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A B S T R A C T

The quality characteristics of waxy and non-waxy proso millet (Panicum miliaceum L.) are different because of
their varying amylose content. Physical appearance, pasting properties, cooking and edibility were investigated
in five waxy and five non-waxy proso millet varieties. The results showed that the amylose content of proso
millet flour was positively correlated with peak viscosity, trough viscosity, breakdown viscosity, final viscosity,
setback viscosity, peak time, and pasting temperature. The porridge made with non-waxy proso millet was
thicker as compared with that of made with waxy proso millet. Cooked non-waxy proso millet was hard whereas
waxy proso millet was sticky. The non-waxy proso millet contained higher resistant starch and lower rapidly
digestible starch than waxy proso millet. From this study, we can conclude that quality characteristics of waxy
and non-waxy proso millet are different, and this may provide an insight in food processing and commercial
production of proso millet.

1. Introduction

Proso millet (Panicum miliaceum L.) originated in China about
10000 years ago is one of the oldest cultivated and first domesticated
crops. It is extensively cultivated in Asia, Australia, North America,
Europe, and Africa. Proso millet is a C4 plant and is not only adapted to
poor soil or high saline-alkaline content but also can be tolerant to
drought and high temperature because of its highly efficacious water
use. With its short growing season of 10–11weeks, proso millet can be
planted as a catch crop (Zhang et al., 2016) when other crops have been
lost because of natural disasters. In the north and northwest regions of
China, the shelled proso millet, called ‘Huangmi’, is used for making
liquor and some types of pastries. The factors that affect proso millet
quality, such as physical appearance, nutritional value, cooking and
edibility, have a significant impact on its production and processing
(Zhang et al., 2016). In summary, although the research on the quality
characteristics in proso millet is quite essential, it started relatively late.
Therefore, our work is important in this field.

Proso millet can be divided into two types according to amylose
content: waxy (low amylose content) and non-waxy (high amylose
content). Research has indicated that rice with higher amylose content

is more resistant to swelling during cooking, which results in its more
elastic and less viscous texture (Lu, Cik, Lii, Lai, & Chen, 2013). Sor-
ghum lines with combined waxy and high-protein digestibility traits
have much higher water solubility and higher pasting viscosity. They
also form much softer and less sticky pastes compared with those
formed by regular non-waxy sorghums with normal protein digestibility
(Elhassan, Naushad Emmambux, Hays, Peterson, & Taylor, 2015).
Proso millet is rich in starch, protein, and many mineral elements
(calcium, iron, magnesium, zinc, etc.). In addition, it is also rich in
dietary fiber that can help prevent disorder, such as diabetes and car-
diovascular problems (Wadikar, Vasudish, Premavalli, & Bawa, 2006).
However, most studies on waxy and non-waxy proso millet have mainly
focused on the waxy gene and the comparisons between starch physi-
cochemical properties (Ishikawa, Seimiya, Saito, Nakamura, & Hoshino,
2013). Few studies have investigated the physical appearance, nutri-
tional value, cooking and edibility of waxy and non-waxy proso millet.

In this study, we have investigated the appearance, pasting prop-
erties, cooking and edibility, and in vitro digestibility of five waxy and
five non-waxy proso millet varieties. The objective of this study was to
reveal the differences in the quality characteristics of proso millet based
on its differing amylose content and provide valuable insight in the
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usage of proso millet in the food industry.

2. Materials and methods

2.1. Materials

Five waxy and five non-waxy proso millet varieties were studied
(Fig. 1A). The origins and suppliers of these varieties are summarized in
Table 1. Proso millet was obtained from the test fields at the Northwest
A&F University (110.5°E, 33.8°N, altitude 800.0 m), Yulin, Shaanxi
Province, China. After harvesting, we shelled 500.0 g of seeds using the
SY88-TH huller (South Korea SsangYong machinery factory, Korea)
from which 100.0 g of grain was pulverised into flour (FW-100D, Xin-
BoDe Instruments Ltd, Tianjin, China). The shelled grains and flour
were sealed in self-sealing plastic bags and stored at 4 °C.

2.2. Physical appearance of grain

The 1000-grain weight, length (L), breadth (B) and the L/B ratio of
the proso millet grain were determined using the SC-G Automatic Seed
Test Instrument (Wan Shen Testing Company, Hangzhou, China) (Li
et al., 2015).

The proso millet colour was measured using the SC-80C Chroma
Meter (Kangguang Optical Instrument Co., Ltd, Beijing, China). The
colour was expressed in L∗, a∗ and b∗, where L∗ represented lightness
ranging from black (L∗0) to white (L∗100), a∗ expressed red (+) or
green (−) and b∗ indicated yellow (+) or blue (−). L∗, a∗ and b∗

parameters were measured against a white background plate that was
included in the apparatus (Shen et al., 2014). The total colour differ-
ence (△E∗) of the proso millet was calculated as follows:
△E∗=[(△L∗)2+ (△a∗)2+ (△b∗)2]½.

2.3. Light transmittance and transverse sections of proso millet grain

Microscope magnification was adjusted to 4×, and the aperture was
adjusted to an appropriate fixed position. The proso millet grains were
placed on the B383-PLi microscope (M.A.D. Inc., Italy) stage for pho-
tography and light transmittance was measured. The grains were sliced
into two pieces along the embryo using a single-sided blade, and the
cross section of the proso millet grain was observed using the SMZ 1500
stereomicroscope (Nikon, Corporation, Tokyo, Japan) (Elhassan et al.,
2015).

Fig. 1. Unshelled proso millet (A); light transmittance and transverse sections of shelled
proso millet (B, C).
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2.4. Determination of starch content

Total starch content was measured using anthrone spectro-
photometric method at 620.0 nm (Blue Star B, Lab tech Ltd, Beijing,
China) and was calculated by multiplying glucose concentration by a
conversion factor of 0.9 (Osaki, Shinano, & Tadano, 1991; Premavalli,
Roopa, & Bawa, 2004). The amylose contents of the proso millet were
determined according to a modified version of GB/T 15683-2008/ISO
6647-1 (2008) and Sandhu and Singh (Sandhu & Singh, 2007). The
absorbance of the solutions of different varieties was measured using
the Blue Star B spectrophotometer (Lab tech Ltd, Beijing, China). The
amylose contents were calculated depending on the measured absor-
bance according to the standard curve developed using amylose and
amylopectin (Sigma–Aldrich) blends. The content of amylopectin is the
total starch content minus the amylose content.

2.5. Pasting properties

Pasting properties of proso millet flour were determined using the
RVA 4500 Rapid Visco Analyzer (Perten, Stockholm, Sweden). Three
grams of each sample with 14.0% moisture were directly weighed into
aluminium RVA canisters, after which, 25.0 mL distilled water was
added to achieve a total weight of 28.0 g. The slurry was then held at
50 °C for 1min, heated from 50 °C to 95 °C for 3.45min, held at 95 °C
for 2.4 min, allowed to cool to 50 °C for 3.45min, and finally held at
50 °C for 1min (Zhu, Liu, Sang, Gu, & Shi, 2010).

2.6. Cooking characteristics

After determined volume, 2.0 g of the proso millet grains were
placed in a stainless-steel wire mesh with 0.4-mm uniform holes, which
were smaller than the grains. Subsequently, the mesh contained 2.0 g
proso millet and the grains along with 30.0 mL 90 °C distilled water
were put into a conical flask fitted with a glass stopper. The flask was
immersed in a 90 °C water bath for 10min, after which it was boiled for
30min at 2000W using induction cooking. After boiling, the ‘soup’ was
placed at room temperature for 20min. After cooling to room tem-
perature, the volume and quality of the cooked proso millet were de-
termined. The pH of the proso millet soup was measured using the TE20
pH meter (Mettler Toledo Instrument Company, Shanghai, China).
Water was added to the soup to increase the volume to 45.0 mL, and the
soup was centrifuged for 5min at 5000 r/min (SF-TDL-5A, FeiQiaEr
Instrument Company, Shanghai, China). TenmL of the supernatant was
dried at 70 °C in a drying oven until there was no change in the weight
of the soup soluble solid. The absorbance of 4.0mL supernatant at
660.0 nm was measured as the transmission of light. The iodine blue
value was measured with a spectrophotometer at 660.0 nm using
50.0 mL containing 1.0mL supernatant, 5.0 mL 0.5 mol/L HCl, 1.0 mL
0.2% iodine reagent (KI 36.0 g/L, I 213.0 g/L) and water (Zhou,
Robards, Helliwell, & Blanchard, 2007).

2.7. Texture profile analysis (TPA) of cooked proso millet

TPA of the freshly-cooked proso millet was directly performed using
a TA-XT plus texture analyser (Stable Micro Systems Ltd, Surrey, UK)
equipped with a 5.0-kg load cell. A two-cycle compression test was
performed using a 5.0-mm-diameter aluminium cylinder probe to
compress the grains to obtain 70.0% strain. The initial height of the
probe was calibrated and set at 30mm. The test speed of the probe was
0.5 mm/s at a trigger force of 10.0 g. The following parameters were
quantified: hardness (g), adhesiveness (g/s), cohesiveness, and chewi-
ness. This process was repeated at least ten times for each sample using
different freshly-cooked proso millet grains, and the mean value was
determined for statistical analysis (Xia et al., 2017).

2.8. Scanning electron microscopy (SEM) of cooked proso millet

After steaming for 15 and 30min, five grains were selected from
each condition for observation. Five uncooked grains were selected as
the control. The grains were cut into two pieces using a single-sided
blade to obtain cross sections. The samples were immediately dried
using the K850 vacuum freeze dryer (Quorum Technologies Ltd,
Ashford, Kent, England) and fixed onto an aluminium stub with double-
sided adhesive tape, coated with gold/palladium (60:40), and examined
using the S-4800 scanning electron microscope (Hitachi Limited,
Tokyo, Japan) at 10.0 kV. Samples were analysed at a magnification of
3000× and 10000×, respectively (Zhang et al., 2016).

2.9. In vitro digestibility of starch in cooked proso millet

In vitro digestion of the starches in cooked proso millet was studied
by a method of Englyst and Bian with minor modification (Bian &
Chung, 2016; Englyst, Kingman, & Cummings, 1992). Briefly, 2.5 g of
cooked proso millet was triturated by a mortar and pestle and added to
25.0 mL phosphate buffer (pH 5.2) while continuously stirring. The
solution was equilibrated in a water bath at 37 °C for 5min adding
5.0 mL enzyme solution (122.0 U/mL pancreatic α-amylase, 16.5 U/mL
amyloglucosidase). The percentage of hydrolysed starch was calculated
by multiplying the glucose content by a conversion factor of 0.9. Each
sample was analysed in triplicates. The values of rapidly digestible
starch (RDS), slowly digestible starch (SDS) and resistant starch (RS)
were obtained by combining the values of glucose released after 20min
(G20), glucose released after 120min (G120), free glucose (FG) and
total glucose (TG). The following formulae were used:

= − × ×RDS(%) [(G20 FG)/T] 0.9 100

= − × ×SDS(%) [(G120 G20)/T] 0.9 100

= − × ×RS(%) [(TG G120)/T] 0.9 100

2.10. Statistical analyses

For sample characterisation, measurements were performed at least
twice unless otherwise specified. All data represent the mean ±
standard deviation. Data were subjected to one-way analysis of var-
iance and Tukey’s multiple-comparison analysis using SPSS 16.0 (SPSS
Inc., Chicago, IL, USA). The results with a corresponding probability
value of p < 0.05 were considered statistically significant.

3. Results

3.1. Physical appearance of grain

The physical properties of waxy and non-waxy proso millet grain
are showed in Table 2. There were significant (p < 0.05) differences
observed among the samples, but there were no significant differences
within the species. The grains weighed between 4.88 and 7.60 g/1000-
grains. The L and B of the grains were 2.36–2.72 and 2.04–2.49mm,
respectively. The L/B of the grains ranged from 1.09 to 1.16, which
indicated that the hulled proso millet grains were nearly spherical.

There was an obvious difference (p < 0.05) in the a∗ value among
the samples but no significant difference among species; the same was
true for b∗ values (Table 2). The L∗ value of non-waxy proso millet
ranged from 64.78 to 67.89, and the L∗ value of waxy proso millet
ranged from 69.26 to 71.23. The total colour difference of non-waxy
proso millet ranged from 38.63 to 40.29, and the total colour difference
of waxy proso millet ranged from 35.94 to 37.61. Moreover, the L∗

value and total colour difference between the waxy and non-waxy proso
millet was distinct (p < 0.05), which might indicate that waxy proso
millet was lighter as compared with non-waxy proso millet. To the
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naked eye, there was an obvious colour difference between waxy and
non-waxy proso millet. The non-waxy proso millet grains had higher
light transmittance and contained more horny-endosperm compared
with waxy proso millet; however, the waxy proso millet grains con-
tained enough floury endosperm and had a typical opaque phenotype
(Fig. 1B and C).

3.2. Starch content

Table 1 reveals that the amylose content of waxy proso millet
varieties was varied from 2.24% to 3.11% and that the amylose content
of non-waxy proso millet varieties was varied from 18.52% to 38.67%.
There was no significant difference in the total starch content between
the two types. Non-waxy proso millet had a conspicuously higher
(p < 0.05) amylose content and amylose/amylopectin ratio, but lower
(p < 0.05) amylopectin content compared with that of waxy proso
millet.

3.3. Pasting properties

Peak viscosity (PV), through viscosity (TV), breakdown viscosity
(BD), final viscosity (FV), setback viscosity (SB), peak time (PT) and
pasting temperature (PTM) ranged from 1757.50 to 2116.00 cP,
1036.00 to 1112.50 cP, 721.50 to 1008.50 cP, 4193.50 to 4705.50 cP,
3151.00 to 3644.50 cP, 5.27 to 5.34min, and 79.93 to 87.25 °C, re-
spectively (Table 3), for non-waxy proso millet. These pasting proper-
ties ranged from 891.00 to 1520.00 cP, 695.00 to 907.00 cP, 186.50 to
762.50 cP, 901.50 to 1261.00 cP, 197.00 to 371.50 cP, 3.93 to
4.13min, and 78.33 to 79.20 °C, respectively (Table 3), for waxy proso

millet. This indicated that the pasting properties of non-waxy proso
millet were overall higher than those of waxy proso millet. The results
also revealed that the amylose content of proso millet flour positively
correlated with PV (r= 0.865, p < 0.05), TV (r= 0.876, p < 0.05),
BD (r= 0.806, p < 0.05), FV (r= 0.937, p < 0.05), SB (r= 0.935,
p < 0.05), PT (r= 0.940, p < 0.05), and PTM (r= 0.697, p < 0.05).

3.4. Cooking characteristics

The cooking quality indices comprising water absorption ratio, ex-
pansion ratio, proso millet soup soluble solid, proso millet soup light
absorption value, and proso millet soup iodine blue value ranged from
465.09% to 572.63%, 540.98% to 790.48%, 82.69 to 126.68mg/g,
0.30 to 0.50 660 nm OD, and 0.42 to 1.19 660 nm OD, respectively
(Table 4), for non-waxy proso millet. These indices ranged from
352.97% to 415.33%, 332.20% to 456.90%, 58.05 to 76.73mg/g, 0.10
to 0.19 660 nm OD, and 0.11 to 0.33 660 nm OD, respectively (Table 4),
for waxy proso millet. The results revealed that the cooking quality
indices of non-waxy proso millet were significant higher (p < 0.05)
than those of waxy proso millet; however, the soup pH of non-waxy
proso millet, which ranged from 6.38 to 6.45, was evidently lower
(p < 0.05) than that of waxy proso millet, which ranged from 6.58 to
6.72. This might be the result of the non-waxy proso millet soup con-
taining more soluble solids.

3.5. TPA of cooked proso millet

TPA revealed that the cooked non-waxy proso millet was harder and
chewier than the cooked waxy proso millet (Table 4); however, the

Table 2
Physical properties and colour values of waxy and non-waxy proso millet hulled grain.

Species Samples Physical properties Colour values

Weight
(g/1000grains)

L(mm) B(mm) L/B L* a* b* △E*

Non-waxy 01 6.60 ± 0.14b 2.57 ± 0.21b 2.27 ± 0.13b 1.13 ± 0.12a 66.93 ± 0.40c 3.08 ± 0.10b 24.86 ± 0.01c 38.63 ± 0.30c
02 6.68 ± 0.19b 2.54 ± 0.17bc 2.27 ± 0.13b 1.12 ± 0.13a 67.10 ± 0.52c 3.28 ± 0.03ab 25.87 ± 0.41a 39.14 ± 0.15bc
03 6.01 ± 0.11c 2.52 ± 0.19c 2.18 ± 0.14bc 1.16 ± 0.11a 67.89 ± 0.61bc 3.55 ± 0.16a 27.08 ± 0.37a 39.33 ± 0.20bc
04 6.72 ± 0.16b 2.57 ± 0.18b 2.29 ± 0.12b 1.12 ± 0.11a 64.78 ± 0.05d 3.33 ± 0.02a 24.73 ± 0.29c 40.29 ± 0.21a
05 7.60 ± 0.17a 2.66 ± 0.17a 2.37 ± 0.15ab 1.13 ± 0.09a 66.83 ± 1.06c 3.57 ± 0.07a 26.23 ± 0.48a 39.60 ± 0.51b

waxy 06 6.44 ± 0.16c 2.45 ± 0.13d 2.22 ± 0.14b 1.11 ± 0.11ab 70.66 ± 0.78a 2.04 ± 0.13c 25.41 ± 0.64b 36.07 ± 0.15f
07 5.74 ± 0.10d 2.46 ± 0.14d 2.21 ± 0.13b 1.11 ± 0.12ab 71.23 ± 0.04a 2.10 ± 0.03c 25.85 ± 0.01ab 35.94 ± 0.04f
08 7.41 ± 0.17a 2.72 ± 0.15a 2.49 ± 0.14a 1.09 ± 0.10b 69.77 ± 0.14a 3.30 ± 0.02a 25.38 ± 0.13b 36.78 ± 0.02e
09 4.88 ± 0.09e 2.36 ± 0.14e 2.04 ± 0.12c 1.16 ± 0.12a 70.82 ± 0.70a 2.27 ± 0.06c 26.79 ± 0.66a 36.90 ± 0.05e
10 6.52 ± 0.12bc 2.58 ± 0.15ab 2.26 ± 0.11b 1.15 ± 0.11a 69.26 ± 0.19ab 3.20 ± 0.02b 26.07 ± 0.19a 37.61 ± 0.02d

Data represent means ± standard deviations. For each column, values not displaying the same letter are significantly different (p < 0.05).
L, B, L/B, L*, a*, b*, △E* correspond to grain length, grain breadth, grain length/breadth ratio, lightness (ranging from black (L*0) to white (L*100)), the a* expresses red (+) or green
(−), and the b* indicates yellow (+) or blue (−), respectively.

Table 3
RVA parameters of samples.

Species Samples Peak viscosity
PV (cP)

Trough viscosity
TV (cP)

Breakdown viscosity
BD (cP)

Final viscosity
FV (cP)

Setback viscosity
SB (cP)

Peak time
PT (min)

Pasting temperature
PTM (°C)

Non-waxy 01 1861.00 ± 2.83b 1061.00 ± 14.14ab 800.00 ± 11.31b 4705.50 ± 193.04a 3644.50 ± 178.90a 5.27 ± 0.00a 85.65 ± 0.00b
02 2111.00 ± 1.41a 1112.50 ± 9.19a 998.50 ± 10.61a 4376.00 ± 394.57a 3263.50 ± 203.76a 5.27 ± 0.00a 79.93 ± 0.04c
03 2116.00 ± 18.38a 1107.50 ± 19.09a 1008.50 ± 0.71a 4420.50 ± 214.25a 3313.00 ± 233.35a 5.34 ± 0.09a 79.93 ± 0.04c
04 1807.50 ± 21.92bc 1042.50 ± 19.09b 765.00 ± 2.83b 4193.50 ± 253.85a 3151.00 ± 272.94a 5.33 ± 0.00a 87.25 ± 0.07a
05 1757.50 ± 51.62c 1036.00 ± 25.46b 721.50 ± 26.16c 4563.50 ± 212.84a 3527.50 ± 238.29a 5.30 ± 0.04a 79.98 ± 0.11c

Waxy 06 899.00 ± 19.80 g 695.00 ± 12.73e 204.00 ± 7.07f 916.50 ± 14.85b 221.50 ± 2.12b 3.93 ± 0.00c 78.33 ± 0.11e
07 891.00 ± 18.38 g 704.50 ± 20.51e 186.50 ± 2.12f 901.50 ± 30.41b 197.00 ± 9.90b 4.00 ± 0.00c 79.10 ± 0.07d
08 1520.00 ± 7.07d 757.50 ± 9.19d 762.50 ± 16.26b 1129.00 ± 29.70b 371.50 ± 20.51b 4.13 ± 0.00b 78.35 ± 0.07e
09 1443.00 ± 1.41e 870.00 ± 4.24c 573.00 ± 5.66d 1144.50 ± 10.61b 274.50 ± 14.85b 4.00 ± 0.00c 79.20 ± 0.00d
10 1302.00 ± 25.46f 907.00 ± 19.80c 395.00 ± 5.66e 1261.00 ± 33.94b 354.00 ± 14.14b 3.97 ± 0.05c 79.10 ± 0.00d

Data represent means ± standard deviations. For each column, values not displaying the same letter are significantly different (p < 0.05).
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cooked waxy proso millet was more adhesive and cohesive than the
cooked non-waxy proso millet.

3.6. Scanning electron microscopy (SEM) of cooked proso millet

SEM was used to compare the morphology of the cross sections
obtained from the uncooked grains, grains steamed for 15min, and
grains steamed for 30min of the 01 (Longmi5, non-waxy) and 06
(Chishu2, waxy) varieties, respectively. Among the raw grains, waxy
and non-waxy proso millet showed a similar morphology and a poly-
hedral and irregular shape with sharp angles and edges. Starch particles
are arranged close together, with nearly no gaps between them (Fig. 2
N1 W1). After steaming for 15min, the starch granules ablated and
gaps appeared (Fig. 2 N2 W2). In steamed grains, starch granules were
completely disrupted. Furthermore, the morphology of the cross sec-
tions from steamed waxy and non-waxy grains was visibly different
(Fig. 2 N3 W3). To better assess the difference between them, the
magnification was increased to 10000× (Fig. 2 N4 W4). Compared
with non-waxy proso millet, many branching structures that connected
to form a network structure were observed in the cross sections of
steamed waxy proso millet.
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Fig. 2. Micrographs of transverse sections of proso millet grain obtained using a scanning
electron microscope of 01 (Longmi 5, non-waxy) (N1–N4) and 06 (Chishu 2, waxy)
(W1–W4). N1–N3 indicate raw grains, steamed grains for 15min and steamed non-waxy
proso millet grains (Longmi 5) at 3000×, respectively. N4 indicates steamed non-waxy
proso millet at 10000× . W1–W3 indicate raw grains, grains steamed for 15min and
steamed grains of waxy proso millet (Chishu2) at 3000×, respectively. W4 indicates
steamed waxy proso millet at 10,000×.
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3.7. In vitro digestibility of starch in cooked proso millet

Table 1 shows that RDS of the non-waxy proso millet (31.13%) was
distinctly (p < 0.05) lower than that of the waxy proso millet
(40.09%). There was no significant (p < 0.05) difference in SDS be-
tween the non-waxy (51.04%) and waxy (51.15%) proso millet. The RS
content of non-waxy proso millet (17.83%) was significantly
(p < 0.05) higher than that of waxy proso millet (8.77%).

4. Discussion

4.1. Appearance of proso millet grain

The appearance of proso millet grain includes physical properties,
colour, light transmittance and transverse sections (Zhang et al., 2017),
which is a consequential characteristic of grain quality. Appearance not
only affects cooking quality but is one of the indices used to judge the
quality of proso millet as a commodity (Zhang et al., 2016). L, B, L/B
and weight are expressed as the physical properties of grain, which play
an important role in appearance and grain yield. In this study, there was
no correlation among the physical properties and amylose content. The
studies on rice and wheat have indicated that grain length, grain
breadth and grain weight are controlled by quantitative trait loci
(Kumar et al., 2006; Tang et al., 2013); therefore, the mechanism by
which physical properties are expressed in proso millet should be fur-
ther investigated.

The findings on proso millet have confirmed the possibility that
grain transparency decreases and the floury endosperm increases with a
decrease in amylose content (Fig. 1B and C). Zhang suggested that the
milky and opaque appearance of rice was a result of the refraction of air
space in the centre of the granule (Zhang et al., 2017). In addition, the
number of air spaces increased with a decrease in amylose content,
which contributed to the opaque appearance. This is consistent with our
results; however, the reasons for these results remain unclear. Even so,
the results indicated that we can roughly distinguish the waxy and non-
waxy proso millet by grain colour, light transmittance and endosperm
phenotypes.

4.2. Pasting properties of proso millet

Starch is the major component of cereals and a source of glycaemic
carbohydrates in the human diet (Chao et al., 2014). Amylose is mainly
made up of linear α-1,4-d-glucan chains connected to a small number of
branched chains by α-1,6-glycosidic bonds. Amylopectin is a moder-
ately branched macromolecule composed of backbone and side chains
that are linked by an average of 5.0% α-1, 6-glucosidic bonds (Liu, Yu,
Xie, & Chen, 2006; Wang, Wang, Guo, Liu, & Wang, 2017). The dif-
ferences in the structure of amylose and amylopectin led to differences
in the physicochemical properties of starch, which relate to food pro-
cessing and digestion (Wang, Li, Copeland, Niu, & Wang, 2015). In this
study, proso millet had a starch content that ranged from 58.5% to
73.5% and as seen in Table 1 proso millet of the waxy and non-waxy
varieties are classified by amylose content (Chao et al., 2014; Uarrota
et al., 2013).

Previous studies have suggested that there is a positive correlation
between amylose content and pasting characteristics, such as TV, FV,
SB, PT, and PTM, which is consistent with our findings (Chung, Liu,
Lee, & Wei, 2011; Yang, Blanco, Gardner, Li, & Jane, 2016). Our results
showed that waxy proso millet was more prone to gelatinisation, and
needed less time and a lower temperature for cooking (Gao et al.,
2016), which was why the Chinese farmers called the waxy and non-
waxy proso millet ‘soft proso millet’ and ‘hard proso millet’, respec-
tively. In addition, the higher SB of non-waxy proso millet reflected its
tendency to retrograde.

Research on proso millet starch has shown that the starches in waxy
proso millet had higher average PV, TV and BD than those in non-waxy

proso millet (Chao et al., 2014). Studies also reported that the amylose
content of rice starch was inversely related to peak and breakdown
viscosities (Chung et al., 2011). Research has also shown that PV de-
creased and FV increased with an increase in amylose content in star-
ches. The increased amylose content in starch has been proposed to
decrease the melting temperature of the granules by disrupting crys-
tallinity in the granular structure, which could affect PV (Blazek &
Copeland, 2008; Yuryev et al., 2004); however, our results showed that
non-waxy proso millet had higher PV, TV and BD than waxy proso
millet and that, except for amylose content, pasting properties are in-
fluenced by many factors such as lipids, proteins, non-starch poly-
saccharides, α-amylase and amylopectin branch chain length and dis-
tribution (Blazek & Copeland, 2008). Compared with most of the
previous studies, our studies concentrated on the pasting properties in
flour instead of those of starch, and proso millet flour contained addi-
tional components than in proso millet starch. Moreover, proso millet
has many physical and chemical characteristics that are being different
from those of other cereal grains.

4.3. Cooking and edibility

Cooking and edibility of proso millet refer to the physicochemical
and organoleptic properties after cooking and eating the grain, and is
one of the most important criteria in proso millet quality character-
istics, which directly affects whether proso millet is widely accepted by
the consumer. Some researchers have reported that the water absorp-
tion and expansion ratios positively related to amylose content (Zhou
et al., 2007), which is consistent with our results. Aboubacar et al. re-
ported that there was a positive correlation between stickiness on the
tongue and consumer acceptance (Aboubacar, Kirleis, & Oumarou,
1999). Moreover, thick porridge is a kind of ideal food for patients with
dysphagia (Shim & Lim, 2013). The non-waxy broomcorn millet had
more soluble solids and lower light absorption value, which indicated
that more components leached into the water (Singh, Pal, Mahajan,
Singh, & Shevkani, 2011); therefore, the non-waxy proso millet is more
suitable for making porridge because the porridge will be thicker.

Starch is the major constituent in residual cooking water and the
non-waxy proso millet has higher amylose content than waxy proso
millet, the non-waxy proso millet had a higher iodine blue value. The
lower pH value in non-waxy proso millet was attributed to more
components that leached into the water, such as polysaccharides, fatty
acids and proteins. The waxy proso millet contained more amylopectin,
and the long amylopectin chains might have crystallised with an
amylose molecule, which might have extended through adjacent
‘clusters’, thereby contributing to double helices in several crystallites
and resulted in a lower degree of swelling and a reduction in the soup’s
soluble solids (Ong & Blanshard, 1995). Most likely, the differences in
cooking properties between waxy and non-waxy proso millet were the
result of differences in their amylose content and granular structure.

The results of TPA in cooked proso millet correlated with those of
previous studies, which indicated that hardness positively correlated
with amylose contained in the rice grain (Lu et al., 2013). The study
also showed that although proso millet is rich in nutrients, it has poor
palatability because the cooked non-waxy proso millet was too hard
and waxy proso millet was too sticky; however, waxy and non-waxy
proso millet can be combined in certain proportions or combined with
rice to create a formula that is easier to consume. In addition, the SEM
images explained why the adhesiveness and cohesiveness of the cooked
waxy proso millet were higher than that of cooked non-waxy proso
millet.

4.4. In vitro digestibility of starch in cooked proso millet

Starch is classified as RDS, SDS and RS. RDS can be rapidly digested
and absorbed in the small intestine, which instantaneously elevates
blood glucose (Roopa & Premavalli, 2008); therefore, waxy proso millet

Q. Yang et al. Food Chemistry 257 (2018) 271–278

276



is not suitable for patients with hyperglycaemia because it contains
higher RDS content and is susceptible to enzymatic hydrolysis
(Table 1). SDS is digested slowly but in the small intestine with a
moderate increase in the glycaemic index and a prolonged energy
supply; therefore, it is generally considered as the most desirable type
of dietary starch. The high level of SDS in proso millet means that the
grain can be developed and used as a functional food. RS is a new type
of dietary fibre that cannot be assimilated in the small intestine but can
be degraded by microorganisms in the colon, which can help guard
against severe hyperglycaemia, blood pressure and heart disease
(Zhang & Hamaker, 2009).

Previous research has indicated that amylose content negatively
correlated with RDS content (Table 1) but positively correlated with RS
content, which is consistent with our results (Zhu, Liu, Wilson, Gu, &
Shi, 2011). In vitro digestibility of starches is influenced by many fac-
tors, such as amylose content, degree of crystallinity (Chung, Lim, &
Lim, 2006), molecular structure of amylopectin (Srichuwong & Jane,
2007), and amylose-lipid complexes (Guraya, Kadan, & Champagne,
1997). Some studies have reported that rice starch performed high
enzyme digestion because of its smaller granule and greater surface
area (Chung et al., 2011). Furthermore, few researchers believed that
amylose contains a large number of intramolecular and intermolecular
hydrogen bonds and microcrystalline beams limit starch gelatinisation,
reducing the rate of starch digestion and absorption (Zhu et al., 2011).
It was reported that the average size of starch granules (6.12mm) in
waxy proso millet was smaller than that of non-waxy proso millet
(6.44 mm), leading to rapid digestion. This report was consistent with
the results of rice studies (Chao et al., 2014); however, the differences
between digestion of waxy and non-waxy proso millet need to be stu-
died as they related to their biochemical and molecular structures.

5. Conclusion

In this study, differences were observed in the appearance, pasting
properties, cooking and edibility, and in vitro digestibility of waxy and
non-waxy proso millet. Non-waxy proso millet grains had a higher light
transmittance and contained more horny-endosperm than waxy proso
millet; however, waxy proso millet grains contained enough floury
endosperm and had a typical opaque phenotype. The amylose content
of proso millet flour was positively correlated with PV, TV, BD, FV, SB,
PT, and PTM. The porridge made using non-waxy proso millet is
thicker. Cooked non-waxy proso millet is hard whereas waxy proso
millet is sticky. The non-waxy proso millet had higher RS and lower
RDS than waxy proso millet.
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