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Abstract

Waxy corn starch is widely used in food and papermaking industries due to its unique properties.
In this work, the structural and functional properties of starch isolated from waxy corn at different
stages of kernel growth were investigated and their relationships were clarified. The results showed
that with kernel growth, the surface of starch granules became smooth gradually, and the inner
growth rings and the porous structure grew and became clear Meanwhile, the weight-average
molecular mass (My), root mean square radius (Rg), and avera e p..rticle size increased while the
amylose content decreased, which should account for the d«crewsed pasting temperature (from 71.37
to 67.44 °C) and increased peak viscosity (1574.2 to 1¢”5.1 cp) and breakdown value observed.
Besides, the contents of slowly digestible starch (5L <) and resistant starch (RS) in waxy corn starch
decreased significantly (from 44.01% to 40.c?o and from 16.73% to 9.80%, respectively, p < 0.05)
due to decreases in the double helix ~o~teit, crystallinity, structural order, and increases in the
semi-crystalline lamellae thickness <. d the amorphous content. This research provides basic data for
the rational utilization of waxy ~orn starch at different stages of kernel growth.
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1. Introduction

Waxy corn is a corn cultivar whose nutritional composition is similar to that of regular corn,
with a starch content of 64—68%, a protein content of 10-15%, a fat content of 4-5%, and a vitamin
content of about 3% [1]. Starch, mainly amylopectin, is the main component of waxy corn, and waxy
corn starch (WCS) has different physical and chemical properties from those regular corn starch
(containing a certain amount of amylose), such as improved paste <. bility, higher paste transparency
and reduced tendency of retrogradation [2, 3]. Due to these nat.va, roperties, WCS has been widely
used as different types of food additives such as thickeners ai. stabilizers [4-6]. However, WCS also
has high rapidly digestible starch (RDS) content and t.ius . could be easily digested into glucose
leading to elevated blood glucose [7]. Therefore, one of the research focuses nowadays is to use
“green” methods to modify the physical and cricmical properties of WCS to meet wider application
needs [8, 9]. Among them, genetic mcdfiv.ation by biological means to change the formative and
metabolic pathways of WCS from the original source and then to regulate its functional properties
has become the frontier resear~h *:ection in agriculture, food and materials areas [10].

The functional propertie * of starch are determined by its multi-scale structure [11]. Therefore, in
order to regulate the functional properties of WCS from the perspective of gene modification, it is
necessary to master the variation of its multi-scale structure and properties during different stages of
kernel growth and to understand the structure—property relationships. Previous studies have shown
that during the growth of grain kernels, the synergistic effects of various starch biosynthetases would
result in evolution in the molecular structure, molecular weight and distribution, and the short-range

ordered structure and helical arrangement of starch molecules in starch grains, which might lead to
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change in starch aggregated structures (e.g. particle structure, lamellar structure and crystalline
structure) [12-14]. The changes in lamellar structure, crystallinity, and granule size, mainly
associated with starch branched chains, at different stages of kernel growth eventually affect the
functional properties such as the thermal properties, pasting properties, and digestibility of starch
[15]. A structural study suggested that the granule size of WCS increased with kernel growth, which
led to increasing pasting peak viscosity [16]. Similarly, another st:dy showed that the average chain
length distribution of WCS amylopectin increased with kernel rowth, and the WCS at harvesting
exhibited the lowest peak viscosity, which then increased “os. .iarvesting [16]. Therefore, WCS at
different stages of kernel growth has different structural an' tunctional properties.

Though there have been many systematic stuc‘ec on the multi-scale structure and functional
properties of WCS [17-19], there have becr limited comprehensive studies on the changes of
multi-scale structure and functional p:cnerdes of WCS during kernel growth, especially their
relationships. Besides, for the waxy corii, the flowering and grain period is generally 20-30 days
after pollination, which is the hest :iarvest period. In this period, the reproductive growth of waxy
corn grains begins inciecd COf vegetative growth, and the structure of starch might change
significantly. Thus, in this work, the multi-scale structure (granule structure, short-range molecular
order, helices, molecular mass and distribution, lamellar structure, and crystalline structure), pasting
properties, and in vitro digestibility of starch isolated from waxy corn at different stages of kernel
growth (20, 25, 30, and 35 days after pollination) were investigated. In this way, the relationship
between the structure and functional properties of WCS during kernel growth can be clarified. These

results could provide basic data for the rational utilization of WCS at different stages of kernel



growth.
2. Materials and methods
2.1Plant materials

Waxy corn was planted at the Zhong Luotan Experimental Base of the Guangdong Academy of
Agricultural Sciences (Guangzhou, China). The kernels collected on the 20th, 25th, 30th and 35th
day after pollination during the growth stages of waxy corn were selected as experimental samples
(named as 20DAP, 25DAP, 30DAP and 35DAP, respectively) for starc h extraction.
2.2lIsolation of WCS

The well-developed kernels of 20DAP, 25DAP, 3u*AP and 35DAP were selected, and the
starch was extracted from waxy corn according “0 * reevious study [20]. Firstly, the kernels were
mixed with 0.45% sodium metabisulfite in a <%0 of 1:2 (w/w) and soaked for 12 h, and treated with
a beater for 30 s. After filtration throug. . layer of gauze, the filtrate was passed through screens of
80 mesh, 100 mesh, and 200 mesh, vespectively. The filtrate was then collected and centrifuged at
4000 rpm for 10 min. After thot, the supernatant was discarded, and the precipitate was centrifuged
with sufficient water ar.a ~hsc.ute ethanol three times and once respectively. The following steps
included decolorization to no pigmentation, filtration, drying (35 °C, overnight), and grinding (80
mesh) to obtain 4 samples (20DAP, 25DAP, 30DAP and 35DAP) for use. After isolation, the
chemical compositions of four starch samples were shown in Table 1.
2.3Scanning electron microscopy (SEM)

The starch samples were evenly dispersed on the sample table with the conductive double-sided

tape, and then the unstuck starch was blown away. The samples were sputter-coated with gold for 5



min. The SEM examined was used by an EM-30 Plus scanning electron microscope (COXEM,
Korea) operated at 20 kV with 500x magnification.
2.4Confocal laser scanning microscopy (CLSM)

Starch was stained using a method used in our previous study [21], in which a freshly prepared
APTS (8-amino-1,3,6-pyrenetrisulfonic acid) acetic acid solution (10 mM) was used as the dye. After
staining, a drop of the starch suspension was transferred to a glass slide, covered with a coverslip,
and then observed with a Digital Eclipse Cl Plus confocal micro cop: (Leica, Germany). The lenses
were HC PL APO CS2 63 x 1.40 OIL, and the laser emissi‘ n wuvelength of the Ar/Kr gas laser was
488 nm (20% capacity), accompanied by a receiving wa ziength range of 480-500 nm. For each
starch sample, images (resolution 1024 x 1024 p.-e's) of a stack of horizontal optical sections
(thickness 0.5 um) were obtained, encompass:~ 4 the whole starch granule in three dimensions. Then,
these images were superimposed togeth. “'si.g Image J to construct the structure diagram of growth
rings in starch granules.
2.5Granule size analysis

The starch sample, a1 10aded into the reservoir until completely dispersed in anhydrous
ethanol. The granule size distribution of starches was determined using a laser-diffraction analyzer
(Malvern Mastersizer 2000, UK) with a flow-through reservoir (1000 mL). The obscuration value
was 12-13% and the refractive index of starch samples was 1.52. All the measurements were
analyzed in triplicate.

2.6 Amylose content (AC)

Amylose content (AC) was determined based on iodine-binding capacity as described



previously [22]. Specifically, starch (100 mg, dry basis) was dispersed in 1 mol/L NaOH and diluted
with distilled water to obtain a 1 mg/mL solution. I,/KI solutions (0.0025 mol/L I, and 0.0065 mol/L
K1) were used to complex with starch, and the absorbance of all samples was measured using a UV—
vis spectrophotometer (Evolution 201 UV-Visible Spectrophotometer, Thermo Scientific Inc.,
Waltham, USA) at 620 nm. AC was determined using a standard curve based on the mixtures of the
standard amylose solutions and the standard amylopectin solutions of different concentrations.
2.7Gel permeation chromatography coupled with multi ancle light scattering
(GPC-MALS)

Weight-average molecular molar mass (M), nui:er-average molecular mass (M,), and
gyration radius (Rg) were determined as did in ou” rrevious study [23]. The starch sample was
dissolved in DMSO containing 50 mol-L™ . isr to achieve a mass concentration of 0.5 mg-mL™.
Then, the fully dissolved starch sample *..>s 1itered through a 5-um PTFE filter film (Millipore Co.,
Billerica, USA) and transferred to a ial for testing. A GPC system (Waters, USA) equipped with a
MALLS detector (Wyatt Techraloc y Co., Santa Barbara, USA) and a refractive index detector was
used. Two GPC columns (52-804 and SB-806) with a flow rate of 1 mL-min™®, a detection
wavelength of 658.0 nm, and an injection volume of 100 pL at 25 °C were used.
2.8Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was carried out on a Nicolet iS50 infrared spectrometer (Thermo Fisher, Waltham,

USA) equipped with an ATR single-reflectance cell following our previous study [23].



2.9Solid-state cross-polarization magic angle spinning carbon-13 nuclear magnetic
resonance (CP/MAS *C-NMR) analysis

Solid-state CP/MAS *C-NMR analysis was performed on a Bruker AVANCE III HD 400
spectrometer (Bruker, Germany) equipped with a 4-mm broadband double-resonance MAS probe
following our previous procedure and conditions (100.613 MHz and 295 K) [23]. Over 6000 scans
were recorded for a spectrum and the recycle delay was 2 s. The spactra were analyzed using PeakFit
v4.12 software.

2.10 X-ray diffraction (XRD)

XRD analysis was measured by a powder X-ray .*‘iractometer (PANalytical Co., Almelo,
Netherlands) with Cu-Ka radiation at 40 mA a.1 40 k following our previously established
conditions (scanning over a 26 range of 5-3.° 4t a speed of 10°/min and a step size of 0.033°) [24].
MDI Jade software (Version 6.0) was . 20 to calculate relative crystallinity (RC) following our
previous study [24].

2.11 Small-angle X-ray sce‘teriig (SAXS)

SAXS analysis was ~nicimed on a SAXS system (Anton Paar, Graz, Austria) following our
previously established conditions (Cu-Ka radiation source, 50 mA, 40 kV, and 0.1542 nm
wavelength) [25]. All data generated were normalized and further processed using SAXS quant 3.0
software.

2.12 Pasting properties
The pasting properties of different starch samples were determined following our previous study

[22]. A starch suspension (20 g, concentration 6%, w/w, dry basis) was prepared and transferred into



the testing unit of an MCR302 rheometer (Anton Paar, Austria). Starch samples were heated from 30
to 95 °C at 7.5 °C/min, held at 95 °C for 30 min, cooled from 95 °C to 50 °C at 7.5 °C/min, and then
held at 50 °C for another 30 min. The viscosity curves of starch with time and temperature were

obtained.

2.13In vitro starch digestibility

The in vitro digestibility of WCS was assessed by the Englys* method with slight modification
as reported previously [25]. Briefly, porcine pancreatin (12 g. 1 = ¥ 10* USP) was suspended in 80
mL water and stirred for 30 min. After centrifugation at 400c a for 20 min, 54 mL of the supernatant
was collected. Amyloglucosidase (3.15 mL, 45 units) w-s am.solved into 3.85 mL of deionized water
and 6 mL of solution collected was mixed with ti.» 54 mL of the supernatant. The solution should be
freshly prepared before use.

1 g of starch was mixed with 20 n'’_ .7 0.1 M acetate buffer (pH 5.2) in a flask, cooked in a
boiling water bath for 30 min wita cuntinuous stirring and then cooled at 37 °C. Subsequently, an
enzyme solution (5 mL) was 2duc and incubated at 37 °C in a water bath. After 20 and 120 min, the
hydrolysate (0.5 mL) was 1 moved and mixed with 20 mL of 70% ethanol. The samples were
centrifuged at 4000 g for 6 min and the hydrolyzed glucose concentration of the supernatant was
measured using a GOPOD reagent. The glucose content after 20 and 120 min of hydrolyzation was
labeled as G20 and G120, respectively. The glucose concentration at 20 min and 120 min was used to
calculate the contents of rapidly digestively starch (RDS), slowly digestive starch (SDS), and
resistant starch (RS) using the equations below:

RDS = (G20 — FG) x 0.9
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SDS = (G120 - G20) x 0.9
RS =TS - (RDS + SDS)

where G20 and G120 represent glucose concentrations at 20 min and 120 min respectively, FG the
initial glucose concentration, and TS the content of starch. Each sample was analyzed in triplicate.
2.14 Statistical analysis

All tests were conducted at least in triplicate, and data were analyzed using IBM SPSS statistics
version 22.0 (IBM, Armonk, NY, USA). Analysis of variance "ANDVA) was performed for each
characteristic followed by Duncan’s multiple-range test; Jata were expressed as mean values *
standard deviation (SD), and the least significant differenc. was set to compare mean differences at p

<0.05.

3 Results
3.1Granule morphology and gran 1l 2 ..ze distribution

Fig. 1 shows the SEM imag«s o. WCS at different growth stages, and their granule sizes are
presented in Table 2. The WCC yranules at different growth stages were polygonal or round in
uneven size with multiple pi.nes or edges. With the growth of kernels, the granules became full, and
their surface was smoother. Meanwhile, depressions were gradually repaired and disappeared to form
mellow and complete granules. Furthermore, the average starch granule size increased gradually and
reached 12.203 um for 30DAP. For 20DAP, the starch granules had not grown completely, which
appeared to be hollow and sag, along with a smaller granule size. The average starch granule size

reached 12.1 um for 35DAP, which is consistent with a previous study [26].
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3.2Granule internal structure

CLSM is one of the most effective methods to investigate the internal structure of starch
granules [27]. Growth rings, formed by the accumulation of crystalline and amorphous lamellae
during growth, can be shown by alternating light and dark layers under CLSM (Fig. 2). Up to 20
days of growth, growth rings were not obvious. With a longer period of growth, growth rings
gradually became clear, and for 35DAP, growth rings became "ntegral and distinct. Besides, for
20DAP, the internal porous channels of starch granules were s»ort and fuzzy. With the growth of
kernels, radiation fringes gradually developed in the outer *aye. and the number of radiation fringes
increased, indicating there were more channels and these ~annels became longer. For 35DAP, more
channels extending from the umbilical point to tk2 .40 were formed. Previous studies showed that
more channels are observed in waxy corn st than in high-amylose corn starches (Gelose 50 and
Gelose 80), and these channels are more Jistiiict. Meanwhile, the channels were visible as dark lines
running from the border of the gra:. 'le wward the hilum in WCS, which were consistent with our

results [28].

3.3Molecular molar mas.

The molecular mass and molecular mass distribution of WCS at different time points during
growth were determined and the results are shown in Table 2. Interestingly, with the prolongation of
kernel growth, and both M,, and M, decreased firstly and then increased, meanwhile the molecular
mass distribution first narrowed and then widened. In this regard, we proposed that during growth,
the molecular chains of WCS decomposed first, followed by polymerization. This phenomenon is

worth further investigation. For 35DAP, it reached 5.225x10" g/mol and 4.895x10’ g/mol,
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respectively (p < 0.05). For 20DAP, the proportion of chains with M,, below 5x10” g/mol was
94.23%, which was the highest among these four samples. However, for 35DAP, most of the starch
molecules were in the region of 4-5x10" g/mol. Furthermore, with the kernel growth until day 30,
there were no chains with M,, beyond 6x10° g/mol. But further growth until day 35 led to the
molecular mass distribution dominating at higher values and higher My, and Ry values for 35DAP.
Besides, with the growth of kernels, the AC had a downward trend and the lowest AC was 1.20% for
35DAP (p < 0.05).

3.4Short-range ordered structures

FTIR is very sensitive to the conformation of c.uns and helical structures, which can
quantitatively reflect the proportion of ordered an. 2:norphous structures in starch [22]. For the
different starch samples, the FTIR spectra be “~.e and after deconvolution are shown in Fig. 3A and
the ratios of peak intensities at 1045 ¢ and 1022 cm™ (Riossi1022) Were listed in Table 3. During
kernel growth, the Rig4s51022 Value fo. WCS decreased continuously, which shows that the short-range
order of WCS decreased contir:'tous.,y and reached the lowest for 35DAP (p < 0.05).

The CP/MAS *3C 14.'R _pectra of starch samples were used to further analyze the short-range
structures (single- and double-helices). It can be seen from Table 3 that the double helix content of
WCS showed a downward trend (p < 0.05) with kernel growth. For 20DAP, the mass fraction of
amorphous starch was 47.7%, that of V-type single helices was 5.9%, and that of double helices was
46.4%. In the sample of 35DAP, amorphous starch accounted for 59.4% and double helices 40.6%,
while there were no V-type single helices. This indicated that the single helix structure had appeared

in the starch granules before the 20th day. The 35DAP sample had the minimum content of double
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helices (40.6%) and the highest amorphous content (59.4%).
3.5Crystalline structure

Fig. 3B shows the XRD patterns of four WCS samples. The peaks centered in the 26 region of
10°-30° indicated the crystallizability of WCS, similar to the reported XRD patterns of starches from
waxy corn [7]. Moreover, Fig. 3B shows that all the starch samples displayed strong diffraction
peaks at 15.1°, 17.1°, 18.0° and 23.0°, indicating the A-type crysta'line structure [29]. Table 3 shows
that during the growth of WCS, the RC of starch decreased sii'nifiantly with kernel growth (p <
0.05) while the crystalline structure did not change signifiranu,. In particular, when the corn starch
grew from day 30 to day 35, the RC decreased from 32.5.“ 0 30.7%. This may be due to the action
of related enzymes during growth, resulting in the v "w.nding of helices and the disruption of starch
chain arrangement. It could also be possible t.at starch in an amorphous state was mainly formed
during the later stage of kernel growth.
3.6Lamellar structures

The lamellar structure of ‘NC., at different kernel growth stages was analyzed by SAXS (Fig.
3C) and the related paramictei. are listed in Table 3. All the starch samples had a distinct scattering
peak at around q = 0.652-0.670 nm*. According to the Woolf-Bragg equation dBragg = 27/q, the
average repeat distance (dgragg) iIn WCS at different growth stages was calculated to be between 9.33
and 9.64 nm, with a slightly upward trend. The thicknesses of starch crystalline lamellae (d.),
amorphous lamellae (d,), and semicrystalline lamellae (L) were also obtained from SAXS curves by
the one-dimensional correlation function (Fig. 3D). The results (Table 3) show that with kernel

growth, L and d. increased especially for 35DAP (p < 0.05), while d, first decreased and then
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increased. Clearly, the growth of starch molecular chains resulted in the arrangement of helices to
form crystalline lamellae especially in the later stage of kernel growth.
3.7Pasting properties

The pasting properties of starch are commonly caused by changes in viscosity during the
heating and cooling cycle of starch dispersions in water, which were significantly correlated with
amylose leaching, crystallinity and chain length of starch [37, 31]. The starch gelatinization
characteristics of WCS at different growth stages are shown i1 Fi). 4 and Table 4. The pasting
temperature (T,) of 20DAP was 71.37 °C. With the kernel c:ve.cpment, the starch samples showed a
lower pasting temperature, due to the enhanced long- ana _~urt-range ordered structures. Accounting
for this, the disaggregation of starch orders (crystel s 1v.ture and short-range ordered structure) could
decrease the thermal stability which was con.*<ent with our previous study [32]. The peak viscosity
(mpk) showed an upward trend, and it r.u~hed the maximum for 35DAP. This phenomenon can be
explained by the formation of loi.» siue chains with similar molecular mass (Table 2). After
gelatinization, long starch chains v.are prone to undergo chain entanglement, leading to increased
peak viscosity [33, 34]. Beriacs, the thermostability of starch paste decreased, while its cold stability
increased, which may also be linked to the growing chain structure. Moreover, the kernel
development resulted in a noticeable increase in the setback value (7s, from about 147 to 211 cP),
which may be due to the reduction trend of short chains following the lack of aggregation and
entanglement [35].
3.8In vitro digestibility

The nutritional function of starch depends on its digestibility, which is the primary factor
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affecting the postprandial glucose and insulin responses [36, 37]. The in vitro digestibility of starch
from different growth stages was analyzed with the results shown in Table 3. The contents of RDS,
SDS and RS for 20DAP were 40.26%, 44.01%, and 16.73%, respectively. With the prolongation of
kernel growth, the RDS content of WCS increased significantly, while the SDS and RS contents
decreased significantly, and the trend of the RS content was in line with plantain (Musa ABB) starch
[30]. For 35DAP, the RDS content increased to 49.30%, the SDS content decreased to 40.88%, and
the RS content decreased to 9.80%. Research [38] suggested that the amorphous parts in WCS
granules could be easily hydrolyzed by amylase and were th2 mwin components of RDS. Moreover, a
small number of single helices and double helices with hiy:> verfection, the highly ordered crystalline
structure, and the crystalline regions in the semi-cr, st=:line lamellar structure, all constitute the RS
portion of WCS, while some parts of impe: *.t crystalline structure compose the SDS portion, as
confirmed by the helices, short-range r./'=r, RC, and lamellar structure results in Table 3. In this
current study, we found that during kernel growth, the amorphous structure, ordered structure and
crystalline structure of starch ~hai ged significantly, and the content of double helices showed a
downward trend. The siny'a ..c1ix content decreased to 0% for 25DAP. In general, kernel growth
leads to a higher proportion of imperfect aggregated structures or amorphous structure which were
more readily hydrolyzed by amylase, which accounted for the higher content of RDS and lower
contents of SDS and RS (Table 3).
3.9 Correlations

The Pearson correlation coefficients of starch structure and digestive properties are presented in

Fig. 5A in the form of a heatmap. The AC was significantly positively correlated with the RS and
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SDS contents, and was significantly negatively correlated with the RDS content, suggesting the
contribution of amylose to the digestion resistance of starch. The features of ordered structures such
as RC and the content of V-type single helices had a significant positive correlation with the RS
content and a significant negative correlation with the RDS content, while no significant correlation
with SDS was shown. Besides, the double-helix structure was significantly positively correlated with
the RS content. These correlations suggest that highly ordered starzh structures (crystals and helices)
are not readily digestible and is the main contributor to the diges-ion -esistance of starch. A previous
study showed that the RC of starch increased after diluted ::ia . catment, which decreased the starch
digestibility [39]. Also, our previous work showed that th. SDS and RS contents of modified starch
samples were positively correlated with the doukie e'.x content and RC [25], which partly agrees
with our results here. Moreover, Ry and acrphous starch content were significantly positively
correlated with the RDS content, but wz. > significantly negatively correlated with the RS and SDS
contents, implying the disorderly ai.=nged starch chains are susceptible to enzyme hydrolysis (Fig.
5B). Xu et al. reported that there was a positive correlation between RS and the double helix content
and Ripssno22, suggestir.g *hac che ordered structure formed by double helices and the compact
short-range ordered structure had a major contribution to the digestion resistance of starch [7].
Overall, with kernel growth, the decreased ordered structure of WCS led to higher digestibility.
4 Conclusion

In conclusion, with the kernel growth, the semi-crystalline lamellae, crystalline structure,
short-range ordered structures, and double-helical conformation of WCS all evolved, together with

the variation in the starch chain structure. More specifically, the starch granules became full and
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rounded, the length of molecule chains increased, the proportions of ordered structures (Rioss/022,
double helix, and RC) decreased, and the amorphous content increased. The changes in the starch
ordered structures eventually led to the reduced retrogradation and improved starch digestibility.
Therefore, the relationship between multi-scale structure, pasting properties and digestibility of
starch isolated from waxy corn at different stages of kernel growth was established. The results
provide basic data for controlling the multi-scale structure of starch at different growth stages, and
then imparting better nutritional functions to starch.
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Figure captions

Figure 1. SEM of waxy corn starch at different stages of kernel growth. (A) 20 DAP, (B) 25 DAP, (C)
30 DAP and (D) 35DAP: the kernels of the 20th, 25th, 30th and 35th day after pollination of waxy
corn.

Figure 2. CLSM images of waxy corn starch granule (A) growth ring and (B) radial stripes (a—d,
20DAP, 25DAP, 30DAP and 35DAP: the kernels of the 20th, 25th, ”Jth and 35th day after
pollination of waxy corn; e-h, 20DAP, 25DAP, 30DAP and 35" A ‘ne kernels of the 20th, 25th,
30th and 35th day after pollination of waxy corn). For each st.mple, the three columns are reflected
light, bright-field and overlaid images.

Figure 3. (A) FTIR patterns, (B) XRD patterns. ({) double-logarithmic SAXS patterns, and (D)
one-dimensional correlation function profiles tu. starch isolated from waxy corn at different stages of
kernel growth (20DAP, 25DAP, 30DAF aria S5DAP: the kernels of the 20th, 25th, 30th and 35th day
after pollination of waxy corn).

Figure 4. Pasting results of starc,: ivolated from waxy corn at different stages of kernel growth.
(20DAP, 25DAP, 30DAP anu 35DAP: the kernels of the 20th, 25th, 30th and 35th day after
pollination of waxy corn).

Figure 5. (A) Pearson correlation coefficients of the structural and digestibility parameters of waxy
corn starch; (B) Overview of the relationship between the structural changes and the digestibility of

starch isolated from waxy corn at different stages of kernel growth.
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Table 1 Chemical composition of starch isolated from waxy corn at different stages of kernel growth.

Sample Moisture (%) Protein (%) Lipid (%) Ash (%)

20DAP 10.3+0.1 0.43+0.06 2.48+0.14 1.40+0.12
25DAP 10.5+0.2 0.48+0.03 2.42+0.18 1.360.09
30DAP 10.3+0.6 0.52+0.11 2.72+0.22 1.39+0.06
35DAP 10.6+0.2 0.56+0.03 3.02+0.17 1.34+0.14
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Table 2 Amylose content, mean granule size, molecular mass, Ry, and molecular mass distribution results of starch isolated from waxy corn at

different stages of kernel growth.

Mean granule size

Molecular mass distribution (%)

Sample AC (%) M,, (107 g/mol) M, (107 g/mol) Rq (Nm) 3-4x10’ 4-5x107 > 6x107
(um) 2-3x107 g/mol 5-6x10’ g/mol
g/mol g/mol g/mol
20DAP 3.90+0.20° 10.956+0.016° 2.745 (1%)° 4516 (1%)? 122.7 (1%)° 72103 13.71 8.44 5.77 0
25DAP 2.70+0.10° 11.916+0.032" 2.677 (2%)° 2.651 (2%)° 141.6 (1%)° 7.2y 15.63 11.19 5.89 0
30DAP 2.100.20° 12.203+0.028° 3.122 (1%)° 3.090 (2%)° 153.0 {29%)° 56.58 21.89 10.90 10.63 0
35DAP 1.20+0.10¢ 12.109+0.045° 5.336 (1%)? 4.895 (1%° 102.9 (1) 0 0 79.55 10.57 9.88

*Means with different letters in the same column are significantly differert (p < 0.05). AC, amylose content.
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Table 3 Proportions of helices, degree of short-range order, relative crystallinity (RC), and lamellar structure parameters of starch isolated from

waxy corn at different stages of kernel growth.

Amorphous
V-type single Double helix
Sample R1045/1022 starch content RC (%)
helix content (%) content (%)
(%)
20DAP 0.634+0.060% 47.7+0.2¢ 5.9+0.1% 46.4+0.4° 35.22+0. .1
25DAP 0.638+0.032% 51.9+0.1° 0 47.1+0.3? 2+.9140.14%
30DAP 0.560+0.015" 56.30.1° 0 '3.740..° 32.54+0.18"
35DAP 0.499+0.027° 59.4+0.3° 0 +0.60.1° 30.73+0.09°

dBragg =2n/q (nm) d, (nm) d. (hm) L (nm)
9.33+0.00° 2.86+0.02° 6.25+0.04° 9.11+0.02°
9.45+0.00° 2.83+0.01° 6.32:+0.00° 9.15+0.01°
9.41+0.00° 2.83+0.01° 6.32+0.01° 9.15+0.01°
9.64+0.012 2.850.00 6.35+0.00 9.20+0.00%

*Means with different letters in the same colum~ arc sig ificantly different (p < 0.05); RC, relative crystallinity.
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Table 4 Pasting properties and digestibility of starch isolated from waxy corn at different stages of kernel growth.

Samples T, (°C) mk (€P) M (CP)  mec(oP)  ne(cP) 7 (CP) RDS (%) SDS (%) RS (%)

20DAP 71.37 1574.2 304.35 45137 477.31 14702  40.26+0.31° 44.01+0.33° 16.730.12°
25DAP 68.78 1729 402.74 60519  607.89 20245  44.12+0.53" 42.33+0.20° 13.55+0.03"
30DAP 68.79 1805.6 39681 61323 625 21642  47.58+0.17° 41.100.22° 11.32+0.29°
35DAP 67.44 1883.1 389.72 601.08 61302 21136  49.2)0.3 40.88+0.28° 9.80+0.10°

*Tp, pasting temperature; . peak viscosity; #s, viscosity at the start of cooling (95 °C); #e, Vistusi, a the end of cooling; #s, final viscosity; ns (= #7ec — #sc), sethack

viscosity; RDS, rapidly digestible starch; SDS, slowly digestible starch; RS, resistant starch: Mea~.s \ it different letters in the same column are significantly different (p <
0.05).
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Highlights

Waxy corn starch chain (WCS) structure changed largely during kernel growth
The amylose and double helix contents of WCS decreased during kernel growth
The digestibility of WCS increased in relation to kernel development

Kernel development increased paste viscosity but reduced paste cooling stability
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