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Abstract

:

The flowering stage is a critical period for water sensitivity and quality formation of broomcorn millets. However, the effects and mechanisms of drought stress on the quality formation of broomcorn millets are not clear. We used the drought-resistant variety Hequ red millet (H) and the drought-sensitive variety Yanshu No. 10 (Y) were used as materials for drought stress treatment during the flowering stage, metabolomics and physiological methods were used to study the differences in protein, starch, amino acids, medium and medium-long chain fatty acids, and their response characteristics to drought in broomcorn millet. The results showed that different genotypes of broomcorn millets exhibited different response mechanisms in the face of drought stress. In Hequ red millet, drought stress significantly increased the contents of amylopectin (2.57%), pyridoxine (31.89%), and anthocyanin, and significantly decreased the contents of water-soluble protein (5.82%), glutelin (10.07%), thiamine (14.95%) and nicotinamide (23.01%). In Yanshu No. 10, drought significantly decreased amylose by 6.05%, and significantly increased riboflavin and nicotinamide contents by 21.11% and 32.59%. Correlation analysis showed that total starch and amylose were highly significantly positively correlated with methyl palmitate; negatively correlated with amylopectin, vitamins, proteins, free amino acids, and medium-long chain fatty acids; and amylopectin was significantly positively correlated with water-soluble protein, riboflavin, and pyridoxine. Water-soluble protein and glutelin were significantly positively correlated with most free amino acids, medium-long chain fatty acids, and nicotinamide. Thiamine showed significant positive correlation with nicotinamide and significant negative correlation with pyridoxine. Riboflavin was significantly positively correlated with nicotinamide, pyridoxine, and water-soluble protein, and pyridoxine was significantly positively correlated with water-soluble protein. Hequ red millet transforms into amylopectin by consuming water-soluble protein and glutelin, and improves drought resistance by accumulating pyridoxine, and changes its physicochemical properties by decreasing the content of amylose and protein and elevating the content of amylopectin. Yanshu No. 10 resisted drought by catabolizing lipids to produce fatty acids and by consuming amylose for conversion into other metabolites. The present study helps to understand the response of the nutritional quality of millets to drought stress at the flowering stage and provides a theoretical basis for the selection and breeding of superior varieties of millets and drought resistance research.
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1. Introduction


Broomcorn millet (Panicum miliaceum L.) is an ancient small cereal crop in China. Broomcorn millet boasts several distinctive traits, including a short growth period, resilience to drought, tolerance to saline-alkaline soils [1], adaptability to impoverished soils [2], and robust environmental adaptability [3]. Cultivation occurs in arid and semi-arid regions of China [4]. As a C4 crop, broomcorn millet efficiently utilizes limited water resources available [5] and requires relatively low levels of nitrogen fertilizer [6]. It is an ideal candidate for drought tolerance research.



When plants are subjected to drought stress, it triggers physical or chemical changes in the biomolecules within their cells, thus initiating a cellular stress response. Plants respond to drought stress by sensing alterations in osmotic pressure [7]. Drought stress induces the synthesis of abscisic acid (ABA), which, in turn, enhances the drought resistance of crops [8]. It also influences various physiological and metabolic processes in plants [9], including photosynthesis, respiration, enzyme activity, and the storage, accumulation, and transport of nutrients [10,11]. Prolonged drought can have detrimental effects on protein synthesis in plants and compromise the activity of cell membranes [12]. This results in reduced levels of chlorophyll and carotenoids, leading to decreased photosynthetic activity and impairing various plant functions [10]. Consequently, it reduces the biomass of crops and causes irreversible damage to the development and yield of grains, ultimately imposing a negative impact on crop yield and quality [10]. Drought stress can increase protein content of wheat and further influence its gluten strength [13], and can also reduce the oleic acid content of legumes and increase their protein content [14]. In addition, it can also increase the content of olein in Foxtail Millet (Setaria italica (L.) Beau) from 0.97% to 1.61% and reduce the content of gliadin from 1.56% to 1.26% [15]. Post-spinning drought stress affected the grain filling process of maize (JKN2000). Severe drought stress increased the protein content by 37.56% and decreased the starch content by 25.11% [16]. After 13 days of drought treatment in the reproductive growth period, the anthocyanin index of the two genotypes of maize increased significantly by 8% and 14%, respectively [17]. Drought stress can reduce the β-glucan content in barleys during the filling period [18]. In the booting stage, flowering stage and filling stage, mild drought increased the starch content of rice (NJ9108) by 1.11%, 2.52% and 3.54%, while severe drought decreased the starch content by 12.49%, 8.87% and 5.86% [19]. Severe drought at the jointing stage reduced the amylose content of rice (SJ6) by 15.61% and increased amylopectin content by 7.21% [20]. Moderate drought stress increased the accumulation of Arabidopsis proline by 6.4 times, anthocyanin by 2.9 times and soluble sugar by 1.7 times [21].



Metabolomics is a comprehensive approach based on qualitative and quantitative analysis of metabolites, it is used for analyzing metabolic pathways, networks, and related gene functions [22]. It is widely used in quality formation [10], related regulatory networks and key genes [23], differential metabolites [24] and other physiological and molecular response mechanisms to drought stress [25]. Research on the quality of broomcorn millet mainly focuses on fertilizer use [26], different ecological regions [27], and cover methods [28]. Drought is one of the important factors that affect the quality and yield formation of broomcorn millet. It can increase the contents of total free amino acids, betaine and proline of broomcorn millet [29], affecting the antioxidant response system [30] and altering quality. The flowering period is a sensitive period of broomcorn millet to drought stress [31], but the mechanism of drought affecting the quality formation of broomcorn millet is not clear. This study aims to explore the physiological, metabolic, and quality differences in the response to drought of drought-resistant broomcorn millet with different genotypes to understand the effects of drought stress during flowering on quality formation.




2. Materials and Methods


2.1. Experimental Design


The experiment was carried out at the Dingxiang Experimental Base of the Agricultural Gene Resources Research Center of Shanxi Agricultural University in 2022. The broomcorn millet varieties with different drought resistance were used as experimental materials. The drought-resistant variety Hequ red millet (H) and the drought-sensitive variety Yanshu No. 10 (Y) were used as experimental materials [32,33]. In the experiment, potted plants were used for treatment, and normal watering treatment (CK) and drought treatment (D) were adopted in complete random unit design. Each treatment was repeated 5 times for 6 POTS each time. Each pot contained 10 kg of air-dried soil, and the soil mineral nutrient composition was N (0.082%), P (12.3 mg kg−1), K (117 mg kg−1), organic matter (13.69 g kg−1), and soil pH was 8.10. Sterilize the seeds before sowing, bleach them for 5 min, and rinse them with sterile water at least 3 times. After the seeds were germinated, 5 plants were kept in each pot, and the plants grew normally until heading and began to control water. In order to avoid rainfall interference, the experiment was carried out in a dry shed. Drought treatment (D) plants were kept without watering for 4 days and weighed to ensure that the soil moisture was reduced to 15% (severe drought), then weighed every other day for 15 days to maintain the water content at 15%. Control treatment (CK) was watered normally and weighed every two days from flowering until before sampling to ensure that the potting soil moisture was maintained at 55%. After the broomcorn millet is mature, the seeds are collected and shelled, dried in the oven at 75 °C to constant weight, then weighed, crushed, screened, and stored in the refrigerator at 4 °C to prevent sample deterioration.




2.2. Determination of Agronomic Traits


After the last sampling, all the remaining plants in the pot were collected to quantify the plant height of the broomcorn millet, and the collected spikes were placed in an oven at 60 °C to dry to constant weight. The grain weight, 1000-grain weight, area, diameter and length-width ratio of single spike after drying were measured by automatic seed test and 1000-grain weight analyzer, and the color of broomcorn millet grain after shelling was measured by it. The color of broomcorn millet grain after shelling was described by RGB color mode and Lab color mode.




2.3. Determination of Starch Content


2.3.1. Extraction and Determination of Total Starch


Referring to the method of Deng et al. [34] the enzyme-direct method was used to extract starch. After removing lipids and soluble sugars from a 50 g dry sample, 2 mL 2 M KOH was added to mix, shaken on ice for 20 min, and 8 mL 1.2 M sodium acetate buffer solution (pH = 3.8) was added to mix evenly. Digestible starch was hydrolyzed by α-amylase at 37 °C to convert it into glucose, and then 0.1 mL of starch glucosidase was added and heated in a water bath at 50 °C for 30 min. The 0.1 mL sample was diluted to 1 mL with distilled water, and 0.05 mL of the above liquid was added with 1.5 mL Glucose oxidase/peroxidase reagent (GOPOD) and incubated at 50 °C for 20 min. The 0.05 mL glucose standard solution was added with 1.5 mL GOPOD reagent and reacted at 50 °C for 20 min. Their absorbance was measured at 510 nm, and the total starch content was calculated according to the glucose standard curve. The total starch content in the sample can be calculated according to the following formula:


  starch   content   ( % ) =   Δ A × F × 90  M   



(1)






  F  =     100   ( μ g   of   D - glucose )     absorbance   for   100   μ g   of   glucose     



(2)







Among them, ΔA: the sample OD value minus the blank OD value; F: OD value per μg glucose; M: Sample quality; 90: Conversion factor.




2.3.2. Determination of Amylose Content


According to the different affinity of amylose and amylopectin to iodine, absorbance values of the samples were determined spectrophotometrically at 620 nm. Different proportions of amylose standard solution were prepared, to the method of Fan et al. [35] to prepare standard curve. The content of amylose was calculated by the external standard method. The content of amylose in the sample can be calculated according to the standard curve:


  amylose   starch   content   ( % ) =  C M  10  



(3)







Among them, C: the results calculated according to the standard curve; M: actual weighing mass (about 10 mg); 10: correction coefficient.



The calculation of amylopectin content: The amylopectin content can be obtained by using the total starch content minus the amylose content.





2.4. Determination of Protein Components


According to the method of Wieser et al. [36], the protein components in the sample were separated according to the difference of solubility of the protein components in different solvents. Coomassie brilliant blue G-250 (China Pharmaceutical Group Co., Ltd., Beijing, China) binds to protein in blue, and the color depth is proportional to the protein content. The absorbance of the sample was measured at 595 nm using an ultraviolet spectrophotometer (T1910, General, Beijing, China). The standard curve of different concentrations was fitted, and the content of each protein component was calculated according to the formula: protein content (mg/g) = C × V/M. C is the result calculated according to the standard curve; M is the actual weighing quality; V is the total volume of the extract.




2.5. Determination of Amino Acid Content


After sampling, it was sent to Shanghai Sanshu Biotechnology Co., Ltd. (Shanghai, China) for determination. The extraction and determination of each free amino acid was carried out using the method of Kovács et al. [37] The data acquisition instrumentation systems were mainly ultra-high performance liquid chromatography (Vanquish, UPLC, Thermo Fisher Scientific, Waltham, MA, USA) and high-resolution mass spectrometry (Q Exactive, Thermo Fisher Scientific, Waltham, MA, USA). Liquid chromatography parameters: chromatographic column: Waters BEH C18 (50 × 2.1 mm, 1.7 μm); mobile phase: phase A was ultrapure water (containing 0.1% formic acid), phase B was acetonitrile (containing 0.1% formic acid); the flow rate was 0.5 mL/min. The column temperature was 55 °C. The injection volume was 1 μL. The external standard method was used to quantify the experiment. The fitting curve was prepared by standard substances with different concentrations. The data were processed according to the data derived from the instrument. The molar content of the sample (nmol/mg) = (C × V × F)/M. C is the sample concentration read by the instrument, unit nmol/mL; V is the final volume of the sample, unit mL; F is the dilution multiple of the sample; m is the weight of the sample, unit mg. Amino acid content in the sample (µg/g) = (C × V × F × Mw)/M. Mw is the molecular weight of the corresponding amino acid.




2.6. Determination of Medium-Long Chain Fatty Acid Content


Referring to the method of Li et al. [38] for extraction and determination of medium-long chain fatty acids, GC-MS (7820A-5977B; Agilent Technologies Inc., Santa Clara, CA, USA) was utilized. The mass spectrometry data were processed by Quant-My-Way (B.09.00) software, and the external standard method was used for quantification.



Gas chromatographic parameters: The gas chromatographic column was CP-Sil 88 (100 m × 0.25 mm × 0.25 µm, Agilent Technologies, Inc., Santa Clara, CA, USA). The sample size was 1 µL. The shunt ratio is 10:1; The carrier gas is high purity helium; The flow rate is 1.0 mL/min.



Mass spectrum parameters: the inlet temperature was 260 °C, the four-stage rod temperature was 150 °C; The scanning mode is single channel scanning (SIM), and the quality scanning range is (m/z): 30–550.



The fitting curve was prepared by using different concentrations of standard substance. The content of each component in the sample can be obtained according to the formula (µg/mg) = (C × V × F)/M, where C is the instrument reading concentration, unit µg/mL; V is the volume of sample extract, unit mL; M is the total amount of the sample, unit mg; F is the dilution factor.




2.7. Determination of B Vitamins Content


The B vitamins were extracted according to the method of Cellar et al. [39] with a slight modification, and the B vitamins were determined using ultra-high performance liquid chromatography (Vanquish, UPLC, Thermo Fisher Scientific, Waltham, MA, USA) and high-resolution mass spectrometry (Q Exactive, Thermo, Waltham, MA, USA).



Liquid chromatography parameters: chromatographic column: Waters HSS T3 (50 × 2.1 mm, 1.8 μm); mobile phase: phase A was ultrapure water (containing 0.1% acetic acid), phase B was acetonitrile (containing 0.1% acetic acid); the flow rate was 0.3 mL/min. Column temperature 40 °C; the injection volume is 2 µL.



QE mass spectrometry conditions: Electrospray ionization (ESI): sheath gas 40 arb; auxiliary gas 10 arb; ion spray voltage 3000 V; temperature 350 °C; the temperature of ion transport tube is 320 °C. The scanning mode was single ion detection (SIM) mode. The scanning mode was positive ion. Primary scan range (scan m/z range): 80–450.



The software TraceFinder (4.1) was used to process the mass spectrometry data, and the external standard method was used for quantification. The fitting curves were prepared by different concentrations of standard substances. The content of each component in the sample can be obtained by the formula (ng/100 mg) = (C × V × F)/M × 100, where C is the instrument reading concentration, unit ng/mL; V is the volume of sample extract, unit mL; M is the total amount of the sample, unit mg; F is the dilution factor.




2.8. Determination of Anthocyanin Content


A slightly modified version of Barnes et al.’s [40] approach uses the UPLC-OrbitRAP-MS system (UPLC, Vanquish; MS, QE; Thermo Fisher Scientific, Waltham, MA, USA) to detect anthocyanin content. The analytical conditions were as follows. UPLC: column, Waters ACQUITY UPLC BEH C18 (1.8 μm, 2.1 mm × 50 mm); column temperature, 40 °C; flow rate, 0.3 mL/min; injection volume, 2 μL; solvent system, water (0.1% Fomic acid): acetonitrile (0.1% Fomic acid).




2.9. Statistical Analysis


The data provided by the experiment were the average of at least three independent experiments. SPSS 25.0 and Microsoft Excel 2021 (16.0.) software were used to analyze the experimental data by using one-way analysis of variance (ANOVA), principal component analysis, correlation analysis and other related statistical analysis. The least significant difference (LSD) method was used to test the significance of the difference between the treatments at the p < 0.05 level. Pearson correlation analysis was used to analyze the correlation, and OriginPro 2021 9.8.0.200 software was used for mapping.





3. Results


3.1. Impact on Agronomic Traits


It can be seen from Table 1 that drought significantly reduced the plant height, grain weight per panicle and 1000-grain weight of the two genotypes of broomcorn millet, and significantly increased the average length-width ratio. Under drought stress, the plant height, grain weight per spike and 1000-grain weight of Hequ red millet decreased by 22.86%, 39.53% and 11.32%, respectively, and those of Yanshu No. 10 decreased by 16.19%, 44.30% and 10.39%, respectively. Drought stress increased the length-width ratio of Hequ red millet and Yanshu No. 10 by 3.71% and 2.68%.




3.2. Impact on Starch Content


Drought stress can significantly influence the starch content and composition in broomcorn millet with different genotypes (Figure 1). Various varieties exhibit contrasting trends in total starch and amylopectin content. Drought stress decreases the amylose content in broomcorn millet’s (Figure 1b). For instance, in the drought-sensitive Yanshu No. 10, the amylose content decreases significantly from 20.66% to 19.41%; the decrease rate was 6.05%. Conversely, no significant change is observed in the Hequ red millet. At the same time, drought stress notably increases the amylopectin content in the Hequ red millet (Figure 1c).




3.3. Impact on Protein Composition


Drought stress can significantly affect the protein composition of broomcorn millet, but the extent of this impact varies among different varieties. As shown in Figure 2, drought stress leads to varying degrees of decrease in water-soluble protein, globulin, alcohol-soluble protein, and glutelin content in Hequ red millet. The water-soluble protein and glutelin content show a significant reduction of 5.82% and 10.07%, respectively, under drought stress. In contrast, the water-soluble protein and glutelin content in Yanshu No. 10 exhibit a moderate increase, while the globulin and alcohol-soluble protein content decrease. But these protein changes are not statistically significant. Among the four treatment groups, the glutelin content is higher than the other three types of proteins. There is a significant difference in water-soluble protein content between the two treatments, with contents of 11.05 and 7.09 mg/g under normal conditions and 10.40 and 7.48 mg/g under drought stress, respectively. Glutelin content also shows significant variation between varieties under normal conditions, with contents of 28.22 and 23.83 mg/g. Globulin and alcohol-soluble protein content do not exhibit statistically significant differences between treatments or varieties.




3.4. Impact on Amino Acid Composition


Drought stress during the flowering period significantly affects the composition and content of amino acid composition in broomcorn millet (Table 2). When compared to the control treatment, drought stress led to a marked decrease in Hequ red millet in histidine, 4-Hydroxy-L-Proline, glutamine, glycine, γ-Aminobutyric acid, proline, lysine, methionine, valine, tryptophan content by 39.06%, 19.15%, 24.78%, 15.05%, 35.24%, 42.78%, 38.80%, 44.97%, 20.17%, and 38.71%, respectively. Conversely, when subjected to drought stress, the content of methionine in Yanshu No. 10 decreased by 0.25%. However, other free amino acids displayed varying degrees of increase (Figure 3). Notably, histidine, glutamine, serine, lysine, tyrosine, valine, isoleucine, leucine, and phenylalanine content increased significantly by 28.94%, 37.29%, 36.87%, 27.16%, 27.13%, 37.80%, 52.84%, 53.86%, and 45.62%, respectively. Cystine was only detected in the control treatment of Hequ red millet and was absent in all other conditions. After normalizing the content of each free amino acid, a heatmap was generated (Figure 3a). The heatmap clearly illustrates that drought stress led to a decrease in the content of free amino acids in Hequ red millet while significantly increasing amino acid content in Yanshu No. 10. Specifically, histidine, glutamine, lysine, and valine exhibited a significant decrease in Hequ red millet but a significant increase in Yanshu No. 10.




3.5. Impact on Medium-Longchain Fatty Acid Content


In this study, a total of 27 fatty acids were analyzed, comprising one short-chain fatty acid (methyl hexanoate) and 26 medium-long chain fatty acids. Table 3 reveals that drought stress significantly influenced the levels of certain medium-long chain fatty acids in broomcorn millet. Drought stress caused a notable reduction of 7.12% and 9.17% in decanoic methyl ester and arachidic methyl ester, respectively, in Hequ red millet. Simultaneously, it led to significant increases in the content of lauric methyl ester, myristic methyl ester, pentadecanoic methyl ester, 11-eicosenoic methyl ester, erucic methyl ester, and tricosanoic methyl ester by 12.19%, 10.07%, 14.90%, 19.42%, 13.23%, and 13.89%, respectively. In the case of Yanshu No. 10, drought stress significantly raised the levels of tricosanoic methyl ester, heneicosanoic methyl ester, erucic methyl ester, docosadienoic methyl ester, lignoceric methyl ester, tetracosenoic methyl ester, and linolenic methyl ester by 9.93%, 15.62%, 20.59%, 19.61%, 17.93%, 16.62%, and 11.95%, respectively.




3.6. Impact on B Vitamin Content


Using ultra-high-performance liquid chromatography, we determined the presence of four major B vitamins in broomcorn millet: thiamine (VB1), riboflavin (VB2), nicotinamide (VB3), and pyridoxine (VB6). As depicted in Figure 4, the B vitamin content in broomcorn millet follows this order: riboflavin > thiamine > pyridoxine > nicotinamide. Drought stress significantly reduced thiamine content in Hequ red millet from 42.81 ng/100 mg to 36.41 ng/100 mg, a decrease of 14.95%, while nicotinamide content decreased from 12.73 ng/100 mg to 9.80 ng/100 mg, a reduction of 23.01%. Pyridoxine’s average content significantly increased from 27.28 ng/100 mg to 35.98 ng/100 mg, an increase of 31.89%. Although drought stress caused an increase in riboflavin content, the change was not significant. Drought stress increased the contents of thiamine, riboflavin and nicotinamide in Yanshu No. 10 by 8.84%, 21.11% and 32.59%, respectively, and decreased the content of pyridoxine by 4.06%.




3.7. Impact on Anthocyanin Content


Six anthocyanins were detected in two genotypes of broomcorn millet, namely peonidin, rutin, luteolin, quercetin, isorhamnetin and kaempferol. It can be seen from Table 4 that under drought stress, the contents of isornin and kauniol of two genotypes of broomcorn millet increased significantly, Hequ red millet increased by 45.62% and 49.54%, and that of Yanshu No. 10 increased by 80.61% and 31.33%, respectively. In addition, under drought stress, the contents of peonidin, rutin, luteolin and quercetin increased significantly in Hequ red millet, and decreased to different degrees in Yanshu No. 10, and all reached significant levels except quercetin. Drought stress significantly changed the content of paeoniflorin in Hequ red millet, which was 5.59 times that of the control.




3.8. Correlation Analysis


We conducted a correlation analysis of each indicator to explore their relationship with each other. The correlation analysis results (Figure 5) indicated a highly significant positive correlation between total starch content and amylose, peonidin, rutin, as well as palmitic methyl ester, and a highly significant negative correlation with amylopectin, water-soluble proteins, riboflavin, and nicotinamide. The correlation coefficients were 0.81, 0.81, −0.70, −0.81, −0.80, and −0.76, respectively. Amylose exhibited a highly significant positive correlation with palmitic methyl ester and a highly significant negative correlation with amylopectin, water-soluble proteins, riboflavin, and pyridoxine, with correlation coefficients of 0.80, −0.99, −0.97, −0.95, and −0.82, respectively. Amylopectin showed significant positive correlations with water-soluble proteins, riboflavin, and pyridoxine, and significant negative correlations with total starch and amylose, with correlation coefficients of 0.95, 0.93, 0.86, −0.70, and −0.99, respectively.



The correlation analysis of the four protein types revealed that globulin showed no significant correlations with other parameters. Alcohol-soluble protein exhibited significant negative correlations only with 11-eicosenoic methyl ester and linolenic methyl ester. Water-soluble protein displayed a significant positive correlation with glutelin and amylopectin, with correlation coefficients of 0.60 and 0.95, while it was negatively correlated with total starch, amylose, and palmitic methyl ester. Glutelin had a significant positive correlation with nicotinamide, with a correlation coefficient of 0.75, and, in addition, it exhibited positive correlations with various free amino acids and medium-long chain fatty acids.



Among the measured free amino acids, except for histidine, L-4-hydroxyproline, lysine, tyrosine, and methionine, which showed relatively low correlations with other substances, most amino acids exhibited significant positive correlations with each other. These amino acids also demonstrated significant positive correlations with riboflavin, nicotinamide, water-soluble protein, glutelin, and most medium-long chain fatty acids. However, they displayed negative correlations with total starch, amylose, and palmitic methyl ester.



11-eicosenoic methyl ester, linolenic methyl ester, erucic methyl ester, and lignoceric methyl ester exhibited relatively low correlations with other substances. Palmitic methyl ester showed a highly significant positive correlation with total starch and amylose, while it displayed negative correlations or no significant correlations with other substances. Additionally, most other medium-long chain fatty acids displayed significant positive correlations with riboflavin, nicotinamide, pyridoxine, water-soluble protein, glutelin, the majority of free amino acids, and with each other.



Thiamine displayed a strong positive correlation with nicotinamide (0.63) but a significant negative correlation with pyridoxine (−0.58). There were no significant correlations between thiamine and starch, protein, or medium-long chain fatty acids. Thiamine exhibited positive correlations with various free amino acids, including histidine, proline, lysine, methionine, tryptophan, and 4-hydroxyproline, with correlation coefficients of 0.64, 0.60, 0.76, 0.66, 0.60, and 0.71, respectively. Riboflavin showed significant positive correlations with nicotinamide, pyridoxine, and water-soluble protein, with correlation coefficients of 0.60, 0.82, and 0.93, respectively. Nicotinamide displayed a strong positive correlation with water-soluble protein and glutelin, with correlation coefficients of 0.75 and 0.62. Pyridoxine exhibited a significant positive correlation with water-soluble protein, with a correlation coefficient of 0.74. Luteolin, quercetin, isorhamnetin and kaempferol were negatively correlated with rutin, thiamine, histidine, 4-Hydroxy-L-Proline, lysine, methionine, tyrosine and tryptophan methionine. Peonidin and rutin were positively correlated with total starch, amylose and palmitic methyl ester, and negatively correlated with other metabolites.




3.9. Principal Component Analysis and Hierarchical Cluster Analysis


To visually observe and further analyze the impact of drought stress on the grain quality of broomcorn millet across different genotypes, we conducted normalization, Principal Component Analysis (PCA), and Hierarchical Cluster Analysis (HCA) on the samples.



The plot of PCA analysis (Figure 6a) reveals that PC1 contributes to 56.2% of the variance, PC2 to 18.7%, and the cumulative contribution of PC1 and PC2 is 74.9%. With the exception of YD3, all samples from Yanshu No. 10 are aligned along the positive axis of PC1, while samples from Hequ red millet are situated along the negative axis of PC1. Samples HCK1, HCK2, and HCK3 cluster together closely. There are significant differences among all four groups, but the control and drought-treated groups of Yanshu No. 10 are the closest, indicating a relatively high level of similarity between these two groups. In contrast, the control and drought-treated groups of Hequ red millet are more distant, signifying a greater difference between the two groups.



After normalizing the content of all the indicators, a hierarchical clustering heatmap of relative abundance was created, as depicted in Figure 6b. The color gradient reflects variations in expression levels, with a redder shade indicating higher content and a bluer hue indicating lower content. The figure reveals that amylose exhibits lower expression levels in Hequ red millet but is highly expressed in Yanshu No. 10. The clustering analysis distinctly groups the two varieties, with different treatment groups of each variety forming separate clusters. This indicates substantial differences between the two varieties with relatively low similarity. Within the same variety, different treatments display both disparities and similarities.





4. Discussion


Drought places limitations on the worldwide use of arable land. While plants can adapt to short-term drought stress through physiological changes, in the long term, these alterations can have an adverse impact on crop quality and yield [10].



Amylose possesses exceptional molding, gelling, and stretching capabilities, whereas amylopectin exhibits notable resistance to aging, freeze-thaw stability, thickening effects, high expansibility, and water absorption [41]. According to Yang et al. [42] varieties of broomcorn millet with high amylose content demonstrated significantly lower whole-powder water absorption and oil absorption compared to those with low amylose content. Furthermore, the whole-powder viscosity, final viscosity, setback viscosity, gelatinization time, and gelatinization temperature were markedly higher in varieties with low amylose content. The intermolecular binding force in amylose is stronger than that in amylopectin, making starch less prone to gelatinization and, consequently, raising the gelatinization temperature as the amylose content increases.



During the grain-filling process, grains utilize sugars from the photosynthetic organs to synthesize starch, proteins, and lipids through metabolic activities, and these substances determine crop quality. Huang et al. [43] demonstrated that rice formed starch in the chloroplasts through photosynthesis and transported it in the form of sucrose to the organs for “metabolic sink.” Upon entering grain cells, sucrose is converted into ADP-glucose (ADPG) through sucrose hydrolysis. Subsequently, under the action of granule-bound starch synthase (GBSS), it forms amylose. With the combined action of soluble starch synthase (SSS), starch branching enzyme (SBE), and starch debranching enzyme (DBE), sucrose forms pectin [44]. However, drought stress obstructs organic compound synthesis and transport pathways [10], affecting starch enzyme activity and leading to insufficient biomass accumulation in crops, ultimately altering the composition of amylose and amylopectin, which aligns with the results obtained in this study. Starch is the most prominent component in grains of broomcorn millet, and its content, amylose-to-amylopectin ratio, and physicochemical properties significantly impact the taste and processing quality [42]. Broomcorn millet with high amylose exhibits greater hardness and chewiness after cooking [42]. Those with high amylopectin are stickier, more stable, and require less cooking time. In this study, drought stress resulted in a decrease in amylose content and the amylose-to-amylopectin ratio in both varieties. It significantly increased the amylopectin content in Hequ red millet. Drought stress enhances stickiness, flavor, and processing quality by lowering amylose content and the amylose-to-amylopectin ratio while significantly increasing the amylopectin content in Hequ red millet, ultimately improving its culinary and processing quality.



Under drought stress, crops gradually dehydrate, leading to changes in the arrangement of lipid molecules in cell membranes, subsequently altering the positioning and configuration of proteins on the membrane [7]. This, in turn, disrupts the stability of proteins and the activity of enzymes. Under drought stress, the activity of ROS scavenging enzymes decreases, which in turn weakens crop photosynthesis [10] and carbohydrate transport is blocked [45]. When carbohydrate stores are depleted, plants induce the degradation of lipids and proteins as a substitute for respiratory substrates [44], intensifying breakdown processes [43]. As a result, the synthesis and metabolic rate of proteins in plants decrease [44], ultimately leading to a reduction in protein content. Within plant cells, acetyl-CoA regulates carbon metabolism by influencing protein acetylation [46]. Acetyl-CoA plays a role in the synthesis of fatty acids, amino acids, flavonoids, phenols, alkaloids, and other substances [47]. Therefore, drought stress can affect the content of amino acids, fatty acids, and carbohydrates in plants by influencing proteins. In this study, drought stress significantly reduced the water-soluble protein and glutelin content in Hequ red millet. Correlation analysis revealed that water-soluble protein exhibited a significant positive correlation with glutelin, amylopectin, riboflavin, niacinamide, pyridoxine, and most free amino acids and medium-long chain fatty acids. Glutelin exhibited a significant positive correlation with riboflavin and most free amino acids. Alcohol-soluble protein only exhibited a significant negative correlation with two amino acids, while there was no correlation between globulin and other substances. This suggests that drought primarily affects other nutrient components by altering the water-soluble protein and glutelin content in broomcorn millet. Additionally, drought stress may trigger the synthesis of drought-resistant proteins and gene expression, such as MBY, bZIP, SnRKs and so on [48]. Protein content in broomcorn millet varies significantly in different studies. Wang et al. [26] reported that protein content in broomcorn millet ranges from 9% to 17%, with albumin, alcohol-soluble protein, glutelin, and globulin making up approximately 1.4%, 4.0%, 0.3%, and 2.4%, respectively. The results of this study show that both varieties of broomcorn millet have a protein composition of glutelin > alcohol-soluble protein > water-soluble protein > globulin, which differs from previous findings. This variation could be due to significant differences in protein content between varieties.



Amino acids are intricately associated with carbon metabolism, as they are primarily synthesized from intermediates within the photosynthetic carbon cycle and can be further degraded into intermediates of the TCA (Tricarboxylic Acid) cycle or their precursors [49]. Amino acids can be used as precursors for the synthesis of plant hormones [50], facilitate source-to-sink transport for nitrogen [51], participate in resistance to external abiotic stressors [52]. Chemical protection as a commonly used agricultural measure can affect the amino acid content of crops [53,54]. When facing non-biological (abiotic) stress, amino acids can either originate from de novo synthesis or result from the degradation of proteins [45]. Hildebrandt et al. [55] revealed that some highly abundant amino acids, such as proline, arginine, asparagine, glutamine, and GABA, are synthesized during non-biological stress events. Drought stress hinders organic compound synthesis and transport pathways [10]. The relative water content of plants decreases and leads to protein degradation [44]. These factors result in increased soluble sugar and amino acid content in some crops [56] and increased osmotic pressure within plant cells, subsequently inducing high osmotic stress within the plant cells [7]. Proline plays a critical role in regulating osmotic pressure, it can enhance the water retention of plant cells by controlling stomatal closure and promote normal growth under drought stress [57]. The increase in proline concentration under drought stress suggests its role in overcoming prolonged drought through osmotic adjustments [58]. Amino acids can be transformed into organic acids, carbohydrates, and proteins through the photosynthetic pathway [49]. The concentrations of lysine, histidine, glutamine, and valine significantly decreased in Hequ red millet but increased in Yanshu No. 10. As per Paul’s findings [29], the total free amino acid concentration increases with the intensification of drought stress treatments. In this study, Yanshu No. 10 exhibited a similar response to drought stress, while Hequ red millet yielded the opposite result. This variation may be attributed to the different drought resistance mechanisms of the two varieties. Among the measured free amino acids, several of them exhibited a significant negative correlation with total starch and amylopectin content and a significant positive correlation with amylopectin, water-soluble protein, glutelin, riboflavin, niacinamide, and various medium-long chain fatty acids. Drought stress reduced the total free amino acid in Hequ red millet and increased it in Yanshu No. 10. This suggests that, in Hequ red millet, drought primarily reduces the total free amino acid by decreasing the water-soluble protein, glutelin, niacinamide, as well as increasing the total starch content. In Yanshu No. 10, drought primarily increases the total free amino acid by reducing total starch and amylose content while increasing the medium-long chain fatty acids, riboflavin, and niacinamide.



Fatty acids (FAs) play crucial roles as integral components of cell membranes and lipid storage. They are also precursors of various plant metabolites [59] and signaling molecules [60]. FAs in plants are synthesized exclusively within plastids and are catalyzed by enzymes such as acetyl CoA carboxylase (ACC) and fatty acid synthase (FAS) [61]. These enzymatic processes lead to the formation of C16 and C18 FAs [62], which are further converted into triacylglycerols (TAGs) and stored in oil bodies [63] within plant cells under the influence of a series of enzymes, including diacylglycerol acyltransferases. The most common unsaturated fatty acids (UFAs) are three 18-carbon (C18) fatty acids. In plants, C18 UFAs are raw materials for the synthesis of aliphatic compounds including membrane glycerolipids, TAGs, methyl jasmonate, and nitroalkenes [64]. These products, as well as C18 unsaturated fatty acids themselves, are involved in plant defense against various biotic and abiotic stresses [61]. The photosynthetic capacity of plants is reduced under the stress environment [10], and reduced membrane fluidity restricts the lateral movement of proteins and lipids involved in the photosynthetic process [65]. Most of the neutral membrane lipids found in photosynthetic membranes are comprised of unsaturated linolenic acids [61]. Higher unsaturation levels lead to increased membrane fluidity [66], necessitating the induction of membrane stability through UFAs to support photosynthesis and enhance a plant’s resistance to environmental stress. Regarding the measured medium-long chain fatty acids, there’s a negative correlation with palmitic methyl ester and other components. Most medium-long chain fatty acids show a significant negative correlation with total starch and amylose, but they exhibit significant positive correlations with other components. However, these FAs do not demonstrate any significant correlations with certain components, such as thiamine, globulin, tyrosine, lysine, histidine, histamine, and 4-hydroxyproline. These findings suggest that drought can affect the content of medium-long chain fatty acids by regulating the levels of other components.



Miret et al. [67] conducted research indicating a close relationship between vitamin synthesis and nitrogen metabolism in plants. Most vitamins in plants are synthesized using amino acids as precursors. Amino acids are integrated into the structural framework of vitamins during the biosynthesis and metabolism of vitamins, and they can also be used as donors for amino, sulfur, or single-carbon groups. Mild abiotic stress can increase the vitamin content in crops, even indirectly providing limited protection against pathogens. Under drought stress, Kausar [68] sprayed thiamine on peas (Pisum sativum L.), which acted as a growth promoter and significantly improved photosynthetic properties, soluble sugars, proline, antioxidants, and mineral absorption. This suggests that thiamine mitigates the harm caused by drought stress to peas by regulating these physiological and biochemical mechanisms. Zhang et al. [69] showed that under drought stress, Chinese wingnut (Pterocarya stenoptera) significantly increased the level of thiamine by up-regulating the expression of thiamine synthesis genes, and then significantly increased the expression of eight chlorophyll synthesis-related genes such as HemA and HemE, and enhanced photosynthesis. In addition, the Chinese wingnut treated with thiamine stimulated the expression of genes related to the growth hormone signaling pathway and upregulated the expression of growth hormone response factor (ARFs), thus alleviating the negative effects of drought on Chinese wingnut. In this study, the drought-sensitive variety Yanshu No. 10 maintained higher thiamine levels under drought stress, while the drought-resistant variety, Hequ red millet, displayed the opposite trend with a significant decrease in thiamine content. Deng et al. [70] found that low and medium concentration of riboflavin treatment improved drought tolerance and antioxidant enzyme activity of tobacco plants, while high concentration of riboflavin decreased drought tolerance of tobacco plants, and speculated that riboflavin-mediated ROS production may determine the effect of riboflavin on drought tolerance of tobacco plants. Drought can activate the degradation of nicotinamide adenine dinucleotide (NAD) by poly (ADP-ribose) polymerase (PARP), releasing niacinamide and increasing ATP consumption, depleting energy resources, and ultimately causing cell death [67]. In this study, riboflavin content in Hequ red millet significantly decreased under drought stress, while in the drought-sensitive variety Yanshu No. 10, riboflavin content significantly increased, aligning with the findings of the study. Pyridoxine is an effective antioxidant that can be rapidly oxidized and plays a role in photosensitizer resistance by quenching 1O2 [71]. Pyridoxal phosphate (PLP) is the active form of pyridoxine. Huang et al. showed that abiotic stress could increase the PLP level of tobacco plants by up to 2.5 times [72]. The content of pyridoxine in red broomcorn millet was significantly increased under drought stress, which may be due to the metabolic regulation of broomcorn millet to promote its synthesis to cope with drought.



Anthocyanins have the functions of improving photosynthesis rate, membrane permeability, optimizing nutrient absorption [73], scavenging free radicals, anti-oxidation and regulating signal cascade reaction [74]. Abiotic stress can cause cell homeostasis disorder and induce excessive production of reactive oxygen species (ROS), and ROS, as a signaling molecule that activates the plant stress mechanism [75], can induce anthocyanin production in large quantities when subjected to abiotic stress, which can reduce the accumulation of H2O2 in plants [76]. ROS is cleared into vacuoles, thus playing a role in water homeostasis [77]. Therefore, the resistance of plants to abiotic stress is improved. Under drought stress, kaempferol and quercetin, as flavonoid compounds, make rice have strong non-enzymatic antioxidant activity through their functions of absorbing ultraviolet light and neutralizing free radicals [78], alleviate DNA damage, photosystem damage and cell death caused by stress, and enhance the stress resistance of rice [79]. Cao et al. [33] found that the genes for anthocyanin biosynthesis in broomcorn millet were significantly up-regulated under drought stress. In the study of Sperdouli et al. [21] moderate drought stress increased anthocyanin in Arabidopsis thaliana leaves by 2.9 times. Oksana et al. [80] observed that in buckwheat (Fagopyrum esculentum L) the effect of drought stress on quercetin varied with different varieties. In this study, drought stress significantly increased the contents of six anthocyanins in drought-resistant variety Hequ red millet, increased the contents of isorhamnetin and kaempferol in drought-sensitive variety Yanshu No. 10, and decreased the contents of peonidin, rutin, luteolin and quercetin.



In this study, the impact of flowering-stage drought stress on grain quality in grains of broomcorn millet with different genotypes was analyzed using ultra-high-performance liquid chromatography. This study found that flowering-stage drought stress led to varying changes in broomcorn millet’s quality, and these changes significantly differed among varieties. This indicates that varieties with varying drought resistance capabilities exhibit distinct response mechanisms when faced with drought stress [69]. Comparing the results with the control treatment, it was observed that drought stress caused a reduction in amylopectin content, four types of protein content, and the amylose/amylopectin ratio in the drought-resistant variety Hequ red millet. In contrast, total starch and amylopectin content increased. On the other hand, the drought-sensitive variety Yanshu No. 10 exhibited a decrease in amylose, amylopectin, and the amylose/amylopectin ratio under drought stress while showing an increase in total starch and the total content of the four proteins. This suggests that under drought stress, Hequ red millet enhances its quality by reducing amylose, protein content, and the amylose/amylopectin ratio, whereas Yanshu No. 10 improves its quality by decreasing amylose and the amylose/amylopectin ratio. In this study, metabolomics was used to elucidate the response mechanism of different genotypes of broomcorn millet to drought stress at flowering stage, which laid a theoretical foundation for improving the yield of broomcorn millet, improving the quality of grain nutrition, and breeding high-quality drought-resistant broomcorn millet varieties. However, the mechanisms of interaction between various quality indicators under drought stress and the degree to which they are affected are not yet fully understood. A comprehensive study encompassing physiological and metabolic aspects is needed to reveal these transport patterns and regulatory mechanisms, thus mitigating the adverse effects of drought on broomcorn millet.




5. Conclusions


In this study, two kinds of broomcorn millet with different drought resistance were used as materials. Using non-targeted metabolomics and physiological techniques, it was found that drought stress at flowering stage reduced the contents of protein, free amino acid, thiamine hydrochloride and nicotinamide in Hequ red millet, and significantly increased the contents of amylopectin, pyridoxine and anthocyanin. However, in Yanshu No.10, drought stress at flowering stage significantly increased the content of riboflavin and nicotinamide, and significantly decreased the content of amylose. These results provide a theoretical basis for improving the nutritional quality of broomcorn millet grains and breeding high-quality drought-tolerant varieties.
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Figure 1. Effect of drought stress on starch content of broomcorn millet: (a) Total starch content; (b) Amylose content; (c) Amylopectin content. H: Hequ red millet; Y: Yanshu No. 10; CK: Control treatment; D: drought treatment, different lowercase letters indicated that the difference was significant at the p < 0.05 level; * The difference was significant at the p < 0.05 level. 
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Figure 2. Effects of drought stress on protein composition of broomcorn millet: (a) Water-soluble protein content. (b) Globulin content. (c) Alcohol-soluble protein content. (d) Glutelin content. H: Hequ red millet; Y: Yanshu No. 10; CK: Control treatment; D: drought treatment, different lowercase letters indicated that the difference was significant at the p < 0.05 level; * The difference was significant at the p < 0.05 level. 
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Figure 3. Effects of drought stress on contents of free amino acids and medium-long chain fatty acids in broomcorn millet: (a) Free amino acid content and (b) Medium-long chain fatty acid content. H: Hequ red millet; Y: Yanshu No. 10; CK: Control treatment; D: Drought treatment. 
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Figure 4. Effects of drought stress on vitamin content of broomcorn millet: (a) Thiamine content. (b) Riboflavin content, (c) Nicotinamide content, and (d) Pyridoxine content. H: Hequ red millet; Y: Yanshu No. 10; CK: Control treatment; D: Drought treatment, different lowercase letters indicated that the difference was significant at the p < 0.05 level; * The difference was significant at the p < 0.05 level. 
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Figure 5. Correlation heat map of broomcorn millet quality. Red indicates positive correlation, blue indicates negative correlation, color from deep to light and dot from large to small indicates correlation from strong to weak. 
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Figure 6. (a) Principal component analysis (PCA) score plot. Different colors represent different treatments. The abscissa and ordinate represent the scores of PC1 and PC2, respectively, H: Hequ red millet; Y: Yanshu No. 10; CK: Control treatment; D: Drought treatment. (b) Hierarchical clustering heat map of relative abundance of two broomcorn millet quality. Different colors indicate that the abundance of quality accumulation in different samples is different. The abscissa represents the sample name, and the ordinate represents the quality index. H: Hequ red millet; Y: Yanshu No. 10; CK: Control treatment; D: Drought treatment. 
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Table 1. Effects of drought stress on agronomic traits of broomcorn millet.
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	Treatment
	Plant Height (cm)
	1000-Grain Weight (g)
	Grain Weight per Plant (g)
	Grain Area (mm2)
	Grain Length-Width Ratio
	Grain Diameter (mm)





	HCK
	91.17 ± 9.28 a
	7.16 ± 0.05 a
	2.53 ± 0.24 a
	6.18 ± 1.40 a
	1.39 ± 0.02 b
	2.77 ± 0.41 a



	HD
	70.33 ± 4.37 b
	6.35 ± 0.16 c
	1.53 ± 0.17 b
	6.12 ± 0.97 a
	1.44 ± 0.01 a
	2.77 ± 0.29 a



	YCK
	89.17 ± 6.01 a
	6.69 ± 0.13 b
	2.37 ± 0.42 a
	4.84 ± 1.79 b
	1.27 ± 0.02 d
	2.42 ± 0.57 b



	YD
	74.73 ± 5.01 b
	6.00 ± 0.26 d
	1.32 ± 0.18 b
	4.30 ± 2.06 b
	1.30 ± 0.03 c
	2.24 ± 0.64 b



	Mean
	81.35
	6.55
	1.94
	5.36
	1.35
	2.55



	SD
	10.87
	0.46
	0.59
	1.78
	0.07
	0.54



	CV (%)
	13.36
	7.02
	30.45
	33.21
	5.19
	21.18



	MS
	6698.53
	43.09
	4.03
	29.39
	1.83
	6.55







Peers with different lowercase letters indicate significant differences at the p < 0.05 level.













 





Table 2. Effect of drought stress on the content of free amino acids in broomcorn millet (µg/mg).
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	Treatment
	His
	4HLP
	Arg
	Asn
	Gln
	Ser
	Gly
	Asp
	Glu
	Thr
	Ala
	GABA
	Pro
	D2A
	Lys
	Cys
	Met
	Tyr
	Val
	Ile
	Leu
	Phe
	Trp





	HCK
	26.88 ± 1.97 a
	0.71 ± 0.03 a
	156.49 ± 24.28 a
	439.08 ± 66.9 a
	604.95 ± 27.98 a
	100.06 ± 5.77 a
	28.51 ± 0.83 a
	203.83 ± 15.24 a
	201.05 ± 16.54 a
	23.44 ± 0.72 a
	62.66 ± 5.48 a
	33.43 ± 3.42 a
	80.35 ± 6.99 a
	0.84 ± 0.08 a
	18.54 ± 0.95 a
	0.18 ± 0.09 a
	11.22 ± 0.79 a
	12.85 ± 0.81 ab
	23.07 ± 1.09 a
	12.42 ± 0.97 a
	11.28 ± 0.19 a
	10.73 ± 0.19 a
	45.59 ± 2.64 a



	HD
	16.92 ± 3.78 b
	0.57 ± 0.04 b
	125.35 ± 19.66 ab
	407.53 ± 32.95 ab
	455.03 ± 82.43 b
	87.69 ± 14.19 ab
	24.22 ± 1.91 b
	219.01 ± 34.48 a
	204.79 ± 16.51 a
	19.45 ± 3.7 ab
	56.18 ± 8.98 a
	21.65 ± 4.82 b
	45.97 ± 9.08 b
	0.72 ± 0.08 ab
	11.35 ± 1.4 c
	0 ± 0 b
	6.17 ± 1.7 b
	11.65 ± 2.35 b
	18.42 ± 3.25 b
	9.95 ± 2.19 a
	9.88 ± 1.61 a
	10.12 ± 1.37 a
	27.94 ± 4.5 b



	YCK
	19.48 ± 1.62 b
	0.65 ± 0.04 ab
	91.42 ± 2.4 c
	322.68 ± 8.63 c
	285.2 ± 15.89 c
	50.5 ± 1.1 c
	20.38 ± 1.03 c
	70.84 ± 8.55 b
	97.45 ± 5.49 b
	13.79 ± 0.39 c
	28.15 ± 1.48 b
	12.23 ± 0.47 c
	45.54 ± 1.04 b
	0.41 ± 0.01 c
	14.53 ± 0.27 b
	0 ± 0 b
	7.45 ± 0.2 b
	11.89 ± 0.06 b
	12.41 ± 0.61 c
	6.58 ± 0.19 b
	7.18 ± 0.18 b
	7.43 ± 0.17 b
	41.17 ± 5.34 a



	YD
	25.11 ± 1.14 a
	0.76 ± 0.09 a
	102.09 ± 3.74 bc
	352.84 ± 22.77 bc
	391.56 ± 54.23 b
	69.12 ± 10.44 b
	21.45 ± 2.4 bc
	110.53 ± 25.66 b
	124.52 ± 20.37 b
	17.17 ± 2.33 bc
	40.98 ± 10.34 b
	18.01 ± 4.52 bc
	56.86 ± 10.62 b
	0.56 ± 0.18 bc
	18.48 ± 2.41 a
	0 ± 0 b
	7.43 ± 0.76 b
	15.12 ± 1.46 a
	17.1 ± 2.68 b
	10.05 ± 2.02 a
	11.05 ± 1.71 a
	10.81 ± 1.09 a
	41.5 ± 0.85 a



	Mean
	22.10
	0.67
	118.84
	380.53
	434.18
	76.84
	23.64
	151.05
	156.95
	18.46
	46.99
	21.33
	57.18
	0.63
	15.73
	0.05
	8.07
	12.88
	17.75
	9.75
	9.85
	9.77
	39.05



	SD
	4.68
	0.09
	29.34
	58.09
	128.76
	21.15
	3.58
	67.92
	50.87
	4.12
	15.38
	8.70
	16.19
	0.19
	3.38
	0.09
	2.16
	1.89
	4.39
	2.55
	1.98
	1.63
	7.64



	CV(%)
	21.19
	12.84
	24.69
	15.27
	29.66
	27.52
	15.13
	44.96
	32.41
	22.34
	32.74
	40.78
	28.32
	29.92
	21.50
	198.13
	26.74
	14.64
	24.73
	26.19
	20.07
	16.65
	19.58



	MS
	504.79
	0.4577
	14745.28
	146873.67
	201918.47
	6257.28
	568.64
	26686.76
	26841.16
	353.15
	2388.56
	515.03
	3469.06
	0.43
	256.33
	0.0082
	68.62
	167.72
	329.49
	99.45
	99.64
	97.41
	1569.06







Peers with different lowercase letters indicate significant differences at the p < 0.05 level. His: Histidine; 4HLP: 4-Hydroxy-L-Proline; Arg: Arginine; Asn: Asparagine; Gln: Glutamine; Ser: Serine; Gly: Glycine; Asp: Aspartic acid; Glu: Glutamic acid; Thr: Threonine; Ala: Alanine; GABA: Gamma-Aminobutyric acid; Pro: Proline; D2A: D-2-Aminobutyric acid; Lys: Lysine; Cys: Cystine; Met: Methionine; Tyr: Tyrosine; Val: Valine; Ile: Isoleucine; Leu: Leucine; Phe: Phenylalanine; Trp: Tryptophan.













 





Table 3. Effects of drought stress on the content of long-chain fatty acids in broomcorn millet (µg/g, DW).






Table 3. Effects of drought stress on the content of long-chain fatty acids in broomcorn millet (µg/g, DW).





	Treatment
	C6:0
	C8:0
	C10:0
	C11:0
	C12:0
	C13:0
	C14:0
	C15:0
	C16:0
	C16:1
	C17:0
	C17:1
	C18:0
	C18:1n9t
	C18:1n9c
	C18:2n6c
	C20:0
	C20:1
	C18:3n3
	C21:0
	C20:2
	C22:0
	C22:1n9
	C23:0
	C22:2
	C24:0
	C24:1





	HCK
	0.0001 ± 0 a
	0.00023 ± 0.00006 a
	0.00027 ± 0.00006 a
	0.00010 ± 0.000002 a
	0.0022 ± 0.0001 b
	0.0001 ± 0 a
	0.01387 ± 0.0006 b
	0.00383 ± 0.00025 b
	2.62653 ± 0.05089 a
	0.02543 ± 0.00042 b
	0.00623 ± 0.00035 a
	0.00433 ± 0.00006 a
	0.74153 ± 0.0299 a
	0.00333 ± 0.00006 a
	3.29387 ± 0.01375 a
	9.69 ± 0.03932 a
	0.0879 ± 0.00292 a
	0.0515 ± 0.0002 b
	0.17607 ± 0.00235 bc
	0.0047 ± 0.0002 a
	0.00653 ± 0.00035 ab
	0.0447 ± 0.00161 a
	0.1584 ± 0.01131 b
	0.00543 ± 0.00015 b
	0.00113 ± 0.00006 ab
	0.0217 ± 0.00056 a
	0.00103 ± 0.00006 a



	HD
	0.00007 ± 0.00006 a
	0.0002 ± 0 a
	0.0002 ± 0 b
	0.00007 ± 0.000015 b
	0.00243 ± 0.00015 a
	0.0001 ± 0 a
	0.01527 ± 0.00075 a
	0.0044 ± 0.0002 a
	2.6963 ± 0.11583 a
	0.02533 ± 0.0006 b
	0.00613 ± 0.00035 a
	0.00423 ± 0.00021 a
	0.75173 ± 0.03069 a
	0.00327 ± 0.00006 a
	3.1148 ± 0.12231 ab
	9.7377 ± 0.29777 a
	0.0798 ± 0.00171 b
	0.06153 ± 0.00275 a
	0.19117 ± 0.00726 ab
	0.00503 ± 0.00025 a
	0.0067 ± 0.0003 a
	0.0421 ± 0.00155 a
	0.17933 ± 0.01171 a
	0.0062 ± 0.0002 a
	0.0013 ± 0.0001 a
	0.02063 ± 0.0006 a
	0.00113 ± 0.00006 a



	HCK
	0.00003 ± 0.00006 b
	0.0002 ± 0 a
	0.0002 ± 0 b
	0.00011 ± 0.000002 c
	0.002 ± 0 b
	0.00003 ± 0.00006 b
	0.0121 ± 0.0002 c
	0.00193 ± 0.00006 c
	2.1879 ± 0.0619 b
	0.0282 ± 0.0005 a
	0.00543 ± 0.00006 b
	0.00413 ± 0.00015 a
	0.66367 ± 0.0183 b
	0.003 ± 0.0001 a
	2.8734 ± 0.10135 b
	8.77 ± 0.2488 b
	0.06613 ± 0.00185 c
	0.05007 ± 0.00215 b
	0.17287 ± 0.00675c
	0.0041 ± 0.0001 b
	0.0053 ± 0.0005 c
	0.03373 ± 0.00115 b
	0.14727 ± 0.0036 b
	0.0047 ± 0.0001 c
	0.00107 ± 0.00006 b
	0.0148 ± 0.0006 c
	0.00087 ± 0.00006 b



	HD
	0 ± 0 b
	0.0002 ± 0 a
	0.0002 ± 0 b
	0.00003 ± 0.000003 c
	0.0021 ± 0.0001 b
	0 ± 0 b
	0.01327 ± 0.00081 bc
	0.00207 ± 0.00015 c
	2.2647 ± 0.09188 b
	0.02797 ± 0.00215 a
	0.0058 ± 0.00026 ab
	0.0042 ± 0.00026 a
	0.7171 ± 0.0401 ab
	0.0031 ± 0.00036 a
	2.87643 ± 0.19585 b
	8.85627 ± 0.38993 b
	0.0649 ± 0.00536 c
	0.05397 ± 0.00265 b
	0.19353 ± 0.01118 a
	0.00473 ± 0.0004 a
	0.00593 ± 0.00031 bc
	0.0362 ± 0.00361 b
	0.17757 ± 0.00305 a
	0.00517 ± 0.00025 b
	0.0013 ± 0.0001 a
	0.01743 ± 0.00197 b
	0.00103 ± 0.00006 a



	Mean
	0.0001
	0.0002
	0.0002
	0.0001
	0.0022
	0.0001
	0.0136
	0.0031
	2.4439
	0.0267
	0.0059
	0.0042
	0.7185
	0.0032
	3.0396
	9.2635
	0.0747
	0.0543
	0.1834
	0.0046
	0.0061
	0.0392
	0.1656
	0.0054
	0.0012
	0.0186
	0.0010



	SD
	3.9 × 10−5
	2.13 × 10−5
	2.38 × 10−5
	3.05 × 10−5
	0.0002
	3.43 × 10−5
	0.0013
	0.0011
	0.2413
	0.0017
	0.0004
	0.0002
	0.0442
	0.0002
	0.2135
	0.5271
	0.0104
	0.0050
	0.0114
	0.0004
	0.0007
	0.0050
	0.0158
	0.0006
	0.0001
	0.0030
	0.0001



	CV(%)
	56.7717
	9.8470
	10.1683
	50.1538
	8.8026
	45.5362
	9.5474
	37.1328
	9.8755
	6.3884
	6.8631
	3.9569
	6.1476
	6.6552
	7.0231
	5.6905
	13.9513
	9.1746
	6.2362
	9.0647
	11.1081
	12.6505
	9.5213
	10.7867
	9.5092
	16.1188
	10.2804



	MS
	9.05 × 10−9
	1.28 × 10−7
	1.58 × 10−7
	7.42 × 10−9
	1.25 × 10−5
	1.08 × 10−8
	0.000482
	1.79 × 10−5
	15.59484
	0.002307
	9.34 × 10−5
	5.24 × 10−5
	1.398412
	2.79 × 10−5
	25.78318
	239.843
	0.014416
	0.007978
	0.093493
	5.51 × 10−5
	9.38 × 10−5
	0.00383
	0.070986
	7.36 × 10−5
	3.78 × 10−6
	0.000791
	2.54 × 10−6







Peers with different lowercase letters indicate significant differences at the p < 0.05. C6:0: Methyl Hexanoate; C8:0: Methyl Octanoate; C10:0: Methyl Decanoate; C11:0: Methyl Undecenoate; C12:0: Methyl Laurate; C13:0: Methyl Tridecanoate; C14:0: Methyl Myristate; C15:0: Methyl Pentadecanoate: C16:0: Methyl Palmitate; C16:1: Methyl Palmitoleate; C17:0: Methyl Heptadecanoate; C17:1: Methyl Heptadecanoate; C18:0: Methyl Stearate; C18:1n9t: Methyl Elaidate; C18:1n9c: Methyl Oleate; C18:2n6c: Methyl Linoleate; C20:0: Methyl Arachidate; C20:1: Methyl 11-Eicosenoate; C18:3n3: Methyl Linolenate; C21:0: Methyl Heneicosanoate; C20:2: Methyl 11,14- Eicosenoate; C22:0: Methyl Behenate; C22:1n9: Methyl Erucate; C23:0: Methyl Tricosanoate; C22:2: Methyl Docosadienoate; C24:0: Methyl Ligncerate; C24:1: Methyl Nervonate.













 





Table 4. Effects of drought stress on anthocyanin content of broomcorn millet.






Table 4. Effects of drought stress on anthocyanin content of broomcorn millet.





	Treatment
	Peonidin (ng/mL)
	Rutin (ng/mL)
	Luteolin (ng/mL)
	Quercetin (ng/mL)
	Isorhamnetin (ng/mL)
	Kaempferol (ng/mL)





	HCK
	0.11 ± 0.004 d
	3.42 ± 0.157 d
	0.98 ± 0.081 b
	0.75 ± 0.038 b
	0.81 ± 0.048 b
	1.06 ± 0.036 b



	HD
	0.63 ± 0.012 b
	3.87 ± 0.026 c
	1.31 ± 0.086 a
	1.13 ± 0.088 a
	1.18 ± 0.074 a
	1.59 ± 0.065 a



	YCK
	0.69 ± 0.011 a
	5.69 ± 0.070 a
	0.91 ± 0.059 b
	0.68 ± 0.041 b
	0.48 ± 0.050 c
	0.58 ± 0.040 d



	YD
	0.43 ± 0.035 c
	4.88 ± 0.275 b
	0.76 ± 0.053 c
	0.64 ± 0.046 b
	0.87 ± 0.062 b
	0.76 ± 0.029 c



	Mean
	0.47
	4.46
	0.99
	0.80
	0.83
	1.00



	SD
	0.24
	0.93
	0.22
	0.21
	0.26
	0.40



	CV(%)
	50.63
	20.90
	21.88
	26.14
	31.67
	40.37



	MS
	0.27
	20.68
	1.02
	0.68
	0.76
	1.14







Peers with different lowercase letters indicate significant differences at the p < 0.05.
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