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Starch is a vital component of wheat grain and flour, characterized by two distinct granule types: A-type starch
(AS) with granules larger than 10 um in diameter, and B-type starch (BS) with granules measuring no more than
10 pym in diameter. This review comprehensively evaluates the isolation, purification, and biosynthesis processes
of these types of granules. In addition, a comparative analysis of the structure and properties of AS and BS is
presented, encompassing chemical composition, molecular, crystalline and morphological structures, gelatini-
zation, pasting and digestive properties. The variation in size distribution of granules leads to differences in
physicochemical properties of starch, influencing the formation of polymeric proteins, secondary and micro-
structures of gluten, chemical and physical interactions between gluten and starch, and water absorption and
water status in dough system. Thus, starch size distribution affects the quality of dough and final products. In this
review, we summarize the up-to-date knowledge of AS and BS, and propose the possible strategies to enhance
wheat yield and quality through coordinated breeding efforts. This review serves as a valuable reference for

future advancements in wheat breeding.

1. Introduction

Common wheat (Triticum aestivum L.) is a major source of energy and
proteins in the human diet and ranks among the most important cereal
crops [1]. The area for wheat cultivation has exceeded 200 million
hectares and its annual production has reached 700 million tons [2].
Compared to other crops (rice, maize, etc.), wheat is versatile: its unique
and complex gluten properties allow for the production of a diverse
range of products, including white bread, noodles, Chinese steamed
bread, and chapatti [3,4]. Gluten is a major determinant for end-use
properties of wheat [5]. Notably, the high-molecular-weight glutenin
subunits (HMW-GSs) take up only 12% of the total seed storage protein,
but explain 45-70% of the variations in gluten, dough and end-use
properties [6]. Previous reviews on composition and structure of
gluten and its contribution to the quality of dough and final products
have been widely published [7-10]. In addition, gluten is the most
common cause of food-related allergies and intolerances, which has
been summarized in the previous reviews [11,12].

Starch is the primary component in wheat grain and flour, and it has
a crucial role in determining the quality of flour-based food products,

which has become the focus of research interest [13,14]. Starch is syn-
thesized as discrete granules with varying size ranges in specialized
plant organelles called amyloplasts, and different crops produce starch
granules that vary significantly in shape and size (Fig. 1). For instance,
wheat and barley have disc-shaped, spherical or irregular starch gran-
ules (Fig. 1A and B), while maize and buckwheat have polygonal or
spherical starch granules (Fig. 1C and D). Rice and potato starch gran-
ules exhibit irregular and lenticular shapes, respectively (Fig. 1E and F).
Notably, potato starch granules are the largest, ranging from 2.7 to 70.7
um, while rice starch granules are the smallest, measuring less than 10
um. An interesting observation is that cereals in the tribe Triticeae, such
as wheat and barley, demonstrate a bimodal size distribution (Fig. 1G
and H), consisting of A-type starch granules (AS) and B-type starch
granules (BS) [15-17]. In contrast, other crops such as maize, buck-
wheat, rice, and potato also have starch granules of various sizes, but
they lack such specialized multiple size distributions (Fig. 11, J, K, and L)
[17]. Starch granules with different sizes show varied chemical com-
positions and molecular structures, leading to different physicochemical
properties and thus various roles in food processing. Fully understand-
ing the composition, structure, and function of different-sized wheat
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starch holds immense importance for wheat breeders and food
producers.

Over the past few decades, an extensive body of research on starch
granules has been accumulated, continuously expanding over time.
However, systematic summaries of data referring to the composition,
structure and function of AS and BS are scarce. In this review, we
compared the isolation techniques and biosynthesis of different-sized
wheat starch granules, highlighted the differences in physicochemical
properties between AS and BS, and explored their impacts on dough
rheological properties and quality of the final products. Finally, we
proposed potential strategies for coordinating improvements in the yield
and quality of wheat.
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2. Isolation and purification of wheat starch samples and their
granule size distribution

In the laboratory, starch from many crops, including barley and
highland barley, can be isolated using wet milling method which in-
volves steeping, blending, screening, deproteinization and centrifuga-
tion [18]. Steeping with lye degrades or loosens the protein surrounding
the starch granules, facilitating the separation of starch and protein
[19]. In addition, the use of enzymes such as protease, cellulose, xyla-
nase, lichenase, and glucanase can further improve the purity of starch
[18]. In contrast, wheat flour behaves differently from barley and
highland barley; when water is added in wheat flour and the mixtures
are mixed mechanically, the glutenin and gliadin of wheat begin to
interact with water molecules to form a specific three-dimensional
network. Thus, the wheat starch samples are typically isolated from
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Fig. 1. The scanning electron microscopy images (A, B, C, D, E and F) of starch
analyzed by ImageJ software. A and G, wheat; B and H, barley; C and I, maize;
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from six different botanical sources and their size distribution (G, H, I, J, K and L)
D and J, buckwheat; E and K, rice; F and L, potato.
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dough using physical methods, such as hand washing or stirring [20,21].
Briefly, the wheat flour is moderately hydrated and mixed for 2 min to
form the dough, which is then rested for 10 min at room temperature.
The starch is then washed out of the dough using running water until no
starch left in the gluten matrix [20]. Alternatively, the starch samples
can be obtained by stirring the dough in water [21]. Thereafter, starch
slurry is passed through a 120-mesh sieve or eight layers of gauze to
remove gluten and other solid impurities. The starch is pelleted by
centrifugation at 3000-4000g for 10-15 min, and the yellow-brown
sludge fraction at the top layer is scraped off, while the remaining
white starch in the bottom is washed with ethanol and dried in a freeze
dryer or oven. Unlike starch separation from barley and highland barley
flours, most of the impurities (gluten) in wheat flour are removed by
filtration, resulting in reduced brown layer formation, and lower BS
losses [22].

The size distribution of starch can be assessed using microscopic
techniques (i.e. light microscopy and scanning electron microscopy
(SEM)), sieving, electrical resistance method (Coulter counter), laser
light scattering, and field flow fractionation, which have been previ-
ously reviewed [22]. Laser particle size analysis of wheat starch has
shown a bimodal distribution consisting of AS and BS [23]. AS accounts
for less than 10% of granules in number, while BS constitutes more than
90% [22]. However, the number distribution of AS and BS ranged from
43.96% to 64.56% and from 35.45% to 56.04%, respectively in a pre-
vious study [24], which may be attributed to variations in wheat vari-
eties and methods of determination. Furthermore, small-sized BS
granules aggregate more easily during drying, usually leading to an
underestimation of BS number. To prevent clumping, it becomes
necessary to periodically mash the starch during the drying process. By
assuming that the starch granules are homogeneous with the same
density, the weight distribution of wheat starch can be calculated. The
results showed that AS accounts for 70-80% and BS less than 30% in
weight [25,26].

Sieving and sedimentation (gravity or centrifugation) are two
commonly used techniques for granule size separation, as previously
reviewed [17]. To separate potato starch into four fractions, three test
sieves (270-mesh, 400-mesh, and 500-mesh) are employed, resulting in
surface area-weighted average diameters (D [2,3]) of 81.16 pm,
61.11 um, 40.07 um, and 35.23 um, respectively [27]. However, com-
plete separation of AS and BS from wheat flour cannot be achieved
through a 10 um sieve, because many small BS granules are adhered to
the surface of large AS granules that they remained in the AS population
[28]. Additionally, some AS granules pass through the nylon screen and
remain in the filtrate along with BS [28]. According to Stokes’ Law, the
large starch granules precipitate faster than the small ones in distilled
water [29], and thus AS and BS can be individually fractionated from
total starch by repeated suspension and sedimentation in distilled water
[30,31]. Briefly, wheat starch (50 g) is mixed with distilled water
(500 g) and rested for 1 h. The upper 100 mL suspension is collected as
the BS fraction. Afterwards, 100 mL distilled water is added and well
mixed. This process is repeated about 10 times until the upper suspen-
sion is clear, and the final precipitate is collected as the AS fraction [30].
SEM observations confirm that AS and BS fractioned by this method are
minimally contaminated, and the particle size analyses show that the
purity of AS and BS fractions reaches up to 93.63% and 99.56%,
respectively [30]. Centrifugation can improve the efficiency of sedi-
mentation and shorten the time required. The purity of BS fraction
separated by centrifugation in aqueous solutions of sucrose, maltose,
and Percoll is 100%, while the purity of AS fraction is 91.98%, 89.56%,
and 100% [28]. The slightly lower purity of AS fraction may be due to
the adsorption of some BS granules onto the surface of AS granules in the
process of precipitation or centrifugation, while Percoll can destroy this
adsorption force, and thus higher purity of AS granules can be obtained.
However, Percoll is not a cost-saving method, not allowing the wide
application in food industry. Consequently, efficiently and rapidly
separating AS and BS quickly and efficiently remains a challenge.
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3. Biosynthesis of different-sized starch granules

The AS and BS granules are individually produced in two granule-
initiation events that occur independently in time. The AS initiation
takes place at 3-5 days after anthesis (DAA), and the final number is
achieved about 4 days later, with each amyloplast containing one starch
granule at this stage [15,16]. Their volume increases over time with the
development of grains, with a final diameter ranging from 10 to 45 pm,
depending on the cultivar and environment [32]. BS granules, on the
other hand, are initiated in amyloplast that contain only one AS granule
at 11 DAA [33], 15 DAA [16], or 12-16 DAA [34]. The volume of BS
granules increases gradually as the endosperm develops, but the diam-
eter usually does not exceed 10 um in mature grains. Usually, each
endosperm plastid in mature wheat grain contains one AS and several BS
granules.

The biosynthesis of starch requires the coordinated activities of
several enzymes, including ADP-glucose pyrophosphorylase, granule
bound starch synthase, soluble starch synthase, starch branching
enzyme (SBE), and starch debranching enzyme. Previous reviews have
extensively covered the biosynthesis of amylose (AM) and amylopectin
(AP), as well as the functions of individual enzyme [13,35,36]. Two
starch granule-bound proteins (SGP), SGP-140 and SGP-145, are vari-
ants of SBEIc, and their abundance in AS are much higher than in BS,
indicating that the two polypeptides preferentially associated with the
development of AS [37]. In addition, SGP140 or SGP145 was found in all
crops containing AS and BS, including wheat, triticale, barley, and rye,
yet they are not present in canary seed, rice, maize, or potato tubers.
Hence, these two proteins are considered crucial factors in the formation
of AS and BS [37]. Although most of the Triticeae tribe, including
common wheat, barley, rye, wild wheat, and ‘goat grass’ species, have
endosperm starch with a bimodal granule size distribution, a few wild
wheat species (Aegilops) lack BS, such as Ae. peregrina, Ae. kotschyi, Ae.
crassa, and Ae. Juvenalis [38]. In order to study the genetic basis of BS
formation, a population lacking BS was generated by crossing the Ae.
peregrina with a synthetic tetraploid (KU37, containing both AS and BS),
and a major quantitative trait locus has been identified on the short arm
of chromosome 4S, accounting for 44.4% of the phenotypic variation
within the population [39]. Further studies have revealed that BGC1, an
orthologue of the FLO6 in rice and barley, and PTST2 in Arabidopsis
encoding PROTEIN TARGETING TO STARCH proteins, is involved in the
initiation of BS, and plays a complex biological role in starch granule
initiation [40,41]. Specifically, BGC1 represses the initiation of AS at the
early stage, but promotes the initiation of BS at middle stage of endo-
sperm development. The influence of BGC1 on starch synthesis is dose
dependent; the double-deletion mutant line (A- and D-genome deletion
mutant) does not have BS, while the triple-deletion mutant line shows
abnormal starch granules [40,41]. Consistent with the studies in Ara-
bidopsis that the STARCH SYNTHASE 4 (SS4) plays a central role in
starch granule initiation and morphogenesis [42,43], TaSS4 has been
reported to associate with starch granule development in tetraploid
wheat [44]. Morphologically, the wild-type and single mutants exhibit
typical flatten AS granules and round BS granules, while the
double-deletion mutant has irregular, polyhedral morphology, and few
normal BS granules [44]. To summarize, in despite of the identification
of essential genes like TaSS4 and TaBGC1 for starch granule initiation in
wheat endosperm, our understanding of the complete pathway of
different-sized starch granule biosynthesis and regulation is still limited.

4. Physicochemical properties of different-sized starch granules

Starch primarily comprises carbohydrates as its major components,
along with minor components like proteins and lipids. Starch granules
possess a complex structure, mainly consisting of six levels: individual
chains formed by glucose monomers with a-(1—4) glycosidic linkages,
with these linear chains being linked together by a-(1—6) glycosidic
linkages as branches; fully branched individual starch molecules,
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including AM and AP; the semi-crystalline structure (7-11 nm) formed
by crystalline lamellae (5-8 nm) and amorphous lamellae (2-3 nm); the
semi-crystalline and amorphous growth rings; the starch granules; and
the arrangement of starch granules in the cell and cell locations within
the entire endosperm/tuber. These varying structures of starch result in
its different gelatinization, pasting and digestive properties. In this
section, a comparison is made between the structure and properties of
wheat starch granules with different sizes to gain a deeper under-
standing of the relationship between starch structure and its property.

4.1. Chemical composition

AS and BS granules exhibit significantly different chemical compo-
sitions (Table 1). As mentioned earlier, obtaining pure starch from
wheat flour is difficult due to the presence of other constituents such as
proteins and lipids. The ‘purified” AS fraction contains higher proportion
of starch (95.99-99.43%) compared to the BS fraction (89.02-98.89%)
[30,31,45,46]. Additionally, the AS fraction has a higher AM content
ranging from 22.88% to 37.08% while the BS fraction contains
19.06-32.15% [31,45-47]. In general, AP branches build up the crys-
talline lamellae, while AM is present in amorphous lamellae or in-
tersperses in AP crystallites [48]. Therefore, the AM-to-AP ratio is a key
factor affecting the crystalline structure of starch. Moreover, starch
granules tend to be broken into smaller particles by mechanical forces
(such as shear, impingement, collision, and friction) during milling [49].
The damaged starch content has been reported as 1.28% and 16.2 UCD
for AS, and 4.35% and 23.2 UCD for BS, which may be attributed to
some fragmented damaged starch with smaller size mixed with the BS
sample during precipitation or centrifugation [30,46]. Another possible
explanation could be that small starch granules tend to bind more
closely to other components (such as proteins) in wheat grain, leading to
higher levels of damaged starch during milling [49]. The higher content
of damaged starch decreases the relative crystallinity, viscosity, and
average molecular weight of starch, but increases the solubility, thereby
affecting the dough rheological and end-use properties [49].

The content ranges of protein, lipid, phosphorus, and ash in AS
samples (i.e. 0.16-1.02%, 0.25-0.31%, 90.5-470.0 ppm, and
0.23-0.33%) are lower than those in BS samples (i.e. 0.23-3.02%,
0.29-0.45%, 240.0-585.0 ppm, and 0.26-0.47%) [30,31,45-47,50].
The protein in starch sample comprises starch granule-associated pro-
teins, mainly enzymes involved in starch biosynthesis, and storage
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proteins adsorbed to the surface of starch granules after starch extrac-
tion [51]. The higher protein content in BS may be related to its higher
enzyme content. Another explanation is that BS has much higher specific
surface area (2.3-2.8 mz/g) compared to AS (0.8-0.9 mz/g) [501],
causing BS to absorb more storage proteins during the starch separation
process [31]. Lipids in starch granules vary in their compositions and
types depending on their locations. Lipids in the surface of starch
granules mainly comprise triacylglycerides, free fatty acids, digalacto-
syldigylceride, monogalactosyldigylceride, phosphatidylcholine and
lysophosphatidylcholine, while the lipids in the internal part of starch
granules consisted of monoacyl lipids, free fatty acids, and lysophos-
pholipids [14]. The content of phospholipid, which accounts for 86-94%
of total starch lipids, is negatively correlated with mean starch granule
diameter, indicating that the smaller granules have higher lipid and
phosphorus content [52]. However, further studies are needed to
investigate the component differences in protein and lipid of
different-sized starch granules.

4.2. Molecular structure

The fine structures of starch molecules, including fine structures of
AM and AP, are crucial in determining hierarchical structures and
functionalities. The chain-length distribution (CLD) is the fundamental
to starch granules and their starch physicochemical properties. CLD
analysis is commonly conducted using size exclusion chromatography
(SEC), fluorophore-assisted capillary electrophoresis (FACE) and high-
performance anion exchange chromatography (HPAEC) [53]. SEC can
characterize the full range of starch CLD, including both AP and AM
branches, but it cannot determine the accurate CLD of AP due to column
adsorption and shear degradation. On the other hand, FACE and HPAEC
provide more accurate results of starch CLD, but they are limited to
measuring specific ranges (degree of polymerization (DP)< 180 and
< 70, respectively) of starch chain [54]. Thus, a combination of SEC and
FACE (or HPACE) can complementarily characterize the starch CLD in
full details: SEC for AM molecules and FACE (or HPACE) for AP [55].
Based on the DP, the chain length of AP can be divided into four cate-
gories, namely A chains (6 <DP<12), Bl chains (13 <DP<24), B2
chains (25 <DP<36), and B3 chains (DP>37). It is generally accepted
that most wheat varieties have AP with more B2 chains but fewer A
chains in AS compared to the BS (Table 2) [56-58]. Recent study has
also measured short chains (DP<6), showing that AS from both normal

Table 1
Chemical composition of A-type (AS) and B-type (BS) starch granule samples.
Sample Starch (%) Amylose (%) Damaged Protein (%) Lipid (%) Phosphorus Ash (%) Reference
starch (ppm)
Six soft wheat varieties AS 98.27-99.29 22.88-25.49 nd 0.21-0.25 0.28-0.30 nd 0.23-0.29 [31]
D) (CD) O] ©) O]
BS 94.99-98.89 19.06-21.53 nd 0.28-0.36 0.29-0.32 nd 0.26-0.34
€3] (€3] ©) ) ©)
Six hard wheat varieties AS 95.99-99.27 25.11-28.15 nd 0.22-0.24 0.28-0.31 nd 0.25-0.33 [31]
D) (€3] O] ©) O]
BS 95.89-97.01 21.56-24.36 nd 0.42-0.47 0.30-0.32 nd 0.40-0.47
D) (€3] O] ©) O]
Commercial wheat starch AS 98.07 (+) nd 1.28% (-) 0.68 (-) nd nd nd [30]
BS 97.17 (+) nd 4.35% (-) 0.81 (-) nd nd nd
Xinong 9718 (hard red winter AS 99.43 (+) 25.26 (+) nd 0.16 (-) nd nd nd [45]
wheat) BS  97.85(+) 19.19 () nd 0.23 () nd nd nd
Shannong 138 (soft red winter AS 98.12 (+) 25.30 (+) nd 0.18 (-) nd nd nd [45]
wheat) BS  97.29 (+) 21.58 (+) nd 0.28 () nd nd nd
AK58 AS 96.02 (+) 37.08 (+) 16.2 UCD (-) 1.02 () nd nd nd [46]
BS 89.02 (+) 32.15 (+) 23.2 UCD (-) 3.02 (-) nd nd nd
Commercial wheat starch AS nd 28.9 (+) nd 0.54 (-) 0.25 (-) nd nd [47]
BS nd 25.0 (+) nd 0.86 (-) 0.45 (-) nd nd
IDO630 (Waxy) AS nd nd nd nd nd 90.5 (-) nd [50]
BS nd nd nd nd nd 240.0 (1) nd
Jubilee (Commercial wheat AS nd nd nd nd nd 470.0 (-) nd [50]
starch) BS nd nd nd nd nd 585.0 (-) nd

“4 7 in parentheses represents the value of AS is higher than that of BS; “-” in parentheses represents the value of BS is higher than that of AS; “nd” represents no data.
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Table 2
The amylopectin branch chain length distribution of A-type (AS) and B-type (BS) starch granule samples.
Sample DP< 6 (%) 6 <DP< 12 (%) 13 <DP< 24 (%) 25 <DP< 36 (%) DP> 37 (%) Reference
Hard wheat AS nd 32.5() 49.4 (1) 13.7 (+) 4.4+ [56]
BS nd 35.3 () 48.1 (+) 12.6 (+) 4.1 (+)
Soft wheat AS nd 31.8(9) 49.4 (+) 14.5 (+) 4.4 (+) [56]
BS nd 34.0 (-) 48.6 (+) 13.2 (+) 4.1 (+)
Wesley AS nd 21.8 (-) 43.3 (-) 15.1 (+) 19.7 (+) [571]
BS nd 25.2(9) 46.8 (-) 13.5(+) 14.2 (+)
Xinong 979 (normal wheat) AS 16.92 (+) 34.97 (1) 22.42 (-) 12.98 (+) 12.71 () [59]
BS 6.95 (+) 39.07 (-) 29.10 () 10.84 (+) 14.04 (-)
Nongda3471 (waxy wheat) AS 22.43 (+) 33.06 (-) 23.40 (1) 11.88 (-) 9.23 (-) [59]
BS 9.21 (+) 35.31 (-) 29.28 (-) 13.52 (-) 12.68 (-)
Sunco AS nd 39.9 (-) 48.3 (+) 8.8 (+) 3(+) [58]
BS nd 43.3 (-) 46 (+) 7.9 (+) 2.8 (+)
Sunsoft AS nd 40.4 (-) 49.4 (+) 8.5 (+) 1.7 () [58]
BS nd 43.1 (-) 46.6 (+) 7.5 (+) 2.8 ()
SM1118 AS nd 40.6 (-) 47.9 () 9.2 (+) 23(H) [58]
BS nd 42.7 (-) 47.1 () 8.5(+) 1.8 (+)
SM1028 AS nd 41.3 (-) 48.6 (+) 8.6 (+) 1.5(0) [58]
BS nd 43.3 (-) 47.2 (+) 7.8 (+) 1.6 (-)
Waxy wheat AS nd 38.0 (1) 50.2 (-) 9.8 (+) 2(+) [58]
BS nd 39.3(-) 50.3 (-) 8.6 (+) 1.9 ()

DP: degree of polymerization.

“+ 7 in parentheses represents the value of AS is higher than that of BS; “-” in parentheses represents the value of BS is higher than that of AS; “nd” represents no data.

and waxy wheat contains more short chains, while BS contains more A
chains, B2 chains, and B3 chains (Table 2) [59]. The CLD of AP is an
essential factor influencing the structure of starch granules. In the case
of AS, an AP molecule with more B2 chains has a cylindrical shape and
tends to pack in a parallel pattern and develop into a disk-shaped
granule [57]. Conversely, an AP molecule with more short chains i.e.
A and B1 chains, and fewer B2 chains, has a conical shape and is more
easily embedded into a spherical BS granule [57]. However, there is still
limited understanding of the differences in the molecular structure of
AM between AS and BS, as well as their contribution to the structure of
starch granules.

4.3. Crystalline structure

Starches exhibit different crystalline structures depending on their
types: A-type starches have an orthorhombic crystalline structure; B-
type starches have a hexagonal crystalline structure, and C-type starches
display a combination of both orthorhombic and hexagonal crystalline
structures [60]. The starches type and relative crystallinity are usually
determined by X-ray diffraction (XRD). The A-type starches, found in
wheat, maize, and rice starch, exhibit diffraction peaks at around 15°,

17°, 18°, and 23°. The B-type starches, found in high AM maize starch
and tuber starches such as potato starch, show diffraction peaks at
around 5.6°, 17.2°, 22.2°, and 24°. The C-type starches, derived from
pea and cassava, display diffraction peaks at around 5.6°, 15°, 17°, and
23° [61,62]. AS and BS samples show similar XRD patterns, indicating
that both of them contain orthorhombic crystalline structures [63]. In
most wheat varieties, the relative crystallinity of AS (26.78-34.90%) is
higher than that of BS (25.03-30.98%) (Table 3) [31,45,59,63]. The AP
chains are arranged in order and make it possible for starch to form a
crystalline structure. The shorter chains may not contribute to the for-
mation of crystalline structure, causing defects in the crystalline struc-
ture [48]. Based on the knowledge that AP chains with 12 <DP< 24
allow the formation of more stable crystalline structures [48,64], it is
speculated that the higher relative crystallinity of AS may be related to
its higher proportion of B2 chains. However, the relationship between
the CLD of AP and relative crystallinity requires further investigation.
On the contrary, another study showed that the BS showed higher
relative crystallinity compared to AS, which may be attributed to vari-
ations in the sample preparation and techniques used for measurement
and calculation [57].

Small angle X-ray scattering (SAXS) is a useful technique for

Table 3
Crystalline structure of A-type (AS) and B-type (BS) starch granule samples.
Sample Relative crystallinity (%) q(mm) d (nm) o Dm Ds Reference
WANS5O0 (soft wheat variety) AS 26.78 (+) nd nd nd nd nd [31]
BS 25.03 (+) nd nd nd nd nd
ZHENG366 (hard wheat variety) AS 27.65 (+) nd nd nd nd nd [31]
BS 25.98 (+) nd nd nd nd nd
Xinong 9718 (hard red winter wheat) AS 34.47 (+) nd nd nd nd nd [45]
BS 31.05 (+) nd nd nd nd nd
Shannong 138 (soft red winter wheat) AS 34.82 (+) nd nd nd nd nd [45]
BS 30.98 (+) nd nd nd nd nd
Wesley AS 32.40 (1) nd nd nd nd nd [571
BS 35.50 (-) nd nd nd nd nd
Commercial wheat starch AS 31.95 (+) 0.5956 (-) 10.54 (+) 2.81 (-) 2.81 na [63]
BS 29.38 (+) 0.6265 (-) 10.02 (+) 3.99 (-) na 2.01
Xinong 979 (normal wheat) AS 33.10 (+) 0.679 () 9.25 (+) 2.80 () 2.80 na [59]
BS 27.23 (+) 0.693 (-) 9.06 (+) 3.91 (-) na 2.09
Nongda3471 (waxy wheat) AS 34.90 (+) 0.617 (-) 10.18 (+) 3.01 (-) 3.01 na [59]
BS 30.80 (+) 0.684 (-) 9.18 (1) 3.63 (-) na 2.37

q: the scattering vector; d: thickness; a: the power-law exponent; Dm: mass fractal structure; Ds: surface fractal structure.

@ 9

“+ 7 in parentheses represents the value of AS is higher than that of BS;
na” represents not applicable.

in parentheses represents the value of BS is higher than that of AS; “nd” represents no data.
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analyzing the nano-structural and fractal properties of starch. The exact
q value of the scattering peak at round 0.6 nm™! is usually used to
calculate the average repeat distance (d=2rn/q) of semi-crystalline
lamellae in starch [65]. AS shows lower q values
(0.5956-0.679 nm 1) compared to BS (0.6265-0.693 nm 1), but higher
average repeat distance (9.25-10.54 nm) than BS does (9.06-10.02 nm)
(Table 3). These results suggest that the average repeat distance of the
semi-crystalline lamellae in BS is smaller, indicating a denser layered
structure [59,63]. The fractal structure of scattering objects can be
characterized by the fractal dimension D, and the fractal system for
starches is classified as mass dimension (Dm) and surface dimension
(Ds). The scattering law relates scattering intensity to scattering vector
q: I(qQ)xq ™, where I is the SAXS intensity and the exponent « refers to
the slope of Inl-Inq in SAXS graph. For starch sample, if o is between 1
and 3, the sample is mass fractal with fractal dimension Dm= a. If « is
between 3 and 4, the sample is surface fractal with fractal dimension of
Ds = 6-a [66]. o ranges from 2.80 to 3.01 for AS and from 3.63 to 3.99
for BS (Table 3). These findings indicate that AS has a mass fractal
structure with regular arrangement, whereas BS exhibits a surface
fractal structure with a compact and smooth surface [59,63].

4.4. Morphological structure

Various advanced microscopic techniques, including polarized light
microscopy, SEM, confocal laser scanning microscopy (CLSM), and
atomic force microscopy (AFM), have been applied to observe the
morphologies of AS and BS [64]. The crystalline region of starch gran-
ules exhibits an orderly arrangement of starch molecules, whereas the
amorphous region shows a more random arrangement. This leads to an
anisotropic phenomenon, visible as a polarization cross (Maltese cross),
when polarized light passes through starch granules. AS displays larger
and clearer birefringence compared to BS (Fig. 2) [31,45,56,63]. The
clearer birefringence of AS is attributed to its higher crystallinity, as the
intensity of birefringence depends on the dimensions of the granules and
their relative crystallinity and micro-crystalline orientation [67]. SEM
can provide useful information on starch size and morphology. AS
granules are generally disc-shaped or lenticular, while BS granules are
spherical or irregular (Fig. 3A; and B;). The diameters of AS and BS
granules range from 15.7 pm to 33.1 pm and 2.3-7.1 um, respectively
(Fig. 3C). However, the diameters of AS and BS granules vary among
different studies. Some other studies report diameters of AS granules to
be 10-40 um [45], 10-35 um [57], or 12-24 ym [68]. On the other
hand, the diameter of BS granules is reported to be 2-5 um [45], 2 ym
[57], or 4-6 um [68]. As determined by laser particle size analyzer, the
D10, D50, D90 and D (4,3) of AS are significantly higher than those of BS
(Fig. 3D). However, it is worth noting that these parameters of AS or BS
can vary considerably in different studies [45,59]. The variations in the
size of AS or BS among the studies can be attributed to variations in
wheat genotypes and extraction methods. For example, the size range of
BS granules can be reduced by extending the rest time or increasing the
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centrifugal force during the extraction process. CLSM has been used to
analyze the internal structure of starch granules, including the distri-
bution of AM and AP, hilum, growth rings, pores, and channels [69-72].
APTS (8-amino-1,3,6-pyrenetrisulfonic acid) is used to specifically label
the reducing ends of starch molecules, and the captured fluorescence
signals can reveal the position of the reducing ends. AM, being a smaller
molecule than AP, exhibits a higher molar ratio of reducing ends per
anhydrous glucose residue, resulting in a greater labeling of amylase per
unit weight [69]. The fluorescence intensity does not show significant
differences between AS and BS (Fig. 3A,, As, B2 and Bg), which may be
attributed to the small difference in AM content between AS and BS
[59]. Previous study demonstrated that AS exhibits clearer hilum and
growth rings compared with BS [70]. However, in another study, the
growth rings of both types of starch can be easily distinguished [72]. The
discrepancies in results may be due to differences in experimental ma-
terials or testing techniques. Therefore, the identification of starch
growth rings depends on experimental protocols and experimenter’s
expertise. Channels within starch granules have been demonstrated to
be filled with proteins, when stained with CBQCA (3-(4-carboxybenzoyl)
quinoline-2-carboxaldehyde) and methanolic merbromin [71]. In addi-
tion, the AS possesses large channels in equatorial groove region and
finer channels in other regions of the granule, while BS contains pre-
dominantly larger, less-defined, and void-like channels [71]. These
channels within wheat starch granules play a role in facilitating the flow
of enzymes or other chemical reagents into the granule matrix, which is
crucial for the digestion or modification of starch and requires further
investigation. When characterizing the starch surface structures at the
nanoscale using AFM, AS shows a ravine-like, uneven surface
morphology, while the surface of BS appears relatively smooth (Fig. 4)
[59]. The differences in morphologies of AS and BS may be attributed to
variations in starch biosynthesis, the ratio of AM to AP, and the mo-
lecular structure of starch [14,59].

4.5. Gelatinization and pasting properties

Gelatinization is the process in which starch is heated above a critical
temperature with enough water to cause an irreversible phase transition.
In this context, gelatinization begins with the glass transition stage of the
amorphous region, leading to AM molecule leaching and subsequent
disassociation of AP crystallites, causing crystalline structure loss [73].
Differential scanning calorimetry is used to characterize the gelatiniza-
tion properties of starch, including onset temperature (To), peak tem-
perature (Tp), conclusion temperature (Tc), and enthalpy of
gelatinization (AH). Among these parameters, gelatinization tempera-
tures are indicators of the thermal stability of crystallites. It is generally
observed that in most wheat varieties, AS exhibits lower To, Tp, and Tc
compared to BS (Table 4) [28,45]. However, this observation cannot be
generalized to all crop varieties. For example, in three varieties AS
shows higher To than BS does, and in one variety, AS shows higher Tp
and Tc than BS does (Table 4) [28,63]. The conflicting reports may be

Fig. 2. Polarized light microscopic images of the A-type (A) and B-type (B) starch granules of wheat starch. Data are derived from the previous study [63].
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Fig. 3. The micro-structure and size distribution of A- and B-type starch granules. Fig. A; and B; show the scanning electron microscopy images of A- and B-type
starch granules, respectively. Fig. Ao, By, A3 and B3 show the confocal laser scanning microscope images of A- and B-type starch granules, respectively. Fig. C and D
show the size distribution of A- and B-type starch granules analyzed by ImageJ software and laser diffraction analyzer, respectively. Data are derived from the

previous study [59].

attributed to imprecise measurements and variations in the genotype of
wheat varieties [28]. In addition, these discrepancies could arise from
separation efficiency as well as the retention of extremely small granules
[17]. AH reflects the amount of energy required for the dissociation of
starch crystalline structure [63]. The AH of AS (6.78-12.2 J/g) is higher
than that of BS (4.46-10.0 J/g) for all tested wheat varieties (Table 4)
[28,45,63]. More heat needed when the structure of the AS is disrupted,
which is attributed to its higher relative crystallinity. Furthermore, the
chemical composition of starch is also considered to be an important
factor affecting AH. AS shows higher starch content, resulting in more
heat needed during the gelatinization process. Moreover, the higher AH
of AS can be attributed to its lower damaged starch content, which has
been suggested to negatively correlate with the AH [49].

Rapid viscosity analyzer is used to characterize the pasting proper-
ties of starch, including peak viscosity (PV), trough viscosity (TV),
breakdown (BD), final viscosity (FV), setback (SB), and pasting tem-
perature (PT). PV represents the maximum viscosity before the onset of
cooling process. BD, the difference between PV and TV, indicates the
extent of granule disintegration. As the cooled-cooked paste stabilizes
during cooling, FV gradually increases. SB, the difference between FV
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and PV, reflects the stability of hot paste and the retrogradation ten-
dency of starch [45]. PT is the temperature at which the viscosity begins
to increase during heating [45]. Generally, AS exhibits higher PV, TV,
and FV (2269-4748, 1619-2448, and 2704-3634 cP, respectively), but
lower PT (54.4-78.75 °C) than BS (540-3385, 240-1347, 842-2985 cP,
and 61.3-94.18 °C) (Table 5). These variations can be explained by
differences in the chemical compositions and molecular structures of AS
and BS. Specifically, protein and lipids in starch pastes may suppress
granule swelling and maintain the integrity of starch granules, resulting
in lower viscosity [31,57]. Additionally, damaged starch with reduced
particle size and broken granular surface could enhance the perme-
ability of water into granules, thus decreasing viscosity [49]. AS samples
contain less protein, lipid, and damaged starch, resulting in higher PV,
TV, and FV, but lower PT. Furthermore, A chains negatively correlate
with FV, while B1 chains positively correlate with FV, which is attrib-
uted to longer AP chains interacting with AM molecules during retro-
gradation [74]. The higher FV of AS may be related to its lower content
of A chains and higher content of B1 chains. The relative magnitude of
BD and SB between AS and BS varies due to variations in material ge-
notypes or experimental protocols (Table 5). The method of starch
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Fig. 4. The surface morphology (1), three-dimensional morphology (2) and amplitude diagram (3) of A-type starch granules (A) and B-type starch granules (B)
observed by atomic force microscopy. Data are derived from the previous study [59].

Table 4
Gelatinization properties of A-type (AS) and B-type (BS) starch granule samples.

Sample Starch: water ratio (w:w) To (°C) Tp (°C) Te (°C) AH (J/8) Reference

Xinong 9718 (hard red winter wheat) AS 1:4 56.52 (-) 60.91 (-) 66.10 (-) 6.86 (+) [45]
BS 1:4 58.73 (-) 62.41 () 68.84 () 4.46 (+)

Shannong 138 (soft red winter wheat) AS 1:4 56.60 (-) 61.05 (-) 66.48 (-) 6.78 (+) [45]
BS 1:4 58.03 (-) 62.75 () 67.34 (-) 5.87 (+)

CDC Teal AS 1:3 56.2 (+) 62.2 (-) 69.4 (-) 11.2 (+) [28]
BS 1:3 55.4 (+) 63.4 (-) 71.6 (-) 9.2 (+)

McKenzie AS 1:3 52.2(-) 60.2 (-) 70.3 (-) 10.2 (+) [28]
BS 1:3 53.8 (-) 61.3 (-) 70.8 () 8.0 (+)

AC Karma AS 1:3 53.0 (-) 60.7 (-) 70.8 (-) 12.2 (+) [28]
BS 1:3 54.4 (-) 62.4 (-) 73.2(-) 9.0 ()

AC Crystal AS 1:3 54.2 (-) 61.3 (-) 71.0 (1) 10.4 (+) [28]
BS 1:3 55.0 (-) 62.3 (-) 72.6 (-) 8.3 (+)

Fielder AS 1:3 52.8 (-) 60.6 (-) 68.0 (-) 11.4 (+) [28]
BS 1:3 53.4(-) 61.8 (-) 68.4 (-) 10.0 (+)

Plenty AS 1:3 52.8 (+) 58.0 () 63.8 (-) 10.0 (+) [28]
BS 1:3 52.2 (+) 59.6 (-) 69.6 (-) 8.8 (+)

Commercial wheat starch AS nd 65.48 (+) 70.74 (+) 78.01 (+) 10.27 (+) [63]
BS nd 60.89 (+) 65.98 (+) 73.38 (+) 8.22 (+)

To: onset temperature; Tp: peak temperature; Tc: conclusion temperature; AH: enthalpy of gelatinization

« ”

+ ” in parentheses represents the value of AS is higher than that of BS; “-
“nd” represents no data.

isolation also affects viscosity parameters. The increase in AS size
resulting from the isolation procedure may increase starch viscosity,
while the retention of extremely small granules may reduce the viscosity
of BS. These indicate that the viscosity parameters of starch are affected
by both intrinsic (starch granule size, chemical compositions, and mo-
lecular structures) and extrinsic (experimental protocols and isolation
method) factors, with chemical compositions and molecular structures
being the dominant factors for viscosity differences between AS and BS.
Further investigations are needed to understand the contribution of AM
molecular structure of AS and BS to starch viscosity.
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in parentheses represents the value of BS is higher than that of AS.

4.6. Digestive properties

Starch can be categorized into three groups based on its resistance to
enzymatic hydrolysis: rapidly digestible starch (RDS, digested within
20 min), slowly digestible starch (SDS, digested between 20 and
120 min), and resistant starch (RS, digested beyond 120 min). RDS is
rapidly and completely hydrolyzed in the small intestine, causing a rapid
increase in blood glucose levels, and long-term consumption of high RDS
content may lead to type 2 diabetes [14]. However, RDS is essential for
individuals who suffer from maltrition due to a lack of energy [49]. SDS
is digested slowly and completely in small intestine and helps to stabilize
blood glucose levels, making it the most desirable group [14]. RS,
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Table 5
Pasting properties of A-type (AS) and B-type (BS) starch granule samples.
Sample Starch: water ratio PV (cP) TV (cP) BD (cP) FV (cP) SB (cP) PT (°C) Reference
(w:w)
Six soft wheat varieties AS nd 2269-3132 1619-2448 519-648 2704-3634 1021-1186 56.7-69.1 [31]
€] ) =) ) =) =)
BS nd 1060-1821 526-1094 (+) 503-915 1276-2175 750-1253 (~) 61.3-81.3
€D =) (€D =)
Six hard wheat varieties AS nd 2127-2779 1628-2138 399-685 2858-3079 693-1031 (+) 57.2-66.7 (-) [31]
) +) ) +)
BS nd 540-892 (+) 240-451 (+) 259-441 842-1232 (+) 602-835 (+) 67.4-85.9 (-)
€]
Commercial wheat starch AS  3:25 2883.5 (+) 2421.5 (+) 462.0 (+) 3527.5 (+) 1106.0 (+) 78.75 (-) [30]
BS 3:25 1648.5 (+) 1347.0 (+) 301.0 () 1737.5 (+) 390.5 (+) 94.18(-)
Xinong 9718 (hard red winter ~ AS 2:25 3981 (+) 1530 (+) 1297 (1) 3291 (+) 1761 (-) 69.3 (-) [45]
wheat) BS 2:25 2302 (+) 1005 (+) 2451 () 2985 (+) 1890 (-) 75.1(-)
Shannong 138 (soft red winter ~ AS  2:25 4748 (+) 1504 (+) 3244 (+) 3206 (+) 1522 (+) 54.4 (-) [45]
wheat) BS 2:25 3385 (+) 803 (+) 2582 (+) 2008 (+) 1205 (+) 67.1 (-)
PV: peak viscosity; TV: trough viscosity; BD: breakdown; FV: final viscosity; SB: setback; PT: pasting temperature.
“+ 7 in parentheses represents the value of AS is higher than that of BS; “-” in parentheses represents the value of BS is higher than that of AS; “~” in parentheses

represents the range for AS and BS partially overlapped.
“nd” represents no data.

consumed as dietary fiber, has a hypoglycemic effect and improves in-
testinal transit [75].

The digestive properties of AS and BS remain uncertain due to con-
flicting results from different studies (Table 6) [70,76-78]. Starch di-
gestibility is influenced by factors such as granule size, chemical
composition, crystalline structure, and molecular structure [79]. Starch
granules with a larger specific surface area and more enzyme action sites
tend to be hydrolyzed faster [80]. Additionally, damaged starch, with
more cell disintegration and a larger contact area for enzymatic catalysis
[49], exhibits increased starch digestibility. In general, starch di-
gestibility is negatively correlated with AM content [53], and the crys-
talline regions of starch granules would resist amylase hydrolysis [81].
The higher digestibility of BS can be attributed to its larger specific
surface area, more enzyme action sites, and higher damaged starch
content, along with its lower AM content and crystallinity. However,
some studies have shown that AS may have greater digestibility
(Table 6), potentially due to its higher starch content, the specific fine
structure of AM, AM lipid complex, and phenolic substances, which
require further investigation. The conflicting digestive properties
observed between AS and BS may be attributed to differences in the

Table 6
Digestibility of A-type (AS) and B-type (BS) starch granule samples.
Sample RDS (%)  SDS (%) RS (%) Reference
Yangmai No. 9 AS 40.42 30.93 28.65 [70]
€3] ©) O]
BS 29.34 38.18 32.48
D) ©) O]
Nuo Mai 2 AS 30.95 55.03 14.02 [78]1
€3] ) (€3]
BS 25.03 61.57 13.40
) O] )
Commercial wheat starch AS 30.49 13.54 56.10 [77]
O] +) )
BS 45.24 12.58 42.18
O] +) (€3]
Commercial wheat starch AS 24.72 25.86 49.42 [76]
(uncooked) O] ) O]
BS 25.96 20.07 53.97
©) +) ©)
Commercial wheat starch AS  35.33 50.19 14.58 [76]
(cooked) ©) +) ©
BS 35.45 50.02 14.64
©) (€D ©)

RDS: rapidly digestible starch; SDS: slowly digestible starch; RS: resistant starch.
“+ 7 in parentheses represents the value of AS is higher than that of BS; “-” in
parentheses represents the value of BS is higher than that of AS.
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sources of experimental materials or variations in the digestive enzymes
and their activities.

5. Effect of starch morphology on dough physicochemical and
rheological properties

Starch is a major component of dough, a crucial factor influencing
the structure and properties of wheat dough. The presence of starch
affects the gluten network, involving the polymeric proteins, chemical
interactions, secondary structures of gluten, micro-structure, physical
interactions between gluten and starch, and water absorption and water
state, consequently impacting the rheological properties of dough
(Fig. 5). This section compares the effects of different-sized wheat starch
on dough properties to further understand the relationship between
starch structure and its functionalities.

5.1. Starch physicochemical properties

The physicochemical properties of starch have a significant influence
on the rheological properties of dough. In native wheat flour, the FV and
AH is negatively correlated with dough development time (DDT) and
stability time (ST) [82,83]. However, the presence of AM can enhance
dough stability and deformation resistance [82,84]. Starch with low
relatively crystallinity is less likely to form hydrogen bonds with water,
which allows more hydrogen bonds to interact with gluten, thereby
improving gluten-starch interactions and dough stability [82]. However,
another study reported that dough with high relative crystallinity of
starch shows greater stability [85]. This inconsistency may be attributed
to the genotypic variations in the experimental materials. In general, AS
shows higher AM content, FV, AH, and relative crystallinity, compared
to BS (Tables 1, and 3-5). However, further investigations are required
to understand the relationship between these parameters and the quality
of doughs with varying AS/BS (the ratio of AS to BS by weight). Previous
studies have indicated differences in the CLD of AP between AS and BS
[56-59], whereas their specific effect on dough properties needs to be
further studied.

5.2. Polymeric proteins

When flour is mixed with water, glutenin and gliadin become hy-
drated and start to interact to form a specific three-dimensional
network. At the molecular scale, glutenin forms glutenin polymers
through disulfide bonds, while gliadin typically attaches to glutenin
through non-covalent interactions such as ionic bonds, hydrophobic
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Fig. 5. Schematic diagram of starch size distribution affecting dough rheological properties and final product quality.

interactions, and hydrogen bonds [86]. In study of reconstituted model
doughs with different AS/BS, the glutenin macropolymer (GMP) and
relative content of y-gliadin generally decrease as the AS/BS ratio in-
creases, indicating that BS can promote glutenin polymerization and
strengthen the cross-linking of y-gliadin with other polypeptide chains
[46]. Based on their solubility in 0.5% SDS solution, the polymeric
protein can be divided into SDS-unextractable polymeric proteins (UPP)
and SDS-extractable polymeric proteins (EPP) [87]. When the content of
different-sized starch is increased at the same percentage level, the BS
reconstituted flours show higher UPP% but lower EPP%, indicating that
BS promotes the polymerization of UPP with higher molecular weight
[30]. In addition, the content of high molecular weight proteins
(Mw=91,000-688,000 Da) and low molecular weight proteins
(Mw<91,000 Da) significantly decreases as the AS/BS ratio increases
[88], which is consistent with the finding that BS promotes the forma-
tion of GMP and UPP. This observation can be explained by previous
finding that BS with smaller size facilitates polymerization of gluten
[30].

5.3. Chemical interactions

The disulfide bonds reflect the cross-linkages between protein mol-
ecules and can be oxidized from free sulfhydryl [89]. The free sulthydryl
content increases gradually with the increase of AS/BS ratio [46]. When
AS or BS is added to native wheat flours, the content of free sulfhydryl
and disulfide bonds decreases gradually due to the dilution of gluten
[30]. BS reconstituted flours show a greater decrease in free sulfhydryl
content and a smaller decrease in disulfide bonds than AS reconstituted
flours, indicating that BS can facilitate the formation of disulfide bonds
through the oxidation of sulthydryl groups, compared to AS [30]. This is
mainly due to the presence of large-sized AS granules, which impede the
formation of UPP and interfere with the continuity of gluten.

In addition to disulfide bonds, the formation and stability of dough
system also depend on non-covalent bonds, including ionic bonds,
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hydrogen bonds, and hydrophobic interactions [90]. In gluten, ionic
bonds form through free side chain groups in amino acids residues. As
the AS/BS ratio increases, ionic bonds decreased gradually, possibly due
to large-sized AS granules packing into gluten network as nonionic
polymers, impeding ionic interactions between proteins [91]. Moreover,
the amount of hydrogen bonds is gradually decreased, as AS/BS ratio
increases from 5:5-10:0 [46]. Correspondingly, the BS reconstituted
doughs show higher hydrogen bond content than AS reconstituted
doughs do [30]. Given that hydrogen bonds can be formed between
hydroxyl groups on starch surface and hydrophilic amino acids in
gluten, BS exhibits higher damaged starch content than AS does,
resulting in more hydrogen bonds formed with gluten [90]. On the other
hand, the AS reconstituted dough contains more hydrophobic in-
teractions compared to the BS reconstituted dough, which can be
attributed to the smaller specific surface area of AS, where fewer hy-
drophobic interactions occur in the protein-starch interface [46].
However, the effects of different-sized wheat starch on specific chemical
groups in the dough system have not been determined.

5.4. Secondary structures of gluten

Secondary structures of gluten can be characterized by the contents
of p-sheets, a-helices, p-turns and random coils, which are typically
analyzed using FTIR spectroscopy [87]. The Amide I band
(1600-1700 cm ™) in the FTIR spectrum is particularly sensitive for
studying gluten’s secondary structures, as it is associated with the C=0
stretching vibration [92]. In starch-gluten model doughs with varying
AS/BS ratios, B-sheets and p-turns are the dominant secondary structures
of gluten, as observed in noodle dough [46,88]. Specifically, the $-sheet
content increases gradually with the starch granule AS/BS ratio
increasing from 5:5-10:0 in starch-gluten model dough, attributed to the
formation of hydrogen bonds between HMW-GSs or between amino acid
side chains and free hydroxyl groups in starch [46]. However, in noodle
dough, the content of f-sheets gradually increases as BS content
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increases [88], which may be attributed to the differences in the hy-
dration levels of the wheat doughs, as hydration level significantly in-
fluences the secondary structures of gluten [89]. Specifically, full
hydration is achieved (optimum water absorption) in the starch-gluten
model dough, while the noodle dough is in low hydration state. More-
over, in noodle dough, the content of B-turns decreases gradually as BS
content increases [88], likely due to the replacement of f-turns by
B-sheets [93]. The secondary structures of gluten, particularly the
presence and proportion of $-sheets and f-turns, significantly impact the
rheological properties of dough. Since starch size distribution affects
these secondary structures, it can consequently influence the quality of
dough [94].

5.5. Micro-structure of dough

Various microscopy techniques, including optical microscopy, SEM,
and CLSM, can be used to observe the micro-structure of dough [30,88,
95]. Dough with a high AS content exhibits more cracks and voids be-
tween the starch granules and gluten network, indicating a loose dough
structure [30,46,88]. In contrast, lower AS content or higher BS content
leads to a more uniform and compact structure with fewer cracks and
voids [30,46,88]. Similarly, in gluten-free bread dough, the continuous
phase (liquid phase) formed by starch granules surrounding gas bubbles
becomes more consistent with the increase of BS content [95]. These
phenomena can be explained by the differences in size distribution of AS
and BS: (1) small-sized BS can be homogeneously and tightly packed
into the gluten network, while large-sized AS granules are more likely to
be exposed or disengaged from the gluten network [30,46,88,95]; (2) BS
granules can fill the voids and cracks between AS granules and gluten
network, thus increasing the continuity of dough structure [96]. A
recent study showed that the addition of AS decreases protein junctions,
indicating that AS hinders the formation of protein cross-linkages, while
BS addition has the opposite effect [30]. Lacunarity, which reflects the
void distribution in the gluten network, is a measure of dough strength,
where a lower value indicates stronger dough [97]. This parameter can
be determined by analyzing images of dough micro-structure observed
by CLSM with AngioTool64 software [98,99]. Compared with AS
reconstituted dough, BS reconstituted dough shows lower lacunarity,
supporting the finding that dough systems with higher BS content show
fewer voids [30]. Taken together, these results demonstrate that BS can
strengthen dough micro-structure, resulting in improved dough strength
and stability.

5.6. Physical interactions between gluten and starch

Dough formation and stability are influenced by not only chemical
but also physical interactions. The micro-structure of dough shows that
the gluten network embedded with AS granules has many cracks and
voids, while BS can be tightly packed into the network. Therefore, the
concept of gluten-starch physical interaction has been proposed to
indicate the strength of physical connections between starch granules
and gluten networks [23]. The ratio of BS to AS by number (B/A) is used
to characterize the size distribution of starch granules, and lacunarity is
used to represent the uniformity of voids in gluten networks. Three
parameters, i.e. B/lacunarity, A/lacunarity, and B/A/lacunarity, have
been used to quantitatively characterize the physical interactions be-
tween gluten and starch at the micro-structure level [23]. The filling
degree, represented by B/A/lacunarity, has been found to be positively
related to dough stability time (r = 0.71, P < 0.01), indicating that
gluten-starch physical interactions strongly affect the strength and sta-
bility of dough [24]. Higher B/A/lacunarity reflects that starch granules
have greater ability to fill into the voids in the gluten network, where
starch and gluten interact with each other closely, thus improving the
dough strength. This understanding provides a better way to interpret
and predict the stability of dough. The addition of BS to native flour
increases B/A/lacunarity, enhances gluten-starch physical interactions,
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and thus improves the mixing properties of dough. Even during
sequential thermo-mechanical treatment, dough with higher BS content
shows a more stable network structure due to stronger gluten-starch
physical interactions [100]. These results indicate that the dough with
strengthened gluten-starch physical interactions exhibits greater sta-
bility during mixing and thermo-mechanical processes.

5.7. Water absorption and water state

The interactions among dough components, including gluten-gluten
and gluten-starch interactions, can be influenced by water absorption
and water state, which in turn affect the quality and end-use of the
dough. The water absorption of flour can be measured by farinograph or
Mixolab [30,97]. Due to its smaller volume, larger specific surface area,
and higher content of damaged starch, BS exhibits stronger water ab-
sorption ability compared to AS [68]. Doughs reconstituted with BS also
demonstrate higher water absorption than AS reconstituted doughs
[30]. Similarly, in the model dough, water absorption increases with the
increased proportion of BS [101]. Moreover, BS may compete with
gluten for water, resulting in insufficient hydration of gluten, and in-
creases dough rigidity [46].

The water state of dough can be analyzed using low field nuclear
magnetic resonance. Three distinct water populations i.e. bound water,
weakly bound water, and free water can be analyzed in dough samples
by transverse relaxation (T5), and the relaxation time points of the peak
positions are recorded as To1, To2, and Ta3, respectively [102]. Ag;, Ao,
and Ags represent the relative peak areas, indicating the relative content
of the three types of water [102]. In a recent study, it was found that the
AS/BS ratio has no significant effect on Ty;, Tog, A1, or Agg; however,
To3 shows an upward trend, while Ay exhibits an opposite trend with
the increase in BS content [88]. In a previous study, only two distinct
water populations were observed, and the addition of BS at a proportion
of 5% increases bound water content but decreases free water content
[30]. These results indicate that increasing the content of BS can reduce
the moisture fluidity of dough, which is responsible for its uniform and
compact structure.

5.8. Dough rheological properties

The rheological properties of dough are crucial factors for deter-
mining the end-use of dough and quality of final products, and can be
measured using a rheometer, farinograph, Mixolab, and texture analyzer
[30,88,97]. The storage modulus (G") and loss modulus (G") reflect the
elasticity and viscosity of the dough, respectively. The loss tangent (tan
8) is the ratio of G” to G/, reflecting the relative magnitude of viscosity
and elasticity. In various dough systems such as gluten-free bread dough,
noodle dough, and reconstituted flour dough, an increase in the BS
content has been observed to elevate both G’ and G”, while decrease tan &
[30,88,95]. This indicates that BS can enhance the dough’s elasticity.
Moreover, the addition of BS at a proportion of 5% increases DDT, ST,
hardness, and springiness of dough, indicating an improvement in the
strength and stability of dough [30]. Creep and recovery tests are
commonly used to evaluate dough stability and resistance to deforma-
tion. In the creep phase, the dough sheets with higher BS content show
lower maximum creep compliance (Jax), indicating stronger resistance
to deformation. In the recovery phase, the relative elastic part of Jnax
increases with the addition of BS, while the relative viscous part of Jyax
decreases, indicating that increasing the content of BS can enhance the
elasticity of dough [88]. The improvements in dough properties are due
to the small size ranges of BS granules, which facilitate close packing
into the gluten network, enhancing gluten-starch physical interactions,
and leading to a more stable network structure. Additionally, BS can
promote the polymerization of gluten protein and reduce the fluidity of
water in dough. In contrast, AS granules are more likely to be exposed
from the gluten network, resulting in reduced filling degree. Further-
more, a high proportion of AS decreases the covalent (disulfide bonds)
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and non-covalent interactions (ionic bonds and hydrogen bonds) of
dough [30,46]. Different contributions of AS and BS to the dough
rheological properties need to be further investigated, and their
different effects on the end-use of dough and the quality of final products
need to be further clarified.

6. Effect of different-sized starch granules on quality of final
products

The physicochemical properties of starch, particularly its size dis-
tribution, are key factors that influence the quality of final products,
including bread, noodles, and Chinese steamed bread. Recent studies
have shown increasing interest in this area. For example, bread with an
AS/BS ratio of 3:1 exhibits the highest specific volume [95], in agree-
ment with the previous findings that breads with 25-35% [103] or 30%
[104] BS content (by weight) exhibit higher volumes. However, these
results are inconsistent with the findings that the dough with high BS
content shows higher G/, G”, DDT, and ST, where other factors may in-
fluence bread volume, such as water absorption, gas volume during
fermentation, and changes in starch properties during baking [95].
When the AS/BS ratio is 1:1, raw noodles exhibit the highest binding
strength and least immobilized water, whereas cooked noodles show the
greatest hardness, chewiness, and resilience, but lowest cooking loss and
water absorption [105]. Furthermore, adding 20% (by weight) BS to
native flour increased the density of wet and dried noodles, along with
cooking yield, and decreased cooking loss [106]. These effects can be
attributed to the formation of a stronger gluten network during knead-
ing and sheeting with higher BS content [106]. For raw white noodles,
increasing the BS content improves the color, viscoelasticity, and
smoothness of raw white noodles, and those noodles made from flours
reconstituted with 30-40% BS exhibit moderate firmness [101]. The
total score of Chinese steamed bread can be improved by increasing BS
content, and the Chinese steamed bread made from the reconstituted
flours with 30% BS content exhibits the best crumb structure and highest
total score [101]. It is essential to consider that the quality criteria of
flour for different food products such as bread, noodles, and Chinese
steamed bread vary significantly. Accordingly, the optimal ratio of AS to
BS is significantly different for the various end-use. Moreover, the
optimal AS/BS ratio for making same food product differed among
multiple studies, which may be attributed to the variations in content
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and strength of flour glutens resulting from different genetic back-
grounds or production procedures [107]. Taken together, adjusting the
size distribution of starches from different flour backgrounds can
improve the quality of bread, noodles, and Chinese steamed bread.
Further studies are required to investigate the optimal range of
different-sized starch granules in the flour or dough systems with
varying gluten strength specific to various food applications.

7. Possible strategies for coordinately improving yield and
quality of wheat

Though wheat processing quality is crucial, it cannot come at the
expense of yield in wheat breeding. The balance between quality and
yield in wheat is essentially a trade-off between chemical compositions,
such as starch and protein. Therefore, coordinated improvements in
wheat yield and quality can be achieved by optimizing the content and
compositions of protein and starch through breeding and cultivation
techniques (Fig. 6). Firstly, the content and compositions of protein are
the key factors determining the dough rheological properties and pro-
cessing quality. However, reversing the negative correlation between
protein content and yield is challenging [108], limiting strategies for
improving processing properties by increasing protein content.
HMW-GSs, such as Dx5, Dy10, and BX7OE, play an essential role in
governing the strength and stability of dough, making them valuable
targets in wheat breeding [11]. On the other hand, gliadin, albumin, and
globulin have little or negative impact on the processing properties of
wheat [6]. The molecular biology techniques, such as gene editing,
provide opportunities to reduce these proteins and thus improve the
quality of dough. For example, the knockout mutants of y-gliadin y1-1D
and y2-1B have shown higher SDS-sedimentation volume, gluten index,
and longer dough stability time compared to their wild type [109].
Secondly, as mentioned earlier, the size distribution of starch is a key
factor affecting the dough rheological properties and the quality of
flour-based food. Recent study has shown that adding 5% BS to native
flour reduces protein content while optimizing dough micro-structure
and enhancing gluten-starch interactions, thereby improving dough
strength and stability [30]. This suggests that the dough quality can be
improved by optimizing the size distribution of starch, which can avoid
the yield loss caused by increasing protein content. In addition, wheat
yield is influenced by factors such as thousand-kernel weight (TKW),

Gluten
composition,

Fig. 6. Schematic diagram of coordinated improvement of wheat yield and quality.
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grain number per spike, and spike number per unit area, with TKW being
a primary target trait for improving grain yield in modern wheat
breeding [110]. Among grain filling substances, starch is the most
abundant compound in the endosperm, and therefore has the greatest
effect on grain weight and yield [14]. The larger size and greater weight
of AS may contribute to the improvement of grain weight. Achieving a
balance between AS and BS content in wheat grains may help the
breeders to break the trade-off between yield and quality of wheat.
Lastly, environmental factors, such as light, temperature, water and
fertilizer also affect wheat yield and quality. For example, compared
with the white light regimen provided by fluorescent lamps, the RedFR
regimen consisting of red light and far-red light has been shown to lead
to the higher grain yield, Zeleny sedimentation, and ratio of HMW-GS to
LMW-GS [111]. Integrated crop and soil management strategies,
including improved newer cultivars, timely sowing date, appropriate
plant density and fertilizer rates, and adequate soil nutrients supply, can
be applied in the complex and changeable wheat production environ-
ments to improve yield and protein content synchronously [112]. These
two cases indicate the potential to improve the yield and quality of
wheat by adopting appropriate cultivation measures. Further improve-
ment in wheat yield and quality can be achieved when the factors of
grain components are fully taken into consideration.

8. Conclusions and prospects

Considerable progress has been made in understanding of the
biosynthesis, composition, structure, and function of different-sized
wheat starch granules. The AS and BS granules are produced in two
separate granule-initiation events and they can be isolated using sedi-
mentation or centrifugation. The variations in physicochemical prop-
erties between AS and BS are mainly attributed to their CLD of AP.
Specifically, AS exhibits lower content of A chains, but higher content of
B chains, leading to higher relative crystallinity, AH and FV. Moreover,
the distinct contributions of AS and BS to dough rheological properties
are primarily influenced by their sizes. The small-sized BS granules can
be closely packed into gluten network, enhancing gluten-starch physical
interactions, promoting the polymerization of gluten proteins, reducing
the fluidity of water in dough, and thereby improving the elasticity,
strength, resistance to deformation, and stability of dough. On the
contrary, AS granules are more likely to disengage from gluten network,
resulting in weakened covalent and non-covalent interactions, and
adversely affecting dough rheological properties. Additionally, adjust-
ing the size distribution of starch offers an avenue for improving the
quality of wheat varieties and flour-based food products.

Although extensive research has been carried out on AS and BS,
numerous opportunities remain for further exploration and utilization of
wheat starches with various sizes. Potential areas for future research
include: (1) characterization of the genetic basis for the initiation and
development of starch granules, and the genetic manipulation of starch
size distribution, (2) investigation of the AM chain length distribution,
and its correlations with other starch properties, including morphology,
gelatinization, pasting, and digestive properties, (3) elucidation of the
mechanisms by which AS and BS affecting the quality of final products,
including bread, noodles, biscuits and Chinese steamed bread, along
with exploration of methods for producing high-quality end products,
(4) characterization of the effects of starch size distribution on wheat
yield and development of the new wheat varieties with optimized AS
and BS ratio to achieve high yield and quality. Extensive and in-depth
studies on different-sized starches can address people’s growing de-
mand for nutritious and healthy food while advancing food industry.
Understanding the contribution of starch size distribution to wheat
quality can assist breeders to respond to market demands by breeding
new wheat varieties. With continued research, we can pave the way for
innovative improvements in wheat processing and enhance the overall
quality of food products.
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