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ABSTRACT 
Insect damaged wheat shows a disrupted protein structure due to the activity of the 2 
insect proteases that remain in the grain. Since transglutaminase (TG) catalyses the 

formation of covalent linkages between protein chains, it could be a good approach to 4 
restore damaged wheat properties. The use of increasing TG activity levels for 

ameliorating the effect of insect damage is described. The effect of TG on the 6 
viscoelastic behaviour and thermal stability of damaged wheat was investigated. The 

results indicate that TG treatment led to a more resistant and less extensible dough 8 
that behave more like a solid than a viscoelastic material. Conversely, the differential 

scanning calorimetry (DSC) revealed that the TG treatment brings closer the thermal 10 
stability of the damaged wheat to the one of undamaged wheat. However, although the 

use of TG as a way of restoring damaged wheat functionality is a good alternative, it is 12 
necessary to optimise the TG activity levels to be used in order to obtain an optimum 

response.  14 
 

Key words: damaged wheat, transglutaminase, dynamic rheology, DSC, viscoelastic 16 
properties. 
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INTRODUCTION 
Heteropterous insects of different genera such as Eurygaster, Aelia and Nysius are 2 
responsible of important losses in the value of wheat crops produced around the world. 

Diverse authors have reported their pernicious effect in many countries of the Middle 4 
East, Eastern Europe and North Africa (Paulian and Popov, 1980), South of Europe 

(Rosell et al., 2002a, 2002b; Sivri et al., 1998), and Oceania (Cressey et al., 1987). In 6 
nymphal and adult stage, these insects attack developing wheat grain and inoculate it 

with salivary proteolytic enzymes (Paulian and Popov, 1980). The resulting flour is 8 
uniformly contaminated with proteases, which are particularly active in dough 

(Matsoukas and Morrison, 1990), causing hydrolysis of the peptide bonds of gluten 10 
structure releasing small polypeptides (Aja et al., 2004). Diverse studies showed that 

insect proteinases are potent enzymes that hydrolyse gluten proteins (Aja et al., 2004; 12 
Cressey, 1987; Every, 1992; Rosell et al., 2002b; Sivri et al., 1998,1999).  

 14 
The proteolytic action of enzymes present in insect-damaged wheat flours becomes 

evident in the physical dough properties and  their baking performance, showing a 16 
significant weakening effect on the gluten. Resulting dough is characterised for being 

weaker, sticky and difficult to handle and make-up (due to progressive reduction in 18 
water-holding capacity), showing lower consistency and mixing tolerance (Hariri et al., 

2000; Karababa and Ozan, 1998; Lorenz and Meredith, 1988; Matsoukas and 20 
Morrison, 1990). Bread baked with the insect-damaged flour was much lower in 

volume, had poor crumb sensorial quality (texture, colour, odour and taste), and an 22 
irregular shape (Every, 1992; Hariri et al., 2000; Lorenz and Meredith, 1988; 

Matsoukas and Morrison, 1990). 24 
 

Many treatments have been devised to counteract the effects of insect enzyme-26 
damaged wheat (Köksel et al., 2001; Lorenz and Meredith, 1988; Swallow and Every, 

1991). However, presently the most used way for minimizing losses is the separation of 28 
the damaged grains from the sound lots of grain. The introduction of crosslinks and 

new S-S bonds are methods widely used to stabilize proteins, since the loss of protein 30 
function is closely related with the thermodynamic stability (Imoto, 1997; Saeed and 

Howell, 2004). The formation of different linkages between wheat proteins could be a 32 
method for recovering the strength of the gluten network and in consequence, the 

bread-making quality of insect damaged wheat flours. In fact, dough conditioners have 34 
been used with this purpose, being the oxidizing agents (ascorbic acid and potassium 
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bromate) the most commonly employed. These improvers oxidise thiol groups to 

disulphide bonds, strengthening the gluten network. The use of potassium bromate has 2 
been described as one of the treatments that slightly alleviated the bug proteases 

effect (Lorenz and Meredith, 1988). 4 
 

Enzymes are an interesting alternative to chemical improvers because they are 6 
generally recognized as safe (GRAS) and do not remain active in the product after 

baking. Transglutaminase (TG) (EC.2.3.2.13) catalyses an acyl-transfer reaction 8 

between the γ-carboxyamide group of peptide-bond glutamine residues (acyl donors) 

and a variety of primary amines (acyl-acceptors) including the ε-amino group of lysil 10 
residues in certain proteins (Gerrard, 2002; Motoki and Seguro, 1998). TG treatments 

have been widely used to improve the wheat dough properties and bread quality 12 
(Basman et al., 2002; Bauer et al., 2003a,b; Gerrard et al., 2001; Rosell et al., 2003; 

Tseng and Lai, 2002) and its activity may produce the spontaneous formation of 14 
disulfide bridges by oxidation due to the proximity of sulphur containing amino acids 

(Gujral and Rosell, 2004). It has been reported the higher reactivity of TG for high 16 
molecular weight glutenin subunits (HMW-GS) comparing with the other gluten proteins 

due to their higher content of lysil residues (Larré et al., 1993, 2000). 18 
 

The covalent cross-links between protein fractions generated by TG, led to an 20 
improvement of the viscoelastic properties of the gluten (Larré et al., 2000) that had 

positive repercussions on the rheological behaviour of dough. TG lead to dough 22 
strengthening, increasing the mixing tolerance, and decreasing the water absorption 

and stickiness (Basman et al., 2002; Gerrard et al., 1998, 2000; Rosell et al., 2003; 24 
Tsen and Lai, 2002). TG treatment increased the volume of the puff pastry and the 

croissants, conferring strength towards frozen damage (Gerrard et al., 2000), 26 
moreover, the addition of TG to the bread dough produced a significant increase in 

crumb strength and loaf volume (Basman et al., 2002; Gerrard et al., 1998). TG has 28 
been also used to produce rice bread, providing a protein network capable to hold the 

gas produced during proofing, yielding a rice bread with an acceptable specific volume 30 
and crumb strength (Gujral and Rosell, 2004). 

 32 

The aim of this study was to demonstrate that damaged wheat might recover its 

functional properties and thermal stability through the transglutaminase treatment, and 34 
thus counteracting the detrimental effects of wheat insect attack. This would also 
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demonstrate the relationship between thermal stabilization of gluten network and the 

restoration of its functionality after a proteolytic attack. The effect of TG on damaged 2 
wheat was determined by measuring the alveograph parameters, dynamic rheology, 

and differential scanning calorimetry.  4 
 

MATERIALS AND METHODS 6 
A sound (9,1% protein) and insect damaged (9,9 % protein) wheat flours from Bolero 

cultivars were used in this study. Transglutaminase (100 TG U/g) from Ajinomoto Co. 8 
Inc. (Tokyo, Japan) was kindly provided by Apliena S.A. (Barcelona, Spain).  

 10 
Alveograph test 
Alveograph test was performed using an Alveograph MA 82 (Chopin, Tripette et 12 
Renaud, France) according to the AACC Approved Method 54-30 (AACC, 2000) at 

adapted hydration. The parameters registered were tenacity (P, or resistance to 14 
extension), dough extensibility (L), the deformation energy (W), and the curve 

configuration ratio (P/L). Alveograph parameters were also registered after 3 hours 16 
resting period at 25°C in order to assess the proteolytic activity (Rosell et al, 2002a, 

2002b). Transglutaminase (when added) was incorporated to the flour at levels of 0.2, 18 
0.5, 1.0 and 1.5 U/g flour and mixed during one hour before the tests using a Rotary 

Mixer MR 2L (Chopin, Tripette et Renaud, France). The average results of at least four 20 
separate determinations are presented in all cases. 

 22 
Dynamic rheological test 
Using the water required to yield dough consistency equivalent to 1700mb of pressure, 24 
dough was optimally mixed until dough development in the Alveograph mixer according 

to procedure summarized in the AACC standard method 54-30 (AACC, 2000). After 26 
mixing, dough was extruded and cut with a knife-spatula in four pieces that were 

placed into two glass plates. The pieces sheeted up to a thickness of 5 mm were cut 28 
using a circular cutter of 54 mm diameter. The resulting pieces were placed into the 

resting compartment of Alveograph at 25ºC, and kept for different resting periods (30, 30 
60, 180 and 420 minutes), before testing in the dynamic rheometer. Transglutaminase 

(when added) was incorporated to the flour at levels of 0.2, 0.5, 1.0 and 1.5 U/g flour as 32 
described above. 

 34 
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Dynamic rheological analysis was performed on a controlled stress rheometer 

(RheoStress 1, Thermo Haake, Karlsruhe, Germany) using parallel plates geometry 2 
(60 mm diameter). Dough was placed between parallel plates adjusting a gap to 3 mm 

and removing the excess of dough. To prevent the edge drying, a tin layer of vaseline 4 
oil was applied to cover the exposed dough surfaces. Before starting any 

measurement, the dough was rested for 5 min to allow the dough relaxation. Tests 6 
were performed at 25ºC. Dynamic moduli were collected and plotted as a function of 

the applied stress. An oscillatory test with a frequency sweep from 0,1 to 100 Hz was 8 
conducted and the dynamic rheological properties of samples were assessed by the 

storage modulus G’ (elastic modulus) and the loss modulus G” (viscous modulus). The 10 
complex modulus (G*) that represents the resistance of dough to deformation or the 

total energy to induce changes in the samples was calculated as G* = (G’2 + G’’2)1/2. 12 
Three determinations were made for each TG dosage. 

 14 
Differential scanning calorimetry (DSC) of the gluten proteins 
Gluten was extracted from 10g of sound and damaged wheat flour using a gluten 16 
washer (Glutomatic, Falling Number, Stockholm, Sweden), in the presence (0.5, 1.0, 

and 1.5 U/g flour) and absence of TG and then samples were freeze-dried till DSC 18 
analysis. 

Thermal behaviour of gluten proteins was determined as described in León et al. 20 
(2003) by DSC (DSC-7 Perkin-Elmer, USA). 10 milligrams of freeze dried gluten 

samples were weighted in aluminium pans (PE 0219-0062), and the capsules were 22 
heated from 20ºC to 130ºC at 10ºC/min. An empty capsule was used as a reference. 

Thermal transitions of gluten samples were onset (To), peak (Tp) and conclusion (Tc) 24 
temperatures (ºC) besides the denaturation temperature range (∆Td = Tc- To). The 

enthalpy associated to protein denaturation (∆Hd) expressed as mJ/mg of sample was 26 
estimated by integrating the area under the endothermic peak. Four replicates were run 

for each value.  28 
 

Statistical analysis 30 
Multiple sample comparison was statistically analysed with Statgraphics Plus 5.0. 

Duncan’s multiple range tests was used to separate means. Significance was accepted 32 

at P≤0.05. 

 34 
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RESULTS AND DISCUSSION 
Effect of transglutaminase treatment on the viscoelastic properties determined 2 
by the Alveograph 
The effect of increasing TG concentration on the Alveograph parameters of the 4 
damaged and sound flours are showed in Table I. The addition of low amount of TG 

(0.2U/g flour) did not have any significant effect on the tenacity in damaged wheat. 6 
When higher concentrations of TG (up to 1.0U/g flour) were added, a significant 

(P<0.05) increase in the tenacity (P) was observed in both damaged and undamaged 8 
wheat flour. Neither the extensibility (L) was affected when low amounts (0.2U/g flour) 

of TG were added, but beyond that concentration and up to 1.0U/g flour of enzyme 10 
activity, the extensibility was significantly reduced in both flours. . As a consequence, 

the curve configuration ratio showed a progressive increase with the addition of 12 
increasing TG concentrations. Therefore, the TG treatment led to comparable effects 

on the damaged wheat flour than in the sound wheat flour. Results obtained with 14 
undamaged wheat flour agree with previous findings of Basman et al. (2002), Bauer et 

al. (2003b) and Tsen and Lai (2002). They described a significant increase in the 16 
resistance to extension and a decrease in the extensibility in the TG treated dough. 

Concerning the deformation energy (W), it was observed a small increase when the 18 
lowest amount of TG was added. This parameter showed a significant decrease with 

the addition of the highest TG concentration in both sound and damaged wheat. Rosell 20 
et al. (2003) also observed an increase in the deformation energy in the flours treated 

with TG during tempering.  22 
 

After a resting period of three hours, tenacity, extensibility and the deformation energy 24 
of the damaged flour showed a pronounced decreased. Aelia and Eurygaster damaged 

wheat are characterized by undergoing a decrease in the extensibility and the 26 
deformation energy after a resting period (Rosell et al., 2002a, 2002b). After TG 

treatment, the tenacity achieved higher values than the previous ones obtained without 28 
incubation for both damaged and sound wheat flour. A progressive increase in the 

tenacity was observed when increasing enzyme dosage (up to 1.0U/g flour of TG) was 30 
added. The extensibility was diminishing with the enzyme addition in both flours. In 

comparison with the flour behaviour without incubation, after the resting period very low 32 
amounts of TG were enough to produce a marked effect in the tenacity and 

extensibility on both flours. Basman et al. (2002) also reported that the addition of 34 
transglutaminase to sound wheat flour led to a decrease in the extensibility determined 
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by a micro-scale extension test and the effect was even more evident after a resting 

period. Regarding the deformation energy of damaged flour after incubation, it 2 
increased with the addition of TG, although it did not reach the starting values.  

 4 
The progressive increase of tenacity with increasing levels of TG without and with 

incubation confirmed the observations of Gerrard et al. (1998), who suggest that the 6 
effect of TG was cumulative, with more cross-links being formed either with higher 

dosage of enzyme or longer reaction times. Therefore, deficiencies in bread-making 8 
quality of wheat flour could be overcome by TG treatment due to its ability to modify the 

properties of wheat proteins (Rosell et al., 2003; Köksel et al., 2001). The viscoelastic 10 
properties of damaged flour determined by the alveograph improved with the TG 

addition ameliorating the negative effect promoted by the insect proteolytic enzymes. 12 
However, neither high levels of TG or large resting periods are advisable due to the 

excessive increase in dough tenacity that is not appropriated for bread-making. This 14 
observation was also pointed out by Kuraishi et al. (2001), who stated that too high 

concentration of TG makes the protein network to brittle due to a loss of protein 16 
structure.  

 18 
Effect of TG treatment on the dynamic viscoelastic behaviour of damaged wheat 
An oscillatory test with a frequency sweep from 0,1 to 100 Hz was conducted in order 20 
to determine the effect of TG on the dynamic viscoelastic properties of damaged flour, 

since dynamic rheology is a technique capable of quantifying the elastic and viscous 22 
behaviour of the wheat dough. Viscoelastic measurements of damaged and 

undamaged wheat dough treated with increasing TG dosage are displayed in Figures 1 24 
(A and B). The results showed that the elastic or storage modulus (G’) was higher than 

the viscous or loss modulus (G’’), indicating that the resulting dough had a solid, 26 
elastic-like structure. Bread dough is a viscoelastic material that exhibits intermediate 

rheological behaviour between a viscous liquid and an elastic solid (Weipert, 1990). 28 
Both the viscous and elastic moduli were frequency-dependent and increased with 

increasing frequency. There were no readily detectable differences in the overall shape 30 
of the curves of the different samples. In damaged flour (Figure 1 A), the magnitude of 

the viscous and elastic moduli showed a steady increase with increasing TG activity, 32 
indicating that the dough became stronger as TG activity increased. The same profile 

was observed in undamaged flour (Figure 1 B), although the improvement with TG was 34 
only observed up to 0.5U/g flour enzyme activity, beyond that value no further 
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significant increase was observed in the elastic and viscous moduli, which could be 

expected due to the limited number of lysil residues present in the flour (Larré et al., 2 
2000). Thus, it was noticeable that the crosslinking action of the TG changes the 

viscoelastic behaviour of the dough. Taking into account that the dough viscoelastic 4 
properties are greatly dependent on the continuous protein phase, it was expected that 

the formation of crosslinks between the protein chains led to structural changes that in 6 
turn affect the dough functionality. These results agree with those obtained by Larré et 

al. (2000) who reported that the G’ and G’’ values of sound gluten increase with 8 
increasing level of TG. Similar findings have been described when TG is added to rice 

flour (Gujral and Rosell, 2004). Concerning undamaged or sound flour, Bauer et al. 10 
(2003b) found that an excessive dosage of TG led to a sticky and dry dough structure 

and gluten viscosity.  12 
It should be stressed that compared with the viscous modulus, the elastic modulus 

increased in a higher proportion, being this effect more noticeable in damaged than 14 
undamaged flour. Therefore the elastic or storage modulus was more affected by the 

TG treatment than the viscous ones, in consequence, TG addition promotes that dough 16 
behave more like a solid than a viscoelastic material. This result is in accordance with 

Bauer et al. (2003b), who found that the nonrecoverable strain decreased in a higher 18 
proportion than the recoverable strain when increasing TG concentrations were added 

to sound wheat dough, indicating minor viscous properties of the dough.  20 
 

The complex modulus (G*) combines both the elastic and viscous components, thus it 22 
describes the overall structure of the dough. In Figure 2 is showed the complex 

modulus of damaged and undamaged flour as affected by increasing TG 24 
concentrations. G* augmented with the addition of increasing levels of TG activity to 

the flour. Again, the effect of TG on the damaged flour was a steady increase of G* 26 
with the TG concentration, while in the case of undamaged flour no additional 

improving effect was observed when TG concentrations higher than 0.5U/g flour were 28 
added. These results indicate that TG changes the structure of gluten proteins from 

damaged and undamaged wheat by forming covalent cross-links between proteins and 30 
therefore reinforcing the gluten structure, being this treatment greatly effective for the 

restoration of damaged flour functionality. Those results support the findings of Köksel 32 
et al. (2001), who studied the addition of 1.5% TG to blends of sound and damaged 

wheat flour obtaining an increase of the complex moduli, although 30 minutes of 34 
incubation were required to become evident the improvement. Since damaged flour 
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has poorer rheological properties than the sound flour, it is more evident the higher 

capability of this flour to improve its rheological behaviour with TG treatment.  2 
 

Stability of the TG treatment on damaged flour 4 
In order to check the stability of the TG treatment, the complex modulus (G*) of sound 

and damaged flours were determined after different resting times (Table II). The values 6 
of G* obtained at a frequency of 1Hz have been used to detect significant differences 

between different TG dosage treatments and resting periods. The complex modulus of 8 
untreated damaged wheat dough showed a continuous decreased with increasing 

resting periods. It reflects a destabilization of the protein structure as a consequence of 10 
the insect proteolytic enzymes, resulting in increased mobility of the dough structure. In 

the presence of TG, the complex modulus values of TG treated damaged and 12 
undamaged wheat dough significantly increased with increasing the time of incubation. 

It was also observed that high G* values were obtained either increasing the TG 14 
activity added or giving long resting periods to the dough, which agrees with the 

common enzyme kinetics when no inhibition is present. A stabilizing effect of the TG 16 
treatment has been also observed when 1.5% TG was added to damaged flour 

blended with sound flour (Köksel et al., 2001).  18 
 

Effect of transglutaminase treatment on the thermal stability of damaged gluten  20 
In order to determine the structural changes promoted by TG in damaged and sound 

wheat, the thermal behaviour of the gluten proteins was studied by using differential 22 
scanning calorimetry (DSC). Only one endothermic peak was observed in the 

thermograms at around 50ºC (Figure 3), which agrees with the 49°C previously 24 
reported for cold air-dried gluten (León et al., 2003). In Table III can be observed the 

thermal parameters corresponding to this endothermic peak. In absence of TG, the 26 
endothermic peak of the gluten from damaged wheat appeared at significantly (P<0.05) 

higher temperatures than those corresponding to the sound gluten, although it was 28 
narrower as reflects the lower denaturation temperature range (∆Td). In the presence 

of increasing TG concentrations, the denaturation temperatures of damaged gluten did 30 
not show a clear tendency, neither the undamaged gluten. In contrast, the denaturation 

temperature range in both gluten samples showed an increase when 0.5U/g of TG was 32 
added and a decrease in the presence of higher TG activities.    

 34 
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The denaturation enthalpy or enthalpy associated to gluten denaturation was obtained 

by integrating the endothermic peaks (Figure 4). The values obtained for damaged 2 
gluten without TG treatment were significantly (P<0.05) higher than those obtained for 

undamaged gluten. Higher denaturation enthalpy values of the damaged gluten could 4 
be ascribed to the high thermal stability of the protein structure remaining after 

protease hydrolysis. On the molecular level, it has been described that the high 6 
molecular weight glutenin subunits (HMW-GS) constitutes the gluten backbone 

(Lindsay and Skerrit, 1999) and these are firstly hydrolysed by the insect proteases 8 
(Rosell et al., 2002b; Sivri et al., 1998) leading a protein structure with higher thermal 

stability probably formed by HMW-GS bonded to low molecular weight glutenin 10 
subunits (LMW-GS) (branches of the backbone) that are quite conservative regions 

(Gianibelli et al., 2001). These observations would be in agreement with the findings of 12 
Kovacs et al. (2004), who reported that increasing of thermal stability is related with 

higher ratios of monomeric proteins (gliadins and LMW-GS) to HMW-GS. 14 
 

The addition of the lowest TG activity level produced a great drop in denaturation 16 
enthalpy of damaged gluten. The same effect was observed in undamaged gluten 

although it was less pronounced. This decrease in the denaturation enthalpy might be 18 
consequence of the formation of covalent bonds between HMW-GS catalysed by TG 

yielding a protein structure with lower denaturation enthalpy. Because these subunits 20 
are primarily involved in the crosslinking reaction catalysed by TG due to their high 

content of lysil residues (Basman et al., 2002b; Larré et al., 1998, 2000; Mujoo et al., 22 
2003; Rosell et al., 2003). This reaction probably yielded a branched structure of the 

glutenin macropolymer composed by a backbone of HMW-GS with lower thermal 24 
stability. When higher enzyme activity levels (from 0.5 to 1.5 U/g) were used, both 

undamaged and damaged gluten showed an increase in the denaturation enthalpy 26 
reaching the same values when 1.0U/g TG was added to undamaged flour and 1.5U/g 

TG activity to the damaged one.  At the highest enzyme activity, the value obtained for 28 
damaged gluten was slightly higher than that for undamaged gluten, which indicates a 

slightly more thermally stable structure. Maybe the TG catalysis efficiency was 30 
improved by the higher substrate availability on damaged gluten, since the thermal 

denaturation of gluten proteins depends on the molecular weight and packing thermal 32 
stability (Kovacs et al., 2004).  
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CONCLUSIONS 2 
Transglutaminase treatment allows counteracting the hydrolytic effect of proteases 

present in insect damaged wheat flours. Alveograph parameters showed that bread-4 
making quality of damaged flours improves with the addition of TG. The results of 

dynamic rheology tests demonstrate that the functional behaviour of damaged wheat 6 
flours can be recovered with TG treatment reaching almost the same values as 

undamaged wheat, although compared to sound wheat high amounts of TG are 8 
required. The DSC studies indicate that the TG treatment of damaged flour also yields 

a thermally stable structure. However, the use of optimal TG activity levels in the 10 
treatment of damaged flour is required to reach the appropriated rheological properties 

and the thermal gluten stability.  12 
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Table I. Effect of transglutaminase addition on the viscoelastic properties of damaged and undamaged wheat flour determined by 

the Alveograph. Experimental conditions are described in the material and method section.  

 TG activity   

(U/g flour) 

P 

(mm H2O)

L 

(mm H2O)

W 

(x10-4 J) 
P/L 

P3h 

(mm H2O)

L3h 

(mm H2O)

W3h 

(x10-4 J) 

Damaged wheat 0.0 48.0±0.0a,b 63.0±9.9d 97.0±9.9a,b 0.8±0.1a,b 32.0±1.4a 53.5±13.4c 47.0±4.2a 

 0.2 57.0±1.4b 57.5±2.1d 119.5±4.9c,d 1.0±0.0a,b 74.0±4.2b 22.5±2.1a 76.0±1.4b,c 

 0.5 73.0±1.4c 42.0±2.8c 130.5±9.2d 1.7±0.1b,c 96.0±8.5c 17.5±4.9a 74.0±17.0b,c 

 1.0 106.0±9.9d 24.5±3.5a,b 120.0±7.1c,d 4.4±1.0d 131.0±4.2d 13.5±0.7a 74.0±7.1b,c 

 1.5 114.0±7.1d 17.5±0.7a 88.5±7.8a 6.4±0.3e 129.5±2.1d 12.0±0.0a 64.5±2.1b 

         

Undamaged wheat 0.0 43.0±0.0a 67±6.7d 108.0±1.4b,c 0.7±0.0a 39.0±1.4a 70.5±10.6d 89.5±4.9c 

 0.2 56.5±2.1b 58.0±2.7d 134.5±13.4d 0.9±0.2a,b 88.0±2.8c 38.5±0.7b 155.5±3.5e 

 0.5 83.0±7.1c 33.5±2.1b,c 124.0±2.8d 2.5±0.4c 161.0±2.8e 18.5±0.7a 127.0±8.5d 

 1.0 138.5±7.8e 20.5±0.7a 127.0±1.4d 6.7±0.7e 176.5±4.9f 17.0±1.4a 127.5±7.8d 

 1.5 131.5±4.9e 16.0±0.0a 92.5±2.1a,b 8.2±0.4f 130.0±8.5d 13.5±0.7a 78.5±7.8b,c 

TG transglutaminase, P tenacity or resistance to extension, L dough extensibility, P/L curve configuration ratio, and W 

deformation energy. Values are the mean of four replicates ± standard deviation.  

Means within columns followed by the same letter were not significantly different (P < 0.05). 
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Table II Complex moduli values from damaged and undamaged wheat flour, obtained at a frequency of 1 Hz by 

dynamic rheology 

 G* at different resting times (min)  

 

TG 

activity 

(U/g flour)
30 60 180 420 

Damaged wheat 0.0 10850±1061b 10435±1223b 8805±120a,b 7625±502a 

 0.2 13500±283a 13650±636a 17800±283b 19050±778b 

 0.5 15300±424a 18700±1131b 26100±566c 25250±354c 

 1.0 19100±141a 22450±1061b 26700±849c 26350±354c 

 1.5 20550±1202a 24400±3677a,b 29250±4455b 26500±1697a,b 

      

Undamaged wheat 0.0 11550±212a,b 11400±990a 12950±212b 12950±212b 

 0.2 12750±212a 13600±40a 20250±354b 27150±1900c 

 0.5 18050±778a 18150±636b 23350±2475a,b 26750±2899b 

 1.0 17650±2051a 20650±1909a,b 26900±3394b,c 31350±4879c 

 1.5 16450±919a 17900±707a,b 23650±2051b,c 27450±4031c 

TG transglutaminase, G* complex modulus 

Values are the mean of four replicates ± standard deviation.  

Means within rows followed by the same letter were not significantly different (P < 0.05). 
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Table III.  Thermal parameters of the gluten TG treated from sound and insect damaged gluten during 

30min incubation at 37ºC determined by DSC.  

 TG activity   

(U/g flour) 

To          

(ºC) 

Tp         

(ºC) 

Tc         

(ºC) 
∆Td        

(ºC) 

Damaged gluten 0.0 50.8±0.2d 57.4±0.2e 63.8±0.1e 13.0±0.1b 

 0.5 40.7±0.5a 49.2±0.0b 56.3±0.7a,b 15.5±1.0c,d 

 1.0 50.4±0.3d 56.7±0.4e 61.9±0.5d 11.5±0.2a 

 1.5 45.6±0.7b 52.1±0.4c 57.7±0.3b,c 12.1±0.6a,b 

      

Undamaged gluten 0.0 39.9±1.9a 47.3±1.5a 54.6±1.2a 14.7±1.2c 

 0.5 39.4±0.6a 48.7±0.2b 56.1±0.4a,b 16.6±0.6d 

 1.0 47.7±1.2c 53.8±1.2d 59.1±1.9c 11.3±1.0a 

 1.5 47.3±1.7b,c 53.7±1.6d 58.9±1.5c 11.6±0.2a 

To onset temperature, Tp peak temperature, Tc conclusion temperature, and ∆Td denaturation 

temperature range. Values are the mean of four replicates ± standard deviation.  

Means followed by the same letter within a column are not significantly different (P< 0.05). 
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FIGURE CAPTIONS 
 
Figure 1. Effect of different concentrations of transglutaminase on the elastic and 

viscous moduli of damaged (A) and undamaged wheat flour (B), after 30 minutes of 

resting time. Numbers are referred to the enzyme activity (U/g flour) used in the 

treatment. Solid line: elastic modulus; dotted line: viscous modulus. 

 

Figure 2. Variation of complex modulus (G*) with the frequency for damaged (dotted 

line) and undamaged (solid line) wheat flour with the addition of different 

concentrations of transglutaminase, after 30 minutes of resting time. Numbers are 

referred to the enzyme activity (U/g flour) used in the treatment.  

 

Figure 3. DSC endotherms of TG untreated and treated gluten from both undamaged 

(U) and damaged (D) wheat. TG activities are expressed on U/g flour. 

 

Figure 4. Denaturation enthalpy of the gluten proteins isolated from sound and 

damaged gluten TG treated, after 30 minutes incubation at 37°C.   



 20

Figure 1.  
Figure 2.  

Frequency (Hz)

0,1 1 10 100

G
' a

nd
 G

'' 
(P

a)

103

104

105

Control 
TG 0.2 
TG 0.5 
TG 1.0
TG 1.5 

Frequency (Hz)

0,1 1 10 100

G
' a

nd
 G

'' 
(P

a)

103

104

105

Control
TG 0.2 
TG 0.5
TG 1.0
TG 1.5

A

B



 21

 
 

 
 

Frequency (Hz)

0,1 1 10 100

G
* (

Pa
)

104

Control
TG 0.2
TG 0.5
TG 1.0
TG 1.5



 22

Figure 3. 
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Figure 4. 
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