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Rheological characteristics of dough and glutenin macropolymer (GMP) extracted thereof were
investigated. Three single enzymes, pentosanase (PP), glucoseoxidase (GLZ), and laccase (LAC),
and their combinations were used. GLZ gave the least extensible and most resistant dough, and
pentosanase/glucoseoxidase (PPGLZ) resulted in dough with improved extensibility. The enzymes
improved gluten quality. The glutenin macropolymer (GMP) was characterized in terms of wet weight,
protein content, pentosan association, and dynamic rheological properties. Enzymatic addition
decreased the wet weight of GMP but increased the protein content. PP decreased the content of
pentosans on the GMP, but single oxidases increased the content of pentosans associated with
GMP. PP did not modify the elastic modulus (G′) of the GMP, whereas GLZ increased G′ by increasing
the polymerization of proteins and LAC diminished G′. The combination PPGLZ produced a synergic
increase of G′.
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INTRODUCTION

Gluten proteins, responsible for the unique viscoelastic
properties of wheat, have been extensively researched, the
quantity and quality of proteins being strongly related to the
bread-making quality of flour (1). The glutenin subfraction of
flour unextractable in sodium dodecyl sulfate (SDS) is called
the glutenin macropolymer (GMP). GMP is highly related to
quality parameters, such as loaf volume and physical dough
properties (2,3). GMP studies have shown its evolution during
bread-making (4-6). During mixing GMP is partly depolymer-
ized, rendering more glutenin extractable in SDS, whereas
during resting these extractable polymers repolymerize (4, 7,
8), thus increasing the GMP fraction. The mixing process (9)
leads to the formation of a gluten matrix and the disaggregation
of the glutenin macropolymer, probably due to shear stress and
oxidoreduction reactions.

The existence of associations between wheat pentosans and
gluten have been evidenced in different studies (8, 10-13),
although the possible existence of covalent bonding remains
undetermined. It has been suggested that mixing induces cross-
linking between feruloylated arabinoxylans and side chains of
amino acids (14-16); however, studies in model solutions of
arabinoxylans (AX), using laccase or manganese peroxidase,
have not detected the formation of such a covalent bonding (9,
17-18). Some authors (12, 19) reported that most of the
polysaccharide associated with gluten is simply entrapped in
the gluten network. Recently, the existence of cross-linking
between AX and proteins has been shown (20), but there is

controversy about the possibility of glycosylation of the glu-
tenin (11,21-23) and the nonglycoproteic nature of the high
molecular weight glutenin subunits (24,25).

Pentosans associated with wheat gluten could influence
dough-handling properties, hindering gluten aggregation due to
steric hindrance (26). Thus, the use of pentosanases would
improve gluten quality by counteracting the chemical aggrega-
tion of gluten (27).

Oxidative enzymes such as glucoseoxidase (28-30) and
laccase (30,31) are increasingly used in bread-making. Glu-
coseoxidase catalyzes the oxidation ofâ-D-glucose toD-gluconic
acid and H2O2. The mechanism of bread improvement has not
been fully established, although the liberated H2O2 has been
hypothesized to be responsible for this improvement (28,
32-33). Laccase catalyzes the conversion of benzenodiols to
benzenoquinones. In wheat flour, laccase catalyzes the oxidative
gelation of feruloylated arabinoxylans by dimerization to their
ferulic esters (17), and when it is added to dough, it can besides
exert an oxidant effect on dough constituents and improve the
resistance of the gluten network (31).

Dynamic rheological experiments generate information about
the viscoelastic properties of dough. Large deformation rheo-
logical tests were performed on dough, as the stress applied by
these methods is comparable to stresses experienced during
dough mixing and proofing (34). Small deformation rheology
can be related to molecular weight distribution (35, 36). The
nonlinear behavior of starch masks the effect of small deforma-
tion assays on gluten proteins (37); thus, in this study small
deformation tests will be done directly over GMP.

The aim of this study is to evaluate changes in the quantity,
quality, and viscoelastic properties of the glutenin macropolymer

* Address correspondence to this author at P.O. Box 73, 46100 Burjasot,
Valencia, Spain (telephone 34 6 390 00 22; fax 34 6 363 63 01; e-mail
manaya@iata.csic.es).

J. Agric. Food Chem. 2003, 51, 4673−4679 4673

10.1021/jf0257695 CCC: $25.00 © 2003 American Chemical Society
Published on Web 07/08/2003



caused by the addition of enzymesspentosanase, glucoseoxi-
dase, laccase, and their combinationssand determine possible
associations with pentosans. Dough characteristics and their
relationships with GMP will also be reported.

MATERIALS AND METHODS

Materials. Wheat (Farak variety from Spain) was milled on a CD1
Chopin mill to an extraction rate of 68%. ICC standard methods (38,
39) were used to determine flour characteristics (Table 1).

Three commercial enzymes were used: a pentosanase (endo-1,4-â-
xylanase) [Pentopan Mono, BG (PP)] containing 2500 fungal xylanase
units/g (equivalent to 3341 units/g enzyme, following the Megazyme
endo-xylanase assay procedure, XYL9/95); a glucoseoxidase [Gluzyme
(GLZ)] containing 500 glucoseoxidase units/g; and a laccase (LAC)
containing 1552 laccase units/mL, all of them manufactured by Novo
Nordisk. These enzymes did not contain significant side activities, like
protease (universal protease substrate, Boehringer Mannheim) or
amylase (Ceralpha method, Megazyme) (40), and they were used
individually and in 1:1 mixes. Selected dosages of the enzymes were,
following the supplier’s recommendations, 4 mg/100 g, 2 mg/100 g,
and 50µL/100 g of flour, respectively, which led to beneficial effects
on technological properties (30).

All chemicals used for analyses were of analytical grade.
Methods. Dough Preparation.Doughs were made in a Brabender

farinograph using the 50 g mixing bowl. Dough formulation, based on
100 g of flour, included 54.5 mL of water, 2 g of salt, and the amount
of enzyme indicated in the previous section. To samples containing
glucoseoxidase was added glucose (0.5 g) as well. Doughs were mixed
for 10 min and allowed to rest for 60 min (rested dough) at 30°C. Six
doughs containing enzymes and a control dough without enzymes were
prepared (Table 2).

Kieffer Microextensibility 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) and a 25 kg
load cell. Microextension tests were performed on dough following

the methodology developed by Kieffer and others (37). Maximum
resistance (RMAX) to the extension and extensibility atRMAX (E at RMAX)
and at break point (E at break) were determined. Four extension tests
were performed for each sample.

Gluten Index (GI).Fifteen grams of rested dough was used for the
determination of gluten, by duplicate, in a Glutomatic system (Perten)
following the ICC 155 standard procedure (38).

GMP Characterization: (a) Extraction.GMP was obtained following
the procedure reported by Graveland and others (41). Suspensions of
freeze-dried doughs (1:20 w/v) in 1.5% SDS were centrifuged during
30 min at 75000g and 20°C in a Kontron ultracentrifuge. After the
supernatant had been decanted, the GMP was obtained as the gel-like
layer on top of the starch.

(b) Determination of Wet Weight.GMP wet weight (grams of GMP
per gram of freeze-dried dough) was measured as the difference in
weight before and after removal of the gel layer by chemical reduction
with Na2SO3 (0.01 g).

(c) Protein Content of GMP.The whole residue, gel layer plus starch,
obtained from the GMP extraction was freeze-dried, and protein content
was determined with the ICC standard Kjeldahl method 105/2 (N×
5.7) (39).

(d) Total and Water-Soluble Pentosans Associated with GMP.
Quantification of total pentosans (TP) and water-soluble pentosans
(WSP) from GMP was performed following the orcinol-hydrochloric
acid-ferric method as described previously (42, 43) with the modifica-
tions made by Jiménez and Martı́nez-Anaya (44, 45). Freeze-dried GMP
(125 and 100 mg, respectively) was used for TP and WSP quantifica-
tion.

(e) Dynamic Rheological Properties of GMP.The dynamic rheo-
logical properties of GMP were characterized in a Bohlin VOR
rheometer (Germany) following the methodology described previously
(46) and modified by Don and others (47). A plate-plate geometry
(PP30) and a torsion bar of 1.7 g‚cm were used. The GMP was scraped
off from the top of the gel, and 1 g was carefully transferred into the
cell with caution so as not to introduce interfering starch. Measurements
were done with a gap of 1 mm at 20°C. A strain sweep measurement
was done at 0.15 Hz from 0.002 to 0.209 strain (1-100% strain
amplitude). An oscillatory test with a frequency sweep from 0.05 to 5
Hz with a fixed strain (2% strain, 9% amplitude), selected from the
linear viscoelastic region obtained from the strain sweep, was per-
formed.

The dynamic rheological properties of a material are determined
by the storage modulusG′ (elastic modulus) and the loss modulus
G′′ (viscous modulus); from both moduli the complex modulusG*
[G* ) (G′′ 2 + G′ 2)1/2] and the phase angleδ (tan δ ) G′′/G′) are
derived (48). The phase angle,δ, is the ratio of elastic to viscous
behavior and varies between 0 and 90°, a phase angle of 0° indi-
cating a completely elastic behavior (solid) and a phase angle of 90°
indicating a completely viscous behavior (liquid). The complex modulus
represents the stiffness of a sample (48) or total energy to induce
changes.

Statistical Analysis.Univariate analysis of variance (ANOVA) and
multivariate factorial analysis were performed to study possible
interactions between processing factors using the bio-medical package
(BMDP) (2V, 7D, and 4M programs).

RESULTS AND DISCUSSION

Microextensibility Test. The extensibility of doughs, at
maximum resistance and at break point, in the Kieffer microex-
tensibility test on rested dough was increased (6.35%) by the
addition of pentosanase (Table 3). Pentosanase modified the
amount and composition (structure) of pentosans (30) asso-
ciated with gluten, producing a dough of greater extensibility
and lower resistance to extension. On the other hand, glu-
coseoxidase strengthened the gluten network, causing stiffer and
less extensible doughs (41.85%). Laccase produced a smaller
diminution of extensibility without significant changes in
resistance to extension.

Table 1. Characteristics of Wheat Flour

flour

chemical composition
protein (% dwa) 14.94
ash (% dw) 0.60
moisture (% dw) 15.27

farinogram
water absorption (%) 54.5

alveogram
deformation energy (J) 389 E−4
curve deformation ratio P/L 1.48

gluten index
gluten index (%) 99.6
dry gluten (%) 10.2
wet gluten (%) 29.8

falling number
time (s) 528.6

a Dry weight.

Table 2. Sample Designa

enzyme

Pentopan Mono BG Gluzyme laccase

code PP GLZ LAC
control 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

a 0, presence; 1, absence.
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Pentosanase plus glucoseoxidase led to a more equilibrated
extensibility than glucoseoxidase alone. Pentosanase palliated
the strong effect of glucoseoxidasee; thus, PPGLZ and PGL
presented greater extensibility and were less resistant to exten-
sion than GLZ alone. The addition of GLZ led in all cases to a
dough significantly different from the control (Table 3).

Gluten Index. The GI as determined in the Glutomatic
system (49) gives a measure of gluten protein quality. The
presence of protein subunits of high molecular weight leads to
a better quality of the gluten network and as a consequence a
higher GI. The enzymatic addition significantly improved gluten
quality (5.17-10.76%) (Table 4). Pentosanase modified the
pentosans associated with gluten, producing a greater quality
gluten network probably by interfering in protein-pentosan
interaction. On the other hand, glucoseoxidase caused an
increase in GI by strengthening the gluten (33). Laccase and
all enzymatic combinations also improved the GI.

GMP Characterization. The content of SDS-unextractable
protein expressed in wet weight (grams of GMP per gram of
freeze-dried dough) diminished after enzymatic addition (from
3.02 to 2.74 g/g after enzymatic treatment), with the exception
of laccase (Figure 1). The protein content of GMP followed
the opposite tendency. Pentosanase produced an increase of
protein content by releasing pentosans associated with proteins,
which might interfere with protein aggregation. On the other

hand, glucoseoxidase raised the protein content of GMP. Con-
sequently, the GMP obtained from PPGLZ and PGL presented
a larger increase of the protein content by combining both dif-
ferent enzymatic actions. Laccase, leading to the polymerization
of the pentosans, would favor the interference of pentosans in
the aggregation of the glutenins, thus resulting in a lower protein
content. However, it has been also shown that laccase promotes
disulfide formation by radical transference from phenoxyl
radicals to sulfhydryl groups (50). Because effects of both
oxidative enzymes are a collateral result of their catalytic activity
on different substrates, it is difficult to compare them on a
common dosage basis, which, on the other hand, was chosen
because of their beneficial effects on bread quality (30).

Protein density, defined as the ratio of protein content to wet
weight, gives a measure of GMP quality; the enzymatic addition
resulted in a GMP of improved protein quality, producing a
more consistent gel, with the exception of laccase. The combi-
nations of PPGLZ and PGL produced the greatest improvement.

Endo-xylanases rend more SDS-unextractable protein during
fermentation than control doughs (6), confirming that AX may
play a role in changes in extractability of the glutenin polymers.
Breakdown of AX would lead to a less viscous dough, thus
increasing the mobility of protein fragments or facilitating
hydrophobic interactions between them (6). In both cases a faster
aggregation of proteins, which may be also favored by removing
the steric hindrance of AX (6, 12, 51), would take place.

Total Pentosans and Water-Soluble Pentosans Associated
with GMP. With the addition of pentosanase alone or combined
(Figure 2a) the amount of total pentosan on GMP samples was
found to diminish [from 2.52 to 3.16% dry weight (dw) after
enzyme treatment] as compared to the control (3.66% dw).

Table 3. Characterization of Dough Propertiesa

RMAX (g) E at RMAX (mm) E at break (mm)

control 49.10 ± 4.00 92.68 ± 0.50 100.46 ± 0.99
PP 46.74 ± 4.30 98.57 ± 5.00 109.96 ± 5.84
PPGLZ 37.66 ± 4.95* 58.87 ± 4.14** 74.61 ± 3.57**
PPLAC 46.21 ± 1.26 81.90 ± 3.12 95.66 ± 5.64
PGL 35.40 ± 2.58** 68.77 ± 1.18** 81.33 ± 2.13**
GLZ 67.64 ± 2.98** 53.89 ± 1.10** 65.28 ± 3.11**
LAC 51.94 ± 4.25 83.92 ± 4.73 94.42 ± 3.87

a RMAX ) maximum resistance to the extension. E at RMAX ) extensibility at
RMAX. E at break ) extensibility at break. Data represent means ± standard
deviation. *, **, statistical significance of differences with respect to control within
each column at 0.01 and 0.05% level, respectively. See Table 2 for identification
of samples.

Table 4. Effect of Enzymatic Addition on Gluten Indexa

sample GI (%) sample GI (%)

control 91.39 PGL 99.34**
PP 97.17** GLZ 98.46**
PPGLZ 99.04** LAC 96.11**
PPLAC 97.28**

a *,**, statistical significance of differences with respect to control at 0.01 and
0.05% level, respectively. See Table 2 for identification of samples.

Figure 1. Effect of enzyme addition on wet weight, protein (prot), and
protein density of GMP. See Table 2 for identification of samples.

Figure 2. Effect of enzyme addition on the amount of pentosans
associated with GMP (percent of variation with respect to control): (a)
TP; (b) WSP; (c) WSP/TP ratio. See Table 2 for identification of samples.
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The diminution of the pentoses associated with GMP by the
action of cellulases and hemicellulases is strongly dependent
on flour quality, the effect being more pronounced for weaker
flours (48). Weegels et al. (48) suggested that the enzymes
improved the coagulation of gluten by reduction of the steric
hindrance of the pentosans associated with gluten. Hamer and
Lichtendonk (8) have also hypothesized that the association of
pentosans with glutenin polymers negatively affects dough
properties. Pentosanases would eliminate the pentosans from
the gluten matrix (52), improving dough properties.

Extraction of GMP from dough formulated with either
glucoseoxidase or laccase alone resulted in the largest amount
of total pentosan associated with GMP. This indicated a possible
increase of the protein-pentosan interaction and/or the forma-
tion of pentosan fractions of higher molecular weight, which
would further interfere with the aggregation of the protein
network. Some studies showed that oxidants not only acted on
glutenin protein but also induced the incorporation of pentosans
into the insoluble glutenin protein matrix (8).

The unextractable fraction in SDS of gluten protein contained
a higher amount of carbohydrates than the extractable fraction
(21), indicating a possible association of the carbohydrates with
the protein fractions of greater molecular weight or the presence
of trapped long-chain polysaccharides that were difficult to
dissolve. The use of SDS as a solvent allows the dissociation
of proteins organized by non-covalent bonds (21); thus, the
possible glycosidic bonds between protein and carbohydrates
would not dissociate.

The presence in gluten of both water-extractable and water-
unextractable arabinoxylans (20) as well as the similarity
between pentosans associated with gluten and the fraction of
pentosans extractable in water (10), has been reported. Thus,
the content of the water-soluble pentosans in the GMP was
determined. In control GMP the level of WSP was 1.28% (dw),
this value decreasing (Figure 2b) when pentosanase along or
combined was used (from 0.63 to 1.03% dw). Glucoseoxidase
produced a diminution of the WSP, probably because its action
on pentosans rends them insoluble in water. Laccase favored
the presence of WSP associated with GMP, but it is possible

that the rise in total pentosan content might be responsible for
this increase in WSP.

Figure 2c shows the variation of WSP/TP ratio due to the
enzymatic treatment. The proportion of the water-soluble
pentosan increased with PPLAC and PGL and decreased with
the other samples.

Dynamic Rheological Properties of GMP.The determina-
tion of a region of linear behavior for the realization of dynamic
rheological measurements was done with a strain sweep at a
fixed frequency of 0.15 Hz. In these conditions samples behave
as three-dimensional structures in which the measurements
suppose the application of nondestructive forces (53). The
linearity range forG′ andG′′ within a deformation interval of
strain between 0.002 and 0.209 is shown inFigure 3. G′ was
higher thanG′′ throughout the region of linearity. For strain
values>0.037, a deviation from linearity was observed. Thus,
for the frequency sweep in the oscillatory mode a strain of 2%
in the linear region was used. In these conditions, an increase
of G′ andG* was observed as the frequency increased (Figure
4). The viscous modulus and delta angle decreased from 0.05
to 0.3 Hz and then increased. Addition of pentosanase did not
modify the elastic modulus with respect to control GMP.
Laccase alone and combined with the pentosanase decreased
both moduli,G′ andG′′, indicating a weakening of the gel.

Glucoseoxidase caused an increase of the elastic modulus,
and a synergic effect was observed in the combination with PP.
The combination PGL did not result in as strong a gel as PPGLZ
because of the effect of the laccase, which induces pentosan-
pentosan cross-linking, causing a gel with aG′ similar to that
found for the addition of GLZ alone. The phase angle did not
suffer large variations with respect to the control due to the
predominant elastic characteristics of the gels.

Glucoseoxidase has been reported to produce an increase in
G′ and a decrease in tanδ of gluten, suggesting an increase of
the size of the glutenin molecules or of the number of linkages
per molecule (54), in both cases resulting in greater elasticity.

The loss modulusG′′ (Figure 4) was always lower thanG′,
showing a predominant elastic behavior, and followed similar
trends after enzyme treatment.

Figure 3. Changes in rheological moduli G′, G′′, and G* and phase angle (δ) for control and enzyme-formulated doughs in the strain sweep (0.15 Hz).
See Table 2 for identification of samples.
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Values obtained from both tests, strain sweep at 2% strain
(0.15 Hz) and frequency sweep at 0.15 Hz (2% strain), were
very close. Thus, due to the great number of results generated
from these measurements, data from the frequency sweep at
0.15 Hz were taken for statistical analysis.

Relationship between Variables Associated with Dough
Properties and Variables Related to GMP.A multifactorial
(4M) analysis of variables associated with dough and GMP was
performed to study how GMP properties could affect dough
properties.

Dynamic moduliG′, G′′, andG* presented a large intercor-
relation (Table 5). They were also significantly correlated with
parameters relating to protein quality. The content of TP and
WSP was negatively correlated with gluten index, protein
content, and protein density of GMP and positively correlated
with wet weight of the GMP. TP was also directly related to
RMAX of doughs, and WSP was inversely related to the dynamic
moduli.

These relationships confirmed that a high content of pentosan
interferes in glutenin aggregation, causing, as a consequence, a
GMP with less protein content. In the same way, a higher protein
content of the GMP and higherG′ values indicate an increase
of the size of the glutenin polymers or an increase of the number
of linkages within polymers, corresponding with a less extensible
dough.

A joint analysis of the variables resulted in the grouping of
the samples into three factors that explained 100% of the
variability of the results. The first factor [62% of variance
explained (VE)] was positively related to the gluten index,
dynamic moduli, and percentage of protein in GMP and
negatively related toE at RMAX and E at break. The second
factor (26% VE) was positively influenced by the wet
weight of the GMP, phase angle, and content of WSP asso-
ciated with GMP. The third factor (12% VE) was directly related
to the WSP/PT ratio and indirectly to the content of TP and
RMAX.

Figure 4. Changes in rheological moduli G′, G′′, and G* and phase angle (δ) for control and enzyme formulated dough in the frequency sweep (2%
strain). See Table 2 for identification of samples.

Table 5. Corrrelation Matrix between Variables Associated with Dough Properties and GMP Properties (Coeficient of Correlation above 0.5)

dynamic rheology of GMP GMP characterization pentosans associated with GMP Kieffer parameters

G′ G′′ G* δ prot wet wt (g/g) protein density TP WSP WSP/TP RMAX E at RMAX E at break

G′ 1
G′′ 0.9795 1
G* 0.9999 0.9797 1
δ 1
prot 0.9131 0.8848 0.9155 1
wet wt (g/g) 0.5224 −0.6900 1
protein density 0.7678 0.7041 0.7700 0.9444 −0.8889 1
TP −0.6617 0.6983 −0.7249 1
WSP −0.6238 −0.5340 −0.6178 −0.7172 0.7968 −0.8048 0.6520 1
WSP/TP −0.5176 1
RMAX 0.5580 0.5457 −0.5601 1
E at RMAX −0.6815 −0.7717 −0.6809 −0.5672 −0.6858 1
E at break −0.6751 −0.7824 −0.6749 −0.6461 −0.6529 0.9910 1
GI 0.8916 0.8817 0.8955 0.9782 −0.5792 0.8812 −0.6290 −0.5932 −0.7466 −0.7147
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The two first factors grouped the samples in two main groups
(Figure 5). The first group contained the control and samples
containing laccase alone and combined with the pentosanase,
separated because the higher values of the variables defining
the second factor and the variables defining negatively the first
factor. The presence of GLZ determined a second group
characterized by less extensible doughs and larger values of
variables defining positively the first factor. PP was separated
because it caused the most extensible dough with a lower phase
angle.

ABBREVIATIONS USED

AX, arabinoxylans; dw, dry weight;E at RMAX, extensibility
at maximum resistance;E at break, extensibility at break point;
GI, gluten index; GMP, glutenin macropolymer;δ, phase angle;
G′, elastic modulus;G′′, viscous modulus;G*, complex
modulus; GLZ, glucoseoxidase; LAC, laccase; PP, pentosanase;
PPGLZ, pentosanase/glucoseoxidase; PPLAC, pentosanase/
laccase; PGL, pentosanase/glucoseoxidase/laccase; PT, total
pentosans; prot, protein percentage; protein density, protein
content of GMP/wet weight;RMAX, maximum resistance; SDS,
sodium dodecyl sulfate; VE, variance explained; WSP, water
soluble pentosans; wet weight, grams of GMP per gram of
freeze-dried dough.
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(44) Jiménez, T.; Martı́nez-Anaya, M. A. Characterization of water
soluble pentosans of enzyme supplemented dough and breads.
Food Sci. Technol. Int.2000,6, 197-205.
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