treatment led to an extended PTim, while the HF4 treatment increased the RVA value of the
starch. In contrast to the control group CCK, the CF1 treatment led to an upward trend in the HV, FV,
SV, PTim, and PTemp of the CS1 starch. Under the CF2 treatment, all indicators except the SV showed
an increase, with significant increases in PV and HV by 5.60% and 8.45%, respectively. The
CF3 treatment increased the PTim and PTemp of the CS1 starch, while the CF4 treatment only improved
the PTemp.
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Figure 3: (Continued)
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Figure 3: Impact of varied fertilizer treatments on RVA values. In the figures, distinct lettering denotes

statistically significant variations among means, with a significance level of p < 0.05. (a) PV; (b) HV; (c)
BV; (d) FV; (e) SV; (f) PTim; (g) PTemp

3.5 Correlation Analysis

The comprehensive analysis of the agronomic and quality characteristics of diverse proso millet
genotypes under low nitrogen conditions disclosed noteworthy patterns. Specifically, in HQH (Fig. 4a), a
highly positive correlation was observed between HV and BV of starch, both being strongly associated
with PV. Furthermore, SV exhibited a robust positive correlation with FV (r = 0.92), and PTim showed a
significant positive relationship with both PV and HV. Additionally, PTemp displayed a substantial
positive correlation with PTim (r = 0.71) and a notable positive correlation with HV. Conversely, stem
diameter was negatively correlated with PTim and PTemp. Plant height was significantly positively
correlated with yield (r = 0.7). Total starch content showed a positive correlation with FV and SV.
Amylose content, on the other hand, had a negative correlation with PV and HV. Finally, protein content
exhibited a highly positive correlation with both plant height and yield.

In CS1 (Fig. 4b), the HV and BV of starch exhibited a robust positive correlation with PV. Additionally,
FV showed a significant positive relationship with PV. PTim displayed a highly significant positive
correlation with both PV and HV. Notably, PTemp had a strong positive correlation with PTim (r = 0.68)
and a significant negative correlation with SV. Interestingly, plant height demonstrated a significant
negative correlation with PV, HV, and PTim. On the other hand, stem diameter was significantly
positively correlated with plant height (r = 0.85) and exhibited a notable negative correlation with PTim
and PTemp. Furthermore, TW had a significant positive association with HV and a negative correlation
with plant height, spike length, and stem diameter. Lastly, protein content showed a significant positive
correlation with PTemp and a highly significant negative correlation with stem diameter (r = —0.7).
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Figure 4: Correlation analysis of proso millet traits under different fertilizer treatments. (a) Correlation
analysis of thetraits of HQH proso millet; (b) Correlation analysis of thetraits of CS1 proso millet; PV:
peak viscosity; HV: hot viscosity; BV: breakdown viscosity; FV: final viscosity: SV: setback viscosity;
Ptim: pasting time; Ptem: pasting temperature; PH: plant height; SL: spike length; SD: stem diameter;
TW: thousand-grain weight; Y1d: yield; TSC: total starch content; AC: amylose content; PC: protein content

3.6 Principal Component Analysis

A principal component analysis (PCA) was conducted to evaluate the 15 measured traits., five primary
components with eigenvalues exceeding the threshold of 1 were selected for further analysis. This approach
ensures that the selected components are statistically significant and contribute meaningfully to the overall
variance (Table 3). The contribution rates of the remaining components were relatively small and negligible.
The contribution rates of these five principal components were 34.808%, 27.414%, 12.659%, 9.17%, and
6.902%. The selected five primary components collectively accounted for a cumulative contribution rate
of 90.953%, satisfying the criterion that the cumulative contribution rate exceeds 90%. Through the
analysis of these five principal components, the first principal component had a high loading on PV, the
second principal component had a high loading on stem diameter, the third principal component had a
high loading on plant height, spike length, HV, and PTim, the fourth principal component had a high
loading on amylose content, TSC, and protein content, and the fifth principal component had a high
loading on TW, yield, BV, FV, SV, and PTemp.

Table 3: Load factor and cumulative contribution of each composite indicator

Index Factorl Factor2 Factor3 Factor4 Factor5
Plant height 0.115 —0.155 0.223 0.05 0.03
Spike length 0.014 —0.149 0.386 —0.083 —0.163
Stem diameter 0.123 -0.171 0.079 0.135 —0.052
Thousand-grain weight —0.103 0.113 0.055 0.193 0.258
Yield —0.026 —0.105 0.26 0.02 0.712
Peak viscosity 0.144 0.131 0.108 0.074 —=0.15
Hot viscosity 0.086 0.178 0.256 0.077 —0.088
Breakdown viscosity 0.163 0.006 -0.154 0.036 —0.171

(Continued)
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Table 3 (continued)

Index Factorl Factor2 Factor3 Factor4 Factor5
Final viscosity 0.146 0.131 0.005 —0.026 0.228
Setback viscosity 0.147 0.096 —0.088 —0.059 0.311
Paste time —0.032 0.186 0.263 -0.213 —0.102
Paste temperature -0.123 0.075 0.254 —0.073 —0.286
Amylose content -0.123 —0.072 —0.029 0.453 -0.15
Total starch content -0.01 0.134 0.073 0.582 0.074
Protein content —0.151 0.073 —0.054 —0.225 0.185
Cumulative contribution rate 34.808 62.222 74.881 84.051 90.953

3.7 Fuzzy Membership Function Analysis and Comprehensive Evaluation

Based on the fuzzy membership function method, a comprehensive evaluation was conducted on
15 traits of proso millet (Table 4). The comprehensive evaluation values (D values) for different fertilizer
treatments were calculated, ranging from 0.293 to 0.784. The fertilizer treatments were ranked according
to their comprehensive evaluation values, from smallest to largest: CF4 < CF3 < HF1 < HF2 < CCK <
HF3 < CF1 < HCK < HF4 < CF2. This indicates that under low nitrogen conditions, The utilization of
organic fertilizer yielded the supreme comprehensive evaluation value for the HQH, while the application
of phosphate fertilizer led to the highest comprehensive evaluation value for CS1.

Table 4: Affiliation function values and ranking of varied fertilizer treatments

Handle it ul u2 u3 u4 D value Quality sorting
HCK 0.981 0.562 0.766 0.709 0.723 3
HF1 0.619 0.029 0.421 0.578 0.429 8
HF2 0914 0.000 0.317 0.621 0.474 7
HF3 0.859 0.358 1.000 0.189 0.632 5
HF4 1.000 0.638 0.963 0.131 0.755 2
CCK 0.641 0.795 0.000 0.000 0.498 6
CF1 0.541 0.815 0.537 0.434 0.647 4
CF2 0.710 1.000 0.561 1.000 0.784 1
CF3 0.000 0.483 0.868 0.446 0.335 9
CF4 0.098 0.367 0.660 0.455 0.293 10

3.8 Cluster Analysis

Based on the clustering heatmap analysis of the 15 measured traits, the results show that: The upper
clustering tree represents different fertilizer treatment groups. For HQH in Fig. 5a, the fertilizer treatments
are divided into three groups: Group 1, represented by HF2, is characterized by lower plant height,
protein content, yield, and pasting properties, but higher amylose content, stem diameter, spike length,
TW, and BV. Group 2, represented by HCK, exhibits higher pasting property values, as well as good
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amylose content, total starch content, and stem diameter. Group 3, including HF1, HF3, and HF4, shows
better performance in plant height, yield, and protein content. The left clustering tree, representing the
quality traits of proso millet, can be grouped into three categories: Group 1 consists of amylose content
and stem diameter; Group 2 comprises yield, protein, plant height, spike length, TW, and BV, and Group
3 includes TSC, SV, PTemp, FV, PTim, HV, and PV.
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Figure 5: Heat map of cluster analysis of the impact of varied fertilizer treatments on various indicators. (a)
Clustering of various indicators of HQH; (b) Clustering of each index of CS1

For CS1 in Fig. 5b, the fertilizer treatments are divided into three groups: Group 1, including CF3 and
CF4, is characterized by lower stem diameter, total starch content, and pasting property values. Group 2,
represented by CCK, has low nutritional component content. Group 3, comprising CF1 and CF2, exhibits
higher total starch content, thousand-grain weight, and pasting property values. The left clustering tree of
the quality traits of proso millet can be grouped into four categories: Group 1 consists of stem diameter,
spike length, and plant height; Group 2 comprises protein content, amylose content, and PTemp; Group
3 includes yield, TW, and PTim; and Group 4 comprises SV, FV, BV, TSC, HV, and PV.

4 Discussion

Nitrogen deficiency is one of the most significant issues in the production of proso millet [17], which can
limit plant growth, nutrient accumulation, and yield formation. Our study found that under low nitrogen
conditions, the HF1 and CF1 treatments significantly increased proso millet yield and reached a
consistent conclusion with the research conducted by Sainju et al. [25], This may be because the
application of nitrogen fertilizer promotes the activity of key enzymes such as urease, phosphatase, and
invertase in the soil, which directly participate in the biochemical reactions of the soil, enabling nutrients
to be directly absorbed by crops [26]. Furthermore, nitrogen fertilizer also provides sufficient nitrogen.
Further promoting the richness and activity of soil microbial communities [27], contributing to the
storage of more dry matter in leaves and delaying leaf senescence [28], increasing leaf area index,
improving photosynthetic rate [29], promoting the efficient transport of photosynthetic products during
grain formation [30], thereby enhancing the accumulation of dry matter [31], and ultimately increasing
yield. The HF2 treatment was able to increase the stem diameter, TW, and yield of HQH, while the
CF2 treatment increased the yield of CS1. This could potentially be attributed to the phosphate fertilizer
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application, which likely enhanced the crop’s carbon metabolism and subsequent carbohydrate production
[32], enhanced photosynthetic phosphorylation and carbon assimilation processes [33], and also increased
the expression levels of sucrose transporter genes GhSusA and GhSusB, thereby increasing sucrose
content and promoting sucrose hydrolysis through elevating the activities of sucrose synthase (SUS) and
sucrose-phosphate synthase (SPS) enzymes can be observed, providing sufficient nutrients [8], and
ultimately increasing grain yield. The HF3 and CF3 treatments promoted the increase in proso millet
yield, possibly because compound fertilizer can slowly release nutrients to meet plant growth needs,
convert them into organic matter and energy through metabolism [34], increase root number and
aboveground biomass [18], and ultimately promote yield increase. The HF4 and CF4 treatments increased
the yield of proso millet, possibly because organic fertilizer can promote nutrient absorption by reducing
mineral leaching [35], activate nutrients in the soil, improve soil physical and chemical properties [14],
strengthen plant nutrient absorption, and thereby promote plant height growth and yield improvement [36].

The present study revealed that the HF1 treatment led to a notable elevation in the amylose concentration
and protein content within the HQH cultivar. This phenomenon might be ascribed to the utilization of
nitrogen-based fertilizer, which increases the sucrose content in grains, ensuring an adequate supply for
source organs [37]. This treatment increased the expression of sucrose synthase(SUS), promoting the
hydrolysis of sucrose into UDP-glucose, thereby promoting the synthesis of cell wall polysaccharides and
starch [38]. Meanwhile, nitrogen also increased the activities of key enzymes such as SPS and NR in
carbon and nitrogen metabolism in maize plants [39], regulating the hormonal harmony between [IAA/
GA3 and Z+ZR/GA3, Applying nitrogen fertilizer can up-regulate the gene encoding cytosolic isoenzyme
1-1 of glutamine synthetase, thereby enhancing nitrogen assimilation and utilization [40], ultimately
promoting the biosynthesis of starch and protein in maize [5]. The CF2 treatment significantly increased
the starch content of CS1, while the HF2 treatment boosted protein content. likely due to the phosphate
fertilizer enhancing the expression levels of starch synthesis-related genes such as AGPI and GBSSI, as
well as the transcriptional abundance of the endosperm edge amylase gene [41], The GBSSI encoded by
the Wx gene is not only responsible for the biosynthesis of amylose but also participates in the
biosynthesis of long chains of amylopectin [42], thus resulting in an increase in grain starch content.
Additionally, the application of phosphorus fertilizer optimizes root distribution while promoting nitrogen
accumulation and translocation in plants [43]. It also enhances the activities of enzymes such as nitrate
reductase, glutamine synthetase, endopeptidase, and carboxypeptidase, which in turn improves the
nitrogen assimilation and redistribution capacity of leaves, ultimately increasing protein content [44]. The
CF4 treatment promoted an increase in the amylose content and protein content of CS1, while also
enhancing the protein content of HQH. This observation can be ascribed to the provision of ample
organic substrate by the organic fertilizer, fostering microbial proliferation. This, in turn, enhances the
overall microbial activity within the soil or plant system, establishing a stable rhizosphere microbial
community [42]. This treatment enhanced urease activity and acid phosphatase activity, accelerating soil
nitrogen cycling and phosphorus supply levels [45,46]. Consequently, it increased the chlorophyll content
in leaves [35], contributing to the accumulation of photosynthetic products, and ultimately increasing
starch and amylose content. Simultaneously, it improved nitrogen use efficiency, and the increased
nitrogen in leaves induced the production of plant hormones IAA and indole-3-acetic acid [47],
stimulating the photosynthetic process and enhancing protein content. Although the starch content under
HCK treatment was higher than that of the treatment groups (HF1, HF2, HF3, HF4), the difference was
not significant. This could be attributed to the fact that the average precipitation was relatively low, which
affected the activity of starch phosphorylase [48]. Although starch phosphorylase is not the key enzyme
in starch synthesis, it is related to the accumulation of dry matter in grains and grain development and
can promote the conversion of glucose into starch [49], ultimately affecting the starch content.
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The pasting properties of starch are an essential indicator for evaluating starch quality. This study has
found that the HF1 treatment can reduce the RVA value of HQH. This reduction is likely attributed to the
increase in glutelin content in the grains caused by nitrogen fertilizer, which subsequently enhances the
formation of disulfide bonds in glutelin during the pasting process. This, in turn, further inhibits starch
pasting and expansion [6], Additionally, the application of nitrogen fertilizer significantly increases the
content of amylose. Crops with high amylose content tend to be more difficult to completely dissolve and
expand during pasting [50], resulting in decreased pasting viscosity, longer PTim, and higher PTemp. in
the end, resulting in a lower RVA value. Nitrogen fertilizer enhances the activity of enzymes such as
soluble starch synthase and starch branching enzyme [51]. The ALK gene encodes soluble starch synthase
II, and alterations in amino acids within this gene can potentially lead to changes in the activity of starch
synthase, thereby influencing the synthesis of medium-length branched chains in amylopectin. This, in
turn, modifies the crystalline layer structure and ultimately controls the gelatinization temperature of
crops [52]. The CF2 treatment can lower the PTemp of CS1, likely because phosphate fertilizer facilitates
the binding of phosphorus in the form of phosphate groups to starch molecules. The hydrophilicity of
phosphate groups is greater than the hydroxyl groups in starch molecules, which favors rapid water
absorption and expansion of starch, thus altering the viscosity of starch and leading to a certain degree of
reduction in the PTemp [53]. Additionally, phosphorus fertilizer promotes starch degradation in rice
grains, reducing rice hardness and increasing viscosity, thereby improving the eating quality of rice [10].
The HF3 treatment increased the RVA value of HQH, likely due to the application of compound fertilizer,
which resulted in grains with lower water content and higher levels of nutrients such as protein, starch,
and fiber, thus enhancing the PV and BV [54]. The HF4 treatment was able to increase the RVA value of
HQH, likely due to the organic fertilizer regulating the retention and release process of nitrogen to
modulate nitrogen supply [55], which in turn affects the branching crystallinity of amylopectin [56], The
crystallinity of starch is closely related to the viscosity of the gelatinization properties of crops [57] and
subsequently the RVA value of wheat. This study found that amylose content was negatively correlated
with pasting viscosity, positively correlated with PTim and PTemp, while protein content was negatively
correlated with pasting viscosity. This could be because amylose inhibits granule expansion [50], leading
to a decrease in pasting viscosity and an increase in pasting time and pasting temperature. Therefore,
appropriately reducing amylose and protein content is crucial for improving the palatability of proso
millet, consistent with the research by Li et al. [24].

5 Conclusion

This study explored the impact of varied fertilizer treatments on the yield and quality of HQH and
CS1 under low nitrogen conditions. The results indicated that urea significantly increased the yield,
followed by compound fertilizer. Different fertilizers had varying effects on amylose, TSC, and protein
content. Urea favored the accumulation of amylose in HQH, while organic fertilizer benefited the
amylose content in CS1. Phosphorus fertilizer enhanced the total starch content of CS1. Compound
fertilizer promoted protein synthesis in both varieties. Organic fertilizer improved the RVA value of HQH,
whereas phosphorus increased the peak viscosity, hot paste viscosity, breakdown value, and final
viscosity of CS1. Urea, on the other hand, improved the setback viscosity and pasting temperature of
CS1. Based on the comprehensive evaluation value obtained from the membership function, organic
fertilizer, and phosphorus fertilizer were found to have the highest comprehensive evaluation values for
the yield and quality of HQH and CS1 under low nitrogen conditions. This study furnishes scientific
evidence for the cultivation of proso millet that achieves both elevated yields and superior quality under
low nitrogen conditions, thereby holding significant value in advancing organic dry farming techniques
and theories.
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