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ARTICLE INFO ABSTRACT
Keywords: Starch phosphate content (SPC) is an important structural parameter affecting the functionality of tuber starches,
Starch phosphorylation but how different phosphate groups affect starch structures is still unknown. In this study, four potato starches

Starch phosphate monoesters
Amylose content

Lamellar structure
Solid-state NMR

Crystalline structure

with different SPC were selected as models to investigate the effects of SPC on their multi-scale structures. A
higher SPC is related to more long amylopectin (AP) chains with a degree of polymerization (DP) >24, fewer
short AP chains with DP < 24, lower double helical content and crystallinity, higher long period distance, and
lower scattering intensity (Imqx), indicating that potato starch with a higher SPC is less ordered and has a more
flexible nano-lamellar structure. Notably, two types of phosphate monoesters, namely C-3 (C3P) and C-6
phosphate monoesters (C6P), were both significantly positively correlated with the average chain lengths (ACL)
of AP chains with DP 25-36 (fb2) and negatively correlated with Inq; however, only C3P was significantly
positively correlated with ACL of AP chains with DP 13-24 (fb1) and negatively correlated with the absorbance
ratio at 1047,/1016 cm ™ '. G3P was the main reason for the disordered structure of starches with high SPC. These
findings can be helpful for potato breeding to generate different functionality by controlling SPC.

Abbreviations: AC, amylose content analyzed by iodine method; ACLx, average chain lengths (DP) of fraction X; AM, amylose; AP, amylopectin; AP1, short
amylopectin chains (DP 6-36) analyzed by SEC; AP2, long amylopectin chains (DP 37-100) analyzed by SEC; ATR-FTIR, attenuated Total Reflectance-Fourier
Transform Infrared; C3P, C-3 phosphate monoesters; C6P, C-6 phosphate monoesters; D, Bragg lamellar repeat distance; d,, thickness of amorphous lamellae; d,,
long period distance; d., thickness of crystalline lamellae; DMSO, dimethyl sulfoxide; DP, degree of polymerization; HPAEC-PAD, high-performance anion exchange
chromatography-pulsed amperometric detection; fa, amylopectin chains (DP 6-12) analyzed by HPAEC-PAD; fbl, amylopectin chains (DP 13-24) analyzed by
HPAEC-PAD; fb2, amylopectin chains (DP 25-36) analyzed by HPAEC-PAD; fb3, amylopectin chains (DP >36) analyzed by HPAEC-PAD; HPPS, high phosphate
potato starch; Iay, peak scattering intensity; LPPS, low phosphate potato starch; NMR, nuclear magnetic resonance; NMS, normal maize starch; NPS, normal potato
starch; Peaky, the DP of the peak of the fraction X; PCA, principal component analysis; RCy, relative amount of fraction X; SAXS, small angle X-ray scattering; SEC,
size-exclusion chromatography; SEM, scanning electron microscopy; SPC, starch phosphate content; WMS, waxy maize starch; WPS, waxy potato starch.
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Table 1
Sample code, phosphate and amylose contents of potato and maize starch samples.
Starch varieties Sample SPC (nmol/mg C3P (nmol/mg C6P (nmol/mg AC References”
code starch) starch) starch) (%)
Waxy potato (Kuras) WPS 25.0 3.7 21.3 1.9 (Kozlov et al., 2007; Wikman, Blennow, & Bertoft,
2013)
Normal potato (Dianella) NPS 24.0 9.9 14.1 19.8 (Kozlov et al., 2007; Wikman et al., 2013)
Low phosphate potato LPPS 3.1 0.9 2.2 28.2 (Wikman et al., 2011)
(asGWD)
High phosphate potato HPPS 73.8 21.8 52.0 29.6 (Wikman et al., 2011)
(asSBE)
Waxy maize WMS nd.” n.d. n.d. 0.05 (Zhong, Tian, et al., 2021)
Normal maize NMS n.d. n.d. n.d. 30.7 (Zhong, Keeratiburana, et al., 2021)

@ The starch phosphate content (SPC), C-3 phosphate monoester content (C3P), and C-6 phosphate monoester content (C6P) in the four potato starches are referred
from previous data. The amylose content (AC) was analyzed by the iodine complexation method (Carciofi et al., 2012).

> n.d = not detectable.

1. Introduction

Potato (Solanum tuberosum L.) is one of the most important staple
crops worldwide and plays a significant role in global food security
(Blennow et al., 2020). Starch is the major component in potato tubers,
accounting for 70-90 % of the dry mass (Nayak, Berrios, & Tang, 2014).
Starch granules have a semi-crystalline granular structure, which is
molecularly composed of two types of a-glucans, mostly unbranched
amylose (AM) and highly branched amylopectin (AP). The AM content
(AC) of normal potato starches ranges typically from 15 % to 30 %
(Karlsson, Leeman, Bjorck, & Eliasson, 2007; Liu, Tarn, Lynch, & Skjodt,
2007). The AC has been well known to determine the multi-scale
structure of starch granules, thereby governing the functionality of the
starch, e.g., its viscosity, texture, and digestibility (Cai, Zhao, Huang,
Chen, & Wei, 2014; Li, Dhital, Flanagan, et al., 2020; Lin, Guo, Zhao,
et al., 2016; Zhong, Liu, et al., 2020) and the performance of starch-
based products (Han et al., 2017). For example, a higher AC is associ-
ated with a lower AM molecular size and a higher proportion of long AP
chains in maize and wheat starches (Li, Dhital, Gilbert, & Gidley, 2020;
Zhong, Liu, et al., 2020), a lower small angle X-ray scattering (SAXS)
Bragg nano-lamellar repeat distance in maize starch (Zhong, Liu, et al.,
2020), lower SAXS peak scattering intensity in potato starch (Kozlov,
Blennow, Krivandin, & Yuryev, 2007) and a lower starch crystallinity in
sweet potato (Zhou et al., 2015) and rice (Zhong, Li, et al., 2021).

In addition to the AC, phosphorylation of the AP molecules is another
key factor affecting the functionality of root and tuber starches (Blen-
now & Engelsen, 2010). Potato starch naturally contains one of the
largest quantities of phosphate monoesters, with starch phosphate
contents (SPC) ranging from 30.8 to 124.4 mg/100 g (Noda et al., 2007).
Phosphorylation of the C-6 positions of the glucosyl units (C6P), cata-
lyzed by the glucan water dikinase 1 (GWD1), represents the majority
(60-70 %) of the phosphate groups in starch. The remaining phosphate
groups are generated from C-3 phosphorylation (C3P), catalyzed by the
glucan water dikinase 3/phosphoglucan water dikinase (GWD3/PWD)
(Wikman et al., 2011; Xu, Huang, Visser, & Trindade, 2017). The unique
quality of potato starch pastes, such as high paste clarity and viscosity, is
attributed to these phosphate monoesters, which provide native starch
granules with highly hydrated local cavities (Wikman et al., 2011). In
addition, potato starches with higher SPC show a higher swelling power,
peak viscosity, breakdown values (Noda et al., 2007), and reduced
enzymatic digestibility (Wickramasinghe, Blennow, & Noda, 2009).
Hence, the content of phosphate monoesters is an important structural
parameter affecting the functionality of potato starches. However, how
precisely phosphate groups affect the multi-scale structures is unknown,
mainly due to the limited potato sources with SPC variations.

Over two decades, our lab has engineered a high SPC potato mutant
by using dual RNA interference antisense (RNAi) suppression of starch
branching enzyme I and II (asSBE) (Blennow et al., 2005), and a low SPC
potato mutant by RNAI suppression of GWD1 (asGWD) (Kozlov et al.,

2007). The SBE suppressor lines revealed that longer AP chains (DP >
20) resulted in a higher SPC, higher gelatinization temperatures, and a
stronger elastic gel (Blennow et al., 2005; Wikman et al., 2011). GWD1
suppressor lines produced starch with an increased AC and reduced
viscosity (Viksg-Nielsen et al., 2001). However, how SPC affects the
multi-structures of starches, such as helical, crystalline, and lamellar
structures, remains to be investigated, which limits the understanding of
the relationship between structure and functionality of phosphorylated
starch types. In addition, a better understanding of how phosphate
content and distribution affect multi-scale structures will permit future
customization of elite potato lines with desirable functionality by new
breeding technologies. Few studies have been reported that C6P is
preferentially located in the amorphous regions of the starch granules,
whereas C3P is equally distributed among the semi-crystalline and
amorphous regions (Blennow, Bay-Smidt, Olsen, & Mgller, 2000;
Engelsen et al., 2003). Force-field modeling further indicated that the
C6P units might fit into a natural void in the double helices of amylo-
pectin without inflicting steric problems, while C3P might exert a sig-
nificant strain or make local defects in the crystalline AP sections by
inducing a major shift in the conformational equilibrium of the gluco-
sidic linkage, thereby destabilizing the helical structure (Hansen et al.,
2009). Therefore, we hypothesized that C3P and C6P have different
functionality on multi-scale structures of starches, and they are as
important as AC in affecting starch structures.

To reveal how SPC affects the multi-scale structures of starch and to
test whether the C3P and C6P have different functionality on starch
structures, four native types of potato starches with different SPC (3-74
nmol/mg starch), C3P (1-22 nmol/mg starch) and C6P (2-52 nmol/mg
starch) were selected as model systems. As these four starches also
contain 2-30 % of AC, two types of non-phosphorylated maize starch
with different AC (0.1 % and 30.5 %) were used as controls to test
whether this parameter exert specific functionalities related to phos-
phorylated starch systems. The multi-scale structures of these six types
of starches were analyzed, including their molecular, helical, crystalline,
lamellar, and granular structures, and the relationships between the
phosphate contents (SPC, C3P and C6P) and multi-scale structural pa-
rameters were then discussed using principal component and Pearson
correlation analysis. The findings of this study will fill the knowledge
gaps on how different phosphate monoesters, i.e., C3P and C6P, affect
the starch multi-scale structures and provide a foundation for breeding
and engineering elite potato varieties with desirable functionality by
controlling phosphate groups.

2. Materials and methods
2.1. Materials

Four potato tuber and two maize kernel starches with different SPC
and AC were selected (Table 1). The four potato starches were extracted
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Fig. 1. Flow diagram of the experimental design.

from Dianella wild type (normal potato starch, NPS), Dianella RNAi
GWDL1 line (asGWD, low phosphate potato starch, LPPS), Dianella dual
RNAI starch branching enzyme I and II line (asSBE, high phosphate
potato starch, HPPS), and Kuras RNAi GBSS line (waxy potato starch,
WPS) as described before (Blennow et al., 2005; Kozlov et al., 2007).
Isoamylase (EC 3.2.1.68, E-ISAMY, 200 units/mL) and pullulanase (E-
PULBL, 1000 units/mL) were bought from Megazyme (K-TSTA, Mega-
zyme, Co. Wicklow, Ireland). All other chemicals used in this study were
of analytical grade.

2.2. Size-exclusion chromatography (SEC)

Chain length distributions of debranched starch samples were
analyzed using a size exclusion chromatography (SEC)-triple detector
array (SEC-TDA) system (Viscotek, Malvern, UK), as previously
described (Zhong, Keeratiburana, et al., 2021). The SEC was equipped
with tandem GS-520HQ/GS-320HQ Shodex columns attached to a
TDA302 detector array. The detailed method is described in the sup-
plemental information.

2.3. High-performance anion exchange chromatography-pulsed
amperometric detection (HPAEC-PAD)

Debranched starch samples were prepared as described in the Sec-
tion 2.2 and references therein and analyzed using an HPAEC-PAD
system (Dionex, Sunnyvale, CA, USA). A 40 pL of samples (5 mg/mL)
was injected into a CarboPac PA-200 column at a flow rate of 0.4 mL/
min. The chain length, defined as the degree of polymerization (DP)
between 1 and 83, was integrated, and the detector response was cor-
rected (Blennow, Bay-Smidt, Wischmann, Olsen, & Mgller, 1998).

2.4. Solid-state 13C nuclear magnetic resonance (NMR) spectroscopy

13¢ NMR spectroscopy was performed at a 13¢ frequency of 150.9
MHz using a Bruker AV-600 spectrometer as previously described with
slight modifications (Tan, Flanagan, Halley, Whittaker, & Gidley, 2007;
Zhong, Li, et al., 2021). The detailed method is described in the sup-
plemental information. The raw NMR spectra were resolved into
amorphous and ordered sub-spectra by subtracting the spectra of
amorphous references at about 85 ppm, and the individual peaks in the
ordered sub-spectra were fitted using Topspin software. The single and

double helices are found at 102-103 ppm and 99-101 ppm, respectively,
in the C1 region of ordered NMR sub-spectra, so the ratios of the peak
area for single helix and double helix to the total areas are relative
contents of single and double helix, respectively, and the relative con-
tent of the amorphous region was calculated by the subtraction of total
relative contents of single and double helix helices from 100 % (Tan
et al., 2007).

2.5. Proton nuclear magnetic resonance ( TH NMR) spectroscopy

The degree of branching of starch was determined using one
dimensional 'H NMR spectra acquired on 600 MHz NMR spectrometers
(Bruker Avance III; Bruker Biospin, Rheinstetten, Germany), following a
previous protocol (Zhong, Keeratiburana, et al., 2021) with some
modifications. The detailed method is described in the supplemental
information.

2.6. Small-angle X-ray scattering (SAXS)

SAXS was performed at the Shanghai synchrotron facility as
described before (Kuang et al., 2017). Normalized 1D correlation func-
tion and SAXS scattering curve fitting were adopted to obtain a series of
SAXS parameters, including Bragg lamellar repeat distance (D), peak
scattering intensity (Imax), thickness of crystalline (d.), amorphous
lamellae (dy) and long period distance (d,) (Xu, Blennow, Li, Chen, &
Liu, 2020).

2.7. Wide-angle X-ray scattering (WAXS)

A Nano-inXider instrument (Xenocs SAS, Grenoble, France) equip-
ped with a Cu Ka source with a 1.54 A wavelength and a two-detector
setup was used to analyze the crystalline granule structures (Zhong,
Li, et al., 2021). Briefly, samples equilibrated at ~90 % relative hu-
midity were sealed in 5-7 pm mica films and then analyzed. The radially
averaged intensity [ was given as a function of the scattering angle 20 in
the angular range of 5°-35° after subtraction from the mica background.
The total relative crystallinity was calculated as the ratio of the crys-
talline peak area to the total diffraction area using PeakFit software
(Version 4.0, Systat Software Inc., San Jose, CA, USA). The ratio of the
peak at 20° 20 was the V-type relative crystallinity, while the relative
crystallinity of A-type for maize starches or the B-type for potato
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Fig. 2. Chain length distribution profiles of debranched starches determined by
SEC (AP1, short amylopectin chains (DP 6-36); AP2: long amylopectin chains

(DP 37-100); AM: amylose chains (DP 100-10,000); DP, degree of
polymerization).

starches was calculated by the subtraction of V-type crystallinity from
the total relative crystallinity.

2.8. Fourier Transform Infrared (FTIR) spectroscopy

The short-range order structure of the starch granules was estimated
using a Bomem MB100 FTIR spectrometer (ABB-Bomem, Quebec, Can-
ada) equipped with an attenuated total reflectance (ATR) single reflec-
tance cell with a diamond crystal. The starch powder samples were
scanned 64 times over the range of 4000-600 cm ' at a resolution of 8
cm™! against air. The ratio of absorbance at 1047 cm™! to that at 1016
cm~ ! was calculated as previously described (Wang, Wang, Guo, Liu, &
Wang, 2017).

2.9. Scanning electron microscopy (SEM)

The granular morphology was analyzed using a Field Emission
Scanning Electron Microscope (FE-SEM) (FEI Quanta 200). Starch
samples were fixed, sputter-coated with gold, and images were taken at
an acceleration voltage of 10 kV at 2000x magnification.

2.10. Statistical analysis

In the case of SAXS, 3¢ NMR, and H NMR, one measurement was
performed, while other experiments were performed at least in tripli-
cates, and the results were expressed as means + standard deviations.
Statistically significant differences (p < 0.05) were analyzed by Analysis

Carbohydrate Polymers 310 (2023) 120740

The relative content (%)

Fig. 3. Chain length distributions of debranched AP characterized by HPAEC-
PAD. DP, degree of polymerization.

of Variance (ANOVA) followed by Duncan's test using SPSS 25.0 soft-
ware (SPSS, Inc. Chicago, IL, USA). Normalized data were used to
perform the principal component analysis (PCA) with the factoextra
package in R (http://www.sthda.com/), and the mean values used for
the correlation analysis. Flow diagram of the experimental design in this
study is shown in Fig. 1.

3. Results and discussion

3.1. Effects of starch phosphate monoester on the glucan molecular
structures

Chain length distribution (CLD) profiles (Fig. 2) of debranched starch
samples examined by SEC showed three main components: short AP
chains (AP1, DP 6-36), long AP chains (AP2, DP 37-100), and AM
chains (DP > 100) (Zhong, Bertoft, Li, Blennow, & Liu, 2020). The peak
positions, average chain lengths (ACLs), and relative contents (RCs) of
these three starch components (Table 2) were analyzed to investigate
the effects of the SPC on the structural features of debranched starches.
The comparison between WPS and NPS, and between WMS and NMS in
these structural parameters, demonstrated that increased AC resulted in
a lower RCpp; and RCaps in both maize and potato starch systems but
had no effect on the ACLs of AP chains. The comparison of LPPS and
HPPS showed that increased SPC was associated with increased Peakap;
and ACLap;, and decreased Peakapy, and ACLay in the potato starch
system.

Detailed chain length distributions and fine structural parameters of
AP molecules as determined by HPAEC-PAD (Zhong, Li, et al., 2021)

Table 2

Chain length distribution parameters of debranched starches analyzed by SEC.”
Starch varieties Peakp;” (DP) Peakpy (DP) Peak ap; (DP) ACLpp; (DP) ACLpp; (DP) ACLay (DP) RCap (%) RCaps (%) RCan (%)
WPS 12.4 + 0.65°P 40.6 + 1.5%B¢ n.d. 14.6 + 0.1¢ 58.1 + 0.8° n.d. 73.7 £ 0.78 26.3 + 0.7% n.d.
NPS 12.7 + 0.25¢ 43.1 + 1.5 3722 + 64 14.7 + 0.15¢ 63.1 + 0.9%¢ 2181 + 91* 56.0 + 2.3€ 21.4 +0.18 22.6 + 2.2°
LPPS 13.5 + 0.1% 44.5 + 2.2 3710 + 6* 15.0 + 0.1® 68.8 + 1.1°° 2083 + 94% 44.1 +£1.5° 24.7 £ 0.1 31.2 +1.5%
HPPS 16.4 + 0.5* 39.5 + 3.1%¢ 3765 + 78" 15.8 + 0.1% 70.2 + 1.6 1807 + 128 46.4 + 1.9° 26.5 + 0.2% 27.1 + 2.1%8
WMS 11.3 + 0.8° 37.4 +0.4° n.d. 14.1 + 0.2° 57.4 + 1.4° n.d. 81.8 + 0.2* 18.2 + 0.2¢ n.d.
NMS 11.9 + 0.1 38.8 + 1.05%¢ 2471 + 5078 14.0 + 0.1° 61.3 + 5.7¢ 1494 + 5¢ 60.0 + 6.3¢ 15.4 + 1.6° 24.0 + 4.7°B

@ Values are means + SD. Values with different uppercase letters in the same column are significantly different at p < 0.05.
b cLD profiles (Fig. 2) of debranched starch contain three peaks: short AP (AP1, DP 6-36), long AP (AP2, DP 37-100) and AM chains (DP > 100). Peaky: the DP of the
peak of the fraction X; ACLy: the average CL of the fraction X; RCx: the relative content of the fraction X; DP, degree of polymerization.

¢ n.d. = not detectable.
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Table 3

Chain length distribution parameters of debranched starches analyzed by HPAEC-PAD."
Starch varieties ACLy, (DP)” ACLygy (DP) ACLg (DP) ACLygy3 (DP) ACLy; (DP) RCfq (%) RCpp (%) RCps» (%) RCpp3 (%)
WPS 10.1 + 0.0® 18.0 + 0.0% 29.5 + 0.0%F 53.2 + 0.1* 29.0 + 0.3"8 12.4 + 0.25¢ 41.5 + 0.9P 17.1 + 0.4® 28.5 + 0.74
NPS 10.1 £ 0.18 18.1 + 0.0% 29.5 + 0.1°B 53.9 + 0.1* 29.2 + 0.4"8 11.7 + 0.4¢ 422 +1.2¢ 17.5 + 0.5% 28.1 + 1.0%
LPPS 10.2 + 0.1% 18.0 + 0.0° 29.4 + 0.2° 53.6 + 0.4% 28.2 + 0.5° 13.3 +0.28 43.0 + 0.25¢ 17.3 +£1.0° 26.1 + 1.4%
HPPS 10.1 + 0.1% 18.3 + 0.0% 29.7 + 0.14 53.9 + 0.4% 30.2 +1.1% 9.8 + 0.5° 38.8 + 2.0° 21.3 +£0.2% 29.2 +2.3%
WMS 10.3 + 0.0* 17.9 + 0.0¢ 29.5 + 0.1°B 49.6 + 0.2° 25.2 + 0.2°¢ 15.2 + 0.2 45.8 + 0.4B 18.6 + 0.4% 20.0 + 0.2°
NMS 10.3 + 0.0* 17.9 + 0.0¢ 29.5 + 0.14B 48.9 + 0.5° 24.7 +£ 0.7¢ 16.0 + 0.7 46.4 +1.8% 18.1 +0.8° 19.2 + 1.6°

@ Values are means + SD. Values with different uppercase letters in the same column are significantly different at p < 0.05.

b Amylopectin was divided into four fractions: fa (DP 6-12), fb; (DP 13-24), fb, (DP 25-36), and fbs (DP > 36) chains. ACLy: the average CL of the fraction X; ACLg:

the average CL of the whole amylopectin; RCx: the relative content of the fraction X; DP, degree of polymerization.

Table 4

a-1,6 ratio, the relative contents of double-helix (DH), single-helix (SH) and amorphous region (AR) derived from solid state NMR data, A/B/V type crystalline

polymorphs derived from WAXS, and FTIR ratios of potato and maize starches.”

Starch o-1,6 NMR WAXS FTIR Ratio at 1047/
ieti ti 1016 cm ™!
varieties ratio DH SH AR A-type crystallinity B-type crystallinity V-type crystallinity Total crystallinity em
(%) (%) (%) (%) (%) (%) (%)
WPS 6.3 34.0 n.d. 66.0 n.d. 33+ 18 2+ 08¢ 35+ 18 0.78 + 0.04"
NPS 4.0 30.4 1.6 68.0 n.d. 25 + 0P 140° 26 + 1P 0.73 + 0.04%8
LPPS 3.6 37.2 3.8 59.0 n.d. 38 + 0% 3+ 04 41 +14 0.79 + 0.02%
HPPS 35 31.3 1.7 67.0 n.d. 28 + 0° 3+ 148 31+1° 0.70 + 0.03%
WMS 7.3 36.0 n.d. 64.0 34 4+ 04 n.d. 140° 35+ 08 0.74 + 0.0348
NMS 5.2 31.1 3.9 65.0 28 + 0P n.d. 2+ 0% 30 + 0 0.67 + 0.01%

# Values with different uppercase letters in the same column are significantly different at p < 0.05.

b n.d. = not detectable.

demonstrated that typical AP CLD profiles (Fig. 3 and Table 3) can be
divided into four categories: fa (DP 6-12), fb; (DP 13-24), fb, (DP
25-36), and fb3 (DP >36) chains (Hanashiro, Abe, & Hizukuri, 1996).
The fa, fby, and fby chains are mainly located in the crystalline nano-
lamellae, while fbs chains have been suggested to be oriented in the
amorphous nano-lamellae (Bertoft, 2017). Increasing AC in both potato
(comparing WPS and NPS) and maize starch (comparing WMS and NMS)
systems had no significant effect on the ACLs and RCs of the AP fraction.
However, an elevated SPC in the potato starch systems with a similar AC
level (comparing LPPS and HPPS) significantly increased the ACLg;,
ACLgyo, ACLyj1, and RCpyp, but decreased the RCe, and RCyyy1, showing that
higher SPC was related to more long AP chains with DP > 24 and less
short AP chains with DP < 24. GWD1 is reported to be highly active on
long AP chains (DP > 22) (Mikkelsen, Baunsgaard, & Blennow, 2004),
and thus it is reasonable that more starch phosphate is generated in
starches with high content of long AP chains during starch biosynthesis.

One-dimensional 'H NMR spectra of potato and maize starches

measured by 'H NMR showed two main peaks (Fig. S1A) at 5.2 and 4.8
ppm, corresponding to the anomeric protons of a-1,4 and a-1,6 linkages,
respectively (Bai, Shi, Herrera, & Prakash, 2011). The branching degree
was calculated by the ratios of peak areas of a-1,6 to total peak areas of
a-1,4 and a-1,6 linkages. It was found, as expected, that increased AC in
both potato (comparing WPS and NPS) and maize starch systems
(comparing WMS and NMS) was related to a decreased o-1,6 ratio
(Table 4), as AM chains are mostly linear and with only a few branches.
Similar a-1,6 ratio of HPPS (3.6) and LPPS (3.5) and amylose contents
(Table 1, ~29 %) were found even though it is well documented that the
AP in HPPS has longer chains (less branching, Table 3). As a conse-
quence, the AM fraction in the LPPS must have somewhat fewer
branches (more linear) than AM in the HPPS. AM is not normally
considered to be phosphorylated, but the AM fraction of HPPS is prob-
ably so-called “amylose-like” material with relatively more branches
than normal AM, which can be somewhat phosphorylated (Zhong, Qu,
et al., 2022).

C235 C235
A B
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c4 WPS
o1 cé
c4
WPS P
NPS
PPS LPPS
HPPS HPES
WMS
WMS
NMS NMS
120 100 80 60 40 20 120 100 80 60 40 20

Chemical shift (ppm)

Chemical shift (ppm)

Fig. 4. The raw 13¢ NMR spectra (A) and ordered sub-spectra (B) of starch samples.
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Table 5
Nano-lamellar parameters of potato and maize starches as calculated from SAXS
data.

Starch varieties D (nm)” Inax (a.u.) d, (nm) d. (nm) dy (nm)
WPS 9.80 2170 2.94 6.88 9.82
NPS 10.09 2050 3.09 7.02 10.12
LPPS 9.89 2490 2.98 6.94 9.92
HPPS 10.12 851 3.02 7.10 10.12
WMS 9.96 1060 3.02 6.89 9.91
NMS 10.02 1550 3.06 6.96 10.02

2 D: Bragg lamellar repeat distance; In.: peak intensity; d.: thickness of
crystalline lamella; d,: amorphous lamellae; d,: long period distance.

3.2. Effects of starch phosphate monoester on the helical structures

The helical structures, including the relative contents of single (SH),
double helixes (DH), and amorphous regions (AR) analyzed by solid-
state 13C NMR (Fig. 4 and Table 4) showed that increased AC in both
potato (comparing WPS and NPS) and maize starches (comparing WMS
and NMS) decreased the relative DH content, and concomitant increased
both SH and AR content. This is consistent with a previous study (Zhong,
Li, et al., 2021). Amylose can form SH in the crystalline lamellae, which
is interpreted as crystalline defects, whereas amylopectin side chains
form ordered DH (Koroteeva et al., 2007). Interestingly, LPPS showed
higher relative contents of DH and SH than HPPS, indicating that starch
with lower SPC forms more DH and SH. This is likely attributed to the
fact that phosphate monoesters exert a significant strain or induce local
defects in the crystalline AP section to prevent helical formation (Han-
sen et al., 2009).

3.3. Effects of starch phosphate monoester on the crystalline and lamellar
structures

WAXS profiles showed that all potato starches had a typical B-type
allomorph characterized by major reflections at 26 of 5.8° 15.0°, 16.9°,
22.1°, and 24.2° (Fig. S1B). The two maize starches had A-type allo-
morphs with strong reflections at 20 of 15.2°, 17.2°, 18.2°, and 23.1°,
consistent with previous data (Varatharajan et al., 2011; Zhong, Liu,
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et al., 2020). The total relative crystallinities of the six starch types
varied in different starch samples, from 26 % to 41 % (Table 4).
Increasing AC in both potato (comparing WPS and NPS) and maize
(comparing WMS and NMS) starch systems resulted in lower amounts of
B-type and A-type crystals, respectively, due to the effect of AM on
generating crystal defects (Bertoft, 2017). However, LPPS showed
significantly higher B-type crystallinity than HPPS, corresponding to the
higher relative contents of DH in LPPS, as mentioned in Section 3.2.

ATR-FTIR was used to investigate the structural ordering of the
surface layer of the starch granules (Liu, Li, Li, Zhang, & Li, 2021). The
deconvoluted ATR-FTIR spectra of the different starch samples
(Fig. S1C), and the ratios of absorbance at 1047/1016 em™!, were
calculated to indicate the degree of the short-range order structure
related to molecular and rotational vibrations of the starch matrix
(Table 4) (Cozzolino, Roumeliotis, & Eglinton, 2014; Liu et al., 2021;
Van Soest, Tournois, de Wit, & Vliegenthart, 1995). Increasing AC in
potato (comparing WPS and NPS) and maize (comparing WMS and
NMS) starch systems, and enhancing SPC from LPPS to HPPS both
resulted in lower 1047,/1016 cm ™ ratios, suggesting that both AC and
SPC had a disordering effect on the granular surfaces.

SAXS profiles (Fig. S2A) displayed the typical scattering peak around
the ¢ value of 0.06-0.07 A}, demonstrating the presence of a 9-10 nm
semi-crystalline lamellar structure in all starch samples. The 1D corre-
lation function (Fig. S2B) was used to obtain the Bragg lamellar repeat
distance (D), peak intensity (I,q), the thickness of crystalline lamella
(d,), the thickness of amorphous lamellar (d,), and long period distance
(dge = d; +dg) (Kuang et al., 2017), as shown in Table 5. Increasing AC in
both maize starch (comparing WMS and NMS) and potato starch
(comparing WPS and NPS) systems predominantly increased the d, dg,
D, and dg. Our previous study on rice starch also demonstrated that AC
was positively correlated with both D and d. (Zhong, Li, et al., 2021). In
addition, HPPS showed higher d;, d,, D, and d,. than those of LPPS,
suggesting that phosphate groups may contribute to a more flexible
lamellar structure. In addition, increased SPC (comparing LPPS and
HPPS) reduced the I, by as much as three-fold, indicating a dis-
ordering effect of phosphate monoesters on the lamellar structure.
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Fig. 5. Principal component analysis (PCA) of
structural parameters of four potato starches.
(SPC: starch phosphate content; C3P: C-3
phosphate monoester content; C6P: C-6 phos-
phate monoester content; AC: amylose content;
Peaky: the DP of the peak of the fraction X;
ACLy: average chain lengths (DP) of fraction X;
RCy: relative amount of fraction X; TC: total
crystallinity; B-type: B-type crystalline poly-
morph; V-type: V-type crystalline polymorph;
SH: relative amounts of single helices; DH:
relative amounts of double helices; AR: relative
contents of amorphous region; D: Bragg
lamellar repeat distance; Iq: peak intensity;
dg: thickness of amorphous lamellae; d.: thick-
ness of crystalline lamellae; d,.: long period
distance).
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(All abbreviations are the same as in Fig. 5).

3.4. Effects of starch phosphate monoester on the granular structures

SEM images (Fig. S3) displayed ellipsoidal or round granules for all
potato starches. Some irregular starch granules originated from the
fusion of several smaller granules were observed for the HPPS; fusion is
probably due to the high AC, as these granules have also been found in
high amylose maize starches (Glaring, Koch, & Blennow, 2006). Nodular
protrusions at the granular surface were found in a few granules of WPS,
NPS and LPPS, likely indicating the irregular packing of the starch
molecules in these regions (Blennow et al., 2003). The two types of
maize starch showed either round or irregular shapes, which is in line
with previous findings (Zhang et al., 2014).

3.5. Effects of starch phosphate monoesters on the multi-scale structures
of potato starches — principal component analysis (PCA) and correlation
analysis

Based on the above structural results, a higher AC is related to
decreased double helical content, crystallinity and 1047,/1016 cm™!
ratios, but increased d,, dg, D, and dg in both potato and maize systems,
indicating that AC has similar effect in disordering crystalline and
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lamellar structures of phosphorylated and non-phosphorylated starch
systems. In addition, the effects of AC on the multi-scale structures of
starch granules have already been widely documented (Kozlov et al.,
2007; Li, Dhital, Gilbert, & Gidley, 2020; Zhong, Liu, et al., 2020), hence
this part mainly discusses the effects of SPC and phosphate distributions
on the starch structural traits using PCA and correlation analysis.

PCA analysis, where the two main principal components (PC1 and
PC2) explained 83 % of the total variability, was conducted to interpret
general effects of C6P, C3P, and SPC (Fig. 5). The four starches were
grouped into four clusters, among which WPS was clustered with the
o-1,6 ratio and relative content of AP1 chains (RCap1); NPS was clus-
tered with average chain length of fb3 chains (ACLg3), ACLaM, and
Peakan; LPPS was grouped with high Peakaps, RCqpy1, and ACLg,, and
HPPS was characterized by having a high RCg,3, ACLg,;, and SPC/C3P/
C6P. For phosphate monoesters, SPC and C6P were clustered together,
consistent with previous results showing that C6P is the main compo-
nent of phosphate groups in potato starches (Wikman et al., 2014;
Wikman et al., 2011). Furthermore, the C6P was clustered with ACL,y
and ACLg,, whereas C3P was clustered with RCq,3 and ACLg,; chains.
The b2 and fb1l AP chains function as the major and second connector
chains, respectively, between the double helix and backbone of AP
chains (Zhong, Bertoft, et al., 2020; Zhong, Li, et al., 2021). Hence, these
data suggested that both C6P and C3P might be predominately located
at the connector chains between the backbone and double helical
matrix.

Consistent with the PCA results, correlation analysis (Fig. 6) showed
that C3P and C6P were significantly positively correlated with ACLg2
and ACL,y;, but negatively correlated with RCg,. These results underpin
that longer AP chains are highly suitable for accommodating phosphate
groups, an effect attributed to the preferred catalytic activity of GWD1
and GWD3 on long AP chains (Mikkelsen et al., 2004). Phosphate
monoesters might be preferably located far away from the branching
points (normally more than nine glucosyl residues) (Wikman et al.,
2011), and thus longer connectors are more likely to accommodate a
higher number of phosphate monoesters. It is also worth mentioning
that both C3P and C6P contents were negatively correlated with the
scattering intensity (Inq), underlining the disordering effect of phos-
phate monoesters on lamellar structures, consistent with previous
studies (Blennow & Engelsen, 2010; Kozlov et al., 2007). Interestingly,
only the C3P content showed a significant negative correlation with the
1047/1016 cm ™! ratio as analyzed by FTIR, emphasizing the effect of
C3P on disturbing the structures of starch granules in external regions,
as also supported by force field models (Hansen et al., 2009). It was
reported that phosphate groups exist in both the internal and external
regions of potato starch granules (Glaring et al., 2006), and the present
study emphasized that C3P might be mainly located in the external re-
gions of starch granules. AC, one of the most important structural traits
affecting the starch structure (Lin, Guo, Huang, et al., 2016; Lin, Guo,
Zhao, et al., 2016; Zhong, Liu, et al., 2020), was also considered in the
correlation analysis, and AC was found to be negatively correlated with
RCap; and the a-1,6 ratio, and positively correlated with ACLapy and
RCawm;, as shown in Fig. 6, consistent with previous reports (Cheetham &
Tao, 1997; Zhong, Liu, et al., 2020). However, AC had no significant
correlation with RC of fa, fbl, and fb2-three components of AP1, due to
that RCpp; was calculated based on the total contents of AP and AM,
while fa, fbl, and fb2 were calculated based on the total contents of only
AP fraction. Compared to AC, SPC, C3P, and C6P had a stronger corre-
lation with more structural parameters at molecular and lamellar
structural levels, suggesting that SPC is an additional critical factor
determining the structural traits of potato starches, even though its
content is much lower than the AC.

3.6. Proposed schematic molecular structures of potato starches with
different SPC and similar AC

As shown in Table 4, HPPS had a lower relative crystallinity, contents
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Fig. 7. Proposed schematic molecular structures of low phosphate potato starch (LPPS) and high phosphate potato starch (HPPS) (fa: amylopectin chains with DP
6-12; fby: amylopectin chains with DP 13-24); fb,: amylopectin chains with DP 25-36; and fbs: amylopectin chains with DP >36).

of single and double helices and I,ax than LPPS, despite having a similar
AC level (27.1 % cf. 31.2 % with no significant difference, Table 3). As a
consequence, HPPS showed a more disordered matrix with crystal de-
fects. This is probably attributed to its high SPC and/or long AP chains.
For AP chains, the ACLg,; has a positive correlation with crystallinity
and the relative content of the double helices in rice starches (Zhong, Li,
et al., 2021). HPPS exhibited a significantly higher ACLgy, i.e., more
chains involved in the formation of double helices and potentially in
crystalline order. It was therefore expected that HPPS is more ordered
than LPPS, however, this was not the case. Hence, the disordered
structure of HPPS might have been attributed to its high SPC. As dis-
cussed in Section 3.5, both C3P and C6P are suggested to be mainly
located at the connector chains between backbone chains and double
helices (Blennow, Engelsen, Munck, & Mgller, 2000). However, phos-
phorylation can also take place in double-helical segments at both the C-
3 and C-6 positions, in which the C6P aligns well in the groove of the
double helix, whereas C3P is more exposed and even strains the double
helix by being incompatible with its conformation (Blennow & Engelsen,
2010; Hansen et al., 2009). A weak negative correlation between the
C3P and double helix content (Fig. 6) further implies that C3P can
induce local defects during the double helix formation (Blennow &
Engelsen, 2010; Hansen et al., 2009). Therefore, we suggest that a high
content of C3P was the main reason for the disordered structure of HPPS,
probably by preventing the double helical formation and disorienting
the parallel alignment of the double-helical lamellae, especially in the
external regions of granules as shown by FTIR data (Table 4). Therefore,
according to the above discussions based on our statistical results, pre-
vious work (Zhong, Liu, et al., 2020), literature (Blennow & Engelsen,
2010), and our current understanding within the area, schematic mo-
lecular structures of LPPS and HPPS are generated and presented in
Fig. 7.

4. Conclusion

The effects of starch phosphate monoesters, namely C3P and C6P on
the multi-scale structures of potato starches were studied using four
types of potato starches with different SPC as models. The structural
results suggest that a higher SPC is related to smaller amylopectin (AP)

molecular size, more long AP chains with DP > 24 and fewer short AP
chains with DP < 24; moreover, higher SPC correlates with lower
amounts of double helices and crystallinity, as well as higher long period
distance, and a lower scattering intensity (I;qx), indicating less struc-
tural ordering and a more flexible lamellar structure of potato starch
with higher SPC. Correlation analysis suggested that C3P were signifi-
cantly negatively correlated with I, and short-range structural
ordering at the starch granule surface (1047,/1016 cm™!), while C6P was
only negatively correlated with the I,q. These results emphasized the
disturbing effect of C3P on the structural ordering of potato starches,
especially in the exterior part, probably by preventing the helical for-
mation and disorienting the parallel alignment of the double-helical
lamellae. This is the first study providing experimental data to support
the functional differences of C3P and C6P in affecting the structural
ordering of potato starches, and these findings will be helpful for potato
breeding efforts that aim to control the phosphate group distributions to
produce customized functional starch varieties. To support these efforts,
future studies should provide a comprehensive understanding of how
C3P, C6P or how the resulting structural differences caused by these
starch phosphate monoesters affect the functionality of the potato
starches.
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