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ABSTRACT

Viscoelasticity of hydrated gluten depends on coritjpos of HMW
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1A/1B null and1A/1D null lines. Glutens were submitted to heating and

gluten subunits (GS), size distribution of glutenin polymers, and proteineooling cycles, with or without an SH-blocking agent (N-ethylmaleimide
protein interactions. Glutens extracted from four near-isogenic lines witfNEMI]). At 20-40°C, no irreversible changes of the mechanical prop-
differing HMW-GS were analyzed. Rheological properties were studiearties occurred. Thermal treatment affected chain mobility, and possibly
by dynamic assay in shear. Size distribution of prolamins was determinédl bonds, but not the chemical structure of the network. At >40°C, irre-
by sequential extraction and size-exclusion HPLC. Assays performed sersible rheological changes were observed without NHNMéversi-
20°C confirmed that viscoelasticity was determined by large glutenitbility was mainly due to chemical modifications affecting the polymer
polymers. The abundance of large glutenin polymers depended on teee distribution through SH-SS exchangaations. The sensitivity of
HMW-GS composition of the lines. Difference of functionality linked to gluten to temperature depended on subunit coitipos

subunit structure was highlighted by comparing the behaviors of the

Allelic variations of the composition of HMW glutenin subunits
(GS) of wheat result in large differences in breadmaking properties
(Payne et a 1987a). Studies of near-isogenic lines of wheats
differing only in HMW-GS composition demonstrated that this
effect was due to both the relative amount of HMW-GS in the
glutenin polymers and to structural features of the subunits (Payne
et a 1987b, Lawrence et al 1988, Popineau et al 1994a). In this
respect, 1D-encoded subunits 5+10 induced better baking perfor-
mances than subunits 2+12 (Payne et a 1987b; Popineau et &
1994a; Gupta et a 1994a,b). In the same way, in double null lines,
5+10 subunits induced higher gluten viscoelagticity than 1B-encoded
subunits 17+18 (Gupta et al 1995, Hargreaves et a 1996). These
variations of subunit composition influence the size distribution of
glutenin polymers and their aggregation and extractability. Rheo-
logicd analyses of gluten and gluten fractions showed a strong corre-
lation between viscod adticity, or network connectivity, and the amount
of the largest glutenin polymers (Cornec et a 1994, Popineau et a
1994a; Gupta et a 1995; Tsiami et a 1997a,b). Furthermore, spec-
troscopic analyses using Fourier transform infrared on an attenuated
total reflectance accessory (FT-IR ATR) indicated that hydrated
viscoelastic gluten and gluten subfractions had a higher amount of
[B-sheet structures than in dilute acetic acid solution, correspond-

ing to GIn- and Pro-rich repetitive domains (Pézolet €t982).

Characterizing the effects of heat treatment on gluten properties
is of interest because most of the uses of wheat flours and gluten
involve heating or cooking processes. It is also a way to gain a
better insight into the organization of gluten network and into the
interactions that govern it. Temperature is likely to affect the state
of covalent and noncovalent links in glutenin polymers and
aggregates. Heat disrupts hydrogen bonds and electrostatic inter-
actions but enhances hydrophobic interactions and accelerates
molecular motion. Simultaneously, SH-SS interchanges are facili-
tated (Schofield et al 1983), giving rise to more aggregation.
When no chemical or structural changes alter the system, cooling
and heating can enlarge the domain of observation of the dynamic
behavior of polymeric systems by applying the time-temperature
superposition principle to the rheological spectra. This has been
done for gluten subfractions (Tsiami et al 1997a). Our previous
studies showed that the rheological response of gluten to heating
was complex (Lefebvre et al 1994b). It depended on the temper-
ature range examined and on SH status. The height of the elastic
plateau decreased by 10x when temperature was increased from
10 to 55°C, but at >55°C, an increased height of the elastic plateau
was associated with enhanced protein aggregation. Such temperature-
dependent behavior has been described previously (Attenburow et
al 1990). However, the height of the elastic plateau remained almost

Proportion off3-sheet structures was related to the amount of largeonstant over the whole temperature range (5-80°C) when N-
glutenin polymers and thus to network connectivity (Lefebvre et abthylmaleimide (NEMI), an SH-blocking agent, was added to
1994a, Popineau et al 1994b). Such a relationship was also obserghaten (Lefebvre et al 1994b). In addition, whether SH groups were
with the mobility of polypeptide chains when examined by electrorblocked or not, the characteristic frequency associated with the
spin resonance (ESR) spectroscopy (Hargreaves et al 1996). Alateau was shifted toward higher values when temperature was
these results suggested that glutenin polymers could interact imcreased from 10 to 80°C, as was the local mobility of polypeptide
viscoelastic gluten througBrsheet structures. The repetitive domainschains (Lefebvre et al 1994b, Hargreaves et al 1995b).

of subunits, in particular those of the HMW-GS which are very The objective of the present work was to examine the rever-
long, could act as junction zones in the network because numeroggjility or irreversibility of the effects of heat treatments on gluten
periodically distributed GIn residues favor interchain hydrdgemds  viscoelasticity. The influence of HMW-GS on gluten response
(Pézolet et al 1992, Popineau et al 1994b, Belton et al 1994).  was considered by analyzing four near-isogenic lines with varying

HMW-GS composition.

MATERIALSAND METHODS

1Laboratoire de Physico-Chimie des Macromolécules, INRA-Centre de Recherches
de Nantes, Rue de la Géraudiére, B.P.71627, 44316 Nantes Cedex 3, France. [\__Nheat Lines

2Corresponding author. Phone: +33 240 67 50 40. Fax: +33 240 67 50 05. . X .

mail: lefebvre@nantes.inra.fr A set of four wheat flour lines with different alleles at Gle-1

3 Laboratoire de Biochimie et Technologie des Protéines, INRA-Centre de Recherchigci, which codes for HMW-GS, was used throughout this study.
de Nantes, France. They were obtained by crosses between genotypes Olympic and

Gabo (Lawrence et al 1998) and kindly provided in 1994 by R. B.

Gupta and G. J. Lawrence, CSIRO (division Plant Industry, Can-
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berra, Australia). They include one standard (control) line with under test conditions (Cornec et al 1994, Lefebvre et al 1994b). Two
five subunits (1, 17+18, 5+10) controlled by the Glu-Al, Glu-B1, types of tests were conducted: 1) measurements at fixed frequency
and Glu-D1 loci, respectively. The three other lines were null at (f = 1 Hz) to monitor changes in the samples with time; 2) fre-
two or three of these loci: Glu-AL/Glu-B1 null contained subunits ~ quency sweeps at a fixed temperature, during which the frequency
5+10 only, Glu-ALY/Glu-D1 null contained subunits 17+18 only, was decreased from 36 to 0.001 Hb (r) to characterize the

and triple null (Glu-A1/Glu-B1/Glu-D1 null) had no HMW-GS. viscoelastic response, which is recorded as the variations of the

The flours were stored at >4°C before gluten extraction. storage modulu&' and the loss moduluS” versus the frequency
f (mechanical spectrum).
Gluten Extraction Test 2 was recorded first at 20°C before starting the first temper-

Flour was extracted first by 0.8bphosphate buffer, OM. KClI, ature cycle (initial spectra), then at 20°C at the end of this cycle,
0.08M EDTA, pH 7.8, with 2% Triton X114 to remove lipids and and then again at the end of the second cycle (final spectra). Test 1
nonstorage proteins (Hargreaves et al 1995a). After centrifugatiomas recorded during the temperature plateau phases at 40 and
(5,000 xg, 30 min), the pellet containing starch and storage pro70°C. For the 70°C plateau, monitoring@fandG" versus time
teins was extensively washed with deionized water and the gluteontinued for 10 hr and was followed by recording the mechanical
was recovered and then freeze-dried. Protein contents (N x 5.7) gihectrum at 70°C=b hr). In additionG' andG" were measured
control, 1A/1B null, 1A/1D null, and triple null lines were 76.5, at 1 Hz for 20 min before recording the final 20°C spectra (to
71.1, 70, and 83%, respectively. check the stability of the samples at 20°C after the heat treatment)

and during the temperature ramps.
Size Distribution of Gluten Proteins

Glutens were recovered from the rheometer (see below) beforenalysis of M echanical Spectra
and after heat treatment and were submitted to a sequential two-The basis of the analysis of the mechanical spectra of gluten
step extraction procedure and then to size-exclusion (SE) HPL®as reported previously (Cornec et al 1994, Lefebvre et al 1994b).
(Hargreaves et al 1996). The gluten samples were first suspend€le results were converted in terms of the components of the
for 2 hr in 0.5% SDS 12.5 h borate buffer, pH 8.5, and centri- complex compliance (storage compliariteand loss compliance
fuged (30,000 >g, 20 min), yielding extractable and unextractableJ"), although it contains exactly the same rheological information
fractions. The unextractable fraction was suspended overnight as the complex modulu&(and G”), because it is more easily
2% SDS borate buffer and sonicated (6W, 30 sec). After centriftamenable to quantitative treatment. The mechanical spectra of gluten
gation (30,000 >g, 20 min), the supernatant was recovered. Thalisplay a loss compliance peak, indicative of a network-type struc-
supernatants from each extraction step were submitted to SEwe, the maximum of which is usually located within the experi-
HPLC as described previously (Cornec et al 1994). The chromatoental frequency window at 5-70°C. In the region of the peak,
grams of the proteins of both extractions were integrated intthe rheological functiond (f) andJ’(f) can be fitted by Cole-Cole
three zones corresponding to large-size glutenin polymers (P1 fenctions:

500,000), medium-size glutenin polymers (500,000 > P2 > 70,000),

and monomeric gliadins (P3 < B00). In the experiments reported

here, extractions and chromatography were performed singly because

of the quantity of material available. But independent analyses J)-3J =(J§ —J)

[(fo/f)n +cos @ o2 )} )

n
showed that the relative standard error of the determination of [(fo/f)n +2 cost n/2>+(f/fo)]
prolamin fractions was <5%.

sin(m n/2)

Heat Treatment of Gluten Samples 7 (f)=[J§ —Jg) " , n @)
Gluten samples for the experimental study were prepared at 20°C [(fo/f) +2 cosft y2)+ (f/fo) ]
as described previous(fCornec et al 1994). In the first series of

experiments, distilled water was used to rehydrate the freeze-dried 0 : ) . . . .
materials: in the second series, aMD.MEMI solution was used WhereJy is the compliance associated with the viscoelastic pla-

instead of water. After a rest period of 1 hr at 20°C, the rehydratd§U, the high frequency limit of which is marked by the loss peak;
samples were transferred into the measuring device of the rheometefs the.frequency of the _maXImL_Jth (centrall frequency of the
maintained at 20°C. The samples were covered with distilled watégtardation process considered); the exponeist the frequency
or with 0.IM NEMI solution to prevent them from drying out during spread parameter that measures the broadness of the retardation
the experiments and to ensure full hydration at any temperaturée distribution corresponding to the loss peak; &yid '[(')19 glassy
Before starting the experiments, the samples were rested 1 hr &mPpliance that can be ignored in favor of hend Jg vglues.
20°C to allow for stress dissipation. T(I)‘le modoulus corresponding to the viscoelastic plateaBys: 1/

Two experimental sequences were conducted. In the first expeti @1dGy can be taken as a measure of network elasticity.
imental sequence, samples were submitted to two successive temln previous reports (Cornec et al 1994, Lefebvre et al 1994b), the
perature cycles in situ in the measuring device of the rheometdtdrametersy;, fo , andn were obtained by fitting data directly to
One cycle had a linear temperature ramp from 20 to 40°C in 1 Hequations 1 and 2. However, it seems indeed preferable to follow
a plateau at 40°C maintained for 0.5 hr, and a descending rarHjf classical procedure, which plafsagainstJ”. On such plots
back to 20°C. The second cycle had a linear ramp from 20 to 70 ole-Cole plots), the retardation process shows as an arc of circle
in 2.5 hr, a plateau at 70°C maintained for 15 hr, and a descendiRgSSing through the origin, the equation of which is obtained by
ramp to 20°C. In the second experimental sequence, the first tefdimination off /fo between Equations 1 and 2:
perature plateau was maintained long enough Hr) to allow .
recording the mechanical spectrum at 40°C. 5 >

'=[ ] [1+4}{,—(lwi)tanz(nn/2) -1 @3

N N

N
Dynamic Rheological M easurements 2 tanm n/2)

The rheometer (CSL 100, Carri-Med Ltd., Dorking, Surrey,
England) used a cone and plate geometry (cone angle: 4°, cone
diameter: 2 cm). Measurements were performed in the dynamic The fit of Equation 3 to the results gives the Cole-Cole parameters
regime, with a strain amplitude sufficiently low3%6) to assume J% andn, and a simple geometrical construction yidjgéTschoeg|
that the viscoelastic behavior remained within the linear regiod989).
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RESULTS In an independent study, we analyzed the spectra recorded directly
at 20°C of 10 samples prepared with NEMI from 17+18 lines. The
procedure followed was the same, except that the frequency
. - . o weep was operated in the ascending frequency mode. The results
Figure 1A shows the initial mechanical spectra at 20°C o n Table | show that fair reproducibility was achieved for the height

glutens from near-isogenic lines rehydrated with aMIONEMI - : 0
solution, plotted as variations of the storage and loss maduli ( engthe viscoelastic platea@y and for the spread parametibut

Viscoelastic Behavior of Gluten from Near-Isogenic Lines
at 20°C Before Heating

dG" tivel inst the f Th tra obtai at the uncertainty in the determination of the characteristic fre-
an ; respectively) against the frequency. The spectra obtain encyfy was very large: the relative standard errors were 2.3,

without NEMI were practically identical (Fig. 1B), from which 1.0, and 26%, respectively. Similar values were found for the

we carll c?ncbluge t.hat ?}ﬁ SI—:-tt)Iock!ng aghent dg.?.s not modify ﬂ}%Iative standard errors of the glutens of the control (four samples),
V'S_ﬁ?e as ICt N ?thr?r 0 te gl u egstr:n SSlj—C]_OCI(?n iuons. | 5+10 (three samples), and triple null lines (four samples) analyzed

€ spectra of theé control and the INES Were Very ClOSf the same conditions. In such rheological analyses, the scatter of
each other, whereas the spectrum of the 17+18 line, similar in shapge rogits stems a priori from three causes: defect in the repro-

displayed much lower values of both moduli over the frequenc)ﬂucibility of the preparation and the mechanical history of the

range. All three were of the usual type observed for glutens. A;samples; measurement errors in the determinatio® @nd G

discussed pr_eviously (Cornec et al 1994, Lefebvre et a_l 1994), t & 7 and J"; and, finally, errors involved in processing of the
frequency window spans the viscoelastic plateau, which exten strumental data (here, in the determination of the Cole-Cole

beyond both frequency limits. parameters). The second cause is surely a minor one when work-

b Thde SpethrU.m of theltrlp|e ?U” SGafmF“g Cvs\{?strthe §ame| tytpe biflg with this type of material. The third cause is probably the
esides snowing very ‘ow values Gl and’s , the VISCOEIastC  main one, at least as to the uncertainty in the determinatifyn of
plateau was shifted in this case to lower frequencies so that O'Wr the reasons given above. Because of the limited amount of
Its Q'QI.hérqungy extr_emcljty,_ r_rg?rke_ctihbytrt]hef Intersection gf thq‘naterial available, we did not repeat the reproducibility study on
mr?. lrJ]' an ' remalndethwsbl € within fti rteque_r;py win 0\?” the heat-treated samples. But it seems reasonable to assume that
which now encompassed the beginning of the transition zone rogy, 5, spectra, the relative standard errors that affect the rheological
the rubbery to the glassy behavior. We obtained very similar resul rameters were of the same magnitude as those reported above:

on fractions low in large glu'genin polymers_ extractec_i by dilut hus, the 5% confidence intervals Gﬂ, n, andf, are 5, 2, and
HCI from different glutens using a sequential extraction procesgo%' respectively. T 0 T

(Cornec et al 1994, Popineau et al 1994a). o .
The Cole-Cole plots corresponding to some of the spectra ?Table Il shows that, within the frequency range considered, four

Fig. 1 h Fia. 2 les. O h plots. the ol oints must be considered:
g. 1 aré shown on rig. = as exampies. On such plots, the CloSelpyy 1 NEMI had little effect, if any, on the viscoelastic behavior

th_e points_ to the origin, th_e_highgr_the corresponding_ frequenciegf gluten; when the values of the rheological parameters with and
Figure 2 illustrates how difficult it is to extract meaningful rheo- ithout NEMI differed, the difference was hardly significant on
Io_glcal quantities from the me_chanlcal spectra of glutens. In ?ﬁec atistical grounds and has no particular importance from a rheo-
with the exception of the triple null line, the arc of the C'rdelogical point of view,

corresponding to the high frequency loss peak was defined by apoint 2. The control and 5+10 lines showed viscoelastic prop-

small number of experimental points, all situated on the ascendirlqties that were very close to each other; the differences in the
part of the arc, anq strongly oyerlapped at hlg_]‘l_edeO values values of the Cole-Cole parameters were within the range of
by slower retardation mechanisms. For the initial 20°C spectra \perimental uncertainty.

the triple null line (with and without NEMI), the arc of the circle '
was much better defined (Fig. 2), but because the characteristic fre-

. . TABLE I
quency was very qlose to the lower limit of the experimental range, Cole-Cole Parameters Analyzing I nitial Mechanical Spectra
the uncertainty of its value was large. of Glutens from Different Near-Isogenic Lines at 20°@&°
TABLE | Cole-Cole Parameter$
Reproducibility of Rheological Characterization of Gluten at 20°C Line G (Nnr? fo (H2) n
by Dynamic Measurementa®
Control 3,330(3,210) 0.20 (0.6)0 0.324 (0.349)
Number of Cole-Cole Parameter$ 5+10 3,660 (3,130) 0.65 (0.36) 0.400 (0.398)
17+18 1,520 (1,140) 0.27 (0.28) 0.420 (0.446)
Samples Tested G (N fo (H2) n Triple null 143(188)  <0.001(<0.001)  0.639 (0.600)
10 880 (60) 0.05(004) 0.41(001) a Descending frequency sweeps 36—0.001 Hz.
a Samples (17+18 line) hydrated with 0.1M N-ethylmaleimide (NEMI), an b Values for samples hydrated with MIN-ethylmaleimide (NEMI), an SH-
SH-blocking agent; ascending frequency sweep 0.001-36 Hz. blocking agent, with values for samples hydrated with water in parentheses.
b Average values with standard deviations in parentheses. ¢ G = modulus corresponding to the viscoelastic platRauharacteristic
¢ G{ = modulus corresponding to the viscoelastic platigaurharacteristic frequency;n = frequency spread. Confidence (5%) intervals for Cole-Cole
frequencyn = frequency spread. parameters: +0.05 €5 +0.6f; , and +0.0, respectively.
10° . T =

g £

o o : 5

© 10? QODOOOO... A : ?

E el 3
;.“OQQOQ E B
10" R R R R B cevnd vl
10 102 107 10° 10 10? 107 100 10" 102
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Fig. 1. Mechanica spectra of gluten samples from control (A, A), 5+10 (W, O), 17+18 (—, — ——), and triple null lines®&, O) recorded at 20°C before

temperature cycles (initial spectra). Samples of freeze-dried glutsmsated with 0.8 N-ethylmaleimide (NEMI) solutionX) or with distilled waterB).
Measurements taken under 0.03 strainlaunge. Black symbols or continuous line: storage mod@iusVhite symbols or dotted line: loss modusis
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ground because it was less pronounced in the case diAthD
null (-, 7+9, —) Sicco line (Popineau et al 1994a).

One fact is intriguing in the viscoelastic behavior of gluten: the
decrease iriy parallels the decrease in the height of the visco-
elastic plateau, wheredg and G& vary in an opposite way in
classical transient networks such as entangled polymer solutions.
We observed the same peculiarity for gluten fractions obtained by
a sequential extraction procedure (Cornec et al 1994). It is probably
a feature related to the multilevel structure of gluten systems.

Another aspect of the complexity of the rheological behavior of
gluten is illustrated by the comparison of the results reported for the
that the status of the SH and SS groups had no effect on the visco- 17+18 line (hydrated with M. NEMI) in Tables | and II. At least for
eladtic properties. The global conclusion we can draw from points 2—4 G% , these results differed significantly. The vaIueG&fobtained
is that HMW-GS are practically indispensable to the manifestatiofrom the spectra recorded in the ascending frequency sweep mode
of gluten viscoelasticity, their absence results in a breakdown of glutéfable 1) was higher than the value obtained in the descending
rheology (point 4), but they are not equivalene&xh other with  frequency sweep mode (Table I1). In the first case, the sample was
respect to viscoelastic potential. The douthddetion of1A/1B loci submitted to low frequency strains (i.e., solicitationsolving
did not seem to have appreciable consequences on gluten vistarger flow contributions as compared with high frequency strains)
elasticity in the plateau region (point 2). On the contrary, the doublr a longer time than in the second case due to the way stress-
deletion1A/1D resulted in a considerable drop in the height of thecontrolled rheometers operate in the dynamic regime in the
viscoelastic plateau (point 3). However, the amplitude of the effeatontrolled strain amplitude mode. Gluten shows some degree of
of this double deletion seemed to depend on the genetic backtrain hardening induced by flow, and this degree depends on the
line or the cultivar (J. Lefebvrenpublished results). This issue will
be discussed in a subsequent report on linearity.

Point 3. The main difference between the control and 5+10 lines
as compared with the 17+18 lines was that the height of the viscoelas-
tic plateau was two times lower for 17+18 than for control and 5+10.

Point 4. The triple null line differed from the control and from
5+10 and 17+18 in al three parameters. The height of the visco-
dastic plateau was dramatically decreased, and the position of this
plateau was shifted to lower frequencies by more than two logarith-
mic decades; also, the width of the associated |oss peak decreased
significantly.

Point 1 indicates that SH-SS interchange reactions were not respon-
sible for the viscoelastic response of gluten, but this does not mean

1.210" T T T T T 1
L e 20-40-20°C Temperature Cycles
—_ 5 s When the temperature of the samples was increased from 20 to
Z810° - @@@& -1 40°C, the moduliG' and G" measured at 1 Hz monotonously
%k | ® _ decreased; no hysteresis was observed upon cooling back to 20°C
= 20 for samples hydrated with MLNEMI and it was quite small for
= 4 10° —Txs - samples that did not contain NEMI. This is illustrated in Fig. 3 for
B D A i control and triple null lines. The variations @f andG" followed
o \\ similar curves for all lines, but their amplitude depended on the
010° 11l 4 line and on the presence of NEMI. With NEMI, heating from 20
010 117 .2 EQZ/N) 310 410 to 40°C resulted in a 30% decreasebfor the control and 5+10
lines and a 70% decrease ®f for the triple null line. Without
NEMI, G' dropped by 35, 45, 60, and 68% for the control, 5+10,
410 | | | [ | 17+18, and triple null lines, respectively. However, the amount of
| 500 ] information that temperature cycling_ expe_riments contain is quite
3104 L o o© | small, and t_hey can actua_lly be misleading because temperature
Z 50° changes shift the mechanical spectra along both the moduli and
QE ~ OOoO T the frequency axes, so that measurements at one frequency do not
£210* |- 50°° - allow sound conclusions to be drawn about the way temperature
) — ° — affects the viscoelastic behavior.
ERElIAS B - Either with or without NEMI, the spectra recorded at 20°C after
i _ cycling to 40°C were very similar to those recorded before cycling
0 10° | ! | | A (Fig._ 4 shows control and _triple null lines). _The analysis _of the spectra
010° 410 , 810% 1.2 10 obtained with NEMI confirmed that heating to 40°C induced few
(m?/N)
10* - 7
[ “‘..' ]
[ A‘:AA““;;H:"“.“ ]
— N Asa N Ar 4, a i
g [ L S YV als 04 ]
© i @Qfa@o 1
P, &
S | LYY AAAA So0g oo @ i
AA\A SAA
8,
o L | | | | 10° | ] 1 1 1
1% 37 1102 2102 15 B0 B e g 0%

Jo (m¥/N)
Fig. 3. Variation of the storage) and loss @) moduli measured at the
frequencyf = 1 Hz under a 0.03 strain alitpde during a 20-40-20°C
complex compliance plane (J'(f) — J'(f)). A, Control (O and —) and temperature cycle. Results obtained from two control line gluten samples
5+10 (A and — — —) lines.B, 17+18 line.C, triple null line. Solid and  rehydrated with diilled water @&, A) and with 0.M N-ethylmaleimide
dotted lines show the Cole-Cole arcs of circle obtained by fitting Eq. 3 tNEMI) (@, O). Black symbolsG'. White symbolsG". Arrows indicate
experimental points in the high frequency region of the spectra. direction of temperature ramp.

Fig. 2. Data from Fig. 1A (glutens rehydrated with 0.1IM NEMI) in the
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irreversible changes in the viscodlastic behavior of gluten (Table I11). this article. Nevertheless, we want to point out a general trend.

Moreover, at least a part of the significant but limited increase in Figure 5A shows that at 40°C, the dissipation processes marking

G% at 20°C, which was the main effect of the temperature cyclehe high frequency limit of the viscoelastic plateau were more

resulted from the shear-induced irreversible changes we mentionektarly individualized than at 20°C for the control line with NEMI.

earlier. Without NEMI, the changes in the Cole-Cole parameter€omparison of the results in Table IV with those in Table Il shows

induced by the temperature cycle remained relatively small dhe reversible effect of temperature. The characteristic frequency

insignificant for the control, 5+10, and triple null lines (Table IlI). f, was shifted to a significantly lower value, Whereasaﬂpwas

For the 17+18 line without NEMI, an appreciable decrease wasubstantially reduced (Table IV). The same applies to the 5+10

observed irGQ, andf, that remains unexplained. and 17+18 lines and is also relevant to the control, 5+10, and

With the exception of the 17+18 line without NEMI, we can 17+18 lines rehydrated in distilled water (Table V). The gluten

conclude that heating gluten to 40°C entails no irreversiblérom the 17+18 line was especially sensitive to the effect of tem-

changes in its structure resulting in important rheological conseperature. In glutens from the triple null line (Fig. 5@)was shifted

guences as far as it can be inferred from the direct comparison tf a higher value at 40°C as compared with 20°CG{%|Was not

the mechanical spectra in the 40 Hz frequency range. The  substantially decreased (Table 1V), probably because the irre-

variations in dynamic moduli observed as temperature increased  versible changes responsible for the noticeable increase in the 20°C

from 20 to 40°C were basically a normal temperature effect on thealue after heating to 40°C (Tables Il and IIl) compensated in this

viscoelasticity of the gluten network. This effect, reversible andtase for the normal temperature-induced drop in the height of the

independent of the time during which the temperature was mainiscoelastic plateau.

tained, did not involve any chemical change, with or without NEMI.

A detailed study and discussion of the normal (reversible) effe@0-70-20°C Temperature Cycles

of temperature on gluten viscoelasticity is not within the scope of The manner in which the glutens behaved when submitted to

temperatures >50°C differed completely depending on whether

TABLE Il
Cole-Cole ParametersAnalyzing Mechanical Spectra of Glutens TABLE IV
from Different Near-Isogenic Lines at 20°C Cole-Cole Par ameter s Analyzing M echanical Spectra
After the First Temperature Cycle®? of Glutens from Different Near-Isogenic Lines at 40°&P
Cole-Cole Parameter$ Cole-Cole Parameter$
Line G (Nnm? fo (H2) n Line G (Nm?d fo (H2) n
Control 4,680 (3,250) 0.80 (0.66) 0.366 (0.390) Control 2,000 (1,440) 0.035 (0.11) 0.257 (0.300)
5+10 4,380 (2,720) 0.72 (0.65) 0.408 (0.457) 5+10 nd (1,260) nd (0.24) nd (0.376)
17+18 1,630 (480) 0.45 (0.04) 0.446 (0.461) 17+18 620 (120) 0.064 (0.006) 0.365 (0.443)
Triple null 28.6 (66.5) <0.001 (0.004) 0.584 (0.603) Triple null 50 (56) 0.014 (0.011) 0.617 (0.613)
a First temperature cycle: 2040 20°C. Descending frequency sweeps 36— 2 Descending frequency sweeps 36-0.001 Hz.
0.001 Hz. b Values for samples hydrated with MIN-ethylmaleimide (NEMI), an SH-

b Values for samples hydrated with MlIN-ethylmaleimide (NEMI), an SH- blocking agent, with values for samples hydrated with water in parentheses;

blocking agent, with values for samples hydrated with water in parenthesesnd = not determined.
¢ G% = modulus corresponding to the viscoelastic platgatcharacteristic ¢ G% = modulus corresponding to the viscoelastic platiaticharacteristic
frequency;n = frequency spread. Confidence (5%) intervals for Cole-Cole frequency;n = frequency spread. Confidence (5%) intervals for Cole-Cole

parameters: +0.05 §5 +0.6fy , and +0.02, respectively. parameters: +0.05 §§ +0.6%, , and 0.0, respectively.
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they had been prepared with or without NEMI. This is illustrated G% occurred in the glutens during the heating period, except in the
by the variations of G' and G" with time during the temperature control line which was leftinchanged. The distribution width of
plateau at 70°C. Figure 6 shows that without NEMI, heating thé¢he retardation times (spread parame)ewas almost unaffected,
standard Gabo line gluten at 70°C for 10 hr incre#3e(ineas- whereas the variations of the characteristic frequegcwere
ured at 1 Hz) by 5%, where&' measured at this frequency did not probably not significant, except for the triple null line where a
vary appreciably. The variation & slackened as time elapsed but tenfold increase of this parameter was observed. Part of the
continued after 10 hr. Therefore, the mechanical spectrum recordéattrease irG% may be due to shear hardening as discussed above,
at 70°C after the 10-hr period has no meaning. Glutens of the othleat such an effect alone cannot explain the rather large changes
lines display the same type of kinetics at 70°C, with still largemeasured for the 5+10, 17+18, and especially the triple null lines
variations ofG' for 17+18 and triple null lines. There was an appre-(quite small modifications resulted from the first temperature cycle),
ciable dependence &' on time in the triple null lines (Fig. 7). and they should also have been observed for the control line if it
On the contrary, when prepared with NEK8I,andG"" decreased had resulted from strain hardening. It is likely, therefore, that some
gradually to a limited extent during heating at 70°C for therreversible temperature-induced changes occurred in glutens heated
control, 5+10, and 17+18 lines (Fig. 6). However, for the tripleat 70°C with NEMI. Their amplitude depended on the HMW-GS.
null line, G' increased slightly (Fig. 7). In fact, after 10 hr at 70°C, Their nature remains unknown but, because of the SH-blocking
G' had almost reached a plateau in all cases, as indicated by a fagent, they should not involve SH-SS reactions.
complementary experiments during which the samples were keptWithout NEMI, the irreversible changes induced by heating at
at 70°C for a longer time. Consequently, the frequency sweeps #@°C affected all three Cole-Cole parameters. When compared
70°C following the heating period can be considered to yield truaith the 20°C spectra values before the second temperature cycle,
mechanical spectra characterizing the viscoelastic response at 78 final 20°C spectra values @9, and f, were increased
of the glutens prepared with NEMI. tremendously, whereasshowed a marked decrease, indicating a
After cooling the heated samples to 20°C, the moduli stabilizedharpening of the loss peak after the 70°C heat treatment (Tables
immediately to values strictly constant with time. By comparingV and Ill). As a result, after heating at 70°C without NEMI, gluten
the mechanical spectra recorded after cooling to those recordedtetcomes a completely different material as far as its rheological
20°C before heating to 70°C, we can measure the amplitude of tpeoperties are considered. Also, without NEMI, the amplitude of
irreversible changes induced by the second temperature cycle. Tte effect depended on the line. The lines ranked in the increasing
results of the analysis of the final 20°C spectra are given in Table &tder were: control < 5+10 < 17+18 < triple null, w@ﬁ, multi-
and some of these spectra are shown in Fig. 8. Comparison of thked by a factor of 10, 15, 38, and 240, respectively. The effect
data in Table V with those in Table Ill demonstrates that withwas especially remarkable for the triple null line because the 70°C
NEMI, noticeable irreversible modifications affecting essentiallyheat treatment raised its viscoelasticity to a level comparable to
that of the heat-treated glutens of the other lines (Fig. 8A and C).
Comparing the effects of the heat treatment with and without

N NEMI on gluten viscoelasticity at 20°C demonstrated that, by far,
- 10 s the largest part of the rheological changes observed without NEMI
© F 3
he] » ]
g - & TABLEV
(% 104 y//’/——: Cole-Cole Parameter s Analyzing M echanical Spectra
@ - o of Glutens from Different Near-Isogenic Lines at 20°C
= r N After the Second Temperature Cycla®
& 10° 3 Cole-Cole Parameters
& E 3 Line G (Nm?d fo (H2) n
o 10l Lone Lo L L Control 5,000 (31,900) 0.80 (28) 0.372(0.312)
0 imetat 70°cS 10 5+10 7,700 (41,000) 1.2 (10) 0.386 (0.315)
time at 70°C  (hr) 17+18 2,700 (18,400) 0.24 (5.0) 0.424 (0.349)
Triple null 760 (16,000) 0.11 (5.0) 0.504 (0.384)

Fig. 6. Variations with time of the storage (G') and loss (G'') moduli

measured at 1 Hz under 0.03 strain Biogbe while heating at 70°C.

Control line rehydrated with OM N-ethylmaleimide (NEMI) @, O) or
with distilled water {—, — — —). Black symbols or continuous lir@".
White symbols or dotted lin&".
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a Second temperature cycle: 20— 70 20°C. Samples submitted to temperature
of 70°C for an overall period &f15 hr. Descending frequency sweeps 36—
0.001 Hz.

b Values for samples hydrated with MIN-ethylmaleimide (NEMI), an SH-
blocking agent, with values for samples hydrated with water in parentheses.

¢ G = modulus corresponding to the viscoelastic platiaticharacteristic
frequency;n = frequency spread. Confidence (5%) intervals for Cole-Cole
parameters: +0.05 & +0.6f;, and +0.02, respectively.

TABLE VI
Cole-Cole ParametersAnalyzing M echanical Spectra
of Glutens from Different Near-Isogenic Lines at 70°C
Rehydrated with 0.1M NEMI 2

Cole-Cole Parameters

Line G (Nm?d fo (H2) n

Control 4,300 18 0.348
5+10 6,700 40 0.377
17+18 1,850 32 0.453
Triple null 450 18 0.522

a Spectra recorded after samples were maintained at 70°C for 10 hr following
the first temperature cycle. Descending frequency sweeps 36—-0.001 Hz.

b G = modulus corresponding to the viscoelastic platiaugharacteristic
frequency;n = frequency spread. Confidence (5%) intervals for Cole-Cole
parameters: +0.05 €5 £0.6f; , and +0.0, respectively.



resulted from chemical reactions affecting the SS bonds of HMW- errors involved in the determination of the characteristic
GS by afew SH groups present in gluten. Comparison of the spectra  frequency.
recorded at 70°C with NEMI with the final 20°C spectra gives the
measure of the rheological temperature effect because: 1) the irrevEiffect of Heating on Size Distribution of Gluten Proteins
sible temperature-induced changes in the structure of the glutensThe gluten samples submitted to the 20—-70-20°C temperature
with NEMI were practically completed before the spectra wereycles were recovered after the rheological study and analyzed by
recorded at 70°C, and 2) cooling the heat-treated glutens to 208E-HPLC after sequential extraction. Extractability in 0.5 and 2%
did not cause any more change. SDS buffers and size distributions were compared with those of
The 70°C spectra of the glutens with NEMI were are all qualunheated glutens (Table VII). Although single determinations were
itatively similar and did not differ from those of the final 20°C made, the differences observed were significant considering the repro-
spectra but they were somewhat low on the moduli scale (Fig. 8ucibility of the procedure, which had been checked as explained
The results of the Cole-Cole analysis of these spectra are givenabove.
Table VI. Compared with those reported in Table V for the final As expected, the extractability of unheated gluten proteins and
20°C spectra with NEMI, we see th@ﬂ, at 70°C was lower. their size distribution depended on the HMW-GS composition of
Values were 86, 88, 70, and 59% of values at final 20°C spectthe lines. The control line comprised the lowest amount of proteins
for the control, 5+10, 17+18, and triple null lines, respectively. Orextracted in 0.5% SDS borate buffer, and the triple null line com-
the contrary, thé, values were higher at 70°€20, 30, 30, and prised the largest amount (gluten protein from this line was almost
15 times larger for the control, 5+10, 17+18, and triple null linescompletely extractable). Furthermore, gluten proteins from the
respectively, than those obtained from the final 20°C spectra. THE7+18 line were more extractable than those from the 5+10 line.
spread parameterwas not much affected by temperature althoughAccordingly, the control line showed the highest amount of larger
the differences were significant. The fact t@ was substan- size glutenin polymers (P1 fraction extracted with 2% SDS and
tially lower at 70°C than at 20°C confirmed that the height of thesonication), and the triple null line the lowest. Again, glutenin
viscoelastic plateau of the glutens was a decreasing function pblymers from the 5+10 line were more extensively aggregated
temperature as already stressed when comparing the resultstt@n those from the 17+18 line. In addition to these differences in
40°C with those obtained at 20°C. This means that gluteglutenin composition, the 17+18 and triple null lines contained
viscoelasticity is not of the classical rubbery type governed bjarger amounts of monomeric gliadins (P3). All these charac-
entropy, but includes an enthalpic contribution that probablyeristics agree with the rheological behavior of the four glutens,
involves hydrogen bonds participating in the connectivity of thefewer aggregated glutenin polymers is related to lower visco-
network. A corollary is that one is not allowed to apply the time-elasticity (Cornec et al 1994, Popineau et al 1994a, Gupta et al
temperature superposition principle to gluten, even if master curvd®995, Hargreaves et al 1996).
can be seemingly obtained by shifting the mechanical spectra Analyses performed at 20°C on glutens after thermal treatment
recorded at different temperatures along both axes. As to tle 70°C with NEMI revealed changes in extractability and size
temperature dependence ff the direction of the shift was distribution for the 17+18 and triple null lines. Proteins extracted
seemingly opposite to that observed on cooling from 40 to 20°@ 0.5% and 2% SDS buffers decreased at the benefit of an unextrac-
for the control, 5+10, and triple null lines, which would mean thatable residue fraction. In control and 5+10 lines, no residue was
at 20-70°C, temperature affects several structural mechanisf@med, but less glutenin polymer was extracted in 0.5% SDS buffer
that do not respond in the same way. However, this requireend more was recovered in 2% SDS buffer, indicating that even
confirmation by a detailed study because feshifts observed when SH groups were blocked, heating at 70°C had enhanced glu-
during the first temperature cycles are quite small considering thtenin aggregation. Heating without NEMI modified more extensively
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Fig. 8. Mechanical spectra of gluten samples recorded before and after heating at 70°C (2nd temperature cycle) for the copleahahtingis
rehydrated with dislled water @& andC) and with 0.M N-ethylmaleimide (NEMI) B andD). Strain amplitude: 0.03. At 20°C before the start of the
2nd temperature cycla( O). At 20°C after heating at 70°C and cooling to 20&C 4). At 20°C , for samples rehydrated with NEMI maintained at
70°C for 10 hr{—, — — 9. Black symbols or continuous line: storage modulus G'. White symbols or dotted line: loss modulus G".
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the properties of gluten proteins of all four lines. First, the total
amount of proteins that were extracted by the sequential procedure
was reduced. Protein residues account for 68, 34, 47, and 39% of
the total proteins from the control, 5+10, 17+18, and triple null
lines, respectively, whereas no residue was observed with unheated
glutens. Contents of monomeric proteins and glutenin polymers
extracted in 0.5% SDS buffer also decreased. The fate of glutenin
polymers extracted with 2% SDS buffer depended on the lines:
they decreased in the control line, were stable in the 5+10 line, but
increased in the 17+18 and triple null lines. These results are
indicative of different aggregative potential of the glutenin poly-
mers depending on their HMW-GS composition. Those containing
the 5+10 subunits aggregated as an unextractable residue only
under heating without NEMI. Independent experiments had shown
that residue proteins resulting from heating could be extracted only
after addition of reducing agent. Thisimplies that SS bridges were
involved in the heat-induced unextractability through SH-SS inter-
changes resulting in covalent cross-linking of glutenin aggregates.
When only subunits 17+18 or no HMW subunits were present,
some aggregation occurred even with NEMI. The cause of this parti-
cular behavior is not known.

The relationship between gluten polymer composition and gluten
rheology is illustrated in Fig. 9, where the height of the visco-
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elastic plateau is plotted on log-log scales against the cumulated
fractions of P1 and of the residue for the unhesated and heated glutens.

The results follow reasonably well (R = 0.7) a power law (expo-

nent 2.6) with the exception of the point relative to the unheated
triple null gluten. After heating at 70°C, this sample was never-
theless normalized.

DISCUSSION

Analyses of the viscoelastic behavior of the glutens extracted
from near-isogenic lines showed contrasting results. Mechanical
properties of glutens depended mainly on HMW-GS composition.
Two particular results were noticeable. First, the gluten comprising
only subunits 1Dx 5 and 1Dy 10 exhibited the same viscoelasticity
as the gluten from the control line with five subunits. Thiggests
a very high viscoelastic potential for this pair. Second, the gluten
comprising the subunits 1Bx 17 and 1By 18 exhibited a lower
viscoelasticity than those with subunits 1Dx 5 and 1Dy 10.

This validates the quality scores of HMW glutenin alleles estab-
lished by Branlard et al (1992) where the pairs 5+10 and 17+18
were rated 30 and 18, respectively, on a scale of 0-30. According to
protein composition of the lines, this must arise from structural dif-
ferences between the subunits, such as additional cysteine residue and
regularity of conformation of repetitive domains (Anderson et al 1989,
Goldsborough et @989, Flavell et al 1989, Shewry et al 1992).

Data from sequential extraction and SE-HPLC explained differ-
ences of gluten viscoelasticity. Extractability in 0.5% SDS buffer
was larger as viscoelasticity was lower, the amount of largest glu-
tenin polymers (P1 extracted with 2% SDS buffer plus sonication)
was greater for higher viscoelasticity. Such a relationship between
glutenin polymers and viscoelasticity was observed previously on
gluten subfractions as well as on whole glutens from other near-
isogenic lines of wheats (Cornec et al 1994, Popineau et al 1994a).

The effect of heating on the four lines was modulated by the
range of temperature and by the blocking of SH groups. Whatever
the HMW composition of the lines, heating to 40°C resulted in
reversible variations of rheological properties, as evidenced by com-

Fig. 9. Correlation between the height of the viscoelastic plateau at 20°@Garison of the rheological results obtained at 20°C before and after
gnd the p:;JpéthI%'i(|?1+f?Sldl{e) (%) of éhe largest ﬁ'UtenC;” agg“;élatzfsthe heating-cooling cycle. SH status (free or blocked) did not notice-

etermined by the fractionation procedure on unheated sam®les ( apy influence the behavior in this temperature range. This suggested
samples rehydrated with O/IN-ethylmaleimide (NEMI) heated at 70°C  y 4 possible structural changes in gluten were reversible, that is,

(A), and samples rehydrated with tdisd water heated at 70°Cmj. . .
Larger symbols correspond to the triple null line gluten samples. Line igﬁey did not involve covalent bonds. In faﬁ,% was lower at

the power law fit (exponent 2.8,= 0.70) on the experimental points 40°C than at 20°C. This was in agreement with the disruption of

(except the unheated triple null line). Heat treatment, especially witintermolecular H bonds on heating (Belton et al 1994) and with in-
water, normalizes the viscoelastic plateau of the triple null line. creased mobility of side chains when temperature increases (Har-

TABLE VII
Extractability and Size Distribution of Prolamin in Glutens Submitted to Thermal Treatments
With or Without an SH-Blocking Agent (NEMI) (% total protein)?

0.5% SDS 2.0% SDS + Sonication Residue Glutenin Extracted

Line P1 P2 P3 2 P1 P2 P3 2 R 0.5% SDS 2.0% SDS
Control

20°C 5 11 46 62 22 11 5 38 0 16 33

70°C + 4 10 44 58 27 10 5 42 0 14 37

70°C — 1 2 21 24 1 3 4 8 68 3 4
5+10

20°C 7 13 54 74 16 7 3 26 0 20 23

70°C + 4 11 50 65 23 8 4 35 0 15 31

70°C — 1 4 35 40 18 5 3 26 34 5 23
17+18

20°C 11 14 59 84 7 4 5 16 0 25 11

70°C + 3 9 49 61 2 7 3 12 26 12 9

70°C — 1 4 31 36 10 4 3 17 47 5 14
Triple null

20°C 10 20 65 95 3 1 1 5 0 30 4

70°C + 5 12 54 71 7 2 2 11 18 17 9

70°C — 1 6 36 43 15 5 3 23 39 7 20
a Glutens were extracted sequentially in 0.5% SDS buffer then 2.0% SDS buffer with sonication. Extracted proteins weretcsigeetadiusion HPLC on

Superose 6 (P1 MW > 500,000; P2 500,000 > MW > 70,000; P3 MW < 70,000). + = with NEMI; — = without NEMI.
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greaves et a 1995b), which would be expected to weaken the visco- Flavell, R. B., Goldsbaugh, A. P., Robert, L. S., Schnick, D., and
eadticity of the network, and confirmed that intermolecular hydro- Thompson, R. D. 1989. Genetic variation in wheat HMW glutenin
gen bonds are primarily involved in the association of polypeptide subunits and the molecular basis of breadmakintjtguBio/Technol.

chains in the gluten network (Pézolet et al 1992, Belton 1994). 7:1281-1285. .
. o ’ Goldsborough, A. P., Bulleid, N. J., Freedman, R. B., and FlaveB.
Heating at 70°C had a more complex effect on glutens. Rheo- 1989. Conformational differences between two wheatitiCum

logical analyses showed that limited wrgversﬂ:_;le changes occurredaestivum) high-molecular-weight glutenin subunits are due to a short
when SH groups were blocked, resulting in lncreaB%d/alueS region containing six amino acid differences. Biochem. J8263842.

after cooling at 20°C, except for the control line which was lefiGupta, R. B., Paul, J. G., Cornish, G. B., Palmer, G. A., Bekes, F., and
unchanged. This parallels SE-HPLC analyses showing that in theseRathjen, A. J. 1994a. Allelic variation at glutenin subunit and gliadin
conditions, some aggregation also was occurring, producing largeloci, Glu-1, Glu-3 and Gli-1, of common wheats. |I. Its additive and
glutenin polymers and unextractable residue proteins, except for interaction effects on dough properties. J. Cereal Sci. 19:9-17. _
the control line again. The change concerned glutenin polymef@uPta, R. B., and MacRitchie, F. 1994b. Allelic variation at glutenin
extracted in 0.5% SDS buffer rather than gliadins. The increase of SUbunit and gliadin loci, Glu-1, Glu-3 and Gli-1, of common wheats.

0 . . . . . Il. Biochemical basis of the allelic effects on dough properties. J.
Gr was the largest, in relative values, for the triple null line, which Cereal Sci. 19:19-29.

originally.had the lowest viscoelasticity and .the highes_t proteir@;upta’ R. B., Popineau, Y., Lefebvre, J., Cornec, M., Lawrence, J. G.,
extractability. It demonstrated that even a limited glutenin aggre- and MacRitchie, F. 1995. Biochemical basis of flour properties in
gation is able to induce detectable rheological changes. bread wheats. Il. Changes in polymeric protein formation and
Without NEMI, glutenin aggregation of all four lines was strongly  dough/gluten properties associated with the loss of Igwerivhigh M
enhanced by heating at 70°C as was the height of the viscoelasti@lutenin subunits. J. Cereal Sci. 21:103-116.
plateau. All gluten components were involved in aggregatmadse Hargreaves, J., Popineau, Y., Marion, D., Lefebvre, J., and Le Meste, M.
the recovered amounts of monomeric gliadins wéreug halved. 1995a. Gluten viscoelasticity is not lipid-mediated. A rheological and
Nevertheless, even after the thermal treatment, differences were stiimelecular flexibility sudy of lipid and non-prolamin depleted glutens.
- . Agric. Food Chem. 43:1170-1176.
observed bet_vveen Co'?”o' and 5+10 lines on the one hand,. an rgreaves, J., Popineau, Y., Le Meste, M., and Hemminga, M. 1995b.
17+18 and triple null lines on the other. Gluten 5+10 left aside, wolecular flexibility in wheat gluten proteins submitted to heating.
this difference could be explained by the respective contents in resi-gEBS Lett.372:103-107.
due protein, composed of unextractable prolamin aggregates. Hargreaves, J., Popineau, Y., Cornec, M., and Lefebvre, J. 1996. Relation
between aggregative, viscoelastic and molecular properties in glutens
CONCLUSIONS from genetic variants of bread wheat. Int. J. Biol. Macromol. 18:69-75.

o ) ] __Lawrence, G. J., MacRitchie, F., and Wrigley, C. W. 1988. Dough and
HMW-GS are indispensable elements that provide viscoelasticity breadmaking quality of wheat lines deficient in glutenibunits con-

to a gluten network. Subunits differ by their viscoelastic potential, trolled by the Glu-A1, Glu-B1 and Glu-D1 loci. J. Cereal Sci. 7:109-112.
which is expressed through polymers and aggregates of differeigfebvre, J., Cornec, M., Popineau, Y., and Pézolet, M. 1994a. The
size distributions. The influence of SS bonds on aggregation andnetwork structure and viscoelasticity of gluten. Pages 227-231 in:
viscoelasticity was delineated by the effect of heating on prolamin Whe_at Ker_nel Proteins, Molecular and Functional Aspects. Universita
association and gluten mechanical properties. The rearrangement Oﬁ%%l;eStgdllgsgli?]J:jc$’ gr"’]‘('jy'COmeC M. 1994b. Viscoelastic properties
SS Cross-_llnks res_u_lted n 'afgef polym_ers and aggregate_s and H"'of gluten proteins: Influence of prolamin composition and of temperature.
C'feased viscoelasticity. This did _n0t abOI'Sh’_ however_, SUbun'_t'rEIated Pages 180-189 in: Gluten Proteins 1993. Association of Cereal Research:
differences. Changes of rheological properties following heating and petmold, Germany.
cooling cycles showed too that connectivity between covalentlpayne, P. I., Nightingale, M. A., Krattiger, A. F., and Holt, L.1887a. The
cross-linked elements of the network is based on hydrogen bonds.  relationship between HMW glutenin composition and the breadmaking
guality of British grown wheat varieties. J. Seaod Agric. 40:51-65.
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