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Abstract7

The main objective of the present study was to determine the physicochemical8

properties of starches from different cereal cultivars. In this study, 21 different cereal9

Cultivars were selected to investigate the starch granule morphology and the10

physicochemical characteristics such as starch content, solubility, swelling,11

transparency, and thermal characteristic. The results showed that there was no12

significant difference in the morphology of starch granules among the different cereal13

cultivars. The amylose, amylopectin, and total starch contents of the 21 portions of14

cereal ranged from 7.49% to 15.89%, 57.11% to 72.63%, and 67.44% to 81.77%,15

respectively. The ratio of amylose and amylopectin contents ranged from 11.82% to16

25.24%. P1-8 had the highest solubility, XG2 had the highest swelling, and YG had17

the lowest solubility and swelling. The starting, peak, and termination temperatures18

were higher for QM gelatinization, whereas the temperature and enthalpy of phase19

change required for gelatinization of CN0302 were lower. Highlighting the20

differences in the physicochemical properties of starch from different cereal cultivars21

should help point toward effective applications of cereal starch in the food industry.22
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Introduction27

Foxtail millet (Setaria italica), a C4 plant belonging to the Poaceae family, is one28

of the important food and cash crops in arid and semi-arid regions of Asia, parts of29

Africa, and northern China[1]. It is generally understood that foxtail millet has been30

domesticated by humans from Setaria viridis (L.) Beauv, and eventually became the31

principal food crop. In recent years, foxtail millet has been used as a model plant32

because of its good biological characteristics of small genomes, short-growth cycle,33

self-compatibility, high seed yield, low cost of planting, and strong vitality[2, 3]. In the34

mid-1950s, China collected millet germplasm resources nationwide. By the 1990s,35

more than 27,700 copies were collected and numbered, including the China National36

Crop Gene Bank (CNCGB)[4].37

The main component of millet is starch, the starch content accounts for38

58.5%~73.5% of dry matter[5]. Starch is predominantly composed of amylose and39

amylopectin. Amylose is a linear polymer formed by alpha-D-glucose units linked by40

alpha-(1, 4) bonds, the structure of its brief molecules. Amylopectin has chains of41

alpha(1,4) linked glucose arranged in a branched structure with alpha(1,6) branching42

links, coming into being a very complex three-dimensional structure[6-8].43

Starch storage in cereal grains is not only a major source of carbohydrate energy44

reserve in the human diet and animal feed but also involved in the diverse life45

activities of plants. However, when the starch is consumed in excess, metabolic46

disorders in animals and humans, resulting in adverse physical reactions and diseases.47

Moreover, the most commonly extracted starches (potatoes, wheat, corn, rice, and48

millet) have been used for various walks of life, for example, starch can be used as a49

food thickener, sweetener, and stabilizer in the food industry[9-11]. The grain50

gelatinization characteristics and cooking quality are affected by many factors such as51

grain varieties, starch type, amylose content, and cooking method, take millet as an52

example, higher grain amylose content usually leads to higher hardness of cooking[12,53

13].54

Despite the starch having a great benefit on human health and exhibiting a wide55
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range of applications in all walks,but for the moment in addition to its high56

availability, there are challenges in the systematic study of cereal starch. A total of 2157

foxtail millet cultivars from China were selected as experimental materials in this58

study. The starch obtained by a fast alkaline extraction method on rice flour (RF)59

derived from millet, and obtained starch was analyzed for its Granular Structure,60

amylose and amylopectin content, solubility, swelling potential, transparency, and61

gelatinization characteristics to investigate differences in the physicochemical62

characteristics of starch and correlations among various parameters. Plays a positive63

role in the practical application and variety breeding aspects of cereal grains.64
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Materials and methods85

1. foxtail millet samples86

The 21 foxtail millet cultivars were provided and preserved by the Cell biology87

laboratory, Shanxi Normal University, Shanxi, China, the samples were freshly88

harvested seeds in 2020. The information of the samples is listed(Table 1).89

Table 1 Correspondence table of millet material number and variety90

number variety number variety number variety

1 BMG 8 P1-8 15 ZZG10

2 FX7 9 QG2 16 CN0301

3 FX11 10 QM 17 CN0302

4 HG 11 TX17 18 CS06

5 HoG 12 XG2 19 CS10

6 JG21 13 YG 20 CS35

7 LYX 14 ZZG5 21 ZG1

91

2. Starch extraction92

Foxtail millet starch was isolated via alkaline extraction. Each sample was93

hulling (TM 05C, Satake Corporation, Japan) and ground using the same grain grinder94

(Thomas Scientific, Swedesboro, New Jersey, United States), and passed through a95

100 mesh sieve until obtaining fine powder. The millet flour was mixed in a 0.3%96

NaOH solution (1:5, w/v) and stirred for 24h at 4℃, after 24h soaking, the samples97

were allowed to stand for 15 min and the supernatant was discarded. The precipitate98

was suspended with distilled water and passed through 325 mesh sieve, the sieve was99

rinsed repeatedly with distilled water until no white matter remained, the filtrate was100

centrifuged at 3000g / min for 15 min at 4 ° C to remove the supernatant and the part101

of yellow, the remaining white precipitate was suspended with distilled water and102

centrifuged as described above, repeat this step several times until all yellow103
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proteinaceous material has been removed. These extracts were neutralized with 1104

mol/L HCl until neutral and dried in an oven at 30 for 24 h to remove excess moisture.105

Finally, the resulting white powder is starch.106

3. Determination of starch morphology107

After the completely dried starch samples were sprinkled on the sample table108

with conductive adhesive and the coating process on the starch samples with109

gold-aluminum was finished, observation can be made with Scanning Electron110

Microscope (SEM, FEI Quanta-450; FEI Corporation, Hillsboro, OR, USA) at an111

accelerating voltage of 10 kV.112

4. Determination of amylose and amylopectin content113

Amylose, amylopectin, and total starch in millet seeds were determined via the114

dual-wavelength method. Take about 0.1g of starch sample into a 50 mL volumetric115

flask, add 10 mL of 1 mol/L NaOH and heat it in a boiling water bath for 10 mins,116

then add distilled water to volume, after room temperature cooling, transfer 5 mL of117

sample solution into the beaker after standing for 10 mins, and then to each sample,118

added 15 mL of distilled water, the PH of samples be adjusted to 3.5 with HCL119

solution (0.1mol/L), distilled water was added to make up the total volume of 50ml120

and 1 mL iodine reagents (0.2% I2, 2% KI, w/v) were added, color development121

conditions were room temperature for 20 mins, absorbance was measured with122

Ultraviolet spectrophotometer (Shanghai Precision Scientific Instrument Co.)123

5. Determination of swelling power and solubility124

The swelling power and solubility of starch were measured following Lin et al125

with slight modification. Suspensions (1%, w/w) of starch were prepared in a flask,126

heated in a 95℃ water bath for 30 min, after cooling naturally, the sample was127

centrifuged at 3200rpm / min for 10 mins. The clear supernatant was transferred to a128

glass garden crucible and dried at 105 ℃. The weight of swollen starch sediment and129

the dry weight of solubilized starch was used to calculate the swelling power and130

solubility percentage, respectively.131

6. Determination of light transmittance132
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The light transmittance of starch paste was measured, as described by GOU M et133

al. Starch suspensions (1%, w/w) was heated in a water bath at 95℃ for 30 mins, then134

cooled to room temperature and placed in 4 ° C freezer for storage. The mixed135

solution was read at an absorbance of 620 nm to determine the light transmittance.136

7. Determination of thermal properties137

The thermal properties of foxtail millet starch samples were analyzed in138

duplicate using a DSC (DSC 1, METTLER TOLEDO, USA) based on the method139

described by GU F et al. For the measurement, starch (5.0 mg) was weighed into an140

aluminum pan and mixed with 15 mL of distilled water, the sample was equilibrated141

for 1h at room temperature and then heated at the rate of 10 ℃ /min from 25 to142

150 ℃ with an empty sealed pan as a reference. The obtained data were calculated143

with analysis software provided by the manufacturer.144

8. Statistical analysis145

The experiments were repeated three times in each group. Collected data were146

analyzed with SPSS software using one-way ANOVA followed by Pearson correlation147

analysis, the P <0.05 was considered as the significance level.148
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Results162

1. Morphological properties of millet starch granules163

Morphological characteristics of different millet starch granules were observed164

using a scanning electron microscope (SEM), and the micrographs are shown in165

Figure 1. It can be observed that there are two principal types of starch granules: large,166

polygon, and small, spherical. No significant differences in starch granule size and167

morphology can be observed among twenty-one cultivars. Spherical starch granules168

had a smaller diameter and a smooth surface, and polygonal starch granules had a169

larger diameter than spherical ones, with deep dimples on the surface(1-a,1-b). Many170

small pores were observed in the spherical starch granules, and its dense structure was171

similar to honeycomb construction(1-c). It can be observed at 30 K x SEM that the172

pore-like starch granules appeared layered and formed lamellar structures(1-d).173

174

Figure 1 Scanning electron micrographs of representative foxtail millet starch175

2. Amylose content and amylopectin content176

Analysis of variance was performed for amylose content, amylopectin content,177

total starch content and the ratio of amylose content and amylopectin content to obtain178

the least significant difference (P <0.05)(Table 2). YG has the lowest amylose content179
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of 7.49% and P1-8 has the highest with 15.89%. QM has the lowest amylopectin180

content of 57.11% and XG2 has the highest with 72.63%. YG has the lowest total181

starch content of 67.44% and XG2 has the highest with 81.77%. The amylose and182

amylopectin contents of the same cereal cultivars ranged from 11.82% ~25.24%, and183

the cultivars with the largest ratios were P1-8, and those with the smallest ratios were184

FX11.185

Table3 Statistical table of starch content in different millet varieties186

variety
Amylose content

（%）

Amylopectin

content（%）

Total starch content

（%）

Amylose /

Amylopectin（%）

BMG 11.86±0.16def 62.16±0.30fg 74.02±0.45de 19.07±0.19gh

FX7 13.80±0.19b 62.93±0.19f 76.73±0.38c 21.93±0.24d

FX11 8.07±0.21j 68.28±0.13b 76.35±0.34c 11.82±0.29m

HG 11.74±0.09ef 64.46±0.18e 76.2±0.26c 18.21±0.09hi

HoG 12.48±0.25cd 60.26±0.19h 72.24±0.43ef 20.70±0.36e

JG21 11.83±0.21def 65.46±0.30d 77.29±0.49c 18.07±0.25ij

LYX 11.28±0.15f 65.30±0.25d 76.58±0.38c 17.27±0.17j

P1-8 15.89±0.17a 62.96±0.12f 78.85±0.22b 25.24±0.14b

QG1 12.28±0.21de 68.25±0.20b 80.53±0.37a 17.99±0.20ij

QM 11.28±0.30f 57.11±0.19k 68.39±0.40h 19.75±0.31fg

TX17 15.78±18a 57.97±0.25ij 73.75±0.44e 27.22±0.20a

XG2 9.15±0.20i 72.63±0.14a 81.77±0.33a 12.59±0.25m

YG 7.49±0.24 j 59.95±0.26h 67.44±0.49h 12.49±0.35 m

ZZG2 13.36±0.12b 57.26±0.23jk 70.62±0.35g 23.33±0.13 c

ZZG10 12.02±0.16de 60.55±0.19h 72.57±0.36ef 19.84±0.21efg

CN030
1

13.74±0.17b 67.09±0.17c 80.83±0.33a 20.47±0.20ef

CN030
2

13.45±0.14b 58.30±0.20i 71.75±0.34fg 23.07±0.16c

CS06 9.89±0.17gh 61.84±0.10g 71.73±0.26fg 15.99±0.26k

CS10 10.45±0.12g 58.20±0.10i 68.65±0.22h 17.96±0.17ij

CS32 9.66±0.09hi 65.71±0.22d 75.37±0.31cd 14.71±0.08l

ZG1 13.14±0.13bc 59.74±0.21h 72.88±0.35ef 21.99±0.14d

Note: different letters in the same column indicate significant differences (P < 0.05)187
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3. swelling power and solubility188

Significant differences were observed in the solubility and swelling power of189

starches from the different cultivars as indicated in figer2 and figer3. At 95 ° C, p1-8190

has the highest solubility, YG has the lowest solubility, XG2 has the highest191

expansion potential and YG has the lowest expansion potential. The results showed192

that P1-8 and XG2 starches were more prone to swelling dissolution when heated in193

water, YG has low solubility and swelling properties and is suitable for steaming food194

products.195

196
Figure 2 Solubility of starch in different millet varieties197

198

199
Figure 3 Swelling properties of starch from different millet varieties200

201

4. light transmittance202

From table 3, the variety with the lowest light transmittance at 0h was YG at203

2.26%, and the variety with the highest light transmittance was XG2 at 5.78%. After204

standing for 1, 4, 7, 18, 24, 48, and 72 h, respectively, the light transmittance of the205

cereals of different cultivars decreased, and the decreasing trend gradually leveled off206

and finally reached a limit value.207

208
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Table 3 Light transmittance changes during different storage times on starch from different millet varieties209

variety light transmittance/%
0 h 1 h 4 h 7 h 18 h 24 h 48 h 72 h

BMG 4.75±0.01h 4.54±0.02g 4.49±0.02e 4.31±0.02e 4.25±0.02f 4.18±0.02f 4.17±0.01f 4.18±0.02f

FX7 4.39±0.02j 4.17±0.02ij 4.14±0.03f 4.03±0.02g 3.97±0.01h 3.59±0.02i 3.57±0.02i 3.57±0.02i

FX11 5.1±0.02ef 4.94±0.01de 4.87±0.02c 4.76±0.02c 4.71±0.02d 4.70±0.02c 4.66±0.02c 4.64±0.01c

HG 4.88±0.04g 4.75±0.02f 4.65±0.02d 4.52±0.01d 4.43±0.01e 4.38±0.01e 4.30±0.02e 4.28±0.02e

HoG 3.97±0.03k 3.63±0.02k 3.42±0.02i 3.24±0.02j 3.14±0.01k 3.06±0.02k 3.01±0.01k 2.99±0.02k

JG21 4.37±0.02j 4.09±0.03j 4.00±0.03g 3.85±0.03h 3.74±0.02i 3.61±0.01i 3.54±0.03i 3.51±0.02i

LYX 3.16±0.02o 3.02±0.02n 2.98±0.02k 2.79±0.02l 2.70±0.02m 2.63±0.02m 2.61±0.01l 2.63±0.02l

P1-8 5.24±0.02d 5.21±0.03c 5.14±0.01b 5.06±0.02b 5.01±0.02c 4.98±0.01b 4.95±0.02b 4.92±0.02b

QG2 4.77±0.02h 4.58±0.02g 4.47±0.04e 4.15±0.02f 4.10±0.02g 4.00±0.01g 3.96±0.02g 3.96±0.02h

QM 5.38±0.01c 5.26±0.02c 5.22±0.02b 5.13±0.01b 5.09±0.03b 4.99±0.02b 4.95±0.01b 4.94±0.02b

TX17 3.66±0.01l 3.45±0.01l 3.39±0.02i 3.31±0.02ij 3.27±0.01j 3.22±0.03j 3.18±0.01j 3.16±0.02j

XG2 5.78±0.01a 5.59±0.02a 5.52±0.02a 5.30±0.02a 5.23±0.02a 5.14±0.02a 5.11±0.02a 5.09±0.03a

YG 2.26±0.02q 2.14±0.02p 2.02±0.02m 1.98±0.01n 1.91±0.01o 1.88±0.02o 1.88±0.01o 1.87±0.01n

ZZG5 5.15±0.03de 5.01±0.04d 4.88±0.03c 4.76±0.02c 4.68±0.02d 4.57±0.01d 4.52±0.02d 4.50±0.02d

ZZG10 5.54±0.02b 5.32±0.02b 5.21±0.02b 5.12±0.01b 5.01±0.02c 4.96±0.02b 4.93±0.03b 4.94±0.02b

CN0301 5.03±0.02f 4.90±0.02e 4.85±0.03c 4.74±0.02c 4.65±0.02d 4.59±0.02d 4.48±0.01d 4.50±0.01d

CN0302 3.02±0.01p 2.87±0.01o 2.73±0.01l 2.60±0.01m 2.54±0.02n 2.51±0.03n 2.47±0.02m 2.42±0.02m

CS06 3.71±0.02l 3.58±0.02k 3.51±0.02h 3.36±0.02i 3.28±0.01j 3.22±0.02j 3.17±0.02j 3.14±0.01j

CS10 3.28±0.02n 3.17±0.03m 3.10±0.01j 2.99±0.02k 2.96±0.02l 2.96±0.01l 2.34±0.02n 2.39±0.02m

CS35 4.57±0.02i 4.37±0.02h 4.23±0.02f 4.19±0.03f 4.16±0.02g 4.14±0.01f 4.13±0.01f 4.11±0.02g

ZG1 3.37±0.03m 4.20±0.02i 4.17±0.01f 4.07±0.02g 3.99±0.01h 3.90±0.02h 3.85±0.02h 3.89±0.02h
Note: different letters in the same column indicate significant differences (P < 0.05)210
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5. Thermal characterization211

The thermodynamic properties of cereal starch determined by DSC are shown in212

Table 4.The starting temperatures of starches from 21 cereal cultivars ranged from213

55.63°C~72.39°C, among which the highest starting temperature was observed for214

QM and the lowest for ZG1; The peak temperatures ranged from 66.35°C~80.70°C,215

among which, QM peak temperature was the highest and FX7 peak temperature the216

lowest; The termination temperature ranged from 71.87°C~87.78°C, among which,217

XG2 termination temperature was the highest and CN0302 termination temperature218

the lowest; The thermal enthalpies of the phase transitions were in the range of219

9.19~20.38, with the highest enthalpy at CS10 and the lowest at CS0302.220

Table 4 Thermal characteristics of starch from different millet varieties221

variety
Onset

temperature
（°C）

Peak
temperature
（°C）

Termination
temperature（°C）

Phase change thermal
enthalpies（J·g-1）

BMG 58.57±0.48m 71.26±0.21ij 77.13±0.31k 16.43±0.15cd

FX7 56.28±0.43no 64.46±0.34l 74.87±0.26l 17.18±0.21bcd

FX11 64.66±0.27gh 70.92±0.29j 79.60±0.27j 12.4±0.18j

HG 71.23±0.31ab 76.39±0.43cd 86.40±0.43bc 9.90±0.26lm

HoG 62.20±0.24jkl 72.94±0.37gh 80.50±0.16ij 15.05±0.20f

JG21 68.42±0.41d 75.61±0.32de 84.65±0.42de 11.36±0.25k

LYX 60.75±0.45l 79.02±0.18b 85.33±0.27cd 13.88±0.21gh

P1-8 62.90±0.33ijk 72.55±0.35hi 80.64±0.24ij 15.38±0.22ef

QG2 66.72±0.32ef 74.28±0.27f 84.35±0.40def 14.63±0.32fg

QM 72.39±0.38a 80.70±0.36a 86.67±0.37b 13.55±0.34hi

TX17 63.55±0.31hij 72.44±0.37hi 80.72±0.20ij 17.36±0.31bc

XG2 69.61±0.45c 77.41±0.36c 87.78±0.18a 12.68±0.30ij

YG 65.44±0.48fg 74.22±0.32fg 83.41±0.36fg 16.24±0.36de

ZZG5 66.39±0.35ef 74.56±0.44ef 83.75±0.37ef 10.41±0.31kl

ZZG10 70.11±0.28bc 77.66±0.31c 86.69±0.17b 18.12±0.18b

CN0301 61.61±0.31kl 70.73±0.14j 82.28±0.16gh 15.32±0.32ef

CN0302 57.42±0.31mn 64.19±0.32l 71.87±0.44m 9.19±0.21m

CS06 64.26±0.39ghi 70.98±0.20j 81.21±0.21hi 15.09±0.30f

CS10 67.08±0.38de 75.75±0.29de 84.85±0.26de 20.38±0.25a

CS35 67.45±0.36de 72.59±0.34h 85.57±0.35bcd 19.58±0.30a

ZG1 55.63±0.45o 66.35±0.39k 71.95±0.32m 12.51±0.22j

Note: different letters in the same column indicate significant differences (P < 0.05)222



12

6. Correlation analysis between physicochemical characteristics of cereal starch223

Pearson correlation analysis showed correlations amongst starch and224

physicochemical properties(Table 5).In general, amylose content was positively225

correlated with solubility and light transmittance, while amylose content was226

negatively correlated with amylopectin content, expansion potential, starting227

temperature, peak temperature, germination temperature, and phase transition228

enthalpy.229

Table 5 Pearson correlation analysis230

AC ACC AC/ACC SB SP LT OT PT TT △H

AC 1
ACC 0.323 1

AC/ACC 0.96** 0.567** 1
SB 0.47* 0.149 0.0383 1
SP 0.193 0.336 -0.251 0.323** 1

LT 0.116 0.415 -0.005 0.595** 0.821*
* 1

OT -0.385 0.149 -0.370 -0.019 0.536 0.458 1
PT -0.314 0.113 -0.304 -0.052 0.346 0.312 0.813 1
TT -0.376 0.293 -0.412 -0.123 0.440 0.386 0.89 0.914 1
△H -0.062 -0.102 -0.043 -0.239 -0.204 -0.103 0.002 0.063 0.163 1

AC: Amylose content; ACC:Amylopectin content; SB: Solubility; SP: Swelling power;231
LT: Light transmittance; OT: Onset temperature; PT: Peak temperature; TT:232
Termination temperature; △H: Thermal enthalpy of phase transition233

234

235

236
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238

239

240

241
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Discuss246

The type of starch, the physicochemical properties of the starch, and the cooking247

method are critical in the cooking quality of cereals. The physicochemical properties248

of starches from different cereal cultivars have not been comprehensively and249

systematically analyzed[10, 12, 13]. In this study, we measured the physicochemical250

properties of starches from 21 cereal cultivars and analyzed the correlation between251

each parameter. The results revealed that the physicochemical properties of starch252

from different cereal cultivars were significantly different, which provided a253

theoretical basis for the evaluation of their quality, and were helpful to promote the254

breeding of new cultivars of high quality.255

The morphology of starch granules was similar among the different cereal256

cultivars, and there was no relationship between starch morphology and structure and257

physicochemical properties, which was consistent with previous studies[14]. The258

morphological and structural differences of starch among different accessions were259

relatively large, native potato starch was oval, the surface was smooth and without260

dimples and cracks, sorghum, maize, wheat, and cereal starches were polygonal and261

spherical, some starch granules presented slight exo-erosion that generated a rough262

surface with indentations or pores[15-17].263

The amylose-amylopectin content ratio. are the main factors affecting starch264

pasting properties, which ultimately determine the cooking and eating quality of265

millet[18, 19]. FX11 had a lower amylose and amylopectin content ratio and was more266

suitable as a steaming food. In addition, structures of amylose and amylopectin are267

likely to play a major role in the cooking quality of cereals and future studies should268

address this aspect in more detail[20-22].269

Starch gelatinization occurs in amorphous regions where hydrogen bonds270

weaken rapidly so that amylose is released, the amylose caused a decrease in the271

melting point of crystalline regions and energy of gelatinization[23-25]. Compared with272

other cereal cultivars, YG has the lowest solubility and swelling degree, making it273

difficult to develop the swelling phenomenon and suitable as a steamed food product.274

Transparency is an indicator that describes the behavior of starch paste in terms of275

light transmission; it is influenced by particle size, amylose content,276

amylose/amylopectin ratio, swelling capability, and residual degree of swollen and277

non-swollen particles[26]. The thermal properties of starch are related to a variety of278
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factors, including granule morphology and size, amylose content, crystalline structure,279

and protein and lipid contents[27].280

Amylose, amylopectin content, and structure are the main factors affecting the281

physicochemical properties of starch[12, 27], The study showed that the ratio of amylose282

and amylopectin contents was positively correlated with the solubility and negatively283

correlated with the swelling degree and thermal properties, which was consistent with284

previous findings[12, 28]. In addition, the molecular weight, phosphate groups of285

amylose and amylopectin molecules, and the bonding forces between amylose and286

amylopectin molecules can also affect the physicochemical properties of starch[23, 29].287

Improving yield potential, resistance/tolerance to biotic and abiotic stresses, have288

been priorities for breeding this cereal, however, new objectives are arising, such as289

improving grain quality.290
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Conclusion312

Analysis of 21 Chinese millet varieties in this study showed that the313

physicochemical properties of starch varied from grain to grain. Millet varieties314

currently sold in the Chinese market may be quite balanced in terms of starch quality.315

Current strains may not be sufficient to develop new varieties for edible and culinary316

purposes. Therefore, further research is needed to find new raw materials with317

different starch characteristics. The starch phenotypic data obtained in this study will318

provide valuable information for selecting suitable material from this seedling for319

future breeding. The relationships between starch traits should be further analyzed in320

future studies using some millet varieties.321
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