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Abstract 
Background:  Wheat flour maturation affects the aggregation and structural stability of proteins. The number of high-molecular-weight glutenin 
subunits (HMW-GSs) differs in various wheat varieties. The effects of Dx2 absence on the protein aggregation characteristics and thermal sta-
bility of flour were investigated during 120 d of maturation using near-isogenic lines (NILs).
Results:  The absence of Dx2 delayed and decreased the protein aggregation of flours during maturation, i.e. the maturation-induced increases 
were later and smaller for glutenin, glutenin macropolymer (GMP), glutenin/gliadin ratio, β-sheets, and β-sheet/α-helix ratio in HMW-D1a without 
Dx2 than in HMW-D1p with Dx2; these differences were ascribed to the weaker interactions between the sulfhydryl (-SH) groups, disulfide 
bonds (-S-S-), and hydrophobicity in the flours without Dx2. Flour maturation caused the dough microstructures to be more compact and denser, 
thereby increasing the flour thermal stability as observed by a higher denaturation peak temperature (Tp), enthalpy of thermal transition (ΔH), and 
degradation temperature (Td), These changes led to better dough properties such as dough development time, dough stability time, and protein 
weakening, but the optimal stage in HMW-D1a without Dx2 was reached later.
Conclusion:  These findings deepen the understanding of how HMW-GS Dx2 modifies protein structures during flour maturation.
Keywords: Dx2 absence; disulfide bond; glutenin macropolymer; secondary and micro structures; thermal stability; wheat flour maturation.

Introduction
Products prepared from freshly milled wheat flour usually 
have a sticky mouth feel and poor textural quality and re-
quire a maturation period to reach the optimal processing 
quality (Wang and Flores, 1999). Steamed bread prepared 
from flour stored for 40–50 d was shown to have the highest 
quality (Xu et al., 2015). However, prolonged storage causes 
adverse effects on the processing quality and gluten quality of 
flour (Varzakas, 2016; Pooja et al., 2018). Therefore, the mat-
uration of wheat flour is important for improvement in the 
gluten network and rheological properties of dough, thereby 
improving product quality.

In the process of wheat flour maturation, a number of 
physical, chemical, and physiological changes occur until 
the final technological maturity is reached (Pyler, 1973), fos-
tered by flour quality characteristics and storage conditions. 
Postmilling maturation influenced the contents of tocoph-
erols, carotenoids (Hidalgo and Brandolini, 2008; Hidalgo 
et al., 2009), and free amino groups of the flours (Hajnal 
et al., 2014), thereby influencing their nutritional values. 
Examination during storage of high- and low-protein flour 
at 25 °C revealed that the free fatty acid content and pasting 

properties increased, and the content of sulfhydryl groups 
(-SH) was reduced, likely forming more extensive gluten 
(Fierens et al., 2015). When wheat flour was stored at 28 °C 
and 68%–70% environmental humidity for 21 d, the water 
absorption and stability time of dough were increased to 
some extent (Temea et al., 2016). In addition to the storage 
conditions, wheat variety is reportedly the strongest factor 
determining flour maturation. Compared with strong gluten 
wheat flour, the viscoelastic properties of weak gluten 
flour improved more markedly during short-term storage 
(Hadnađev et al., 2015; Zhang et al., 2021), and weaker 
flours required a longer time to reach the optimal quality 
characteristics (Pyler, 1973). However, a study by Wang et 
al. (2019) found complex changes using freshly milled wheat 
flour with high, medium, and low gluten during 90 d of mat-
uration. The difference may be due to the diversity of wheat 
genotypes. Many wheat varieties have been used to study the 
effect of maturation on flour quality, but it is difficult to iden-
tify the role of gluten proteins during flour maturation due 
to the inconsistencies in genetic background between the var-
ieties. Therefore, it is necessary to explore the effect of high-
molecular-weight glutenin subunits (HMW-GSs) variations 
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on protein polymerization during wheat flour maturation 
using near-isogenic lines (NILs).

Glutenin and gliadin are major components of wheat flour 
proteins, which govern its unique dough viscoelastic proper-
ties (Shewry et al., 2003). Glutenin is subdivided into HMW-
GSs and low-molecular-weight glutenin subunits (LMW-GSs) 
formed through inter- and intramolecular disulfide and 
hydrogen bonds (Lindsay and Skerritt, 1999). Although 
HMW-GS only accounts for 20% of whole glutenin, it makes 
major contributions to the gluten strength and elastic prop-
erties of dough (Shewry et al., 2003). Several studies have re-
ported that variations in the type and amount of HMW-GSs 
influence the polymerization of glutenin, thereby influencing 
dough properties (Liu et al., 2016; Gao et al., 2018). The 
absence of individual Ax1 or Dx2 subunits delayed and de-
creased the polymerization of glutenin during grain devel-
opment and weakened the microstructure of gluten (Gao et 
al., 2018). However, HMW-GS influencing protein aggre-
gation during flour maturation is rarely reported, especially 
HMW-GS absence at the Glu-D1 locus.

The glutenin macropolymer (GMP) content and size dis-
tribution are positively correlated with dough properties 
and bread loaf volumes (Weegels et al., 1997; Lindsay and 
Skerritt, 1999). The changes in the quantity of GMP may be 
attributed to chemical breakdown and the rearrangement of 
gluten structures (Graveland et al., 1985). The disulfide bonds 
(-S-S-) are responsible for the formation of the gluten network 
structure and are a key determinant of the rheological and 
baking properties of dough and flour (Delcour et al., 2012). 
The oxidation of -SH to S‒S bonds leads to protein aggrega-
tion (Bruneel et al., 2011). A previous study found that the 
content of glutenin increased during flour maturation, accom-
panied by a decrease in gliadin and -SH (Rao et al., 1978). 
Wang et al. (2014) and Zhang et al. (2021) found that the 
contents of glutenin macropolymers and disulfide bonds in 
freshly milled flour increased with progressive flour matur-
ation in weak-, middle-, and strong-gluten wheat, thereby 
improving dough quality (Wang et al., 2019). However, little 
information regarding the influence of the absence of a single 
Dx2 at the Glu-D1 locus on the structural and thermal prop-
erties of flour during maturation is available.

The GMP, -SH and S‒S bonds, surface hydrophobicity, and 
secondary structure of flour protein are frequently chosen as 
indicators reflecting the aggregation characteristics of protein 
and gluten quality (Wang et al., 2014, 2019). In this study, we 
determined the changes in GMP, free -SH and S‒S bonds, sur-
face hydrophobicity, protein secondary and micro structures, 
and thermal properties of flour during maturation, using two 
NILs with Dx2 absence/presence at the Glu-D1 locus. The 
aims of this study were to investigate the effect of the ab-
sence of Dx2 on flour protein aggregation and thermal sta-
bility during flour maturation and to examine the underlying 
mechanism by which the absence of Dx2 changes the protein 
structure during maturation.

Materials and Methods
Materials and experimental design
Two wheat lines (HMW-D1a and HMW-D1p) were selected 
from HMW-GS NILs of Xinong 2208 with medium gluten 
strength in this study. A recent report confirmed that the two 
NILs only differ at the Glu-D1 locus in terms of the absence/

presence of HMW-GS Dx2 (Gao et al., 2018). The HMW-
D1a contains Ax1, Bx7, By9, and Dy12 subunits, while the 
HMW-D1p contains Ax1, Bx7, By9, Dx2, and Dy12 subunits. 
Our previous studies have suggested that HMW-D1p yields 
stronger dough and a better gluten network than HMW-D1a 
ascribed to the presence of Ax1 (Gao et al., 2018; Song et al., 
2020).

HMW-D1a and HMW-D1p were planted individually in 
Yangling (108°40ʹE, 34°160ʹN), Shaanxi Province, China, 
during the 2019–2020 growing season. After harvest, the ma-
ture grains were sun-dried and tempered at 15% (mass frac-
tion) for 20 h. Subsequently, the grains (moisture: 9.43% for 
HMW-D1a and 9.60% for HMW-D1p; Supplementary Table 
S1) were immediately ground using a Y400 multifunctional 
disintegrator (Laobenxing, Jinhua, China) and screened 
through an 80-mesh sieve. The fresh flour (6 kg) of HMW-
D1a and HMW-D1p was evenly placed in three individual 
craft paper bags of uniform size to prevent internal heat dis-
sipation. These bags were stored in a constant temperature 
and humidity incubator at 28 °C and 50% RH. The manu-
ally mixed samples were collected at 0, 30, 60, 90, and 120 d 
and then stored at 4 °C until further analysis concerning flour 
quality.

Extraction of flour protein fractions
Extraction of four compositions of flour was performed 
according to the method of Song et al. (2020). Samples of 
0.05 g were suspended in 1 mL of 1.5% SDS solution and 
centrifuged at 18 100×g for 15 min at 20 °C to extract the 
GMP (Weegels et al., 1997). The total protein content and 
composition were determined using the Kjeldahl method. All 
analyses were repeated in triplicate independently.

Determination of sulfhydryl group (-SH) and 
disulfide bond (-S-S-) contents
The -SH and -S-S- contents were determined according to the 
method described by Guo et al. (2018) with slight modifica-
tions. Flour (0.15 g) was dispersed in 8 mL Tris–Gly buffer 
(pH 8.0, consisting of 86 mmol/L Tris, 92 mmol/L Gly, 
4 mmol/L EDTA, 8 mol/L urea, and 1% SDS), shaken and 
extracted for 1 h at room temperature. The suspension was 
centrifuged at 13 600×g for 10 min to remove the particulate 
and the supernatant was collected for further measurement of 
-SH and -S-S-. The following steps are consistent with Guo et 
al. (2018). Each sample was analysed in triplicate.

Determination of surface hydrophobicity
The surface hydrophobicity of flour was measured using an 
external fluorescence probe (8-anilinonaphthalene-1-sulfonic 
acid, ANS) according to the method of Wang et al. (2018) 
with some modifications. Flour samples (0.125 g) were dis-
solved in 30 mL of 50 mmol/L acetic acid solution and agi-
tated at room temperature for 60 min before centrifugation 
at 10 000×g for 15 min. The supernatant was diluted to dif-
ferent concentrations (μg/mL). Next, 25 μL of ANS solution 
(pH 5.8, 8 mmol/L in 0.1 mol/L phosphate buffer) was added 
to 4 mL of extraction solution and incubated for 15 min in 
the dark. The fluorescence intensity was determined using 
a fluorescence spectrometer (LS 55, PerkinElmer, Waltham, 
MA, USA) at an excitation wavelength of 390  nm and an 
emission wavelength of 470 nm, with a slit width of 5 nm. 
Each sample was analysed in triplicate.
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Secondary structure analysis using Fourier 
transform infrared (FTIR) spectroscopy
Infrared spectra of flour samples were recorded at 25 °C 
between 4000 cm–1 and 400 cm–1 using an FTIR spectrom-
eter (Vertex 70, Bruker, Ettlingen, Germany) with a spectral 
resolution of 4 cm–1, as described by Liu et al. (2016). The 
spectra were analysed using Omnic (version 8.0, Thermo 
Nicolet Inc., Waltham, MA, USA) and Peakfit (version 4.04, 
SPSS Inc., Chicago, IL, USA). The main structures and spec-
tral band ranges were fitted as described previously (Georget 
and Belton, 2006; Zhu et al., 2019), where they comprised 
intermolecular β-sheets at 1612–1620 cm–1, β-sheets at 1625–
1642  cm–1, α-helices at 1650–1660  cm–1, β-turns at 1660–
1670 cm–1, and antiparallel β-sheets at 1675–1695 cm–1. Each 
sample was tested in triplicate.

Microstructural analysis of dough
Freshly prepared dough samples were used to quantify the 
microstructure of the dough by confocal laser scanning 
microscopy (CLSM) according to a previous method (Gao et 
al., 2018). In brief, flour weighing 10 g was mixed with 4 mL 
deionized water and 1 mL of 0.1 g/L rhodamine B solution 
for 10 min. The dough samples were transferred to an object 
carrier and sealed with a cover glass before analyses using a 
CLSM system (Olympus, Tokyo, Japan). CLSM images were 
analysed using AngioTool64 (version 0.6a, National Cancer 
Institute, National Institutes of Health, Bethesda, MD, USA) 
according to the method described by Gao et al. (2018).

Measurement of thermal properties
The thermal properties of flours were analysed with a thermal 
analysis instrument (STA7200RV, Hitachi, Tokyo, Japan) ac-
cording to described methods (Zhu et al., 2019). Briefly, each 
flour sample weighing 9  mg was placed in an aluminium 
pan and heated from 25 to 600 °C at a heating rate of  
20 °C/min with nitrogen gas at a flow rate of 80  mL/min. 
The thermal curve was further analysed using TA7000 (ver-
sion 10.41, Hitachi, Tokyo, Japan) provided with the instru-
ment to quantify thermal properties comprising denaturation 
peak temperature (Tp), enthalpy of thermal transition (ΔH), 

degradation temperature (Td), and weight loss. Each sample 
was tested in triplicate.

Dough mixing properties
The mixing properties of dough were analysed by using the 
Mixolab system (Chopin, Tripette and Renaud, France) ac-
cording to the method described by Dhaka et al. (2012). The 
parameters recorded by the Mixolab system comprised (1) 
dough development time (min); (2) dough stability time (min); 
and (3) protein weakening based on mechanical mixing and 
temperature increase, C2 (Nm). Each sample was tested in 
triplicate.

Statistical analysis
Statistical analyses of the results were conducted using SPSS 
(version 22.0, SPSS Inc., Chicago, IL, USA). All of the data 
were subjected to single-factor analysis of variance and signifi-
cant differences (P<0.05) among the parameters considered 
were tested using Duncan’s multiple range test. Figures were 
generated using SigmaPlot 12.5 and Adobe Photoshop 7.0.

Results and Discussion
Dynamic changes in the protein fractions during 
flour maturation
As shown in Table 1, in the process of flour maturation, 
the total protein content exhibited no significant changes 
in HMW-D1a and HMW-D1p flour, while albumin and 
globulin contents showed a decreasing trend. There was a 
rapid increase in the contents of glutenin and GMP and the 
glutenin/gliadin ratio from 0 to 60 d for HMW-D1p and from 
0 to 90 d for HMW-D1a, but the increase rates were higher 
in HMW-D1p than HMW-D1a. Changes in gliadin content 
in HMW-D1a and HMW-D1p were opposite to those in 
glutenin, ratio of glutenin to gliadin, and GMP.

Several studies found that protein aggregation in flours 
with different gluten strengths had various maturation pat-
terns during flour maturation (Hadnad ̄ev et al., 2015; Wang 
et al., 2019). The absence of HMW-GS Dx2 decreased the 
intermolecular disulfide-bonded linkage formed by several 

Table 1. The contents of protein fractions and GMP of HMW-D1a and HMW-D1p flour during maturation

Line Maturation 
time (d) 

Content of protein fraction (%) Glutenin/
gliadin ratio 

Total protein Albumin and globulin Gliadin Glutenin GMP 

 HMW-
D1a

0 13.130±0.508a 2.727±0.038a 6.987±0.107a 3.416±0.200 d 1.411±0.138 d 0.489±0.057d

30 12.920±0.415a 2.658±0.035a 6.418±0.249b 3.844±0.209c 1.797±0.053 c 0.599±0.035c

60 12.292±0.375a 2.497±0.029b 5.552±0.197c 4.242±0.181b 2.091±0.043a 0.764±0.029b

90 12.406±0.602a 2.325±0.028c 5.529±0.194c 4.552±0.137a 2.197±0.122a 0.823±0.028a

120 12.547±0.448a 2.356±0.062c 5.892±0.295c 4.299±0.109b 1.998±0.079b 0.730±0.062b

 HMW-
D1p

0 14.458±0.412a 2.692±0.133a 7.285±0.214a 4.481±0.178b 1.681±0.093c 0.615±0.033c

30 14.833±0.695a 2.623±0.057a 6.928±0.038b 5.283±0.234a 2.197±0.114b 0.763±0.036b

60 14.467±0.521a 2.398±0.040b 6.532±0.153c 5.537±0.406a 2.528±0.138a 0.848±0.024a

90 14.469±0.665a 2.376±0.031b 6.792±0.108b 5.302±0.321a 2.489±0.085a 0.781±0.041b

120 14.704±0.489a 2.370±0.075b 7.154±0.097a 5.180±0.133a 2.415±0.121a 0.724±0.048b

Values are expressed as mean±standard deviation (n=3). The results followed by a different letter in the same column are significantly different (P<0.05).
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cysteine residues to reduce and delay the polymerization of 
glutenin (Shewry et al., 2003), thereby weakening the struc-
tural and thermal characteristics of gluten (Gao et al., 2018; 
Song et al., 2020). In the present study, reaching the max-
imum glutenin content, glutenin/gliadin ratio, and GMP 
required a longer time in HMW-D1a than in HMW-D1p, 
indicating that the absence of Dx2 delayed the aggregation 
of protein during flour maturation, which was likely ex-
plained by the lower cysteine residue numbers of HMW-GS 
in HMW-D1a without Dx2 (Shewry et al., 2003) and sup-
ported previous reports that weaker flour required a longer 
time to reach optimal quality characteristics (Pyler, 1973; 
Wang et al., 2019). The change trend of gliadin was opposite 
to that of glutenin and the glutenin/gliadin ratio, indicating 
that the exchange of gliadin and glutenin occurs during mat-
uration, which could be largely explained by the oxidation 
of free -SH to -S-S- between gliadins and glutenins, forming 
protein polymers with larger molecular weights (Huebner 
and Bietz, 1993).

Effects of Dx2 absence on the free -SH and -S-S- 
contents of flour proteins during the maturation
Figure 1 shows the free -SH (Figure 1A) and -S-S- (Figure 
1B ) concentrations in flours from the two NILs during flour 
maturation. The free -SH concentration decreased with pro-
gressive maturation, whereas the -S-S- concentrations first 
increased and then decreased. The minimum free -SH and 
maximum -S-S- concentrations occurred at the maturation 
stage of 60 d for HMW-D1p and at 90 d for HMW-D1a. 
Moreover, in the first 60 d, the change rates of free -SH and 
-S-S- concentrations were greater in HMW-D1p flour than in 
HMW-D1a flour.

HMW-GS is divided into two classes: x-type and y-type 
subunits. The x-type subunits generally have four conserved 
cysteine (Cys) residues, while the y-type subunits usually have 
seven conserved Cys residues (Shewry et al., 2003). These Cys 
residues are involved in intermolecular disulfide bonding in 
the formation of GMPs and play an important role in the 
function of HMW-GSs (Shewry et al., 2003; Delcour et 
al., 2012). The present study showed that compared with 
HMW-D1p, HMW-D1a has fewer S‒S bonds, which could 
be attributed to the absence of cysteine residues from Dx2 
in HMW-D1a. Disulfide cross-links and sulfhydryl-disulfide 
interchange are considered major pathways of gluten protein 
aggregation (Wagner et al., 2011). The decrease in the -SH 
group concentration and the increase in the -S-S- concentra-
tion in HMW-D1p and HMW-D1a flour indicated that the 
conversion occurred from -SH to -S-S- during maturation, 
thereby contributing to protein aggregation manifesting 
higher GMP contents (Table 1). Similar results have been re-
ported in high-, medium-, and low-gluten wheat flour (Wang 
et al., 2019; Zhang et al., 2021). Therefore, it can be con-
cluded that the absence of Dx2 decreased the formation of 
-S-S- during flour maturation, thereby decreasing the degree 
of protein aggregation.

Effects of Dx2 absence on the surface 
hydrophobicity of proteins during flour maturation
The changes in the surface hydrophobicity of flour proteins 
during maturation are shown in Figure 1C. The surface hydro-
phobicity reached a minimum at 60 d for HMW-D1p and at 
90 d for HMW-D1a and subsequently did not significantly 

change. This change rate was greater in HMW-D1p than in 
HMW-D1a before reaching the minimum.

Hydrophobic interactions are important for maintaining 
the tertiary conformations of proteins (Shewry et al., 2003). 
Exposed hydrophobic moieties lead to less thermal stability 
and a disordered structure (Wang et al., 2014). A decline in 
surface hydrophobicity indicates that the surface hydrophobic 
groups were buried (Wang et al., 2018). Our results showed 
that the surface hydrophobicity of HMW-D1a was higher 

Figure 1. Changes in the sulfhydryl groups (A), disulfide bonds (B) 
concentrations, and surface hydrophobicity (C) of flour obtained from 
HMW-D1a and HMW-D1p during maturation.
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than that of HMW-D1p during flour maturation, indicating 
that HMW-D1p proteins exhibit a more ordered structure 
and better thermal stability. The surface hydrophobicity de-
creased with the process of maturation, which suggested that 
maturation induced the redistribution of noncovalent forces 
and S‒S bonds. Zhu et al. (2019) suggested that the com-
positions of HMW-GS affected the surface hydrophobicity of 
proteins. Thus, the difference in surface hydrophobicity be-
tween HMW-D1a and HMW-D1p was probably correlated 
with the absence and/or presence of Dx2, and the absence of 
Dx2 formed an unstable protein structure with more exposed 
hydrophobic moieties in HMW-D1a during postharvest 
maturation.

Effects of Dx2 absence on the secondary structure 
of proteins during flour maturation
The changes in the gluten secondary structure of the two 
NIL flours during maturation are shown in Table 2. The pro-
portions of antiparallel β-sheets and β-turns hardly changed 
during flour maturation; however, the fractions of α-helices, 
β-sheets, intermolecular β-sheets, and the β-sheet/α-helix ratio 
significantly changed. There was an increase in the contents 
of β-sheets, intermolecular β-sheets, and the β-sheet/α-helix 
ratio from 0 to 60 d for HMW-D1p and to 90 d for HMW-
D1a, but it exhibited a decline in the content of α-helices. 
However, with the extension of maturation, for HMW-D1a, 
the β-sheets and β-sheet/α-helix ratio exhibited a significant 
decline, but α-helices had a significant increase; for HMW-
D1p, there was no significant difference.

The content of β-sheets in HMW-D1p reached a max-
imum prior to HMW-D1a and was higher than that in 
HMW-D1a during flour maturation. High β-sheet content 
indicates a stronger protein network and is positively correl-
ated with the viscoelasticity of dough (Georget and Belton, 
2006). Thus, gluten from HMW-D1p is expected to form a 
stronger network structure earlier than that from HMW-D1a 
during flour maturation. In contrast, an increase in α-helices 
induced by maturation enhanced the aggregation of gluten 
proteins, resulting in a denser and stronger network structure 
(Zhang et al., 2021). This disagreement was probably attrib-
uted to differences among material genotype, sampling time, 
and processing conditions, which can be verified by further 

investigation. In addition, the increases in β-sheets and inter-
molecular β-sheets were at the expense of α-helices during 
flour maturation, which agreed with the results of a previous 
report (Wang et al., 2019). An increase in β-sheets was attrib-
uted to the effect of covalent and noncovalent bonds between 
the glutenin molecules (Tuhumury et al., 2014). Therefore, 
we concluded that flour maturation improved the secondary 
structure of gluten proteins by inducing changes in disulfide 
bonds and surface hydrophobicity. Moreover, with excessive 
prolongation of the maturation period, the proportion of 
β-sheets and β-sheet/α-helix ratio significantly decreased for 
HMW-D1a, whereas they exhibited no significant changes 
for HMW-D1p, suggesting that the absence of Dx2 was more 
likely to form a weaker network structure of gluten, thereby 
causing the lower stability of gluten protein in HMW-D1a. 
Significant correlations have been reported between non-
extractable protein polymers with the β-sheet content and the 
β-sheet/α-helix ratio (Liu et al., 2016). The changes in GMP 
and secondary structures of gluten proteins during flour mat-
uration agreed with these correlations.

Effects of Dx2 absence on the gluten 
microstructure during flour maturation
As shown in Figure 2, the gluten network of HMW-D1p ex-
hibited smaller apertures and more cross-linking than that 
of HMW-D1a at the maturation stage of 0 d. The network 
became denser with the progress of maturation, which was 
optimal at 60 d for HMW-D1p and at 90 d for HMW-D1a. 
In contrast, prolonged maturation resulted in more and larger 
apertures for HMW-D1a, while it caused a slight change for 
HMW-D1p. Quantitative analysis of the microstructure of 
gluten networks is shown in Table 3. The dough from fresh 
milled flour exhibited higher values in protein area, protein 
junctions, junction density, total protein length, lacunarity, 
and branching rate and had lower end-points and end-
point rates for HMW-D1p than for HMW-D1a. When the 
maturation period was 60 d for HMW-D1p and 90 d for 
HMW-D1a, the protein area reached a maximum, as well as 
the protein junctions, junction density, total protein length, 
lacunarity, and branching rate, whereas the end-points and 
end-point rate were lowest.

Table 2. Secondary structure percentages of HMW-D1a and HMW-D1p flour proteins during maturation

Line Maturation 
time (d) 

Secondary structure composition (%) β-sheet/α-
helix ratio 

Intermolecular β-sheet β-sheets α-helice β-turn Antiparallel β-sheet 

 HMW-D1a 0 7.33±0.12d 33.32±0.10d 27.82±0.13a 18.94±0.20a 12.60±0.21a 1.12±0.002e

30 7.59±0.12c 34.05±0.13c 27.35±0.12b 18.87±0.14a 12.14±0.18ab 1.24±0.002d

60 7.96±0.13b 34.22±0.18c 26.73±0.08c 19.06±0.20a 12.03±0.30b 1.28±0.003c

90 8.31±0.09a 35.17±0.13a 25.04±0.13e 19.11±0.13a 12.38±0.13ab 1.41±0.002a

120 8.23±0.14a 34.83±0.11b 25.69±0.10d 19.14±0.11a 12.11±0.24ab 1.36±0.001b

 HMW-D1p 0 7.92±0.13d 34.12±0.09d 26.76±0.20a 18.79±0.11a 12.41±0.13a 1.28±0.007d

30 8.47±0.14c 35.76±0.11c 24.39±0.18b 18.94±0.15a 12.44±0.24a 1.47±0.006c

60 9.14±0.20a 36.45±0.13a 23.21±0.17d 18.92±0.11a 12.28±0.12a 1.57±0.006a

90 8.70±0.13b 35.78±0.13bc 23.83±0.11c 19.09±0.13a 12.60±0.20a 1.50±0.002b

120 8.89±0.13ab 36.01±0.14b 23.96±0.17c 18.88±0.12a 12.27±0.21a 1.50±0.004b

Values are expressed as mean±standard deviation (n=3). The results followed by a different letter in the same column are significantly different (P<0.05).
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Relatively high protein area (indicating a low aperture 
area) and protein junction (related to the junction density 
and branching rate) values indicate a gluten network with 
greater connectivity (Bernklau et al., 2016). The lacunarity 
represents the amounts of gaps and irregularities in a protein 
network and is positively correlated with dough characteris-
tics, whereas the protein end-points and end-point rate are 
negatively correlated with those properties (Gao et al., 2018). 
Therefore, flour maturation made the protein network of the 

dough more compact, which was consistent with the obser-
vation (Figure 2). The changes in the gluten network from 
HMW-D1p were quicker than those from HMW-D1a before 
reaching the densest networks, indicating that the absence 
of Dx2 delayed the formation of the gluten network during 
flour maturation, which further verified the finding that weak 
gluten flour required longer to reach optimal quality (Pyler, 
1973). Moreover, we also found that the protein network of 
HMW-D1a dough exhibited more end-points and aperture 

Figure 2. Protein network analysis of dough obtained from HMW-D1a and HMW-D1p flour during storage. The images in the first and third columns 
are the original CLSM images, and the scale bar represents 50 µm. The images in the second and fourth columns were processed with AngioTool. The 
junctions are shown in white, the protein skeleton in blue, and the protein outline/area in yellow.
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area beyond the flour maturation period (90 d) than HMW-
D1p (60 d), suggesting that the gluten structural stability of 
weaker dough obtained HMW-D1a was readily disturbed, 
which was consistent with free -SH, and -S-S- contents and 
hydrophobicity of flour proteins. 

Effects of Dx2 absence on the thermal properties of 
flours during maturation
The thermal analyses of HMW-D1a and HMW-D1p 
flour during maturation are shown in Figure 3. In the pro-
cess of maturation, HMW-D1p flour had higher values for 

Table 3. Parameters determined by AngioTool for the protein network in dough obtained from HMW-D1a and HMW-D1d flour during maturation

Line Maturation time (d) Protein area
(×104 μm2) 

Protein 
junction 
(×102) 

Junction 
density 
(×10-3) 

Total protein 
length
(×103 µm) 

End-point
(×102) 

Lacunarity 
(×10-2) 

Branching 
rate (×10-3) 

End-point 
rate (×10-3) 

 HMW-
D1a

0 13.42±0.06d 11.60±0.16e 4.46±0.10e 22.65±0.14e 3.94±0.08a 3.66±0.10e 8.64±0.12d 2.93±0.07a

30 13.88±0.13c 12.08±0.13d 4.83±0.06c 23.64±0.26d 3.74±0.04b 4.14±0.17c 8.67±0.05d 2.68±0.04b

60 14.17±0.07b 13.47±0.15c 5.24±0.02b 24.17±0.15c 3.31±0.13c 4.49±0.01b 9.51±0.06c 2.34±0.08c

90 14.62±0.08a 14.53±0.09a 5.59±0.11a 25.85±0.21a 2.93±0.09e 4.76±0.07a 9.93±0.05a 2.01±0.05d

120 14.54±0.11a 14.12±0.05b 5.45±0.04ab 24.93±0.04b 3.12±0.11d 4.18±0.12c 9.71±0.03b 2.01±0.08d

 HMW-
D1p

0 13.53±0.12d 12.25±0.09d 4.53±0.10c 23.28±0.20e 2.54±0.02a 4.63±0.04d 9.05±0.03c 1.88±0.03a

30 13.86±0.16c 13.37±0.11c 5.12±0.11b 24.06±0.11d 2.12±0.02b 4.993±0.13c 9.65±0.10b 1.53±0.01b

60 14.67±0.03a 14.59±0.09a 5.52±0.16a 25.59±0.24a 1.99±0.02c 5.58±0.02a 9.95±0.08a 1.36±0.03d

90 14.34±0.10b 14.19±0.11b 5.40±0.06a 25.11±0.17b 2.12±0.07b 5.31±0.03b 9.86±0.03a 1.47±0.04bc

120 14.29±0.12b 14.03±0.09b 5.36±0.12a 24.72±0.21c 2.07±0.03b 5.28±0.08b 9.82±0.11a 1.45±0.03c

Values are expressed as mean±standard deviation (n=10). The results followed by a different letter in the same column are significantly different (P<0.05).

Figure 3. Changes in the thermal stability of the two NIL flours during maturation. (A) Denaturation peak temperature, (B) enthalpy of thermal transition, 
(C) weight loss, and (D) degradation temperature. Different letters for each indicate significant differences (P<0.05).
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denaturation peak temperature (Tp), enthalpy of thermal 
transition (ΔH), and degradation temperature (Td), but lower 
values for weight loss compared with HMW-D1a flour. The 
Tp, ΔH, and Td reached a maximum at 60 d for HMW-D1p 
and 90 d for HMW-D1a, while the weight loss was lowest. 
The change rates were greater in HMW-D1p than in HMW-
D1a. Subsequently, Tp, ΔH, Td, and weight loss exhibited slight 
changes for HMW-D1p and obvious changes for HMW-D1a, 
except for ΔH.

Increases in Tp and ΔH are related to more regular and 
cross-linked gluten network structures (Wang et al., 2014). 
Simultaneously, increased Td and reduced weight loss also 
indicate the formation of a more compact and stronger 
gluten network in the model dough (Khatkar et al., 2013). 
Maturation resulted in an increase in Tp, ΔH, and Td and a 
reduction in the weight loss of HMW-D1a and HMW-D1p 
flours, indicating that the thermal stability of flour was im-
proved during flour maturation. The thermal stability of 
gluten is closely correlated with the gluten network in dough 
(Khatkar et al., 2013). HMW-GSs play an important role in 
the formation of the gluten network (Liu et al., 2016; Gao 
et al., 2018). Thus, the absence of Dx2 probably accounts 
for the difference in the thermal stability between HMW-D1a 
and HMW-D1p flours during maturation, which was ex-
plained by the results of secondary and microstructures of 
flour proteins in the present study.

Mixing properties of dough affected by flour 
maturation
Figure 4 shows the dough mixing properties reflecting gluten 
strength measured by Mixolab. The dough development time, 
dough stability time, and protein weakening significantly in-
creased and reached a maximum at a maturation period of 
60 d for HMW-D1p and 90 d for HMW-D1a. The increased 
rates were greater in HMW-D1p flour than HMW-D1a 
flour during flour maturation. However, the dough mixing 
properties exhibited a slower reduction in HMW-D1p than 
HMW-D1a.

The dough development time and dough stability time were 
used as indicators of gluten strength (Gao et al., 2018), and 
protein weakening was positively correlated with the SDS 
sedimentation volume, dough extensibility, and loaf volume 
(Dhaka et al., 2012). Our study showed that the maximum 
dough development time, dough stability time, and protein 
weakening in HMW-D1p occurred earlier than those in 
HMW-D1a during flour maturation, suggesting that the im-
provement in dough strength of HMW-D1a was delayed due 
to the absence of Dx2, which supported Pyler (1973), who 
suggested that weaker gluten flour needs a longer time to 
reach optimal quality. Moreover, there were higher increase 
rates in the above parameters in HMW-D1p than in HMW-
D1a, which was consistent with the results of Wang et al. 
(2019) and inconsistent with those of Hadnad̄ev et al. (2015). 
This divergence needs to be further verified using a number 
of wheat varieties in future studies. Prolonged maturation 
caused adverse effects on dough mixing properties, especially 
HMW-D1a without Dx2, and the absence of Dx2 acceler-
ated the weakening of dough networks. Several studies have 
suggested that the GMP and -S-S- concentrations, surface 
hydrophobicity, secondary and microstructures, and thermal 
stability of gluten proteins are closely correlated with dough 
properties (Liu et al., 2016; Gao et al., 2018; Wang et  al., 

2018; 2019); therefore, we can conclude that the absence of 
Dx2 affected the flour protein structural characteristics, ap-
pearing as protein aggregation and thermal stability during 
flour maturation, thereby affecting dough quality.

Conclusions
The absence of Dx2 delayed glutenin polymerization and 
the formation of protein secondary structures via the inter-
action between -SH groups, S‒S bonds, and hydrophobi-
city, resulting in the looser microstructure of dough during 

Figure 4. Changes in the dough mixing properties of the two NIL flours 
during maturation. (A) Dough development time, (B) dough stability 
time, and (C) protein weakening. Different letters above the bars indicate 
significant differences (P<0.05).
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maturation, thereby contributing to the decline in flour 
thermal stability and dough mixing properties. These findings 
provide an understanding of how the absence of Dx2 changes 
protein structures during maturation.
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