
2801

Research Article
Received: 6 January 2014 Revised: 14 February 2014 Accepted article published: 3 March 2014 Published online in Wiley Online Library: 31 March 2014

(wileyonlinelibrary.com) DOI 10.1002/jsfa.6635

Effect of high molecular weight glutenin
subunit composition in common wheat
on dough properties and steamed bread
quality
Pingping Zhang,a,b Tom O Jondiko,a Michael Tilleyc and Joseph M Awikaa,d*

Abstract

BACKGROUND: Steamed bread is a popular staple food in Asia with different flour quality requirements from pan bread.
Little is known about how glutenin characteristics affect steamed bread quality. This work investigated how deletions of
high-molecular-weight glutenin subunits (HMW-GS) influence gluten properties and Chinese steamed bread quality using 16
wheat lines grown in Texas.

RESULTS: Although similar in protein content (134–140 mg g−1), gluten composition and dough properties differed widely
among the lines. Compared with non-deletion lines, deletion lines had lower (P < 0.05) unextractable polymeric protein (294
vs 470 mg g−1), HMW-GS/low-molecular-weight glutenin subunit ratio (0.25 vs 0.41), dough force to extend (0.16 vs 0.44 N)
and mixing peak time (2.03 vs 4.52 min). Deletion lines with HMW-GS composition of 2*/17+_/5+_ and 2*/17+_/2+12 showed
moderate gluten strength (mixing peak time, 1.96–2.94 min; force to extend, 0.18–0.23 N) and high dough extensibility
(106–129 mm). These lines also produced good steamed bread quality (score, 60.8–65.0) with good elasticity and crumb
structure.

CONCLUSION: Deletion at Glu-B1y and/or Glu-D1y loci in high-strength hard wheat produced good dough properties for steamed
bread. This suggests that wheat functionality for steamed bread can be improved by manipulating HMW-GS composition.
© 2014 Society of Chemical Industry
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INTRODUCTION
Steamed bread is a popular food in Asian markets, especially China,
where it represents more than 40% of national wheat consump-
tion. Although southern-style steamed bread and Guangdong
steamed bread are consumed in southern China and Southeast
Asian countries, northern-style Chinese steamed bread (CSB) is the
most common and is consumed in northern China as daily sta-
ple food.1,2 Wheat quality requirements for CSB are significantly
different from those of pan bread, mainly owing to the different
processing methods, i.e. steaming versus baking. Various studies
have outlined variable gluten quality requirements for steamed
bread. Steamed bread quality was positively correlated with pro-
tein content and gluten strength in a wheat population with weak
to medium gluten strength.2,3 However, the reverse relationship
was observed in a strong gluten population.4 – 6 Excessive elastic-
ity caused difficulty in steamed bread processing and shrinkage
and wrinkles of the finished product.7 Rubenthaler et al.5 observed
a strong negative correlation between height after proving and
height after steaming in strong flours owing to steamed prod-
uct collapse after steaming, whereas soft wheat and weaker hard
wheat flours could maintain their proved height. Medium protein
content and gluten strength with good extensibility is desirable for
both mechanized methods and handmade methods.2,7

Wheat processing quality is mainly controlled by gluten pro-
teins, which consist of two types of protein, i.e. the monomeric
gliadins and the polymeric glutenins. Glutenin is composed of
high-molecular-weight (HMW-GS) and low-molecular-weight
(LMW-GS) glutenin subunits that are coded by Glu-1 and Glu-3
loci respectively.8 The quality and quantity of HMW-GS are
critical components in gluten viscoelastic properties. HMW-GS
account for only 10% of total gluten proteins but contribute
more than 50% of the variation in bread-making quality.9,10
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Various studies showed variable HMW-GS allele in single Glu-1
loci or HMW-GS combination in three Glu-1 loci related with
special quality parameters.9,11 – 13 Each Glu-1 locus encodes two
types of HMW-GS, i.e. x- and y-type, with different expression
amount and amino acid structure. Regarding quantity, x-type
HMW-GS contribute more to gluten strength compared with
y-type HMW-GS.14 – 16 However, y-type HMW-GS have a different
cysteine number and distribution compared with x-type HMW-GS,
which likely account for their different contribution to the build-
ing of a continuous gluten network by intermolecular disulfide
bonds.17

The quantity of HMW-GS and the size distribution of glutenin
polymeric protein are strongly associated with dough properties
and bread-making quality.14 – 16,18,19 The composition of HMW-GS
is also closely correlated with the quantity and distribution of
macro polymeric protein.20,21 However, little is known about the
relationship between glutenin characteristics and steamed bread
quality. A positive correlation between macro polymeric protein
and steamed bread quality was shown in a weak flour population
in a previous study.22 Zhu et al.6 reported that the biotype with
HMW-GS 5+10 showed higher steamed bread total score than
that with HMW-GS 2+12 at Glu-D1, but this performance was only
tested in one cultivar with high protein level. More information on
HMW-GS contribution to steamed bread quality is needed.

Consistent product quality is becoming more important
with rapid urbanization and mechanized/centralized pro-
cessing, so identifying how alterations in HMW-GS impact
Chinese steamed bread quality is important. The objective
of this study was to investigate and compare the function of
HMW-GS in determining dough properties and northern-style
Chinese steamed bread quality among a set of American hard
white wheat cultivars with variable HMW-GS composition or
deletions.

EXPERIMENTAL
Wheat samples
The 16 hard white winter wheat genotypes (seven non-deletion
and nine deletion lines) used in this study are listed in Table 1;
entries 1–7 (designated N) were non-deletions and entries 8–18
(designated D) were deletions. They were grown in two locations
in Texas (Texas A&M AgriLife Experiment Stations at McGregor and
Bushland) in the 2011–2012 wheat season. Samples from each
environment were bulked and analyzed separately.

Quality testing
Grain hardness was recorded by the Single Kernel Characterization
System (SKCS 4100, Perten Instruments North America Inc., Spring-
field, IL, USA) using AACC method (AACC 55–31.01).23 All samples
were classified as hard and were tempered to 150 g kg−1 moisture
content before milling. Grain samples were milled into flour using
a Brabender Quadrumat Senior laboratory mill (C.W. Brabender
Instruments, South Hackensack, NJ) following the standard pro-
cedure. The flour yield was about 70%. Flour protein content was
determined by the near-infrared reflectance spectroscopy method
(AACC 39–11.01) with a Perten DA7000.23 A 10 g mixograph
(National Mfg Co., Lincoln, NE, USA) was used to record dough
mixing peak time and to calculate dough water absorption with
correction based on mixograph curve (AACC 54–40.02).23 Dough
elasticity and extensibility were tested using a texture analyzer
(TA-XT2i, Texture Technologies Corp., Scarsdale, NY, USA/Stable
Micro Systems, Godalming, UK).

Table 1. HMW-GS composition of wheat lines

Entry Line Deletion status Glu-A1 Glu-B1 Glu-D1

1 Fannin N 2* 7+9 2+12
2 TAM401 N 2* 7+9 5+10
3 TAM304 N 1 7+9 5+10
4 TAM203 N 2* 17+18 2+12
5 TX11D3174 N 1 7+9 5+10
6 TX11D3175 N 2* 7+9 5+10
7 T74-13X N 2*/1 7+9 5+10
8 TX04CS00230 D _ 17+18 5+10
9 T68-21 D _ 7+9 2+12
10 T69-32 D _ 7+9 5+_
11 T76-11 D _ 7+8 _+_
12 T78-34 D _ 7+8 _+_
13 T82-1 D 2* 17+18 _+_
14 T82-37 D _ 7+_ 10+_
15 TX04CS00232 D 2* 17+_ 2+12
16 TX04CS00231 D 2* 17+_ 5+_

N, non-deletion; D, deletion; /, heterozygous at HMW-GS gene locus;
_, deleted at HMW-GS gene locus.

Protein trait analysis
HMW-GS composition of experimental genotypes was identified
by the Lab-on-a-Chip method in an Agilent 2100 bioanalyzer
following the Protein 230 chip kit protocol (Agilent Technologies,
Palo Alto, CA, USA) as described previously.24 The standards used
were Chinese Spring (null, 7+8, 2+12) and Jagger (1, 17+18, 5+10).

Size exclusion high-performance liquid chromatography
(SE-HPLC) was employed to determine monomeric and
polymeric protein distribution as described by Larroque
et al.25 A Biosep-SEC-S4000 column (300 mm × 7.8 mm;
Phenomenex, Torrance, CA, USA) was used. Sodium dode-
cyl sulfate (SDS)-extractable polymeric protein in flour (EPP),
SDS-unextractable polymeric protein in flour (UPP), per cent UPP
in total polymeric protein (UPP%) and the ratio of glutenin to
gliadin (Glu/Gli) were recorded and calculated as described by
Larroque et al.25 and Gupta et al.18 Values of EPP and UPP were
expressed as AU, which indicates 106 absorbance units (peak area
in chromatogram) of HPLC corresponding to 1 mg of flour.

Reverse phase high-performance liquid chromatography
(RP-HPLC) was used to determine the ratio of HMW-GS to LMW-GS
(HMW/LMW). Briefly, 100 mg of flour was suspended and shaken
for 15 min in 1 mL of sodium iodate buffer (0.3 mol L−1 sodium
iodate, 75 g L−1 isopropanol) and then for 5 min in 1 mL of water.
After centrifugation at 17 000 × g for 5 min, the glutenin in the
pellet was extracted in 1 mL of 500 g L−1 isopropanol containing
20 g L−1 2-mercaptoethanol with shaking for 30 min. After cen-
trifugation as above, 600 𝜇L of the supernatant was collected and
alkylated with 40 𝜇L of 4-vinylpyridine for 15 min. The resulting
sample was used for RP-HPLC analysis. A Biosep-C18 column (250
mm × 4.6 mm; Phenomenex) was used. The elution solvents were
water containing 1 mL L−1 trifluoroacetic acid (solvent A) and
acetonitrile containing 0.5 mL L−1 trifluoroacetic acid (solvent A).
The gradient was as follows: 0–3 min, from 25 to 35% B; 3–24 min,
from 35 to 53% B; 25–29 min, 25% B. The column temperature
was 60 ∘C and the flow rate was 1 mL min−1. The effluent was
monitored at 210 nm and the absorbance areas corresponding to
HMW-GS and LMW-GS were determined by manual integration
using Agilent ChemStation software.

wileyonlinelibrary.com/jsfa © 2014 Society of Chemical Industry J Sci Food Agric 2014; 94: 2801–2806
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Steamed bread processing and evaluation
CSB was processed and evaluated as described by Huang et al.26

with modification. Briefly, instant dry yeast (10 g L−1) and water
(700–800 g L−1 of optimal water absorption based on mixograph
curve) were added to flour and mixed to optimal dough devel-
opment using a 200 g mixer (National Mfg Co.). Fermentation fol-
lowed for 60 min (35 ∘C, 85% relative humidity (RH)). Dough was
then divided into three pieces, folded end to end and sheeted 20
times with a gap of 9/32 inch (National Mfg Co.), rounded and
shaped into balls 5 cm high. Dough balls were then proved again
for 15 min (35 ∘C, 85% RH) and steamed for 20 min. After cool-
ing for 15 min in a bamboo tray at room temperature, CSB qual-
ity was evaluated. The CSB scoring scale was 100, including data
for specific volume (volume/weight, 20), height (10), smoothness
(10), skin color (10), crumb structure (15) and stress relaxation (35).
Stress relaxation (SR) was tested using a TA-XT2i texture analyzer.
A 28 mm thick slice of bun was cut from the center portion of the
steamed bread using an electric knife. The slice was placed on a
flat metal plate and compressed once to a distance of 14.3 mm at
a speed of 1.7 mm s−1 using an SMS P/35 metal probe. After com-
pression, peak force 1 (P1) was obtained, and after a 4 s dwell time,
peak force 3 (P3) was recorded; then the probe was returned to its
initial position. SR = [(P1 − P3)/P1] × 100.

Statistical analysis
Statistical analysis was done with SAS Version 9.0 (SAS Institute,
Cary, NC, USA). One-way analysis of variance was used to detect
significant differences among treatments, followed by the least
significant difference test at 𝛼 = 0.05 significance level for mean
separation among genotypes. Pearson’s linear correlation coef-
ficients between quality parameters and quantitative data were
obtained.

RESULTS AND DISCUSSION
Wheat protein traits
Similar protein content averaged from the two environments was
observed among the 16 genotypes, ranging from 134.2 to 139.9
g kg−1 (Table 2). However, significant differences in relative and
absolute amounts of glutenin fractions were observed because of
variable HMW-GS composition and deletion status. HMW-GS dele-
tion significantly decreased UPP% and HMW/LMW ratio compared
with non-deletion lines, as described previous previously.20,27,28

For example, line 9 with deletion at HWM-GS 1Ax showed lower
HMW/LMW ratio and UPP% compared with line 1 with 1Ax2*
(Table 2). Lines 13 and 15 also had lower HMW/LMW ratio and
UPP% compared with line 4 because of deletion at 1Dx+1Dy and
1By loci respectively (Tables 1 and 2).

Lines 11, 12 and 14 lost three HMW-GS and had the lowest Glu/Gli
ratio, UPP% and HMW/LMW ratio. Lines 8, 9 and 15 only lacked
one HMW-GS at 1A1x or 1B1y loci and showed relatively higher
UPP% and HMW/LMW ratio than the other deletion lines. Both
lines 13 and 16 lost two HMW-GS at variable Glu-1 loci and had
similar polymeric protein distribution. Further correlation analysis
showed that HMW/LMW ratio correlated significantly with UPP (R2

= 0.91) and UPP% (R2 = 0.88). These results confirm that HMW-GS
deletion influences the size distribution of polymeric protein by
altering the HMW/LMW ratio.

Dough properties
Broad variations in dough properties were observed in this geno-
type pool because of variable HMW-GS composition (Table 3).

Table 2. Effects of HMW-GS deletion on protein traits

Entry

Protein

(g kg−1) EPP UPP UPP% Glu/Gli HMW/LMW

1 137.4a 6.78e 5.51bcd 44.80b 0.58cde 0.37cd

2 137.1a 7.12bcde 6.13abc 46.31b 0.64bcd 0.40c

3 134.5a 6.27e 6.62a 51.16a 0.67abc 0.39c

4 133.9a 6.79e 6.11abc 47.35ab 0.65bcd 0.35de

5 137.6a 6.91de 6.45a 48.23ab 0.69ab 0.56a

6 134.2a 6.98cde 6.22ab 46.90b 0.75a 0.48b

7 135.4a 6.46e 5.25cd 44.54b 0.62bcd 0.34e

8 138.5a 7.17bcde 4.31ef 37.15c 0.61bcde 0.29fg

9 136.4a 7.93ab 4.89de 37.91c 0.69ab 0.32ef

10 139.9a 7.86abc 3.41gh 29.9de 0.61bcde 0.22h

11 141.2a 7.91abc 2.93gh 26.96ed 0.61bcde 0.22h

12 135.8a 7.05bcde 2.56h 26.44ed 0.52b 0.24h

13 135.9a 7.83abcd 3.22gh 29.17de 0.64bcd 0.27g

14 135.9a 7.74abcd 2.80gh 26.27e 0.56de 0.24h

15 135.0a 7.10bcde 4.85de 40.11c 0.64bcd 0.33e

16 137.2a 8.35a 3.70defg 30.51d 0.61bcde 0.27g

LSD 7.8 0.94 1.71 4.14 0.10 0.03

Average from two environments. Values followed by the same letter
in the same column are not significantly different (P < 0.05). Entries in
bold are deletion lines. EPP, SDS-extractable polymeric protein in flour;
UPP, SDS-unextractable polymeric protein in flour; UPP%, per cent UPP
in polymeric protein; Glu/Gli, ratio of glutenin to gliadin; HMW/LMW,
ratio of HMW-GS to LMW-GS; LSD, least significant difference (𝛼 =
0.05). Unit for EPP and UPP is 104 absorbance units mg−1 flour.

Mixograph peak time, dough resistance to extension and extensi-
bility varied from 1.30 to 5.16 min, from 0.06 to 0.50 N and from
71.1 to 140.1 mm respectively. All deletion lines had lower mix-
ing peak time (<3.0 min) and extension force (<0.26 N) and higher
dough extensibility (>92.5 mm) compared with non-deletion lines
(4.52 min, 0.44 N and 79.7 mm on average respectively). For
example, line 15 had deletion at Glu-B1y compared with line 4;
this increased its dough extensibility and decreased its mixo-
graph peak time and resistance to extension relative to line 4.
The more subunit deletions at Glu-1 loci, the weaker the gluten
strength was. Lines 10–12 and 14 had significantly lower resis-
tance to extension (P < 0.05) than the other lines. Generally,
deletions at Glu-1 loci result in weak dough and inferior end-use
functionality.20,28

Huang et al.3 recommended that hard wheat with medium to
strong strength is suitable to produce CSB. Addo et al.4 compared
hard and soft wheat for steamed bread processing quality and
showed that high-strength flour, which is desirable in production
of pan bread, was detrimental in production of steamed bread.
For soft wheat, protein content was important in production of
acceptable steamed bread quality. Other studies also showed that
medium or medium to strong gluten with good extensibility is the
desired target for all of kinds of breads regarding dough workabil-
ity and product quality.2,29 Acceptable dough extensibility should
allow enough expansion of gas bubbles during proving and bak-
ing, and adequate elasticity is essential to avoid rupture of gas
cells and produce a loaf with large volume and smooth and elastic
inner structure.30 Glutenin subunits differ in their functionality on
dough rheological properties, and it is difficult to achieve a perfect
combination of HMW-GS and protein content in combination with
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Table 3. Effects of HMW-GS deletion on dough properties

Entry

Mixograph peak

time (min)

Resistance to

extension (N)

Extensibility

(mm)

1 3.88c 0.36cd 75.46gh

2 3.94c 0.33cde 92.0 defgh

3 5.16a 0.50b 76.51fgh

4 4.33bc 0.43bc 82.60efgh

5 5.20a 0.63a 71.05h

6 4.90ab 0.43bc 81.28fgh

7 4.20c 0.40bc 78.91fgh

8 2.67de 0.25def 102.3cdefg

9 2.88d 0.25def 92.85defgh

10 1.70fg 0.08h 143.0a

11 1.67fg 0.06h 140.09ab

12 1.68fg 0.07h 115.82abcd

13 2.21ef 0.11gh 114.45abcd

14 1.30g 0.07h 112.15bcde

15 2.94d 0.23efg 106.25cdef

16 1.96f 0.18fgh 129.2abc

LSD 0.65 0.13 30.5

Average from two environments. Values followed by the same letter
in the same column are not significantly different (P < 0.05). Entries in
bold are deletion lines. LSD, least significant difference (𝛼 = 0.05).

good agronomic traits through traditional breeding systems.10,31,32

The current study shows that deletion of some HMW-GS results in
moderate gluten strength and high extensibility, a promising com-
bination of traits for CSB production.

Steamed bread quality
Steamed bread surface color is genetically controlled by several
genes related to polyphenol oxidases and yellow pigments.33 Sam-
ples used in this study were not selected under this criterion and
thus showed low surface color scores (3.0–6.0 out of 10) (Table 4).
Steaming provides higher air moisture than baking and gives a
product with high moisture content. Excessively strong gluten
usually causes too much expansion during steaming, which leads
to shrinkage and wrinkling after steaming caused by partial col-
lapse of the unstable crumb structure. For example, line 5 (1,
7+9, 5+10), which showed the highest gluten strength (Table 3),
had the worst surface smoothness score (2.8) owing to wrinkles
on the surface; it also had a partially collapsed crumb structure
(lowest score, 4.1 out of 10). Steamed bread height is generally
related to gluten elasticity and extensibility. Deletion lines 10–14
showed the lowest height compared with the other lines because
of weak gluten strength and high extensibility, which resulted
in dough spreading after proving. These five lines also had infe-
rior structure score because of blisters on the surface and open
crumb.

Stress relaxation is the most important parameter for steamed
bread quality because it indicates overall eating quality.34 Line 16
(2*, 17+_, 5+_) had the best stress relaxation score (22 out of 35),
which meant the least loss of elasticity or stable physical structure
when eaten. This attribute might be due to a good combination
of dough resistance to extension (0.18 N) and extensibility (129.2
mm). Line 15 (2*, 17+_, 2+12) with deletion at 1By also showed
a relatively high steamed bread score (60.8). This line also had

medium gluten strength (resistance to extension, 0.23 N) and
good extensibility (106.3 mm). Lines 15 and 16 had the same
composition at Glu-A1 (2*) and Glu-B1 (17+_), although line 16
has an additional subunit deletion, i.e. Glu-D1y 10. Thus it appears
that this deletion at D1y weakened the dough enough to provide
functionality similar to Glu-D1 2+12. Consequently, it seems that
the deletion at Glu-B1 resulting in 17+_ produced protein quality
that was most favorable for CSB. For instance, line 4, which only
differed from line 15 in lack of a deletion at Glu-B1, showed
a markedly lower steamed bread score compared with line 15
(Table 4). The other lines with 17+18 at Glu-B1 but deletions at
A1x or D1 (lines 8 and 13 respectively) also showed similarly poor
overall CSB scores, further suggesting the important role of the
specific deletion at Glu-B1 (17+_) on protein attributes important
for CSB quality.

Interestingly, lines 8 and 9, both characterized by Glu-A1x dele-
tion, had similar dough properties to line 15 but inferior steamed
bread stress relaxation score and crumb structure. This means that
other factors besides gluten elasticity and extensibility, such as
LMW-GS and gliadin composition and perhaps starch properties,
also affected CSB quality. For example, Mondal et al.35 found that
deletion of specific gliadin subunits differentially impacted dough
extensibility parameters and tortilla quality. Jin et al.12 observed
significantly different contributions to dough properties by allelic
variation of HWM-GS and LMW-GS in a set of near-isogenic wheat
lines, but no significant difference in most parameters of CSB.

Uthayakumaran et al.28 investigated the pan bread and tortilla
quality performance of genotypes null at all Glu-1 loci and showed
a non-expansive bread and poor tortilla rollability. However, indi-
vidual deletion of specific HMW-GS seems a promising way to
develop outstanding tortilla quality with good extensibility and
shelf stability.36 In the current study, partial HMW-GS deletions
at Glu-B1 and Glu-D1, lines 16 (2*, 17+_, 5+_) and 15 (2*, 17+_,
2+12), showed good overall CSB quality traits and the highest total
score (65.0 and 60.8 respectively), with good texture and accept-
able internal structure and appearance.

Zhang et al.16 observed significant and positive correlations
of polymeric protein content with steamed bread score and
stress relaxation score among a population with weak gluten
strength.22 However, such a relationship was not observed in the
current research. In this study, all deletion lines were created from
genotypes with high gluten strength and high protein content
(134.2–139.9 g kg−1) rather than from a population with low pro-
tein content and weak gluten strength. The overall implication is
that a minimum content of polymeric proteins may be required for
optimal steamed bread quality, but other compositional parame-
ters are also important. It is also important to point out that envi-
ronmental effects cannot be fully accounted for in this study owing
to the limited set of environments (two locations) used.

CONCLUSIONS
Lines with HMW-GS deletions had lower HMW-GS amount and
HWM-GS/LMW-GS ratio, which also resulted in significantly lower
absolute and relative amounts of polymeric protein, compared
with non-deletion lines. HWM-GS deletion did not significantly
affect protein content but produced important variations in dough
properties relevant to steamed bread quality. Deletion lines gener-
ally showed medium to weak gluten strength with higher gluten
extensibility. Lines with one or two Glu-1y deletions (2*, 17+_,
5+_ and 2*, 17+_, 2+12) showed moderate gluten strength, high
extensibility and good steamed bread quality. Specific deletions of

wileyonlinelibrary.com/jsfa © 2014 Society of Chemical Industry J Sci Food Agric 2014; 94: 2801–2806



2805

Effect of glutenin subunit composition on steamed bread quality www.soci.org

Table 4. Effects of HMW-GS deletion on scores of steamed bread quality traits

Entry Height Smoothness Color Stress relaxation Crumb structure Specific volume Total score

1 9.0a 5.0abcd 3.0d 13.0e 9.8a 14.5a 54.3cd
2 8.0abc 4.0bcd 3.0d 13.0e 9.4a 13.5a 50.9d
3 7.5bcd 3.5cd 3.0d 15.5d 8.3ab 14.5a 52.3cd
4 8.5ab 3.8bcd 4.0bcd 15.0de 7.9ab 13.5a 52.6cd
5 7.0cd 2.8d 5.5ab 16.0cd 4.1d 13.5a 48.9d
6 6.5d 3.8bcd 5.5ab 20.0ab 6.8abcd 14.5a 57.0bc
7 8.5ab 5.5abc 5.0abc 13.0e 7.5abc 14.0a 53.5cd
8 8.0abc 5.5abc 4.5abcd 13.0e 4.5cd 16.0a 51.5cd
9 8.5ab 5.5abc 3.0d 13.0e 6.8abcd 15.5a 52.3cd
10 7.0cd 5.3abc 5.5ab 14de 7.5abc 14.0a 53.3cd
11 7.0cd 7.0a 3.5cd 16.0cd 6.3bcd 14.5a 54.3cd
12 5.0e 6.0ab 5.5ab 13.0e 6.3bcd 14.5a 50.3d
13 5.0e 5.5abc 5.0abc 16.0cd 6.0bcd 15.0a 52.5cd
14 5.0e 7.0a 4.0bcd 15.0de 6.0bcd 14.0a 51.0d
15 8.0abc 5.5abc 6.0a 18.0bc 8.3ab 15.0a 60.8ab
16 8.0abc 5.5abc 5.5ab 22.0a 8.0ab 16.0a 65.0a
LSD 1.3 2.3 1.9 2.1 3.1 2.8 5.8

Average from two environments. Values followed by the same letter in the same column are not significantly different (P < 0.05). Entries in bold
are deletion lines. LSD, least significant difference (𝛼 = 0.05). For the stress relaxation (SR) score, the higher the SR measured by texture analyzer as
described in ‘Experimental’, the lower the SR score is.

HMW-GS might be a viable strategy to develop new wheat geno-
types for steamed bread processing.
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