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Three sweet potato varieties grew in natural high temperature (HT) and low temperature (LT) field soils. Their
starch physicochemical properties were affected similarly by HT and LT soils. Compared with LT soil, HT soil
induced the increases of granule size D[4,3] from 18.0-18.7 to 19.9-21.8 pm and amylopectin average branch-
chain length from 21.9-23.1 to 24.1-24.7 DP. Starches from root tubers grown in HT and LT soils exhibited Ca-
and Cc-type XRD pattern, respectively. Starches from root tubers grown in HT soil exhibited stronger lamellar
peak intensities (366.8-432.0) and higher gelatinization peak temperature (72.0-76.8 °C) than those
(176.2-260.5, 56.4-63.4 °C) in LT soil. Native starches from root tubers grown in LT soil were hydrolyzed more
easily (hydrolysis rate coefficient 0.227-0.282 h™!) by amylase than those (0.120-0.163 h™?) in HT soil. The
principal component analysis exhibited that starches from root tubers grown in HT and LT soils had significantly
different physicochemical properties.

physicochemical properties determine the qualities of starchy crops
(Emmambux & Taylor, 2013; Pérez, Baldwin, & Gallant, 2009; Song

1. Introduction

Sweet potato (Ipomoea batatas), a major starchy crop, contains many
colored-fleshed root tubers with different contents of phenolic com-
pounds and pigments (Alam, 2021). The white-, purple- and yellow-
fleshed dry root tubers have over 60%, 53% and 45% starch, respec-
tively (Guo et al., 2019). Sweet potato starch not only can be used to
produce noodles and vermicelli, but also is a main raw material in food
and nonfood industries (Song et al., 2021; Truong, Avula, Pecota, &

et al., 2021). Therefore, it is important to investigate the factors influ-
encing starch properties of sweet potato for breeders, farmers and starch
users.

Starch properties are affected by growth temperature during starch
formation and accumulation in many plants. Previous studies are mainly
focused on cereal crops, especially on rice (Fan et al., 2020; Tu et al.,
2023; Yang, Wei, Lu, & Lu, 2021). The effects of growth temperature on

starches from root tuber crops are few due to the difficulty in regulating
soil temperature. Noda, Kobayashi, and Suda (2001) and Genkina et al.

Yencho, 2018). Starch is semicrystalline granules mainly consisted of
amylose and amylopectin, and its molecular components and
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(2003) planted two sweet potato cultivars in a temperature-controlled
greenhouse in which soil temperature is maintained at four levels of
15, 21, 27 or 33 °C and air temperature is at 28 °C day / 23 °C night. The
soil temperature during root tuber development has significant effects
on starch properties (Noda et al., 2001). Starch exhibited C-type X-ray
diffraction (XRD) pattern in root tuber grown in 21 °C soil, and shifts to
A-type in 33 °C soil and Cp-type in 15 °C soil (Genkina et al., 2003). In
recent, Guo et al. (2022) planted one sweet potato variety in growth
chambers with the same soil and air temperatures. Three growth
chambers have the identical humidity and light time/intensity, but each
have constant temperature at 21, 25 and 28 °C. They found that amylose
content has no significant variation among different growth tempera-
tures, but amylopectin synthesis-related enzyme genes have different
expressions among different growth temperatures, resulting in different
amylopectin structures and crystalline structures.

Sweet potato is widely planted in tropical, subtropical and temperate
countries and harvested at different dates or seasons (Alam, 2021). The
root tubers planted and harvested at different dates are subjected to
different temperature soils during their development (Noda, Takahata,
Sato, Tkoma, & Mochida, 1997). The field soil temperature also varies
within a day. Therefore, in production practice, it is more meaningful to
investigate the effects of natural field soil temperature on starch prop-
erties than those of constant temperature in greenhouse and growth
chamber. The study of Noda et al. (1997) showed that starch structural
properties are different in root tubers planted and harvested at different
dates, and the main reason is the change of environment temperature
during root tuber development. dos Santos et al. (2023) investigated the
influences of dry and rainy seasons on starch characteristics of sweet
potato. The rainy and dry seasons have high and low soil temperatures,
respectively, and the rainy season increases the ordered structure and
gelatinization temperature of starch, but decreases the hydrolysis of
starch (dos Santos et al., 2023). Over 70% production of sweet potato in
the world comes from Asian (Alam, 2021). In Asian, sweet potatoes can
be planted from April to August, and root tubers are harvested from
August to November. The different planting and harvesting dates of
sweet potato represent different temperature soils (Noda et al., 1997).
However, the effects of natural high temperature (HT) and low tem-
perature (LT) soils on starch characteristics are unclear in sweet potato.

In this study, 3 sweet potato varieties were planted and harvested on
July 1 and August 30 in the natural HT field soil and September 1 and
October 30 in LT field soil. Our objective is to study the influences of
natural field soil temperature on morphology, molecular components,
amylopectin branch-chain distribution, crystalline and lamellar struc-
ture, thermal properties, and enzyme hydrolysis of starches from sweet
potato root tubers. The results would be helpful for breeders, farmers
and starch users of sweet potato.

2. Materials and methods
2.1. Materials

Three popular sweet potato varieties Ningzishu 1 (NZS1) with
purple-fleshed root tuber, Shushu 16 (SS16) with yellow-fleshed root
tuber and Sushu 28 (SS28) with white-fleshed root tuber were planted in
the experimental field of Yangzhou University (latitude 32°23'43" N,
longitude 119°25'46" E, altitude 8 m), Yangzhou, in 2020. They were
developed through different parental hybridization and provided by
Institute of Food Crops, Jiangsu Academy of Agricultural Sciences,
Nanjing, China. Field management and fertilizer treatment were the
same among 3 varieties. During sweet potato growth, the daily soil
temperature at 10 cm underground was measured at 8:00 and 18:00
(Fig. S1). Two planting and harvesting dates were used in this research.
For the first planting and harvesting date, the cuttings were planted on
July 1 and root tubers were harvested on August 30, and the root tubers
were considered as growth in HT soil due to that the bulking stage of
root tuber had soil temperature from about 25 to 30 °C at 8:00 and from
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about 26 to 32 °C at 18:00. For the second planting and harvesting date,
the cuttings were planted on September 1 and root tubers were har-
vested on October 30, and the root tubers were considered as growth in
LT soil due to that the bulking stage of root tuber had soil temperature
from about 17 to 23 °C at 8:00 and from about 19 to 23 °C at 18:00
(Fig. S1).

8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS) (09341),
porcine pancreatic a-amylase (PPA) (A3176) and protease from Strep-
tomyces griseus (P5147) were purchased from Sigma-Aldrich Chemical
Co. (Shanghai, China). Isoamylase (E-ISAMY), Aspergillus niger amylo-
glucosidase (AAG) (E-AMGDF), p-glucose Assay Kit (K-GLUC) and Total
Starch Assay Kit (K-TSTA) were purchased from Megazyme (Bray,
Ireland). All chemicals were analytical grade or better and purchased
from Sangon Biotech (Shanghai, China).

2.2. Isolation of starches from root tubers

Starch was isolated following the procedures of Guo et al. (2019).
Briefly, fresh root tubers were washed and chopped into small pieces,
and then homogenized thoroughly in water using a household kitchen
mixer. Sample was filtered through 4 layers of cheesecloth and 100-,
200-, 300-mesh sieves. Starch and water slurry stood for over 5 h.
Precipitated starch was washed with water until a clear supernatant.
Finally, starch was washed with anhydrous ethanol thrice and dried at
40 °C for 2 d.

2.3. Shape observation and size analysis of starch granules

The shape observation and size analysis of isolated starch followed
the methods of Man et al. (2012) with some modifications. Starch in
50% glycerol aqueous solution was detected under a polarized micro-
scope (BX53, Olympus, Japan). Three slides were prepared for every
sample, and over 5 regions were randomly chosen and photographed for
every slide. Over 2000 starch granules were analyzed for every sample.
The areas of starch granules were measured using an Image-Pro Plus 6.0
soft. Starch granules were designated as spherical granules, and their
size [d(0.5)] and [D(4,3)] were calculated according to the volume
percentages of starch granules.

2.4. Iodine colorimetry analysis of starch

Iodine colorimetry of starch followed the method of Guo et al.
(2019). Starch was dispersed into amylopectin and amylose in urea-
dimethyl sulfoxide solution at 95 °C. The cooled sample was colored
with iodine solution, and scanned from 400 to 900 nm with a spectro-
photometer. Apparent amylose content (AAC) was calculated using
0OD620 with a reference of maize amylopectin and potato amylose.

2.5. Molecular component analysis of starch

Molecular components of starch including amylopectin long branch-
chains (AP), amylopectin short branch-chains (APg) and amylose mol-
ecules (AM) were evaluated using gel permeation chromatography
(GPC) (PL-GPC 220, Agilent, USA). The detailed starch treatment was
the same with that of Lin et al. (2016). The isoamylase-debranched
starch sample was analyzed using a high temperature chromatograph
with three columns (PL110-6100, 6300, 6525) and a differential
refractive index detector. The sample was washed using DMSO con-
taining 0.5 mM NaNOj at 0.8 mL/min. The column oven temperature
was controlled at 80 °C (Cai, Cai, Man, Zhou, & Wei, 2014).

2.6. Branch-chain distribution analysis of amylopectin
The structure of amylopectin was analyzed with a Fluorophore-

assisted Capillary Electrophoresis (FACE) system (PA800, Beckman,
USA). The detailed sample treatment and testing conditions were the
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same with that of Lin et al. (2016). The N-CHO coated capillary (50 pm L.
D., 50.2 cm total length) was obtained from Beckman-Coulter. Separa-
tions were conducted at 23.5 kV at 25 °C for 80 min.

2.7. Crystalline structure analysis of starch

Starch was detected with an X-ray powder diffractometer (XRD) (D8
Advance, Bruker, Germany). The sample was exposed to the X-ray beam
at 200 mA and 40 kV. The scanning region of the diffraction angle (26)
was from 3° to 40° with a step size of 0.02° and a count time of 0.8 s.
Starch treatment and relative crystallinity (RC) measurement were all
the same with that of Wei et al. (2010).

2.8. Lamellar structure analysis of starch

Starch-water slurry was analyzed using a small-angle X-ray scat-
tering (SAXS) analysis system (NanoStar, Bruker, Germany) equipped
with Vantec 2000 detector and pin-hole collimation for point focus ge-
ometry. The X-ray source was a copper rotating anode (0.1 mm filament)
operating at 50 kV and 30 W, fitted with cross coupled Gobel mirrors,
resulting in Cu Ka radiation wavelength of 1.5418 A. Starch treatment
and lamellar parameter measurement were all the same with the
methods of Cai et al. (2014). In order to compare the lamellar peak in-
tensities among different starches, the intensities at scattering vector
0.2 A! were all normalized to 20.

2.9. Thermal property analysis of starch

Starch (5 mg) was weighed in aluminum pan, and water (15 pL) was
added and sealed. Sample was equilibrated for over 2 h, and then heated
with a differential scanning calorimetry (DSC) (200-F3, Netzsch, Ger-
many) at 10 °C/min from 30 to 130 °C. The gelatinization onset tem-
perature (To), peak temperature (Tp), conclusion temperature (Tc) and
enthalpy (AH) were evaluated from thermogram using the analysis
software from DSC manufacturer.

2.10. Enzyme dynamic hydrolysis analysis of starch

Native starch was hydrolyzed by both PPA and AAG at 37 °C
completely following the method of Lin et al. (2018). The produced
soluble carbohydrates were determined with anthrone-H,SO4 method.
The degrees of hydrolysis at 10, 20, 40 min and 1, 2, 4, 6, 8, 10, 12, 14,
24 h were modeled using a first-order rate equation C; = Cw(l—e’kt),
where C; is the hydrolysis degree of starch at time t, C, is the predicted
maximum hydrolysis degree during the hydrolysis, and k is hydrolysis
rate constant. The C,, and k were fitted using Microsoft Excel Solver by
minimizing the sum of squares of residuals (SUMSQ), and the determi-
nation coefficient (r*) and mean relative deviation modulus (MRDM), a
predictive ability parameter of the fitted model, were evaluated ac-
cording to the method of Mahasukhonthachat, Sopade, and Gidley
(2010).

2.11. Digestion analysis of starch

Digestions of native and gelatinized starch were investigated
completely following the method of Guo et al. (2019). Briefly, starch was
hydrolyzed by both PPA and AAG at 37 °C. The produced glucose
determined by p-glucose Assay Kit was converted to degraded starch.
Total starch was determined with Total Starch Assay Kit. The percentage
of degraded starch to total starch within 20 min and between 20 and
120 min was defined as rapidly digestible starch (RDS) and slowly
digestible starch (SDS), respectively, and the percentage of residual
starch at 120 min hydrolysis was resistant starch (RS).
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2.12. Principal component analysis

Minitab 16 was used for principal component analysis (PCA) based
on starch characteristics data with the significance of normal distribu-
tion over 0.05. The score and loading plots for first 2 components were
given.

2.13. Statistical analysis

The analyses of GPC, FACE, XRD and SAXS were repeated two times,
and the other experiments were repeated three times. The significance of
data normal distribution and the significant difference of data were
investigated using Shapiro-Wilk test and Tukey's one-way ANOVA of
SPSS 16.0, respectively.

3. Results and discussion
3.1. Granule shape and size of starch

Granule shape and size are important factors affecting functional
properties and utilization of starch in food and non-food industries (Li
et al., 2022; Lin et al., 2016; Mahasukhonthachat et al., 2010). Isolated
starch was observed under polarized microscope (Fig. S2). Under normal
light, starch granules exhibited some round, polygonal, oval and semi-
oval shapes and had different granule sizes. Under polarized light,
starch granules showed central “Maltese crosses”. Starches from root
tubers grown in HT and LT soils had no significant differences in granule
shapes (Fig. S2). Similar shapes of starch granules have been reported in
sweet potato root tuber (dos Santos et al., 2023; Guo et al., 2022).
Though the shape of starch granule is attributed to botanical source
(Jane, Kasemsuwan, Leas, Zobel, & Robyt, 1994), the growth environ-
ment, especially temperature, influences starch size (Emmambux &
Taylor, 2013). The granule size analysis exhibited that starch size d(0.5)
and D[4,3] among 3 sweet potato varieties ranged from 19.22 to 20.96
pm and from 19.94 to 21.78 pm, respectively, in root tubers grown in HT
soil and from 17.77 to 18.15 pm and from 18.03 to 18.69 pm, respec-
tively, in LT soil (Table 1). Noda et al. (2001) reported that sweet potato
starch increases granule size when root tuber grows at soil temperature
from 15 to 27 °C, but less changes size from 27 to 33 °C. Guo et al. (2022)
found that starch granule size increases markedly when soil temperature
increases from 21 to 25 °C, but maintains similarly in root tubers grown
in 25 and 28 °C soil. In fact, the effect of growth temperature on granule
size is also cultivar/species specific, as the granule sizes in some culti-
vars/species are not changed or even increased/decreased (Li, Daygon,
Solah, & Dhital, 2023). Though precise mechanism for determining the
size of starch granules is not well understood (Noda et al., 2001), the

Table 1
Granule sizes, blue values and apparent amylose contents of starches from 3
sweet potato varieties grown in HT and LT soils.”

Granule size BV® AAC (%)"

d(50) (um)” D[4,3] (pm)”
NZS1-HT 19.22 + 0.47bc 19.94 + 0.46b 0.321 + 0.006¢ 26.1 £ 0.7¢
NZS1-LT 17.77 £+ 0.46a 18.03 £+ 0.55a 0.256 + 0.002a 17.8 + 0.6a
SS16-HT 19.63 £+ 0.37c 20.46 + 0.69b 0.317 £ 0.013c 25.0 £1.3c
SS16-LT 18.15 + 0.51ab 18.69 + 0.42a 0.290 + 0.009b 22.5 + 0.4b
SS28-HT 20.96 + 0.72d 21.78 + 0.64c 0.313 + 0.008c 25.2 £ 0.7¢c
SS28-LT 17.97 £+ 0.30a 18.32 + 0.22a 0.260 + 0.009a 18.3 £ 0.3a
Sig.” 0.38 0.55 0.135 0.156

@ Data are means + standard deviations (n = 3). Values in the same column
with different letters are significantly different (p < 0.05).

b d(50), granule size at which 50% of all the granules by volume are smaller; D
[4,3], volume-weighted mean diameter; BV, blue value (absorbance of
starch-iodine complex at OD680); AAC, apparent amylose content determined
by iodine colorimetry and evaluated using OD620.

¢ The significance of normal distribution of these data by Shapiro-Wilk test.
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suitable temperature is profit for the development of starch due to that
the higher and lower temperature decreases the activity of starch
biosynthetic enzymes (Li et al., 2023).

3.2. Iodine absorption and AAC of starch

Iodine absorption spectrum of starch can reflect the contents of
amylose and amylopectin due to their having different iodine affinity
abilities (Lin, Zhang, Zhang, & Wei, 2017). Starches from root tubers
grown in HT soil all exhibited stronger iodine absorption than those in
LT soil among 3 sweet potato varieties according to their iodine ab-
sorption spectra (Fig. S3). The blue value (BV), the absorbance of
starch-iodine complex at OD680, is usually used to reflect the binding
ability of starch and iodine. The 3 starches from root tubers grown in HT
and LT soils had BV from 0.313 to 0.321 and from 0.256 to 0.290,
respectively (Table 1), indicating that HT soil could significantly induce
the increase of the iodine affinity of starch. The amylose content of
starch determined using iodine colorimetry method is defined usually as
AAC due to that the amylopectin branch-chains also bind iodine and
AAC contains partial amylopectin (Lin et al.,, 2017). The AACs of
starches from root tubers grown in HT and LT soils were 26.1% and
17.8% for NZS1, 25.0% and 22.5% for SS16 and 25.2% and 18.3% for
SS28, respectively (Table 1), indicating that HT soil significantly
induced the increase of the AAC. The effects of growth temperature on
iodine absorption and AAC of starch have been reported during root
tuber development of sweet potato. Noda et al. (1997) reported that
though sweet potato root tubers with different planting and harvesting
dates are subjected to different temperature soils in the field, they have
no significant relationship with AAC of starch determined by BV.
However, Noda et al. (2001) reported that AAC determined by BV in-
creases significantly in sweet potato cultivar Ayamurasaki and Sunnyred
with increasing soil temperature controlled by a greenhouse from 15 to
33 °C. The discrepancy might result from different cultivars, measuring
methods and plant planting ways.

3.3. Molecular component contents of starch

The molecular weight distribution of starch is usually analyzed using
GPC, and can be used to accurately evaluate the molecular component
contents of starch (Fan et al., 2020). In the present study, molecular
weight distributions of starches are analyzed using GPC (Fig. S4). The
peak 1, 2 and 3 in GPC profile of isoamylase-debranched starch repre-
sent APs, AP, and AM, respectively, according to their molecular
weights from low to high. Their area percentages are usually defined as
their content percentage, and the content ratio of APg to AP}, (APs/APy)
is usually used as an index of branching degree of amylopectin (Lin et al.,
2017). In this research, starches from root tubers grown in HT and LT
soils had similar amylose contents among 3 sweet potato varieties, but
their APg contents and APg/APy, in root tuber grown in HT soil were

Table 2
Molecular components of starches from 3 sweet potato varieties grown in HT
and LT soils.”

AP (%)" AP (%)" AM (%)" APg/AP;,

NZS1-HT 577 +0.5abc ~ 24.0 +0.3bc  18.84+0.0ab  2.40 + 0.0lab
NZS1-LT 59.2+ 1.7bed  22.6 + 1.3b 18.3 + 0.3a 2.63 + 0.23bc
SS16-HT 57.0 + 0.3ab 22.8 + 0.3b 20.3 + 0.0b 2.50 + 0.04ab
SS16-LT 61.9 + 1.0d 19.2 + 0.3a 18.9 £ 0.7ab  3.22 + 0.10d
SS28-HT 55.7 + 0.5a 25.2 4 0.3¢ 19.2+0.2ab  2.21 + 0.04a
SS28-LT 60.5 + 0.2cd 20.4 + 0.2a 19.1 + 0.4ab  2.96 + 0.03cd
Sig. 0.927 0.837 0.309 0.783

@ Data are means =+ standard deviations (n = 2). Values in the same column
with different letters are significantly different (p < 0.05).

b AP, amylopectin short branch-chains; AP;, amylopectin long branch-chains;
AM, amylose molecules; APs/AP;, content ratio of APg to AP;.

¢ The significance of normal distribution of these data by Shapiro-Wilk test.
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lower and APy, contents were higher than those in LT soil (Table 2),
indicating that HT soil could induce the increase of the branch-chain
length of amylopectin. Guo et al. (2022) also reported that growth
temperature does not change amylose content of starch when sweet
potato is planted in constant-temperature chambers, but high growth
temperature decreases the APg and increase the AP;. Zhu, Yang, Cai,
Bertoft, and Corke (2011) found that amylose contents of 11 sweet po-
tato starches range from 23.3% to 26.5% by iodine colorimetry, from
17.5% to 23.9% by GPC and from 15.9% to 22.5% by concanavalin A
precipitation. The high amylose content by iodine colorimetry is
attributed to iodine binding by AP;. Amylose is synthesized by granule-
bound starch synthase I (GBSSI) (Huang, Sreenivasulu, & Liu, 2020).
The expression level of GBSSI gene (Waxy) does not significantly change
in sweet potato root tuber grown at different temperatures (Guo et al.,
2022), agreeing with the present results (Table 2).

3.4. Branch-chain distribution of amylopectin

In order to further reveal the amylopectin change in root tubers
grown in HT and LT soils, isoamylase-debranched amylopectin was
analyzed using FACE (Fig. S5). The branch-chains with DP6-16 in root
tuber grown in HT soil were lower and those with DP > 18 were higher
than those in LT soil for 3 sweet potato varieties. The branch-chains of
amylopectin were usually classified into A, B1, B2 and B3+ branch-
chains with DP6-12, DP13-24, DP25-36 and DP > 37, respectively
(Guo et al., 2022; Wei et al., 2010). Compared with amylopectin in root
tuber grown in HT soil, amylopectin in root tuber grown in LT soil
increased A branch-chains and decreased B2 and B3+ branch-chains,
leading to a significant decrease of average branch-chain length (ACL)
(Table 3). In general, amylopectin structure is sensitive to growth tem-
peratures. High growth temperature can decrease amylopectin A
branch-chains and increase B2 and B3+ branch-chains in sweet potato
root tuber (Guo et al., 2022; Noda et al., 2001). Similar results about the
effects of growth temperature on amylopectin structure are also re-
ported in potato (Orawetz, Malinova, Orzechowski, & Fettke, 2016) and
cereal crops (Fan et al., 2020; Yang et al., 2021). Amylopectin is syn-
thesized by soluble starch synthases (SSs) for extending amylopectin
branch-chains, starch branching enzymes (SBEs) for producing new
branch-chains, and starch debranching enzymes for removing some
branch-chains (Huang, Tan, Zhang, Li, & Liu, 2021). Guo et al. (2022)
analyzed the expression of starch biosynthesis-related genes in sweet
potato root tuber grown in chambers with different growth tempera-
tures, and found that HT soil increases the expressions of isoamylasel,
SSIII and SBEI genes, responsible for producing less amylopectin A
branch-chains and increases the contents of B2 and B3+ branch-chains.
Therefore, the HT soil during sweet potato root tuber growth could
extend amylopectin branch-chains, leading to the increase of iodine
affinity and AAC of starch (Table 1).

3.5. Crystalline structure of starch

Branch-chain double helices of amylopectin can form A-type or B-
type crystallinity due to their different arrangement patterns. Starches
from different plant resources are usually divided into A-type with only
A-type crystallinity, B-type with only B-type crystallinity and C-type
with both A- and B-type crystallinity according to their XRD patterns. C-
type starches can be further divided into Ca-, Cc- and Cp-type according
to their XRD patterns produced by the content ratio of A- and B-type
crystallinity from high to low (He & Wei, 2017). Starches from root
tubers grown in LT soil exhibited Cc-type XRD patterns with strong
diffraction peak at 20 17° and weak peaks at 20 23°, 15° and 5.6° among
3 sweet potato varieties. However, starches from root tubers grown in
HT soil had very similar A-type XRD patterns with significant doublet at
20 17° and 18° and strong diffraction peaks at 20 15° and 23°, but the
very weak peak at 20 5.6°, a characteristic peak of B-type crystallinity,
could also be detected, indicating that they contained a small amount of
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Table 3
Branch-chain length distributions of amylopectins, relative crystallinities and lamellar structural parameters of starches from 3 sweet potato varieties grown in HT and
LT soils.”
Branch-chain length distribution of amylopectin RC (%)" PI (counts)” D (nm)”
DP6-12 (%) DP13-24 (%) DP25-36 (%) DP > 37 (%) ACL (DP)b
NZS1-HT 19.1 £ 0.1a 46.8 £+ 0.0c 15.3 £ 0.0c 18.8 + 0.2b 24.7 £ 0.1c 29.7 + 0.6d 432.0 + 46.3c 10.04 £+ 0.01b
NZS1-LT 22.9 £0.1c 46.6 £+ 0.2c 13.7 £ 0.0a 16.8 £ 0.1b 23.1 +£0.1b 24.7 + 0.3b 239.2 + 14.3ab 9.76 £ 0.01a
SS16-HT 19.1 + 0.1a 47.4 £+ 0.0c 15.9 + 0.1d 17.6 + 0.2b 24.1 £ 0.1c 27.5 £+ 0.2¢ 411.8 +17.4c 10.27 4+ 0.03d
SS16-LT 24.0 + 0.1d 47.2 £ 0.2¢ 14.5 + 0.1b 14.2 + 0.2a 22.0 £0.1a 25.1 + 0.3bc 260.5 + 11.4b 10.30 + 0.01d
SS28-HT 21.4 + 0.3b 44.6 + 0.7b 15.2 £ 0.3c 18.8 +1.3b 24.4 £+ 0.6¢ 26.7 + 0.6bc 366.8 + 2.8¢ 10.21 £+ 0.02c
SS28-LT 27.7 £ 0.0e 43.6 £0.1a 14.0 £ 0.0a 14.7 £ 0.1a 21.9 £0.1a 21.2+1.3a 176.2 £+ 1.4a 10.31 £+ 0.01d
Sig.© 0.546 0.131 0.819 0.291 0.266 0.953 0.505 0.069

# Data are means + standard deviations (n = 2). Values in the same column with different letters are significantly different (p < 0.05).
b ACL, average Branch-chain length; DP, degree of polymerization; RC, relative crystallinity; PI, lamellar peak intensity; D, lamellar repeat distance.

¢ The significance of normal distribution of these data by Shapiro-Wilk test.

B-type crystallinity and were Ca-type starches (Fig. 1). A-, Ca-, Cc-, Cp-
type XRD patterns are all reported in starches from sweet potato root
tubers. The complicated crystalline polymorphic structure is due to the
fact that the crystalline structure formation is sensitive to growth con-
ditions of root tuber, especially soil temperature (dos Santos et al., 202.3;
Genkina et al., 2003; Genkina, Wasserman, Noda, Tester, & Yuryev,
2004; Guo et al., 2022). Genkina et al. (2003, 2004) detected that sweet
potatoes have A-type starches in root tubers grown in 27 and 33 °C soil,
gradually form and accumulate B-type crystallinity with decreasing soil
temperature, and have Cp-type starch in root tubers grown in 15 °C soil.
Guo et al. (2022) detected that sweet potato starch exhibits Cc-type, Ca-
type and closest to A-type XRD pattern in root tuber grown in 21, 25 and
28 °C soil, respectively. dos Santos et al. (2023) detected that sweet
potato starch shows A-type XRD pattern in root tuber grown in rainy
season with high soil temperature and Ca-type in dry season with low
soil temperature. Though the short and long branch-chains of amylo-
pectin are prone to form A- and B-type starch at the same condition,
respectively, B-type crystallinity forms under cool and wet conditions
and A-type crystallinity forms in warm and dry conditions. In addition,
the B-type crystallinity can irreversibly transit to A-type under condi-
tions of low humidity and HT through rearrangement of the pairs of
double helices (Pérez et al., 2009). In this research, sweet potato had Cx-
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Fig. 1. XRD patterns of starches from 3 sweet potato varieties grown in HT and
LT soils.

type starch with increased APy, in root tubers grown in HT soil and Cc-
type starch with increased APg in root tubers grown in LT soil (Fig. 1,
Table 2), indicating that the soil temperature might play more important
role in crystallinity formation than the amylopectin branch-chain length
in sweet potato. The RC of sweet potato starch from root tuber grown in
HT soil was significantly higher than that in LT soil (Table 3), agreeing
with the recent report (Guo et al., 2022). Usually, RC has positive
relationship with amylopectin content. In the present study, the
amylopectin contents are similar in starches from root tubers grown in
HT and LT soils, but their branch-chain distributions are different.
Zhong et al. (2021) reported that the B2 and B3+ branch-chains of
amylopectin can improve the crystalline ordering, agreeing with the
present results.

3.6. Lamellar structure of starch

Starch lamellar structure is important controller of physicochemical,
gelatinization and digestion properties, and can be analyzed with SAXS
(Li & Gong, 2021; Xu, Blennow, Li, Chen, & Liu, 2020). The SAXS pro-
files of starches were presented in Fig. S6, and their peak intensity (PI)
and lamellar repeat distance (D) were presented in Table 3. Though
starches from root tubers grown in HT and LT soils had similar lamellar
repeat distances, their lamellar peak intensities were significantly higher
in HT soil than those in LT soil (Table 3). The PI reflects electron density
differences between crystalline and amorphous lamellae (Yuryev et al.,
2004), and can quantify the ordered degree of starch semicrystalline
structure (Blazek & Gilbert, 2011). Usually, lamellar PI has positive
relationship with RC and APy, (Cai et al., 2015; Zhong et al., 2021). In
this research, high lamellar PI of starch from root tuber grown in HT soil
agreed with its high RC and increased APy, (Table 3).

3.7. Thermal properties of starch

Thermal properties of starch play important roles in food processing,
and can be measured using DSC (Li et al., 2022; Xu et al., 2020). The DSC
thermograms showed significant differences between starches from root
tubers grown in HT and LT soils (Fig. S7). Starches from root tubers
grown in HT soil had significantly higher gelatinization temperature
with To from 65.5 to 71.5 °C, Tp from 72.0 to 76.8 °C and Tc from 78.9
to 82.7 °C than those in LT soil with To from 51.1 to 55.3 °C, Tp from
56.4 to 63.4 °C and Tc from 67.6 to 72.4 °C among 3 sweet potato va-
rieties. Gelatinization temperature ranges (AT) of starches from root
tubers grown in LT soil were wider than those in HT soil (Table 4).
Similar phenomena are detected in sweet potato grown in controlled
environment growth chamber at different temperatures (Guo et al.,
2022). The HT soil significantly induced the increase of starch gelati-
nization temperature in sweet potato (Noda et al., 2001). Many refer-
ences reported that sweet potato starches have very wide AT when root
tubers grow in soil containing a wide range of temperature (Genkina
et al., 2004; Guo, Zhang, Bian, Cao, & Wei, 2020; Li et al., 2022). Guo
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Table 4
Thermal property parameters of starches from 3 sweet potato varieties grown in
HT and LT soils.”

To (°C) © Tp (°C)° Te (°C)° AT (°C)° AH (J/g)°
NZS1- 715 + 76.8 + 827 + 112+ 111+
HT 0.0f 0.1f 0.3¢ 0.3a 0.8bc
NZS1- 55.3 + 61.2 + 71.8 + 165+ 10.6 +
LT 0.3¢ 0.9b 0.2b 0.3¢ 0.4abc
S516- 70.3 = 749 + 81.3 = 11.0 +
HT 0.3 0.2¢ 0.1d 0.4a 120+ 1.3¢c
54.6 + 63.4 + 72.4 + 178 +
SSI6LT 0.3 0.6b 0.4d 9.4 +0.3ab
S528- 65.5 = 72.0 + 78.9 + 13.4 + 10.0 +
HT 0.1d 0.2d 0.3 0.3b 0.7ab
511+ 56.4 + 67.6 = 16.4 +
S$$28LT 14 0.7a 0.7a 0.7¢ 8.9402a
Sig.¢ 0.248 0.512 0.498 0.246 0.967

2 Data are means + standard deviations (n = 3). Values in the same column
with different letters are significantly different (p < 0.05).

b o, gelatinization onset temperature; Tp, gelatinization peak temperature;
Tc, gelatinization conclusion temperature; AT, gelatinization temperature range
(Tc - To); AH, gelatinization enthalpy.

¢ The significance of normal distribution of these data by Shapiro-Wilk test.

et al. (2020) reported that root tuber of sweet potato simultaneously has
A-type starch granules with high gelatinization temperature, B-type
starch granules with low gelatinization temperature and C-type starch
granules with intermediate gelatinization temperature, resulting in a
very wide DSC thermal peak. Amylose content and amylopectin struc-
ture take crucial roles in starch gelatinization. Gelatinization tempera-
ture has negative relationship with content of amylopectin branch-
chains with DP6-12 (Cai et al., 2015; Zhang et al., 2020). In this
research, though starches from root tubers grown in HT and LT soils
exhibited different apparent amylose contents (Table 1), they had
similar amylose contents (Table 2). The high gelatinization temperature
of starch from root tuber grown in HT soil might be attributed to low
content of amylopectin branch-chains with DP6-12 (Table 3).

3.8. Enzyme dynamic hydrolysis of starch

The enzyme hydrolysis of starch is a dynamic process (Lin et al.,
2018). The dynamic hydrolysis degrees of native starch by both PPA and
AMG were fitted following first-order rate equation (Fig. S8). The fitted
hydrolysis profiles and their parameters indicated the suitability of the

Table 5
Dynamic hydrolysis parameters of starches from 3 sweet potato varieties grown
in HT and LT soils.”

Coo (%)" k(h™H)P SUMSQ” MRDM 7"
(%)
NZzS1- 95.1 + 0.120 +
. 11.1 X
HT 0.9bc 0.009a <330 < >0.997
0.227 +
NZSLLT =~ 938+03b ot <238 <10.0 >0.998
1163 +
SS16HT 97.5+1.0c 0163 < 88.8 < 6.4 > 0.994
0.006a
0.227 +
SSI6LT  941+08b "o < 35.6 <82 >0.998
SS28HT 90.5+1.2a OO0 <472 <124 > 0.997
0.007a
95.4 + 0.282 +
SS28-LT O 0.008¢ <105 <45 >0.999
Sig.© 0.763 0.711 - - -

2 Data are means =+ standard deviations (n = 3). Values in the same column
with different letters are significantly different (p < 0.05).

b Coo, starch hydrolysis extent; k, hydrolysis rate coefficient; SUMSQ, sum of
squares of residuals; MRDM, mean relative deviation modulus; r?, determination
coefficient.

¢ The significance of normal distribution of these data by Shapiro-Wilk test.
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procedure (SUMSQ <88.8, MRDM <12.4, ? > 0.994) (Table 5). Though
the hydrolysis extents showed some differences among starches from 3
varieties, their hydrolysis rate coefficients ranged from 0.120 to 0.163
h~! in HT soil and from 0.227 to 0.282 h™! in LT soil, indicating that
starches from root tubers grown in LT soil were hydrolyzed significantly
more rapidly than those in HT soil (Table 5). Noda et al. (2001) reported
that the hydrolysis rate of starch decreases with increase of soil tem-
perature from 15 to 33 °C in sweet potato. For native starch, the hy-
drolysis rate is significantly correlated positively to APg content, and
negatively to granule size and contents of amylose content and APy, (Cai
et al., 2015; Lin et al., 2016). Therefore, high resistance of sweet potato
starch from root tuber grown in HT soil to enzyme hydrolysis might
result from large granule size and high APy, content (Table 1, Table 2).

3.9. Digestion of starch

The in vitro digestion of starch by both PPA and AAG is usually
employed to simulate the effects of small intestine hydrolysis and sub-
sequent glycemic response of starch, and can provide some information
for the applications of starch in food industry (Englyst, Kingman, &
Cummings, 1992). The glucose released from native and gelatinized
starch by both PPA and AMG was measured (Table 6). The 3 native
starches from root tubers grown in HT soil had RDS from 3.1% to 5.4%,
SDS from 12.8% to 18.4%, and RS from 76.2% to 84.1%, and those in LT
soil had RDS from 5.2% to 8.9%, SDS from 20.9% to 31.8%, and RS from
59.2% to 72.8%, indicating that HT soil could induce the decrease of
RDS and SDS and the increase of RS. Native starch is semicrystalline
granule structure, and has differences in shape, size and crystalline
structure (Emmambux & Taylor, 2013; He & Wei, 2017; Pérez et al.,
2009). The small granule starch is digested more rapidly than large
granule. The contents of amylose and AP, have negative relationships
with starch digestion, but APg have a positive relationship with starch
digestion (Lin et al., 2016). Usually, A-type crystallinity is degraded
more rapidly than B-type crystallinity, but the starch from root tuber
grown in HT soil contained more A-type crystallinity than B-type crys-
tallinity. Therefore, starch size and amylopectin branch-chains took
main roles in determining native starch digestion in the present
research. The gelatinized starch from root tubers grown in HT and LT
soils had similar RDS, SDS and RS (Table 6). Granule swells and crys-
tallinity is disrupted during starch gelatinization, and starch compo-
nents play important roles in starch digestion (Guo et al., 2019). Though
starches from root tubers grown in HT and LT soils had similar amylose

Table 6
Digestion properties of starches from 3 sweet potato varieties grown in HT and
LT soils.”

Native starch digestion Gelatinized starch digestion

N-RDS N-SDS N-RS G-RDS G-SDS G-RS
)" (O %" (%) (%)° (%)
NZS1- 3.1+ 12.8 + 84.1 + 77.6 + 2.7 + 19.7 £
HT 0.3a 0.2a 0.2f 0.7a 0.3a 0.8a
NZS1- 52+ 25.4 £ 69.4 + 78.7 £ 25+ 18.8 +
LT 0.4bc 0.2e 0.5b 0.9a 0.1a 0.9a
SS16- 4.1+ 16.0 £ 79.9 £ 77.9 £ 4.7 + 17.3 £
HT 0.4ab 0.7b 1.1e 1.1a 0.4b 0.8a
SS16- 6.3 + 20.9 + 72.8 + 77.5 + 4.4 + 18.1 £
LT 0.5¢ 0.8d 0.9¢ 1.0a 0.8b 1.3a
SS28- 5.4+ 18.4 + 76.2 + 77.2 £ 2.8 + 199 +
HT 0.6bc 0.3c 0.4d 0.4a 0.7a 1.0a
SS28- 8.9 + 31.8 + 59.2 + 78.6 + 3.8+ 17.6 £
LT 0.8d 0.4f 0.6a 1.2a 0.5ab 0.7a
Sig.” 0.744 0.87 0.893 0.293 0.284 0.422

@ Data are means =+ standard deviations (n = 3). Values in the same column
with different letters are significantly different (p < 0.05).

> RDS, rapidly digestible starch; SDS, slowly digestible starch; RS, resistant
starch; N-, native starch; G-, gelatinized starch.

¢ The significance of normal distribution of these data by Shapiro-Wilk test.
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contents, their amylopectin branch-chains were significantly different,
indicating that the branch-chains of amylopectin might have less effect
on digestion of gelatinized starch.

3.10. PCA of starch

In order to further reveal the relationships of property parameters of
starches from root tubers grown in HT and LT soil, we carried out the
PCA based on the above property parameter data (Fig. 2). The principal
component 1 and 2 could clarify 65.8% and 16.7% of total variance,
respectively. Relationships among different physicochemical properties
can be detected using loading plot of PCA. For starch components, the
branch-chain with DP6-12 was highly negatively correlated to BV, and
branch-chain with DP25-36 was highly positively correlated to BV and
AAC. For starch component and crystalline structure, the lamellar PI and
RC were highly positively correlated (p < 0.01), and they were positively
correlated to BV, AAC and ACL and negatively correlated to branch-
chain with DP6-12. For thermal properties, the gelatinization temper-
atures (To, Tp, Tc) had highly positive relationships with BV, AAC, APy,
RC and PI, and negative relationships with APg. For starch hydrolysis,
the hydrolysis rate coefficient (k) was correlated positively to branch-
chains with DP6-12 and negatively to BV, AAC, branch-chains with
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DP > 37, ACL, RC, PI and gelatinization temperature. For native starch
digestion, RDS and SDS were positively correlated to branch-chains with
DP6-12, and negatively to ACL, RC, PI and gelatinization temperature,
but the RS of native starch showed an opposite correlation with the
above properties. In addition, starch size had positive correlations with
gelatinization temperature and resistant starch of native starch and
negative correlation with hydrolysis rate of native starch (Fig. 2A).
Based on physicochemical properties of starch, 6 starches were distrib-
uted dispersedly in the score plot of PCA. Starches from root tubers
grown in HT and LT soils were distributed at the right and left of plot,
respectively, implying that soil temperature significantly influenced the
physicochemical properties and utilization of sweet potato starch.

4. Conclusions

Starches from root tubers grown in natural HT and LT field soils had
significantly different physicochemical characteristics, regardless of
their sources of root tuber colors and varieties. Starches from root tuber
grown in HT soil had larger granule size and longer amylopectin branch-
chains than those in LT soil, but maintained similar granule shape and
amylose content between in HT and LT soil. Starches from root tubers
grown in HT and LT soils both exhibited C-type XRD patterns, but HT
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Fig. 2. PCA of physicochemical properties of starches from 3 sweet potato varieties grown in HT and LT soils. (A), loading plot of PCA of starch property parameters;
(B), score plot of PCA of starches from 3 sweet potato varieties grown in HT and LT soils.
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soil induced the increase of A-type allomorph content, RC and lamellar
PI. Starch from root tuber grown in HT soil significantly increased
gelatinization temperature and decreased enzyme hydrolysis rate. The
differences in granule size, amylopectin structure, semicrystalline
structure, thermal properties and enzyme hydrolysis resulted in
different potential utilizations of sweet potato starches from root tubers
grown in HT and LT soils. The above results could provide evidence that
starch properties of sweet potato could be regulated through manipu-
lating planting and/or harvesting dates, and helpful to design planting
strategies of sweet potato in order to meet its different applications in
food and nonfood industries.
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Appendix A. Supplementary data

The following Figures were supplied in the Supplementary data,
including, Fig. S1: Soil temperatures during sweet potato growth;
Fig. $2: Granule shapes of starches from 3 sweet potato varieties grown
in HT and LT soils; Fig. S3: The iodine absorption spectra of starches
from 3 sweet potato varieties grown in HT and LT soils; Fig. S4: The GPC
profiles of isoamylase-debranched starches from 3 sweet potato varieties
grown in HT and LT soils; Fig. S5: The branch-chain length distributions
of amylopectins from 3 sweet potato varieties grown in HT and LT soils;
Fig. S6: SAXS profiles of starches from 3 sweet potato varieties grown in
HT and LT soils; Fig. S7: DSC thermograms of starches from 3 sweet
potato varieties grown in HT and LT soils; Fig. S8: Experimental hy-
drolysis degrees, fitted hydrolysis curve, and residuals between experi-
mental and fitted hydrolysis degrees of starches from 3 sweet potato
varieties grown in HT and LT soils. Supplementary data to this article
can be found online at https://doi.org/10.1016/j.fochx.2024.101346.
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