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Abstract The effects of the non-amylolytic enzymes
pentosanase (PP), glucose oxidase (GLZ) and laccase
(LAC), singly and in binary and ternary combinations,
and wheat flour—a pure cultivar F0, and low- grade F1
and high-grade F2 commercial blends—on the electro-
phoretic pattern of the glutenin macropolymer (GMP)
were investigated by sodium dodecyl sulphate polyacry-
lamide gel electrophoresis (SDS–PAGE). GMP profiles
of high (HMW), medium (MMW) and low (LMW)
molecular weight glutenin subunits (GS) were correlated
with dough and GMP characteristics and with bread
quality and keepability.
The total relative percentages of separated HMW, MMW
and LMW-GS of GMP in control and enzyme-supple-
mented samples were: 33–37, 11–16 and 46–54% (F0),
47–74, 0 and 26–57% (F1) and 30–47, 15–18 and 32–
38% (F2), respectively. HMW-GS/LMW-GS ratios, a
quality index of glutenin, were found to range from 0.63
to 0.80 for all flour GMP. Enzyme addition induced
moderate effects in pure wheat cultivar F0. Combinations
of PP and GLZ (PPGLZ) allowed glutenin repolymeriza-
tion after resting, leading to an increase of the bands of
104–107 and 88–90 kDa in GMP by SDS–PAGE.
Analogously, PP plus LAC (PPLAC) and LAC alone
increased the amount of the subunit of 81–82 kDa.
Subunits of LMW increased with PPLAC and LAC, the
subunit of 37–38 kDa having a higher percentage in GMP
probably due to the presence of a-, b- and g-gliadins
besides the LMW-GS. Only the subunit of 81–82 kDa was
positively associated with the dynamic rheological moduli
G0 and G* and the subunit of 88–90 kDa correlated with a
lower delta angle and, consequently, with a more elastic
gel. After fermentation, the total percentage of subunits of
HMW, MMW and LMW changed mainly in low-grade

flour F1 (36–37, 17–19 and 14–19%) compared with
high-grade flour F2 (32–37, 14–17 and 47–51%). The
subunit of HMW with MW of 120–125 kDa (F1) and 93–
95 kDa (F2) was positively correlated with the specific
volume of breads and negatively with firmness of fresh
and stored bread. Subunits of MMW negatively influ-
enced the quality of fresh and stored bread of F1. The
ratio HMW/LMW was positively correlated with bread
firmness during staling in breads prepared with F2.
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Introduction

The gluten protein network is considered mainly respon-
sible for wheat flour dough viscoelasticity. The propor-
tion of glutenins and gliadins determines the balance
between elasticity and viscosity affecting gluten quality.
High molecular weight (HMW-GS) and low molecular
weight (LMW-GS) glutenin subunits have been shown to
influence mixing time, dough strength and bread volume
[1], the HMW-GS providing the major effects on dough
functional properties [2, 3].

The sodium dodecyl sulphate (SDS) unextractable
glutenin subfraction of flour, called glutenin macropoly-
mer (GMP), has been highly related to quality parameters,
such as loaf volume and physical dough properties [4, 5].
Glutenin subunits provide a structural backbone to the
GMP through the formation of disulphide bonds highly
resistant to rupture [6]. The ability of glutenin subunits to
form these bonds supports their association within GMP,
and their effects on gluten structure and functionality [7].
The functional properties of the polymeric protein have
been associated with their subunit composition [5, 8],
HMW-GS composition having been correlated with
quality indicators in breadmaking [9]. A differentiation
of wheat cultivars based on the HMW-GS content [10]
and the HMW-GS/LMW-GS ratio [11] has been obtained.
Wheat cultivars of good breadmaking performance
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showed higher levels of HMW-GS and a HMW-GS/
LMW-GS ratio ranging from 0.18 to 0.74. The molecular
weights (MW) of HMW-GS in SDS–PAGE were found to
be between 80 and 120 kDa, although these subunits
present a non-expected mobility in SDS–PAGE leading to
an overestimation of their MW between 65 and 90 kDa by
nucleotide sequentiation [12]. LMW-GS have been clas-
sified in B-, C- and D-subunits based on differences in
mobility in SDS–PAGE. The MW of subunits B and C
were 40–50 and 30–40 kDa, respectively [13], whereas
subunit D of lower mobility than subunit B probably
comes from a mutation of w-gliadins [14].

Oxidases and pentosanases induce changes in gluten
protein structure and interactions [11] by direct and/or
indirect action on the gluten network. Pentosans associ-
ated with wheat gluten can influence dough-handling
properties, modifying gluten aggregation due to steric
hindrance [15]. Thus, the use of pentosanases (PP) would
improve gluten quality by counteracting chemical aggre-
gation of gluten [16]. The use of oxidative enzymes such
as glucose oxidase (GLZ) [17, 18, 19] and laccase (LAC)
[19, 20] is increasing in breadmaking. GLZ catalyses the
oxidation of a-d-glucose to d-gluconic acid and H2O2.
Although the mechanism of bread improvement has not
been fully established, the produced H2O2 has been
hypothesized to be the responsible factor for this im-
provement [18, 21, 22]. A synergism between GLZ and
PP has been proposed [23, 24, 25]. LAC catalyses the
oxidative gelation of feruloylated arabinoxylans by
dimerization to their ferulic esters [26] and exerts an
oxidant effect on dough constituents, thus improving the
resistance of the gluten network [20].

The aim of this study is to evaluate changes in
composition of the subunits forming GMP induced by the
addition of enzymes—PP, GLZ, LAC and their combi-
nations—using SDS–PAGE. Doughs prepared in a farino-
graph and doughs from a breadmaking process were used.
A profile of glutenin subunits was correlated with dough
and GMP characteristics and with bread quality and shelf
life.

Materials and Methods

Materials

Flour (F0) from a pure wheat cultivar (Farak) milled on a CD1
Chopin mill to an extraction rate of 68% and two commercial
blending flours of low (F1) and good (F2) breadmaking quality
were used (Table 1).

Three commercial enzymes, PP (endo-1,4-b-xylanase) (Pen-
topan Mono, BG) containing 2,500 fungal xylanase units/g, GLZ
(Gluzyme) containing 500 glucose oxidase units/g and LAC
containing 1,552 laccase units/mL, provided by Novozymes (Den-
mark), were added singly and combined (Table 2) at dosages (per
100 g flour) recommended by the supplier: 4 mg (PP), 2 mg (GLZ)
and 50mL (LAC). Enzymes did not contain significant side
activities, like amylase (Ceralpha method, Megazyme) [27] or
protease (Universal protease substrate, Boehringer Mannheim). All
chemicals used for analyses were of analytical grade or better.

Methods

Dough preparation

Flour F0 was used to prepare doughs in the Brabender farinograph
using the 50-g mixing bowl. Dough formulation [28], based on
100 g flour, included 54.5 mL water, 2 g salt and the amount of
enzyme indicated previously for each sample. Glucose (0.5 g) was
added to samples containing glucose oxidase. Doughs were mixed
for 10 min and rested for 60 min at 30 �C. Flours F1 and F2 were
used in a straight breadmaking process following methodology
previously described [19]. Samples of unfermented dough (UFD)
and fermented dough (FD) were freeze-dried, ground and sieved,
and then stored at 4 �C until use (Table 3).

Kieffer micro-extensibility test

The Kieffer dough extensibility test was carried out using a Texture
Analyser TA-XT2i with the Kieffer dough and gluten extensibility
rig (Stable Microsystems, UK) and a 25-kg load cell [29].

Gluten index

Determination of gluten index was performed in a Glutomatic
system (Perten) following the ICC standard procedure [30].

Table 2 Sample design

Flour F1/F2

Enzyme Pentopan Mono BG Gluzyme Laccase
Code (PP) (GLZ) (LAC)
Ctrl 0 0 0
PP 1 0 0
PPGLZ 1 1 0
PPLAC 1 0 1
PGL 1 1 1
GLZ 0 1 0
LAC 0 0 1

Ctrl: control

Table 1 Characteristics of wheat flours

Flour characteristics F0 F1 F2

Chemical composition

Protein (% d.wt.) 14.9 10.9 13.0
Ash (% d.wt.) 0.60 0.55 0.64

Farinogram

Water absorption (%) 54.5 50.4 56

Alveogram

Deformation energy (J) 3.89 E-2 1.26 E-2 2.25 E-2
Curve deformation ratio P/L 1.48 0.33 0.35

Gluten index

Gluten index (%) 99.6 67.1 86.5
Dry gluten (%) 10.2 8.15 10
Wet gluten (%) 29.8 25.4 30.5

Falling number

Time (s) 528 366 342

d.wt.: dry weight
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GMP extraction

GMP was obtained according to Graveland et al. [31]. Suspensions
of freeze-dried doughs (1:20 w/v) in 1.5% SDS were centrifuged
for 30 min at 75,000 g and 20 �C in a Kontron ultracentrifuge. After
decanting the supernatant the GMP was obtained as the gel-like
layer on top of the starch. GMP was used for dynamic rheological
experiments and pentosan determination.

To perform SDS polyacrylamide gel electrophoresis (SDS–
PAGE) the extraction of GMP was modified as described by
Weegels et al., [32]: suspensions of freeze-dried doughs (0.08 g) in
1.5% SDS (1:20 w/v) were centrifuged for 15 min at 15,000 g and
20 �C in an Eppendorf 5415 centrifuge. Supernatants were decanted
and discarded. The resulting GMP plus starch was extracted again
with 1.5% SDS, centrifuged and decanted. Over the GMP plus
starch, 1.5% SDS and b-mercaptoethanol (5%) were added. The
resulting suspension was stirred for 30 min in an Eppendorf
compact thermomixer and centrifuged for 5 min at 20 �C under the
same conditions. Supernatant containing the reduced GMP was
boiled for 10 min. After cooling it was centrifuged again for 5 min
at 15,000 g and the supernatant, the reduced GMP, was frozen and
freeze-dried.

Protein content of GMP

The whole residue, gel layer plus starch, obtained from the GMP
extraction was freeze-dried, and the protein content was determined
with the ICC standard Kjeldahl method [33].

Total and water-soluble pentosans associated with GMP

Total pentosans (TP) and water-soluble pentosans (WSP) from
GMP were measured with the orcinol–hydrochloric acid–ferric
method [34, 35] with the modifications made by Jim�nez and
Mart�nez-Anaya [36, 37]. Freeze-dried GMP was used for TP and
WSP quantification (125 and 100 mg, respectively).

Dynamic rheological properties of GMP

The dynamic rheological properties of GMP were characterized in a
Bohlin VOR Rheometer (Germany) as described previously [38]
and modified [28, 39]. A plate–plate geometry (Pt-Pt30) and a
torsion bar of 1.7 g cm were used. Measurements were made with a
gap of 1 mm at 20 �C and 1 g of GMP was scraped off from the top
of the gel. An oscillatory test with a frequency sweep from 0.05 to

5 Hz with a fixed strain (2%), selected from the linear viscoelastic
region obtained from a strain sweep [28], was performed. Dynamic
rheological moduli, elastic modulus (G0), viscous modulus (G00),
complex modulus (G*) and delta angle at 0.15 Hz and 2% strain,
were obtained.

Sodium dodecyl sulphate polyacrylamide
gel electrophoresis

Discontinuous vertical polyacrylamide (PAA) slab gel electropho-
resis in the presence of sodium dodecyl sulphate (SDS–PAGE) was
carried out following Laemmli’s methodology [40] in a Mini-
Protean II cell (Bio-Rad) for characterizing protein subunits of
GMP. Freeze-dried GMP was suspended in 0.5 mL of SDS sample
buffer containing 0.5 M Tris–HCl of pH 6.8, 10% SDS, glycerol,
0.05% bromophenol blue and H2O. b-Mercaptoethanol was added
for sample reduction, and the mixture boiled for 10 min. The
subunit compositions of GMP were characterized using a 4% PAA
stacking gel and a 7.5% PAA separating gel. Aliquots of 12, 25 or
18 mL (samples prepared with F0, F1 and F2) were loaded onto the
gels. Two gels were simultaneously run at 200 V at room
temperature until bromophenol blue ran out of the gel. After
electrophoresis, the gels were stained with 0.1% Coomassie Blue
R-250 in fixative containing 40% methanol and 10% acetic acid.
Destaining was performed with fixative solution of the same
composition. The apparent MW of the subunits was determined
using standards (Bio-Rad, 161-0362) with MW of 10, 15, 25, 37,
50, 75, 100, 150 and 250 kDa. Stained gels were densitometered by
applying the TDI Lane Manager program (Madrid, Spain) to the
scanned gels (HP Scanjet IIcx).

Statistical analysis

The correlation matrix between technological and electrophoretic
variables was obtained using the Bio-MeDical Statistical Package
(BMDP, program 4 M).

Table 3 Dough formula and
breadmaking process

Dough formula Baking process

Ingredients % (flour basis)
Flour 100 Mixing

! UFD
Water 52.8/55.2a Bulk fermentation 20 min
Yeast 3 Dividing 650 g
Shortening 1 Rounding
Salt 1.8 Resting 10 min
Glucose 0.5 Moulding
Calcium propionate 0.3 Proving 90 min, 32 �C

! FD
Enzyme b Baking 20 min, 215 �C

Bread ! B
Cooling and packaging 2 h, room temperature

Polypropylene coextruded films
Storage 22€1 �C

Time: 0, 4, 7, 14, 15 days

a For F1 and F2, respectively
b Depending on the experimental design, see Table 2
UFD unfermented dough, FD fermented dough, B fresh bread
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Results and discussion

Effect of enzyme addition
on the protein subunit composition of GMP
of a pure wheat cultivar

Previous assessment of GMP protein composition by RP-
HPLC had proved the macropolymer contained major
glutenins and about 1–3% minor w-gliadins, whereas
capillary electrophoresis showed that 0.5–2.5% of GMP
proteins were different to glutenins of low MW [32]. The
electrophoretic pattern of GMP obtained from flour F0, a
pure wheat cultivar, mixed in the farinograph differenti-
ated three main groups of proteins (Fig. 1). The first group
containing HMW-GS showed three bands with apparent
MW of 104–107, 88–90 and 81–82 kDa, respectively.
Wheat variety Farak (F0) has been previously [41]
separated into five HMW-GS, in locus A1 glutenin 1, in
locus B1 the pair 7+8 and in locus C1 the pair 5+10 [42]
grouped into three double bands. The second group of
medium MW (MMW), containing a mixture of D subunits
of LMW-GS and w-gliadins, separated into two subunits
of apparent MW 64–67 and 60–61 kDa. The third group
of LMW-GS, B and C, showed three different electro-

phoretic bands: two B subunits with MW 55–57 and
49 kDa and one C subunit of 37–38 kDa. The relative
percentage of each GS (%) and the content (g subunit/
100 g of freeze-dried dough) of separated subunits in
GMP is shown in Table 4. The total relative percentage of
HMW-, MMW- and LMW-GS was 33–37, 11–16 and 46–
54%, respectively. Enzyme addition induced moderate

Fig. 1 SDS–PAGE of HMW-, MMW and LMW-GS of GMP from
wheat cultivar Farak. See Table 2 for enzyme codes. PS, protein
standards

Table 4 Effect of enzyme ad-
dition on subunit composition
and distribution of GMP from
wheat cultivar Farak, F0. Rela-
tive percentage (%) and protein
content (g subunit/100 g freeze-
dried dough) of HMW-, MMW-
and LMW-GS. See Table 2 for
enzyme codes

HMW-GS

104–107a 88–90 81–82 Total

% g/100 g % g/100 g % g/100 g %

Ctrl 6.6 0.33 8.1 0.41 18.5 0.94 33.2
PP 7.5 0.38 10.6 0.54 18.3 0.93 36.3
PPGLZ 10.1 0.69 9.2 0.62 17.7 1.20 37.0
PPLAC 9.4 0.64 6.6 0.45 18.4 1.26 34.4
PGL 8.2 0.50 7.2 0.45 17.5 1.08 32.9
GLZ 9.2 0.56 8.5 0.52 19.0 1.15 36.7
LAC 6.8 0.46 8.2 0.55 19.1 1.29 34.1

MMW-GS

64–67a 60–61 Total

% g/100 g % g/100 g %

Ctrl 6.2 0.32 9.7 0.49 15.9
PP 7.3 0.37 7.2 0.37 14.6
PPGLZ 8.3 0.56 7.9 0.53 16.2
PPLAC 5.0 0.34 6.7 0.46 11.7
PGL 6.5 0.40 8.4 0.52 15.0
GLZ 4.7 0.29 7.5 0.45 12.2
LAC 5.0 0.34 7.9 0.53 12.9

LMW-GS

55–57a 49 37–38 Total

% g/100 g % g/100 g % g/100 g %

Ctrl 5.63 0.29 8.57 0.43 36.72 1.86 50.92
PP 6.14 0.31 10.23 0.52 32.85 1.66 49.22
PPGLZ 4.78 0.32 9.23 0.62 32.80 2.22 46.81
PPLAC 5.87 0.40 10.21 0.70 37.79 2.58 53.87
PGL 5.37 0.33 10.51 0.65 36.10 2.22 51.99
GLZ 3.56 0.22 8.16 0.50 39.43 2.39 51.15
LAC 6.20 0.42 10.83 0.73 36.25 2.44 53.28

a kDa
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effects. The amount of HMW-GS was slightly modified
by the combinations of PP with GLZ and LAC. PPGLZ
induced repolymerization of glutenin after resting, lead-
ing to an increase of the bands of 104–107 and 88–90 kDa
in GMP; analogously, PPLAC and LAC increased the
fraction of 81–82 kDa. LMW-GS increased with PPLAC
and LAC, the fraction of 37–38 kDa exhibiting a higher
percentage in GMP probably due to the presence of a-, b-
and g-gliadins besides the LMW-GS.

Enzyme addition and, in particular, the PPGLZ com-
bination decreased the extractability of HMW-GS
(Fig. 2), increasing its content in the GMP. MMW-GS
increased with PPGLZ. The unextractability of LMW-GS
was higher when enzymes were added, mainly with
PPLAC and LAC. The HMW-GS/LMW-GS ratio, a
quality index of glutenin, was found to be between 0.63
and 0.79.

Relationships between protein subunits and functional
characteristics of GMP and dough

Correlations between variables of functional characteris-
tics of GMP and dough from F0 [25, 28] and the relative
percentage of subunits of GMP were studied. The
correlation matrix compiled the higher correlations (Ta-

ble 5). There was a lack of significant correlation between
HMW-GS and dynamic rheological moduli. Exceptions
were the subunit of 81–82 kDa that was positively
associated with G0 and G* and the subunit of 88–90 kDa
which correlated with a lower delta angle and, conse-
quently, with a more elastic gel. Thus, the elasticity of
GMP depends not only on the presence of certain glutenin
subunits but also on their aggregation in the GMP.
Subunits of higher MW negatively correlated with the
content of WSP associated to GMP and with dough
extensibility and, accordingly, determined a higher gluten
quality. The subunit of 81–82 kDa was directly related to
the content of TP and to resistance to extension of the
dough. This is in agreement with earlier findings con-
cerning the relationship between HMW-GS and maxi-
mum resistance to extension of dough and gluten samples
[43]. MMW-GS of 64–67 kDa negatively influenced delta
angle and resistance to extension of dough. LMW bands
of 55–57 kDA were, on the other hand, negatively related
with dynamic rheological moduli and delta angle and
positively with dough extensibility.

Effect of quality of commercial wheat blends
and enzyme addition on the protein subunit composition
of GMP

With the aim to gain insight into the consequence of the
combined effect of enzyme addition, flour quality and
breadmaking process on GMP, the subunit composition of
GMP from doughs made with two commercial flours, F1
and F2, in a straight breadmaking process before (UFD)
and after fermentation (FD) was studied. The subunit
composition of GMP of UFD and FD from both flours is
presented in Fig. 3. GMP from flour of lower breadmak-
ing quality (F1) separated four HMW-GS with apparent
MW 124–127, 105–110, 98–100 and 92–96 kDa. GMP
from flour of higher breadmaking quality (F2) showed
four HMW-GS with apparent MW 121–124, 107–109,
94–97 and 90–93 kDa, one MMW-GS of 62–64 kDa and

Fig. 2 Effect of enzyme addition on total content (g/100 g freeze-
dried dough) of HMW-, MMW- and LMW-GS and on the HMW/
LMW-GS ratio of GMP from wheat cultivar Farak. See Table 2 for
enzyme codes

Table 5 Correlation coefficients (P<0.05) between dough and GMP functional variables and GMP HMW-, MMW- and LMW-GS from
wheat cultivar Farak, F0

GMP subunits Dynamic rheology, GMP Pentosans, GMP Dough properties (Kieffer test) Gluten Index

MW G0 G00 G* Delta TP WSP RMAX E at RMAX E at break GI

HMW 104–107a �0.7179 �0.7414 �0.6602 0.7092
88–90 �0.5761 �0.5002
81–82 0.5981 0.6034 0.7881 0.8637

Total �0.6452 �0.5706 0.6372

MMW 64–67 0.5721 0.5701 �0.6869 �0.5331 �0.5368 �0.6952
60–61 �0.6351

Total �0.6686

LMW 55–57 �0.7186 �0.8236 �0.7158 �0.5764 0.8597 0.8924
49 �0.5279 �0.6153 �0.5230 �0.5203
37–38 0.8319 0.6559

Total

akDa
TP total pentosans, WSP water-extractable pentosans, RMAX maximum resistance to extension, E extensibility
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two LMW-GS of 43–44 (B-LMW) and 36–37 kDa (C-
LMW).

The resting time produced repolymerization [10, 44,
45, 46], increasing qualitatively and quantitatively the
protein subunits in GMP (Fig. 3). GMP from FD of F1
separated four HMW-GS with apparent MW of 120–125,
102–105, 93–95 and 88–90 kDa, respectively, corre-
sponding with the HMW-GS found in UFD. Three new
MMW-GS of 65–68, 61–63 and 58–60 kDa and two

bands of LMW-GS of 50–51 (B-LMW) and 34–35 kDa
(C-LMW) appeared in the unextractable fraction after
fermentation. In F2, GMP of FD presented four HMW-GS
corresponding with the subunits found in the UFD;
MMW-GS presented three bands of 68–72, 64–66 and
60–63 kDa and LMW-GS presented four bands, three B-
LMW of 49–52, 43–44 and 40–42 kDa and one band of
C-LMW-GS of 35–36 kDa.

Table 6 Effect of enzyme addition on subunit composition and
distribution of GMP from unfermented doughs (UFD) of F1 and F2
flours. Relative percentage (%) and protein content (g subunit/

100 g freeze-dried dough) of HMW-, MMW- and LMW-GS. See
Table 2 for enzyme codes

HMW-GS LMW-GS

F1 124-127a 105-110 98-100 92-96 Total HMW 37-40

UFD % g/100 g % g/100 g % g/100 g % g/100 g % % g/100 g

Ctrl 11.3 0.12 40.0 0.43 5.1 0.06 17.9 0.19 74.3 25.8 0.28
PP 14.2 0.21 15.3 0.23 9 0.13 20.0 0.30 58.5 41.6 0.62
PPGLZ 10.6 0.15 11.2 0.16 7 0.10 14.1 0.20 42.9 57.1 0.79
PPLAC 15.1 0.18 10.9 0.13 8.9 0.11 14.0 0.17 48.9 51.1 0.61
PGL 13.1 0.32 12.5 0.31 7.3 0.18 14.2 0.35 47.1 52.9 1.31
GLZ 18.5 0.20 19.4 0.21 6.1 0.07 22.3 0.24 66.3 33.7 0.37
LAC 8.2 0.10 36.0 0.43 5.1 0.06 5.5 0.07 54.8 45.2 0.54

HMW-GS MMW LMW-GS

F2 121-124a 107-109 94-97 90-93 Total
HMW

62-64 43-44 36-37 Total
LMW

UFD % g/100 g % g/100 g % g/100 g % g/100 g % % g/100 g % g/100 g % g/100 g

Ctrl 12.1 0.18 11.8 0.18 6.3 0.09 10.6 0.16 40.8 5.8 0.09 9.7 0.14 9.0 0.13 18.7
PP 9.0 0.12 10.7 0.14 8.7 0.11 11.1 0.14 39.5 6.9 0.09 9.5 0.12 7.6 0.10 17.1
PPGLZ 11.8 0.15 14.2 0.18 9.4 0.12 12.2 0.16 47.6 5.4 0.07 9.9 0.13 6.1 0.08 16.0
PPLAC 6.7 0.08 7.7 0.09 4.6 0.05 11.5 0.14 30.5 10.0 0.12 7.3 0.09 7.7 0.09 15.0
PGL 8.9 0.10 13.3 0.14 6.9 0.07 10.1 0.11 39.2 4.6 0.05 8.6 0.09 8.6 0.09 17.2
GLZ 11.2 0.21 13.5 0.25 8.1 0.15 10.7 0.20 43.5 6.1 0.12 9.1 0.17 7.7 0.15 16.8
LAC 11.4 0.23 11.2 0.22 5.0 0.10 12.5 0.25 40.1 5.3 0.10 10.1 0.20 8.4 0.17 18.5

a kDa

Fig. 3 SDS–PAGE of HMW-,
MMW- and LMW-GS of GMP
from unfermented (left) and
fermented (right) doughs made
of wheat flours F1 and F2. See
Table 2 for enzyme codes. PS,
protein standards
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The quantity and percentage of subunits was modified,
after enzyme addition, mainly in F1, resulting in GMP
depolymerization during mixing (Table 6). The amount of
HMW-GS increased, except for LAC and for the subunit
105–110 kDa, although the percentage decreased gener-
ally with the enzymes. LMW-GS in dough containing
enzymes increased after mixing. The effect of enzymes
was lower in flour of higher breadmaking quality, F2,
where GLZ and LAC increased the amount of HMW-GS
and PPLAC decreased it.

Fermentation time allowed repolymerization of pro-
teins and more subunits becoming unextractable in SDS
(Table 7). In F1, differences between samples were
reduced and single and combined GLZ increased the

quantity of HMW-GS. The quantity of HMW-GS was
higher in F2 in accordance with its better breadmaking
quality [41, 47, 48] and the effect of enzymes was lower.
Changes in LMW-GS of 40–42 and 35–36 kDa were
probably due to the presence of a-, b- and g-gliadins, as
stated before.

The total percentage of subunits in UFD accounted for
47–74, 0 and 26–57% in F1 and 30–47, 15–18 and 32–
38% in F2, for HMW-, MMW- and LMW-GS, respec-
tively. After fermentation the total percentage of subunits
changed to a higher degree in F1 (36–37, 17–19 and 14–
19%) than in F2 (32–37, 14–17 and 47–51%) for HMW-,
MMW- and LMW-GS, respectively. The amount of

Table 7 Effect of enzyme addition on subunit composition and
distribution of GMP from fermented doughs (FD) of F1 and F2
flours. Relative percentage (%) and protein content (g subunit/

100 g freeze-dried dough) HMW-, MMW- and LMW-GS. See
Table 2 for enzyme codes

HMW-GS

F1 120-125a 102-105 93-95 88-90 Total HMW

FD % g/100 gb % g/100 gb % g/100 gb % g/100 gb %

Ctrl 7.5 0.15 7.8 0.15 5.0 0.10 13.9 0.27 34.2
PP 7.7 0.16 7.9 0.16 6.1 0.13 14.5 0.30 36.2
PPGLZ 8.8 0.20 0.18 6.2 0.14 13.7 0.31 36.7
PPLAC 8.2 0.12 8.3 0.12 7.4 0.11 12.5 0.19 36.4
PGL 9.7 0.34 0.19 4.4 0.15 13.5 0.47 33.2
GLZ 7.8 0.19 8.2 0.20 6.2 0.15 13.9 0.34 36.1
LAC 0.20 6.9 0.16 7.1 0.17 13.2 0.31 35.7

MMW-GS LMW-GS

F1 65-68a 61-63 >58-60 Total HMW 50-51 34-35 Total LMW

FD % g/100 gb % g/100 gb % g/100 gb % % g/100 gb % g/100 gb %

6.2 0.12 6.1 0.12 6.3 0.12 18.6 3.4 0.07 44 0.87 47.4
PP 5.2 0.11 3.8 0.08 5.2 0.11 14.2 4.3 0.09 45.4 0.95 49.7
PPGLZ 4.4 0.10 5.7 0.13 6.9 0.16 17.0 0.06 43.8 1.00 46.4
PPLAC 4.2 0.06 6.2 0.09 7.2 0.11 17.6 4.3 0.06 41.7 0.62 46.0
PGL 3.2 0.11 5.7 0.20 6.1 0.21 15.0 4 0.14 47.7 1.65 51.7
GLZ 5.3 0.13 5.3 0.13 6.6 0.16 17.2 5.5 0.14 41.2 1.02 46.7
LAC 4.6 0.11 9.9 0.23 4.9 0.12 19.4 3.9 0.09 40.9 0.97 44.8

HMW-GS

F2 120-123a 103-105 93-95 90-91 Total HMW

FD % g/100 gb % g/100 gb % g/100 gb % g/100 gb %

Ctrl 8.7 0.37 8.2 0.35 3.5 0.15 11.6 0.50 32.0
PP 8.9 0.27 9.7 0.29 4.8 0.14 11.9 0.36 35.3
PPGLZ 8.5 0.30 10.7 0.38 5.6 0.20 13.1 0.47 37.9
PPLAC 8 0.24 10.6 0.32 6.1 0.18 11.9 0.35 36.6
PGL 8.8 0.30 8.3 0.28 5 0.17 12.3 0.42 34.4
GLZ 10.1 0.30 8.3 0.25 4.5 0.13 13.5 0.40 36.4
LAC 8.4 0.28 9.2 0.31 5.5 0.19 11.1 0.36 34.2

MMW-GS LMW-GS

F2 68-72a 64-66 60-63 Total
MMW

49-52a 43-44 40-42 35-36 Total
MMW

FD % g/100 gb % g/100 gb % g/100 gb % % g/100 gb % g/100 gb % g/100 gb % g/100 gb %

Ctrl 4.5 0.19 4.6 0.20 7.9 0.34 17.0 5.0 0.21 7.8 0.33 7.0 0.30 31.1 1.33 50.9
PP 4.1 0.12 4.1 0.12 8.4 0.25 16.6 0.17 8.2 0.24 5.5 0.16 28.8 0.86 48.1
PPGLZ 3.4 0.12 5.2 0.19 6.2 0.22 14.8 3.7 0.13 7.7 0.28 6.7 0.24 29.1 1.04 47.2
PPLAC 4.4 0.13 4.9 0.15 7.5 0.22 16.8 5.2 0.15 8.6 0.26 4.2 0.13 28.7 0.85 46.7
PGL 3.7 0.13 3.5 0.12 8.9 0.30 16.1 5.3 0.18 8.8 0.30 4.2 0.14 31.2 1.06 49.5
GLZ 4.0 0.12 5.0 0.15 7.3 0.22 16.3 3.3 0.10 8.8 0.26 4.5 0.13 30.7 0.92 47.3
LAC 3.1 0.10 6.1 0.21 7.3 0.25 16.5 4.5 0.15 8.8 0.30 3.8 0.13 32.2 1.09 49.3

a kDa
b g/100 g freeze-dried dough
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subunits of GMP was lower in F1, but the ratio HMW/
LMW-GS was similar for both flours (0.63–0.80) (Fig. 4).

Relationship between protein subunits and quality
and shelf life of bread

The relationship between quality and shelf life of bread
made with F1 and F2 [19, 49] and percentage of subunits
of GMP isolated from FD were studied. This will allow us
to know the significance of correlation between param-
eters in explaining differences in the breadmaking quality
of flour. The correlation matrix (Table 8) shows the most
relevant correlations. The shape of the breads (width/
height ratio) was improved in the presence of a certain
HMW-GS depending on the flour quality. This HMW-GS

with MW of 120–125 and 93–95 for F1 and F2,
respectively, was positively correlated with the specific
volume of breads and negatively with firmness of fresh
and stored bread. MMW-GS negatively influenced the
quality of fresh and stored bread of F1. LMW-GS led to
different effects depending on their MW; in F1 the
subunit of 34–35 kDa, in F2 the subunit of 40–42 kDa and
the total LMW in both flours negatively determined the
quality and shelf life of bread. Nevertheless, the subunit
of 43–44 kDa in F2 positively influenced the shape of
bread and determined a softer crumb during staling. The
ratio HMW/LMW-GS correlated positively with bread
firmness during staling in breads prepared with F2.

Conclusion

Flours from different wheat varieties differ in the type and
amount of glutenin subunits separated from their GMP by
SDS–PAGE. Their characteristics point out the structural
differences on the protein matrix of flours and their
influence on baking quality. Some correlations between
specific GMP protein subunits and fresh and stored bread
properties indicate their role in determining baking flour
quality. The effect of enzymes on the GS of GMP was
discrete, showing that other factors in addition to the
nature and proportion of the GS, such as their association
and the presence of other components (non-starch
polysaccharides), may influence GMP properties.
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Table 8 Correlation coeffi-
cients (P<0.05) between fresh
and stored bread quality vari-
ables and GMP HMW-, MMW-
and LMW-GS from fermented
doughs of flours F1 and F2

F1 HMW-GS MMW-GS LMW-GS

MW (kDa) 120–125 61–63 58–60 Total 34–35 Total

f/h �0.8773 0.8873
Specific volume 0.8261 �0.9294 �0.5020
H1 �0.6592 0.8520 0.5706
H4 0.5131 0.5932 0.8521 �0.5281 �0.543
H7 �0.7328 0.8592 0.6619
H14 �0.6974 0.7272 0.5014 0.7298 �0.6118 �0.5798
H15 0.7484 0.5042 0.7795 �0.5054 �0.5253

F2 HMW-GS LMW-GS HMW/LMW-GS

MW(kDa) 93–95 Total 43–44 40–42 Total

f/h �0.6182 �0.5468 0.6066
Specific volume 0.5743 �0.5261
H1 �0.6704 0.5621
H4 �0.6303 �0.7296 0.7979
H7 �0.8026 �0.6306 �0.5716 0.6740 0.5873 �0.6095
H14 �0.7163 �0.5773 0.5208 �0.5600
H15 �0.7056 �0.6407 0.6010 �0.6282

f/h: slice width/height ratio
Hn: bread crumb firmness at day n

Fig. 4 Effect of enzyme addition on total protein content (g/100 g
freeze-dried dough) of HMW-, MMW- and LMW-GS and on the
HMW/LMW-GS ratio of GMP from fermented doughs (FD) of
wheat flours F1 and F2. See Table 2 for enzyme codes
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