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Abstract:
increasing due to their unique functional properties and enhanced nutritional values in food applications. While high-

Although high-amylose starches are not a recent innovation, their popularity in recent years has been

amylose maize, barley, and potato are commercially available, high-amylose variants of other main crops such as wheat
and rice have once been developed more recently and will be available commercially in the near future. This review
summarizes the development, structure, and nutritional functionality of high-amylose starches developed and reported so
far. The range of biotechnological strategies utilized are reviewed, as are the consequent effects on structural properties
at different length scales, as well as sensory aspects of foods containing high-amylose starch (HAS). This review identifies
the molecular and microstructural features contributing to digestive enzyme resistance not only in native HAS but also
in forms of relevance to food processing. During heat treatment, HAS tends to retain or form dense molecular structures
that resist amylase degradation through the retention of the granular structure as well as helices (type-2 resistant starch
[RS]), reassociation of glucan chains (type-3 RS), and formation of lipid—amylose complexes (type-5 RS). The review
also identifies opportunities for food manufacturers and consumers to incorporate HAS in food products and diets for

better nutritional outcomes.
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Introduction

Starch is the major storage carbohydrate in plants. Its biosyn-
thesis occurs in seeds, tubers, fruits, roots, and leaves. Starch plays
important roles not only in the life cycle of plants, but also in
human and animal nutrition. The degradation of starch provides
much of the energy needed by humans. However, the process is
also responsible for undesirable body responses or metabolic disor-
ders, such as excessive energy intake and high blood glucose level.
These consequences can become major risk factors resulting in
increasingly common diseases such as obesity and type 2 diabetes.

Postprandial metabolism depends on how starch, after ingestion,
is digested into glucose that is absorbed in the small intestine.
The digestion is initiated by salivary o-amylase, followed by
pancreatic a-amylase with smaller oligomers and a-limit dextrins
as products. These are further degraded by the small intestinal
brush border glucoamylases (Nichols et al., 2003) into glucose as
the end product. The starch fraction that escapes the hydrolysis of
these enzymes in the small intestine is termed as resistant starch
(RS). The health benefits of RS are not limited to reducing
risks of metabolic disorders. Its interactions with the microbiota
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in the large intestine through fermentation have additional
positive effects on the body, including improvement of immune
responsiveness and management of colonic diseases (Shanahan,
van Sinderen, O’Toole, & Stanton, 2017; Topping & Clifton,
2001; Valentina & Fredrik, 2012).

The underlying mechanism of starch digestion has been
classified into two groups: barriers to the access of enzyme to
starch and starch structural features controlling the enzyme action
once bound to starch (Dhital, Warren, Butterworth, Ellis, &
Gidley, 2017). Starch contains two groups of glucan polymers,
amylopectin, which is highly branched and has many short
branches, and amylose that has a small number of long-chain
branches. The amylose content has been shown to have signif-
icant correlation with lower digestibility or higher RS content
(L1, Jiang, Campbell, Blanco, & Jane, 2008; Regina et al., 2012;
Witt, Gidley, & Gilbert, 2010; Zhu, Liu, Wilson, Gu, & Shi,
2011). Although physical and chemical techniques can modify
the starch properties for lower susceptibility to amylolysis, the
degree of modification through physical techniques is limited and
products of chemical modification without clean labelling are not
always acceptable to consumers. Thus, biological approaches to
increase the amylose content are of current interest.

Breeding high-amylose cereals started in the 1940s (Table 1).
Nowadays, a better understanding of how the starch biosynthesis
enzymatic machinery functions and the identification of genes
related to the biosynthesis of the glucan polymers has enabled
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Table 1-History of high-amylose maize starch breeding.

Date Event Mutant Enzyme?® Amylose content
1940s Initiation of the first high-amylose breeding program dull (du), SugaryT (suT) N 65%

1952 Discovery of the amylose-extender (ae) gene ae SBEIIb 55%

1958 Commercialization of first high-amylose maize hybrids ae SBEIIb 55-60%

2Enzyme activity down-regulated in mutants (Hallauer, 2001).
SS: starch synthase; SBE: starch branching enzyme.

the manipulation of amylose content in a wide range of crops
through traditional breeding or transgenic modification. This has
enriched the choice of available varieties with starch that can be
tested for desired functional properties in food applications and
nutritional functions. However, alterations in amylose content,
by whatever means, may affect different levels of starch structure
with a whole cascade of functional and nutritional consequences.
Thus, it is timely to review these advances together to interconnect
selection of genes to be modified through starch digestion into
glucose in humans. The current review critically evaluates (1) the
effect of approaches to elevating amylose content on molecular and
supramolecular features of starch, (2) how these features impact on
RS formation associated with food processing and gastrointestinal
digestion, and (3) the opportunities for food manufacturers and
consumers to incorporate HAS in food products and diets for
better nutritional outcomes.

Structural Features of High-Amylose Starch
Overview of high-amylose starch

Normal or wild-type starches consist of two types of glucose
polymers, amylose (approximately 25%) and amylopectin (ap-
proximately 75%), with traces of lipids and proteins. The linear
backbone is a-(1-4)-linked glucan, while branches are linked by
a-(1-6) glycosidic bonds. Amylose is predominately linear with
rare branches, while amylopectin is composed of about 5% of
branch points. Compared to amylose with moderate molecular
weight (approximately 10° Daltons), amylopectin is known as
one of the largest biopolymers and has a much higher molecular
weight (approximately 10% Daltons). Starch with elevated levels of
amylose, compared to the typical wild-type lines, can be termed
high-amylose starch (HAS). So far, HAS types from mutant cereal
grains such as wheat, maize, rice, barley, as well as potato tuber
have been developed.

The detailed analysis of molecular structure focuses on the
size distribution patterns of both the total size of the molecule
and individual branches through size-exclusion chromatography
(SEC, also known as gel-permeation chromatography [GPC])
and fluorophore-assisted carbohydrate electrophoresis (FACE).
The SEC elution results give the size distributions of whole
starch molecules, and of individual chains following enzymatic
debranching, and also enable the calculation of amylose con-
tent (Vilaplana, Hasjim, & Gilbert, 2012). Iodine colorimetry is
another widely used method to determine amylose content. How-
ever, iodine colorimetry usually generates overestimated values
compared to SEC due to interference by color development from
amylopectin—iodine complexes (Fitzgerald et al., 2009; Jane et al.,
1999; Kasemsuwan, Jane, Schnable, Stinard, & Robertson, 1995;
Vilaplana et al., 2012). This interference cannot be ignored, espe-
cially for HAS in which amylopectin can have very long branches,
functioning similarly as amylose. Such long amylopectin arises
particularly when starch-branching enzymes have been downreg-
ulated, as this results in less-branched amylopectin, and is often
referred to as intermediate material. Using the ratio of large-to-
small fully branched molecules, or long-to-short individual chains
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cannot unambiguously classify intermediate amylopectin/amylose
into amylopectin or amylose. An experimental two-dimensional
(2D) distribution was proposed to address this problem in HAS by
Vilaplana, Meng, Hasjim, and Gilbert (2014), which differen-
tiates the intermediate materials in maize HAS (for example,
amylopectin with extra-long branches and branched amylose),
although it has not yet been applied to HAS from other botanical
origins.

Starch structure has been a topic of wide investigation and has
been reviewed elsewhere (Wang, Bogracheva, & Hedley, 1998;
Zobel, 1988). There have been increasing numbers of studies on
the structural features responsible for the unique properties of HAS
(for example, maize [Jane et al., 1999; Shi, Capitani, Trzasko, &
Jeftcoat, 1998], wheat [Regina et al., 2010], barley [Regina et al.,
2012], and rice [Butardo et al., 2017; Wei, Xu, et al., 2010]).
The structural features can be categorized into 6 levels (Figure 1):
from the lowest level of structure, individual chains, to the highest
level of structure, starch deposition in grains (Ball et al., 1996). The
change in length of chains can affect the double-helix structure
of linear a-(1-4) glucan chains. The packing of helical structure
forms a semicrystalline lamellar structure, with a lamellar repeat
of 9 to 10 nm within granules, which is almost conserved among
all starches in spite of botanical origins and locations. At the next
level, starch granules consist of alternating amorphous and crys-
talline regions, generally defined as “growth rings.” It is generally
accepted that the amylopectin molecules are radially organized
with the reducing ends pointing to the hilum, which is the center
of the growth rings. The molecular structure and arrangement (nm
level) impact the supramolecular structure (um level) as well as the
granular structure such as surface, size, and shape. The subsequent
subsections will elaborate the role of the multilevel structures of
HAS on the physicochemical properties.

Individual branches

The branch population of amylopectin has 3 broad classes: A,
B, and C as proposed in the generally accepted “cluster model”
(Hizukuri, 1986). In each amylopectin molecule, A-chains have
themselves no branches but branch out from B-chains. B-chains
bind to other B or C-chains. C-chains have the sole reducing
end of an amylopectin molecule. The chain-length distribution
can be measured by SEC or FACE, after debranching the solu-
bilized clusters into individual chains by isoamylase that cleaves
a-(1-6)-linkages (Wu, Li, & Gilbert, 2014). Typically, degrees of
polymerization (DPs) of less than 20 are classified as A-chains,
but it is emphasized that all A, B, and C chains can have a wide
range of DPs. Compared to A-chains, B-chains are longer and
consist of 20 to 75 glucose units (Hizukuri, 1986). By comparing
amylopectin branches from different botanical origins, Hanashiro,
Abe, and Hizukuri (1996) proposed another shorter periodicity in
chain length, which can be divided into the fractions of A- (DP
6 to 12), B1- (DP 13 to 24), B2- (DP 25 to 36), and B3-chains
(DP >36). As an alternative to the “cluster model,” Bertoft (2004)
proposed a “building block backbone model” of cluster intercon-
nections, that is, the amylopectin branches are distributed along a
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Figure 1-Structural properties of high-amylose starch using wheat as an example. The elongation of individual branches is shown in yellow. (Modified

from Dona, Pages, Gilbert, & Kuchel, 2010).

backbone extending in an almost perpendicular direction. More
details about the models of amylopectin structure are available
elsewhere (Bertoft, 2013, 2017).

As shown in Table 2, HAS from mutant lines with altered ex-
pression level of biosynthesis enzymes (starch synthases [SSs] or
starch-branching enzymes [SBEs]) generally show an increase in
the proportion of relatively long chains (about DP > 30) of certain
DP ranges and a decrease in relatively short chains (about 10 <
DP < 20), accompanied by an increase in very short chains (about
DP < 10). However, the exact range of the branch changes is
still ambiguous among the cereal crops, at least in part due to the
downregulation level of enzyme expression not being consistent
between studies.

Granular distribution of amylopectin and amylose

Although the location of amylose in starch granules is still the
topic of debate, in normal raw starch, it is generally accepted
that amylose is tangentially located to the radial orientation of
amylopectin chains, which minimizes the chances of double-helix
formation between the two polymers. The periphery of the
starch granule was proposed to contain higher amylose content,
compared to the core of the granule (Jane, 2006). The difference
was observed through surface chemical gelatinization, which
allows the separation of the outer and the inner fractions of starch
granules (Jane & Shen, 1993; Pan & Jane, 2000). Amylose may
be largely free of interaction with amylopectin as well as other
amylose chains in non-high-amylose starches. This hypothesis is
supported by the observation that amylopectin retains its crys-
tallinity, while amylose mostly leaches out in the form of a single
chain just below gelatinization temperature (Ring, L’Anson,

364 Comprehensive ReviewsinFood Science and Food Safety ¢ Vol.18,2019

& Morris, 1985). Amylose and amylopectin in potato may be
relatively more separated than in maize (Zobel, 1988). However,
the location of amylose in HAS remains to be described. The
questions not fully understood include: (1) Do chains of interme-
diate material in HAS form double helices? (2) Do more amylose
chains interact with intermediate amylopectin, and consequently,
is less amylose leached out during granule swelling? (3) Do the
elongated chains of amylopectin complex with lipids in HAS?

In HAS, it is hypothesized that amylopectin with an increased
ratio of longer chains may form radially longer clusters with chains
extending through multiple crystalline regions, leading to a more
stable lamellar structure (Jane et al., 1999; McPherson & Jane,
1999). This may explain the observation (Butardo et al., 2011,
2017; Li et al., 2008; Regina et al., 2012; Zhu et al., 2011) that
short chains may result in imperfections in the formation of crys-
tallites, whereas starch with fewer short chains has better enzymatic
resistance and heat stability.

Semicrystalline lamellae (A, B, and V polymorphs)

The packing of double helices of amylopectin chains in HAS
tends to result in hexagonal unit cells with B-type crystallinity
(X-ray diffraction pattern) (Wang et al., 1998). The wild-type ce-
real starch generally has monoclinic unit cells and shows an A-type
crystallinity pattern, which is relatively more compact and binds
with less water. Both crystal polymorphs show characteristic peaks
in X-ray diffraction patterns. A main diffraction doublet at 17° and
18° Bragg angles (20) are the signature peaks for an A-type crystal
pattern. A diffraction singlet at 17° and peaks at approximately
5.5° 26 are the signature peaks for a B-type crystal pattern. The
reason for this polymorphism has been proposed to be that longer
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Figure 2—Primary biosynthetic enzymes and their functional roles on starch molecular structure as described in Nakamura (2018) and Tetlow (2011).
GBSS: granular-bound starch synthase, SS: starch synthase, SBE: starch branching enzyme, DBE: starch debranching enzyme.

amylopectin branches in HAS crystallize relatively rapidly into the
more readily formed B-form, whereas shorter branches in normal
starches crystallize more slowly into the less readily formed but
more thermodynamically stable A-form (Gidley, 1987).

The lipids in cereal starches, mainly lysophospholipids and free
fatty acids (Morrison, 1988), can be in free form or as part of
amylose—lipid complexes. The complexes can be inferred from
the V-type diffraction pattern (major peak at approximately 20°
260). Amylose and lipid contents are well correlated in waxy and
nonwaxy cereal starches (for example, barley starch [Morrison,
Tester, Snape, Law, & Gidley, 1993]), and lipid content tends to
increase in mutants with high-amylose content (Pérez, Baldwin, &
Gallant, 2009). Long chains of amylose seem to have higher affin-
ity for lipids than short chains of amylopectin, while amylopectin
chains already in double-helical forms cannot include lipids inside
the helix. The amylose complex V-type fraction of total crys-
tallinity increases with amylose content in barley HAS (Regina
et al., 2012).

Glucan chains near branching points or long chains of amy-
lopectin are not likely to form double helices, but make up the
amorphous part of granules together with amylose (Wang et al.,
1998). This disordered region contributes a featureless background
in diffraction patterns. The known contribution from the amor-
phous part can be subtracted from the total area under the X-ray
diffraction pattern to calculate the total crystallinity. Reduction
of crystallinity along with alteration of A-type into B-type crys-
tallinity in cereal HAS has been reported previously (Butardo etal.,
2011; Huang et al., 2015; Regina et al., 2012; Yamamori, Fujita,
Hayakawa, Matsuki, & Yasui, 2000).

Starch granules

The granular shape of HAS tends to be asymmetrical and de-
formed, for example, crescent-shaped in wheat and elongated in
rice and maize, whereas normal starch granules have spherical
or angular shapes. Native starch granules are birefringent with a
Maltese cross pattern under polarized light, reflecting the radial
organization of underlying molecular and crystalline structures.
The cross pattern disappears to some extent in some granules of
HAS (Slade et al., 2012), suggesting that HAS granules have a
less ordered arrangement on the light wavelength scale of 100s of
nanometers. Similarly, the characteristic 9- to 10-nm repeat struc-
ture in small-angle scattering patterns is weaker in HAS (Blazek
et al., 2009; Regina et al., 2012), reflecting a less regular order
at this shorter length scale. Normal wheat starch granules have

© 2019 Institute of Food Technologists®

a bimodal size distribution: large lenticular granules (ca. 15 to
40 pum) and small spherical granules (ca. 1 to 10 pum). In mutant
wheat starch with elevated amylose content, both large and small
granules become crescent-shaped and shrunken (Regina et al.,
2006; Slade et al., 2012; Yamamori et al., 2000). The percentage
of elongated granules is up to 32% in high-amylose maize starch
(Jiang, Campbell, Blanco, & Jane, 2010). A range of large vo-
luminous and nonangular rounded or elongated and filamentous
granular shapes is found in rice HAS (Wei, Qin, et al., 2010).
Fused granule agglomerates are formed in the amyloplast, possibly
due to enhanced amylose interaction on the outer layer of 2 starch
granules (Jiang, Horner, et al., 2010).

Biosynthesis of High-Amylose Starch in Plants
Enzymes in relation to starch synthesis

Overview of the enzymatic machinery. Proceeding from the
substrate ADP-glucose to the large glucan polymers in the amylo-
plast, the enzymatic machinery forms two types of glucan linkage:
a-(1-4) and a-(1-6) glucosidic bonds, the latter forming branch
points. The formation and cleavage of the bonds are mainly con-
trolled by three types of enzymes (Figure 2): SSs, SBEs, and de-
branching enzymes (DBEs). SSs catalyze the elongation of glu-
can chains with ADP-glucose by forming an «-(1-4)-glucosidic
linkage at the nonreducing end. SBEs cleave an internal o-(1-4)-
linkage and transfer the cut chain to form an o-(1-6)-linkage at
a different o-(1-4)-linked site. Multiple SBEs play a critical role
in determining the branching pattern and the polymodal distribu-
tion of chain lengths (Bertoft, 2013; Hanashiro et al., 1996). DBEs
(for example, isoamylase and pullulanase) have a “trimming” func-
tion through the cleavage of branches to allow the amylopectin
molecule to crystallize properly (Myers, Morell, James, & Ball,
2000). Disproportionating enzymes (D-enzyme), which cleaves a
glucan chain and transfers one portion to the nonreducing end
of another preexisting chain, may have impacts on the generation
of HAS as well (Tetlow, 2011; Tetlow, Morell, & Emes, 2004).
SSs and SBEs have preferences to function on glucan chains with
a certain DP range. These preferences have been deduced from
the chain length distribution of amylopectin in mutant or trans-
genic lines lacking a specific enzyme, and from in vitro studies
(Nakamura, 2018; Tetlow, 2011).

These synthesized enzymes may act on amylopectin coordi-
nately by forming protein complexes. There is evidence suggesting
that formation of complexes can alter the properties of enzymes.
For example, even though only one biosynthetic enzyme isoform
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is mutated, one or more other synthesized enzymes lose activ-
ity, as shown in maize (Colleoni, Myers, & James, 2003; Dinges,
Colleoni, James, & Myers, 2003) and wheat (Tetlow, Wait, et al.,
2004), or result in the dissociation of the complex (Tetlow, Wait,
et al., 2004). However, the in vivo functional mechanism of the
complexes is largely unknown (Zeeman, Kossmann, & Smith,
2010).

The relationships between the biosynthetic enzymes and amy-
lose content have also been reviewed elsewhere (Bird & Regina,
2018; Nakamura, 2018; Regina et al., 2015; Tetlow, 2011; Tetlow
& Emes, 2014; Wang, Hu, Chen, Liu, & Wei, 2017). To summa-
rize, “apparent” amylose content, in principle, can be enhanced
in three ways: (1) increase GBSS action to promote amylose syn-
thesis, (2) decrease relative amylopectin levels through inhibition
of SS(s), or (3) decrease amylopectin branching through inhibi-
tion of SBE(s). The reported studies have been summarized in
Table 2, based on these three principles. Inhibition of SSs does
not change amylopectin branching structure as much as inhibi-
tion of SBEs does, but it increases the proportion of linear chains
(true amylose) by repressing amylopectin synthesis. In contrast,
SBE inhibition results in more amylopectin being measured as
“apparent” amylose content using iodine-based methods because
of the longer branches. Perhaps, the proportion of linear chains in
SBE mutants does not actually change as much as in SS mutants,
but increasing amounts of amylopectin get classified as amylose as
branching is inhibited (Jobling et al., 1999; Morell et al., 2003).
The subsections will discuss the functions of SSs and SBEs on the
lowest level structure, individual branches, which determines many
higher level properties. Accurate manipulation of starch molecu-
lar structure is of interest, which allows fine-tuning the design of
starch with desirable properties.

Starch branching enzyme. Mutants or transgenic plants lacking
SBEs show significantly elevated apparent amylose contents. There
are two major types of SBE (SBEI and SBEII). In the tubers of
potato, SBE I (also called class B) is the major isoform, while SBE
IT (also called class A) is expressed at very low level (Jobling et al.,
1999). However, in cereals, SBE II significantly affects amylose
content, whereas there is no or only little change in phenotype
for SBE I mutants of cereal grains (Blauth et al., 2002; Regina
et al., 2004; Satoh, Nishi, Yamashita, & Takemoto, 2003). SBEII
is further divided into two isoforms (ITa and IIb), which have high
similarity in sequence and molecular weight. For example, the
mutants of amylose-extender (ae) gene, which is related to SBE IIb in
maize and rice, show a rise in amylose content, along with longer
branch chains in amylopectin (Jane et al., 1999; Nishi, Nakamura,
Tanaka, & Satoh, 2001). SBE IIa is the major isoform in the soluble
phase of the wheat and barley endosperms. It is suggested to be
more important than SBE IIb in controlling glucan branching and
amylose content in wheat or barley, since the starch structure of
transgenic wheat in which SBE IIb is silenced alone shows no
significant change (Regina et al., 2006, 2010). Further, mutants
deficient in both SBEIIa and SBEIIb have a higher level of apparent
amylose content than suppression of either alone (Regina et al.,
2010; Zhu et al., 2012). Starch branching enzymes (SBE I, SBE
ITa, SBE IIb) in barley simultaneously silenced by hairpin-RNA
generated “amylose only” HAS (Carciofi et al.,, 2012). A few
studies also reported elevated amylose content in crops through
downregulation of SBE as shown in Table 2.

There are two approaches to understanding the chain-length
transfer range preference of SBEs: (1) in vitro study of purified SBE
isoforms on glucose polymers and (2) deduction from the analysis
of starch fine structure of mutants or transgenic lines lacking SBE
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isoforms (in planta evidence). In planta functions of SBE isoforms
on amylopectin branches are substrate-dependent (Tetlow, Morell,
et al.,, 2004). SBEII isoforms prefer to act on amylopectin and
form shorter branches (DP 6 to 14), whereas SBEI prefers amylose
as a substrate and forms relatively longer chains (up to DP 30,
but predominantly DP 10 to 13) (Tetlow & Emes, 2014). With
regard to the difference between SBEII isoforms, it has been
proposed that SBE Ila forms chains with DP 6 to 15, whereas
SBE IIb forms short chains with DP 6 and 7 (Nakamura, 2018;
Nakamura et al., 2010). Compared to SBE Ila, SBE IIb may have
a broader affinity to amylopectin branches, allowing the wide
range of branches to be shortened into a relatively narrow range.
Amylose, compared to amylopectin, has a small number of
branches, suggesting that SBEs are also active in the synthesis. The
role of SBEs in determining amylose structure should therefore
not be ignored, even though there is lack of in planta evidence.
The in vitro reactions of SBEs on linear “amylose” (Nakamura
et al., 2010) have shown that SBE IIa and IIb from rice endosperm
have no activity on short “amylose” (about 50 DP), but react on
longer “amylose” (about 6000 DP). In addition, SBE I appears to
have relatively broad affinity to amylose, not only showing similar
change patterns as SBE II on long “amylose,” but also predomi-
nantly transferring chains with about 30 DP from short “amylose.”
Starch synthase. There are five classes of SSs based on their
conserved primary amino acid sequences. One class is known as
granule-bound SS (GBSS), which, as the name suggests, is only
found bound tightly within starch granules. The other 4 SS classes
(SSI, SSII, SSIII, and SSIV), known as soluble SSs, are either
soluble in the amyloplast stroma, or partially soluble and partly
associated with the granule (Zeeman et al., 2010). The soluble
SSs are primarily involved in amylopectin synthesis, while GBSS
is essential for amylose synthesis. Some soluble SS isoforms have
distinct roles in amylopectin elongation. SSI, SSII, and SSIII classes
seem to preferentially elongate short, medium, and long chains to
a critical chain length, respectively (Tomlinson & Denyer, 2003).
Fujita et al. (2006) suggested that SSI generates short-chain DP 8
to 12 from DP 6 to 7 chains in rice. The intermediate chains of
DP 11 to 25 were elongated from DP 6 to 10 chains by SSII in
wheat (Yamamori et al., 2000). Relatively longer chains (DP =
30) were decreased due to SSIII deficiency in a rice mutant (Ryoo
et al., 2007). The deficiency in SSs appears to be less effective to
increase apparent amylose content compared to SBEs (Table 2).
GBSS deficiency results in waxy starch with greatly reduced
amylose content, and may be involved in the elongation of long
chains of amylopectin (Yoo & Jane, 2002). However, attempts to
increase the expression of GBSS have not significantly increased
amylose content (Flipse, Keetels, Jacobsen, & Visser, 1996; Sestili
etal., 2012). The dosage of GBSS protein might not be a key factor
to increase amylose content, if the synthesis is instead limited by
other factors, including the availability of physical space within the
matrix of amylopectin, and the availability of ADP-glucose and
malto-oligosaccharides (Sestili et al., 2012).

Genetic approaches to elevate amylose content

Identifying mutant genes of SSs and SBEs. Strategies to elevate
amylose content are mainly focused on suppressing the expres-
sion of SBEs or SSs, or elevating the expression of GBSS in the
amyloplast (Table 2). The candidate genes coding for the enzymes
are traditionally identified through mutational analysis that de-
tects the deactivated gene as a newly presented phenotype. For
example, in the sex6 mutant of barley, sequence analysis showed
that an early stop codon, which is caused by a G to A transition
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on chromosome 7H, suppresses C-terminal translation of the ac-
tive site of SSIla (Morell et al., 2003).

In addition to natural mutations, mutants can be created phys-
ically (for example, by gamma ray and heavy ions) or chemically
(for example by ethylmethane sulfonate that produces primarily
C/G to T/A transitions). For either natural or induced mutagene-
sis, a key step is to identify the knocked-out genes, typically caused
by single-nucleotide polymorphisms (SNPs). After identification
of allele mutations, crossing plant lines with null alleles is used to
generate homozygous null genotypes. Targeted induced local le-
sions in the genome (TILLING) was employed in the development
of wheat HAS (Slade et al., 2012): high-amylose contents (up to
56%) were generated by cross-breeding the wheat lines with the
new mutant alleles in SBE II. This method allows identification of
mutants without the need for direct selection of phenotypes. This
advantage is extremely useful for screening mutated alleles in poly-
ploid genomes, for example, hexaploid genome of wheat (Triticum
aestivum L.) that is composed of three independently maintained
but closely related genomes, A, B, D. Unlike diploids, such as
maize and barley, single-genome mutation in wheat thus usually
does not result in any major changes in phenotype. Whether SNPs
happen in the region of interest (ROI) of genomes can be in-
stead visualized by high-resolution denaturing high-performance
liquid chromatography (DHPLC) (McCallum, Comai, Greene, &
Henikoft, 2000). However, recent sequencing technologies enable
the more accurate detection of SNPs relevant to starch structures,
for example, genotyping-by-sequencing (Butardo et al., 2017).
TILLING in combination with chemical mutagenesis does not
rely on transgenic technologies that are not always broadly ac-
ceptable to consumers (Slade, Fuerstenberg, Loeffler, Steine, &
Facciotti, 2005). Regina et al. (2015) proposed that a screen-
ing procedure using an affinity gel electrophoresis system to first
purify SBE II isoforms, followed by immunoblotting with anti-
SBEIIa serum and sequencing, identifies SNPs of SBE Ila and
IIb. The wheat lines after repeatedly crossing of null genotypes
screened by this method have approximately 85% amylose content
(iodine colorimetric value) (Regina et al., 2015). Another method
to access and identify genetic diversity is multiparent-advanced
generation intercross (MAGIC). MAGIC is also a powerful high-
throughput screening approach for polyploid crops (Cavanagh,
Morell, Mackay, & Powell, 2008) and diploid crops (for example,
rice [Bandillo et al., 2013]). Overall, the identification of SNPs,
together with effective mutagenesis, expands resources for phe-
notypic variants with desirable alleles and breaks the limitation of
the relatively small germplasm pool accessible to plant breeders
(McCallum et al., 2000; Slade et al., 2005, 2012).

Downregulation of SBE by RNA interference (RNAi). Gene
modifications through RNAi have been used to generate high-
amylose-content starches in potato, wheat, barley, and rice. The
RNAI construct, including hairpin RNA, is designed by cloning
c¢DNA fragments of the biosynthetic enzymes. The construct is
expressed in the transgenic plants to suppress the transcription of
targeted genes. The method offers an alternative way to downreg-
ulate SBE to generate HAS. Especially for polyploid crops, such
as wheat, it is challenging to screen mutated alleles and combine
them to have homozygous mutations on homologs that have new
phenotypes. Regina et al. (2006) designed hairpin-RINA construct
targeting SBEIIa and SBEIIb using the exon 1 to 3 region in in-
verted repeats that are separated by the intron 3 of the respective
genes. In addition, SBE was specifically targeted for silencing in
potato (Jobling et al., 1999; Schwall et al., 2000) and rice (Butardo
et al., 2011) to successfully generate HAS.
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High-Amylose Starch and Resistant Starch Formation
Amylose content is found from many (mostly in vitro) stud-
ies to be correlated with RS content. Attempts to estimate RS
content in vitro initially focused on a simple time-based classifi-
cation. Specifically, the undigested starch remaining after in vitro
hydrolysis by excessive pancreatic amylase and amyloglucosidase at
37 °C for 120 min was believed to enter the large intestine physi-
ologically (Englyst, Kingman, & Cummings, 1992). However, the
in vitro hydrolysis conditions vary among several analytical meth-
ods to determine RS content. Although in vitro prediction is vali-
dated with limited in vivo data derived from digesta collected from
human ileostomy subjects (Englyst, Kingman, Hudson, & Cum-
mings, 1996), arguments are put forward on limitations of in vitro
data, most importantly the complex physiological processes and
individual differences in gastrointestinal passage rates and enzyme
secretion. Further, the term “RS” may be misleading to suggest
that the fraction is definitely indigestible or resistant to amylases,
despite what its name suggests (Dhital et al., 2017). There is ev-
idence showing no biochemical difference between undigested
residues and native granules (Cai & Shi, 2013; Evans & Thompson,
2004) and recovery of the in vitro digestion pattern by redigestion
of the “resistant” fraction (Zhang, Ao, & Hamaker, 2006). On
the other hand, “resistance” may be derived from the depletion of
the available substrate or enzymatic activity loss due to hydrolysis
product through binding to amylase. Therefore, given sufficient
time and optimal hydrolysis conditions, there is no undigestible
starch containing physiologically cleavable glycosidic bonds, o-
(1-4) or a-(1-6), by brush border enzymes (Dhital et al., 2017).
In fact, the fraction of starch entering the colon should be de-
pendent on both physiological digestion rate and gastrointestinal
passage rates, which are highly simplified in the in vitro digestion,
even in a standardized method (Minekus et al., 2014). However,
in vitro assays have been widely used, because of the advantages
in quick evaluation of RS level (for example, screening of newly
derived HAS cultivars) and relatively low cost. Rather than only
comparison of experimental data from HAS studies, focus on the
fundamental but rate-determining steps of the conversion of HAS
into absorbable products allows a better understanding of the effect
of elevation of amylose content on digestibility. The two funda-
mental steps are the diffusion or absorption of the enzyme onto the
substrate and the catalytic event. The catalytic event happens once
digestive enzymes bind to starch substrate, either in native granu-
lar form and the forms induced by food processing. However, the
structural features in the native granular form of starch, as 1 end
of the spectrum of starch types in foods, should not be neglected,
especially for HAS that have more heat-stable granule structures.

Access to starch substrate

Barriers, including plant cell wall and protein matrices, prevent
or slow down enzyme diftusion to substrate and thus alter the di-
gestion rate. Previous studies have reported a reduction of glycemic
responses (C. H. Edwards et al., 2015) and excretion of undigested
macronutrients (Ellis et al., 2004; Noah et al., 1998; Tovar, Bjorck,
& Asp, 1992) on consumption of whole grains or cooked legumes
in humans and rats. The in vitro digestion rate of starch and lipids
was reduced due to the intact cell walls (Dhital, Bhattarai, Gorham,
& Gidley, 2016; C. H. Edwards, Warren, Milligan, Butterworth,
& Ellis, 2014), whose roles in macronutrients encapsulation have
been reviewed recently (Grassby, Edwards, Grundy, & Ellis, 2013;
Grundy et al., 2016). The intactness of cell walls is related to par-
ticle size, which is dependent on mastication habits and processing
conditions, for example, milling and heating. Given the diameter
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of individual grain cells can be less than the food particle size,
the larger the particle size, the less disrupted the cell walls after
milling. The particle size of whole grains is negatively correlated
with amylase digestibility, as shown in milled barley and sorghum
grains (Al-Rabadi, Gilbert, & Gidley, 2009). After heating, the
intact cell wall remains as a limiting factor of the hydrolysis of the
encapsulated starch, as examined using thermally isolated intact
cells at 95 °C (Dhital et al., 2016). As for the particle size of starch
granules, smaller granules normally have more available surface
area for the adsorption of enzymes, with the exception of gran-
ules containing a surface-accessible interior surface area (cavities
or radial channels) (Dhital, Shrestha, & Gidley, 2010). Compared
with larger counterparts, smaller granules have higher amylolysis
rates, as demonstrated by the digestion of size-fractionated native
starches (Dhital et al., 2017). In SBE-deficient transgenic rice,
starch granules that consist of smaller subgranules have increased
granule diameters but seem to be fragile to mechanical processing
due to the hollow interior (Wei, Xu, et al., 2010). However, this
reduced surface area of enzyme adsorption may or may not reduce
the hydrolysis rate and extent of the HAS. The accessibility of en-
zymes to substrate also depends on the damage to starch granules
during processing, for example, milling, which may cause a higher
degree of damage to fragile granules, and exposure of the starch
granule surface that may be covered by protein matrices. The ef-
fect of bound protein matrices on HAS digestion has not been
reported. Soluble fibers (nonstarch polysaccharides) also generate
such barriers. Arabinoxylans and f-glucan are the primary solu-
ble fibers in cereals. These components aftect viscosity of digesta,
which potentially controls the diffusion rate of enzymes, but the
viscosity effect can be negated by intense mixing (Dhital, Dolan,
Stokes, & Gidley, 2014). Thus, other possible mechanisms, such
as interaction of enzymes and fibers, and fibers coating the starch
granules, need further investigation.

Structural features of HAS slowdown hydrolysis

Structural features of native HAS and enzymatic resistance.
At the supramolecular level (um), the starch granules with pores
(>0.1 pm) have an “inside-out” digestion pattern allowing direct
access for enzymes to diftuse inside the granules, whereas those
without pores show surface erosion or pitting at the early stage
of digestion and thus limited accessible surface area for enzyme
binding (Dhital et al., 2010). For native starch with regular amy-
lose content, surface pores and radial channels can be observed
by scanning electron microscopy (SEM) in starch with A-type
crystallinity, that is, cereal starch (maize, wheat, barley, and rice).
However, pores on the granules are not uniform. Some gran-
ules contain many pores, others a few, and some none (Buléon,
Colonna, Planchot, & Ball, 1998). The internal surface area in-
creases the accessible binding area for amylases. But starch with
B-type crystallinity normally does not have pores, for example,
potato starch and high-amylose maize, which may have amylose
and amylopectin tightly interacting at the periphery that is not
permeable to amylase (Dhital et al., 2017). Surface pores were re-
ported in SBEIIb-deficient rice lines (Dhital, Butardo, Jobling, &
Gidley, 2015), whereas no surface pores were found in an SBEIIb-
and SBE I-deficient rice line (Wei, Xu, et al., 2010).

After adsorption of the enzyme onto the substrate, the glucan
chains must properly fit into the active sites of enzymes before
hydrolysis of glucosidic bonds. Catalysis on normal starch and HAS
can be compared in terms of semicrystalline organization (A-type
crystallinity compared with B-type crystallinity) and chain length
of a-glucan (short chain compared with long chain).

370 Comprehensive ReviewsinFood Science and Food Safety ¢ Vol.18,2019

At the submolecular level (<10 nm), the double-helical struc-
ture does not fit into the active site of ov-amylases. After heating
above the gelatinization onset temperature, helical structures start
melting and become soluble, provided that there is sufficient wa-
ter. Gelatinized starch, containing more expanded amylopectin, is
much more susceptible to enzymes than native starch, in which
amylopectin is packed in an orderly semicrystalline form.

Native cereal starches normally show an A-type crystalline pat-
tern, whereas those with amylopectin of longer chain length than
their normal starch counterparts give the B-type crystalline pat-
tern. The digestibility of A- and B-type crystallinity has been
compared to model systems in which the same starch sources were
used to generate different types of crystals by varying prepara-
tion methods. One study using amylose spherocrystals (DP 15
to 20) (Planchot, Colonna, & Buleon, 1997; Williamson et al.,
1992) suggested that the B-type is less susceptible to enzymes
than the A-type, while one using debranched waxy starches
(Cai & Shi, 2010, 2013; Cai, Shi, Rong, & Hsiao, 2010) showed
no difference between A-type and B-type. However, studies using
model compounds to generate crystals may not be representative
of the lamellar structure derived through biosynthesis in amylo-
plasts (Dhital et al., 2017). The digestibility of both polymorphs
may be not only determined by the organization of double helices:
different levels of granule organization may also jointly aftect the
digestibility of native starch. On the one hand, double helices are
more tightly packed in A-type crystals, as the monoclinic lattice is
thermodynamically more stable and has a higher local molecular
density, possibly leading to lower enzymatic susceptibility. On the
other hand, the B-type hexagonal lattice is proposed to form larger
“blocklets” (200 to 500 nm) than crystals in A-type starches (20 to
120 nm) at the periphery of starch granules, and thus there are no
pores and channels to allow enzyme directly diffuse towards the
hilum (Gallant, Bouchet, & Baldwin, 1997). There is no direct
evidence showing that long chains are intrinsically more resistant
to hydrolysis than short chains. However, long chains in HAS are
hypothesized to stabilize the crystalline structures by extending
through multiple crystals, which thus potentially contribute to
the resistance in HAS (Jane et al., 1999; Zhang, Ao, & Hamaker,
2008).

RS formation in HAS during food processing. Based on the
source of enzyme resistance, there are five types of RS. RS type 1
(RS1) is sourced in whole grains or seeds in which protein matrices
and/or cell wall materials make the starch inaccessible to enzymes.
RS type 2 (RS2) is attributed to raw starch granule structures,
that is, helical and crystalline structure that is less susceptible to
enzymes. However, the crystalline structure can be melted (gela-
tinized) during the heat treatment that is widely employed in food
processing. Reassociation of starch chains (retrogradation) after
melting forms RS, termed RS type 3 (RS3). RS type 4 (RS4)
is generated by chemical modifications. Recently, amylose—lipid
complexes were proposed as RS type 5 (RS5). The elevation of
amylose content improves the potential sources of RS2, RS3, and
RS5 that are dense molecular structures. The concept of local
molecular density (Zhang, Dhital, & Gidley, 2015) underlies en-
zyme resistance mechanisms of these three types of RS, since the
molecular and crystalline structure plays a fundamental role in the
formation of the three types of RS (Figure 3).

Retention of helical structure (RS2). HAS is more thermally stable
than the corresponding native starch. This allows HAS a higher
possibility to retain a semicrystalline structure under conventional
cooking conditions, whereas gelatinized starch is highly susceptible
to enzymatic hydrolysis (Tester, Qi, & Karkalas, 2006). The loss of
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Figure 3-Sketch showing possible mechanisms of formation of resistant starch (types 2, 3, and 5) in high-amylose starch. Increasing the amylose
content will increase the thermal stability of the native starch granules that are more likely to retain crystallinity (RS2) during processing such as
cooking, baking, and frying. Even if the crystalline structure is destroyed during cooking, the higher percentage of amylose tends to retrograde (RS3)
faster and to a larger extent. More amylose or longer branch chains can complex with lipids (RS5) during heating and cooling. Together, increasing the

amylose content results in more dietary resistant starch.

semicrystalline structure during heating is irreversible. The ther-
mal motion of glucan chains and water dissociates double helices,
along with birefringence loss as observed under polarized light
and endothermic peaks found in differential scanning calorime-
try (DSC) thermograms. Previous studies have shown that HAS
starts to gelatinize at a higher temperature than the correspond-
ing native starch (Jane et al., 1999; Regina et al., 2012), possibly
due to the existence of longer double helices that have a higher
melting temperature. On the other hand, some of the amorphous
regions may be mobilized at the beginning of gelatinization, since
these regions are more likely to be easily accessible to free water.
However, some of the amorphous region contains double helices
as suggested by the observation that double helix content is higher
than crystallinity (Cooke & Gidley, 1992). Double helices of HAS
extending into the amorphous region possibly stabilize the amor-
phous region, which consequently increases the initial melting
temperature.

A reduction of glycemic and insulinemic indices was attributed
to the addition of high-amylose maize starch into white wheat
flour with a ratio of 2:3 (Hoebler, Karinthi, Chiron, Champ,
& Barry, 1999). The high-amylose maize incorporated into bread
was incompletely gelatinized and retained B-type crystallinity after
bread processing at a baking temperature of 250 °C. The retained
crystallinity at that temperature also contributes to the limited
water content in bread. Water content in food materials determines
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the extent and temperature range of gelatinization (Liu et al.,
2009). Starch granules tend to retain native characteristics in foods
with low-moisture content during processing, for example, the
surface regions of breads or biscuits, which lose water quickly
during baking (Zhang & Datta, 2006).

Reassociation of chains (RS3). The irreversible process of starch
gelatinization in water includes water uptake, swelling, double
helix melting, crystallite loss, starch solubilization, and finally,
reassociation (retrogradation) during cooling. Amylose and
amylopectin have different retrogradation properties. The ret-
rogradation process is generally associated with a viscosity increase
(also termed setback). Amylose acts as a cross-linking agent
to increase intermolecular associations and the continuity and
firmness of the gel network, while waxy starches without amylose
normally show rapid loss of viscosity on shearing after formation
of pastes. Amylose is preferentially leached out from granules
as a random coil in a freshly prepared aqueous solution. The
random coil tends to form either single-helical complexes with
suitable complexing agents (such as lipids to form lipid—amylose
complexes) or double helices by self-association (Jane, 2009;
Jane & Robyt, 1984; Leloup, Colonna, Ring, Roberts, & Wells,
1992). Although a branch point of amylopectin could interrupt
the interchain association (Miles, Morris, Orford, & Ring, 1985),
three types of molecular interaction leading to retrogradation
can be envisaged in HAS, including (1) amylose—amylose,
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(2) amylose—amylopectin, and (3) amylopectin—amylopectin.
The rate of the amylose self-interactions depends on amylose
chain-lengths, concentration and cooling rate, with the maximum
rate found for approximately 100 DP amylose (Gidley & Bulpin,
1989). The minimum requirement of chain length to form double
helix in a pure oligosaccharide solution is 10 DP (Gidley &
Bulpin, 1987), while the chain-length distribution of amylopectin
branches peaks at around 12 (Hanashiro et al., 1996). Thus, the
more linear structure of amylose or intermediate amylopectin in
HAS with less steric blockage of stretched branched chains leads
to a higher tendency to form a stable gel. Retrograded amylose
with a double-helical structure is suggested to be resistant to
amylolytic hydrolysis (Jane, 2009; Jane & Robyt, 1984).

Formation of amylose—lipid complex (RS5). All intragranular lipids
naturally complex with amylose in raw starch (Morrison et al.,
1993), while free lipids (nonstarch lipids) exist and could com-
plex with amylose during gelatinization (Morrison, 1988). Other
complexing agents, including iodine, alcohols, and fatty acids,
also facilitate the formation of single-helical complexes. Cereal
starches normally contain about 1% fat, while tubers, legumes,
and waxy cereal starches are virtually fat-free (Becker, Hill, &
Mitchell, 2001). Lipid content tends to increase in mutants with
high-amylose content (Pérez et al., 2009). Thus, HAS may be
expected to contain more natural amylose—lipid complexes. The
complex normally melts at a higher temperature than that at which
amylopectin double helices dissociate, as judged by DSC thermo-
grams. The thermal stability of the complex could thus cause it
to retain its structure after thermal processing. Further, the com-
plex is reformed during cooling, a process that is relatively fast
compared to reassociation of double helices in RS3. Given more
lipid content as a complexing agent in HAS, the heat treatment
of food processing enhances the possibility of complex restoration
or new complex formation. On the other hand, if lacking the
complexing agents, amylose tends to remain as a random coil or
to form double helices as a lower energy and as a stable form
(Jane, 2009). The long chains of amylopectin in maize HAS have
shown similar efficiency to amylose in complexing with fatty acids
(Hasjim, Ai, & Jane, 2013). The complex can be either amorphous
or crystalline in form. The crystalline form displays V-type peaks
in X-ray diffraction. Heat treatment at a temperature above the
melting temperature of the amorphous complex (typically 94 to
100 °C in excess moisture) and below that of the crystalline com-
plex (typically 100 to 125 °C in excess moisture) converts an
amorphous complex into a crystalline complex (Jane, 2009). An
amylose—lipid complex reduced the in vitro digestibility of starch
(Ai, Hasjim, & Jane, 2013; Cui & Oates, 1999) and postprandial
glycemic and insulinemic responses in humans and rats fed with
HAS of maize prepared to enhance the content of amylose—lipid
complexes (Hasjim et al., 2010; Zhao et al., 2011).

High-Amylose Starch in Food and Potential Health
Benefits
Health claims for HAS

HAS, identified as RS type 2, generally satisfies the definition
of dietary fiber by food regulatory agencies. However, the Inst. of
Medicine (IOM, US Natl. Academy of Sciences) regards RS that
is naturally occurring and inherent in a food or created during
normal processing of a food as “dietary fiber,” while RS obtained
through any isolation or extraction process (for example, chemical,
enzymatic, or aqueous steps) should be categorized as “functional
fiber” (IOM, 2005). The U.S. FDA has proposed a similar defi-
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nition of “dietary fiber” that divided food ingredients into those
that are naturally occurring and those that are isolated or synthetic
in the Nutrition and Supplement Facts label final rule in 2016.
Declaring food ingredients in the latter group as “dietary fiber” in
nutrition labeling will require FDA approval after assessments of
scientific evidence relating the components to physiological ben-
efits of human health. Under the proposed scheme, HAS (RS2) in
the form of whole grain remains in the “dietary fiber” group, un-
like other types of “synthetic” RS (retrograded (RS3), chemically
modified (RS4), and synthesized with lipids (RS5)).

Current regulations identify potential physiological benefits of
RS. The European Food Safety Authority (EFSA) has approved
an RS-relevant health claim that “Replacing digestible starch with
RS induces a lower blood glucose rise after a meal” (EFSA, 2011).
Food Standards Australia New Zealand (FSANZ) considered RS
as a type of dietary fiber and noted that scientific studies demon-
strated that RS promotes modulation of blood glucose through
reducing peak postprandial blood glucose concentration and pro-
motes laxation. Manufacturers in the United States are allowed
to use terms such as “resistant” or “indigestible” in food labeling
with the corresponding starch names legally approved and clearly
labeled (Nugent, 2005). FDA permits a qualified health claim that
“High-amylose maize resistant starch, a type of fiber, may reduce
the risk of type 2 diabetes, although FDA has concluded that there
is limited scientific evidence for this claim” in 2016. For calorie
labeling, RS has a lower energy value (2 kcal/g) compared to
carbohydrates (4 kcal/g) in Europe (Lockyer & Nugent, 2017),
as well as in Australia and Japan (Nugent, 2005). In the United
States, RS is assigned to insoluble dietary fiber that has 0 kcal/g.

A widely used analysis method for RS is AOAC Official Method
2002.02 for HAS labeling purposes. For example, as assessed by
this method, uncooked maize HAS (HYLON VII, 70% amylose
content) contains 50% RS, whereas the value is 0.5% in regular
maize starch (McCleary, 2007). However, the Englyst assay is a
well-accepted method to measure RS content in food materials
for dietary intervention studies. The specific methods for RS stim-
ulate physiological conditions through validation with in vivo RS
results from ileostomy patients. It should be noted that RS val-
ues quantified by the specific methods should not be summed to
give a value of ‘total’ dietary fiber, as measured by AOAC 985.29
or 991.43, to avoid double-counting. The simple summation may
potentially overestimate RS content, since the “total” dietary fiber
methods measure some of the RS (McCleary, 2013).

Applications of HAS

HAS provides a wide range of new features in nutrition, food
processing, medication, and industrial use, compared to normal
starch (Figure 4). Starch-based food plays a predominant role to
fulfill the calorific requirement of human diets. HASs as RS in-
gredients can be added into food products for high fiber and
low-calorie labeling claims.

To supply ingredients for large-scale food production through
extensive cultivation of crops with elevated amylose content raises
an important question about the starch yield of the modified crops.
The mutant or transgenic lines with high-amylose content were
generally reported to have a lower grain yield than the wild type
(Butardo et al., 2011; Hazard et al., 2015; Schonhofen, Hazard,
Zhang, & Dubcovsky, 2016; Schwall et al., 2000). Schwall et al.
(2000) reported that the starch yield of an SBE-deficient potato
line was halved. Durum wheat lines with a mutation in SBE
IT enzyme had a 15% reduction in grain yield compared to the
wild type (Hazard et al., 2015), while a similar level of reduction
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Figure 4-A diagrammatic illustration of high-amylose starch applications. The central picture is high-amylose wheat starch under polarized light.

was reported in SBE II mutant wheat but the reduction was not
significant (Schonhofen et al., 2016). The downregulation of SBE
in wheat seems to have a lower yield penalty.

Even though HAS retains the traditional properties of starch
(white in color, fine particle size, and neutral flavor), the ther-
mal and pasting behaviors usually show significant changes that,
in turn, alter the food sensory characteristics. Increasing apparent
amylose content is generally associated with higher gelatiniza-
tion temperature and increased rate of retrogradation. The high
gelatinization temperature could either be an advantage to obtain
desirable qualities in starch-based foods or a disadvantage to cause
processing difficulties (for example, cooking time and tempera-
ture of food products) (Figure 5). It is possible that the digestion
resistance becomes similar above a minimum amylose content.
For example, high-amylose maize starch with an apparent amylose
content at 50% or 80% level shows little differences in terms of
in vitro enzyme digestibility (Shrestha et al., 2015). In the cases
that a lower gelatinization temperature is preferred, the interme-
diate level of apparent amylose starches may be more appropriate
without needing to compromise for RS/fiber content.

Dough-making is an essential intermediate step to transform
flours into products such as bread, pasta, noodle, and so on. The
dough properties influence final sensory features of the food prod-
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uct. The dough prepared with HAS wheat flour has distinct prop-
erties (Morita et al., 2002; Van Hung, Maeda, & Morita, 2006).
While the dough contains starch of the native form, the effect
of amylose content on the dough properties is ambiguous (Van
Hung et al., 2006). As the filler in the gluten protein network,
HAS granules with distinct granular surface and size distribu-
tion may affect dough rheological properties (Larsson & Elias-
son, 1997). The other components, such as proteins and lipids,
have significant effects on dough properties (Goesaert et al., 2005;
Graybosch, Peterson, Moore, Stearns, & Grant, 1993). Compared
to regular wheat flour, the high-amylose wheat flour containing
higher amounts of protein and lipids produced a harder and more
viscous dough (Morita et al.,, 2002; Van Hung, Yamamori, &
Morita, 2005). These reports are for wheat flour with no more
than 38% amylose. Now that HA wheat flour with much higher
amylose content is available (Regina et al., 2015; Slade et al.,
2012), it will be interesting to compare the effect of different ele-
vated levels of amylose on wheat dough and food properties. The
dough elasticity and viscosity largely depend on the gluten quality.
However, the gluten components in HAS wheat has rarely been
investigated.

After heat processing of wheat dough, the leached amylose
and amylopectin act as cross-linking agents to hold swollen starch
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granules and gluten together (Li, Dhital, & Wei, 2017). As dis-
cussed above, due to higher gelatinization temperature than the
corresponding normal starch, the dispersion of amylose and amy-
lopectin in HAS into an aqueous solution is hindered in the limited
swollen granules. The limited swollen granules may negatively
affect the expansion of dough during baking, with granules re-
maining trapped in the gluten matrix, preventing the loaf from
expanding greatly. Bread-staling during storage is enhanced by
recrystallization of intergranular amylose and amylopectin. The
incorporation of HAS with generally less leachate may help to
reduce bread-staling.

The amylose content also affects pasta quality. Amylose in pasta
contributes to resilience and firmness that primarily determine
the cooking quality of pasta. Soh, Sissons, and Turner (2006)
improved spaghetti cooking quality with a significant increase in
pasta firmness and a reduction in pasta water uptake by combining
durum wheat flour with high-amylose maize starch (ranging from
27% to 74%). The optimum level of amylose was suggested to
be 32% to 44%. The textural attributes of the pasta with added
HAS showed no significant changes in terms of pasta cooking loss,
texture, and sensory properties (Aravind, Sissons, Fellows, Blazek,
& Gilbert, 2013). The pasta made from high-amylose semolina
from SBEII mutants shows a favorable increase in firmness but
undesirable color and cooking properties (Hazard et al., 2015).

The relationships between ratio of amylose/amylopectin and
noodle-eating qualities have been reviewed elsewhere (Li et al.,
2017). The desirable sensory features vary with noodle type, with
white salted noodles (WSNs) and yellow alkaline noodles (YAN)
as the two most widely consumed noodles. The optimal level
of amylose content in WSN was suggested to be 21% to 24%
and highly swelling starch (for example, waxy starch) is preferred
(Guo, Jackson, Graybosch, & Parkhurst, 2003). Reconstitution
with HAS and waxy starch in WSN might be a solution to obtain
high-fiber noodles without losing desirable qualities. Compared to
WSN, the texture of YAN tends to have a higher level of firmness
and hardness of mouthfeel, which can be potentially enhanced
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by increasing amylose content (Baik & Lee, 2003; Guo et al.,
2003).

HAS and health benefits

Human consumption studies (Figure 6) show that the digestibil-
ity of HAS is generally lower than normal starch, which is funda-
mental to any proposed mechanisms of health benefits. The risk
of type 2 diabetes could be effectively reduced through reducing
postprandial glucose responses and enhancing colonic fermenta-
tion. These two mechanisms are dependent on the digestion rate
and extent of dietary carbohydrates. Beta cells in the pancreas of
type 2 diabetes patients cannot make enough insulin. However,
beta-cell function could be improved by food with low postpran-
dial glucose through (1) reducing glucose toxicity on body tis-
sues and regulatory processes, (2) reducing serum-free fatty acids,
which is related to insulin secretion, and (3) increasing the levels
of incretion hormones such as glucagon-like peptide-1 (GLP-1)
and peptide YY (PYY), which may be responsible for satiety and
less energy intake (Wolever, 2013). Significantly lower glycemic
responses at early time points after food ingestion or lower incre-
mental area under glucose concentration curve were reported in a
few human dietary intervention studies using high-amylose maize
starch (Anderson et al., 2010; Behall & Scholfield, 2005; Brighenti
et al., 2006).

The undigested fraction of HAS showed enhanced fermentation
activity in rats (Conlon et al., 2012; Hazard et al., 2015). The
fermented products of RS such as short-chain fatty acids (SCFAs)
have been demonstrated to have bowel health benefits, including
reducing the likelihood of colorectal cancer and improvement of
insulin responses (Topping & Clifton, 2001). The RS as growth
substrate in the large colon is degraded by the human colonic
microbiota in which Firmicutes and Bacteroidetes are the two most
abundant bacteria phyla. Human diets high in RS have increased
fecal levels of Ruminococcus bromii and Eubacterium rectale (both in
the phylum Firmicutes) in overweight males (Walker et al., 2010).
However, depending on the nature of RS, 3 distinct microbial
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communities resulting from in vitro fermentation using a porcine
fecal inoculum were identified (Warren et al., 2018). Fermentation
of HAS potentially modifies the population of the microbiota
that underlies colonic metabolism and the body immune system.
It is also possible that different physicochemical structures of the
fermentable substrate may favor the growth of specific gut bacterial
species in competitive niches of the colon. A greater understanding
of the relationships between the population shift of the microbiota
and HAS structure would allow for optimal selection of HAS as
dietary fibers for colonic health.

Conclusions and Future Perspectives

Starch is the principal component of grains and tubers. A wide
range of high-amylose versions of major starchy food crops is
now available, which will allow a better selection of cereal/tuber
varieties with enhanced human nutrition and desired functional
properties. HAS is important for human nutrition because of
its contribution to intake of dietary fiber. The starch molecular
structure can be tailored through the selection of biotechnological
approaches to elevate amylose content, which, in turn, modify the
multilevel starch structures. A greater understanding of how starch
structural features enhance RS content and aftect food application
properties can be helpful in designing nutrition-enhanced grains
without compromising food sensory quality in food applications.
The native granular structures of HAS generally have reduced
digestibility compared to the corresponding regular starch.
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Furthermore, HAS tends to retain or form dense molecular
structures during food processing that are mostly resistant to
amylase digestion. While there is good understanding of biological
and structural aspects of HAS, the time has now come to evaluate
options to incorporate HAS with enhanced nutritional value in
food products. The development and near commercialization
of high-amylose wheat flour will certainly open an avenue to
develop multiple wheat-based products with high-amylose wheat
flour or wholegrains. This will shift the HAS from auxiliary
ingredient (for example, substitute of wheat flour) to major
ingredient (replacement of regular wheat flour). The following
are some recommendations for future studies.

(1) There is only limited information about the breakdown
properties of HAS in relation to the whole diet in the hu-
man gastrointestinal tract. Though there is extensive knowl-
edge about the slow in vitro digestibility of HAS, future
work is required to explore its nutritional effect in terms of
both lowering the glycemic response and improving colonic
health when in real food, as well as elucidating the causative
mechanisms underlying the correlation between physico-
chemical structures and metabolic responses.

The applicability of high-amylose wheat flour as a replace-
ment of common bread and pasta flour depends on the
quality and quantity of gluten. Further work is needed to
understand the change in protein (gluten) profile (quantity
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and quality) with respect to increases in amylose content in
the grain.
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