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Abstract: Foxtail millet (Setaria italica [L.] P. Beauv.) is a climate-change-ready crop, and it is crucial
for predicting the impact of ecological factors on grain quality. In this study, multivariate statistical
analysis was used to explore the relationship between ecological factors and the key nutritional quality
of Jingu 21 from twelve production areas. The results showed that the crude fat and amylopectin
content of foxtail millets showed a downward trend from south to north. The nutritional quality
was significantly affected by geographical, climatic, and soil factors, and the foxtail millet produced
in geographically close areas was extremely similar in nutritional quality. Most nutritional quality
indicators of Jingu 21 had a strong correlation with the latitude and climatic factors such as average
temperature, diurnal temperature range, and average precipitation, while the content of mineral
elements was greatly affected by soil factors. Moreover, higher average precipitation in the jointing,
booting–heading, and heading stages, a higher average temperature, and a lower diurnal temperature
range in the heading and grain-filling stages are conducive to the establishment of nutritional quality.
The findings could facilitate the rational distribution of high-quality foxtail millets under global
climate change.

Keywords: foxtail millet; nutritional quality; ecological factors; dynamic correlation analysis; climate
change

1. Introduction

In recent years, extreme weather disasters have occurred frequently worldwide, which
have strongly impacted plant growth and agricultural production [1,2]. Many studies
have observed that the changing climate will affect the biological, chemical, and physical
characteristics of soil [3,4], inhibit photosynthesis, respiration, carbon metabolism, and
productivity of plants [5,6], and impact the yield and quality of crops [7,8]. However, the
quality of crops directly determines their economic value, which is very important for
farmers [9].

The World Food Programme (WFP) has been advocating the “Reject Hidden Hunger”
healthy eating initiative for many years to eliminate hunger and all forms of malnutrition
by 2030. Foxtail millet (Setaria italica L. Beauv.) originated in China and is popular for its
medicinal and edible properties [10,11]. It is rich in resistant starch [12], high-quality fatty
acids [13,14], carotenoids [15], and antioxidants [16,17]. These substances have important
physiological functions in the human body and can be used to supplement the treatment
of metabolic diseases such as diabetes, obesity, and cardiovascular disease [10,18]. Starch
plays a very important role in the quality of foxtail millet. Foxtail millet starch can be
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divided into amylose and amylopectin. Foxtail millet with high amylose/amylopectin
(ACC/AP) can slow down the rapid increase in blood glucose, while with low ACC/AP, it
has a better taste [19]. After foxtail millet boiling, the more oil floating on the surface of
the soup, the more it is favored by consumers. In addition, mineral element content is an
important quality index of foxtail millet, which cannot be synthesized in the human body
and must be ingested through food [20]. The absence of an energy-deficit diet can lead
to multiple micronutrient deficiencies, which is often referred to as “hidden hunger” [21].
Micronutrient deficiency causes about two billion people worldwide to suffer from “hidden
hunger” [22], and food fortification and increasing dietary diversity are important methods
to combat “hidden hunger” [23]. Foxtail millet is rich in calcium (Ca), magnesium (Mg),
zinc (Zn), selenium (Se), copper (Cu), iron (Fe), phosphorus (P), and other elements, which
is a good dietary supplement [24]. Meanwhile, foxtail millet is a climate-change-ready crop,
which is more resilient to extreme climatic events, abiotic stress, and infertile soils [25].
Therefore, it is regarded as a key strategy crop for developing climate-resilient agriculture,
which has enormous potential for yielding higher economic returns in the case of climate
change [26].

According to Zhang et al. [27], there were significant differences in the grain color,
nutritional content, and culinary value of foxtail millet grown in various ecological ar-
eas. Ning et al. [28] found that altitude and precipitation showed a significant positive
effect on the grain quality of foxtail millet, whereas a ≥20 ◦C accumulated temperature
exhibited a significant negative impact. However, their definition of quality is general, and
there is no subdivision of nutritional and commodity quality and no analysis of changes
in mineral elements. Liang et al. [29] analyzed the quality differences of foxtail millet
under conventional and organic cultivation and found that improved soil conditions may
encourage some carbohydrates, such as fructose and glucose, to build up in the grains of
the foxtail millet. In addition, the application of soil amendment bentonite also increased
the protein, fat, and fiber content of the foxtail millet [30]. The quality of foxtail millet is
affected by both climatic and soil factors. However, the above reports only studied the
effects of single climatic factors or soil factors on quality without a comprehensive analy-
sis. We previously studied the relationship between ecological factors and foxtail millet
commercial quality and discovered that a high diurnal temperature range and high soil
nutrients are advantageous to culinary production, while a high average temperature and
precipitation throughout the growing period are conducive to a good appearance quality
and the accumulation of functional substances [31]. In contrast, the influence of climatic
factors such as temperature and rainfall at different growth stages on nutritional quality
is unknown. In this study, the excellent-in-variety Jingu21 was cultivated in 12 different
production areas to obtain different ecological factors, and then the relationship between
ecological factors, especially climatic factors, and key nutritional quality of foxtail millet
was studied through a multivariate statistical analysis.

Therefore, the main objectives of this study were to clarify the relationship between
ecological factors and crop quality in order to predict the quality performance of different
years and different areas in the context of climate change and provide reasonable sugges-
tions for high-yield and high-quality crop cultivation under different climatic conditions.

2. Materials and Methods
2.1. Plant Material

The elite foxtail millet variety “Jingu 21” was obtained from Millet Research Insti-
tute, Shanxi Agricultural University/Shanxi Academy of Agricultural Sciences (Changzhi,
Shanxi Province, China). The crude protein content of Jingu 21 is about 15.12%, the crude
fat content is about 5.76%, and the total starch content is about 73.84%. Jingu 21 has been
popularized since its approval in 1991 and has been considered a benchmark for high-
quality foxtail millet. Since the variety was bred, the cultivated area of Jingu 21 in China
has exceeded 6.7 million hectares. At the same time, it has also become a research material
recognized by researchers and a high-quality foxtail millet recognized by consumers.
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2.2. Growth Conditions

Jingu 21 was grown in twelve production areas in Shanxi Province, from spring-
seeding and early-maturing regions to summer-sowing regions, in 2020. The geographical
coordinates, average temperature, and average precipitation of twelve production areas are
shown in Figure 1. The soil nutrient information of each pilot is shown in Supplementary
Table S1. Climate information during the whole growth period of foxtail millet was obtained
from the Shanxi Meteorological Bureau (Taiyuan, Shanxi Province, China).
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Figure 1. The geographical coordinates (A), average temperature, and average precipitation (B) of
12 production areas.

2.3. Experimental Design

The field experiments followed a three-replicate randomized complete block design.
Before sowing, the ground was prepared, and all fertilizers were applied as a base fertilizer
at once. Foxtail millet was sown from May to June and harvested from September to
October in twelve production areas. The seed density was 3.75 × 105 per hectare with
a spacing of 50 cm. Weeds, diseases, and insect pests were effectively managed at all
experimental sites.

2.4. Measurements

The foxtail millet was harvested and threshed when mature. The grains were air-
dried and stored at room temperature (25 ◦C) for three months before nutrition quality
determination. Afterward, they were shelled using a paddy huller, pulverized with ultra-
centrifugal grinding, and sieved using a 74 µm mesh screen. The grains and flour were
packaged in self-sealing plastic bags and stored at −20 ◦C.

2.4.1. Water Content

Water content was measured according to the Chinese National Standard method
(GB/T 5009.3-2016) [32]. Exactly 5.0000 g of foxtail millet grain was placed in aluminum
boxes (m3), and the weight of the foxtail millet and the aluminum box (m1) was accurately
weighed. Subsequently, the samples were dried at 105 ◦C until they reached a constant
weight (m2). The water content was calculated using the following equation:

Water content (%) =
m1 − m2

m1 − m3
× 100

2.4.2. Crude Fat Content

Crude fat content was determined using a soxhlet extractor according to the Chinese
National Standard method (GB/T 5009.6-2016) [33]. The 3.000 g (m2) foxtail millet powder
was precisely weighed and placed into the filter paper tube. The tube was then inserted
into the extraction tube of the Soxhlet extractor and connected to a receiving bottle (m0)
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that had been dried to a constant weight. Petroleum ether was added to the upper end of
the condenser tube of the extractor to 2/3 of the volume of the bottle. The petroleum ether
was continuously refluxed and extracted for 8 h by water bath heating. The receiving bottle
was removed, and the petroleum ether was reclaimed. When the solvent remaining in the
receiving bottle was 1–2 mL, it was evaporated into the water bath, then dried at 105 ◦C for
1 h, and cooled in the dryer for 0.5 h and weighed (m1). The water content was calculated
using the following equation:

Crude f at content (%) =
m1 − m0

m2
× 100

2.4.3. Amylose and Amylopectin Content

Amylose and amylopectin content were tested based on a colorimetric method de-
scribed by Li [34]. A total of 100 mg of defatted and deproteinized screened flour was
transferred into a 50 mL measuring flask, and then we added 5 mL of 0.5 mol L−1 NaOH.
The mixture was shaken gently and dissolved in a water bath at 75 ◦C for 10 min. Af-
ter cooling, the starch solution was diluted to 50 mL with distilled water. Then, 2.5 mL
starch solution was pipetted into a new 50 mL measuring flask, and the pH was ad-
justed to around 3.5 using 0.1 mol L−1 HCl. A total of 0.5 mL I2 (0.2%)/KI (2%) was
added to the measuring flask, and the starch solution was diluted to 50 mL. Absorbance
value in λ420, λ535, λ615, and λ745 was measured after standing at room temperature
for 20 min. Absorbance value of amylose = A (λ615) − A (λ420), absorbance value of
amylopectin = A (λ535) − A (λ745). To calculate the amylose and amylopectin content
of each sample, the standard curves were made, and the regression equations were
Y = 0.0178X + 0.0019 (R2 = 0.999) and Y = 0.0015X + 0.0167 (R2 = 0.994), respectively.

2.4.4. Element Concentration

A total of 0.5000 g screened foxtail millet flour was accurately weighed and placed
into a 50 mL digestion tube. Then, 3.5 mL of concentrated nitric acid (Guarantee Reagent)
and 1 mL of 30% H2O2 (Analytical Reagent) were added. The tubes were subjected to
microwave digestion in a Microwave Digestion System (CEM Mars6 Xpress), and the
digestion program for microwave is as follows. The temperature was ramped to 12 ◦C over
5 min and kept at 120 ◦C for 5 min, then continuously ramped to 150 ◦C over 5 min and
maintained at 150 ◦C for 10 min, and then ramped to 190 ◦C over 5 min and maintained
for 20 min. After the digestion, the digestion tubes were placed in a fume hood until
cooling. Then, we slowly opened the cover to the exhaust and put it into the acid catcher
at 170 ◦C for 40 min until the residual digestion solution was less than 1 mL. Each sample
was diluted to 10 mL with ultrapure water and then transferred to a 10 mL EP tube with
a filter (0.22 µm water film). The element concentrations (V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Se, Sr, Mo, and Sn) in each sample were analyzed using inductively coupled plasma mass
spectrometry ((SQ) ICP-MS, Thermo Scientific, Waltham, MA, USA).

Selection of standard liquid and internal target: Mixed standard liquid of Al, As, B,
Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mg, Mn, Na, Ni, Pb, Se, Sr, Tl, V, and Zn was selected
as the standard liquid for ICP-MS (purchased from the National Nonferrous Metal and
Electronic Materials Analysis and Test Center); Bi, Ge, In, Lu, Rh, Sc, Tb, and Y multi-
element standard solution is selected as the internal standard solution (purchased from the
National Nonferrous Metals and Electronic Materials Analysis and Testing Center). The
calibration curve was drawn with mass concentration as the horizontal coordinate and the
corresponding signal value as the vertical coordinate under the best instrument conditions.
The dynamic range of ICP-MS was very wide, up to 9 orders of magnitude. Therefore,
the standard curve was drawn with the appropriate concentration range combined with
the content of various elements in millet, and the linear correlation coefficient r is greater
than 0.9995. High-purity Ar gas (purity 99.9995%), high-purity helium (purity greater than
99.999%), circulating water, and exhaust air are normal. Preheat the fire for 30 min, check
the stability of the signal, and set the program to test the sample.
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2.5. Statistical Analysis

Statistical analysis was performed using DPS 7.05 and SPSS 23, while mapping was
carried out with ArcGIS 10.7 and Origin 2021. The experiments were conducted four times,
and the results were expressed as “mean values ± standard deviation”. To determine the
significant differences in quality indicators of foxtail millet among the twelve production
areas, Duncan’s test was used at a significance level of p ≤ 0.05. For correlation analysis,
the Pearson correlation analysis was performed for each nutritional quality index of foxtail
millet. For principal component analysis (PCA), the nutritional quality traits of foxtail millet
were normalized to create a correlation matrix. The matrix was then used to determine the
eigenvalues and relative contribution rates and calculate the factor scores of the principal
components for each sample. For cluster analysis, we used the Euclidean distance as the
distance measure between the nutritional quality traits of foxtail millet and the Pearson
method as the clustering algorithm to create a clustering tree diagram.

3. Results
3.1. Nutrient Components of Foxtail Millet in Different Production Areas

The nutrient components of foxtail millet were significantly different in different
production areas (Figure 2A–F), and the coefficient of variation (CV) was from large to
small in the order of Amylose/Amylopectin > amylose content > crude fat content >
amylopectin content > moisture content (Supplementary Table S2). The variation range
of foxtail millet moisture content in different production areas was 6.75–9.13%, and there
was no significant difference among other treatments, except for Hunyuan and Yangqu.
Therefore, it can be considered that the determination of other quality indicators was not
affected by the grain moisture content. The crude fat content of the foxtail millet increased
from the north to the south; the highest crude fat content was observed in Zezhou (5.58%),
whereas the lowest was in Hunyuan (3.30%), which was significantly lower than the other
11 areas. The amylose content, amylopectin content, and amylose/amylopectin ranged
from 14.61 to 24.74%, 47.98 to 81.31%, and 2.41 to 4.84, respectively. Hunyuan had the
highest amylose content, which was 69.34% higher than Dingxiang (the lowest amylose
content); the highest amylopectin content was found in Yangcheng, which was 69.47%
higher than Qinxian (the lowest amylopectin content).
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Figure 2. Nutrient components moisture content (A), crude fat content (B), amylose content (C),
amylopectin content (D), amylose and amylopectin content (E), and amylopectin/amylose (F) of
foxtail millet in 12 production areas. The twelve production areas were numbered as Hunyuan
(1), Shanyin (2), Dingxiang (3), Xingxian (4), Yangqu (5), Yuci (6), Taigu (7), Xixian (8), Qinxian (9),
Yuanqu (10), Zezhou (11), and Yangcheng (12).
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3.2. Element Concentration of Foxtail Millet in Different Production Areas

On the whole, there are significant differences in the mineral element concentration
of foxtail millet in different production areas (Table 1). The CV of Se was the maximum,
which may be related to spraying selenium fertilizer in the process of cultivation and the
management in Qinxian and Yangqu; the CV of Sr was 61.80%, and Cr was the lowest
(4.61%). Among the 12 production areas, the concentrations of Cr (10.87), Ni (8.40), and Sn
(0.44) in Hunyuan were the highest; the contents of V (0.13), Fe (162.59), and Cu (7.37) in
Shanyin were the maximum, whereas the Mo (0.43) concentration was the minimum in
Xingxian. Yangqu had the highest Mn (25.55) concentration; Taigu had the most Zn (38.34)
content, while the concentration of Co (0.17) and Ni (6.28) was the lowest. The Sr (4.54)
content of Xixian was the maximum, and Qinxian had the highest Se (0.73) concentration;
the content of Co (0.29) was the maximum, while Zn (15.77), Se (0.01), and Sn (0.14) were
the minimum in Yuanqu; Yangcheng had the lowest Cr (9.50), Mn (16.45), Fe (139.59), Cu
(5.52), and Sr (0.59) content.

Table 1. Element concentration of foxtail millet in 12 production areas.

Area V Cr Mn Fe Co Ni Cu Zn Se Sr Mo Sn

Hunyuan 0.10 ±
0.00 b

10.87 ±
0.58 a

19.75 ±
0.60 e

153.47 ±
3.24 b

0.19 ±
0.01 de

8.40 ±
0.28 a

7.09 ±
0.40 ab

27.25 ±
0.71 d

0.02 ±
0.01 h

2.17 ±
0.20 d

0.74 ±
0.04 c

0.44 ±
0.58 a

Shanyin 0.13 ±
0.04 a

10.74 ±
0.63 a

19.60 ±
0.95 e

162.59 ±
6.64 a

0.20 ±
0.01 d

7.93 ±
0.67 bc

7.37 ±
0.59 a

28.87 ±
1.14 c

0.03 ±
0.00 g

1.50 ±
0.08 f

1.00 ±
0.18 b

0.21 ±
0.13 ab

Dingxiang 0.11 ±
0.02 b

10.77 ±
0.40 a

19.94 ±
0.57 de

153.35 ±
3.56 b

0.20 ±
0.01 d

7.67 ±
0.15 c

6.95 ±
0.23 ab

20.79 ±
0.18 g

0.05 ±
0.00 de

1.76 ±
0.15 e

1.07 ±
0.09 b

0.19 ±
0.07 ab

Xingxian 0.11 ±
0.01 ab

10.63 ±
0.42 ab

22.32 ±
0.87 b

147.51 ±
3.15 bcd

0.19 ±
0.01 de

8.18 ±
0.31 ab

5.96 ±
0.28 de

16.63 ±
0.73 h

0.02 ±
0.00 h

2.67 ±
0.09 b

0.43 ±
0.06 e

0.18 ±
0.06 ab

Yangqu 0.10 ±
0.01 b

10.48 ±
0.42 abc

25.55 ±
0.89 a

155.45 ±
4.78 ab

0.19 ±
0.01 de

7.02 ±
0.18 ef

7.27 ±
0.70 a

29.9 ±
0.58 bc

0.31 ±
0.01 b

1.10 ±
0.12 g

0.56 ±
0.05 d

0.16 ±
0.04 ab

Yuci 0.10 ±
0.01 b

10.59 ±
0.52 abc

21.53 ±
0.99 bc

154.84 ±
7.58 ab

0.18 ±
0.01 ef

7.21 ±
0.35 de

7.08 ±
0.38 ab

30.43 ±
1.47 b

0.05 ±
0.01 d

1.03 ±
0.10 g

0.61 ±
0.03 d

0.17 ±
0.03 ab

Taigu 0.09 ±
0.01 b

9.91 ±
0.46 cd

17.15 ±
0.61 gh

142.67 ±
5.39 cd

0.17 ±
0.01 f

6.28 ±
0.25 g

6.65 ±
0.34 bc

38.34 ±
0.41 a

0.14 ±
0.01 c

2.38 ±
0.19 c

1.24 ±
0.03 a

0.16 ±
0.03 ab

Xixian 0.10 ±
0.01 b

9.95 ±
0.51 bcd

18.41 ±
0.66 f

140.86 ±
4.56 cd

0.19 ±
0.01 de

7.79 ±
0.30 bc

6.13 ±
0.28 e

20.59 ±
0.83 g

0.01 ±
0.01 h

4.54 ±
0.01 a

0.78 ±
0.03 c

0.15 ±
0.02 ab

Qinxian 0.09 ±
0.01 b

9.95 ±
0.25 bcd

20.95 ±
0.36 cd

148.99 ±
10.09 bc

0.19 ±
0.01 de

6.72 ±
0.21 f

6.00 ±
0.19 cd

15.90 ±
0.50 h

0.73 ±
0.02 a

0.74 ±
0.21 h

0.42 ±
0.01 e

0.15 ±
0.02 ab

Yuanqu 0.09 ±
0.01 b

10.00 ±
0.39 bcd

21.89 ±
0.95 bc

144.34 ±
3.84 cd

0.29 ±
0.01 a

7.09 ±
0.28 ef

5.45 ±
0.25 de

15.77 ±
0.28 h

0.01 ±
0.01 h

1.90 ±
0.09 e

0.85 ±
0.03 c

0.14 ±
0.02 b

Zezhou 0.09 ±
0.00 b

9.67 ±
0.18 d

17.72 ±
0.36 fg

140.88 ±
3.35 cd

0.23 ±
0.00 b

7.61 ±
0.12 cd

6.60 ±
0.12 bc

22.75 ±
0.17 f

0.04 ±
0.01 ef

0.95 ±
0.07 g

0.77 ±
0.02 c

0.19 ±
0.07 ab

Yangcheng 0.10 ±
0.00 b

9.50 ±
0.17 d

16.45 ±
0.21 h

139.59 ±
3.01 d

0.22 ±
0.01 c

6.98 ±
0.12 ef

5.52 ±
0.09 e

23.82 ±
0.68 e

0.04 ±
0.01 f

0.59 ±
0.04 h

1.24 ±
0.03 a

0.15 ±
0.01 ab

Mean 0.10 10.25 20.10 148.71 0.20 7.40 6.50 24.25 0.12 1.78 0.81 0.19
SD 0.01 0.47 2.55 7.28 0.03 0.63 0.68 6.92 0.21 1.10 0.28 0.08

CV (%) 10.84 4.61 12.68 4.90 16.15 8.48 10.39 28.53 172.79 61.80 35.00 42.67

Note: Data represent means ± standard deviations. For each column, values not displaying the same letter are
significantly different (p ≤ 0.05). SD: Standard deviation; CV: coefficient of variation.

3.3. The Correlation Analysis of Foxtail Millet Nutritional Quality

We conducted a correlation analysis among 18 nutritional quality indicators to clarify
their inter-relationship (Figure 3A). There are different correlations among the indicators;
CFC was negatively correlated with V, Fe, Sn (p ≤ 0.05), and Cr; Ni (p ≤ 0.01) and AP/ACC
had a positive correlation with Mo (p ≤ 0.01) but a negative correlation with ACC (p ≤ 0.01).
MC had a positive correlation with Sn (p ≤ 0.05), and AP was negatively correlated with
Se (p ≤ 0.05). In addition, there are different degrees of correlation among the element
concentrations.
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3.4. The Principal Component Analysis of Foxtail Millet Nutritional Quality

The principal components analysis (PCA) of foxtail millet from twelve areas was
carried out on the nutritional quality (Supplementary Table S3). The first five principal
components accounted for 86.12% of the data variance, and their contribution rates were
28.29, 21.14, 17.19, 12.01, and 7.49%, respectively. Therefore, the PCA can be used to
accurately reflect differences in the nutritional quality of different samples. The first three
principal components explained 66.62% of the variation in the data, and the nutritional
quality indicators were separated in the score plot (Figure 3B). The samples located in
adjacent positions had similar nutritional quality, such as Yangqu and Xingxian; Xixian,
Qinxian, Zezhou, and Yangcheng; Yuci and Dingxiang. In addition, CFC and Se; Zn, Cu, V,
Fe, and Cr; AP/ACC and Mo; Co, AP + ACC, MC, Sr, Sn, Ni, Mn, P, and ACC were located
in the same direction.

3.5. The Clustering Analysis of Foxtail Millet Nutritional Quality

We conducted the hierarchical clustering analysis of 18 nutritional quality parameters.
As Figure 3C shows, the 18 nutritional quality parameters were clustered into five groups
at an average distance of 0.8. Group I included Co, AP + ACC, AP, ACC, Sn, and MC.
Group II consisted of CFC and Se, and group III consisted of Zn, Mo, and AP/ACC. Group
IV included V, Cr, Fe, Cu, Ni, and Mn. The other trait (Sr) fell in group V.

3.6. Relationship between Ecological Factors and Foxtail Millet Nutritional Quality

As shown in Supplementary Table S4, the correlation analysis was conducted between
18 nutritional quality traits and 13 ecological parameters. In general, geographical factors
and climate factors had a greater impact on the nutritional quality of Jingu 21 than soil
factors. We selected quality indicators that are significantly correlated with geographical
and climatic factors, performed a correlation analysis, and plotted histograms (Figure 4).
The content of Fe and Cu had a significant positive correlation with the altitude (p ≤ 0.05),
whereas Co was negatively corrected to the altitude (p ≤ 0.05). The longitude was positively
correlated to MC (r = 0.76) and ACC (r = 0.64) while having a negative correlation with
the Sn content (r = 0.97). The latitude had a significant effect on the nutritional quality,
and we found that it was negatively correlated to CFC (p ≤ 0.05) but positively correlated
to V (p ≤ 0.05), Cr (p ≤ 0.001), Fe (p ≤ 0.01), and Cu (p ≤ 0.01) (Figure 4A). The average
temperature and diurnal temperature range had opposite effects on foxtail millet nutritional
quality, and our results showed that the average temperature positively affected the Co
(r = 0.817) content, whereas the diurnal temperature range had a negative effect on Co
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(r = −0.801). Cr (p ≤ 0.01), Fe (p ≤ 0.01), and Cu (p ≤ 0.05) were negatively correlated with
the average temperature, while Cr (p ≤ 0.01), Cu (p ≤ 0.001), and Sn (p ≤ 0.05) had a positive
correlation with the diurnal temperature range. In addition, the average precipitation
negatively affected the V (p ≤ 0.05), Cr (p ≤ 0.01), Fe (p ≤ 0.01), and Cu (p ≤ 0.01) content
(Figure 4B). Average humidity was negatively correlated to V (r = −0.728), and the soil
pH was negatively correlated with Mn (r = −0.702), while the available potassium had a
negative correlation with Sr (r = −0.636).
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3.7. Dynamic Correlation Analysis of Climate Factors to Foxtail Millet Nutritional Quality

The environment is dynamically and perpetually changing, and analyzing only the
correlation coefficient between environmental factors and foxtail millet nutritional quality
may not accurately demonstrate their relationship. Therefore, we divided the whole growth
period of foxtail millet into stages every ten days and carried out continuous dynamic
correlation analysis between climate factors at each stage and the key nutritional quality
indexes (ACC, AP/ACC, CFC, Fe, Cu, and Mo) (Figure 5). The result showed that the
average temperature was positively correlated with AP/ACC (S3 and S9) and Co (S8), while
it was negatively correlated with ACC (S3), Cu (S5), and Fe (S5, S9, and S10). However,
compared with the average temperature, the diurnal temperature range had opposite
effects on the nutritional quality of foxtail millet. CFC had a negative correlation with the
diurnal temperature range at S15, while Mo (S10) was negatively correlated with it. At S2,
S6, and S9, Cu had a positive correlation with the diurnal temperature range. The average
precipitation in the mid-growing period had the most significant impact on the nutritional
quality of the foxtail millet. We found that the average precipitation showed a negative
correlation with ACC (S9), AP/ACC (S8), CFC (S12), Fe (S6), and Mo (S5 and S8), while it
had a positive correlation with AP/ACC (S6 and S10), CFC (S6), and Mo (S10). As for the
average humidity at S10 and S14, Mo had a positive correlation with it.
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4. Discussion

Previous research showed that the nutritional quality of rice [35], wheat [36], maize [37],
foxtail millet [27,28], etc., was significantly different in different production areas. Our
study also reached a similar conclusion; we found the contents of grain fillings in the
foxtail millet, such as crude fat, amylose, and amylopectin, significantly varied in different
areas. As for mineral elements, some (Co, Zn, Se, Sr, Mo, and Sn) were greatly affected
by the production area, while others (V, Cr, Mn, Fe, Ni, and Cu) were not. In this study,
nutritional quality indicators of foxtail millet were various and complex, and the ANOVA
lacked consistency and representativeness in the comprehensive quality evaluation. The
principal components analysis (PCA) is a statistical technique that could extract indepen-
dent factors from a large set of inter-correlated variables and simplify the complexity in
high-dimensional data while retaining trends and patterns [38]. In this case, PCA was used
to calculate the comprehensive score of Jingu 21 nutritional quality in different areas. The
result indicated that the nutritional quality of foxtail millet showed a strong regionality,
and the foxtail millet produced in geographically close areas was extremely similar in
nutritional quality.

The quality performance in crops was affected by the genotype, environment, and
genotype × environment interactions [39]. In this study, we mainly discussed the effect of
ecological factors on the nutritional quality of foxtail millet. We found that most nutritional
quality indicators of Jingu 21 had a strong correlation with the latitude and climatic factors
such as the average temperature, diurnal temperature range, and average precipitation,
while the content of mineral elements was greatly affected by soil factors. Previous studies
indicated that the temperature affected the pollination, fertilization, and floret development
of rice during flowering, which affected the starch content and structure of the rice [40]. Li
et al. [35] found a strong correlation between the diurnal temperature range and amylose
and protein contents. A large diurnal temperature range favors the formation, accumu-
lation, and transformation of nutrients in crop grains, resulting in higher synthesis and
lower consumption [41]. This contributes to the accumulation of secondary metabolites
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and is conducive to the formation and accumulation of starch, fat, protein, and other
nutrients in the grain of foxtail millet. Zhao et al. [37] identified N and P rates, soil pH,
and organic matter as the main factors affecting maize quality. These results were similar
to our findings. Our experiment showed that the latitude, average temperature, diurnal
temperature range, average precipitation, and average humidity had a significant impact
on CFC, Cr, Fe, and Cu, revealing that these nutritional quality indicators were greatly
affected by the environment. However, calculating the correlation coefficient of ecological
factors and quality indicators alone may not fully explain their relationship. Therefore, it is
necessary to identify key nutritional quality indicators and conduct an in-depth analysis to
clarify the impact of ecological factors on foxtail millet quality during each growth period.

Numerous nutritional quality indicators of foxtail millet had strong correlations, so
we selected representative indicators through correlation analysis, clustering analysis, and
principal component analysis. The hierarchical clustering could organize the data into
objects with common attributes; that is to say, the quality indicators with a strong correlation
and similarity can be classified into one category [38,42]. We obtained six representative
indicators according to the result of hierarchical clustering analysis, and they were AP +
ACC, Cr, Sr, Mo, and CFC. The diversity analysis has been used to measure the constancy
of a set of data [43]. Sun et al. [11] reported that the quality of foxtail millet with a higher
coefficient of variation was greatly affected by a variety of factors. We observed that Se,
Sr, Sn, Mo, Zn, and AP/ACC had a high variation coefficient, which showed that these
indicators were significantly affected by production areas. Furthermore, the correlation
analysis between ecological factors and foxtail millet nutritional quality showed that V,
Cr, Fe, and Cu were greatly influenced by ecological factors. In addition, Fe, Cu, and Mo
play an important role in crop quality and can provide broad potential benefits to human
health [22,44–46]. Based on the above analysis, we selected CFC, ACC, AP/ACC, Fe, Cu,
and Mo as the representative indicators of 21 nutritional qualities for subsequent analysis.

Through dynamic correlation analysis, we found that the core nutritional quality
of foxtail millet responded differently to climatic factors at different growth stages. Li
et al. [35] suggested that the climatic conditions in different periods had different effects
on crop quality, and we have also reached the same conclusion. Our result showed that
the influence of the average temperature and diurnal temperature range on the nutritional
quality of Jingu 21 was most significant at 90–110 days after sowing (heading and grain-
filling stages), while the average precipitation was most significant at 50–90 days after
sowing (jointing, booting–heading, and heading stages). During this stage, if there is
enough water, sunshine, and nutrients, the ear node will quickly extend the flag leaf,
and the ear can be fully developed. This is beneficial for producing high-quality foxtail
millet [28]. Ning et al. [28] found that the precipitation of the booting–heading stage, the
diurnal temperature range of booting, heading, and grain-filling stages, and the sunshine
hours of the jointing and grain-filling stages showed the greatest effect on the grain quality
of Changnong 35. Ning’s conclusion is basically consistent with the results of our study.

5. Conclusions

Under the influence of environmental factors such as geography, climate, and soil,
the nutritional quality of the same variety of foxtail millet in different production areas
had great differences, and the foxtail millet produced in geographically close areas was
extremely similar in nutritional quality. Most nutritional quality indicators of Jingu 21
had a strong correlation with the latitude and climatic factors, such as the average tem-
perature, diurnal temperature range, and average precipitation, while the content of the
mineral elements was greatly affected by soil factors. Additionally, it was discovered that
the average precipitation during the jointing, booting–heading, and heading stages had
the greatest impact on grain quality. Meanwhile, the average temperature and diurnal
temperature range during the heading and grain-filling stages significantly affected the
nutritional quality. Therefore, adjusting the sowing date and improving the soil to adapt to
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the changes in foxtail millet quality caused by climate change can enhance its nutritional
value.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14020387/s1, Table S1: The main ecological factors of
the twelve production areas. Table S2: The variation analysis of foxtail millet nutrient component
contents in twelve production areas. Table S3: Eigenvalues of correlation matrix and eigenvectors of
corresponding matrices for foxtail millet nutritional quality traits. Table S4: The correlation analysis
between foxtail millet nutritional quality traits and ecological factors. * and ** indicate significance at
0.05 and 0.01, respectively.
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