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A,ISTRACT 

Dupuis, Brigitte, Ph.D., The University of Manitoba, January 1999 

Effects of Douah Mïxing on Gluten Proteins 

Advisor: Dr. WaIter Bushuk 

The gluten protehs, gliadin and glutenin, are mainly responsible for the viscoelastic 

properties unique to wheat flour dough. This study was undertaken to evaluate the 

changes occurring to the gluten proteins d u ~ g  dough mWng and to examine how îhese 

proteins, related to breadmaking quality, participate in the mechanism of dough 

development and breakdown. 

Flours fiom four dBerent cultivars were selected for their wide range of mWng 

strength. Flour-water doughs and doughs containing potassium iodate or N-ethyl- 

maleimide were underrnixed, mixed to peak development, and overrnixed. A small scale 

fractionation procedure, coupled with a selective precipitation method, was used to obtain 

six protein fractions: salt-soluble (SS), ethanol-soluble @S) gliadin and glutenin, acetic 

acid-soluble (AS) gliadin and gluten& and acetic acid-insoluble (AI) glutenin. The 

solubility distribution and composition of the fractions were rnonitored at each stage of 

mixing. 

The presence of glutenin in the SS fraction and the formation of a foam layer 

d u ~ g  fiadonation of doughs suggested that mixing altered the conformation of glutenin 

andlor induced gliadin-glutenin interaction to an extent sufficient to enhance the solubility 

and surface activity of some of the gluten proteins. The ES gliadin and giutenin increased 



during mking, but showed no cultivar-specific behaviour related to mixing strength. The 

quantity of AI glutenin was diiectly related to mWng strength and decreased d u ~ g  

mixing. AS gliadin in the flours was inversely related to dough mixing strength and was 

attributed to genotype-specific gliadin-gIutenin interaction. 

Protein solubility distribution and electrophoretic results provided convincing 

evidence for the existence of genotype-speciIic gliadin-gluterin interaction. Results 

showed that al1 cultivars exhibited giiadin-giutenin L iac t ion  d u ~ g  mi>Mg and the 

degree of interaction was inversely related to mWng strength. Intrinsic gliadin-glutenin 

interaction was measured by quan-g the amount of giiadin in the AS protein fraction 

of flours. Gliadin-glutenin interaction was manifested by an unusual drop in the AS gliadin 

during the very early stages of mixing of doughs. Strong cultivars (with long mWng 

requirements) exhibited the lowest degree of interaction and weak cultivars (with short 

d n g  requirements) exhibited the highest. 

Analysis by reversed-phase high-performance liquid chromatography of changes in 

subunit composition during mking of three glutenin fiactions revealed some variation in 

subunits related to quality. Allelic diifferences were most pronounced for the 1Dx subunits 

(1Dx2 versus 1DxS) and much less evident for 1Ax and 1B subunits. The 1Ax and 1Bx 

subunits appûired to be less Bected by the mixing process. The 1Dx and y-type < i B, ID) 

subunits exhibited more dynamic behaviour throughout mixing, suggesting a more active 

role in the -SHI-SS- interchange reactions for these subunits. Hcrzever, dserences 

observed in the glutenin subunit composition of glutenins during rniuin~ *.wld not explain 

the large changes in dough properties and the inherent variation betwem cultivars. 



Using size-exclusion high-performance liquid chromatography, the presence of 

glutenin compnsed only of LMW-GS @MW glutenin) was identified in the ES, AS and 

AI fiactions of glutenin. LMW glutenin, like the gliadins, may be involved in interaction 

with the glutenin of the larger Mr. The absorption level used to mix a dough influenced the 

extent of glutenin breakdown (reduced M, and enhanced solubitity) and possibly the 

degree of gliadin-giutenin interaction (proportion of AS gliadin). Fu1 fomula ingredients 

and resting did not appear to have a major impact on the protein solubility distribution and 

glutenin subunit composition. 

Results fiom this study provide additionai support for glutenin breakdown and the 

sulphydryl-disulfide (-SW-SS-) interchange reaction as important mechanisms in dough 

mixing and offer convincing evidence for gliadin-glutenin interaction as an addit ional 

mechanism. This study concludes that glutenin breakdown occurs by both 

depoIyrnerization and disaggregation and that the - S W - S S -  interchange reaction, like 

gliadin-glutenin interaction, exerts its fûnctional importance at a higher structural level 

than the subunit level. 
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Abbreviation Description 
70PS 70% 1-propanol-soluble 
70PI 
A I  
AS 
AS gliadin 
AS glutenin 
ASPI 
ASPS 
Do 
ES 
ES gliadin 
ES glutenin 
ESPI 
ESPS 
G1 
GS 
HMW-GS 
Ka 
KP 
LMW-GS 
Mr 
MT 
M u  
NEMI 
RP-HPLC 
SD S-PAGE 
SEC 
-SH 
4s- 
SS 
%uPP 

- - 

70% l -propanol-insoluble 
acetic acid-insoluble 
acetic acid-soluble 
acetic acid-soluble-propanol-sohble, ASPS 
acetic acid-soluble-propanol-insoluble, ASPI 
acetic acid-soluble-propanol-insoluble, AS glutenin 
acetic acid-soluble-propanol-soluble, AS gliadin 
AC Domain, variety of the Canada Westem Red Spring class 
ethanol-soluble 
ethanol-soluble-propanol-soluble; ESPS 
ethanol-soluble-propanol-insoluble; ESPI 
ethanol-soluble-propanol-insoluble; ES glutenin 
ethanol-soluble-propanol-soluble; ES gliadin 
Glenlea, variety of the Canada Westem Extra Strong class 
glutenin subunit 
high rnolecular weight glutenin subunits 
AC Karma, variety of the Canada Praine Spring class 
Katepwa, variety of the Canada Western Red Spring class 
low rnolecular weight glutenin subunits 
relative molecular mass 
mixing time 
mixograph units 
N-ethyhaleimide 
Reversed-phase hi&-performance liquid chromatography 
sodium dodecyl sulfate polyacrylarnide gel electrophoresis 
size exclusion chromatography 
sulp hydryl 
disulfide 
salt-soluble 
% unextractable polperic protein 



LIST OF TABLES 

Table 1. High MoIecular Weight Subunit Composition, Flour Extraction, Moisture, 
Protein, Ash, F a h g  Number, and Starch Darnage of Wheat Flours Used in 

. Smdy ..........~........~......................................................................................... 26 
.......................................... Table 2. Dough Mixing Properties of Flours Used in Study 26 

Table 3. Optimum absorptions and MUring Times Selected for Control Doughs .............. 37 
Table 4. Optimum absorptions and MWng Times Selected for Preparation of Doughs 

Containing Potassium Iodate (6Oppm) or N-ethylmaleimide (120ppm) ........... 42 
Table 5. Protein Distribution Obtained by Modified Osbome Fractionation and 

mirification of Glutenin in EthanoLsoIuble and Acetic Acid-soluble 
Fractions (% of Total Flour Protein) and %UPP Obtained by SEC of 

1 ........................................................................................................... Flours 54 
Table 6. Relative Amounts of HMW-GS Mx,  1Bx and 1By (% total HMW-GS) in 

1 
ES, AS, and AI Glutenin Obtained by RP-HPLC ......................................... 5 6  

Table 7. Relative Arnounts of HMW-GS 1Dx and 1Dy (% total HMW-GS) and Ratio 
of HMW-GS to LMW-GS in ES, AS, and AI Glutenin Obtained by RP- 

................................................................... HPLC' ...................................... 5 6  
Table 8. Modified Osbome Protein Distribution (% of Total Flow Protein) Using the 

.............................................. Large Scale and Several Small Scale Methods ' 62 
Table 9. Statistical Cornparison of the Modified Osborne Protein Distribution ................ 67 
Table 10. Example of the Reproducibility and Sensitivity to .......................... ... .......... 68 
Table 1 1. Changes in Proportion of Gliadin @S, AS and total) and Glutenin (ES, AS 

and total soluble) During Mwng of Control Doughs. .................................. 108 
........................ Table 12. Cornparison of Modined Osborne Protein Distribution for .... 1 10 

Table 13. Changes in GLiadin (ES, AS and total) and Glutenin (ES, AS and total 
soluble) D u ~ g  Mwng of Iodate Doughs. ............................................. 122 

Table 14. Changes in Gliadin (ES, AS and total) and Glutenin (ES, AS and total 
................................................... soluble) During Mwng of NEMI Doughs. 129 



Figure 1. Farinograph curves of flom h m  five Canadian spring wheat varides ............ 27 
Figure 2. Mixograph curves (Farinograph absorption) of flours h m  five ........................ 29 
Figure 3. Regression analysis Uustrating the effect of absorption on mkograph peak 

height (MU, mixograph units). AC Karma (KA), AC Domain @O), Roblin 
@O), Katepwa (KP), Glenlea 1993 (GLl), Gledea 1994 (GL2). .................. . 3  3 

Figure 4. Regression analysis illustrating the effect of absorption on mixograph work 
input (%tq*min). AC Karma @A), AC Domain @O), Roblin @O), 

............................ Katepwa @CI?), GLeniea 1993 (GLI), Glenlea 1994 (GL2). -35 
Figure 5. Effect of varyïng concentrations of KIG on the mWng properties of Katepwa 

flour-water doughs (64.2% absorption) measured with a 2-g computerized 
...................................................................................................... mixograph 3 8 

Figure 6. EEect of v-g concentrations of NEMI on the mixing propedes ofKatepwa 
flour-water doughs (64.2% absorption) m w e d  with a 2-g computerized 

...................................................................................................... mixograph 40 
Figure 7. Flowchart for the small-scale modified Osborne hctionation procedure.. ....... .45 
Figure 8. SDS-PAGE under non-reducing and reducing conditions of ES, AS and AI 

fractions of Katepwa flour obtained using three different solvent-to-sarnple 
ratios for the small scale rnoaed  Osborne fiactionation procedure. 4 = 
4:1, 10 = 10:1, 20 = 20:l. .............................................. ... 

Figure 9. SDS-PAGE under non-reducing and reducing conditions of ESPI, ESPS, 
ASPS, and ASPI fiactions obtained nom Katepwa dough (Mxed to 50% 
peak; 150 mg) by 70% 1-propanol pudication in Tris buffer (fmt lane in 
each eaction), phosphate buffer with subsequent water wash (second lane 
in each fiaction), and phosphate b e e r  without water wash (third lane in 
each fraction). ................................................................................................ 70 

Figure 10. SDS-PAGE under non-reducing and reducing conditions of small scale 
rnodified Osbome fiactions obtained nom Glenlea and Katepwa flours (150 
mg). (1) Salt-soluble, (2) ESPS, (3) ESPI, (4) ASPS, (5) ASPI, and (6) 

................................................................................................................. AI. 73 
Figure 11. SDS-PAGE under non-reducing and reducing conditions of srnail scale 

rnodified Osbome fiactions obtained fiom AC Domain and AC Karma 
fi ours (1 50 mg). (1) Salt-soluble, (2) ESPS, (3) ESPI, (4) ASPS, (5) 
ASPI, and (6) A I  ............................................................................................ 75 

Figure 12. Changes in modified Osbome fiactions during miong of control doughs 
prepared fiom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and AC 
Karma (Ka) flours. Mixkg time of O % corresponds to flour. ......................... 8 1 

Figure 13. SDS-PAGE of unreduced and reduced salt-soluble fiactions of flours and 
control doughs (1 50 mg). First lanes designated as (G1) Glenlea, (Kp) 
Katepwa, @O) AC Domain and (Ka) AC Karma correspond to fiactions 
obtained fiom flours. Subsequent lanes correspond to fiactions obtained 

........ nom control doughs rnixed to (1) 50%, (2) 100% and (3) 200% of peak 83 



xiv 

Figure 14. SDS-PAGE under non-reducing and reduchg conditions of the sait- 
soluble subfiadons of Katepwa dough (mixed to 50% peak, 150mg). 
(Cm) Katepwa flour controi, (1) total combined sdt-soluble fiaction, (2) 
supematant tiom fist  salt extraction, (3) supematant nom second sait 

. extraction, (4) water wash of salt-insoluble pellet, (5) foam layer. .................. 86 
Figure 15. Changes in purified ES and AS fiactions during mixing of control doughs 

prepared with Glenlea (GI), Katepwa, (Kp), AC Domain (Do) and AC 
Karma @Ca) flours. Moeng t h e  of 0% corresponds to flour. .......................... 90 

Figure 16. SDS-PAGE of unreduced and reduced purified ES and AS fractions of 
Glenlea flour and control doughs (150 mg). First lanes designated as ESPS, 
ESPI, ASPS, ASPI correspond to flour fkactions- Subsequent lanes 
correspond to control doughs mixed to (1) 50%, (2) 100% and (3) 200% 
of p& ................................................................................................... 93 

Figure 17. SDS-PAGE of unreduced and reduced purified ES and AS &actions of 
Katepwa flour and control doughs (150 mg). First lanes designated as 
ESPS, ESPI, ASPS, ASPI correspond to flour fractions. Subsequent lanes 
correspond to control doughs mixed to (1) 50%, (2) 100% and (3) 200% 
of peak. ......................................................................................................... 95 

Figure 18. SDS-PAGE of unreduced and reduced purified ES and AS fractions of AC 
Domain flour and control doughs (150 mg). Fust lanes designated as 
ESPS, ESPI, ASPS, ASPI correspond to flour fiactions. Subsequent lanes 
correspond to control doughs mked to (1) 50%, (2) 100% and (3) 200% 
of peak. ....................... .. ........................................................................... 97 

Figure 19. SDS-PAGE of unreduced and reduced purified ES and AS fractions of AC 
Karma flour and control doughs (150 mg). Fist lanes designated as ESPS, 
ESPI, ASPS, ASPI correspond to flour fractions. Subsequent lanes 
correspond to control doughs mixed to (1) 50%, (2) 100% and (3) 200% 
of peak. ...................................... .. 99 ................................................................. 

Figure 20. SDS-PAGE of unreduced and reduced AI fiactions of flours and control 
doughs (150 mg). First lanes designated as (G1) Glenlea, (Kp) Katepwa, 
@O) AC Domain and (Ka) AC Karma correspond to flour fiactions. 
Subsequent lanes correspond to control doughs mked to (1) 50%, (2) 
100% and (3) 200% of peak. ....................................................................... IO5 

Figure 21. Changes in modified Osborne fiactions during mwrig of iodate doughs 
prepared from Glenlea (GI), Katepwa (Kp), AC Domain (Do) and AC 
Karma (Ka) flours. h4king t h e  of O % corresponds to flour. ....................... 114 

Figure 22. Changes in p u s e d  ES and AS fiactions during mixing of iodate doughs 
prepared with Glenlea (Gl), Katepwa, (Kp), AC Domain (Do) and AC 
Karma (Ka) flous. Mwng t h e  of 0% corresponds to flour. ....................... 1 16 

Figure 23. SDS-PAGE under non-reducing conditions of AI fiactions of flours and 
doughs (150 mg) prepared with iodate and NEMI. First lanes designated as 
(Gl) Gleniea, (Kp) Katepwa, (Do) AC Domain and (Ka) AC Kama 
correspond to flour fiactions. Subsequent lanes correspond to doughs 
mixed to (1) 50%, (2) 100% and (3) 200% of peak. ..................................... 119 



Figure 24. Changes in modified Osbome fractions during mixing ofNEMI doughs 
prepared nom Glenlea (Gl), Katepwa (Kp), AC Domain @O) and AC 
Karma (Ka) fiours. Minng time of O % corresponds to flour. ....................... 123 

Figure 25. Changes in puritied ES and AS hct ions  during mUring of NEMI doughs 
prepared with Glenlea (Gl), Katepwa, (Kp), AC Domain P o )  and AC 
Karma (Ka) flours. Mïxing time of 0% corresponds to flour. ........................ 126 

Figure 26. Changes during mixing in the amount of SS protein obtained by modified 
Osborne fiactionation ofcontrol, iodate, and NEMI doughs prepared fiom 
Glenlea, Katepwa, AC Domain and AC Karma flours. Mocllig tirne ofO% 
corresponds to flour .................... .... ............................................................. 130 

Figure 27. Changes during mixing in the amount of ES protein obtained by modified 
Osbome hctionation of control, iodate, and NEMI doughs prepared fiom 
Glenlea, Katepwa, AC Domain and AC Karma flours. MWng time of 0% 

............................................................. corresponds to flour. ............... .... 132 
Figure 28. Changes during h g  in the amount of ES gliadin obtained by modified 

Osbome Eactionation of control iodate, and NEMI doughs prepared nom 
Glenlea, Katepwa, AC Domain and AC Karma flours. MUgng time of O% 

............................................................ ................... corresponds to flour.. ... 135 
Figure 29. Changes during rnixing in the arnount of ES glutenin obtained by modified 

Osbome fiactionation of control, iodate, and NEMI doughs prepared fiom 
Glenlea, Katepwa, AC Domain and AC Karma flours. Mi>ang time of 0% 

.................................................................................... corresponds to fi our. 137 
Figure 3 0. Changes during &g in the amount of AS protein obtained by modified 

Osborne fkactionation of control, iodate, and NEMI doughs prepared fiom 
Glenlea, Katepwa, AC Domain and AC Karma fiours. Mixing t h e  of O% 

.............. .................*..........*............................ corresponds to fiour. .... 13 9 
Figure 3 1. Changes during mixing in the amount of AS gliadin obtained by modied 

Osbome fiactionation of control, iodate, and NEMI doughs prepared fiom 
Glenlea, Katepwa, AC Domain and AC Karma flours. Mixing time of 0% 

.................................................................................... corresponds to fiour. 141 
Figure 32. Changes during mixing Ui the amount of AS glutenin obtained by modified 

Osborne fiactionation of control, iodate, and NEMI doughs prepared £tom 
Glenlea, Katepwa, AC Domain and AC Karma flours. Mïxing time of 0% 

........................ .................................................. corresponds to flour. .......... 143 
Figure 33. Changes during mixing in the amount of A I  protein obtained by modified 

Osborne fiactionation of control iodate, and NEMI doughs prepared f?om 
Glenlea, Katepwa, AC Domain and AC Karma flours. Mwng time of 0% 
corresponds to flour .................................................................................... 146 

Figure 34. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to L W - G S  of the ES fiaction of glutenin during minng of control 
doughs prepared from Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and 

.................................................. ...................................... AC K m a  (Ka). .. 152 
Figure 3 5. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 

GS to LMW-GS of the AS fiaction of glutenin during mixing of control 



doughs prepared nom Glenlea (Gl), Katepwa (Kp), AC Domain 00) and 
AC Kanna (Ka). ..................................... ... ................................................. 155 

Figure 36. Changes in the relative amounts of the HMW-GS and the ratio ofHMW- 
GS to LMW-GS of the AI fiaction of giutenh during mixing of control 

. doughs prepared fiom Glenlea (Gl), Katepwa (Kp), AC Domain @O) and 
AC Karma (Ka). ......................... ... .................................................... 157 

Figure 37. Changes during mixing in the relative amounts of the x-type subunits in ES 
and AS glutenin obtalied f?om AC Domain control doughs prepared at 
62% and at 69% absorption. ........................................................................ 160 

Figure 38. Changes during mi-g in the relative amounts of the y-type subunits and 
the ratio of HMW-GS to LMW-GS in ES and AS glutenin obtained fiom 
AC Domain control doughs prepared at 62% and 69% absorption. .............. 162 

Figure 39. Changes during mixing in the relative amounts of the HMW-GS and the 
ratio of HMW-GS to LMW-GS in AI guienin obtained &om AC Domain 
control doughs prepared at 62% and 69% absorption. .................................. 165 

Figure 40. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to LMW-GS of the ES fraction of glutenin during mixing of iodate 
doughs prepared nom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and 
AC Karma (Ka). .......................................................................................... 168 

Figure 41. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to LMW-GS of the AS fiaction of glutenin d u ~ g  mWng of iodate 
doughs prepared fYom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and 
AC Karma (Ka). .......................................................................................... 17 1 

Figure 42. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to LMW-GS of the AI  fraction of glutenin during mWng of iodate 
doughs prepared fiom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and 
AC Karma (Ka). .......................................................................................... 173 

Figure 43. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to LMW-GS of the ES fraction of glutenin during mWng of NEMI 
doughs prepared fiom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and 
AC Karma (Ka). .......................................................................................... 176 

Figure 44. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to LMW-GS of the AS fraction of glutenin during mWng of NEMI 
doughs prepared nom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and 
AC Karma (Ka). .......................................................................................... 178 

Figure 45. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to LMW-GS of the AI fraction of glutenin during rnixing of NEMI 
doughs prepared nom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and 
AC Karma (Ka). .......................................................................................... 18 1 

Figure 46. Changes in the proportion of a-gliadins (as % of ES and AS glutenin 
fractions) for control, iodate and NEMC doughs prepared fiom Glenlea 
(Gl), Katepwa (Kp), AC Domain @O) and AC Karma (Ka). ........................ 185 



Figure 47. Changes in the proportion of a-gliadins (as % of total protein) Ui the ES 
and AS glutenin fiactions for control, iodate and NEMI doughs prepared 
f?om Glenlea (Gl), Katepwa wp),  AC Domain @O) and AC Karma (Ka). .. -187 

Figure 48. RP-HPLC chromatograms of hctions obtained fiom Katepwa flour 
. (control) or dough (100% MT). (A) Control sarnple (50% 1-propanol- 

insoluble residue nom Katepwa flour) overlaid with ASPS obtained by 70P 
purification of the AS fiaction of Katepwa dough (100% MT'). (B) 70PS 
and 70PI fiactions obtained by purification of the AI glutenin fraction- 
Peaks considered to be LMW-GS in the controi sarnple (A) and AIPI 
sarnple (B) but also present in the ASPS and A I P S  samples (identical R) 

.............................................................................. are highlighted with (&). 193 
Figure 49. Two-step SDS-P AGE (Step 1). SD S-PAGE under non-reducing 

conditions of ESPS (ES) and ASPS (AS) hctions of Katepwa flour and 
control doughs (150 mg) mixed to 50%, 100% and 200% peak .................... 196 

Figure 50. Two-step SDS-PAGE (Step 2). SDS-PAGE under reducing conditions of 
the dot protein fiom Step 1 (Figure 49). ESPS (ES) and ASPS (AS) 
fractions of Katepwa flour and control doughs (150 mg) mixed to 50%, 
100% and 200% peak. .............................................................................. 198 

Figure 5 1. SE-HPLC chromatograrn of a 70P supernatant fiaction indicating the 
................................................ fiactions collected for SDS-PAGE analysis. 200 

Figure 52. SDS-PAGE of unreduced and reduced fiactions collected fiom SE-HPLC 
of the ESPS fiaction of Katepwa control dough (100% MT). Numbered 
lanes (1-7, in order of decreasing MJ correspond to numbered fiactions in 

.................... Figure 5 1. (A) Coomassie Brilliant Blue stain. (B) Silver stain. 202 
Figure 53. Changes in the ASPS glutenin (% of total protein) during mkhg of 

control, iodate and NEMI doughs prepared fkom Gleniea (Gl), Katepwa 
(Kp), AC Domain @O) and AC Karma (Ka). .............................................. 2 0 5  

Figure 54. Changes in the ESPS gfutenin (% of total protein) during mixing of 
control, iodate and NEMI doughs prepared nom Glenlea (Gl), Katepwa 
(Kp), AC Domain @O) and AC Karma (Ka). ..................... .. .................. 208 

Figure 55. Total gliadin (ES gliadin and AS gliadii minus 70PS giutenin, % of total 
protein) and total soluble glutenin (ES glutenin and AS glutenin plus 70PS 
glutenin, % of total protein) in flours and control doughs prepared nom 
Glenlea (GI), Katepwa (Kp), AC Domain (Do) and AC Karma &a) ............. 210 

Figure 56. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to LMW-GS of the ES fiaction of glutenin during mjxing of full 
formula doughs prepared from Glenlea, rested Oh (Gl-0) or 2 h (Gl-2), and 
from Katepwa, rested O h (Kp-O) or 2 h (Kp-2). ......................................... 215 

Figure 57. Changes in the relative amounts of the HMW-GS and the ratio of HMW- 
GS to LMW-GS of the AS fiaction of glutenin during rnixing of full 
formula doughs prepared from Gleniea, rested Oh (Gl-0) or 2 h (Gl-Z), and 
from Katepwa, rested @ h (Kp-O) or 2 h (Kp-2). ........................................ 217 



Figure 58. Changes in the relative amounts of the HMlW-GS and the ratio of  HMW- 
GS to LMW-GS of the AI fiaction of  glutenin during rnixing of full formula 
doughs prepared fiom Glenlea, rested Oh (GI-0) or 2 h (G1-2), and nom 
Katepwa, rested O h (Kp-O) or 2 h (Kp-2). ............................................... 219 

Figure 59. Changes in the total area (mAVsec) of the RP-HPLC chromatogram of 
the ES, AS and AI glutenin during mixing of fûii formula doughs prepared 
i?om Glenlea, rested Oh (Gl-O) or 2 h (Gl-2), and nom Katepwa, rested O h 
(Kp-O) or 2 h (Kp-2). ....................~..~.~~.~~.~...~.~................................... 222 



The following publications or presentations have resulted nom the studies reported in this 
thesis: 

Dupuis, B. and Bushuk, W. 1996. Variation in high molecular weight glutenin 
subunit composition in various solubility Eactions of flours of diverse dough 
strength. Pages 262-266 in: Gluten '96, Proc. 6th Int. Gluten Workshop, Sept. 
2-4, 1996, Sydney, Australia. C.W. Wngley (ed.), Royal Aust. Chem. Inst., N. 
Melbourne, 

Dupuis, B., Bushuk, W. and Sapirstein, E D .  1997. Changes in gluten proteins 
during mixing o f  flours of diverse breadmaking quality. Cereal Foods World 42: 
659. AACC 82nd Annual Meeting. 

Dupuis, B., Bushulq W. and Sapirstein, ED. 1999. Effects of dough mixing on the 
solubm distribution of gluten proteins: evidence for gliadin-glutenin interaction. 
(m preparation) 

Dupuis, B., Bush& W. and Sapirstein, H.D. 1999. Effects of dough mixing on 
the subunit composition of three glutenin fiactions of different solubility. (in 
preparationj 

Dupuis, B., Bushuk, W. and Sapirstein, H.D. 1999. Effects of dough mixing on 
the quantity and distribution of glutenin compnsed only of low molecular weight 
subunits. (in p reparation) 



1. INTRODUCTION 

Wheat is one of the most important cereal grains worldwide, in terms of 

production and utilization Wheat flour has the unique abiiity to form a viscoelastic dough 

when rnixed with water. We have taken advantage of this unique property in the 

production of an enomous variety of baked products, one of which is bread. The storage 

proteins of wheat flour provide the unique viscoelastic properties that are essential to the 

developrnent of a bread wheat dough suitable for breadmakuig. 

Since the discovery that breadmaking qualis- of wheat fiours was related to protein 

content and quality (Finney and Barmore, 1948), research has focused on elucidating the 

molecular basis for the fùnctionality of the storage proteins in relation to breadmaking 

quality. Approximately half of the storage proteins are gliadms, the monomenc proteins 

that confer viscous properties to bread doughs. The rernaining 50% consists of glutenins, 

large polyrners of disulfïde-linked subunits%ith a M, distribution ranging up into the tens 

of millions (Wrigley, 1996) that confer elasticity to bread doughs. AIthough the 

relationship of gliadins to breadmaking quality is still controversiai, sufficient evidence has 

accumulated that shows a distinct and strong relationship between the glutenins and 

quality (recently reviewed by Weegels et al, 1996). 

Correlative studies have shown that variation in the portion of glutenin insoluble in 

various solvents is related to the variation in dough strength or breadmaking performance. 

This fiaction of glutenh, considered to be of high &, as weii as the presence of specific 

subunits of gluteniq the quantity and the distribution of giutenin have ail been related 

to quality. Most of these studies, based on flour, have been used to evaluate the sarne 



factors during dough development and breakdown. Protein solubility distribution, using a 

number of solvents, and protein composition have been most extensively studied in an 

effort to understand the M>gng phenornenon. Much of the research on dough minng was 

reported some decades ago. But renewed interest has resulted in the application of new 

fkactionation methods and improved techniques (eg. electrophoresis, RP-HPLC, SE- 

HPLC) to the study of changes in the storage proteins during dough mixir~g. Much less 

attention has been given tu the possible role of interactions between proteins, such as 

between gliadin and glutenin, in mixing behaviour. Because of the strong correlation 

between the insoluble fiaction of glutenui and mixing strength, there has also been very 

Little research on glutenins of low molecular weight. 

In light of the above, the broad objective of this thesis was to obtain a better 

understanding of the mechanism of dough development and breakdown using fiours of 

diverse strength. The fist  objective was to investigate the changes in solubility of fiour 

proteins during mWng of flour-water doughs. A small-scale modified Osborne 

fiactionation procedure was initially developed to reduce the tirne of fiactionation and to 

increase sarnple size. This fractionation procedure produced three fiactions of interest, d 

containing gliadins andlor glutenins: the ethanol-soluble, acetic acid-soluble, and acetic- 

acid-insoluble fiactions. Because of significant cross-contamination in the two soluble 

fiactions, a rnodified purification method was incorporated with the nactionation 

procedure to separate gliadins and glutenins. The changes occurring during mixing to the 

fiadionated and purified fiactions were evaluated. Doughs containing potassium iodate, 

an oxidizing agent, or N-ethylmdeimide (NEMi), a sulfhydryl-blocking agent, were 

similarly studied. Although the rnechanisms are diierent, the reaction of these chernicals 



with accessible sul£hydryl groups in dough would interfere wah the suifhydryl-disdfide 

interchange reaction thought to be of major importance in dough development. Effects of 

these treatments compared to control doughs rnight provide additional information on 

protein behaviour during dough mixing. 

The second objective was to evahate the glutenin subunit composition of the three 

glutenin fiactions and to determine how they rnight be af5ected by mucing. More 

specifically, were there changes in the glutenin during mixing that involved a 

predorninance of the high molecular weight glutenin subunits (HMW-GS) associated with 

quality? This objective was achieved by the use of reversed-phase hi&-performance Iiquid 

chromat ography (RP-HPLC) . 

Other objectives of the thesis study included: monitoring of a-gliadins that CO- 

precipitate with glutenins d u ~ g  purification and evaluating whether changes during 

mixing were related to breadmaking quality (RP-HPLC); rneasuring the content of 

glutenin comprised only of LMW-GS (SE-HPLC) and evaluating the importaiice of the 

changes in these proteins during mixing; bnefly evduating (a) the rnixing behaviour of full 

formula doughs versus flour-water doughs made fkom the same flours @) the effect of 

resting after rnixing on the storage proteins in full formula doughs. In addition to the effect 

of mixing, intervarietal differences, and interactions where appropnate, were also 

evaluated for all objectives discussed. 

The hypotheses being tested were: 

(1) MDOng causes depolymerization and disaggregation of glutenin. This reduction 

in M, would be reflected in a change in protein solubility distribution. 



(2) Giutenins respond difrently to mixing dependmg on the subunit composition. 

This diierence in response would be detected by variation in the glutenin 

subunit composition for each fiaction and mu8ng time. 

(3) Gliadin-@utenin interaction is an important factor inauencing the mking 

properties of a flour. Additional evidence in support of the hypothesis 

previously described (Almonte, 1998, Dupuis et al, 1996, Fu et al, 1996) 

would arise from the analysis of protein solubility distribution changes during 

mixing. 



2.1. Introduction 

The four major unit operations in the commercial production of bread are: mkhg, 

fermentation, proofing, and baking. Regardless of the process or formulation used, dough 

mixing is considered the most critical step. Mïxing is required to blend ingredients into a 

homogeneous mass and hydrate flour particles. Occlusion of air during dough mkhg 

creates the nuclei for gas cells which W later expand during fermentation and set during 

baking. Sufficient work input, in the form of mjxing, must be provided to develop a dough 

to optimum. An optimdy developed dough must have the viscoelastic properties 

necessary to maintain expansion and gas holding capacity through the subsequent 

fermentation, proofing, and baking stages. 

Dough development is thought to result fiom the disaggregationl depolymerization 

of glutenin and the realignrnent and aggregation of glutenin and gliadii. Both processes of 

disruption and formation reach an optimum balance to form a continuous protein network 

of optimum functionality. The physical mechanism of development involves the scission of 

covdent bonds, specificdy disuEde bonds, the dismption of noncovalent interactions, 

and the a l i m e n t  of molecules by the shear created in mixing. Interchange reactions (- 

SH/-SS- )  occur to relieve the stress exerted by mixing and are intluenced by the presence 

of oxidants (eg. oxygen, iodate), reducing agents (eg. glutathione, L-cy st eine- 

hydrochloride) and thiol-blocking agents (NEMI). Changes in protein solubility, rnolecular 

weight, and sulfliydryl content have been reported to occur as part of this proposed 

mechanism of dough development. However, despite these observations, little 



experirnentd evidence exists to support the generally held view of dough development and 

the importance of interchange reactions and molecular weight distribution. The actual 

mechanisms involved in the development of optimum dough stmcture can only be 

hypothesized until further research provides additional information on the structure and 

interactions of the gluten proteins. 

Two major problems continue to challenge cereal chemists in their investigation of 

the molecular basis for dough strength. Wheat storage protehs are d i c u l t  to solubilize 

and cross-contamination occurs in different solubility fractions. This is clearly evident with 

the modSed Osborne procedure where gliadins and glutenins are rnutually soluble to 

varying degrees in acqueous ethanol and dilute acetic acid solutions. Recently, an 

improved Eactionation procedure involving selective precipitation with dserent solutions 

of 1-propanol was developed (Fu and Saphtein., 1996) which can rninimize or elhinate 

cross-contamination. The method involves more steps than a simple fiactionation 

procedure, but dows  for the relatively pure protein fiactions to be correlated to quality 

pararneters. A second problem, also related to solubiiity, is the very large size of native 

glutenin. Current techniques do not allow for the analysis of glutenin in its native state. 

But newer methods, such as multi-stacking SDS-PAGE (Khan and Huckle, 1992), field- 

fiow fkactionation (Stevenson and Preston, 1 W6), and techniques based on light scattering 

(Sutton, 1996) may overcome this problem. 

This thesis focuses on the storage proteins responsible for the unique viscoelastic 

properties of wheat flours. This literature review will focus on those storage proteins, their 

composition, structure, and genetics. In particular, the relationship of the storage proteins 

to dough mixing, as one factor in breadmaking quality, will be reviewed. 



2.2. Wheat Fiour Proteins 

2.2.1. Composition 

. Osbome (1907) classified wheat proteins into four groups based on solubility. 

Sequential extraction with water, salt solution (OSM NaCl) and 70% ethanol produced 

four wheat flour protein fiactions classitied as: water-soluble albumins, salt-soluble 

globulins, alcohol-soluble gliadins and glutenins, protein insoluble Ui 70% ethanol. The 

rnodiied Osbome fiactionation method (Chen and Bushuk, 1970) further classified 

glutenins into dilute (0.05N) acetic acid-soluble and -insoluble fractions. The albumins are 

proteins of Iow relative molecular mass (Mr -30,000) constituting about 15% of total 

protein (Bushuk, 1993). Globulins, making up about 5% of total protein, have a greater 

range of Mr (10,000-98,000). Except for the hi& molecular weight (HMW) albumins 

(Gupta et al, 1991a) and the tnticins (Singh et al, 1987), the alburnins and globulins are 

metabolic proteins of a non-storage nature. 

The storage proteins, gliadin and glutenin, comprise upto 80% of total flour 

protein and confer the viscoelastic properties unique to wheat flours. GLiadins, forrning 

about 40% of total protein, are single chah polypeptides (Mr = 30,000-80,000) classified 

as a-, p-, y-, and a-gliadins, based on their relative mobility during acid-PAGE (Bushuk 

and Sapirstein, 1991). The a-, B-, and y-gliadins (Mr = 36,000-44,000) cm be classified as 

sulfur-nch, whereas the a-gliadins (Mr = 50,000-75,000) are classined as sulfir-poor 

because they lack cysteine residues (Field et al, 1983a). The a-gliadins have unusual 

amino acid compositions, with high levels of glutamine (40-50 mol%), proline (20-30 

mol%) and phenylalanine (7-9 mol%), low levels of charged residues and no cysteine 



(Shewry et ai, 1994). The a-, P-, and y-gliadins, together with the LMW glutenins, have 

the most variable amino acid composition, reflecting their highly heterogeneous nature 

compared to that of the a-gliadins and IlMW glutenins. Glutenùis are very large 

polymeric storage proteins made up of disuifide-linked HMW (M, 95,000-140,000) and 

low rnolecular weight (LW, Mr 30,000-5 1,000) subunits (Payne and Corfield, 1979). 

The HMW-GS are rich in glutamine (35 mol%) and glycine (20 mol%) and low in proline 

(10 mol%) cornpared widi other prolarnin groups. The HMW-GS are sometimes 

designated as A-subunits and the LMW subunits are designated as B- and C-subunits, 

based on their mobility (slower to faster, respectively) in sodium dodecyl sulfate- 

polyacrylamide gel electrophoresis (SDS-PAGE). A group of LMW subunits with relative 

mobilities intermediate between the HMW and B-LMW subunits is designated as D- 

subunits. The D-subunits are mutated o-gliadins containing only one cysteine residue 

(Masci et al, 1993, 1995). The glutenin subunits are cross-linked by disuEde bonds to 

form the largest proteins iq nature, with M,'s estimated to range up into the millions 

(Sutton, 1996, Wrigley, 1996). These estirnates are based on a new method known as 

field-flow fkactionation (Gustavsson et al, 1994; Wahlund et al, 1996). Both the LMW-GS 

and the HMW-GS polymerize to form native glutenin, although studies of nuil lines have 

shown that glutenin polymers can be fomed consisting oniy of LMW-GS (Gao and 

Bushuk, 1993) or HMW-GS (Gupta et al, 1995). 

2.2.2. Stmc fure and Genetics 

Three distinct features are cornmon to the primrj structure of gliadins and 

glutenin subunits: a central repetitive domain flanked by non-repetitive N- and C- 



domains. The a-&, and y- glïadins, We the LMW glutenin subunits (LMW-GS), are 

characterized by a relatively short repetitive sequence in the centrai domain (89-137 

residues) and long (up to 185 residues) C-terminal domains (Colot, 1990). The a-@-, and 

y- gliadins contain a-helix (30-35%) and P-sheet structures (10-20%). The high stability 

of the helical confornation is considered to be due in part to extensive hydrogen bondimg 

as well as to  the presence of disulfide bonds (Tatham and Shewry, 1985). The L W - G S  

resemble the sulfûr-rkh gliadins in anib ûcid composition, secondary structiire and 

cysteine content. The repetitive domain is nch in J3-tums with short stretches of  a - h e w  

while the non-repetitive C-terminal domain is ncher in a-helix with regions of p-turns and 

B-sheet (Tatham et al, 1987). The C-terminal domains contain most or aU of the cysteine 

residues (6-8), although one cysteine is found at the N-terminal of LMW-GS (Shewry et 

al, 1994). 

In contrast, the a-gliadins and HMW glutenin subunits @MW-GS) have short N- 

and C-terminal domains and their sizes are governed by the relatively long central 

repetitive domains (285-666 residues). The a-gliadins are nch in P-tums, which are 

probably interspersed with random coils. No a-helix or B-sheet is detectable and 

hydrophobie interactions are very important to conformational stability (Tatham and 

Shewry, 1985). The HMW-GS central repetitive domains are reported to be rich in P- 

reverse tums, while the nonrepetitive N- and C-terminal domains are predicted to consist 

predorninantly of a-helical stmcture. Diffirences in subunit sue result mainly nom 

variation in the repeat stmcture and in particular fiom differences in the number of 

hexapeptide and tripeptide motifs (D'Ovidio et al, 1994). Two types of HMW-GS exist in 



native glutenin: the high M, x-type and the low W y-type. Tripeptide motifs are found in 

the x-type central domain, in addition to the hexa- and nonapeptide motifs common to 

both.types ofHMW-GS. These subunits Vary in repeat motifs and cysteine content. Three 

(x-type) and five (y-type) cysteine residues are located in the N-terniinal and one in the C- 

terminal of HMW-GS, and several have an extra cysteine residue in the central repetitive 

domain close to either terminal (Shewry et ai, 1992). A cysteine substitution in the N- 

temiinal domain of the subunit 1Dx5 is unique arnong HMW-GS and could result in a 

more highly cross-iinked glutenin polymer when this subunit is present (Shewry et al, 

1992). 

The gliadins are genetically controlled by genes on the short arms of the 

homoeologous group 1 and 6 chromosomes. The loci of group 1 chromosomes (GZi-1) 

code for dl a-, most y-, and a few P-gliadins. The group 6 chromosome loci (Gli-2) code 

for aiI a-, most p-, and sorne y-giiadins. Gliadin genes are tightIy linked to each other and 

those on group 1 chromosomes are also iinked with the genes controlling the low 

molecular weight glutenh subunits (LMW-GS). Each gliadin locus controls the synthesis 

of several mutually inhented polypeptides, and 12-30 deles have been recently assigned 

to each locus (Metakovsky, 1991). 

Genes for the major polypeptides of glutenin, the LMW-GS, are located on the 

short arms of homoeologous group 1 chromosomes. There is some evidence that a few C 

subunits may be controlied by genes on group 6 chromosomes (Tao and Kasarda, 1989; 

Gupta and Shepherd, 1993). Gene loci for the LMW-GS (Glu-3) and the gliadins (Gli-1) 

are tightly Linked. The Glu-B3 and GIi-BI loci are reported to be 1.8-2.0 CM apart, 

whereas no recombination has been reported between Glu-A3 and Gli-AI and between 



G h D 3  and Gli-DI Pachkevitch et ai, 1993). Any one cultivar c m  contain nom 7 to 16 

LMW-GS (MacRitchie, 1992). The LMW-GS genes are very similar (6-65% sequence 

identity in the large nomepetitive domain) to the a-, P-, and y-gliadin genes (Colot, 1990). 

Allelic patterns suggest that the L W - G S  are controlled by a cluster or block of genes 

(Gupta and Shepherd, 1993). 

The HMW-GS are genetically controlled by genes on the long arms of group 1 

chromosomes. Each Glu4 locus contains two tightly linked genes (Glu-1-1 and Glu-1-2) 

which code for a high Mr x- and a lower Mr y-type subunit, respectively (Ng et al, 1989). 

Each variety contains between three and five subunitq two of which are controlled by 

Glu-1 loci on chromosome ID, one or two by chromosome IB, and none or one by 

chromosome 1A (Orth and Bushuk, 1974; Payne et al, 1981a; Shewry et al, 1992). 

Sequence homology between alleles is very high (as much as 97%), with differences of 

ody a few amino acids. 

2.2.3. Relafrafromh@ to Breaciinakiing Quality 

The existence of a protein quality factor has been known for many years (Finney 

and B m o r e ,  1948). Fractionation studies have shown a distinct relationship between 

soiubility and breadmaking quality. Flours of good quality have a greater proportion of 

protein insoluble in aqueous solutions of urea (Pomeranz, 1965), acetic acid (Orth and 

Bushuk, 1972), hydrochlonc acid (MacRitchie, 1987), and sodium dodecyl sulfate (Gupta 

et al, 1993). The importance of glutenin as a protein quality factor in breadrnaking 

potential was first demonstrated by Orth and Bushuk (1 972). Since then, much research 

has focused on the possible relationship between the structure of glutenin and its 

finctionality in breadmaking. Later studies provided firther evidence for a solubility- 



quality relationship (Field et ai, 1983b; Gao and Bushuk 1992; MacRitchie, 1987; 

Marchylo et al, 1990; Moonen et ai, 1982; for a review refer to Schofield, 1994). 

Sapirstein and Johnson (1996) developed a simple spectrophotometric method to meanire 

the content of insoluble glutenin in flour. The method involves the solubhtion of 

insoluble gluterin with 50% 1-propanol and dithiothreitol (after rernoval of monomenc 

protein with 50% 1-propanol). A very strong relationship (RL0.85) was reported 

between the spectrophotomeû-idy determined insoluble glutenin content and mixing 

strength for the sarnples of Canadian wheats studied. Bean et al (1998) later developed a 

simple and rapid procedure also based on extraction of flour with 50% 1-propanol but 

using nitrogen combustion analysis for the combined determination of insoluble glutenui 

plus residue protein content. Good correlations between dough strengîh parameters and 

absolute and relative amounts of insoluble protein were found for the sarnples of U.S. 

wheats studied. Wieser et al (1998) also reported on a small scale and rapid method for 

the quantitation of diierent protein fiactions in wheat, although no correlation analysis 

was undertaken. Their method involved the Osborne fiadonation procedure and RP- 

HPLC analysis; total integrated area as measured by absorbance at 214 nm was used in 

combination with a standard curve to detennine the quantity of protein in each fiaction. 

The shortcoming of this method is the significant, and sometimes genotypic, cross 

contamination of the acetic acid-soluble fiaction (Dupuis et al, 1996). 

Reconstitution studies by Lee and MacRitchie (1971) provided evidence that the 

molecular weight distribution of glutenin influenced qualiîy as measured by dough 

properties. By reconstitution with suitable amounts of high molecular weight gluten (2M 

urea insoluble) and whole gluten, MacRitchie (1973) was able to produce a flour of strong 



dough characteristics fiom a flour that was originally weak and very extensible. 

MacRitchie (1973) concluded that the strength of a f lou was directly related to the 

moiecular weight distribution of its gluten proteins. Based on reconstitution/interchange 

studies of paired weak and strong flours, MacRitchie (1978) reported that differences in 

the baking performance of bread wheats were related to the properties of the acetic acid- 

insoluble glutenin. In another study using sequential extraction with dilute HCI, glutenins 

exhibited a large influence on mWng requirements and loaf volume. Gliadins were 

reported to ciecrease mWng requirements but have only a small negative effect on loaf 

volume (MacRitchie, 1987). The relative weakening effect of gliadins was reported to be 

in the order: a-1 > a-2 = a- = B- > y- (Fido et al, 1997) when added to flour-water 

doughs mixed in a mixograph. 

Huebner and Wali (1976) obtained two fractions of glutenin by gel filtration of 

AUC-extracted proteins Eom flours of vaq4ng quality. They reported that the ratio of 

glutenin I, a very high molecular weight fiaction, to glutenin II, a broad spectrum of lower 

molecular weight glutenins, was generally higher for flours of better breadmaking 

performance. Flours of weak mixing and baking characteristics usually contained less 

unextractable protein and glutenin 1. 

Further support for the relationship between solubility-baking quality and glutenin 

properties (molecular weight, size distribution, subunit composition and ratio of HMW- 

GS to LMW-GS) was provided by Graveland et al (1982, 1985). Glutenins were 

separated into fractions varying in subunit composition and molecular weight. Glutenin I, 

SDS-insoluble gel protein, was the protein fiaction of largest molecular weight (estimated 

at severai million) and contained subunits in the ratio of 3 HMW-GS to 3.4 B-type-LMW- 



GS to 1.7 C-type-LW-GS. Glutenin II, SDS-soluble and 70% ethanol-insoluble, had the 

same ratio of subunits but was of lower molecular weight than glutenin 1. Glutenin III, 

SDS.solub1e and 70% ethanol-soluble, was the lowest molecular weight fraction and 

contained ody LMW-GS in a ratio of 3.4 B-type to 1.7 C-type. A good breadmaking 

wheat variety was reported to contah more glutenins overall, more glutenui 1 and less 

glutenin II than a poor quality variety. The role of Glutenin III in quality was not 

discussed, but this fiaction was identical to previously isolated ethanol-soluble (Payne and 

Corfield, 1979) and high molecular weight gliadin (Bietz and Wall, 1980) fractions. 

In a later study (Gupta et al, 1993), it was reported that protein unextractable in 

0.5% SD S was very strongly positively correlated with dough strength. Size-exclusion 

high-perfomaace licpid chromatography (SE-HPLC) showed that the unextractable 

protein contained a greater proportion of larger polymers and a significantly higher ratio 

of HMW-GS to LMW-GS than the extractable fkaction. 

The composition of protein fiactions and hence theû relationship to breadmahg 

quality wiU Vary with the eactionation procedure and the starting material used. However, 

based on three fiactionation procedures and reconstitution studies, Chakraborty and Khan 

(1 988% 198 8b) reported that, regardless of the fiactionation procedure, fiactions 

containing larger amounts of ghtenin gave the highest positive responses to loaf volume. 

The extent of loaf volume response, however, was dependent on the fi-actionation 

procedure. 

That protein quality for breadmaking is an inherited trait is supported by strong 

evidence which suggests that the presence of certain HMW-GS is correlated positively 

with good breadmaking quality. Orth and Bushuk (1973b) reported that the presence or 



absence of certain HMW-GS coded for by the D-genorne had a significant effect on 

baking quaiity. Payne et al (1979) showed that breadmakhg quality and the composition 

of the HMW-GS were related. A strong correlation was reported between the presence of 

HMW-GS 1 and quality. A strong correlation between HMW-GS 5 and 10 and baking 

quality was subsequently reported (Payne et al, 1981b) and later supported by Ng and 

Bushuk (1988). Payne et al (1987) developed a HMW-GS scoring system, mauily based 

on the effects of these subunits on the SDS-sedirnentation test, an indirect mesure of 

breadmaking quality. The Glu-1 score dowed the r h g  of the major HMW-GS in order 

of quality and the statistical evaluation of the amount of variation in bread-making quality 

attributable to the HMW glutenin subunits. The Glu-1 scores accounted for 59-69% of the 

variation in bread-making quality of 67 Canadian cultivars studied (Lukow et al, 1989). 

Moonen et al (1983) reported similar associations of specinc HMW-GS alleles with 

quatity, but also stated that the effects were additive. Subsequent research has shown that 

the proportion of the intervarietal variation in breadmaking potential that can be attributed 

to differences in the composition of the HMW-GS fluctuates widely between 15% and 

60% depending on the group of varieties analyzed (Kolster, 1992). Epistatic effects 

between alleles at the Glu4 loci also have an important effect on quality ( C d o  et al, 

1990; Kolster et al, 1991; Rousset et al, 1992). 

AUelic variation of L W - G S  can also affect quality, whereas any correlation with 

gliadins is less definitive. The CO-migration of LMW-GS with gliadins in SDS-PAGE has 

made the study of these proteins difncult. The development of a two-step SDS-PAGE 

method has shown significant variation of LMW-GS patterns arnong bread wheat varieties 

(Gupta and Shepherd, 1987). These authors also reported an additive effect on dough 



resistance when a speciiic LMW-GS (Glu-Mm) was present with a HMW-GS (Glu-Alb; 

Le. 2*). :Ln another study (Gupta et al, 1991b), correlations between predicted and actual 

dough qualiity parameters were reported to be highest if both LMW-GS and HMW-GS 

were included. Metakovsky et ai (1990) found a correlation of dough resistance to 

extension &) with LMW-GS of the B genome and with gliadin composition associated 

with chromosome 6A (mainly a-gliadm). They reported that extensibility related best to 

specific gliadin blocks coded by chromosomes 1 4  6B and 6D and LMW-GS of the A and 

D genomes. 

In addition to HMW-GS composition, the ratio of HMW-GS to LMW-GS was 

also an important factor in breadmaking quality. Varieties with greater dough strength 

were reported to have a higher HMW-GS:LMW-GS ratio (Gupta and MacRitchie, 1991). 

For a fixed glutenin content, an increase in the HMW-GS:LW-GS ratio resulted in a 

concomitant increase in dough strength (Gupta et ai, 1992). MacRitchie and Gupta (1993) 

investigated the effects of sulfûr deficiency in the soi1 on protein composition and 

finctionaiity. The amounts of relatively sulfur-poor HMW-GS increased and the suifùr- 

rich LMW-GS, H M W  albumins and triticins decreased with decreasing sulfiir level. These 

changes resulted in a higher HMW-GS:LMW-GS ratio, higher percentage of 

unextractable polymenc protein (considered to be of higher molecular weight), and hence 

greater dough strength. Khatkar et al (1995) studied the dynamic rheological properties of 

gIutens and gluten subfiactions (gliadin and glutenin) fiom wheats of good and poor 

breadmaking quality. The viscoelastic properties of the glutenin subfkaction and the ratio 

of gliadin to glutenin were reported to be the main factors goveming intercultivar variation 

in breadmaking quality. 



Evidence that gliadins affect strength or bakùig quality is connicting. Some studies 

report a positive correlation with quality (Branlard and Dardevet, 1994) wMe others 

report the contrary (Fido et al, 1997). Evaluation of the influence of gliadins on mixing 

strength or b h g  quality are harnpered by their cornigration with L W - G S  in 

electrophoresis and HPLC rnethods of analysis. The tightIy linked genes (Gli-l and Glu-3) 

may confound effects of gliadins and LMW-GS when conducting statistically based 

correlation studies: correlations discovered for one particuiar group of proteins may in fact 

be due to the other group of proteins expressed by the tightly linked genes. 

Harner et al (1992) reported that breadmaking quality was not only govemed by 

the quality of the HMW-GS, but also by other factors, such as the arnount of glutenin 

proteins. Others had previously suggested that, in addition to HMW-GS quality and 

composition, the quantity of glutenin or HMW-GS was also important (MacRitchie, 1987; 

Ng et al, 1989). Predictive models based on HMW-GS composition alone showed no 

correlation (Hamer et al, 1992). Expanding these models to include other parameters 

related to breadmaking quality irnproved the positive correlation between predicted and 

measured loaf volume. However, much of the variation could still not be accounted for 

with these models, leading Hamer et al (1992) to speculate on the relative importance of 

other factors, including amount of glutenin proteins, protein composition, and gliadins. 

Despite the fact that Kolster and Vereijken (1993) could only-explain 20% of the 

variation in quality by diierences in HMW-GS composition, the authors considered this 

level of variation caused by HMW-GS to be of interest. In addition to ranking the HMW- 

GS according to their effects on quality, Kolster and Vereijken (1993) also reported 

interactions between alieles. Such interactions would explain the lack of consistent 



effectiveness of scoring systems that are based on additive effects. At a constant number 

of HMW-GS or at an identical HMW-GS composition, variation of the level of expression 

was reported. The presence of Glu-Al deles (1 or 2*) appeared to increase the 

proportion of subunits produced. The Glu-BI alieles were ranked according to level of 

expression: (7+9) = (7+8) > 7 = (6+8). The ranking of Glu-B 1 alleles with respect to 

quantity produced was reported to be identical to their ranking for quatity Wolster, 1992). 

In contrat, difEerent GLU-D I alleles (e.g. 5+10 or 2+12) produced identical amounts of 

subunits. The authors concluded that breadmaking quality was kfluenced by quantity 

(arnount of HMW-GS) as well as quality @MW-GS composition). Thus, the superior 

quality of alleles produced by Glu-Al were probably a result of an increased proportion of 

HhW-GS. Both quantity and quality appeared to be involved in the deles of Glu-BI. 

And the Glu-Dl alleles appeared to exert their effect solely by intrinsic quality. 

Recent studies lend fûrther support for the importance of quantity as weli as 

quality of HMW-GS (Gupta and MacRitchie, 1994; Gupta et 4 1994a). Meles were 

sirnilarly ranked, additive and epistatic effects were reported, and the LMW-GS were 

observed to afEect quality (Gupta et ai, 1994b). These observations supported the 

conclusion by Hamer et al (1992) that Glu-1 quality scores, or HMW-GS composition 

alone, were insufficient to account for quality differences between bread wheat varieties. 

The very close relationship (R%.80) between dough mWng requirements and the overall 

expression of total glutenin subunits in insoluble glutenin (Sapirstein and Fu, 1998, 

Sapirstein and Johnson, 1996) provides additional evidence for this view. Melic effects on 

dough strength were attrîbuted to variation in (i) the quantity and size distribution of 

polymenc protein, and (ii) the arnount or types of subunits produced. The relative size 



distribution of the polymeric protein was in turn govemed by (i) the ratio of HMW- 

GS:LMW-GS, which depends on the quantity of individual subunits, and (ii) the 

polymerizing behavior of these subunits, which may be related to their basic size or 

structure (Gupta and MacRitchie, 1994). 

2.3. Dough Mixïng 

During mixing, flour proteins and other constituents are first hydrated; hydrated 

protein aggregates are then disaggregated and reoriented by the shearing action of mixing, 

and f o m  a protein (gluten) network (Tsen, 1969; Graveland et al, 1994). After 

appropnate mixing, the developed dough shodd have the optimum foam structure with 

appropriate viscoelastic pro perties required to sustain handhg, and withstand expansion 

and retain gas during fermentation proohg, and baking. Although most of the fiour 

constituents are involved in dough development, the protehs are primarily responsible for 

the unique rheological properties of dough and, ultimately, the quality of the final baked 

bread. It has been postulated that two opposing processes occur during mixing; the 

gradua1 transformation of hydrated flour proteins into a continuous flm (by a 

disaggregation/reaggregation mechanism) and the breakdown of this film paredes-Lopez 

and Bushuk, 1982b). The disaggregation of fiour protein (most of which is in the f o m  of 

protein bodies in flour particles) appears to be necessaxy before film formation cm occur 

(Mecham et ai, 1965; Graveland et al, 1994). 

2.3.1. Rule o f suI~a5yI  groups ond disulj?Lie dom5 in mmng 

As is cornmon for most food systems, several molecular forces are involved in the 

complex reactions occuning between flour constituents, particularly the gluten proteins, 

during dough mixing. The most important covalent bond involved in dough xnixing 



reaaions is the disuIfide bond, providing stability and participating in interchange reactions 

with dphydryl groups between protein molecules. The concept of sulfhydryl-disulnde 

interchange reactions was first suggested by Goldstein in 1957 (Bloksma, 1975). Low 

molecular weight thiol compounds interchange with the disuifide bonds made accessible 

by Brownian motion and aügnment durhg mking. The interchange reaction allows for 

the relief of stresses created during mixing and accommodates viscous fiow. Although the 

Ievel of cysteine residues is low in gluten proteins, evidence for the importance of disuifide 

(-SS-) bonds and sulfhydryl (-Sm groups indudes effects on dough properties of 

oxidiPng and reducing agents (Mecham et al, 1963) and effects of SH-blocking chernicals 

such as NEMi Weredith and Bushuk, 1962). Only a smail &action of total -SH groups 

and -SS- bonds are considered to be rheologicaiiy effective (Bloksma, 1972). Loss of -SH 

groups during mixing has been reported while the -SS- content has been reported to 

remain constant or decrease very slightIy (Schroeder and Hoseney, 1978; Tanaka and 

Bushuk, 1973c; Tsen and Bushuk, 1963). 

During dough developrnent, rheologically effective -SS- bonds facilitate alignment 

of protein chahs to fom a dough required for optimum bread quality (Bushuk and 

Kawka, 1990). During and after mixïng, the -SH groups are slowly oxidiied and become 

less numerous and the -SS- bonds then become important for the stabilization of the 

structure until setting during baking. DifTerences in mi>ring strength are partially due to 

dxerences in availability of -SS- bonds and difFerences in -SH content (Tanaka and 

Bushuk, 1973~). The content in flour of reactive -SH groups and -SS- bonds has been 

reported to be inverseIy related to dough strength (Tsen and Bushuk, 1968). 



2.3.2. Role of noncovalent forces in mking 

Noncovalent interactions are ako important in dough mkhg. Hydrogen bonds 

contribute to the structure of dough. Indirect evidence for the contribution of hydrogen 

bonding to dough structure includes the significant &ect on dough mi>ring properties 

reported when heavy water @ 2 0 )  is incorporated into doughs iWchuk and Hlynka, 

1968). Deutenun bonds are considerably stronger than hydrogen bonds and result in a 

stronger dough. This observation, together with the high level of glutamine present in 

wheat storage proteins, provides strong evidence for the importance of hydrogen bonds. 

Hydrophobic interactions are also important to dough structure. When stabilized 

by covalent cross-links (4s- bonds), hydrophobie interactions, Wre hydrogen bonds, can 

contribute significantly to the elasticity and viscosity and thereby facilitate dough 

developrnent (Bushuk and Kawka, 1990). 

Despite the low level of ionkable residues in gluten proteins, ionic bonds play an 

important part in dough structure. This observation can be inferred nom the effect that 

salt and pH have on dough properties. Salt increases mixing time and dough stabiiity 

(Maher Galal et al, 1978). The increase of elasticity and reduction of extensibility obsewed 

(Bushuk and Kawka, 1990) when salt is incorporated into a dough is attnbuted to the loss 

of repulsive forces caused by charge masking. A similar effect is seen when the pH is 

aitered and dough properties are measured with the mixograph. Lowering dough pH 

produces a weaker dough, presumably due to increased positive charge repulsions; 

increasing dough pH increases strength (Hoseney and Rogers, 1990). 



2.3.3. Changes in protein solubility dlunng mixîng 

In addition to the -SS-/-SH interchange reaction, changes in solubility and 

molecular size of giutenin, the hi& molecular weight component of flour proteins, are the 

two features most often reported to occur during dough development. There is a 

significant increase in protein solubility with dough mjxing. This increase in solubility is 

attributed to disaggregation (Mecham et al, 1965; Tsen, 1969) or depolymerization 

(Tanaka and Bushuk, 1973c) of proteins. The amounts of water-soluble and salt-soluble 

protein fiactions are not significantly altered during mixing (Mecham et al, 1963; Tanaka 

and Bushuk, 1973a), although Mecham et al (1963) reported a slight decrease in the 

water-soluble fhction when doughs were mixed in the presence of NEML A s m d  

increase in the ethanol-soluble pr~tein occurs during mWng and is accentuated ifmixing is 

done in the presence of NEMI (Mecham et al, 1963) or iodate (Tanaka and Bushuk, 

1973a). A major shift in the solubility distribution on mWng occurs fiom the insoluble 

residue protein to the acetic acid-soluble protein, and under extended mixïng to the 

ethanol-soluble protein panaka and Bushulg 1973a). The extent and rate of conversion 

fiom the insoluble to the soluble form varies among flours and is related to the rnixing 

characteristics of the flours (Mecham et ai, 1962; 1963). The extent of conversion of 

insoluble to soluble protein during mkhg is greater for proteins of stronger flours and 

lesser for proteins of weaker flours (Parades-Lopez and Bushuk, l982a). Addition of early 

fractions obtained nom a successive protein fiactionation procedure causes a decrease in. 

mihg  requirements whereas the intermediate fî-actions containing higher proportions of 

glutenin cause a large increase in dough development time (MacRitchie, 1987). Thus, 

solubility changes predominantly involve the glutenin fiaction. However, there is now 



some evidence (Bushuk et ai, 1997) that dough developmeg involves changes in gliadin 

solubility also. 

- The most current research on changes in solubility during mWng has been based 

on an SDS solution (1.5% wlv) as extracting solvent. These studies (Wang et al, 1992; 

Weegels et ai, 1993; 1997) support the previously reported kcrease in solubility of the 

insoluble protein fiaction with mixing. In addition, repolymerization is suggested to occur 

during resting, as measured by the decrease in so1ubiIity observed. Weegels et al (1993, 

1997) also analyzed changes in HMW-GS composition of the SDS-insoluble hction 

(glutenin macropolymer or GMP). The content of HMW-GS in the GMP d e r  mixing was 

reduced during rnixhg and increased with resting. Changes in subunit composition were 

also reported. Weegels et al (1993, 1997) observed a preferential incorporation of y-type 

HMW-GS during resting. 

2.3.4. Changes in size disfnsfnOution of gluteniin &ng mmng 

The molecular weight and size distribution of glutenin is also considered important 

to mixing properties of flour proteins. The s h .  in solubility of proteins nom an insoluble 

form to a soluble foxm is considered to arise fiom a decrease in molecular weight of the 

protein (Lee and MacRitchie, 1971; Tanaka and Bush& 1973b; Tsen, 1967). Solubility 

appears to increase during mixing before a signifïcant reduction in molecular size occurs. 

As rneasured by viscosity and gel fltration chromatography, protein solubilized during 

mixing retains a large molecular weight (Danno and Hoseney, 1982a; 1982b). This 

observation may result f?om the low resolving power of rnethods available for molecular 

weight measurernent at the HMW range of flour proteins. The variation in response of 

dEerent flours to extraction and mixing may be a result of diierences in the molecular 



size of protein aggregates (MacRitchie, 1973) or diBeremes in lability to disaggregation 

(Tsen, 1967). 

2.3.5. Gliadn-glutenin interactions &ng mmng 

The idea of gliadin-glutenin interactions as an important factor infIuencing dough 

sîrength has been alluded to in the past (Branlard and Dardevet, 1985b; Eckert et al, 1993; 

Khan et ai, 198 9). Recent studies indicate that gliadin-glutenin interactions may influence 

dough minng properties of ffours and the extent of interaction may be genotype 

dependent (Bushuk et al, 1997; Dupuis et al, 1996, Fu et al, 1996). Bushuk et al (1997) 

exarnined changes in solubility and subunit composition of mecbanically developed 

doughs. During minng, gliadin solubility decreased initially then increased. The reverse 

was observed for the glutenin fiaction. The authors suggested that the role of gliadhs in 

gliadin-glutenin interaction was primarily a physical one. Dupuis et al (1996) exarnined the 

composition of the acetic acid-soluble (AS) and acetic acid-insoluble (AI) fractions of two 

flours of dîerent mkhg strength. The relative amount of gliadins in the AS fraction was 

significantly larger in the weaker gour and smder in the stronger gour. It was 

hypothesized that the solubility of glutenin and gliadin was related to genotype-specifïc 

interaction between the two groups of proteins. The greater the interaction, the higher the 

amount of giiadin insoluble in ethanol but soluble in acetic acid, and the shorter the mixing 

tirne. Further support for the relationship between gliadii solubility and gliadin-glutenin 

interaction was provided by Fu et al (1996). a study of the effect of salt on the water- 

solubility of gliadin and glute* the authors found that the giiadins in glutens of strczg 

cultivars (longer mixîng requirements) were much easier to extract; those of weaker 

cultivars (shorter mixing requirements) were more difncult to extract. 



3. MATERIALS AND METHODS 

3.1. Flours 

Flours used in this saidy were d e d  h m  wheats of three Canadian classes grown 

in variou locations (Kktqwa and Glenlea, 1993 crop h m  Agassiz, MB; Gfedea, Roblin, 

and AC Domain, 1994 crop h m  Dauphin, MB; AC Karma, 1994 crop from Indian Head, 

SK). These flours were selected to provide a wide range in mVong behaviour- Glenlea is a 

hard red spMg @ES) wheat cultivar h m  the Canada Western Extra Strong (CWES) class 

with extra strong dough characteristics Roblin, Katepwa and AC Domain are HRS wheat 

cultivars fkom the Canada Westeni Red Spring (CWRS) class With very strong (Roblin) and 

strong dough characteristics (Katepwa and AC Domain). AC Kamis is a wheat cultivar 

fTom the Canada Prairie Spring-white (CPS-w) class with medium dough characteristics. 

AU wheat samples were rnilled to straight grade flou on a Bühier pneumatic iaboratory 

miil. SeIected technological and quatity parameters for each flou are listed in Table 1 and 

Table 2. Farino&rams and mixograms for each flour are iliustrated in Figure 1 and Figure 

2,  respectively. Flous are listed in order of incfeasing dough mixing strength. Falling 

Number values were obtained using AACC method 56-81B (1983). Dough mixing 

properties were measured using the farinograph method AACC 54-21 (1983) and ushg a 2- 

g direct diive computerized mixograph (National Manufacturing, Lincoln, NE). 

3.2. Chernical Analyses 

Moisture was determined according to AACC method 44-15A (AACC, 1983). The 

ash content of flours was detennined according to the AACC method 08-01 (AACC, 1983). 

Protein content of flours, lyophiüzed doughs, and modified Osbome fiactions were 



Table 1. High Molecula. Weight Subunit Composition, Flow Extraction, Moishire, 
Protein, A& Faliing ~umber,and Starch Damage of Wheat Flours Used in Study 

Flou HMW-GS' Extraction Moisture protein3 &h4 FN Starch 
(IA, lB, ID) h t e 2  Value ~ a t n a ~ e ~ "  

Gledea 94 2*,7+8,5+10 74.0 12.4 10.8 0.54 515 5.9 
Glenlea 93 2*,7+8,5+lo 75.2 12.5 13.6 0.42 484 5.8 
Robh  2*,7+8,5+10 75.5 13.8 14.6 0.46 610 4.1 
Katepwa 2*,7*+9,5+10 72.4 12.6 13.3 0.45 484 5.1 
AC Domain 2*,7*+9,5+10 75.7 13.4 14.3 0.46 626 5.0 
AC Karma 1,7*+9,2+12 76.5 13.5 11.0 0.46 478 4.1 

High rnolecuiar weight giutenin subunit composition in order of lA, lB, 1D chromosome location 
* Al% of total recovëred broducts (as is) 

14% moisture basis 
as % f l o u  weight 

Table 2. Dough Mircing Properties of Fiours Used in Study 
Farinograph Mixograph 

~lour'  FA^^ D D ~  MTI~ D D ~  PH' MT6 
Glenlea 58.7 2-0 40 6.7 42.5 0.23 
Glenlea 93 61.8 23.0 10 5.2 64.7 0.54 
Robb 65.2 13.0 10 3.4 64.7 -0.96 
Katepwa 64.8 6.5 15 3 -4 49.0 -2.07 
AC Domain 63 -9 8 .O 25 2.9 53.1 - 1.26 
AC Karma 58.3 4.0 25 2.5 41 -6 -4.82 
ranking bas& on wheat class and decreasing mWng strength 

2 farinograph absorption, 

dough development t h e  (min) 
müang tolerance index 
peak height (mixograph units) 
mUiing tolerance ("right of peak s1opeN) 



Figure 1. Farinograph c w e s  of flours h m  five Canadian s p ~ g  wheat varieties 
showing a range of miang m g t h  





Figure 2. Mlxograph cwes (Farinograph absorption) of flous k m  five 
Canadian sprîng wheat varieties showing a range of M g  sttength. 
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determined by a mi~~~KjeldahI procedure based on AACC (1983) methods 4613 

(microKjddah1 procedure) and 4 6  16 (iiproved oopper sulfate-titanium dioxide pro cedure) 

widythe foiiowing modifications. A copper sulfate-titanium dioxide catdyst mixture pope 

Kjeldabl Mixtures, Dallas, TX) was used instead of the more hazardous mercury catalyst. The 

pumice mixture contained potassium sulfate (log), titanium dioxide (3g) and copper sulfate 

(2g). Saturate- boric acid solution (40gX1) contained methyI red (7.15 rnl*~-', 02%v/v) and 

methylene blue (2.851nl=~-l, 0.1% v/v) dyes as end-point Uidicators. Samp1es (10-100 mg) 

containing concentrated sulfùric acid (3 ml) were digest4 (450°C, 45-60 min) until solutions 

were clear. Cooled digests were diluted with water (20 ml). Sodium hydroxide solution (15 ml, 

40% w/v) devoid of sodium thiosuüate (normally used to complex with mercuy during 

distillation) was added to sample solution pnor to distillation. Ammonia was distilied and 

captureci in a 125-1111 Erlenmeyer flask contalliing saturated bonc acid solution (10 ml). Once a 

total volume of Som1 was collected, the solution was titrated with standardized HCI (0.0304 

N). A nitrogen-to-protein conversion factor of 5.7 was used ("Rach* 1969). 

Starch damage, as a percentage of flou weight, was detennined using the AACC 

method 76-3 1 (AACC, 1983), with the following modifications. The supematant obtained d e r  

incubation with fungal a-amylase and addition of dilute sulphuric atid was diiuted twofold (50 

pI supematant plus 50 pl water) before addition of amyloglucosidase solution (0.11111). 

Hexokinase (Boehringer Mannheim Canada, Lavai, QC) was used in Lieu of the glucose 

oxidasdperoxidase. Water (1.0 mi) and hexokinase solution (4.0 mi) were added to samples, 

blanks and standards. Absorbantes were read at 340 nm within 30 minutes after addition of the 

hexokinase reagent. Calculation of percentage starch damage is as described in the AACC 

method, with the exception that the volume correction factor is 120 (50 pl taken to 6.0 ml). 



3.3. Optimum Mixograph Water Absorption 

Flour-water doughs (2g flou, 14% mb) were rnixed, in triplicate, in a 2-g 

computenzed mixograph (National Uanufacturing, Lincoin, NE) at different water absorptions 

( 1 .  Regession analysis ~crosoft?ExcelS.O) was pdormed for the mean values of mixing 

time (MT), mixograph peak height (PH), and work input (WI) against absorption. Figure 3 

and Figure 4 illustrate that PH and absorption provide the highest correlation (regression for 

MT versus absorption not shown). Based on the regression -sis for PH, and using the 

regression equations obtained for each gour (Appendix, Table l), an arbitrary value (40MU) 

was selected as the constant consistency kom which the corresponding water absorptions 

(within normal breadmaking range) would be used to prepare all dough sarnples. This 

absorption will be refend to as the optimum absorption. 

3.4. Preparation of Control Doughs 

Optimum absorptions determined using the 2-g mixograph and the minng times 

obtained by anaiyzing dupiicates in the 35-g mixograph are listed for each sample in Table 

3. Flours were mixed in a 35-g mixograph (Department of  Plant Science, University of 

Manitoba) accordiing to M C C  method 54-40A (AACC, 1983) at room temperature 

(23 OC). MWng was stopped at the appropriate times. Doughs were quickly immersed in 

liquid nitrogen in the foHowing manner. Fingers were lightiy dusted with the corresponding 

flou to aid in handling. Doughs were alternately separated into pieces ( approh te ly  14-18 g 

each) and flattened. Each piece was immersed in liquid nitrogen until the dough's exterior 

surface became white and cracbg began throughout the dough piece. Aithough the tirne 

between the end of mi>ang and fkezing was kept to a minimum, changes in d o u a  properties 

with resting were dxejsenred progressively fiom the first to the thïrd piece. ~ c u l t i e s  were 



Figure 3. Regression d y s i s  illustrating the effect of absorption on mkograph peak 
height (MU, mixograph units). AC Karma (KA), AC Domain (DO), R o b h  @O), 

Katepwa (KP), GIenlea 1993 (GLI), Glenlea 1994 (GL2). 
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Figure 4. Regression analysis illustrating the effect of absorption on mixograph work 
input (%tq*rnin). AC Karma (KA), AC Domain (DO), Roblin @O), Katepwa (I(P), 

Glenlea 1993 (GLI), Glenlea 1994 (GL2). 
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encountered in flattening oveImixed dough sampks and AC Karma dough samples, due to the 

extensibility and stickiness of the samples. Control doughs were lyophilized, ground in a coffke 

mili Proctor-Silex Canada Inc., Picton, ON) and stored at room temperature in tightly d e d  

highdensïty polyethylene Nalgene containers (Nàlge Company, Rochester, NY). 

Table 3. Optimum absorptions and Mixing Times S elected for Control D o u a s  
Cultivar Absorption (?4) 50% Mir 100% MT 200% MT 
G1edea (1994) 62.9 3 -6 7.3 14.6 
Katepwa 64.2 1.4 2.8 5.6 
AC Domain 61.7 1.4 2.9 5.8 
AC Domain 69.4 1.9 3.8 7.6 
AC Kacma 60.5 1 .O 2.0 4.0 

3.5. Preparation of Doughs Containing Potassium Iodate or N-ethylmaleimide 

Doughs (2g 14% mb) prepared fiom Katepwa flour at optimum absorption were 

mixed in a 2-g c o m p u t e ~  mixograph (National m., Lincoh, NE) using a range of 

concentrations of potassium iodate (15-120 ppm, KI@, Matlinckrodt Specialty Chemicals, 

Co., Paris, KY) and N-ethyImaleimide (30-240 ppm, NEMI, Sigma Chernical Co., St. Louis, 

MO). Concentrations for KI03 (Figure 5) and NEMI (Figure 6) were selected based on visual 

assessrnent of a range of mixograrns prepared ushg concentrations cited in the literature. 

Doughs were Liitialiy mixed in duplicate in the 35-g mixograph to determine the appropriate 

mWng times (Table 4). Potassium iodate (60 ppm) and N-ethylmaleirnide (120 ppm) were 

added to the fiour samples as aqueous solutions. Samples were subsequentiy fiozen and 

lyopidked as desmbed for the control dougbs. 

3.6. Preparation of Full Formula Doughs 

Full formula doughs were kindly provided by Dr. F. Békés, Grain Quality Research 

Laborato~y, CSIRO, North Ryde, AU. The doughs were prepared usïmg a small-sale 



Figure 5.  Effect of vaxying concentrations of KIa on the mixing properties of Katepwa 
flour-water doughs (64.2% absorption) measwed with a 2-g computerized mixograph 
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Figure 6. EEect of vax-ying concentrations of NEMï on the mixing propeaies of Katepwa 
flour-water doughs (64.2% absorption) measured with a 2-g computerized mjxograph 
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procedure developed at the Grain Quaiity Research Laboratoiy. Sarnples o f a e d e a  (1994) and 

Katepwa flours us& in this çtudy (1.95 g) were mixed with an aqueous yeast solution (1 mi, 

containhg 2% yeast and 0.6% BR1 irnprover containhg 0.6% malt and lOOppm ascorbic acid 

in 100 ml) and water (CalcuIated based on the protein and rnoishire content o f  the flour). 

Doughs were ailowed to rest OY 2, and 4 hours, fieeze-dried, stored in airtight containers and 

shipped to our laboratory for d y s i s .  

Table 4. Optimum absorptions and Mixing Times Selected for Preparation of Doughs 
Containhg Potassium Iodate (60ppm) or N-ethylmaleimide (1 2Oppm) 
Cultivar Additive Absorption 50% MT 100% MT 200% Mî 

Gledea K I 0 3  
NEMI 

Katepwa K I 0 3  
NEMI 

AC Dornain KI03 
NEMI 

AC Karma K I 0 3  
NEMI 

(min) 
7.7 15.4 
5 -4 10.8 
3.2 6-4 
2.6 5 -2 
4.4 8.8 
3.3 6.6 
2.4 4.8 
2.0 4-0 

3.7. Smaii-scale Modified Osborne Fractionation 

The modified Osborne hctionation procedure (Chen and Bush* 1970) as modified 

and describeci by Dupuis et a1 (1996) was initiaiiy used to detemine the protein dimiution for 

flours used in this study. However, this large scaie method is tedious and tirne-consuming. 

Only six hctionations can be perforrned over a 1-2 week period. The method is also limitai 

by the small amount of acetic acid-soluble hction that is produced. In addition, the limiteci 

amount of flour samples available and the large number of dough samples to be processed did 

not fit the standard method. AccordingIyy a smd-scale method was developed to overcome 

these limitations. OpGmization was first performed using flours for which data for the large 



scde modifki Osborne method were avdable @lupuis and Bush& 1996). Extraction times, 

sample-to-solvent ratio, and vortexhg fiequency were varieci until the method produced results 

that were simiiar to those obtained by the large d e  method. ûther details will be disaissed in 

the R d t s  and Discussion section 

nie small-scaie produre  adopted for routine fiactionaiion was as foliows: flour or 

fieeze-dned dough (150 mg) was eXtLaCfed twice with sait solution (0.6 ml, 0.5N NaCl) in 

microcentrifiige tubes (1.5 ml; Fisherbrand, Pittsburgh, PA) for 15 min, with vortexing at 0, 7, 

and 15 min. The solution was centrif3ged (4 min, 795g Biofùge A tabletop microcentrifuge, 

Heraeus-Christ GmbE Germarry) and the supematants transferred to a Kjeldahl digestion tube 

(for subsequent nitrogen determinaiion) or a rnicrocentrifiige tube (2.0 mi, for evaporation and 

subsequent analyses). The peilet was washed with distiUed deionized water (0.6 ml, vortex 

until suspended) until fidly re-suspended (approximately three minutes), centrifùged (4 min, 

1413 g) and the supernatant pooled with the salt solution supematants. This hction was 

analyzed as such, without dialyzing to separate the water-soluble albumuis f?om the salt-soluble 

globulins. The resulting peuet was extracted twice with aqueous ethanol solution (0.6 mi, 

70%v/v), centrifiiged (4 min, 1413g and 2208g, respectively) and the pooled supematants 

transferred to Kjeldahl digestion tubes or microcentrifùge tubes (2.0 mi). The insoluble pellet 

was extracted twice with acetic acid solution (0.6ml, 0.05N), centrifùged (5 min a -  2208g, 6 

min at 5653g), and the supernatants were combined. The pellet was tramferreci to a Kjeldahl 

tube or dned in a vacuum evaporator (SpeedVac Concentrator, Refiigerated Condensation 

Trap RT490, VPlOO High Vacuum Pump, Chemical Trap SCT-120, Filter Pump, Savant 

Instruments, Inc., Farrningdale, NY). After each Monat ion step, quantitative trader was 

achieved by carefid aspiration of residual solvents using a disposable polyethylene tramfier pipet 



(Fisher~rand@, Fisher 

Scientific, Pittsburgh, 

then - the flour/dough 
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Scientinc, Pittsburgh, PA) with a pipet tip (200d Fisher~rand~, Fisher 

PA) attached. In the first extraction, the salt solution was added and 

was suspended by irnmediate vortexing; this was repeated for each 

~~nsecutive sample until all were prepared. The exhadon was then timed for 15 minutes. In 

all subsequent extradons, the solvent was added to ali samples, then all samples were vortexed 

before recordhg the extraction tirne. Protein distribution was detennined for each pooled 

fiaction and reported as a percentage of total ff our or dough protein The scheme for the s m d -  

scale modined Osborne protein &donation procedure developed and used in this study is 

shown in Figure 7. 

3.8. Purification by 70% (v/v) 1-propanol Precipitation 

Ethanol-soluble (ES) and acetic acid-soluble (AS) fractions were fùrther 

fiactionated to separate the glutenins Eom gliadins. A modification to the 70% 1- 

propanol precipitation method of Fu and Sapirstein (1996) was required. The acidic 

. environment of the AS fiactions prevents the efficient precipitation of giutenin. Hence, a 

b a e r  was used to maintain neutrd conditions. Evaporated &actions were suspended in 

buffered 50% (vh) 1-propanol (Tris-HCI or phosphate; pH 7.5; 1 .0d  for ES, 0.5ml for 

AS) and ailowed to stand for 1 h with occasional vortexhg. The solution was then 

brought to 70% (v/v) by additioil. of an appropriate volume of 100% 1-propanol (0.67ml 

for ES, 0.331111 for AS), dowed to stand for 1 h, and centrifùged (5 min, 15000g). The 

supernatant (ESPS or ASPS), compnsing mainly gliadins, was immediately andyzed for 

protein content or evaporated for subsequent analyses. The 70% (v/v) 1-propanol- 

insoluble pellet (ESPI or ASPI), compnsing maidy of glutenins and some o-gliadiins, was 

air dried ovemight. Accordmg to Fu et al (1996), the ESPI and ASPI pellets c m  then be 



Figure 7. Flowchart for the smaii-scaie modiiied Osborne fiadonation procedure 
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washed with sodium iodide solution (0.75M) to remove coprecipitated a-gliadins (Fu et 

al, 1996). This step, however, was only performed for the fractions obtained by the large- 

scale.  BOU^ f?actionatiodpu~cation procedure. The Na1 wash was elimuiated ftom the 

smail-scale scheme so that any changes in o-gliadin solubüity during mWng could be 

monitored. 

The protein content of the 70PS hction was detennined by the spectrophotometric 

method of Sapirstein and Johnson (1996). An aliquot of fieshly prepared supernatant (ESPS 

or ASPS) was diluted 10- or 100-fold with 50% (v/v) 1-propanol. A control blank comprishg 

the same solvent proportions as the sample supematants was simüarly düuted and used as the 

blank against which absorbance was rad. Protein concentration was determined using a 

standard curve of absorbance (214nm) vems  protein concentration (pg-mil). The protein 

content of the purifiecl glutenin fiaction @SPI or ASPI), expresse. as a percentage of total 

flou or dough protein, was then obtained by diference: 

Protein - Protein c~sps ,- = Protein c e ~ p r - l \ s ~ r ,  

3.9. Reversed-p hase High-Peiiormance Liquid Chromatography 

Reversed-phase hi&-performance liquid chromatography (RP-Hi?LC) was based in 

part on the procedures descn'bed by Sin& et a i  (1991) and Marchylo et al (1989). ControIs 

were prepared as foilows: Katepwa flou (20 or 50mg) was extracted twice with 50% (v/v) 1- 

propanol (1 ml) for 30 min at room temperature, with intemittent vortexing, and centrifüged 

(3 min, 2200g). The residue was washed with 50% 1-propanol (1 ml), centrifùged, and the 

supernatant discarded. Residual solvent was rernoved using a disposable polyethylene W e r  

pipet with a pipet tip attached. This residue f?om Katepwa flour was used as a control in all 

RP-HPLC m. Sarnples fiom aii flourddoughs @ d e d  ES and AS glutenin, AI residue) and 



controls were chernidy r e d u d  (60 min, 55°C) with a buflFer solution (100 pl) of Tris-HCl 

(0.08M, pH 7.5) containuig 50% 1-propanol and 1% (w/v) dithiothreitol (Calbiochem, LaJoUa, 

CA). The samples were subsequendy aQIated (15 min, SOC) with a butlier solution (100 pl) 

of Tris-HCI (0-OBM, pH 7.5) containhg 50% l-propanol and 14% (v/v) 4-vinylpyridine 

(Sigma Chernid Co., St. Louis, MO). The samples were vortexed intermittently during 

reduction and alkylation, t h  centrifiiged (5 min, 150OOg). The supematants were syringe 

filtered (45pq 4mrn Millex HV, Millipore Corporation, Bedford, MA) into microvials and 

irnmediaîely analyzed. 

3.9.1. Smnples Prepmed by LargeScale Modzifid Osborne Fractionafiion 

Samples were andyzed using a Hewlett-Packard 1090M Liquid chrornatograph with a 

~ o r b a x @ 3 0 0 ~ ~ - ~ 8  (Rockland Technologies, Inc., Newporî, DE) column (5 p particle size, 

300A pore size, 1 50 mm x 4.6 mm ID.) and cartridge guard wlumn (12.5 mm x 4 mm, LD.). 

The solvents, deaerated water (solvent A) and acetonitrile (solvent B, ACN, HPLC grade, 

Burdick and Jackson, Muskegon, NJ), both containhg 0.1% tnnuoroacetic acid (TF4 HPLC 

grade, Sigma Chemicai Co., S t  Louis, MO) were continuously sparged with helium during 

analyses. Solvent flow rate was maintainesi at 1 .O ml-miri'. Mer sample injection (5.0 pl) and 

an initial 3 min isocratic condition at 23% solvent B, proteins were eluted in an 82 min linear 

gradient Eorn 2 3 4 %  solvent B. Solvent B was then r e d u d  nom 44% to 23% in the next 

minute for a final 4 min isocratic elution. nie column was equiliirated at 23% solvent B for 7 

min between m. Column temperature was maintainecl at 50°C and the absorbante of cofumn 

eluent was monitored at 214 nrn with a HP 1090 diode anay detector (Series II, 6mm path 

length, 8pi flow e& 4nrn slit assembly). System control, data acquisition and peak integration 

were executed using Hewlett-Packard HPLC Chemstation software. 



3.9.2. Simples Prepmed by SrnaII-Sc& Morüfd Osborne Fractiol~~fi*on 

Samples prepared by the srnall-scale modified Osborne fiactionation procedure were 

analyzed by RP-HPLC as descriied in Section 3.9.1, except for the following changes. A 

~ o r b a x @ 3 0 0 ~ ~ - ~ 8  (Rockland Technologies, Inc., Newport, DE) narmw bore column (5 pn 

particle sKe, 300A pore size, 150 mm x 2. lrnrn ID.) without a guard column was used for the 

analyses. Solvent fiow rate was maintaineci at 0.25 ml=mixïl. After sarnple injection (1 -6 pl) and 

an initial 3 min isocratic condition at 23% solvent B, proteins were eluted in an 83 min hear 

gradient fiom 2345% solvent B. Solvent B was then reduced firom 45% to 23% in the next 

minute for a final 4 min isocratic eIution. 

In both methods, integrated areas obtained for individual HMW-GS peaks and the 

LMW-GS region were used for dudations of relative amounts and ratios. Integrated areas of 

a-gliadin peaks were excluded fiom glutenin quantitation, but they were used to determine the 

relative amount of a-gliadins co-precipitated in the purEed ES and AS hctions. Typicai 

elution of a-gliadins, HMW-GS and LMW-CS is shown in Fu and Sapirstein (1 996). 

3.10. Electrophoresis 

Protein samples were analyvrd by sodium dodecyi suifàte (SDS) polyacrylamide gel 

electrophoresis PAGE) with and without the reducing agent 2-mercaptoethanol (Sigma 

Chernical Co., St. Louis, MO) according to Ng and Bushuk (1987) with the following 

modifications. The stacking and separahng gel concentrations were 3.0% and 14%, 

respectively. A dual cooled vertical slab gel electrop horesis unit (SE6OO- 15- 1 .O, Hoefer 

Scientific Instruments, San Feniando, CA) with 15- or 20-tooth slot formers and 1.Smm or 

LOmm spacers was used. Electrophoresis was wned out at constant m e n t  (25-35m.A per 

gel, 3-4 h) until the tracking dye rnigrated off the gel. Evaporated protein fiactions obtained 



nom f lou or dough (150mg) were extractecl in a buffer solution @H 6.8) containing Tris-HCl 

(0.06 M), 1.8% (w/v) SDS, 9% (vlv) glycerol, 0.01% (w/v) pyronin Y, and 5% (vh) 2- 

rnercaptoeùiand when reducing conditions were desireci- For Coomassie Brilliant (CBB G- 

250, Sigma Chernid Co., St. Louis, MO) staining, gels were fixed for at least 3 h in an 

aqueous solution of 10% (v/v) trichioroacetic acid (TCA) and 33% (v/v) methan01 and stained 

overnight. The staining solution contained CBB G-250 (0.08% w/v), sul6iric acid (2.2% v/v), 

potassium hydroxide (gOh v/v) and TCA (13% v/v). Far silver staining., gels were fixed in an 

aqueous solution of 45% (v/v) ethanol, 12% (vh) acetic acid and 37% fomaidehyde (500 

@*L-'). The silver staining rnethod of Blum et a l  (1987), as modified by Mehh and Tkachuk 

(1991), was followed with the exception that 45% (v/v) ethanol was used instead of 50% (v/v) 

ethanol. 

Two-step one-dimensional SDS-PAGE was p e r f o d  accordhg to Sievert et aI 

(199 1) with some modincations. In step one, control and protein samples extracted under non- 

reducing conditions were loaded (25 pl) ont0 a gel (1.0 mm thick) and electrophoresed under 

the conditions describeci above. The top portion of the gel (approx. 0.5 cm) containing 

unreduced slot protein Cglutenin) was carefùlly ait out and soaked for 2 h in Tris-HC1 buffer 

(pH 6.8) containing 2-mercaptoethanol (S% v/v) at room temperature. For step two, the strip 

of reduced slot protein was careNy placed on top of a second gel (1.5 mm thick) prepared 

with a special dot former (1 1.5 an central dot with 6-mm end dots on either side). A reduced 

control sample (Katepwa flou containing trachg dye) was loaded in a side slot to monitor 

migration of the proteins. The gel was electrophoresed and CBB stained as descnbed above. 



3.11. Size-Exdusion Chromatography 

Sizesrclusion chromatography (SEC) of fiours used in this study was provided by Dr. 

Fday Ma-chie of CSIRO Division of Plant Industxy, Grain Quatity Research Laboratory, 

North Ryde, Australia (Gupta et d, 1993). The percentage of unextractable polymeric protein 

(%UPP) is a masure of m o l d a r  size distribution and is positively comelated to quaiity 

parameters such as extensograph maximum resistance @hcRitchie and Gupta, 1993). For this 

anaiysis, the flours were extracted in 0.5% (w/v) SDS-0.05MNa-phosphate buffer (pH 6.9) for 

5 min, centrifùged (20 min, 15,900 g), and the supernatant retained as extractable protein The 

residue was then sonicated (30 s) in SDS-phosphate b s e r  to solubilize unexhactable protein 

Both protein hctions were fiitered (45 p) and hctionated by SEC. The percentages of 

extractable and unextractable protein were calculated as follows: 

Area of Peak 1 (extractabIe) x 100 = % -le protein 
Area of Peak 1 (totaI) 

Area of Peak 1 (unexnactable) x 100 = % -le protein 
Area of Peak 1 (total) 

Where: Area of Peak 1 (total) = C Area of Peak 1 (-le and unexûadable) 

SEC of 70PS samples was perfomed at the Grain Research Laboratory, Winnipeg, 

MB. Evaporated 70PS fiactions were fully solubilized in phosphate b a e r  (pH 7.0) contauiing 

SDS (OS%, 1.0rnl for ES70PS, 0.5ml for AS7OPS) and dowed to stand for 30 min at 60°C 

with occasional vortexhg. SampIes were fiItered (45 p) before transferring to Gais. One 

sample was selected for fraction collection and subsequent SDS-PAGE analysis to identif, the 

protein components present in the major peaks of interest. 

Separation of 7OPS fiactions was performed using a Waters HPLC system, a Biosep- 

SEC-S 4000 guard colurnn (7.8rnm x 35mm, Phenomenex, Torrance, CA) and two Biosep- 

SEC-S 4000 analytical co1um.s (7.8m.m x 300mm) comected h senes. The iarger pore ske 



(400A) of this wlumn is reported to give better resolution ofthe proteins in the polymeric peak 

than the smai.Ier pore size (300A) coiumns (Larroque et ai, 1997). Isocratic elution of protein 

(25 pl injection) was achieved using 0.1% TFA in 5W ACN. FIow rate was maintained at 

0.5rnl*min-~ for a total run time of 60 min Column temperature was maintaineci at 30°C and 

column eluent was monitored by measuring W absorption at 210 nm). System control, data 

acquisition and peak integration were executed ushg Waters MïUenniurn software. 

3.12. Statisticai Andysis 

AU statistical analyses were executed using PC-based SAS software (The SAS System 

for Wmdows, Release 6.12, SAS Institute, Inc., Cary, NC) or ~icrosoft@Excel software 

(Version 5.0 or higher). Regression analysis or ANOVA with Duncds  multiple range test 

were perfomed to determine significant merences and interactions between al l  m o r s  studied 

(mixing the,  cultivar and treatment). AU experiments were &ed out at least in duplicate. 

3.13. Chernicals and Reagents 

HPLC grade 1-propanol was obtained fiom BDH, Inc. (Toronto, ON) and 

dithiothreitol fiom Calbiochem (La Joua, CA). Ethanol was obtained fiom Commercial 

Alcohols Inc. (Toronto, ON). Sodium dodecyl sulfate was of electrophoresis grade and 

was obtained fiom Bio-Rad Laboratories (Hercules, CA). Acrylamide and bis-acrylamide 

were of electrophoresis grade and were obtained fiom Fisher Scientifk (Fairlawn, NJ) and 

Sigma Chernical Co. (St. Louis, MO), respectively. AU other chernicals not sourced in the 

methods were of reagent grade or better and were obtained fkom Mallinckrodt Specialty 

Chernicals Co. (Paris, KY), Sigma Chemical Co. (St. Louis, MO) or Fisher ScientSc 

(Fairlawn, NJ). Water was distilled, deionized, purified and filtered (0.2pm) using a Muli- 

Q system (Miilipore Corp., Marlborough, MA). 



4. RESULTS 

4.1. Protein Distribution and Glutenin Subunit Composition of Flours' 

Results of the modifieci Osborne hctionation (large scde) of the five cultivars 

were consistent with the previously pubfished (Orth and Bushuk, 1972) positive 

correlation of the AI fiaction and the negative correlation of the AS fiaction (Table 5) 

with breadrnaking quality- The proportion of AI protein decreased f?om the strongest 

cultivar (GIenIea) to the weakest (AC Kama). Likewise, the content of AS protein was 

lowest for the stronger cultivar and highest for the weakest. The %UPP values also 

exhibited a positive correlation with mixing strength, foliowing closely the trend seen with 

the AI fiaction. The arnount of gliadin in the AS fiaction decreased signincantly as dough 

strength increased. This relationship was reported previously (Dupuis et al, 1996) as the 

main cause for the negative correlation between the AS fiaction and quality. The observed 

intercultivar variation in amount of gliadin in the AS fiaction was explained on the basis of 

intercultivar variation in gliadii-glutenin interactions. ES glutenin ranged fiom 0 -4 to 

3.7% of total flour protein (1 .O to 10% of ES fiaction), and AS glutenin ranged fiom 3 32 

to 9.43% of total flour protein (41 to 66% of AS fiaction). Although no clear 

intercultivar differences were foundfor the amount of  ES or AS glutenin, the AS glutenin 

appeared to decrease with increasing dough strength. Also noteworthy was the 

1 Publication based on this chapter: Dupuis, B. and Buhuk, W. 1996. Pages 262-266 in: Gluten '96, 
Proc. 6th Int. Gluten Workshop, Sydney, Australia C.W. WrigIey (Eci), Royal Australian Chernical 
Mtute, N. Melbourne, AU. 



Table 5. Protein Distribution Obtained by Modified Osborne Fractionation and Purification o f  Glutenin in Ethanol- 
soluble and Acetic Acid-soluble Fractions (% of Total Flow Protein) and %UPP Obtained by SEC of ~ l o d  
Cultivar SS ES AS AI %UPP 

Total Gliadin Glutenin Total Gliadin Glutenin ' 
Glenlea 18 .6~  38.0. 34.9 3.7. 5.4d 1.86' 3.52d 35.9. 59.2 
Glenlea93 16.8' 38.3. 36.8. 2. lb 6Sd 2.18' 4.2 ld 36.7. 60.8 
Roblin 16.5' 33.3b 30.7' 2.6* 13 .8~  7 . d  5.97b 3 ~ ~ 7 ~  54.6 
Katepwa l9.lb 37.0. 34.9 0.4' 9.8' 5. 8ob 4.30' 31.1b 48~7 
ACDomah 17.1' 32.0~ 28.8* 2.0b 13.8 7.94. 5.70~ 32.2b 53.9 
AC Karma 20.5. 29.0' 26.9' 1 Sb 18.6. 9.18' 9.43. 26.6' 42.1 
' Meam of duplicaîes; Mers indicate si@cant Merences (a4.05); average CV = 10% 

SS: salt-soluble, ES: ethanol soluble, AS: a d c  acid soluble, AI: aœtic acid insoluble 
Glutenin contents obtained by difîerence (total ES protein - ES gliadia; total AS protein - AS gliadin) 



apparent increase in ES gliadin with increasing dough strength. Recently Fu et al (1997) 

reported that when wet glutens isolated with 0.2% NaCi were subsequently extracted with 

water, the extent of disaggregationlsolubilization of gliadins was significantly positively 

correlated to gluten strength. The observations reported in this study and that of Fu et al 

(1997) provide firther support for the gliadin-gtutenin interaction hypothesis (Dupuis et 

al, 1996, Fu et al, 1996). 

The HMW-GS composition of each of the purSed ES, AS and AT glutenins are 

shown in Table 6 and Table 7. AU fiactions contained both Hh4W-GS and L M - G S .  The 

most striking variation between the solubility nactions for all cultivars was in the amount 

of the 1Dx subunits, especiaiiy GS 5. The increment of variation between the ES and AS 

fiactions appeared to be cultivar dependent. The smalIest increase (14%) was noted for 

Karma (1DxZ) and ranged fiom 31% to 66% for the remaining cultivars (all contain 

1Dx5), in increasing order of strength. The increment of variation (increase) between the 

AS and AI glutenuis for GS 5 was also significant for ail the cultivars except AC Kama 

(containhg GS 2). The relative amount of subunits encoded by 1Dy alleles (10 or 12) was 

significantly greater in the AS glutenin than in the ES glutenin. AI glutenin contained only 

slightly higher amounts of these subunits for all cultivars except Glenlea, but the 

dEerences were insignificant. Previous results nom this laboratory (Dupuis et al, 1996) 

showed that the AS and AI glutenins had similar HMW-GS composition, but that the 

content of subunits 5 and 10 was slightly higher in the AI gluterin. The larger nurnber of 

cultivars and replicates used in this study have provided additional evidence for the 

differences detected for the Glu-ID subunits in glutenins of different solubility. Subunits 



Table 6. Relative Amounts of HMW-GS 1 Ax, 1 Bx and 1By (% total HMW-GS) in ES, AS, and AI Glutenin Obtained by RP-HPLC~ 
lh l l lAx2*  1Bx7/1 Bx7* i By8/1 By9 

Cultivar ES AS AI ES AS AI ES AS AI 
Glenlea 16.8' 1 1 .ob3 1 1 .7b2 52.4d 45.2b2 41 $6" 7Sb2 10.0" 1 0 . 7 ~  
Glenlea93 14.4 12.2~ 12. l2 54.4.3 43 .6b2 4 0 . 4 ~ ~  7.8b2 1 1.3* 11.0" 
Roblin 14.1 16.212 13.712 58 .4 I  44. 7b2 41 .7b2 7.gb2 l l . la  1 1 . 3 ~  
Katepwa 17.5' 1 5.0~~ 13.8~" 4 1 . 9 ~  3 1 .3b1 29.k1 11 $9' 14.4~ 14.2' 
AC Domain 16,2 18.1' 15.6' 4 0 . 9  3 1 .6b1 29.2b1 12.9~ 13.7' 14.2' 
AC Karma 18.7 15.512 15.6~ 37.8.' 30.5~' 29.g1 10.!tl 13 .2a'2 13.6'' 

Meam of tripliatm; average CV = 7,6Y< sigdicant diffe~ences (a=0.05) indicakd by lettexs @etween fractions within a cultivar) and numbcrs (between 
cultivars within a fiaction) 

Table 7. Relative Amounts of HMW-GS 1 Dx and 1 Dy (% total HMW-GS) and Ratio of HM'-GS to LMW-GS in ES, AS, and AI  
Glutenin Obtained bv RP-HPLC' a 

1D~c21lDxS lDyiOllDyl2 Ratio of HMW-GS to LMW-GS 
Cultivar ES AS AI ES AS AI ES AS AI 
Glenlea 12.2~ 19.0" 21.9~ 1 1. lblZ 1 4 . 8 ~ '  1 4 . 2 ~  0.37~' O. 57a O. 5ZLZ 
Glenlea93 1 1 . 7 ~  i 9.sb3 22.7.3 1 1 .712 13.5)~ 13.6' 0.37~' O. 54O 0 . 5 1 ~  
Roblin 1 0 . 8 ~  1 5.6M 1 9 . 6 ~  8.p 1 2.344 1 3 . 7 ~  0.45~' 0, 66" 0.53~' 
Katepwa 1 4.6c2 21Sb2 24.6" 14. lbl 1 7 . 8 ~  17.9.~ 0.39b' 0.51a3 0.42~' 
ACDomain 15,7c2 20.5~'~ 24. sal 14.6' 16.2'~ 16.5' 0.37~ 0.40'~ 0.43' 
AC Karma 2 1 .9' 24.5.' 24.5.' 1 1 S b 1 2  16.3~' 16.6" 0.26" 0.45" 0.37~' 

Means of triplkates; average CV = 7.6Yi sigdicant differences (a=0.05) indicated by lettas @etween fractions within a cultivar) and numbels (between 
cultivars within a fiaction) 



1By8 and 1By9 exhibited quantitative differences between hctions simifar to those f o n d  

for the 1Dy subunits, a significantly greater proportion in the AS glutenin compared to the 

ES glutenin and relatively little ciifference between the AS and AI glutenin. The variation 

in proportion of 1By subunits between ES and AS glutenin was greater for cultivars 

containing subunit 8 (33-45%, Glenlea and Robh) than for those containing subunit 9 (6- 

22%). The proportion of 1Bx subunits (7 or 7*) was signincantly lower in AS glutenin 

when compared to the ES glutenin. The proportion of GS 7 or 7* in the AI glutenin was 

slightly but not significantly higher than in the AS glutenin. The increment of variation 

fiom the ES to AS to AI glutenin was similar for cultivars containing either subunit. It 

was 14-25% lower in the AS than the ES glutenin and 2-8% lower in the AI than in the 

AS glutenin. Quantitative variation in 1 Ax subunits did not show any specific trend with 

solubility or quality (flour strength). 

The ratio of HMW-GS to LMW-GS was significantly lower for the ES glutenin 

compared with the other isvo fiactions for aii cultivars except AC Domain. The ratios for 

AS and AI glutenins were similar. Similar results were obtained in our laboratory (Fu, 

1996) for the glutenin soluble and insoluble in 50% 1-propanol. The author showed that 

for glutenins that are soluble and insoluble in 50% 1-propanol, the subunits controlled by 

the Glu-ID locus, especidy subunit 5, were more prevalent in the insoluble glutenin, 

while 1Bx subunits were more prevalent in the soluble glutenin. Results obtained for the 

1Ax subunits and the ratio of HMW-GS to LMW-GS were similar to those reported here. 

Our results showed that 1Dx subunits are present in greater proportion in the AI glutenui. 

The y-type subunits (1By8 or 1By9, and lDylO or 1Dy12) are also present in greater 



proportion in the Al gluterin, but not significantly different f?om the AS glutenin. Based 

on solubüity results, the AI glutenin is presumed to be of higher molecular weight. 

. The three solubility fractions of glutenin examined (ES, AS and AI) showed 

substantid quantitative variation in HMW-GS composition- ES glutenin had the Iowest 

HMW-GS to L W - G S  ratio, while AS glutenin had similar or sometirnes higher ratios 

than AT glutenins. Intercultivar variation was noted for the ratio of HMW-GS to LMW- 

GS and occasionally for HMW-GS composition. ES giutenin contained more 1Bx subunits 

(7 or 7*), less 1By subunits (8 or 9) and less 1D subunits (2+-12 and 5+10) than AS 

glutenin. AS glutenin contained slightly more 1Bx subunits (7 or 7*) and significantly less 

lDx5 than AI glutenin. The amount of lDx2 and 1Dy subunits (10 or 12) was similar for 

the AS and AI glutenin. The greater proportion of 1Dx5 in the insoluble glutenin may be 

attributed to the extra cysteine residue, which may confer an enhanced capacity to form 

larger, more insoluble, glutenin polymers (Hichan et al, 1994). The much higher 

proportion of 1Dx5 in the AI glutenin may aiso suggest that the variation in 

polyrnerization behaviour (Gupta et al, 1994) and quaiity (Payne et al, 1981b) between the 

two Glu-1D deles  (5+10 and 2+12) may in fact be due to daerences residiig essentiaily 

in subunit 5.  In addition to the variation in the type of subunits among wheat cultivars, 

substantid intercultivar variation exists in the proportion of some subunits. The so-cded 

strong mixing cultivars contained a 1:rger proportion of HMW-GS which seem to 

promote formation of higher molecular weight glutenin polymers (e.g. 1Dx5) which, in 

tum, are less soluble in aqueous solvents and tend to f o m  a gluten of higher elasticity. 

Based on the variation in HMW-GS composition in the three solubility fiactions exarnined 

in this study, 1Dx subunits, especially subunit 5, and to a lesser extent, the y-type subunits 



(1Dy and lBy), appear to be important in the formation of polymers of higher moleailar 

weight. The 1Ax subunits, which do not exhibit any specific trend with solubiiity, and 1Bx 

subunits, which are present in greater proportion in the ES and AS glutenins, do not 

appear to be as important to intercultivar diierences in quality. However, it should be 

noted that despite the greater proportion of 1Bx subunits in the more soluble fractions, 

overexpression of 1Bx7 (Gledea and Roblin) may have an important impact on the cverall 

size distribution of the larger, more insoluble glutenui. 



4.2. Small Scaie Modified Osborne Fractionation and Modified Purification 
Methods 

4.2.1. S d  scale m d i e d  Osborne fractionafrnafron 

The classical protein fiactionation procedure developed by Osborne (1907) 

separates wheat £four proteins into four groups: the water-soluble albumins, the salt- 

soluble globulins, the ethanol-soluble gliadhs and the residue protein consisting of 

glutenins. The rnethod was modified by Chen and Bushuk (1970) to extract acetic acid- 

soluble glutenin fiom the residue. Using this modified Osborne fkactionation procedure, 

Orth and Bushuk (1972) were the flrst to report the s i ~ c a n t l y  positive relationship 

between the amount of residue and loaf volume and the negative relationship between the 

amount of acetic acid-soluble fiaction and loaf volume. Use of the modified Osborne 

fkactionation procedure has declined over the years as other extractants, such as aqueous 

solutions of propanol or SDS, have become more popular. There are limitations to the 

Osborne procedure, but it continues to provide useful information on the structure- 

functionality of bread wheat proteins (Bushuk et al, 1997, Dupuis et al, 1996, Wieser et al, 

1998). One of the major limitations to the Osborne procedure is the significant cross- 

contamination beîween the fractions. The acetic acid soluble fraction, which was 

considered to be composed of soluble glutenin contains a significant amount of ghadii 

(Dupuis et al, 1996, Orth and Bush* 1973a). Likewise, the alcohol-soluble or gliadin 

fiaction contains glutenin (Bietz and Wall, 1973, Huebner and Bietz, 1993). The 

fractionation method, on a large scale, is also very tedious and tirne-consuming, taking 

weeks to produce a limited number of fieeze-dried and purified fiactions for analysis. The 

acetic acid soluble fkaction in particular yields less than 100 mg quantities fkom a starting 



flour weight of 20 g. Aiso of concem for this study was the limited quantity of some flour 

samples and the large sample size to be investigated. Acwrdingly, a smail scale method 

was developed to overcome these limtations. The factors considered in the development 

of the method included: total extraction the ,  solvent-to-sample ratio, centrifugation 

speed, and equipment limitations. 

Total fiactionation time was considered as an important fàctor in selecting a 

suitable extraction time. The six extraction steps (see Materials and Methods) were 

initially tirned for 30 minutes and the water wash for 15 minutes. Total fiactionation tirne, 

including the centrifugation steps between each extraction, transfer of supematants, and 

other experimental manipulations, exceeded 5 hours. This was considered too long to 

aliow for same-day nitrogen determination, or supernatant evaporation and 70% (dv) 1- 

propanol purification. Consequently, the extraction times were reduced to 15 minutes and 

the water wash step reduced to less than 5 minutes. Total fiactionation time was 

considered more acceptable at just over 2 hours. 

By scaling down the modified Osborne fractionatioq certain conditions were 

introduced that can undoubtedly be considered additional sources of error. For example, 

the use of vortexing was required to suspend the samples in the much smaller volume 

microcentfige tubes. Vortexing may considerably increase the amount of shear exerted 

on the proteins when compared to the rnilder conditions of stirring with magnetic stir bars. 

Some of the variation observed between the large- and small-scale methods can be 

attributable to these dserences in experimental error. 

Solvent-to-sarnple ratios ranged fiom 10:l to 4: 1 for trial 5actionations. Table 8 

iuustrates the effect of varyhg the ratio for one or more extraction steps. The salt-soluble 



Table 8. Modified Osborne Protein Distribution (% of Total Flow Protein) Using the 
Large S d e  and Several Small Scde Methods ' 

Large s m d 2  smal13 smal14 ~rnall' s m d 6  
SS Protein 
Glenlea 18.6~ 18.8~ 20.3~. 20.3~ 17.9~ 18.6~ 
Katepwa 19. lb  1 9.Zb 20. lk 20.3~ 17.9~. 18. lb 
ACDomain 17.1" 17.9 18.4" 18.4~' 10.4' 16.0" 
AC Karma 20.5 ' 21.3 ' 22.8" 22.9". 20.1' 20.3' 

ES Protein 
Glenlea 38.0' 3 5.4b0 35.3" 37.gb 34.gb0 3 5.4". 
Katepwa 37.0a 39.0'~ 36.9" 41.7' 40.8' 38.0" 
AC Domain 32.0~ 3 9.6'. 37.gd 41.3'- 38.2'b* 38.4". 
AC Kama 29.0' 42.8'. 36.2". 41.2'- 35.gb* 3 5.7='* 

AS Protein 
Glenlea 5 .4d 5.gb 6.4b 5.8' 9.7b0 8.7'. 
Katepwa 9.8' 10.1' 12.4' 9. lab 1 2.0'~ 12.6~' 
ACDomain 13.6~ 1 1 -2' 10. 6"b* 7.6b". 1 1 Sab 13-6b 
AC Karma 18.6" 11.7~. 13.8' 10.oa* 15 -3" 18.0" 

AI Protein 
Glenlea 35.9' 39.2'. 38.6" 38.3". 39.1'. 38.5"' 
Katepwa 3 l.lb 32.gb0 32.3 3 1 .2b 3 1 .7k 33.gb0 
AC Domain 32.2b 33.2b 33.6- 32.gb 33 .ob 3 1 .8~ 
AC Karma 26.6" 27.3" 27.7" 29.3' 29.4' 27.0" 

Protein Recovery (%) 
Glenlea 97.2 99.3 100.6 102.4 101.6 101.2 
Katepwa 95 -4 100.0 101.7 102.2 102.3 102.5 
ACDornain 94.7 99.8 100.5 100.2 99.1 99.8 
AC Kama 95.0 103.1 100.5 103.3 100.7 101.1 
Letîers indicate signincant ciifferences (a4.05) between cultivars within a scale 
Asterisk indicates signincant diifference (a=0.05) fkom îhe large scale method 
Solvent-to-simple ratio of 1O:l used throughout method 
Solvent-to-sample ratio 4:l for waier wash 

4 Solvent-to-sample ratio 4:l for water wash and ethano1 extractions 
Solvent-to-sample ratio 4: 1 used throughout method 
Solvent-to-saxnple ratio 4:l used throughout method and lower centrifugation speeds 



(SS) fiaction was least afTected by changes in solvent-to-sample ratios. The ethanol- 

soluble (ES) fraction showed the greatest response to changes in solvent-to-sample ratio. 

The .content of the ES protein was generally greater for the smaii scale method, the 

magnitude of which varied with cultivar. Decreasing the ratio fiom 10 to 4 reduced the 

amount of ES protein. However, it was not possible to reproduce the statistical 

relationship between cultivar and amount of ES protein observed in the large scale 

method. The amount of ES protein obtained by the large scale method significantly 

increased for cultivars with increasing dough strength. This relationship was less evident 

or nonexistent in the smali scale methods. Regardless of the solvent-to-sample ratio used, 

the srnaii scale method enhanced the extractability of proteins in ethanol, particularly for 

the weaker cultivars. The content of acetic acid-soluble (AS) protein increased or 

decreased with a change in ratio, depending on the cultivar. The negative correlation 

between the AS fraction and mWng strength was maintained, although less discriminating, 

regardless of the ratio used for the small sale. The acetic acid-insoluble (AI) protein 

content increased slightly for ail cultivars, especiaily Glenlea. Protein recovery was greater 

for all srnall scale trials. This was expected since the loss incurred during fieeze-drykg, 

sarnple grindimg and sample manipulation in the large scale method was elirninated in the 

small scale method. 

Altering the solvent-to-sarnple ratio for the small scale method did not cause 

qualitative changes in the protein fractions, as shown by electrophoresis Figure 8). More 

gliadin was extracted in the ethanol and acetic acid at higher ratios (unreduced gel). 

Glutenin solubility in aceti c acid appeared to Uicrease slightly, with a concornit ant decrease 

in the glutenin remaining in the AI fraction (reduced gel). Despite the changes in protein 



Figure 8. SDS-PAGE under non-reducing and reducing conditions of ES, AS and 
AI fractions of Katepwa fiour obtained using three difZerent solvent-to-sample 
ratios for the s m d  scale modified Osborne fiadonation procedure. 4 = 4: 1, 10 = 
l O A ,  20 = 20:l. 
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distribution caused by scaling down the modifieci Osborne hctionation, the positive 

relationship between the AI fiaction and mixing strength was aIso maintained. 

The final irnprovement to the small scale method involved reducing the 

centrifugation speeds used after the 6rst ethanol and acetic acid extraction steps. This was 

required to improve resuspension of the pellet obtained after centrifugation. Changing the 

centrifugation speeds had the most iduence on the AS and AI hctions (Table 8, 

compare last two columns). A general shifk was observed in the protein distribution 

toward the more soluble fractions. Statistical evaluation of the large and small scaIe 

methods is reported in Table 9. The overall coefficient of variation (CV), a measure of the 

intercultivar variability, is slightly higher for the SS and AI fiactions of the small scale 

method but much Iower for the ES and AS &actions. Hence, the ability to detect cultivar 

dzerences is not as powerfùl with the s m d  scaie method. Precision, a measure of the 

intracultivar variability, is also reduced by scaling down the method. But the loss of 

precision is small and acceptable. Despite the loss of precision and increase in variation for 

the smd  scale method, the important relationship between the AS and AI fiactions and 

mixing strength is maintaïned. The apparent relationship observed in the ES fiaction from 

the large scale method (the content of ES protein increases with increasing mWng 

strength) is lost in the smdl scale method. 

The srnall scale method is reproducible over tirne, but is sensitive to variations in 

experimental conditions. For example, Katepwa flour was being fiactionated for analysis 

nine months d e r  the method was finalized. The centrifugation speed &er the f i t  sait 

solution extraction was inadvertently changed fiom 3000g to 5000g. The fiadonation 

was nevertheless cornpleted to mess the effects of the change. A second sample was 



Table 9. Statistical Cornparison of the Modified Osborne Protein Distribution 
(as % of Total Flour Protein) for the Large and Small Scale ~ethods'  

Cultivar Large Scale S D ~  C V ~  Sm& Scale SD CV 
SS Protein 
Glenlea 18 .6~  0.8 4.2 18 .6~  1.4 7.4 

Kat epwa 19. lb 0.6 3.3 18.1b 0.3 1.8 

AC Dcmain 17.1" 0.5 3 .O 16.0". 0.5 2.9 

AC Karma 20.5' 0.6 2.7 20.3' 0.9 4.7 

Mean 18.8 18.2 
Range 4.6 
cv 7.4 
Precision 3.3 

ES Protein 
Glenlea 38.0" 0.6 1.5 3 5.4"' 1.0 2.7 

Katepwa 37.0' 2.7 7.2 38.0" 0.5 1.3 

AC Domain 32.0~' 1.6 5.1 3 8 -4"' 3.3 8.7 

AC Kanna 29 .oc' 0.9 3.1 3 5.7". 3.6 10.2 

Mean 34.0 36.9 

R W F  12.5 10.1 
CV 12.0 6.9 
Precision 4.2 5 -7 

AS Protein 
Glenlea 5 .4d' 0.5 9.3 8.7'- 0.9 10.1 

Katepwa 9.8" 1.7 17.5 12.6~' 0.6 5 .O 

AC Domain 1 3 . 6 ~  0.9 6.3 13 .6b 1.9 14.3 

AC Kama 18.6' 1.7 9.0 18.0" 1.8 10.2 

Mean 11.9 13 -2 
Range 15.7 
cv 43 -4 
Precision 10.5 

AI Protein 
Glenlea 3 5 .ga* 1 .O 2.8 
Katepwa 31.1b' 1 .O 3 -2 
AC Domain 32.2b 0.7 2.2 
AC Kama 26.6' 1.7 6.5 
Mean 3 1.4 
Range 12.2 
CV 11.3 
Precision 3.7 6.5 
1 Letters indicate significant dinerences (a4I.05) between cultivars within each seale 

Asterisks indicate;ignificant 3 differences (a4.05) between scale within a cultivar 
SD = standard deviation , CV = coefncient of variation 



fiactionated with the correct centrifugation speed and the results compared to the original 

data (Table 10). M e r  nine months, the method yielded results withui the standard 

deviation range for aLI fractions. However, when the centrifugation speed was altered a 

distinct shift to the less soluble hctions was noted, especidy the ES and AS &actions. 

Table 10. Example of the Reproducibility and Sensitivity to 
Experimental Conditions of the S d  Scale Modified Osborne 
Fractionation of Katepwa Ffour (% of total flour protein) 
Fraction S m d  Scale Srnail Scale Small Scale 

SS 18.1H.3 17.9 17.0 
E S  3 8 . M . 5  37.5 3 1.9 
AS 12.6M.6 12.0 15.5 
A I  33.8*1.4 33.5 34.9 

a Data obtained fkom h a i k m i  method 
b Data obtained nine months later 

Data obtained nine months later, using a higher centrfigation 
speed after the first salt solution extraction (5000g versus 3000g) 

The smaii scale method appears to be less precise and less discrirninating in 

evaluating the effects of cultivar. But, it produces similar results to the large scale method 

(solubility-qudity relationship) in a much shorter thne, for a much larger sample size, and 

reduced amounts of reagents. The large scale method required almost 14 dais to process 

6 sarnples, while the s m d  scaie rnethod required only 1-2 days to process 12 samples. The 

s m d  scale method is particularly attractive because the loss in precision or discrimination 

against the enormous gain in time and decreased solvent use does not significantly 

compromise the important solubility-quality relationship - the basis for using the modined 

Osbome fiactionation scheme for this thesis study. 



4.2.2. Pzmttcation of ES and ASfiactiom 

As previously reported pupuis et al, 1996, Dupuis and Bushuk, 1996), the ES 

and AS &actions of the modified Osborne fractionation procedure are contaminated with 

glutenin and gliadin, respectively. A modification of the 70% 1-propanol purification 

procedure developed by Fu and Sapirstein (1996) was successful in separating the 

fiactions into 70% l -pro p mol-soluble (70PS) gliadin and 70% 1 -propanol-insoluble 

(70PI) glutenin (with CO-precipitated a-gliadins). Buffiered 50% 1-propanol was required 

to maintain a neutral environment for the effective precipitation of glutenins. A Tris buffer 

was used in the method when the samples were being purified for RP-HPLC analysis. A 

phosphate b a e r  was used when protein content was to be deterrnined spectro- 

photometricaily or by Kjeldahl analysis. 

SDS-PAGE under non-reducing and reducing conditions of a sample purZed in a 

Tris buffer, a phosphate buffer, and a phosphate buffer foUowed by a water wash is shown 

in Figure 9. The qualitative protein composition did not appear to be a£fected by the buffer 

systern nor by the presence or absence of a water wash d e r  precipitation in phosphate 

buf5er. Quantitatively, the Tris buffer appears to be more efficient in separating gliadins 

&om the precipitating glutenins, especidy for the ES fiaction. This difference in efnciency 

may be due to the ionic effect of the phosphate buffer system. 

Sarnples are fiactionated using the smaii scale method and the ES and AS fkictions 

purifïed by 70% 1-propanol precipitation in an appropriate bufEer system. To determine 

the protein contents of the purified fractions, the 70PS supematants were initially 

subjected to Kjeldahl nitrogen determination and the protein contents of the 70PI glutenui 

precipitates were obtained by dserence. A disadvantage encountered by using this 



Figure 9. SDS-PAGE under non-reducing and reducing conditions o f  ESPI, ESPS, 
ASPS, and ASPI hctions obtained from Katepwa dough (rnixed to 50% peak, 
150 mg) by 70% 1-propanol purification in Tris buffer (fia lane in each fiaction), 
phosphate b e e r  with subsequent water wash (second fane in each fiaction), and 
phosphate buffer without water wash (third lane in each fraction). 
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nonndy reliable and accurate method was the very small titration volumes resulting nom 

such small samples. Titration volumes as low as 0.20 ml were encountered, with blank 

volumes as high as 0.18 ml. Protein contents were calculated to be as low as 0.24 mg in 

some cases. The error range for a standard 25-ml buret is I0.06 ml (I0.15 mg protein). 

nius, without suflicient cofidence to accept the results obtained by the Kjeldahl method, 

an alternate method was selected. The spectrophot ometric method deveIo ped and 

reported by Sapirstein and Johnson (1996) is simple, non-destructive, very sensitive (4 

pgml-l protein) and accurate. Other advantages of the spectrophotometric method over 

the KjeldahI method are: the speed of analysis, reduced use of reagents, and the ability to 

analyze a large number of samples in a short t h e .  The protein contents of ES and AS 

purified fractions obtained fiom nour samples and control dough samples were d e t e d e d  

using both the Kjeldahl and the spectrophotometric methods. Statistical cornparison of 

the two methods for all samples is included in the Appendi (Tables 2-5). The intercultivar 

variation is generally betîer with the spectrophotometic method, although the precision of 

the method is not always better. The AS gliadin fiaction (and AS glutenin fiaction, 

calculated by difZerence) is the fiaction of most importance when considering the accuracy 

of the results. This fiaction is the srnallest and hence the most sensitive to variation. The 

precision of the spectrophotornetnc method was betîer for aIi the control dough samples 

but not the fiours. The overall CV was slightly better for the spectrophotometric method 

than for the Kjeldahl method. 

SDS-PAGE of ali fiactions obtained fiom the flours by the smali scale method and 

the buffered 70% 1-propanol precipitation method are illustrated in Figure 10 (Glenlea and 

Katepwa) and Figure 1 1 (AC Domain and AC Karma). As with the large scale method, 



Figure 10. SDS-PAGE under non-reducing and reducing conditions of small scaie 
modified Osborne fiactions obtained nom Glenlea and Katepwa flours (150 mg). 
(1) Salt-soluble, (2) ESPS, (3) ESPI, (4) ASPS, (5) ASPI, and (6) AI. 
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Figure 11. SDS-PAGE under non-reducing and reducing conditions of smafi sale 
modined Osborne fiactions obtained fkom AC Domain and AC Karma ilours (1 50 
mg). (1) Salt-soluble, (2) ESPS, (3) ESPI, (4) ASPS, ( 5 )  ASPI, and (6) AI. 
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gliadins Cm the 70PS fractions) were effectively separated fiorn the glutenins (ii the 70PI 

eactions). The a-gliadùis that CO-precipitate with the glutenins in the 70PI &action (see 

lanes 3 and 5 of unreduced gels) are n o m d y  removed by a sodium iodide wash (0.75M; 

Fu et al, 1996). This step in the purification method was omitted to allow the investigation 

of the changes occurring with the a-gliadins during mixing. 



4.3. Changes in Protein Solubiüty Distribution During M-g 

4.3.1. Selection of Optimum Abso~ption 

. Farinograph absorption is the most commonly used optimum water absorption 

level used when preparing doughs (Gupta et al, 1994b. T a n a  1972, Tsen and Bushuk, 

1968, Weegels et al, 1997). Farinograph absorption is the arnount of water added to a 

gour with 14% moisture to produce a maximum consistenq of 500 Brabender units 

(Bloksma and Bushuk, 1988). m e n  the water content of a dough is increased, the peak 

height of the m0a'ng curve decreases and the m h g  tirne increases (Bohn and Baiiey, 

1936). The opposite occurs when the water content of a dough is decreased. Variations of 

*2% fiom 'optimum' absorption do not change the varietal pattern of a mWng curve 

except in height (Swanson, 1941). In addition to the Farinograph absorption, mkograph 

users have used fixed absorption and variable absorption based on moisture content and 

proteiz content (HazeIton et al, 1997). 

Because the flour samples studied varied slightly in starch damage and particularly 

in protein content, optimum mkograph absorption was selected for this study. An 

arbitrary consistency (40 MU) was selected taking into account the need to keep water 

addition within a reasonable range for al1 the flours used. For instance, the range of 

absorptions used was 60-69% to obtain 40 MU consistency. In contrast, the range 

required to obtain a higher consistency (50 MU) wouM be 45-62% absorption. A 

cornparison for one cultivar (AC Domain) of the effects of absorption (69.4% and 61.7%, 

based on consistencies of 40 M U  and 50 MU, respectively) on the protein solubility 

2 Presented in part at the 82nd h u a i  Meeting of the Ani. Assoc. Cereal Chemists: Dupuis, B., Bushuk, 
W. and Sapustein, ED. 1997. Changes in gluten proteins during m k h g  of flours of diverse breadmaking 
quality. Cereal Foods World 42: 659. 



distribution and glutenin subunit composition will be discussed in this and the following 

chapters. 

4.3.2. Control Doughs 

The glutenui fiaction insoluble in a variety of solvents (e-g. aqueous solutions of 

acids, SDS, urea) is related to breadmaking quality, as measured by dough strength or loaf 

volume (Gupta et al, 1993, MacRitchie, 1973, 1987, Orth and Bushuk, 1972, Pomer- 

1965). It has been frequently reported that glutenui solubility in dierent solvents changes 

during dough m-g and resting Pushuk et al, 1997, Danno and Hoseney, 1982% Tanaka 

and Bushuk, 1973% Tsen, 1967, Wang et al, 1992, Weegels et al, 1997). Very little 

research has focused on the phenornenon of gliadii-glutenin interaction. Recent research 

suggests that gliadin-glutenin interaction is a factor in the solubiiity behaviour of the 

protein fiactions during mixing (Almonte, 1998, Bushuk et al, 1997, Dupuis et al, 1996, 

Fu et al, 1997) and in the rheological properties of glutens (Khatkar et al, 1995). Dupuis 

et al (1996) suggested that gliadin-glutenin interaction could be responsible for diierences 

in dough mixing time to optimum development. How does the solubility distribution of 

gliadii and glutenin change d u ~ g  mixing? Can evidence be found for the importance of 

gliadin-glutenin interaction in dough mWng behaviour? The changes occurring in the 

modified Osborne fiactions during mixing have been presented graphically in this chapter 

for ease of discussion and interpretation. The reader should refer to the Appendix (Tables 

6-17) for complete data tables. 



4.3.2.1. Salt-solubZe fraction 

There was a slight increase in SS protein with m-g for all cultivars (Figure 12). 

This increase varied with cultivar but showed no relationship to dough strength. AC 

Karma contained the largest amount of SS protein, followed by Glenlea and Katepwa, and 

AC Domain with the least. Electrophoretic analysis of the SS fiaction for each cultivar at 

each mixing time showed a slight increase in the monomerk protein with mixùig (Figure 

13, unreduced gel) and showed the presence of HMW-GS at all stages of rnixing except in 

the flour (Figure 13, reduced gel). Band intensity was more pronounced for the x-type 

subunits than for the y-type subunits. The increase observed in SS protein can therefore 

be amibuted, at least in pari, to the release of monomerk protein and glutenin from the 

more insoluble fiactions as mixing progresses. 

Because the non-storage proteins (mostly water- and salt-soluble proteins) are not 

considered to be of major importance in breadrnaking quality, the effiects of mixing on the 

SS fiaction were not closely foiiowed. However, two obsenrations deserve mentioning 

and may warrant further investigation: the presence of glutenin in the SS fiaction of d o u a  

samples, but not of flours, and the development of a foam layer during sait extraction of 

dough sarnples. The presence of glutenin in the SS fraction was also reported by Almonte 

(1998). Dialysis of the SS fiadon allowed the author to establish the presence of glutenin 

in the globulin (salt-soluble) &action but not in the aibumin (water-soluble) fraction. 

Almonte (1998) dso found the x-type HMW-GS to predominate in the SS protein 

fiaction. 



Figure 12. Changes in modified Osborne fiactions during mking of control doughs 
prepared fiom Glenlea (GI), Katepwa (Kp), AC Domain @O) and AC Karma (Ka) 
flours. Mïxing time of O % corresponds to flour. 
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Figure 13. SDS-PAGE of unreduced and reduced salt-soluble fiactions of fiours 
and control doughs (150 mg). First lanes designated as (Gl) Glenlea, (Kp) 
Katepwa, (Do) AC Domain and (Ka) AC Karma correspond to fiactions obtained 
fkom flours. Subsequent lanes correspond to fiactions obtained from control 
doughs mixed to (1) 50%, (2) 100% and (3) 200% of peak. 
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When dough samples were extracted with sdt  solution and subsequently 

centrifuge4 a foam layer was observed on top of the supematant for most samples. The 

amount of foam @y visual assessment) appeared to inaease after the second salt 

extraction step and again after the water wash. There did not appear to be any consistent 

relationship between mixing time or cultivar and the amount of foam layer. However, it 

was noted that Glenlea dough samples produced very little or no foam layer. A foam layer 

was not observed during the salt extraction of flour samples. When tramferring the 

supematant for subsequent analyses, care was taken to keep the foam layer with the salt- 

insoluble pellet. The foam layer disappeared when samples were subsequently extracted 

with ethanol. 

The identity of the foam layer, as weii as the separate salt extractions, was 

investigated b y SD S -PAGE under non-reducing and reducing conditions (Figure 1 4). 

Albumins, globulins and gliadins were present in the saIt-soluble fiaction (Figure 14, 

unreduced). Gliadins were found in greater proportion in the water wash (lane 4) and the 

foam layer (lane 5). Tnticins were detectable only in the foam layer [bands appearing 

above the HMW-GS, Iane 1 (CTL) and lane 5 (foam layer) of Figure 14, unreduced]. In 

addition to the monomeric proteins, glutenins were also solubilized (Figure 14, reduced). 

HMW-GS bands were evident in both salt-soluble fractions, the water wash, and the foam 

layer. This glutenin is in its polymeric f o m  and large enough in M to be excluded fiom 

the gel under non-reducing conditions (slot protein). It appears that mixing induces 

confornational changes in the glutenin which allow solubilization of a s m d  pomon of thïs 



Figure 14. SDS-PAGE under non-reducing and reducing conditions of the salt- 
soluble subfiactions of Katepwa dough (mixed to 50% peak, 15Orng). (CTL) 
Katepwa flour control, (1) total combined salt-soluble fiaction, (2) supematant 
from fkst salt extraction, (3) supematant f?om second salt extractioq (4) water 
wash of salt-insoluble pellet, (5) foam layer. 
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protein in an aqueous sait solution whiie retaining sufnciently large hZ. This salt-soluble 

glutenin and foam created by the action of mkhg was not studied fùrther. The nature of 

this glutenin, although present in very smaii amounts (est. 24% total dough protein at the 

most), may warrant fùrther investigation. Characterization of this s m d  fiaction of glutenin 

might provide dues to the mechanism(s) occuning during mUMg to the larger, insoluble 

fiaction of glutenin. 

4.3.2.2. Ethanul-soluble fiaction 

No signifïcant difference in ES protein content existed between cultivars for the 

flours. Differences in arnount of ES protein occurred during mkhg, but these dserences 

were not related to strength. Two distinct trends in solubility were observed in the ES 

fiaction during mixing. The ES fiaction fiom the stronger cultivars Glenlea and Katepwa 

(Figure 12) showed an initial increase on minng to 50% MT, remained stable, then 

increased again from peak to ovemking. In contrast, the ES protein fiom the weaker 

cultivars AC Dornain and AC Karma decreased on initial mkhg before slowly increasing 

after 50% JMT. This unusual drop in ES protein during the initial stages of mixing appears 

to be specific to the weaker cultivars. Almonte (1998) reported similar behaviour for the 

ES protein of Katepwa mixed to 1 min, but not for îhat of Glenlea the stronger cultivar. 

Bushuk et al (1997) dso observed the same behaviour for the ES protein obtained fiom 

doughs made fiom flours of four New Zealand and two Canadian cuItivars. These two 

studies provide similar evidence for the behaviour of ES protein despite the preparation of 

doughs under dEerent conditions: flour-water-1% salt doughs rnixed in a GRL-200 mixer 

(Almonte, 1998) and full formula doughs mixed in a mechanical dough development mixer 



(Bushuk et al, 1997). Doughs &om three dserent flours mixed in a f&ograph did not 

exhibit the same behaviour in the ES protein content unless mixed under nitrogen (Tanaka 

and Bushuk, 1973a) 

The effect of mi>cing t h e  and cultivar on the content of the p&ed ES fiactions 

was also investigated. Except for Katepwa, the amount of ES gliadin generally decreased 

during the initial stages of mUang (Figure 15). From 50% MT to peak, the amount of ES 

gliadin remained relatively stable for the stronger cultivars Glenlea and Katepwa and 

increased for the weaker cultivars AC Domain and AC Karma Katepwa was the only 

cultivar to show a significant increase in ES gliadin with overmixing. The ES glutenin 

cornpnsed 7-17% of the ES fiaction in flours, and up to 15-22% after overmixing. The 

relative arnount (% of total protein) decreased or uicreased depending on the stage of 

mixing or the cultivar. There appeared to be an intercultivar difference for the ES glutenin 
- .  

content in the flours (G14KpaoC.Ka). Sapirstein and Fu (1998) observed a similar trend 

for propanol-soluble glutenin. The relationship observed for the flours in this study was, 

however, not maintainecl during mixing. The amount of ES glutenin for GIenlea and 

Katepwa increased throughout the mWng process. Glenlea showed the sharpest increase 

during early mWng while the ES glutenin in Katepwa began to increase at 50%. Both 

cultivars showed similar rates of increase during ove-g. The amount of ES glutenin 

in AC Domain and AC Kama appeared to initially decrease until peak was reached, then 

increase after optimum development. But the changes occurring for the weaker cultivars 

were not statistically significant. 



Figure 15. Changes in purined ES and AS fractions during mixing of control 
doughs prepared with Glenlea (Gl), Katepwa, (Kp), AC Domain (Do) and AC 
Karma (Ka) fiours. Mïxing time of 0% corresponds to fiour. 





SDS-PAGE under non-reducing and reducing conditions was used to investigate 

any qualitative changes occurring during mixing for all cultivars (Figure 16 to Figure 19). 

No qualitative variation in the protein composition of the purified fiactions was detected. 

The changes in amount of protein for the ES giiadin and ES glutenin reported in Figure 15 

were not distinguishable by visual assessrnent of the electrophoregrams. Changes in band 

ïntensiw correspondmg to increases in gliadin content or increases in slot protein 

corresponding to glutenui were imperceptible in the unreduced gels. Increased band 

intensity for the glutenin subunits in the reduced gels were slightly detectable. An 

interesting observation noted for the ES gliadin fiactions for all cultivars was the presence 

of up to five distinct shaded regions in the HMW region of the umeduced gels. Similar 

regions were detected in electrophoregrams of 50% and 70% 1-propanol-soluble fiactions 

studied by Fu (1996). These "ladder-like bandsy' were also observed in the ES protein 

fiaction studied by Almonte (1998). This oligomeric protein, thought to be glutenin 

comprised onIy of LMW-GS, was quantitated by SEC and wiU be discussed Section 4.6. 

4.3.2.3. Acetic acid-solu ble fraction 

The AS fraction (Figure 12) showed similar behaviour for al1 cultivars. There was 

a relativeiy large and significant decrease in the initial stages of rnixing. Any changes in AS 

protein content f i e r  50% MT were only sigdicant for AC Domain. These results 

contrast with those reported by Almonte (1998), in which Glenlea showed no significant 

change and Katepwa showed an increase in AS protein content during the initial stages of 



Figure 16. SDS-PAGE of unreduced and reduced purified ES and AS fiactions of Glenlea 
flour and control doughs (150 mg). First lanes designated as ESPS, ESPI, ASPS, ASPI 
correspond to flour fractions. Subsequent lanes correspond to control doughs rnïxed to (1) 
50%, (2) 100% and (3) 200% of peak. 
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Figure 17. SDS-PAGE of unreduced and reduced purifïed ES and AS fiactions of 
Katepwa fiour and control doughs (150 mg). Fust lanes designated as ESPS, ESPI, ASPS, 
ASPI correspond to flour fractions. Subsequent Ianes correspond to control doughs mixed 
to (1) 50%, (2) 100% and (3) 200% ofpeak 
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Figure 18. SDS-PAGE of unreduced and reduced purified ES and AS fiactions of AC 
Domain flou and control doughs (150 mg). First lanes designated as ESPS, ESPI, ASPS, 
ASPI correspond to flour &actions. Subsequent lanes correspond to controI doughs mked 
to (1) 50%, (2) 100% and (3) 200% of peak. 
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Figure 19. SDS-PAGE of unreduced and reduced puri6ed ES and AS fractions of AC 
Karma f lou and control doughs (150 mg). First lanes designated as ESPS, ESPI, ASPS, 
ASPI correspond to flour fractions. Subsequent lanes correspond to control doughs mixed 
to (1) 50%, (2) 100% and (3) 200% of peak. 



Uri reduced 

Reduced 



mixing. On continued mi>cing, the arnount of AS protein increased significantly for 

Glenlea and remained relatively stable for Katepwa. The quantities of AS protein were not 

comparable between the two studies, those of Almonte (1998) being significantly higher 

than in this study. Other researchers have also reported that rnixing causes an increase in 

the amount of AS protein (Parades-Lopez and Bushdq 1983, Tanaka and Bushuk, 1973). 

It was previously reported that the amount of AS protein was negatively related to 

dough strength (Orth and Bushuk, 1973a). This relationship was maintained in this study 

fiom the flour through undermixing and mixing to peak. Glenlea contained the least (5.1- 

8.7%), Katepwa (5.9- 12.6%) and AC Domain (8.6- 13 -6%) were intemediate, AC Karma 

contained the most (11.2-18.0%). The negative relationship was still evident at the 

overrnixing stage for all cultivars, except Glenlea. 

The AS fraction is the smalIest of the four modifieci Osborne fractions and displays 

the highest level of variation, on a large or a srnaIl scde, especially when the fiaction is 

purified into the 70PS gliadin and 70PI glutenin. These two factors result in data that are 

less easily evaluated statistically for the purified fractions, although improvement would be 

expected with greater replication. Despite the inherent Limitations and the low level of 

statistical signiiicance, some observations for the purified AS fiaction were stili considered 

important. There is a relatively large and significant decrease in AS gliadin during the 

initial stages of mWng (Figure 15) for all cultivars. This is foliowed by a small increase as 

the doughs are mixed to peak. M e r  peak the amount of AS gliadin significantly decreases 

again. The negative relationship between the amount of AS protein and strength is 

reflected in this subfiaction. The amount of AS gliadin in flours ranged nom 4.8% for the 

longest mixing cultivar Glenlea to 11.6% for the shortest mixing cultivar AC Karma 



(Figure 15). This relationship was rnaintained to a g e a t  extent through mixing to peak, 

but was less pronounced once the doughs were overrnixed. The ody  cultivar exhibithg 

anomalous behaviour was AC Domain. In contrast to the fl our, AC Domain doughs 

contained more AS gliadin than AC Karma, the weakest cultivar studied. 

Dupuis et al (1996) had previously suggested that the negative correlation between 

the AS protein fiaction and breadmaking quality was in fact due to the gliadins 

contaminating this Osborne fiaction. The negative relationship between the amount of AS 

glutenin and mixing strength was less pronounced than with the AS gliadin, Iending firther 

support to their suggestion. The correlation between the two factors may be more difncult 

to assess for the AS glutenin fiaction because of the large variation and low quantity for 

some of the sarnples. The results (Figure 15) indicated that the strongest cultivar Gleniea 

contained less AS glutenin than the weakest cultivar AC Karma throughout the rnixing 

process (2.64.7% and 5.2-6.4%, respectively). With the exception of overmixed doughs, 

Katepwa and AC Domain were usually intemediate but with values closer to Glenlea. AU 

cultivars, except Katepwa, showed a decrease in the arnount of AS glutenin on mWng to 

50% MT (Figure 15). The changes were less consistent for doughs mixed nom 50% to 

100% MT and al1 cultivars, except AC Domain, showed an increase in AS glutenh for 

overmixed doughs. 

The decrease in AS gliadin was evident in the SDS-PAGE analysis under non- 

reducing and reducing conditions (Figure 16 to Figure 19). In the unreduced gels, the 

gliadin bands in the AS gliadin fiaction and the a-gliadïin bands in the AS glutenin eaction 

diminished in intensity as mixhg progressed. In the reduced gels, the intensity of the 

HMW-GS bands appeared to change according to the results illustrated in Figure 15. The 



amount of AS glutenin decreases until 100% m, then increases. The exception to this 

trend was AC Domain, but the high level of variation for three of the four mking time 

data makes it difficult to evaluate the actual changes occumng in this AS glutenin fiaction. 

The changes in a-gliadin content in the ES and AS glutenin fkactions will be discussed in 

Section 4.5. 

412.4. Acetic ucid-insoluble fraction 

The amount of AI glutenin decreased throughout mixing for Glenlea and Katepwa 

control doughs (Figure 12). However, AC Domain and AC Kama exhibited a large 

increase in AI glutenin during the initial mixing stage. The arnounts of AI glutenin peaked 

at 50% MT and decreased through breakdown for both weaker cultivars. The enhanced 

solubility of glutenin during Inking cm be explained by the reduction in the M, either by 

depolymerization or disaggregation. This would explain the decrease in AI glutenin 

observed during e n g .  Numerous studies have shown that the arnount of insoluble 

glutenin decreases with mWng (Bushuk et al, 1997, Danno and Hoseney, 1982% Parades- 

Lopez and Bushuk, 1982% Sievert et al, 1991, Tanaka and Bushuk, 1973% Tsen, 1967, 

Wang et ai, 1992). The increase in AI glutenin during the early stages of mWng observed 

for the weaker cultivars is due to the increase in gliadin insolubility, but also possibly some 

soluble glutenin. The unusual increase in AI gluteniri observed for the weaker cultivars 

coupled with the unusual decrease in the ES and AS gliadin, is attributed to gliadin- 

glutenin interaction. 

The SDS-PAGE gels for the unreduced and reduced AI fiactions (Figure 20) 

austrate both phenornena observed in the protein distribution data The band intensities 



for the monomeric proteins (unreduced gel) exhibit a distinct increase for the lanes 

corresponding to 50% M'î when compared to  the control lanes, then decrease for 100% 

and 200% m. Also worth noting, the slot protein for each cultivar appears to increase 

with mixhg, suggesthg that some of the glutenin stiil present in the AI fiaction is reduced 

in size but still remains insoluble. The solubiüzation of glutenin during e g ,  measured 

as a decrease in band intensity, is more diicult  to detect (reduced gel). Loss of band 

intensity is only barely perceptible. As with the electrophoretic analysis of the other 

modifïed Osborne fractions, there did not appear to be any qualitative changes in protein 

composition during rnixing. 

4.3.2.5. Gliadin-glu tefiin interaction 

The total arnount of gliadin (ES and AS) in fiour ranged f?om 37.6% for Gledea 

to 43.2% for Katepwa. AC Domain and AC Karma were intermediate with 42.0% and 

41.1%, respectively. Ln contrast, total glutenin (ES, AS and AI) was highea for GIenlea 

(45.1%), lowest for AC Karma (39.5%), and intermediate for Katepwa (41.2%) and AC 

Domain (41.2%). Total gliadin showed no correlation to dough strength and the positive 

relationship indicated by total glutenin was due to the insoluble fraction. The negative 

correlation between the AS fraction and dough strength was aIso apparent for AS gliadin 

and total soluble glutenin (ES and AS, excluding AI). The arnounts of these two soluble 

fiactions were inversely related to mixing strength: for AS gliadin, Glenlea 4.8%, Katepwa 

8.8%, AC Domain 9.6%, and AC Karma 11.6%; for total soluble glutenin, Glenlea 6.6%. 

Katepwa 7.4%, AC Domain 10.0%, and AC Karma 12.6%. In addition to the positive 

correlation between AI protein and dough strength and the negative correlation associated 



Figure 20. SDS-PAGE of unreduced and reduced AI fiactions of flours and 
control doughs (150 mg). First lanes designated as (Gl) Glenlea, (Kp) Katepwa, 
(Do) AC Domain and (Ka) AC Kama correspond to Baur hctions. Subsequent 
lanes correspond to control doughs mixed to (1) 50%, (2) 100% and (3) 200% of 
peak. 
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with the AS protein (attributable to AS gliadh), total soluble giutenin also appears to be 

negatively associated with strength. 

The observation that the amount of gliadin insoluble in ethanol but soluble in diiute 

acetic acid appeared to be geno~pe-specific, was attributed to giiadin-glutenin interaction 

(Dupuis et al, 1996). It was suggested that gliadin-glutenin interaction might play an 

important role in dough mDcing and be an important factor in determinhg the rnixing 

strength of a flour. Based on the unusual solubility results observed in this study, it 

appears that, during the very early stages of m k g ,  gliadin interacts with glutenin and 

becomes insoluble in ethanol or acetic acid. As d g  progresses, the gliadin is released 

along with soluble glutenin. Evidence of gliadin-glutenh interactions can be found in the 

changes occurring during mixing to the soluble glutenin and total gliadin (Table 11). It is 

very clear that gliadin solubility is reduced in both the ES and AS fiactions during the 

early stages of rnixing for al1 cultivars (the only increase observed was for Katepwa ES 

gliadin). As rnixing progresses, gliadin solubility increases slightly for the stronger 

cultivars and more so for the weaker cultivars. O v e r e g  appears to enhance the 

solubility of gliadins in ethanol. Despite the apparent inverse relationship between the totd 

soluble glutenin and dough strength, there does not appear to be any strong indication of 

interaction between the soluble and insoluble glutenin during d n g .  Soluble glutenin 

content generally increases as rnking progresses, presumabIy due to the disaggregation or 

depolymerization of the insoluble glutenin. 



Table 11. Changes in Proportion of Gliadin (ES, AS and total) and GIutenin (ES, AS and 
total soluble) D & ~  Muang of Control Doughs. 

O-50% MT 50-100% MT 100-200% MT 
-- 

Gliadin ES AS Total ES AS Total ES AS Total 
Glenlea -1.2 -2.3 -3.5 O. 1 O. 3 0.4 1.7 -1.0 0.7 
Ratepwa 3.2 -6.4 -3.3 -0.4 1-0 0.6 2.7 -2.0 0.7 
AC Domain -6.2 -2.5 -8.7 4.2 1.7 5.9 3.2 -1.6 1.6 
AC Karma -1.2 -5.9 -7.1 3.9 0.6 4.5 0.6 -3.1 -2.5 
Glu tenin 
Gl enlea 3.5 -1.4 2.1 -0.1 0-2 O. 1 3 -2 1.9 5.1 
Katepwa -0.2 0.1 -0.1 1.2 -1.4 -0.2 2.4 0.4 2.8 
AC Domain -0.6 -2.5 -3.1 -1.0 1.5 0.5 1-4 -1.5 -0.1 
AC Kama -0.1 -0.9 -1.0 -0.5 -0.3 -0.8 1.2 1.1 2.3 

Control doughs fiom AC Dornain flour were initially prepared using a lower 

absorption than the calculated optimum. The doughs were prepared agah at the optimum 

absorption. This provided an opportunity to evaluate the effect of absorption on the 

changes in protein distribution during e g .  The effect of absorption on the changes in 

glutenin subunit composition during mixing will also be discussed in the Section 4.4. 

To achieve the constant consistency of 40 MU used for this study, AC Dornain 

required an absorption of 69.4%. Doughs were also prepared at 61.7% absorption to 

produce a consistency of 50 MU. The protein solubility distribution for AC Domain 

doughs prepared at these two absorptions (differing by 7.7%) is reported in Table 12. 

There was signincantly more SS protein in the 62% doughs (mked to 100% and 200% 

h4T). Significantly less gliadin was found in the AS fiaction obtained fiom the 62% dough, 

as weli as less total gliadin. Less AS gliadin suggests that less gliadin-glutenin interaction 

occurs in the dough of lower absorption. 



There was signincantly more soluble ghtenin (ES and AS) in the 62% dough. The 

increase in soluble glutenin as mixing progressed was much p a t e r  in the 62% dough than 

the 69% dough, indicating a more rapid rate of depolymerization of glutenin. When 

compared to the 69% doughs, the content of ES glutenin is lower in the 62% dough 

mixed to 50% MT, slightly higher once mked to peak, and significantly higher when 

overmixed. The merence in the AS @utenin is more consistent throughout mkhg. The 

62% doughs have lower amounts of AI protein than the 69% doughs at ail mixing tirnes, 

although these differences (2.3-6.1% of total protein) were not significant. 

When water is added to flour, 30-3 5% becomes bound (MacRitchie, 1986). The 

remaining free water is dispersed through the dough during mixing, becoming available as 

a solvent and providing a medium for chernical reactions between gour constituents. 

Changhg the IeveI of water addition, which ultimately changes the arnount of f?ee water, 

will alter the rheological properties of a dough. Absorption wiii intluence dough stifiess 

and, hence, the work input required (Walker and Hazelton, 1996). Mixograph peak the ,  

peak height, and curve width will be affected by changes in water absorption (as well as 

protein content and quality). These changes were apparent for the AC Domain doughs 

prepared at two levels of water absorption. Increasing water absorption iiom 61.7% to 

69.4% decreased rnixograph peak height from 50 Mü to 40 Mü and increased the 

mixograph dough development tirne f?om 2.9 to 3.8 min. The curve width, particularly in 

the ascending portion, was wider and more irregular in the dough made at the lower water 

absorption (results not shown). 



Table 12. Cornparison of Modified Osborne Protein Distribution for 
AC Domain Control Doughs Prepared at 62% and 69% Absorption 

50% Mixing Thne 
62% 69% 

SS 
ESPS (gliadin) 
ESPI (glutenin) 
ES 
ASPS (gliadin) 
ASPI (glutenin) 
AS 
AI 
Recovery 

SS 
ESPS (gliadin) 
ESPI (glutenin) 
ES 
ASPS (gliadin) 
ASPI (glutenin) 
AS 
AI 
Recovery 

100% Mixing Time 
62% 69% 

200% Mwng Time 
62% 69% 

SS 
ESPS (gliadin) 
ESPI (glutenin) 
ES 
ASPS (ghadin) 
ASPI (glutenin) 
AS 
AI 
Recoverv 

J 

* indicates sipifkant difference (a=0.05) between absorption levels 



The changes observed in doughs at the macroscopic level must also be reflected at 

the protein molecular level. At lower water absorption, greater shear forces are exerted on 

the protein molecules, resulting in a larger extent of giutenin breakdown during mking. 

This phenomenon is observed in the AI fiaction. The dough prepared at 61.7% absorption 

contained less AI protein throughout mixing and exhibited a more severe rate of 

breakdown than the dough prepared at 69.4% absorption. The amount of AI protein in the 

dough of lower absorption decreased by 9.3% (50% MT to peak), then by 17.3% @eak to 

200% MT) during rnixing compared to 8.6% and 6.6% for the dough of higher 

absorption. 

Evidence for the greater susceptibility of glutenin to breakdown in the dough of 

lower absorption is found in the lower arnount of AI protein, but also in the presence of 

greater amounts of soluble glutenin. Interestingly, the dough made at lower absorption 

also contained significantly less AS gliadin when mixed to peak and beyond. When both 

doughs are mked to optimum development, the dough of lower absorption contains 

glutenin of lower M, and exhibits less giiadin-glutenin interaction, as measured by the 

amount of gliadin soluble in acetic acid, than the dough of higher absorption. In both 

cases, the doughs are supposedly optimdy developed, but the proteins are in different 

States. Further investigation into the effects of absorption on mWng behaviour might 

provide additiond information on the two mechanisrns, reduction of glutenin a and 

gliadm-glutenin interaction, and their relative importance. 

4.3.4. Iodate Doughr 

Potassium bromate and to a lesser extent potassium iodate are two halogenates 

that have been used as bread irnprovers over the last 70 years (Fichett and Frazier, 1986). 



It was recognized long ago that potassium iodate reacted more quickly than potassium 

brornate. (Suiiivan et al, 1940). The mechanism of the oxidants' action was reported to 

have a rapid initial reaction followed by a slower secondary reaction (Bushuk and Hi& 

1960). Tkackuk and Enynka (1961) proposed a two-step reaction mechanism that would 

explain the diEerent rates of reaction observed between iodate and bromate. The rate- 

limiting fkst step wodd be slow for bromate and fast for iodate: 

(1) IO; + 2RSH + IO< + RSSR + Hz0 
iodate protein thio! iodite protein disulnde 

(2) 10; + 4 RSH + r + 2 RSSR+ 2 H20 
iodite protein thio! iodide protein disuifide 

The halogenates exert their major effect on the sulfhydqd-disufide interchange system of 

the proteins in dough (for review see Dupuis, 1997). Potassium iodate (60 ppm) was used 

in this study to evaluate whether its fast-acting improving action could provide clues to 

specific changes occumng in the gluten proteins during mixing. 

4- 3- 4.1. Sdf-solu bZe fraction 

The amount of SS protein varies d u ~ g  mking, generally decreasing but 

occasionally increasing (Figure 21). No consistent changes were observed during mixing. 

Cultivar differences were observed throughout e g ,  dthough the ranking was not 

related to quality. AC Kama had the greatest amount, foliowed by Glenlea, Katepwa and 

AC Domain. 



4.3.4.2. Ethanol-solu ble fiaction 

There was a large and significant increase in the amount of ES protein throughout 

mixing and for all cultivars (Figure 21). The largest increases were observed in the initial 

stages of mixing (to 50% MT) and during ovennoring (after peak). The amount of ES 

protein and the changes in the amount during minng were not genotype dependent, 

although Glenlea overmixed dough contained significantly less ES protein than the other 

overmixed doughs. The increase in the amount of ES protein was due to an increase in 

both gliadin and glutenin. ES gliadin content increased initidy, dropped slightly, then 

increased again during overmixing (Figure 22). No relationship between cultivar and ES 

gliadin content was evident. The unusud decrease observed in the ES fiaction of control 

doughs for the weaker cultivars was absent in the iodate doughs. The amount of ES 

glutenin increased throughout mixing for alI cultivars. The apparent negative relationship 

between the content of ES glutenin in flour and mWng strength was lost during mïxing. 

4.3.4 3. Acetic acid-solu ble fraction 

There was a signiflcant drop in the AS protein during the initial stages of mWng 

followed by a sigdicant increase between 50% and 100% MT (Figure 21). The change in 

AS protein during overrnking appeared to be cultivar dependent. Glenlea exhibited the 

largest increase (3.8%), Katepwa and AC Domain were intermediate (0.9% and 0.8%, 

respectively), and AC Karma exhibited a decrease (-5.2%) in AS protein. As with the 

control doughs, the content of AS protein was negatively related to mixing strength. This 



Figure 21. Changes in modified Osborne eactions during mixing of iodate doughs 
prepared fiom Glenlea (GI), Katepwa (Kp), AC Domain (Do) and AC Karma (Ka) 
flours. Mixing tirne of O % corresponds to fiour. 



Salt-soluble Fraction 

Acetic Acid-soluble Fraction 
-l 

1 1 # I 1 

O 50 100 150 200 

Mixinci Time (% of Peak Mixina Tirne) 

Ethanol-soluble Fraction 
57 1 

Acetic Acid-insoluble 

O 50 1 O0 150 200 

Mixing Time (% of Peak Mixlng Tirne) 



Figure 22. Changes in purified ES and AS fractions during mkkg of iodate 
doughs prepared with Glenlea (Gl), Katepwa, (Kp), AC Domain @O) and AC 
Karma (Ka) fl ours. Mwng t h e  of O% corresponds to flour. 
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relationship was obçerved fiom flour through mixing to peak, but was lost during 

ovemixing. The initial loss of AS protein can be attnbuted to the loss of a significant 

arnount of AS gliadin and a s m d  but statisticdy insignxcant amount of AS glutenin 

(Figure 22). There was a relatively large increase in the AS ghtenin and a srnail increase in 

the AS gliadin for all cultivars mixed fiom 50% MT to peak. AS gliadin decreased during 

overmixing while AS glutenin continued to increase. The negative relationship between 

the amount of AS protein and mWng strength was evident for both the AS gliadin and the 

AS glutenin and was maintained until doughs had been mixed to peak. AC Karma 

contained the highest amount of both protein groups. Glenlea, and sometirnes Katepwa, 

contained the least arnount of AS gliadin and glutenin. However, this relationship was lost 

with overmixing. 

The 

21). Unlike 

4.3.4.4. Acetic ad-insoluble fraction 

arnount of AI protein decreased throughout mixing for all cdtivars (Figure 

the control doughs, an increase in AI protein during the initial d n g  stage 

was not observed for both weaker cultivars. However, AC Domain exhibited a smdl 

increase (0.8%) and the loss of AI protein for AC Karma was lower than for the stronger 

cultivars Glenlea and Katepwa. The arnount of AI protein continued to be related to 

mixing strength, although Katepwa doughs contained less than AC Domain doughs when 

mixed to 50% and 100% MT, and as much as Glenlea when mked to 200% MT. SDS- 

PAGE under non-reducing conditions (Figure 23) indicated that there were some changes 

occurring related to gliadin-glutenin interactions but these changes were masked by the net 

loss in the fraction. For alI cultivars, there was a distinct increase in gliadin band intensities 



Figure 23. SDS-PAGE under non-reducing conditions of AI fiactions of flours and 
doughs (150 mg) prepared with iodate and NEMI. First lanes designated as (Gl) 
Glenlea, w p )  Katepwa, (Do) AC Domain and (Ka) AC K m a  correspond to flour 
fractions. Subsequent lanes correspond to doughs mked to (1) 50%, (2) 100% 
and (3) 200% of peak. 





at 100% MT, relative to the doughs rnixed to 50% MT. This is in contrast to the control 

doughs where an increase in band intensity, relative to the flours (0% MT), and an 

increase in the amount of AI protein was observed at 50% MT. 

Based on the musual solubility results observed for the control doughs, it was 

suggested that d u ~ g  the very early stages of mWng gliadin interacts with glutenin and 

becomes insoluble in ethanol or acetic acid. As mixing progresses, the gliadin is released 

dong with soluble glutenin. Evidence of gliadin-glutenin interactions for iodate doughs 

cm be sirniIarIy found in the changes occurring during mkhg in the soluble glutenin and 

total gliadin (Table 13). However, unlike the control doughs, gliadin solubility in iodate 

doughs decreased in the AS fiaction, but not in the ES Eaction, during the early stages of 

mixing for ali cultivars. The magnitude of the loss of AS gliadin was smdest for Glenlea, 

intermediate for Katepwa and AC Domain, and greatest for AC Karma. This is in 

agreement with the gliadin-glutenin interaction mode1 in which the extent of interaction is 

considered to be inversely related to mWng strength. As mixing progressed to peak and 

beyond, gliadin solubility increased. Soluble glutenin content increased as mixing 

progressed. 

4.3.5. NEMI Doughs 

The effect on dough properties of the sulfhydryl-blocking agent NEMI is very 

similar to that of doughs containing oxidants such as potassium iodate, although the 

mechanisms of action are dserent. Potassium iodate exerts its improving efect on doughs 



Table 13. Changes in Giiadin (ES, AS and total) and Glutenin (ES, AS and total soluble) 
During Mking of Iodate Doughs. 

0-50% MT 50-100% M T  100-200% MT 
Gliadin ES AS Total ES AS Total ES AS Total 
Gledea 1.8 -2.7 -0.9 -2.6 1.1 -1.5 3.9 -0.7 3 -2 
Katepwa 4.4 -6.6 -2.2 2.4 0.6 3.0 -0.2 -1.2 -1-4 
AC Domah 2.2 -5.8 -3.6 -1.4 1.8 0-4 6.0 -3.2 2.8 
AC Kama 3.1 -7.2 -4.1 -0.2 2.5 2.3 8.2 -4.8 3 -4 
Glutenin 
Gleniea 5.5 -2.0 3.5 2.5 5.4 7.9 3.7 4.5 8.2 
Katepwa 4.8 -0.8 4.0 0.7 1.0 1.7 4.1 2.1 6.2 
AC Domain 0.4 0.8 1.2 1.9 5.4 7.3 6.1 4.0 10-1 
AC Kama 3.2 -0.2 3 .O 5.0 4.7 9.7 0.2 -0.5 4.3 

by the oxidation of -SH groups to disulfide bonds, or to higher oxidation products, while 

NEMI exerts its effect by blocking the -SH groups. The -SH/-SS- interchange reaction so 

important in dough is restricted in the presence of both chernicals, thus dough breakdown 

occurs more quickly. 

4.3.5. Malt-solub le fraction 

The content of SS protein decreased signincantly for doughs mixed from 50% 

to peak (Figure 24). After peak, all cultivars exhibited an increase in SS protein. The SS 

protein contents and changes during mixing varied with cultivar but showed no 

relationship to dough strength. 

4.3. S. 2. Ethanol-soluble fraction 

The increase in the content of ES protein throughout mixing for al1 cultivars is 

large and significant (Figure 24). The initial drop in ES protein content characteristic of 

the control doughs made nom the weaker cultivars was ody evident for the AC Domain 

NEMI dough. Content of ES protein during rnixing varied with cultivar but showed no 



Figure 24. Changes in rnodified Osborne fiactions during mixing of NEMI doughs 
prepared nom Glenlea (GI), Katepwa (Kp), AC Domain (Do) and AC Karma (Ka) fleurs. 
MUang thne of O % corresponds to flour. 





relationship to dough strength. Gliadin and glutenin contribute to the increase in ES 

protein (Figure 25). No relationship was found between the content of ES gliadin or ES 

giutenin during mixing and dough strength. 

The changes in arnount of AS protein during mbbg were similar to those observed 

for the control and iodate doughs. An initial decrease occurred at 50% MT foliowed by 

an increase at peak for all cultivars (Figure 24). OvemWcing caused a large increase in 

Glenlea (5.6%) and a large decrease in AC Karma (-7.8%), while the intermediate 

cultivars exhibited negligible changes. The inverse relationship between amount of AS 

protein and mixing strength was obvious for dl NEMI doughs mixed to peak. The 

relationship was subesquently lost with overmixing. As with the control and iodate 

doughs, the AS gliadin content initially decreased for all cultivars. An increase up to peak 

followed by a decrease during overmixing were observed for Gledea and AC Domain. 

But, Katepwa remaineci stable and AC Karma continued to decrease until doughs were 

overmked (Figure 25). The content of AS gliadin which appeared to be cultivar- 

dependent for the flour did not show a similar relationship as doughs were mixed to peak. 

The amount of AS glutenin increased as mixing progressed. The degree of change was 

dependent on cultivar, but no trends related to quality were observed. 



Figure 25. Changes in purified ES and AS fiactions during mixing of NEMI 
doughs prepared with Gledea (Gl), Katepwa, (Kp), AC Domain (Do) and AC 
Kama (Ka) flours. Mixing time of 0% corresponds to fl our. 





4.3.5.4. Acetic acid-imoIuble fiaction 

The amount of AI protein was reduced throughout mkhg for the four cultivars 

@gure 24). The NEMI doughs made from the two weaker cultivars exhibited behaviour 

simüar to that observed in the iodate doughs. There was an initial increase in AI protein 

for AC Domain. The AI protein content for AC Karma did not increase, but decreased to 

a much lesser extent than GIenlea and Katepwa With ody  two exceptions (AC Domain at 

50% MT and Katepwa at 200% MT), the strong relationship between insoluble glutenin 

(AI) and dough strength was maintained throughout rnixir~g. SDS-PAGE under non- 

reducing conditions of the AI fiactions showed that gliadin content varied during mixing 

(Figure 23). The gliadin content of NEMI doughs appeared to increase at 50% MT (AC 

Karma) or 100% MT (other cultivars). 

4.3.5.5. Gliadin-glutenin interaction 

As with the control and iodate doughs, evidence for gliadin-glutenin interactions 

for NEMZ doughs can be found in the changes occumng during mWng to the total gliadin 

uable 14). Gliadin solubility in NEMI doughs decreased in the AS fraction, but not in the 

ES fiaction, during the early stages of mking for all cultivars except Katepwa. The loss of 

gliadin in the NEMI doughs is similar to, but slightly lower than, the observed loss for the 

iodate doughs. The losses were clearly lower for the treated doughs compared to the 

controls. Again a cultivar-dependent trend was observed, with GIenlea and Katepwa 

exhibiting little to no decrease in total gliadin and the weaker cultivars exhibiting greater 

losses. Soluble glutenin content increased as mixing progressed and did not appear to be 

important in mWng behaviour or gliadin-glutenin interactions. 



Table 14. Changes in GLiadii (ES, AS and total) and Glutenin (ES, AS and total soluble) 
During Mung of NEMI Doughs. 

O-50% Mn: 50-100% MX 100-200% MT 
Gliadin 
Glenlea 
Katepwa 
AC Domain 
AC Karma 
GIutenin 
Gleniea 
Katepwa 
AC Domain 
AC Karma 

Total Total 
2- 1 
2. O 
2.8 
2.5 

7.8 
5.4 
16.2 
14.0 

4.3.6. Treafment Effects and lnt eractiom 

4.3.6.1. Treuttnent Effects 

For ease of interpretation, the data representing treatment effects has been 

presented graphically in this section. Tables of means, standard deviations and statistical 

evaluation can be found in the Appendix (Tables 18-25). Compared to the control 

doughs, the amount of SS protein was lower for doughs treated with iodate or NEMI for 

ail cultivars except AC Domain (Figure 26). The ES protein was found in significantly 

greater proportion in the iodate and NEMI doughs throughout rnixing (Figure 27). There 

was no significant difEerence between the effects of iodate and NEMI treatrnent for both 

the SS and ES protein fractions. The distinct decrease in ES protein at 50% MT for AC 

Domain and AC Karma are clearly evident for the control doughs and the NEMI-treated 

AC Domain 



Figure 26. Changes during rn-g in the arnount of SS protein obtained by 
modified Osborne f?actionation of control, iodate, and NEMI doughs prepared 
fiom GlenIea, Katepwa, AC Domain and AC Karma fiours. e g  t h e  of 0% 
corresponds to fiour. 





Figure 27. Changes during mking in the amount of ES protein obtained by 
modified Osborne ftactionation of wntrol, iodate, and NEMI doughs prepared 
fiom Glenlea, Katepwa, AC Domain and AC Karma flours. MWng t h e  of 0% 
corresponds to flour. 
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dough. There was generally a greater amount of ES @adin (Figure 28) and ES glutenin 

(Figure 29) in the iodate and NEMI doughs and the treatment effects were generaliy not 

significantly different. 

The treatments had a greater impact on the AS fiaction (Figure 30) than the ES 

and SS fractions. In most cases, there was no difEerence between the control and treated 

doughs mixed to 50% MT. In contrat, significantly more AS protein was found at peak 

and overmixing in the treated doughs. NEMI treated doughs contained the highest amount 

of AS protein and iodate treated doughs contained intemediate amounts. The effect of the 

treatments also varied with cultivar. Glenlea exhibited an increase in AS protein from 

undermixing to ovennixing. The difference between treatments was most accentuated for 

this culitvar as mixuig progressed. Katepwa and AC Domain exhibited increases from 

u n d e r d g  to peak and then stabilized. The apparent drop in AS protein on overmixing 

observed for the control doughs of these two intermediate cultivars was absent in the 

treated doughs. The AS protein in the AC Karma treated doughs increased up to peak 

then decreased with overmixing. The effects of iodate and NEMI observed in the AS 

protein content were primarily exerted on the AS glutenin. There is an effect of treatment 

on the AS gliadin content, but this effect varies with cultivar and rnixing time with no 

detectable trend (Figure 31). On the other hand, the AS glutenin shows the sarne 

treatment-dep endent and cultivar-dependent behaviour observed in the total AS protein 

fraction (Figure 32). When doughs are mixed to peak and ovennixed, treated doughs 

contain significantly more AS glutenin, and NEMZ doughs contain signincantly more than 

iodate doughs. 



Figure 28. Changes during mixing in the amount of ES gliadin obtained by 
modfied Osborne fractionation of control, iodate, and NEMI doughs prepared 
nom Glenlea, Katepwa, AC Domain and AC Karma flours. Mwng t h e  of 0% 
corresponds to fiour. 
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Figure 29. Changes during mixing in the amount of ES glutenin obtained by 
modified Osborne fiadonation of control, iodate, and NEMI doughs prepared 
fiom Glenlea, Katepwa, AC Domain and AC Karma flours. Mwng t h e  of 0% 
corresponds to flour. 





Figure 30. Changes during mixing in the amount of AS protein obtained by 
modified Osborne fiadonation of control, iodate, and NEMI doughs prepared 
eom Glenlea, Katepwa, AC Domain and AC Karma flours. Mking time of 0% 
corresponds to flour. 





Figure 3 1. Changes during mixing in the amount of AS giiadin obtained by 
modifïed Osborne fiactionation of control, iodate, and NEMI doughs prepared 
fiom Glenlea, Katepwa, AC Domain and AC Karma flours. Mïxing time of 0% 
corresponds to ûour. 
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Figure 32. Changes during mixing in the amount of AS giutenin obtained by 
modified Osborne fkactionation of control, iodate, and NEMI doughs prepared 
nom Glenlea, Katepwa, AC Domain and AC Karma flours. Mïxing time of 0% 
corresponds to floour. 





n i e  Al fiaction provided the most drarnatic results for treatment effects. AI 

gluteniri significantiy decreased for all cultivars. The arnount of AI protein at 50% MT was 

higher for the controls when compared to the treated doughs. There was no significant 

dinerence in the amount of Al protein between iodate and NEMI treatments until doughs 

were mked to peak and beyond. NEMI consistently had the greatest eEect on the AI 

fiaction, foliowed by iodate. n i e  decrease in the amount of AI glutenin durhg mixuig was 

vimially linear for Glenlea and Katepwa, for all treatments (Figure 33). The decline in 

Gledea AI glutenin was much steeper than that of Katepwa, indicating a more rapid 

breakdown in the large polymers. AC Domain and AC Karma showed a more unique 

response to mïxing. Figure 33 illustrates very well the initial increase in AI protein 

considered to result from gliadin-glutenin interactions. The rise was most signincant for 

the control doughs, while the treated doughs exhibited more of a plateau (AC Domain) or 

small drop (AC Karma). This initial phase was then followed by a rapid loss of AI protein 

as doughs were mixed to peak and beyond. 

43-62. Sfafr0stical Interactions 

Statistid andysis of the data disaisseci in this section indicated some signifiant 

interactions. A summary table of signifiant main e f f i s  and interactions has been included in 

the Appendk (Table 26). Many of these interactions can be easily detected by visual 

assesment of the graphs presented. For example, the Cultivar-by-mixing tirne (CVxMT) 

interaction for the AI fiaction obtained from control doughs as seen in Figure 12. The positive 

relationship between amount of AI glutenin and mixing strength was evident at 0% MT. This 

relationship was 



Figure 33. Changes during mixing in the amount of AI protein obtained by 
modified Osborne fkactionation of control, iodate, and NEMI doughs prepared 
nom Glenlea, Katepwa, AC Domain and AC Karma flours. Muring time of 0% 
corresponds to flour. 





altered at subsequent mùring thes  only by the change in AC Domainmain The other cultivars 

maintained the relationship throughout h g .  A portion of the interaction occurring was also 

due to the unique increase in AI protein (attniuted to gliadin-ghtenin interaction) in AC 

Domain and AC Karma doughs. Thus the two main effects were much more important than 

the interactions. This was reflected in the much larger F-values for main effects compared to 

interactions tabulated in the Appendix (Table 26). 

Another exarnple can be found in Figure 15 for the ES glutenin. The CVxMT 

interaction reported as significant by statistical analysis simply illustrated that the increase 

in ES glutenin on mixing was not genotype dependent. The CVxMT interaction occurring 

in the AS &action of iodate doughs appeared to indicate that the initial correlation 

between cultivar and amount of AS protein was lost &ter doughs were rnixed to peak 

(Figure 2 1). Similar examples exist for the C V x T R m  and MTxTRTMT interactions. 

For instance, the MTxTRTMT interaction often simply indicated that iodate and NEMI 

produced observable effects only afker mixing past 50% MT. 

If an attempt was made to interpret many of the interactions deemed significant by 

statistical analysis, the effort would add confusion and draw away fiom the important main 

eEects. The interactions may be signifïcant but may not be of relevance to the main eEects 

being studied nor may they contnbute any additionai ùiformation. Hence most of the 

interactions have been disregarded. Those deemed relevant to the outcome of the data are 

discussed where appropriate. Due to the heterogeneous nature of the proteins in the 

dough systems being studied and the cumulative variation inherent in the complicated 

fiadonation and purificiation scheme, it is Likely that some of the interactions being 

identified by statistical analysis as significant are a reflection of these conditions. Unlike 



other studies, one must consider when interactions should be emphasized and when they 

should be ignored, despite their statistical significance. 



4.4. Changes Dunng Mixing in the GIutenin Subunit Composition of Glutenins of 
Three Different SoIubilities 

In the two previous chapters, the flours used in this study were characterized and 

the changes in protein solubility distribution during minng were evaiuated for control 

doughs and doughs treated with iodate or NEMI. The modifïed Osborne fiactionaiion 

procedure and subsequent purification method produce three fiactions of glutenin of 

different solubility, ES, AS and AI glutenin. The next step was to evduate these three 

fractions of glutenin by RP-HPLC to determine the effects of mDàng on HMW-GS 

composition and the ratio of HMW-GS to LMW-GS. 

RP-HPLC chromatograms and SDS-PAGE electrophoregrams showed that no 

qualitative differences arose dunng mixing. Therefore, only sample chromatograms for 

each fraction of glutenin obtained fiom the flours of each cultivar have been included in 

the Appendk (Figure 1). Specific HMW-GS have been highly correlated with 

breadrnaking quality parameters (Ng and Bushuk 1988, Payne et al, 1979, Shewry et al, 

1992). A h ,  the predominance in specinc solubility fiactions of HMW-GS related to 

quality has been reported (Dupuis et al, 1996, Fu, 1996). The ratio of HMW-GS to 

LMW-GS, a measure of the M, of glutenin is also related to solubility fiactions and quality 

parameters (Graveland et al, 1985, Gupta and MacRitchie, 1991, Payne and Corfield, 

1979). The objective in this work was to investigate the relationship between changes in 

gluten proteins dunng mixing and the subunit composition of three glutenins of dEerent 

solubiïties. Once again, the results have been presented graphicaliy and the comprehensive 

data tables can be found in the Appendix (Tables 27-48). 



4.4. L Conirol doughs 

The proportion of individual HMW-GS in the three giutenin fractions changed 

significantly with rnixing. For the ES giutenin, the changes thaï occurred were significant 

and generally similar for all cultivars Figure 34). The relative arnounts of 1Ax and 1Bx 

subunits (GS 2* and GS 7 or 75 respectively) decreased until dcughs were mixed to 50% 

MT or peak, then leveled off during ovennLMg. The relative amounts of 1Dx and 1By 

subunits (GS 5 and GS 8 or 9) increased with mixlig. Both 1Dy subunit alieles (GS 10 

and GS 12) exhibited a strong increase in relative arnount during the initial stages of 

mi>nng and then remained relatively unchanged &er 50% MT. Allelic variation was 

observed for the 1Ax and 1Dx subunits. The relative amount of GS 1 fkom AC Karma was 

not significantly changed by miwig, exhibithg a much smder initial loss compared to the 

other cdtivars containing the 1AxP subunit. The relative amount of GS 2 f?om AC 

Karma also showed no significant change with mixing compared to the other cultivars 

containing the 1Dx5 subunit. With the exception of Glenlea, the ratio of HMW-GS to 

LMW-GS (sub sequently referred to sirnply as ratio) exhibited s m d  but relatively 

insignificant changes during mixing. Glenlea's ratio increased after 50% MT while the 

ratios for the other cultivars remained fairly constant. Glutenin soluble in ethanol becarne 

enriched with y-type subunits (1By and 1Dy) and 1Dx5 as control doughs were mixed to 

optimum development. The ratio is considered a mesure of the of the glutenin 

polymer. Although little change in the ratios was observed with e n g ,  the relationship of 

high ratio and dough strength was statisticaiiy signincant. Katepwa, Glenlea, and Domain 

had similarly high ratios in the flours and undermixed doughs. As muring progressed to 

peak 



Figure 34. Changes in the relative amounts of the HMW-GS and the ratio of  
HMW-GS to LMW-GS of the ES fiaction of glutenin during mixing of control 
doughs prepared kom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and AC 
Karma (Ka). 
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and beyond, the ratio for each cultivar varied more significantly with mUring strength: 

Glenlea had the highest ratio, Katepwa and AC Domain were intermediate, and AC Karma 

had the Iowest. 

The relative proportions of HMW-GS in the AS glutenin fraction also changed 

during mixing, but these changes were less significant (Figure 35). The 1By subunits (GS 

8 or GS 9) increased sigficantly throughout e g ,  while the 1Dy subunits (GS 10 or 

GS12) decreased after an initial increase at 50% MT. The relative amounts of 1Ax 

subunits (1 or 2*) and 1Bx subunits (7 or 7*) did not change significantly with d n g .  

The 1Dx2 and 1Dx5 subunits exhibited initial losses in relative proportion but subsequent 

increases were observed, except for AC Karma. The changes were only significant for AC 

Domain and AC Kama. Ratios were relatively unchanged due to mixing, except for slight 

increases followed by decreases &er peak for Gledea and AC Domain. The ratios were 

higher for this fiaction than for the ES fraaion, suggesting that the AS glutenin is of 

greater Mr. Mixing e ~ c h e d  the glutenin soluble in dilute acetic acid with y-type subunits. 

Subunits 1By8 and 1By9 increased continuously throughout mWng while subunits lDylO 

or 1Dy12 decreased after 50% MT, but did not reach initial levels until the doughs were 

overmixed. 

The relative amounts of individual HMW-GS in the AI glutenin (Figure 36) 

behaved similarily to the more soluble glutenins. However, the observed variation and Iack 

of consistent trends for each subunit during mixing suggest that any relationships be 

considered with caution. The proportion of 1By9, but not 1By8, increased with d g  

and that of 1Dyl0, but not 1Dy12, initidy increased then stabilized after 50% MT. 



Figure 35. Changes in the relative arnounts of  the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the AS fiaction of glutenin during mking of control 
doughs prepared nom Gledea (Gl), Katepwa (Kp), AC Domain (Do) and AC 
Karma (Ka). 
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Figure 36. Changes in the relative amounts of the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the AI fraction of glutenin during mixing of control 
doughs prepared nom Gledea (Gl), Katepwa (Kp), AC Domain (Do) and AC 
Karma (Ka). 
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However most of these changes were not significantly dserent. The 1Ax and 1Bx 

subunits exhibited very little change during e g ,  although a very slight increase was 

evident. Again, statistically significant differences were small and few. The ratios provided 

the most significant changes during rnixing. AU cultivars exhibited a decrease in the ratio 

upon Mxing. The largest deche  was obsented for Glenlea while the decreases for the 

remaining cultivars were less dramatic. Gledea had the largest ratio throughout mixing 

and Katepwa the second largest. The ratios for AC Domain and AC Karma were sirnilar 

but AC Domain was the lowest. 

4.4.2. Efleci of Absorption 

The composition of glutenin subunits was af5ected by the absorption at which a 

dough is mixed. The subunit composition of glutenins obtained from AC Domain control 

doughs prepared at 61.7% and 69.4% absorption was investigated by RP-HPLC. The x- 

type subunits for the ES and AS glutenin fractions are presented in Figure 37. The HMW- 

GS 2* and 7' are present in greater proportion throughout mixing in the dough prepared 

at 69.4% absorption (69% dough). There was no significant difIérence for HMW-GS 5, 

except for the ES glutenin at 50% MT and the AS glutenin at 100% MT, where the 69% 

dough contained a lower proportion of HMW-GS 5. 

The y-type subunits in the ES and AS glutenins were present in higher arnounts for 

the dough prepared at 61.7% (62% dough), although the dserence was ody significant 

for HMW-GS 9 of the AS glutenin and HMW-GS 10 of the ES glutenin (Figure 38). 

Akhough only significant for the AS glutenin at 50% MT, the ratio was consistently higher 

for both ES and AS glutenin fiom the 69% dough. The effect of absorption on subunit 



Figure 37. Changes during mking in the relative amounts of the x-type subunits in 
ES and AS glutenin obtained from AC Domain control doughs prepared at 62% 
and at 69% absorption. 



AS glutenin 

HMW-GS 2* 

HMW-GS 5 

50 100 150 200 50 1 O0 200 

HWM-GS 7* 

$28  

50 1 O0 150 200 
Mixlng Tirne (Oh of  Peak) 

28 1 1 1 1 

50 100 150 200 
Mixing Time (% of P e a k )  



Figure 38. Changes during mWng in the relative amounts of the y-type subunits and the 
ratio of HMW-GS to LMW-GS in ES and AS glutenin obtained fiom AC Domain controi 
doughs prepared at 62% and 69% absorption. 
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composition of the AI glutenin was much less sigdicant (Figure 39). Subunits 5, 9 and 10 

were vimially unafEected and subunits 2*, 7* and the ratio were afEected during the early 

stages of mixing only. The proportion of subunits 2* and 7* was higher in the 69% dough 

mixed to 50% peak. The ratio was higher for the 62% dough. 

In general, al1 fiactions of 69% doughs are ncher in the x-type subunits 2* and 7* 

whereas the fiactions of 62% doughs are richer in the y-type subunits and to sorne extent 

HMW-GS 5. For doughs prepared at lower absorptions there is a greater amount of shear 

force exerted on the dough system and greater breakdown of the polyrner. As a 

consequence, the mixhg time is reduced. Because of this phenornenon, it would be 

expected that the ratio, a measure of the of the glutenin polymer, of the AI fraction 

would be lower for a dough mixed at lower absorption as the polymer of reduced size 

becomes more soluble. During the initial stages of mbÜng, this was not observed for the 

AC Domain doughs. The 62% dough had a higher ratio than the 69% dough for the AI 

fiaction. Conversely, the 69% dough had higher ratios for the soluble glutenin fractions 

than did the 62% doughs. 

Subunit composition of control doughs examined earlier indicated that the y-type 

subunits for al1 fractions were found in increasing proportion during mixing. The y-type 

subunits were found in higher and similar proportion in the AI naction for both 

absorptions. But more y-type subunits were released to the soluble fiactions in the dough 

of lower absorption. Another possible explmation is that doughs at lower absorption 

exhibit a larger loss of x-type subunits to the SS fiaction or the x-type subunits are 

remairhg in the insoluble fraction as unreducable polymer. Further investigation into the 

SS glutenin and unreducible polymer would provide more ùiformation. 



Figure 39. Changes during mixing in the relative amounts of the HMW-GS and the 
ratio of HMW-GS to LMW-GS in A I  glutenin obtained nom AC Domain control 
doughs prepared at 62% and 69% absorption. 



28 ! I 
l 1 

50 100 150 200 

Mixing Time (# of Peak) 

l9 HMW-GS 10 1 

4 0  1 Ratio 

50 100 150 200 

M ixln g Tirne (% of Peak) 



4.4.3. Iodate Doughs 

The changes observed in the subunit composition of iodate doughs was 

comparable to those observed in the control doughs, with a few exceptions. For the ES 

glutenui (Figure 40), the relative amounts of HMW-GS 2* decreased until doughs were 

mixed to pealq then Ieveled off during ovemiixing. HMW-GS 1 did not significantly 

change over rnixing tirne. The relative amounts of HMW-GS 7 or  7*, with the exception 

of AC Karma, were also observed to decrease as mixing progressed to pealg then leveled 

off The relative amounts of 1Dx5 and 1By subunits (GS 8 or 9) increased with mixing. 

HMW-GS 1Dx2 did not exhibit any si@cant change due to rnixing. The 1Dy subunits 

(GS 10 and GS 12) exhibited an increase in relative arnount during the initial stages of 

rnixing and then remained relatively unchanged (AC Domain) or decreased (AC Kanna) 

after 50% MT. The increase obsenred for the stronger cultivars (Glenlea and Katepwa) 

continued up to peak. With the exception of Glenlea, the ratio remained relatively 

unchanged during rnixing. Glenlea's ratio increased until peak was reached then stabilized 

whde the ratios for the other cultivars were relatively unchanged. Glutenin soluble in 

ethanol became e ~ c h e d  with y-type subunits (1By and 1Dy) and 1Dx5 as iodate doughs 

were mixed to peak. Although little change was observed with mixing, the stronger 

cultivars retained the higher ratios and the weaker cultivars retained the lower ratios 

throughout. 



Figure 40. Changes in the relative amounts of the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the ES fiaction of glutenin during mixing of iodate 
doughs prepared fiom Glenlea (GI), Katepwa (Kp), AC Domain @O) and AC 
Karma (Ka). 
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In the AS gluterin Figure 41), the 1By subunits (GS 8 or GS 9) increased during 

mking in a similar manner to the control dough. The 1Dy subunits (GS 10 or GS 12) 

decreased overall, with Gledea and AC Domain exhibithg a sirnilar initial rise in 

proportion observed in the control dough. The relative amounts of 1Bx subunits (7 or 7*) 

did not change significantly with rnixing. In contrast to the same subunits in the control 

doughs and with the exception of Katepwa, the HMW-GS 1 and 2* increased in 

proportion until peak, then remained stable. The 1Dx2 and 1Dx5 subunits remained 

relatively unchanged. Ratios rose then deciined as mixing progressed. Once again, the 

positive relationship between ratio and mWng strength was maintained throughout mixing. 

The ratios were higher for thk fraction than for the ES fiaction, suggesting that the AS 

g lu te~n  was of greater M,. Mwng e ~ c h e d  the glutenin soluble in diiute acetic acid with 

1By and 1Ax subunits. 

The changes in composition observed in the AI glutenin (Figure 42) were sirnilar 

to those observed in the control doughs but fluctuated less. Except for a signincant drop 

in the relative amount of HMW-GS 2* for Katepwa, the 1Ax (GS 1 and GS 2*) and 1Bx 

(GS 7 and 7*) subunits remained vimially unchanged during mixing. Gledea and AC 

Domain exhibited some significant increases and decreases in the amount of HMW-GS 5, 

but the 1Dx subunits generally were not greatly affected by mixing. The proportion of 

IBy8 and 1By9 subunits appeared to increase with mixing but the change was not 

statisticaiiy significant. The proportion of lDylO and 1Dy12 subunits was greater in the 

doughs than in the flour, except for AC Karma, and remained relatively stable during 

rnïxing. AU cultivars except Katepwa exhibited signincant decreases in the ratio of the AI 

glutenin during mixing. 



Figure 41. Changes in the relative amounts of the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the AS fraction of glutenin d u ~ g  mixing of iodate 
doughs prepared fiom Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and AC 
Karma (Ka). 
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Figure 42. Changes in the relative amounts of the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the Al fraction of glutenin during rn-g of iodate 
doughs prepared fiom Gienlea (Gl), Katepwa (Kp), AC Domain (Do) and AC 
Karma (Ka). 
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Glenlea had the highest proportion throughout mixing while the other cultivars had similar 

values, 

4.4.4. NEMT Doughs 

The cornpositional changes occurring in the fractions obtained fiom NEMI doughs 

were similar to that of the control and iodate doughs, with a few exceptions. In the ES 

glutenin Figure 43) little change was observed for the proportion of 1Ax subunits (1 and 

29, except for Katepwa during the initial stages of mucing. The proportion of lDx5 

increased with mixhg, while that of 1Dx2 did not. There was a signincant deche  in the 

proportion of 1Bx subunits for Glenlea, a smaii decline for AC Domain, and modest 

declines for Katepwa and AC Kama. The relative amounts of 1By subunits increased with 

mixïng but unlike the control and iodate doughs, the increase was only significant for 

Glenlea (GS 8) and AC Karma (GS 9). The proportion of 1Dy subunits initially increased, 

then declined &er 50% MT'. This change in proportion was similar to the control and 

iodate doughs, but only significant for AC Karma (GS 12). The ratio increased 

significantly for Gienlea and AC Karma. 

No significant changes in the proportion of 1Ax and 1Bx subunits was observed in 

the AS glutenin (Figure 44). For the 1Dx subunits, the proportion of HMUr-GS 5 was not 

significantly altered by mixing, while that of HMW-GS 2 fluctuated throughout mixing. 

The increase in relative arnount of the 1By subunits with mWng that was observed for the 

control and iodate doughs was only somewhat significant for AC Domain NEMI treated 

dough. The proportion of 1Dy subunits declined after 50% MT, but was only significant 



Figure 43. Changes in the relative amounts of the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the ES fiaction of @;lutenin during mWng of NEMI 
doughs prepared fkom Glenlea (GI), Katepwa (Kp), AC Domain @O) and AC 
Karma (Ka). 
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Figure 44. Changes in the relative arnounts of the HMW-GS and the ratio of 
HMW-GS to L W - G S  of the AS fiaction of glutenin during mixing of NEMI 
doughs prepared from Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and AC 
Karma (Ka). 
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for AC Karma. The ratio also exhibited significant declines d e r  50% MT. The ratio was 

highest for Glenlea, intermediate for Katepwa, and lowest for AC Domain and AC Kama. 

The proportions of HMW-GS in the AI glutenin fluctuated dramatically during 

mi>cing Pigure 45). The s m d  decline in HMW-GS 1 and 2* observed in the iodate 

doughs is more signincant in the NEMI doughs. The proportion of HMW-GS 7 and 7* 

was relatively unaEected by mixing- The variation and fluctuations (iiteractions) observed 

for the 1Dx and IDy subunits made it dficult to i d e n t e  any trends in mWng behaviour 

for these subunits. For the 1Dx subunits, Gledea and AC Domain exhibited increases aiter 

50% MT. AC Karma appeared to decline but this decline was not significant. Katepwa 

initially declined, but rose again &er peak. For the 1Dy subunits, there appeared to be an 

inital increase in the proportion to 50% MT or peak foiiowed by an increase or decrease. 

The ratio for Glenlea declined in similar fashion to the ratio for control and iodate doughs. 

However, the other cultivars showed larger declines in ratio between 50% MT and peak. 

The direct relationship between ratio and mixing strength continued to be evident for the 

NEMI doughs throughout rnkhg. 

4.4.5. Treum ent Egec fs and Interactions 

Complete tables for the effect of treatments on subunit composition dunng mixing 

are included in the Appendk (Tables 53-64). The most consistently significant effects (42- 

58% fiequency) were observed for relative amounts of HMW-GS 7 or 7* and HM' -GS 

10 or 12. With the exception of AC Domain, the proportion of HMW-GS 7 or 7* in the 

ES and AS glutenins was significantly lower for the control versus the treated doughs. The 



Figure 45. Changes in the relative arnounts of the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the AI fiaction of glutenin during mixing of NEMI 
doughs prepared from Glenlea (Gl), Katepwa (Kp), AC Domain @O) and AC 
Karma (Ka). 
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proportion of HMW-GS 10 or 12 in the ES and AS glutenins was significantly higher in 

the control versus the treated doughs. Significant effects were much less fiequent for the 

other subunits and the ratio. The proportions of HMW-GS 2 or 5 and HMW-GS 1 or 2* 

in the AI glutenin were lower and higher in the control doughs, respectively, when 

compared to the iodate and NEMi doughs. The relative amount of HMW-GS 8 or 9 and 

the ratio also exhibited effects with less fiequency, and they were Iess consistent in tenns 

of effect and occurrence in specsc fractions. In most cases, there was little difference 

between the effects of iodate or NEMZ. When a dserence was significant, NEMI was the 

more effective treatment. Other than the predominance of significant effects on HMW-GS 

7/7* and HMW-GS 10/12 in the ES and AS glutenins, and to a lesser extent HMW-GS 

215 and 1/2* in the AI glutenin, there did not appear to be any effects speci£ic to one 

treatment or cultivar. 

A table of F values for signincant main effects and interactions between factors 

aIfecting the subunit composition and ratio has been included in the Appendix (Table 65). 

Because of the complexity of this group of variables and the lack of strong relationships, 

discussion of interactions was deemed of little sigdicance to the overall results. The 

reader is referred to Table 65 in the Appendix for fbrther information. 



4.5. Changes During M i n g  in the Content of a-gliadins Co-precipitated with ES 
and AS Glutenins 

The method for pufication of the ES and AS modiied Osborne fiactions by 70% 

1-propanol precipitation includes a sodium iodide wash (0.75M) of the 70PI pellet to 

remove a-gliadins which CO-precipitate with the glutenins. This step was omitted so that 

the content of contaminating a-gliadins could be monitored during mïxïng. Figure 46 

reports graphically the changes that occurred during mixing to the proportion of a- 

gliadins (% of total eaction) in ES and AS glutenin for d treatments (for complete data, 

see Appendix, Tables 49-52). The proportion of a-gliadins in ES glutenin (ranging from 

12.7% to 41.5%) showed relatively consistent and significant decreases with rnking, 

especially for the iodate and NEMI doughs mixed nom 50% MT to peak. There were 

cultivar differences but these were not related to quality. AC Karma had the lowest 

proportion of a-gliadins in its ES glutenin, followed by Glenlea, AC Domain and Katepwa 

in order of increasing proportion. Any consistent changes in the proportion of a-gliadins 

CO-precipitated with the AS glutenin were less apparent. The proportion of a-gliadins in 

the AS glutenin fiaction (ranging fiom 2.8% to 23.1% with most below 14%) generally 

decreased as mMng progressed. Absorption did not appear to have any consistent or 

sigrifkant effect on the content of a-gliadins present in the ES and AS glutenin fiactions 

(results not shown). 

The content of a-gliadins was also reported as a percentage of total flour or dough 

protein (Figure 47). The content of a-gliadins in the ES glutenin ranged fiom 0.9% to 

5.2% whiie the content in the AS glutenin comprised less than 1.0% of total protein. An 



Figure 46. Changes in the proportion o f  o-gliadins (as % of ES and AS glutenin 
fractions) for control, iodate and NEMl doughs prepared fkom Glenlea (Gi), 
Katepwa (Kp), AC Domain @O) and AC Karma Fa). 
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Figure 47. Changes in the proportion of a-giiadins (as % of total protein) in the ES 
and AS glutenin fiactions for control, iodate and NEMI doughs prepared fiom 
Glenlea (Gl), Katepwa (Kp), AC Domain (Do) and AC Karma (Ka). 
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increase in the proportion of a-gliadins was now observed in the ES gluten. as mixing 

progresses. For the control doughs, Glenlea and Katepwa, the stronger cultivars, exhibited 

sigdicant increases while the changes for AC Domain and AC Karma were not 

signincant. Some fluctuation in content occurred for the ES glutenin of iodate doughs. But 

with the exception of AC Domain, the cultivars exhibited an increase in the content of a- 

gliadin in ES glutenin as mixing progressed. The same was tme for the doughs treated 

with NEMI dthough a decline occurred for Glenlea and AC Domain at 50% and 100% 

MT, respectively. 

Statistically, all the changes in the content of a-gliadin in the AS glutenin were 

significant for d cultivars and treatments. However, because of the very low amount 

present, the changes were not considered of great signincance to the role of gluten 

proteins in the mixïng process. 

Correcting the ES and AS gliadin and glutenin contents for the a-gliadms does not 

diminish the evidence considered as support for the gliadin-glutenin interaction model. The 

loss of gliadin fiom the ES and AS fiactions during the initiai stages of mWng is slightly 

attenuated when the a-gliadins are taken into account, but by no means eliminated. In fact, 

the cultivar-specific behaviour is accentuated. Gledea and Katepwa appear to behave very 

diierently nom AC Domain and AC Karma. The loss in gliadin in the control doughs is 

much smaiier for the stronger cultivars than the weaker cultivars. While in the iodate and 

NEMI doughs, the distinct loss is observed for the weaker cultivars only. 

On its own, the fiaction of a-gliadins CO-precipitated with glutenins in the 

purification procedure applied to the ES and AS fiactions does not appear to be of major 

importance to dough mixing behaviour. Because of their rather low concentration (% of 



total protein), these o-gliadins may be an artifact of the purification process, or simply 

another indication of the inherent difnculties of solubility methods in producing pure 

fiactions without cross-contamination. However, the quantity and behaviour of the w- 

gliadins found in the ES glutenin suggest that interaction with glutenin is occurring and 

that as mixing progresses the a-gliadins are released. 

4.5. L Treaiment Eflects and Interactions 

Complete tables for the effect of treatments on a-gliadin content during mixing are 

included in the Appendix (Tables 53-64). The proportion of a-gliadins in the ES and AS 

glutenins was significantly higher in the control versus the treated doughs. In most cases, 

there was little difference between the effects of iodate or NEMI. When a difference was 

significant, NEMI was the more effective treatment. 

A table of F values for significant main effects and interactions between factors 

af5ecting the a-gliadin content has been included in the Appendk (Table 65). Because of 

the complexiv of this group of variables and the lack of strong relationships, discussion of 

interactions was deemed of little signtficance to the overall results. The reader is referred 

to the table in the Appendk (Table 65) for further information. 



4.6. Low Molecular Weight Glutenin: Presence in 70% 1-Propanol-soluble 
Fractions and Changes During Mixing 

The ratio of IMW-GS to LMW-GS is considered to be an indicator of the relative 

molecuiar mass (A&) of giutenin (Gupta et aI, 1993). During the analysis of glutenin 

Eactions, obtained nom control doughs, by RP-HPLC it was noted that this ratio was 

higher for the glutenins soluble in 70% ethanol and diute acetic acid than for the AI 

menin. This observation opposed the commody held view that a larger ratio indicates a 

glutenin polymer of larger W. The possibility that incomplete reduction and diqlation of 

the AI glutenin could be the cause of the low ratio was investigated. (1) Reduction and 

allcylation must proceed under neutral to basic conditions. To investigate whether residuai 

acetic acid was interfering with the reduction and alkylation, the AI residue was washed 

with water and dned pnor to reduction and alkylation. (2) There is a large proportion of 

starch in the AI residue and the possibility that the starch was interfering was also 

investigated. M e r  centrifugation, the gel-like AI ffaction iies above the starchy residue. 

Once freeze-dried, most of the starchy residue was easily removed with a scalpel and the 

protein reduced and Wlated.  (3) The concentrations of reducing and alkylating agents 

were doubled. None of these aiterations in methodology affected the ratio of HMW-GS to 

LMW-GS (results not shown). What remained to be investigated was whether the source 

of the discrepancy in ratios was the more soluble fractions or the insoluble fraction. 

The 70% 1-propanol (70P) purification method developed by Fu and Sapirstein 

(1996) provided electrophoretic evidence for the successfûl separation of monomenc 

protein fiom glutenin. Acid-PAGE indicated that most of the monomeric proteins, except 

for sorne a-gliadins, were found in the 70PS supernatant. SDS-PAGE showed the 



presence of HMW-GS only in the 70PI precipitate. The absence of HMW-GS in the SDS- 

PAGE patterns of the 70P supematant was accepted as evidence that ail the polymeric 

protein was precipitated by 70% 1-propanol. The presence of polymer compnsed ody of 

LMW-GS was not considered. In SDS-PAGE, the LMW-GS migrate in the same region 

as the monomeric gliadins and would not be discernible. Thus the successfül separation of 

all glutenin polymers kom the 70PS supematant could not be categoncaily proven without 

investigating the presence or absence of a glutenin polymer lacking HMW-GS. In RP- 

HPLC, like in SDS-PAGE, the LMW-GS elute in the sarne region as the gliadins. In 

addition, the presence of ladder-like bands of ES, AS, or 70PS fiactions in SDS-PAGE 

gels under non-reducing conditions (see Section 4.3 of this thesis, Almonte, 1998, Fu, 

1996) suggest that glutenin oligomers and possibly larger polymers exist in the 70PS 

fiaction. If indeed some glutenin comprising only LMW-GS remained in the 70PS 

supematant, this glutenin would not be discovered without other methods of analysis, such 

as SEC or two-step electrophoresis. The ratios of the 70P purified ES and AS glutenins 

rnight be skewed to higher levels than expected because of the absence of these glutenins 

compnsing only LMW-GS. 

The quickest way to investigate the possibility that the 70P purification method 

was indeed leaving behind glutenin in the supematant was to apply the method to the AI 

fiaction. This fiaction is nonnally analyzed as is because of the very low level of 

contaminating monomenc protein. Without the interference of gliadins and assuming that 

giutenin made up only of LMW-GS is also present in the AI fiaction, 70P purification of 

the AI fiaction followed by RP-HPLC analysis would reveal the presence of LMW-GS in 

the supematant. Figure 48.A is a RP-HPLC chromatogram overlay of AS giiadin which 



Figure 48. RP-HPLC chromatograrns of fiactions obtained fiom Katepwa ffour 
(control) or dough (100% MT). (A) Control sample (50% 1-propanol-insoluble 
residue from Katepwa flour) overlaid with ASPS obtained by 70P purification of 
the AS fraction of Katepwa dough (100% MT). @) 70PS and 70PI fiactions 
obtained by purification of  the AI glutenin Eaction. Peaks considered to be LMW- 
GS in the control sample (A) and AlPI sample (33) but also present in the ASPS 
and A I P S  sarnples (identical RJ are highlighted with (k). 
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was obtained by 70P purification of total AS protein and a control (50% I-propanol- 

insoluble residue from Katepwa flour). The arrows indicate the presence of peaks in the 

AS gliadin which correspond to LMW-GS in the control (identical RJ. Figure 48.B is a 

RP- HPLC chromatogram overlay of the 70PS supernatant and 70PI precipitate obtained 

by 70P purification of the AI fiaction of Katepwa dough. Arrows indicate the presence of 

peaks in the propanol soluble fiaction correspondmg to LMW-GS of the propanol- 

insoluble fiaction. No peaks were discernible in the HMW-GS region. 

Additional evidence for the presence of glutenin in the 70PS supernatant was 

provided by two-step SDS-PAGE. Katepwa flour and dough samples were subjected to 

SDS-PAGE under non-reducing conditions in the first step (Figure 49). The monomeric 

proteins migrate into the gel and the polymerk protein remains in the wells. The dot 

protein fiom the first gel is then cut away, incubated in a solution containing reducing 

agent, and applied to a second gel to analyze for the presence and composition of glutenin. 

The presence of LMW-GS but not HMW-GS was observed in the ESPS and ASPS 

fractions for the flour and doughs (Figure 50). 

Final evidence was obtained by SDS-PAGE analysis of eactions collected from 

SEC of the ESPS fiaction of Katepwa control dough (100% MT). Seven fiactions were 

coUected (Figure 51) and subjected to SDS-PAGE under non-reducing and reducing 

conditions (Figure 52). SDS-PAGE of the collected fiactions @actions 1-6) confirmed 

that the broad early eluting peak was glutenin containing oniy LMW-GS. The last fraction 

(fraction 7) corresponding to the largest peak in the chromatogram was identified as 

gliadïn. 



Figure 49. Two-step SDS-PAGE (Step 1). SDS-PAGE under non-reducing 
conditions of ESPS @S) and ASPS (AS) fiactions of Katepwa flour and control 
doughs (150 mg) mixed to 50%, 100% and 200% peak. 
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Figure 50. Two-step SDS-PAGE (Step 2). SDS-PAGE under reducing conditions of the 
dot protein nom Step 1 (Figure 49). ESPS (ES) and ASPS (AS) fiactions of Katepwa 
flour and control doughs (150 mg) rnixed to 50%, 100% and 200% peak. 
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Figure 5 1. SE-HPLC chromatogram of a 70P supernatant fraction indicating the 
fractions collected for SDS-PAGE analysis. 
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Figure 52. SDS-PAGE of unreduced and reduced fiactions collected fiom SE- 
HPLC of the ESPS fiaction of Katepwa control dough (100% MT). Numbered 
lanes (1-7, in order of decreasing MJ correspond to nurnbered fiactions in Figure 
51. (A) Coomassie BriUiant Blue staLi. (B) Silver stain. 
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The effect of mixing on the content of LMW glutenin (glutenin comprising only 

LMW-GS and soluble in 70% 1-propanol) in the ES and AS f?actions was evaluated. The 

peaks correspondhg to glutenin (sarnple SE-HPLC chromatogram in Appendk (Figure 2) 

were integrated and the proportion of LMW glutenin in the ES and AS fiactions was 

found to range between 16-30% and 17-28%, respectively (results not shown). Huebner 

and Bietz (1993) reported the proportion of ethanol-soluble glutenin recovered by 

Osborne fractionation and SE-HPLC ranged nom 20-37% for six cultivars studied. The 

higher range reported by these authors may be due to the presence of ES glutenin 

containing HMW-GS as well as LMW-GS. The amount of glutenin in each fiaction as a 

proportion of total flour or dough protein was then caiculated and statisticdly evaiuated 

(Appendix, Tables 66-7 1). 

There was a sharp decrease in the quantity oELMW (AS) glutenin during the initial 

mkhg period for all cultivars and treatments (Figure 53). This was foliowed by an 

increase as doughs were mixed to peak and a more gradua1 drop during overmixing. The 

quantity also appeared to be somewhat cultivar dependent, with Glenlea containing the 

least amount and AC Domain or AC Karma contairiing the rnost. The Ioss of ASPS 

glutenin was accentuated slightly by the presence of iodate. Though effects of treatrnent 

were signScant (Appendi Tables 70-71), the changes were small and showed no 

consistent trend. Despite the statistically significant cultivar ranking and changes occumng 

in this fiaction of glutenin, the very low amounts present (less than 2.5% of total protein) 

suggest the importance to mixing behaviour and quality may be minimal. Kowever, the 

initiai drop in the content of ASPS glutenui characteristic of the ES and AS fractions 

should be kept in mind. 



Figure 53. Changes in the ASPS glutenin (% of total protein) during mUUng of 
control, iodate and NEMI doughs prepared fiom Glenlea (GI), Katepwa (Kp), AC 
Domain (Do) and AC Karma (Ka). 
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The ESPS glutenin represents a much greater proportion of total protein, ranging 

between 5-11%. Graveland et al (1982) quantified the amount of what they termed 

glutenin IIi and reported intermediate amounts, 6% and 8% of total protein, for two 

difTerent cultivars studied. The arnount of ESPS glutenin generally increases as mixing 

progresses for all cultivars and all treatments (Figure 54). Interactions are more prevalent 

in this &action and suggest that there is no relationship between cultivar and the amount or 

the mixing behaviour of ESPS glutenin. 

M e r  rnodified Osborne fiactionation, 70% 1-propanol purification and SEC, most 

of the glutenin and gliadin was now purified and separated into several &actions (except 

the gluten proteins lost to the S S  fraction or remaining unreducible in the AI fraction). 

Figure 55 is a graphical representation of total gliadin and totaI soluble glutenin for the 

four cultivars and three treatrnents studied. Total gliadin is the sum of the gliadin obtained 

by 70P purification and corrected for LMW glutenin. Total soluble glutenin includes the 

ESPI, ASPI fiactions corrected for LMW glutenin. Changes in the two protein groups are 

very similar when corrected for o-gliadins CO-precipitated with glutenins (data not shown). 

What stands out the most in this figure is the rnixing behaviour of the gliadins. The 

characteristic initial loss in gliadin content for the weaker cultivars indicating gliadin- 

glutenin interaction is now unrnistakable, particularly for the control and NEMI doughs. 

The loss of gliadin was partially recovered as mWng progressed. In the case of the 

stronger cultivars, a similar loss of gliadin was observed but the magnitude of the loss and 

the ensuing recovery is much smaller. This supports the hypothesis that gliadin-glutenin 

interaction is of much greater significance in the weaker cultivars, but is nevertheless 

present in the stronger cultivars. 



Figure 54. Changes in the ESPS glutenin (% of total protein) during mixing of 
control, iodate and NEMI doughs prepared from Gledea (GI), Katepwa (Kp), AC 
Domain @O) and AC Karma Fa) .  
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Figure 55. Total gliadin (ES gliadin and AS gliadin minus 70PS glutenin, % of 
total protein) and total soluble giutenin (ES glutenin and AS glutenin plus 70PS 
glutenui, % of total protein) in flours and control doughs prepared fkom Glenlea 
(Gl), Katepwa (Kp), AC Domain @O) and AC Karma (Ka). 





The existence of glutenh compnsed only of LMW-GS has been previously 

reported in the literature. In most cases, this LMW glutenin was identified through the 

study of nuil h e s  (Gao and Bushuk, 1993, Gupta et al, 1995) and through the analysis of 

solubilized proteins by gel filtration chromatography (Bietz and Wall, 1973, Graveland et 

al, 1982, Tatham et al, 1987). Very liitle research has focused on the influence of this 

LMW glutenin on breadmaking quality or d g  behaviour. Huebner and Bietz (1993) 

showed that the subunit composition of ethanol-soluble glutenin varied with cultivar, as 

was to be expected. When this LMW glutenin was analyzed by SE-HPLC, the elution 

profiles varied in pattern and arnount. 

This study has s h o w  that, like glutenin comprised of both HMW-GS and LMW- 

GS, the LMW glutenin is present in flour in a range of Ml, with peak distribution being 

skewed toward the more soluble fiactions (viz. 70% ethanol, 70% 1-propanol) of lower 

Ml. As a percentage of total protein, 5.3-11.0% in the ES fiaction, 0.4-2.3% in the AS 

fiaction, and a small arnount in the AI fraction, estimated at less than 2%, LMW glutenin 

cornprised only of LMW-GS represents at least 845% of total flour protein. 

Glutenin comprised only of LMW-GS represents a fair amount of protein in flour. 

The emphasis of quality, or strength, lies with the larger insoluble fiaction of flour protein 

and the soluble glutenins and gliadins have attracted Iess attention fkom researchers. 

However, it appears that the soluble glutenins and gliadins may play an important role in 

mixing behaviour. Although at times confiictùig, there are a number of reports relating 

gliadms and L W - G S  to quality parameters (Branlard and Dardevet, 1985% Gupta and 

Shepherd, 1987, Metakovslq et al, 1997). The results reported here and in other chapters 

clearly illustrate that gliadins interact with glutenins during the inital stages of rnixing. The 



observed drop in ASPS glutenin during the initial stages of mixing is also noteworthy. The 

possibility that soluble LMW glutenins interact non-covalently with the larger glutenin 

poiymer and gliadins to facilitate dough development should also be considered. Isolation 

and study of this LMW glutenin codd provide an oppominity to study the conformations 

of native glutenin which rnay offer clues to the changes that occur during mkhg. 



4.7. Changes in Glutenin Subunit Composition and Ratio of HMW-GS to LIMW- 
G S  Dunng Miung of Full Formula Doughs With and Without Resting 

The results reported in this thesis are based on studies with flour-water doughs. 

The effect of full formula ingredients and resting on changes in gluten proteins was 

evaluated for a select number of freeze-dried dough sarnples kindly provided by Dr. F. 

Békés of CSIRO, Sydney, Australia 

Because the full formula doughs included yeast, the protein solubility distribution, 

which is normally determined by Kjeldahl analysis, was not performed (interference of 

yeast nitrogenous matter). The subunit composition was investigated by RP-WLC and the 

total area of the chromatograms used as a measure of the amount of each glutenin fiaction 

investigated @S, AS and AI). The subunit composition, ratio, and a-gliadin content for 

the flour-water control doughs prepared in Winnipeg (mixed to 50%, 100% and 200% of 

peak) and the full formula doughs prepared in Australia (rnixed to 67%, 100% and 150% 

o f  peak) were compared. Very few significant daerences were found (results not shown), 

despite the variation in mWng times for the under- and ove&ed doughs. 

The changes occurring in the relative amount of each HMW-GS and the ratio for 

the ES glutenin (Figure 56), AS glutenin (Figure 57) and AI glutenin (Figure 58) were 

comparable to those observed in the flour-water control doughs reported in the previous 

section. No s i w c a n t  differences were found between doughs rested for O or 2 hours, 

with three rninor exceptions (HMW-GS 9 in ES glutenin rnixed to 150%, HMW-GS 7* in 

AS glutenin mixed to 100%, HMW-GS 7* in AI glutenin mked to 150%). A few more 

signincant differences were observed when doughs mixed to peak were rested for 4 houn 

(Appendk, Tables 72-76). But, in general, fuil formula treatment and resting tirne 



Figure 56. Changes in the relative arnounts of the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the ES &action of glutenin during mWng of full 
formula doughs prepared ffom Glenlea, rested Oh (G1-0) or 2 h (Gl-2), and nom 
Katepwa, rested O h (Kp-O) or 2 h (Kp-2). 



HMW-GS 1 o r 2 *  

20 1 .+-GI-O .-Kp-O 

HMW-GS 8 or 9 

18 1 

HMW-GS 2 o r 5  HMW-GS 10 o r  12 

HMW-GS 7 or7 '  Ratio 

O 5 0  100 150 O 50 100 150 

M ixing Tlme (% of Peak) MIxlng Time (% of Peak) 



Figure 57. Changes in the relative arnounts of the HMW-GS and the ratio of 
HMW-GS to LMW-GS of the AS fraction of glutenin during mking of fÙlI 
formula doughs prepared nom Glenlea, rested Oh (Gl-O) or 2 h (Gl-2), and from 
Katepwa, rested O h (Kp-O) or 2 h (Kp-2). 
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Figure 58. Changes in the relative amounts of the HMW-GS and the ratio of 
HMW-GS to L W - G S  of the AI fiaction of glutenin during rnixing of full formula 
duughs prepared nom Gledea, rested Oh (Gl-0) or 2 h (Gl-2), and nom Katepwa, 
rested O h (Kp-O) or 2 h (Kp-2). 
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after mi>cllig did not have a significant impact on the subunit composition or ratio of 

glutenins. 

The effect of mixing on the arnount of each glutenin fiaction (as measured by total 

area under the RP-HPLC chromatogram) was as expected. The ES glutenin increased, the 

AI glutenin decreased, and the AS glutenin was intermediate (Figure 59). The effect of 

resting on the total area was only significant for Glenlea in the ES glutenin mixed to peak 

and beyond, and in the AS and AI glutenin which had been ovennixed. Signifiant 

differences for Katepwa were observed in the AS and AI giutenin mked to 67% of peak. 

Resting produced a significant decrease in the amount of ES glutenin for Glenlea dough 

mixed to peak and beyond. However, the resting effects observed in the AS and AI 

glutenins were different for each cultivar. These prelirninary results on a small sample size 

suggest that full formula ingredients and resting do not have a major influence on the 

mixing behaviour of the gluten proteins. 



Figure 59. Changes in the total area (mAU-sec) of the RP-HPLC chromatograrn of the 
ES, AS and AI giutenin during d n g  of full formula doughs prepared f b m  Glenlea, 
rested Oh (Gl-0) or 2 h (Gl-2), and Eom Katepwa, rested O h (Kp-O) or 2 h (Kp-2). 
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Among the flours produced nom cereds, wheat flour has the unique abiIity to 

form a viscoelastic dough when mixed with water. Mixing represents a critical stage in the 

production of bread. Without sufficient water addition and energy input in the form of 

mkhg, a dough cannot be developed to the optimum viscoelastic properties required to 

produce a satisfactory loaf of bread. Historically, the optimum point of development is 

subjectively selected by an expenenced baker. Recording dough mixers, such as the 

mixograph used in this study, can be used to obtain an objective measurernent of optimum 

mixing. This optimum is usually considered to be the point at which maximum dough 

consistency is reached. An optimaily rnixed dough will produce a loafof high volume and 

acceptable texture. If a dough is undermixed or overrnixed, the final product will not be of 

optimum quaiity. 

Extensive research has been conducted on the proteins of wheat since the 

discovery that protein content and protein quality are major determinants of end-product 

quality. The storage proteins are mainly responsible for the viscoelastic properties unique 

to wheat. These proteins represent about 80% of total flour protein and consist of 

approximately equal amounts of gliadins, the monomeric proteins, and glutenins, the very 

large polyrnenc protein composed of disulfide cross-Med subunits. Research has focused 

on elucidating the biochernical basis for the finctional properties of the storage proteins. 

Gliadins are responsible for the viscous component of wheat dough syterns and glutenins 

provide the elastic component. Many studies have used solubility and molecular size-based 



fiactionation to separate and evduate the gliadins and glutenins, both heterogeneous 

protein groups by nature. 

Breadmaking quality has been shown to be strongly associated with the soluble 

and insoluble fiactions of glutenin. Qualitative and quantitative variations in the glutenin 

subunit composition have dso been related to breadmaking quality. Past research has 

reported on the effect of mking on the soluble and insoluble fiactions of glutenin, which 

are related to breadmaking quality. But very little research has been conducted on the 

effect of dough mWng on subunit composition or the gliadin-glutenin interaction. This 

study used an improved solubility-based fhctionation procedure, coupled with RP-HPLC 

and SE-HPLC, in an effort to provide additional information on the effect of mkïng on the 

gluten proteins and to evduate how these proteins related to breadmaking quality 

participate in the mechanism of dough development and breakdown during mixing. 

Flours from four dEerent cultivars, fiom three dSerent wheat classes, selected for 

their wide range of rnixing strength, were used in this study to evaluate the changes 

occumng to the gluten proteins during mWng and to examine the significance of 

intervarietal variation in mWng behaviour. The effect of mïxing on the protein solubility 

distribution and glutenin subunit composition was evaluated. In addition, the content of a- 

gliadins contarninating soluble glutenin %actions and the content of native glutenin 

composed solely of LMW-GS were also monitored during rnixing. 

A srnaIl scde version of the modified Osborne fiadonation (Chen and Bushuk, 

1970) was developed and a selective precipitation method (Fu and Sapirstein, 1996) 

modified to separate flour proteins into six fractions. Scaling down the modified Osborne 

fiactionation method resulted in a drarnatic reduction in total fiactionation time and 



solvent use, and allowed for the preparation of a much larger number of samples. The 

small scde method was less precise and discriminating than the large scale method. But, 

the strong association of the AS and AI fiactions with m-g strength was maintained. 

The method was reproducible, but sensitive to variation in experimental conditions. The 

seleaive precipitation method developed by Fu and Sapirstein (1996) was modified 

slightly for this study. The acidic environment of the AS protein solubilized in 50% 1- 

propanol prevented the efficient precipitation of glutenins from solution. The purification 

procedure was enhanced by selective precipitation in buffered 50% 1-propanof. A Tris 

buffer was used when samples were being prepared for RP-HPLC. The residual ionic 

strength h m  a phosphate buffer is high enough to precipitate reduced glutenin subunits 

during the reduction and m l a t i o n  step during RP-HPLC sample preparation. Tris buffer 

ions elute with the solvent peak and hence their absorbance at 214 n m  does not interfere 

with the analysis. On the other hand, Tris buffer could not be used if samples were being 

prepared for Kjeldahl analysis (large interference of Tris nitrogen) or spectrophotornetric 

analysis (significant absorbance at 214 nrn). Use of a spectrophotometric method 

(Sapirstein and Johnson, 1996) to determine the protein content in purified fractions 

decreased further the total f?actionation/purification tirne and ailowed for analysis of a 

larger number of samples. 

Despite the strong influence of experimental conditions (e.g. type and sequence of 

solvents, solvent-to-sample ratio, temperature, extraction tirne, intensity of mihg), 

solubrlity fiactionation remains a necessity for the study of the complex group of proteins 

found in wheat flour. Despite the limitation (cross-contamination of protein groups) and 

the tedious nature of the modified Osborne fiactionation procedure, the procedure if 



coupled with the modified Fu and Sapirstein (1996) purification method, provides three 

fiactions of glutenui and hvo of gliadin that can be shidied. 

In the e s t  part of this thesis, the flours were fiactionated on a large scaie and the 

GS composition analyzed by RP-HPLC. As previously reported (Orth and Bushuk, 1972), 

the AS and AI fiactions were strongly correlated with breadmakuig quality, as measured 

by dough strength in this study. The relative amount of the AI fiaction decreased 

significantly nom the strongest (Glenlea) to the weakest cultivar (AC Karma). In contrast, 

the relative amount of the AS fiaction increased nom the strongest to the weakest 

cultivar. The most notable observation in the solubility distribution for the flours was the 

intercultivar variation in the amount of AS gliadin. An inverse relationship was observed, 

providing additional evidence for the genotype-specific variation of this AS gliadin 

reported previously (Ahonte, 1998, Dupuis et al, 1996, Fu, 1996). The inverse 

relationship between AS gliadin and mixing strength was attributed to cultivar specific 

variation in gliadin-glutenin interaction, which in turn was suggested to influence the 

mkhg time of flour doughs. Further evidence for this phenomenon was accumulated 

when doughs made fkorn the sarne flours were studied. No other clear intervarietal 

differences were observed for the flours, dthough the AS glutenin also appeared to be 

inversely related to mixing strength. 

RP-HPLC andysis of the GS composition was performed for the three glutenins 

(ES, AS, AI) of dzerent solubility obtained fiom the flours. The most striking variation 

between the solubility fiactions for al1 cultivars was in the arnount of the subunit 1Dx5. 

This subunit was found in sigdicantly greater proportion in the less soluble fiactions (ES 

c AS x AI). The 1Ax subunits showed little variation between solubility groups. 1Bx 



subunits were present in signincaniiy greater arnounts in the ES glutenin, but dxerences 

between the AS and AI glutenins were not significant. The 1By and 1Dy subunits were 

found in signifïcantly greater proportion in the AS giutenin compared to the ES gluten& 

but relatively little difference was observed beîween the AS and AI glutenin. The ratio of 

HMW-GS to LMW-GS was signifïcantly lower for the ES giutenin compared with that of 

AS and AI glutenin, and sirnilar for the AS and AI glutenin. These results suggest that 

1Dx subunits, and to a lesser extent 1Dy and 1By subunits, are important in the formation 

of glutenin polymers of larger M,. 

The next step in the thesis study was to evaluate the changes in protein solubility 

distribution of the same flours during mixing. The small scaie modified Osborne 

fiactionation produced four fractions: SS, ES, AS and AI. The ES and AS fiactions were 

purined by selective precipitation to yield two subgroups of gliadin and glutenin in each 

%action. The SS fiaction was not extensively studied, but some interesthg observations 

were made. The presence of HMW-GS and the formation of a foam layer in the SS 

ftaction of doughs, but not flours, suggested that conversion of a fiour to a dough induces 

conformational changes, increasing the solubility and surface activity of some glutenin. 

The x-type HMW-GS appeared to be preferentially solubilized, as indicated by band 

intensity of SDS-PAGE electrophoregrarns. Almonte (1998) reported sirniiar observations 

for two flours nactionated using the large scaie modiied Osborne procedure. Further 

research would be needed to determine whether these subunits are more soluble by Wtue 

of their position within the cross-linked glutenin polymer (susceptibility to shear forces 

during dough mWng a d o r  during solubility fiactionation) or  whether they are present in 

polymers of low Mr which are by nature more soluble. Except for Glenlea, the foam 



produced dunng extraction with dilute salt solution did not appear to Vary with cultivar. 

SDS-PAGE of the foam layer showed the presence of both glutenin and gliadin. 

Interestingly, virtually no foam was produced in the doughs prepared fiom Glenlea flour. 

This observation leads to the speculation that Glenlea glutenin, or glutenin fiom stronger 

mUang cultivars, is more hydrophobic. On the other hand, the gliadin-glutenin interaction 

hypothesis provides a plausible explanation for the creation of a foam. Although the SS 

glutenin and the foam layer constitute only a srnd fraction of total gluten protein, fbrther 

investigation of this fiaction rnight provide clues to the mixing behaviour of the larger, 

more insoluble glutenin. 

The most obvious effect of mWng on the gluten proteins was the change in 

soIubility of glutenin attributed to a reduction in size. Several studies have shown that 

mking causes a decrease in the size of the large glutenin polymer and hence an increase in 

the amount of glutenin soluble by direct extraction with solutions of dilute acetic acid 

(Mecham et al, 1963, Tsen, 1967, Sievert et al, 1991) or sodium dodecyl sulfate (Danno 

and Hoseney, 1982% Wang et al, 1992, Weegels et al, 1994) or by sequential fiactionation 

procedures such as the modified Osborne method (Paredes-Lopez, 1982% Tanaka and 

Bushuk, 1973% Bushuk et al, 1997). 

Solubility distribution and SDS-PAGE results in this study suggested that mixing 

caused the depolymerization andior disaggregation of glutenin into smaller polymers of 

altered solubility. Mixing caused a decrease in the amount of AI glutenin and a 

concomitant increase in the amount of AS and ES glutenin. In addition, some glutenin 

appeared to be reduced in size by d g ,  but remained large enough to be insoluble. This 

was suggested by the increase with mixing in intensity of slot protein observed in the SDS- 



PAGE patterns of unreduced AI glutenin. The response of glutenin to mixing varied with 

cultivar. But this variation was caused b y variation in gliadin-glutenin interaction between 

the cultivars. The rate of change in the amount of AI glutenin was very similar for aiI 

cultivars. Nor did there appear to be a cultivar-dependent change, related to quality, in the 

ES and AS glutenins with rnixing. As reported by Bushuk et al (1997), dserences in rate 

of solubility with mixing become apparent only when absolute mi>cing times are used for 

cornparison of cultivars. 

The changes in solubility distribution of the gluten proteins were more drarnatic in 

the presence of  iodate or NEMI. The response to oxidant or sulphydryl-blocking agent 

was generdy more pronounced for the weaker cultivars and these chernicals clearly exert 

their effects on the glutenui. The interchange reaction is hindered by the oxidation or 

blocking of fYee thiol groups. As a result, the shear stress caused by mWng cannot be 

relieved, there is a more drarnatic reduction in the size of glutenin and a concomitant 

increase in solubili~. Iodate and NEMI exerted similar effects on the rate and extent of 

change in the ES &action. But, NEMI produced greater changes in solubility than iodate 

for the AS and AI fractions, which is in agreement with other reports (Mecham et al, 

1963, Tanaka and Bushuk, 1973a). 

GLiadin-glutenin interaction was the second phenomenon observed to occur dunng 

dough Inking. In contrat to the weli documented effect of mWng on insoluble glutenin 

fractions, investigation of the existence and relative importance of gliadin-glutenin 

interactions to mixing behaviour is scant. This study provides further evidence for the 

hypothesis presented earlier pupuis et al, 1996) that gliadin-glutenin interaction is a 

cul t ivar-spac phenomenon that infiuences mi>Mg behaviour. In that study the modified 



Osborne fiactionation was used to analyze two flours of widefy diverse mWng strength. 

The AS fiaction, comrnonly referred to as the glutenli fkaction (AS soluble glutenin), 

contained a signifiant proportion of gliadin, the amount of which appeared to be cultivar- 

dependent and inversely related to mVOng strength. The gliadin that was unextractable in 

70% ethano1 but extractable in dilute acetic acid was considered to be involved in gliadin- 

glutenin interactions. Stronger cultivars containing less AS gliadin, Le. exhibiting a lower 

degree of intrinsic gliadii-glutenin interaction, required longer mWng times to reach 

optimum development. Weaker cultivars containing more AS gliadin, i.e. exhibiting a 

greater degree of interaction, reached optimum development with shorter mi>cing times. 

The conclusions presented by Dupuis et al (1996) were consistent with two other studies 

which suggested that gliadin-g1uten.h interaction was a factor in the solubility behaviour of 

protein fractions during mixing (Bushuk et al, 1997) and in the dynamic rheological 

properties of glutens (Khatkar et al, 1995). Results recently obtained from this laboratory 

provided additional support for the hypothesis that gliadin-glutenin interaction influences 

the mixing behaviour of flours made fiom dserent cultivars. Fu et al (1997) studied the 

water solubility of gliadins from glutens made with varying amounts of salt. Gliadins fiom 

the gluten of a very strong cultivar were much easier to extract than those fiom a weaker 

cultivar, and gliadin extractability was intermediate for a cultivar of intermediate strength. 

This suggested that the intrinsic interaction of gliadin with glutenin, as measured by the 

extractability of gliadin in water, was inversely related to the mWng requirements of a 

flour. More definitive evidence that gliadin-glutenin interaction was indeed occun-ing 

during mking was provided by Almonte (1998). During the early stages of mixing, an 

~ ~ u s u d  drop in ES protein was observed for Katepwa, the weaker cultivar. Also, an 



increase in the AI proteh fiaction was observed for both the extra strong cultivar Glenlea 

and the weaker Katepwa during the same initial h g  stage. The absence of unusual 

effects on the ES fiaction of Glenlea was thought to be due to the absence of gliadin- 

glutenin interaction for this extra strong cultivar. However, the more comprehensive 

results obtained in this study suggest that Glenlea also exhibits gliadin-glutenin interaction, 

but to a lesser extent than weaker cultivars. 

Although the mWng conditions and fkactionation procedures difEered, the unusual 

initial drop in ES protein and the hcrease in AI protein observed by Almonte (1398) were 

also evident for the weaker cultivars in this study. In contrast to Almonte's results, the AS 

protein fraction of aII cultivars also showed an initial drop in relative proportion. The 

unusual changes in solubility distribution during the initial stage of niixing could clearly be 

attributed to gliadin-glutenin interaction. This was especially evident when total gliadin 

(ES and AS) was considered for a i l  cultivars. AU cultivars exhibited the solubility 

phenomenon attributed to gliadin-glutenin interaction and the degree of interaction (the 

extent of loss of gliadin solubility) varied with cultivar. Glenlea and Katepwa exhibited the 

smallest loss of gliadin solubility (Iowest degree of interaction) and the weaker cultivars, 

AC Domain and AC Karma, exhibited more than double the loss of gliadin solubility 

(greater interaction). The change in total soluble glutenui during the initial stages of 

mixing suggested that this glutenin may also be involved in interactions with the larger 

insoluble glutenin. But the evidence was less defitive. As flour is hydrated and mked 

during the initial stages of mwn& gliadins and glutenuis aggregate, resulting in a decrease 

in gliadin solubility. As mWng progresses, gliadins are slowly released dong with giutenin 

that has been reduced in size. 



The loss in solubility of giiadin was reduced si@cantly in the presence of iodate 

and especially NEMY suggesting that the oxidant and sulphydryl-blocking agent interfered 

with gliadin-glutenin interaction. A reduction in gliadin-glutenin interaction might in part 

explain the effects of these chernicals on dough mixing properties. This effect was greatest 

for the stronger cultivars and NEMI'S effect was more pronounced for aU cultivars except 

AC Karma. 

RP-HPLC analysis of the GS composition was performed for the three glutenins 

(ES, AS, AI) of dEerent solubility obtained fiom the flours and doughs. The 1Ax and 1Bx 

subunits were the least affected by mixing and appeared to be the least important with 

respect to quality. Both lkw and 1Bx subunits were found in greater proportion in the 

soluble fractions obtained nom flours, but the proportions between fractions were sirnilar 

upon mixing. The proportions of AC Karma subunits 1Dx2 and 1Dy12 also exhibited very 

litde changes during mWng for each type of gfutenin (ES, AS, AI). The most significant 

changes in GS composition were observed for subunits 1Dx5, lDylO, and both 1By 

subunits (8 and 9). Subunit 1Dx5 was found in greatest proportion in the AI  glutenin and 

in least proportion in the ES glutenin, although this dserence diminished with mixing. The 

proportion of 1Dx5 was also observed to increase in the soluble fractions as mixing 

progressed. The proportion of subunits 1By8 and 1By9 was also greater for the AS and 

A? glutenins compared to the ES glutenin. In contrat to 1Dx5, this solubility difference 

was maintaineci throughuut mixing, despite the fact that the proportions of these subunits 

inaeased in the more soluble fiactions as mixing progressed. The proportion of subunit 

I D y l O  was similar in the ES and AS gIutenin and greater in these soluble fractions than in 



the AI @utenin throughout mixing. As with the 1Dx5 and 1By subunits, the proportion of 

lDylO increased in the soluble fiactions with mixing. 

The GS composition results suggest that the y-type subunits and lDxS play a more 

criticai role in the interchange reactions occurring during dough mbchg. One interesting 

feature of the composition anaiysis was the enrichment of y-type subunits in al1 glutenin 

Eactions. This observation could be explained in part by the presence of predominantly x- 

type subunits in the salt-soluble protein fiaction. But, this might also suggest that some AI 

glutenin, e ~ c h e d  in x-type subunits, was not effectively reduced and solubilized during 

analysis. Up to 18% of total flour protein has been reported to be insoluble in 50% 1 - 

propanol containhg dithiothreitol (Sapirstein and Fu, 1998). However, this residue 

protein was reported to be compnsed mainly of Glu-1D subunits. 

The effects of iodate and NEMI were not consistent nor eequently significant, and 

in most cases, there was little difference between the chemïcals. When a dif3erence was 

signXcant, NEMI was the more effective treatment. It is well known that specific subunits 

are associated with dough strength and that additives such as iodate and NEMI alter 

dough rheology. But, the lack of more definitive effects of rnixing and of treatments on 

GS composition for three dEerent glutenins reported in this study suggests that -SW-SS- 

interchange reactions and the participation of specific subunits (e-g. 1Dx5 or IBy 

subunits), play are a more critical role at a higher structural level than the molecular one. 

The effect of absorption on the mixing behaviour of gluten proteins was biiefly 

examined using one cultivar (AC Domain). The glutenin nom the dough of lower 

absorption was more susceptible to breakdown, resulting in less AI glutenin and more 

soluble glutenin. There appûared to be tess gliadin-glutenin interaction since less AS 



gliadin was present in the dough prepared at lower absorption. The GS composition was 

also afEected by the absorption at which the dough was prepared. The e ~ c h m e n t  of y- 

type subunits, and to some extent 1Dx5, observed in the soluble giutenin hctions for 

control doughs appeared to be accentuated if a lower absorption was used. The lower 

ratio observed for ES and AS glutenins f b m  the dough prepared at lower absorption may 

indicate the presence of glutenins of srnaller size than those found in the same fiactions 

fkom dough prepared at higher absorption. These preliminary results suggest that lower 

absorption influences mWng behaviour by increasing the seventy of miuing, hence 

promoting glutenin breakdown. Lower absorption appears to interfere with gliadin- 

glutenin interaction, possibly by limiting the water available for the necessary noncovaient 

reactions. 

The hction of a-gliadins CO-precipitated with glutenins in the purification 

procedure applied to the ES and AS fiactions does not appear to be of major significance 

to dough d n g .  Because of the very low concentration (% of total protein) the a- 

gliadins of the AS fkaction may simply be an artifact of the purification process. However, 

the quantity and behaviour of the a-gliadins of the ES fiaction suggest that interaction 

with glutenin may be o c c u ~ g .  

The selective precipitation method used to puri@ the ES and AS fiactions 

effectively separated glutenins £iom gliadins, except for some glutenins comprised only of 

LMW-GS. Supporting evidence for the presence of glutenin comprised only of LMW-GS 

&MW glutenin) in three fractions (ES, AS, AI) was obtained by RP-HPLC, SDS-PAGE 

and SE-HPLC. Quantitation of this LMW glutenin, which remahed soluble with the 

gliadins in the 70% 1-propanol bufXered solution, was camied out by SE-HPLC and the 



changes occurring during mixing were monitored. A sharp drop in LMW glutenin fiom the 

AS fiaction during initial mixing was observed for aIl cultivars and treatments. Glenlea 

showed the least response. Mthough LMW giutenin fiom the AS fiaction constituted less 

than 2.5% of total protein, the unusual initial drop in quantity may be an indication that 

L W  glutenin aiso participates in interaction with the larger more insoluble glutenin. 

SDS-PAGE of the unreduced AS gliadin fiaction revealed the presence of ladder-like 

bands very similar in pattern and mobility @&) to the same bands found in the ES gliadin. 

Interaction would be a plausible explanation for the dserential solubility of LMW glutenin 

that is of similar M,. The proportion of LMW glutenin from the ES fiaction is much larger 

and exhibits an increase with mixing. But no cultivar-specific relationship to amount or 

mixing behaviour seemed apparent. When total gliadin (ES and AS) and soluble glutenin 

(ES and AS) were corrected for LMW glutenin, the characteristic drop in gliadin content 

during initiai mWng was unmistakable, was observed for all  cultivars, and varied inversely 

with mixing strength. Evidence for the involvement of LMW glutenin in interactions with 

larger glutenin is less apparent and would require fùrther research. 

The last step in this study was the evaluation of effects of full formula ingredients 

and resting on changes in gluten proteins. From the select number of sarnples analyzed by 

RP-HPLC, very few significant dserences were found between the flour-water doughs 

used in the major part of this study and the full formula doughs. The changes in relative 

amounts of each HMW-GS and the ratio for glutenins of each solubility fraction were aiso 

comparable to the flour-water results. No sigruficant effects on mWng could be attributed 

to the ingredients used in the fùil formula doughs. In general, resting t h e  afîer mixing did 



not have a significant impact on GS composition, ratio or solubility distribution. Similar 

results were reported by Almonte (1 998) for doughs rested up to 45 minutes. 



The major contributions to knowledge resulthg fiom the present study of four 

flours of diverse mWng strength are as foilows: 

1. A small scale version of the modified Osborne fiadonation procedure (Chen and 

Bushuk, 1970) was developed and a selective precipitation method (Fu and Sapirstein, 

1996) was modified to separate flour proteins into s u  fractions. Five of these were 

relatively pure fkactians of gliadin (ES, AS) or glutenin (ES, AS, AI). Results obtained 

for protein solubility distribution and GS composition were comparable to the large 

scde rnethod and offered the advantages of drarnaticdy reduced 

fiactionation/purZcation tirne and solvent use, and larger sample throughput. 

2. The SS fiaction of doughs contained glutenin, evidenced by the presence of HMW-GS 

bands in SDS-PAGE gels, compnsing predominantly x-type subunits. A foam layer was 

also produced during the sequential extraction of doughs, twice with salt solution and 

then with water. The foarn layer, which was present in notable amounts for al1 cultivars 

except Glenlea, contained both gliadin and glutenin. The presence of SS glutenin and 

the formation of a foam layer suggested that mixing (i) altered the conformation of 

gluteriin a d o r  (i) induced gliadin-glutenin interaction to an extent sufficient to 

enhance the solubility and cause foam formation of some of the gluten proteins. 

3. The quantity of the AI giutenin and AS gliadin in the flours wsre directly and inversely 

related to dough mixing strength, respectively. The inverse relationship between the AS 

gliadin and rnixing strength was attrïbuted to genospe-specific gliadin-glutenin 

interaction. 



4. Protein solubility distribution and electrophoretic results provided convincing evidence 

for the existence of genotype-specific gliadin-glutenin interaction. Results showed that 

ail cultivars exhibited gliadin-glutenin interaction d u ~ g  mi>ang and the degree of 

interaction was inversely related to mixing strength. Intrinsic giiadin-glutenin 

interaction was rneasured by quantifyuig the arnount of gliadin in the AS protein 

fraction of flours. Gliadin-glutenui interaction was manifested by an unusual drop in the 

AS gliadin dunng the very early stages of d g  of doughs. Strong cultivars (with long 

mixing requirements) exhibited the lowest degree of interaction and weak cultivars 

(with short mixing requirements) exhibited the highest . 

5. Andysis of subunit composition by RP-HPLC of the glutenin fiactions obtained fiom 

the flours suggested that 1Dx subunits, and to a lesser extent 1Dy and 1By subunits, are 

important in the formation of the insoluble glutenin (larger M,) which is related to 

breadmaking quality. 

6. Andysis by RP-HPLC of changes in subunit composition during mucing of three 

glutenin hc t ions  reveded some variation in subunits related to quality. Allelic 

differences were most pronounced for the 1Dx subunits (1Dx2 versus 1Dx5) and much 

less evident for 1Ax and 1B subunits. In agreement with the results obtained for the 

flours, the IAx and 1Bx subunits appeared to play a minor role in the mWng process. 

The 1Dx and y-type (lB, ID) subunits exhibited more dynamic behaviour throughout 

rnixing, suggesting a more active role in the -Sm-SS- interchange reactions for these 

subunits. However, dserences observed in the GS composition of g1 utenins during 

mi.xllig could not explain the large changes in dough properties and the variation 

between cultivars. 



7. The presence of glutenin comprised only of LMW-GS &MW glutenin) was identified in 

three fiactions of glutenin, including the insoluble fiaction, with the peak distribution 

falling in the ES fiaction (soluble and of low W). LMW glutenin may exist as discrete 

polydisperse polymers noncovalently associated with the larger, more insoluble 

glutenin. The amount of LMW glutenin increased with mWng and that found in the AS 

fkaction exhibited an initial drop similar to the AS gliadin associated with giiadin- 

glutenin interaction. Thus LMW glutenin, like the gliadhs, may be involved in 

interaction with the glutenin of the Iarger W. 

8. The absorption level used to mix a dough will influence the extent of glutenin 

breakdown (reduced M and enhanced solubility) and possibly the degree of gliadin- 

glutenin interaction (proportion of AS gliadin). The gluten proteins of doughs made 

fiom the same flour at different absorption levels and mixed to peak are not necessarily 

in identical States. These fïndings are based on results fkom one cultivar at two 

absorption levels. 

9. Full formula ingredients and resting do not appear to have a major impact on the 

protein solubility distribution and GS composition. This finding is based on a b t e d  

number of samples from only two cultivars. 

10. Results from this study provide additional support for glutenh breakdown and -SW- 

SS- interchange as important mechanisms in dough mWng and offers convincing 

evidence for gliadin-glutenin interaction as an additional mechanism. This study 

concludes t hat glutenin breakdown occurs by both depolyrnerization and disaggregation 

and that the interchange reaction, like gliadin-glutenin interaction, exerts its functional 

importance at a higher structural level than the molecular one. 
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Table 1. Regression Analysis of Absorption Agaïnst Muring T h e  (MT), Mixograph 
Peak Height (PH), or Work Input to Peak (WI) Determined with a 2-g Mixomph 
Fiour Sample Abs (Yo) Range Regression Equation R~ Pr>F 
- - - 

Glenlea 93 
Glenlea 95 
Roblin 
Katepwa 
AC Domain 
AC Karma 

Peak Heiaht 

GIenlea 95 
Roblin 
Katepwa 
AC Domain 
AC Karma 

Work Input 
Glenlea 93 
Gleniea 95 
Roblin 
Katepwa 
AC Domain 

(min) 
5.6-7.2 
6.3-7.9 
3.8-5.3 
3 -04.0 
3.1-3.4 

2.53-3.1 

a 
55,145.6 
47.2-3 8.6 
58.8-48.7 
50.9-39.2 
53.5-40.0 
50.3-42.4 

(%Tqf min) 
204- 177 
263-154 
136-138 
1 12-95 

-104-83 
AC Karma 45-58 102-66 WI= -2.903 1A+229.3 3 



Table 2. Statisticai Cornparison of the Content of ES and AS P d e d  Fractions (as 
% of Total Flow Protein) Obtained fiom Flow by the Srnail Scale Method and 
Detefmined Spectrophotometrically or by ~jeldahl' 

Cultivar Kjeldabi SD CV Spec SD CV 
ES glïadin 
Gleniea 30.9~' 0.6 1.9 3 2.8" 0.6 1.9 
Katepwa 33 -6' 0.7 2.1 34.4' 0.4 1.0 
AC Domain 30.9~ 0.7 2.4 32.4ab 2-5 7.8 
AC Karma 28.0' 2-03 8.2 29Sb 1.7 5.8 

Mean 30.8 32.2 
Range 8.3 6.3 
CV 7.6 6.9 
Precision 3.6 4.1 

ES #utenin 
Glenlea 4Sb* 0.6 13.2 2.6. 0.6 24.0 
Katepwa 4.4b 0.7 16.1 3 -6 0.4 9.7 
AC Domain 7.5" 0.7 9.8 6.0 2.5 42.4 
AC Karma 7.7' 2.3 29.7 6.2 1.7 27.4 

Mean 6.0 
Range 6.0 
CV 32.8 
Precision 17.2 

AS gliadin 
Glenlea 4.5' 
Katepwa 7Sb* 
AC Domain 7. lb 
AC Karma 9 .za* 

AS plutenin 
Glenlea 
Katepwa 
AC Domain 
AC Karma 

- --- - - - -  ean - - - 

6.1 4.5 
Range 5 .O 3 -7 
CV 30.1 29.5 
Precision 7.4 19.7 
l Letters indicaie signincant diGerences (0~4.05) between cultivars within each method 

Asterisks indicate simiificant differences ( ~ 4 . 0 5 )  behveen methods within a cultivar 
SD = standard deviation , ' CV = cazûïcient of variation 



Table 3. Statistical Cornparison of the Content of ES and AS Purified Fractions (as 
% of Total Flow Protein) Obtained fkom Dough (50%MT) by the Small Scde 
Method and Determined Spectrophotometncally or by ~jeldahl' 

Cultivar Kjeldahl SD CV Spec SD cv 
ES fiadiin 
Glenlea 3 1.0~ 1.3 4. 1 3 1 . 6 ~  0.7 2.2 
Katepwa 3 5 . d  0.8 2.2 37.5'. 0.4 1.1 
AC Domain 27.6' 0.5 1.8 28.6' 0-6 2.2 

Range 10.1 
CV 11.9 
Precision 2.6 

ES giutenin 
Glenlea 6.5* 1.0 15.5 6.1 0.7 11-6 
Katepw a 6.2&* 1.0 16.0 3.4. 0.4 12.5 
AC Domain 5.2b 0.7 13.4 4.1 0.6 15.7 
AC Karma 7.8' 0.5 6.9 6.1 1.8 30.1 

Mean 
Range 
cv 
Precision 

AS giïadin 
Glenlea 
Kat epwa 
AC Domain 
AC Karma 
Mean 5.5 
Ranse 5.5 
CV 33.3 
Precision 16.0 

AS glutenin 
Glenlea 1 .8b 0.5 26.9 2.6' 0.0 0.0 
Katepwa 1 .gb* 1.0 53.8 3 .gb* 0.4 10.3 
AC Domain 2. 8b 0.7 26.5 3 .4b O. 1 4.2 
AC Karma 4.4'. 0.6 13.7 5.5'. 0.4 7.3 

Mean 2.7 4.0 
Range 3.8 3 -3 
CV 45.4 27.8 
Precision 30.2 5.4 
' Letîers indiate signifiant merences ( ~ 4 . 0 5 )  between cultivars within each method 

Asterisks iadicaîe significant clifferences (a=û.05) between methods within a cultivar 
2 SD = staadard denation, ' CV = coefficient of variation 



Table 4. Statisticd Cornparison of  the Content of ES and AS Purifieci Fractions (as 
% of Totai Flow Protein) Obtained fkom Dough (lûû%MT) by the Smali Scale 
Merhod and Determined Spectrophotomeîrically or by ~jeldahl' 

Cultivar KjeIdahi SD CV Spec SD CV 
ES fiadin 
Gienlea 30Sb 0.5 1.6 31.7" 0.7 2.2 
Katepwa 34.7" 0.7 2.0 37.1" 0-6 1.7 
AC Domain 27.8" 1.6 5.7 29.6" 0.8 2.6 
AC Karma 29.4k 0.8 2.8 32.2b 1.3 4.2 

Mean 30.6 32.6 
Range 9.1 8.5 
CV 9.2 9.2 
Precision 3-0 2-7 

ES @utenin 
Glenlea 7.2* 0.5 6.8 6.0 0.7 11.8 
Katepwa 7.3ab* 0.9 12.0 4.6. 0.6 14.0 
AC Domain 6.2b 1.0 16.7 4.6 0.8 16.7 
AC Karma 8.0' 0.9 11.4 5 -6 1.3 23.8 
Mean 7.2 5.2 
Range 3.5 
CV 13.9 
Precision 11.7 

Kat epwa 4. ld 0.3 7.4 3.4" 0.8 24.0 

AC Domain 7.3b0 0.6 7.6 5. 6ab* 0.4 6.2 

AC Kama 5.1' 1.4 26.5 6.3' 1.6 25.3 

Precision 

Katepwa 
AC Domain 
AC Karma 

- -  - -- - 

Mean 3 -3 3 -7 
Range 6.4 5.0 
CV 69.9 39.2 
Precision 38.4 18.5 
' Letters indicate signifiant dinerencs ( ~ 4 . 0 5 )  bQween cuitivars withio each method 

Astensfrs indicate simiificant ciifferences ( ~ 4 . 0 5 )  between methods within a cultivar 
SD = standard deviation , CV = coefncïent ofvariation 



Table 5. StatisticaI Cornparison of the Content of ES and AS Purifiai Fractions (as 
% of Total Flow Protein) Obtained fiom Dough (200%MT) by the Smli  Scale 
Method and Determined Spectrophotometrically or by ~jeldahl' 

Cultivar Kj eldahl SD CV Spec SD Cv 
ES fiadin 
Glenlea 33 .gb 0.4 1.3 33 .4b 0.4 1.1 
Katepwa 37.8' 1 .O 2.5 39.8' 0.9 2.3 
AC Do& 34.7b 0.2 0.4 35.0' 0.7 2.0 
AC Karma 29.9' 0.5 1.6 32.8b 1.8 5.4 
Mean 34.1 35.3 
Range 9.2 8.8 
CV 8.7 8.5 
Precision 1.4 2-7 

ES glutenin 

Glenlea 8.7 0.7 7.6 9.2 0.4 3.9 
Katepwa 8.7 0.6 6.4 7.0 0.9 13.2 
AC Dornain 9.2 1.0 10.9 9.2 0.7 7.7 
AC Karma 9.6 0.9 9.0 6.8 1.8 25.8 

Mean 9.1 
R a s e  2.4 
CV 8.4 
Precision 8.5 

AS gliadin 
Glenlea 2.4b 0.6 24.4 1 .gb 0.0 0.0 
Katepwa 2 .0~  0.5 23.2 1 .4b 0.0 0.0 
AC Domain 3 -7' 0.5 13.7 3 .Oa O. 1 2.4 
AC Karma 4.7' 1.0 21.5 3.2' 0.3 8.8 

Mean  3.2 
Range 4.3 
CV 38.9 
Precision 20.7 

AS dutenin 
Glenlea 4.2'. 0.2 4.7 4.7b* 0.0 0.0 
Katepwa ~ - 3 ~ .  0.2 9.1 2.gd' 0.0 0.0 
AC Domain 2.sb 0.4 13.3 3.4' O. 1 2.1 
AC Karma 4 . ~ '  0.3 6.7 6.3" 0.3 4.5 

Mean 3 -5 4.3 

Range 2.9 3 -6 
CV 29.8 32.9 
Precision 8.4 1.6 
' Letters indicate signifiant differences ( ~ 4 . 0 5 )  between cultivars within each method 

Asterisks indicate signincant differences (a4.05) between methods within a cultivar 
2 SD = standard deviation . CV = d c i e n t  of variation 



Table 6. Effect of Mwng on the Protein Fractions (as % of Total Fiour Protein) Obtained 
by Modied Osborne Fractionation of Flour-Water Control Doughs Mked to Various 
~ i m e s '  
Fraction and Mixing Time (as % of peak the )  
Cultivar Flour 50 100 200 
Salt-soluble 
Gienlea 
Katepwa 
AC Domain 
AC Karma 

Glenlea 
Katepwa 
AC Domain 
AC Karma 

Acetic acid-soluble 
Glenlea 8.7M.9' 
Katepwa 12.6M.6' 
AC Domain 13.6=t2.0a 
AC Karma 18.W1.8' 

Acetic acid-insoluble 
Glenlea 3 8.5*1.2' 
Katepwa 33.8H.4' 
AC Domain 3 1 . ~ 2 . 2 ~  
AC Karma 27.- .2b 



Table 7. Effect of Cultivar on the Protein Fractions (as % of Total Flow Protein) Obtained 
by Modifiecl Osborne Fractionation of Flour-Water Control Doughs Mixed to Various 
~imes'  
Mïxing The Cultivar 
(% of peak &ne) Gleniea Katepwa AC Domain AC Kanna 
Salt-soluble 

O 18 .~a1.4~ 18. 16.M.5" 20.3*1 .Oa 
50 20.111.2~ 21 .W2.6' 16.510.3~ 21.2M.5' 
1 O0 20.4*2.3' 22.1*1.3' 14.6a0.1b 20.M.4' 
200 20.4*1. lb 1 9 . ~ 1 .  lb 15.W.6" 24.1M. 1' 

Acetic acid-soluble 

Acetic acid-insoluble 
O 38S4.2' 
50 3 6 . ~ 1 . 3 ~  
100 3 6 . ~ 1 . 3 ' ~  
200 3 1.9M.lb 

' Means * sîandard deviation, meaos with different letters are signitïcantiy differeot (a=û.O5) 



Table 8. Effect of Mwng on the Content of ES and AS Purifieci Fractions (% of Total 
Flour Protein) of Flour-Water Control D o u a  Mixed to Various ~ imes '  

Mixing Time (as % of peak tirne)' 
Cultivar Fiour 50 100 200 
ES gliadin 
Glenfea 
Katepwa 
AC Domain 
AC Karma 

ES @utenin 
Glenlea 
Katepwa 
AC Domain 
AC Karma 

AS gliadin 
Glenlea 
Katepwa 
AC Domain 
AC Karma 

AS giutenin 
Gleniea 
Katepwa 
AC Domain 
AC Karma 6.4N.5 5.5M.4 5.3i1.6 6.3M.3 

1 Means standard deviation, means with merent letters are signifïcmîiy different ( ~ 4 . 0 5 )  



Table 9. Effect of Cultivar on the Content of ES and AS Purifieci Fractions (% of Total 
Flour Protein) of Fiour-Water Control Doughs Mùted to Various ~irnes' 
Mïxing Time Cultivar 
(% of peak the )  Glenlea Kateqwa AC Domain AC Karma 
ES Nadin 

200 
L Means i standard deviation, means with different letfers are sigdi~it~ltly different (a4-05) 



Table 10. Effect of Mixing Time on the Protein Fractions (as % of Total Flour Protein) 
Obtained by Modified Osborne Fractionation of Iodate Doughs Mixed to Various ~imes'  

% of Totd Flow Protein for Each MWng ~ i m e '  
Cultivar Heur 50 100 200 

Katepwa 18. 1M-3' 16 .m.7~  16.1a.3~ 1 7 . ~ .  lb 
AC Domain 16.0MSab 16.e1.0' 14.7Sl.8~ 1 4 . U -  1' 
AC Karma 20.3M.9' 20.4N. la 17.3a.3~ 1 8 . ~ . 8 ' ~  

Ethanol-soluble 
Gleniea 35.4*1.OC 42.7a.ob 4 2 . 4 ~ . 5 ~  50.2M.6' 
Katepwa 38.0MSd 47.1M.4" 5 0 . ~ 1  .6b 54.M.2' 
AC Domain 38.4*3.3b 4 1 . ~ 2 . 3 ~  41.5a.3~ 53 .&1.3' 
AC Karma 35.7*3.6" 4 2 . ~ 2 .  lb" 46.8S. lb 55.2I.O' 

Acetic acid-soluble 
Gleniea 8.7*0.9~ 4.0=t0.OC 10.e2.6~ 14.4N. 1' 
Katepwa 12.M.6" 5.1M.6' 6.810.6~ 7.710.7~ 
AC Domain 13 . e l  .9' 8.610.gb 15.8M.la 16.W.8' 
AC Karma 18.Ck1.8' 10.e0.7~ 17.8s  .6' 12.6M.6~ 

Acetic acid-solubIe 
Glenlea 38.5*1.2' 3 4 . ~ . 4 ~  3O.3=t0.Oc 1 9 . 1 ~ .  ld 
Katepwa 33.e1.4" 29.610.4~ 26.20.2' 20.4*1 .4d 
AC Domain 3 1.&=2.2* 32.e2.3' 27.610. lb 14.4=t0.4' 
AC Karma 27.W3 -2' 24.M.4' 13 -810. lb 1 0 . ~ . 7 ~  



Table 1 1. Effkct of Cultivar on the Protein Fractions (as % of Total Flour Protein) 
Obtained by Modified Osborne Fnictionation of Iodate Dou* Muted to Various ~irnes' 
MUting Time Cultivar 
(% of peak tirne) Glenlea KBtepwa AC Domain AC Karma 

Acetic acid-soluble 
O 
50 
100 
200 

Acetic acid-insolubl e 
O 38.5*1.2' 33.811.4~ 3 1.8=t~.2~ 27.W3.2' 

200 29. l a .  1' 20.4*1.4' 14.410.4~ 10.9M.7" 
1 Means * standard M o n ,  means with ciiffernt letters are signincantly different (a~0.05) 



Table 12. Effect of Mixing on the Content ofES and AS Purifieci Fractions (% of Total 
Flow Protein) of Iodate Doughs Mixed to Various ~imes' 

Mixing Time (as % of peak time)' 
Cultivar FI our 50 100 200 
ES fiadin 
Gledea 3 2 . ~ . 6 ' ~  3 4 . ~ . 5 *  3 2 . ~ 1  .3b 35.9=t2.Oa 
Katepwa 34.4M.4' 38.tkt1.3~ 41 .2=t0.5' 41.W-5' 
AC Domain 32.4*2Sb 34.611.6~ 33 2 2 .  lb 39.B1.4' 
AC Karma 29.5*1.7~ 3 2 . 6 ~ .  lb 32.4*1 .8b 40.6=t0.2' 

ES glutenin 
Glenlea 2.6M.6"' 8. lMSm 10.6tt1.3m 14.3=t2.0M 
Kat epwa 3.W.4' 8.4*1.3~ 9. 1=t0Sb 1320.5' 
AC Domain 6.012. sb 6.411 .6b 8.3*2. I~ 14.4*1.4' 
AC Karma 6 . ~ 1 . 7 ~  9 . 4 ~ .  lb 14.4*1.8' 14.6M.2" 

AS giiadin 
Gleniea 4.W.5' 2.1M.2' 3 2 0 .  lb 2.510.6 
Katepwa 8.8M.9" 2.220. lb 2.~10.0~ 1 .6=t0.ob 
AC Domain 9.6+1.3' 3 .8j=O.zk 5 . ~ 0 . 2 ~  2.4M. 1' 
AC Karma 11 .WSa 4.4M.2' 6 . m . ~ ~  2.110.2~ 

AS glutenin 
Glenlea 4.M.5 '  2 . ~ . 2 ~  7.410. lb 1 1 . W - O "  
Katepwa 3.8M.gb 3 -0. lb 4.0Ml.0~ 6. 1=tû.Oa 
AC Domain 4.W1.3' 4.M.2" 10.2M.2~ 14.M.  1' 
AC Karma 6 . 4 ~ ~ 5 ~  6.2dl.2b 10.W.6' 1 0.4M.2" 

1 Means * standard deviation, means with different letters are signincantly different (a=0.05) 



Table 13. Effect of Cultivar on the Content of ES and AS Purided Fractions (% of Total 
Flour Protein) o f  Iodate Doughs Mured to  Various Timesi 
Mkhg Time Cultivar 
(% of peak tirne) Glenlea Katepwa AC Domain AC Karma 



Table 14. Effect of Mixing T ï e  on the Protein Fractions (as % of Total Flour Protein) 
Obtained by ModXed Osborne Fractionation ofNEMI D o u w  Mixed to Various ~imes' 

% of Total Flour Protein for Each Mkbg ~ i m e '  
Cultivar Flou 50 100 200 
Salt-soluble 
Gledea 18.&tl-4' 16.810.7* 1 6 . m . 4 ~  16 .5~ .3& 
Katepwa 18. 1M.3" 17.4M.5' 14.6M.6~ 17.0.8 '  
AC Domain 16.W.5" 16.2=t2.1m 14.6=t0.5" 15.W.2" 
AC Karma 20.3M.9* 20.7*1 .Oa 18 .uO.zb 1 9 . 3 ~ . 7 ~  

Ethanol-soluble 
Glenlea 35.4*1.OC 4 2 . ~ . 4 ~  43.411. lb 52.W.9' 
Katepwa 38.0MSd 45.8=t1.2' 50.241 .Cib 52.7*0.6' 
AC Domain 38.4*3 -3' 35.U1.5" 4 5 . M  .7b 55.CE1.8' 
AC Karma 35.7~3.6' 4 2 . ~ ~ 8 ~  48.8*2.8b 56.4M-8' 

Acetic acid-soluble 
Glenlea 8.7M.9" ~ - 8 N . 7 ~  15.2M. lb 20.8M.6' 
Katepwa 12.6M.6' 6.4M. 1' 9.610.0~ 9 . ~ . 8 ~  
AC Domain 13 .a1 .gb 10.1~). lb 19.7*3.7' 19.4M.5' 
AC Karma 1 8 . ~ 1 . 8 ~  13 .4M.€IC 23.6ct1.5" 15.811.8~ 

Acetic acid-insoluble 
Gleniea 38.5*1.2' 3 2 . 8 ~ ~ 9 ~  24.5*1 -8' 9.o=UlSd 
Katepwa 33.W1.4' 28.210. lb 22.5M.4" 1 4 2 0 . 4 ~  
AC Domain 3 1.W=2.2' 35.4k3.7' 1 9 . ~ 2 . 3 ~  8.6a0.5' 
AC Karma 27.W3.2' 25.W.8' 7.211 .2b 

1 
6.6MSb 

Means * standard deviation, means with different letters are signincantly different (a=0.05) 



Table 15. Effect of Cultivar on the Protein Fractions (as % of Total Flour Protein) 
Obtained by Modifieci Osborne Fractionation of NEMI Doughs Muced to ~arious ~ imes '  
=g Time Cultivar 
(% of peak t h e )  Gledea Katepwa AC Domain AC Karma 

Acetic acid-soluble 
O 8.7M.9' 12.610.6~ 13.6ai .gb 18.m1.8' 
50 5.8M.7" 6.4H.  1' 10. la. lb 13 -4k0.8' 
100 15.2Hl. lb 9.W.O' 19.7*3 .7ab 23 .&1.Sa 
200 20.8M.6" 9 . M . 8 '  19.4=t0.Sa 15.8=t1.8~ 

Acetic acid-insoluble 
O 38.5*1.2' 33 .8 i1 .4~  3 1.812.2~ 27.0-t3 .Sc 

50 3 2 . ~ . 9 * ~  2 8 . 2 ~ .  lbe 3 5 . 4 s  .7^ 25.W.8' 
100 24.5*1.8' 2 2 . 5 ~ . 4 *  1 9 . ~ 2 . 3 ~  7.a1.2'  
200 9 . ( ~ 0 . 5 ~  14.233-4a 8.&t0Sb 6.W.5" 

1 Means * standard deviation, means with different letters are signincantly different (a=û.05) 



Table 16. Effect of Mirting on the Content of ES and AS Purifieci Fractions (% of Total 
Flour Protein) of NEMI Doughs E e d  to Various ~imesl 

Mkhg Tirne (as % of peak the)' 
Cultivar Flow 50 100 200 
ES aliadin 
Glenlea 32.8I0.6' 35.1f0.8~ 34.810.6~ 37.W. 1' 
Katepwa 3 4 . 4 ~ . 4 ~  40.6a0.6a 42 - 4 s  -2' 40.4rt3 .Oa 
AC Domain 32.4t2Sb 3 0 . ~ . 4 ~  3 0 2 1 . 3 ~  39.W1.3' 
AC Karma 29.5*1.7~ 3 Ll=t2.4* 3 5.812.9~~ 38.2I3.2' 

ES glutenin 
Gienlea 2.W-6" 7.810.8~ 8 . w . ~ ~  15. l m .  la 
Katepwa 3 . ~ . 4 ~  5 . 3 s . ~ ~  7 . ~ . 2 ~  12.3G .Oa 
AC Dornain 6 . ~ 2 . 5 ~  5 . ~ . 4 ~  14.8I1.3' 16.W1.3' 
AC Karma 6.211 .7b 1 1. 5*2.4& 13. 1*2.gab 18.2S.2' 

AS giiadin 
Glenlea 4.8M.5' 2 . ~ .  lb 4.W.4' 2.5-.ob 
Katepwa 8.8M.9' 2 . ~ .  lb 2.Wl.0~ 2 . w .  lb 
AC Domain 9.6=t1.3' 6.2M. lb 9 . 0 - 2 '  3.8M.1" 
AC Karma 11 .W.Sa  5.9-~).3~ 3 .7&0. 1" 2. la. ld 

AS @utenin 
Glenlea 4 .M .5 '  3.W. 1" 10.6M.4~ 18.2M.0a 
Katepwa 3 . ~ ~ 9 ~  3 . ~ .  lb 6.W.Oa 7 . W .  la 
AC Domain 4.m1.3' 3 .W. 1' 1 0 . ~ . 2 ~  15.6M. la 
AC Karma 6.4aSd 7.5H.3' 19.M. la 

1 
1 3 . 7 ~ .  lb 

Means -t standard deviation, means with merent Ietters are signincantïy different (u=0.05) 



Table 17. Effect ofCu1tiva.r on the Content ofES and AS Purifieci Fractions (O?  of Total 
Flour Protein) of NEMI Doughs Mixed to Various ~imes' 
MUring Time Cultivar 
(% of peak time) Gledea Katepwa AC Domain AC Karma 
ES gliadin 

18.2M.O' 7.9% ld 1 5 . ~ .  lb 1 3 . 7 ~ .  1" 
1 Means standard deviation, means with different Ietters are signifïcantly different (a=û.OS) 



Table 18. Eect  of Treatment on the Content of Salt-soluble Proteins Obtained by 
Modified Osborne Fractionation (% of Total Flour Protein) of Doughs Mixed to Various 
~irnes' 
Cultivar Mkhg T h e  Treatment 

Control Iodate NEMI 
Glenlea 50 20.1k1.2" 1 7 . 1 1 0 ~ ~  16.2U0.7~ 

100 
200 

Katepwa 50 
100 
200 

AC Domain 50 
100 
200 

AC Karma 50 
1 O0 
200 

Means * standard deviation, meam with ciiffirent letters are signincandy different (a=O.05) 

Table 19. Effect of Treatment on the Content of Ethanol-soluble Proteins Obtained by 
Modined Osborne Fractionation (% of Total Flour Protein) of Doughs Mked to Various 
~imes '  
Cultivar M m h g  Tirne Treatment 

Control Iodate NEMI 
Glenlea 50 3 7 . 7 ~ . 4 ~  42.7M.O' 42.W.4' 

100 37.710.0~ 42.4M. 5' 43 .4*1. la 
200 42.W.3' 50.2M.6~ 52.W.9' 

Katepwa 50 40.5~1 .6b 47.1M.4' 45.8H.2' 
100 41.6a1Sb 50.21 -6' 50%1 -6' 
200 46.710.6~ 54.m.2' 52.7N.6' 

AC Domain 50 3 1.5*1 .6b 41.0=t2.3' 35.811.~'~ 
100 34.8=t3.3b 41.5~.3* 45.1*1.7' 
200 3 9.512.4~ 53 .el -3' 55.Ckt1.8' 

AC Karma 50 34.410.6~ 42.0=t2. la 42.W.8' 
100 37.811.3~ 46.M. 1' 48.8I2.8' 
200 39.710.6~ 5 5 . 2 1  .O' 56.4H.8' 

1 Means standard deviation, means with difEerent Ietters are simiificantly Merent (a=û.05) 



Table 20. Effect of Treatment on the Content of Acetic Acid-soluble Proteins Obtained by 
Modified Osborne Fractionation (% of Total Fiour Protein) of Doughs Mixed to Various 
~imes'  
Cultivar Mixing Time Treatment 

Control Iodate NEMI 
Glenlea 50 5 . 1 ~ . 3 &  4 .00 .0~  5.M.7' 

100 5.&to.gb 10.6rt2.6~ 15.M. la 
200 6.5M.5' 1 4 . 4 ~ .  lb 20.W.6' 

Katepwa 50 6.4H.3' 5 . i ~ . 6 ~  6.4M. 1' 
100 5.%l.lb 6 . ~ . 6 ~  9.&t0.0a 
200 4.3M.4" 7 . 7 ~ . 7 ~  9.M.8 '  

AC Domain 50 8.6a0.0" 8.W.9" 10. la. lm 
1 O0 1 1.81o.4~ 1 5 . ~ .  l* 19.7s -7' 
200 8.W.4" 1 6 . ~ . 8 ~  19.4M.5' 

AC Karma 50 1 1 .u0.6'~ 10.6M.7~ 13.4S.8' 
100 1 1 .SM .7b 17.~.6* 23.4a1.5' 
200 9 . 5 ~ . 9 ~  12.~.6* 15.&i.8' 

1 Means * standard deviation, means with different letters are simiificantiy different (a=O.OS) 

Table 2 1. Effect of Treatment on the Content of Acetic Acid-insoluble Proteins Obtained 
by Modiied Osborne Fractionation (Y0 of Total Flow Protein) of Doughs Mixed to 

Cultivar Mkhg Time Treatment 
Control Iodate NEMI 

Glenlea 50 36.W1.3' 3 4 . ~ . 4 ' ~  32.8a.gb 
100 
200 

Katepwa 50 
100 
200 

AC Domain 50 
100 
200 

AC Karma 50 
100 
200 

1 Means * standard deviation, means with different Ietters are simiificantly different ( ~ 4 . 0 5 )  



Table 22. Effect of Treatrnent on the Content of Ethanol-soluble Gliadh (% of Total Flow 
Protein) of Douehs Mixed to Various ~ i m e s '  

- - - -  - 

Cultivar Mixing T h e  Treatrnent 
Control Iodate NEMI 

Glenlea 50 31.6M.76 34.W.5" 35.1=t0.8' 
100 
200 

Katepwa 50 
100 
200 

AC Domain 50 
100 
200 

AC Karma 50 
100 
200 32.811.8~ 40.W.2' 3 8 .M .zab 

1 Means * standard Mat ion,  means with diff'erent Ietters are significantly dif€erent ( d . 0 5 )  

Table 23. Effect of Treatrnent on the Content of Ethanol-soluble Giutenin (% of Total 
Flour Proteid of Douehs Mixed to Various ~irnes' 

. - - -- - 

Cultivar Mkhg Time Treatment 
Control Iodate NEMI 

Glenlea 50 6.1M.7" 8.1M.5" 7.8Hl.8" 
1 O0 
200 

Katepwa 50 
100 
200 

AC Domain 50 
100 
200 

AC Karma 50 
100 
200 

1 Means * standard deviation, means with different letters are signincantiy different ( ~ 4 . 0 5 )  



Table 24. Effect of Treatrnent on the Content of Acetic Acid-soluble Gliadin (% of Total 
Flow Protein) of Doughs Mixed to Various ~irnes' 

. 
Cultivar Mwng Tirne Treatrnent 

Contrd Iodate NEMI 
Glenlea 50 2.5M.O' 2. 13a.2~ 2.240. lh 

100 
200 

Katepwa 50 
100 
200 

AC Domah 50 
100 
200 

AC Kama 50 
100 
200 3 20.3' 2.1M.2b 2. lm. lb 

l Meam t standard deviation, means with dinerent leüers are signismntly Merent (a=O.OS) 

Table 25. Effect of Treatrnent on the Content of Acetic Acid-soluble Glutenin (% of Total 
Flour Protein) of Doughs Mixed to Various ~irnesl 
Cultivar m g  T i e  Treatment 

Control Iodate NEMI: 
Glenlea 50 2.e0.0~ 2.&0.2c 3 .&O. la 

100 2.W. 1' 7 . 4 ~ .  lb 10.6H.4" 
200 4.7=t0.OC 1 1 . ~ 0 . 0 ~  18.2=t0.0a 

Katepwa 50 3 .W.4' 3 .O. lb 3 .W. 1' 
100 2 . ~ a . 8 ~  4 .00.0~ 6.W.0a 
200 2.W,0c 6.1M.ob 7 . W .  1' 

AC Domain 50 1.~Ml.6~ 4.W.2' 3 .W. la 
100 3 . ~ . 4 ~  10.2+0.2" 10.2=m.2' 
200 1.sa.7' 1 4 . m .  lb 15.6s. la 

AC Karma 50 5. ~ H l . 4 ~  6 . ~ 0 . 2 ~  7.5*0.3' 
100 5.21.6' 10.9M.6~ 19.M. la 
200 6.3M.3" 1 0 . 4 ~ . 2 ~  23.7M. la 

l Means i standard M o n ,  meam with dinerent letters are significantiy dinérent (a=û.05) 



Table 26. F Values of si@cantl Main Effects and Interactions Between Factors 
Mecting Response Variables (Modified Osborne Fractions and hirified ES and AS 
Fractions) 

Modified Osborne Fractions 
Response 
variable2 source3 F Value 
AT protein CV 139.09 

Mrf 360.11 
TRTMT 344.16 
CVxMT 12.46 
CVxTRTMT 11.14 
MTxTRTMT 72.73 
CVxMTxTRTMT 3.55 

AS protein CV 152.16 
M T  89.76 
T R m  111.43 
CVxMT 24.02 
CVxTRTMT 3 -68 
MTxTRTMT 31.97 
CVxMTxTRTMT 2.17 

ES protein CV 24.32 
MT 221 -79 
TRTMT 129.63 
CVxMT 7.35 
CVx TRTMT 2.80 
MTxTRTMT 21.85 
CVxMTxTRTMT ns 

SS protein CV 110.84 
MT 9.04 
TRTMT 60.87 
CVxMT ns 
CVxTRTMT 6.42 
MTxTRTMT 9.33 
C V x T R W x W  2.66 

1 LeveI of signüicance a=0.05 
as % of total floudciough protein 

mirified ES and AS Fractions 
Response 
variable2 source3 F Value 
AS gliadin CV 

MT 
TRTMT 
CVxMT 
CVxTRTMT 
m x T R m  
CVxMTxTRTMT 

AS glutenin CV 
MT 
TRTMT 
CVxMT 
CVxTRTM-T 
M T ~ T R r n  
CVxMTxTRTMT 

ES gliadin CV 
MT 
TRTMT 
CVxMT 
c v x m m  
MTxTRTMT 
CVxMTx TRTMT 

ES glutenin CV 
MT 
T R m  
CVxMT 
c v x T R m  
m x T R m  

CV=cultivar, MT=mixing t h e ,  TRTMT=treatment (control, iodate, NEMI) 



Figure 1. RP-HPLC chromatograms of ES, AS and AI glutenin for 
Glenlea, Katepwa, AC Domain and AC Karma 
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Table 27. Effect 0f-g Tirne on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI GIutenin Fractions Obtained From Control 
Doughs Made From Glenlea Flour' 

Fiour-Water Dough 
SubUNt/Ratio Flour Mkhg Tirne (% of peak) 

50 100 200 
ES glutenin 
2 14.M.8' 13 .m. lab 1 2 . 3 ~ ~ 3 ~  1 2 . ~ 0 . 3 ~  
5 14.0.3"  1 4 . 4 ~ .  1" 1 5 . 5 ~ - 6 b  17.4H.5' 
7 5 1.751 .O8 4 7 . ~ 1 . 2 ~  4 5 . ~ . 5 ~  44.5M. 1" 
8 7.4M.3" 8 . 2 ~ .  1" 9.1M.2' 9.5M.4' 

- ---  

Ratio 0.49M.04'~ 0 . 4 4 ~ . 0 6 ~  0.50-+0.03* O.57M.0Oa 

- - 

Ratio 0.6Wû.03" 0.6W.01' 0.6pi0.02~ 0.65h0.0 lk 

AI glutenin 
2 11.3M. 1" 12.3M.6" 12.3jAI.4" 13 .W1 .Om 
5 20.8it0.0' 1 7 . ~ .  lb 18.3a.6~ 17.6a0.3~ 
7 45.4M.3" 45.2M.7" 45.3M.7" 45.91=1. 1" 
8 11 -8H.2" 11.M.2" 11 -4S.6" 11 .M.3'" 
10 1 0 . ~ .  lb 12-7M.2" 12.7M.3' 12.2M.1' 

1 Means * standard Mat ion ,  means with dinerent letters are significantly dinerent (cr=0.05) 



Table 28. Effect of Mkhg Time on Changes in H M W - G S  Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From Control 
Dou* Made From Katepwa FIourl 

Flour-Water Dough 
Subunit/Ratio Flow MUnng T h e  (% of peak) 

50 100 200 
ES glutenin 
2 19.1=t0.3' 17.410. lb l6.0=tO,Oc 16.M. 1" 
5 18.1M. lm 18.W. 1" 19SM. 1" 19.5jA.3" 
7 34.Wl.6' 29.310.~~ 29.011. lb 2 8 . ~ ~ 6 ~  
9 12.011.6~ 13 .610.4* 1 4 . ~ . 4 *  15.3*1.08 
10 16.W3.5" 21.M.3" 20.7M.6" 20.1*1 .O" 
Ratio 0.53-I-n.00" O.47=t0.0Om 0.49M.00" 0.5W.03" 

AS giutenin 
2 16.3*1. lm 15.4M. lm 15.8H.O" 15.4M.1" 
5 21.5M.3" 20.5M.2" 19.3*2.3" 20.4h1.6" 
7 32.9M.7' 30.3a.3~ 2 9 . 3 ~ . 7 ~  2 9 . 3 ~ . 6 ~  
9 1 2 . ~ 1  .3b 15.~0.2 '~ 17.5*2.0a 17.9t1.5' 
10 16.4M.2" 18.5M.2" 18.&l .s" 17.1M.7" 
Ratio 0.5W.00" 0.53M.01" 0.56M.04" 0.52+0.04* 

Ratio 0.35M.03" 0.34N.09" 0.32H.01" 0.33M.01" 
l Means * standard deviation, meam with different letters are signiEicantfy dinerent (a4.05) 



Table 29. Effect of Mwng T h e  on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI Glutain Fractions Obtained From Control 
Douas Made From AC Domain Flou? 

Flour-Water Dough 
Subunit/Ratio Hour Mixing T i e  (% of peak) 

50 LOO 200 
ES giutenin 
2 16.5aSb 17.4M.3' 15.9+0.2~ 15.3W. 1' 
5 17.00.6~ 16.5W.4~ 18-W. la 19.7m.2' 
7 35.W.6' 35.W.O' 3 4 . 1 ~ ~ 2 ~  3 2 . M .  1' 
9 13.8*1.9'b 12. 1 ~ .  lb 13 - 7 ~ .  L* 15.W.  la 
10 16.W1.4" 17.7=t0.9" 17.5=t0,3" 17.1M.3" 
Ratio O.45M.0lm 0.45M.O 1" O.44M. OOm 0.44M.03" 

AS @utenin 
2 1 4 . ~ - 4 b  17.W.O' 16.2=tû.7' 16.3rn.2' 
5 23.4M.0a 18.M.7' 18.7M.6' 20.6it0.2~ 
7 34.O-tO.3' 34.8M.6' 33.7M.5' 3 1 .$M. lb  
9 14.8M.3~ 13.4M.2' 14.6M.3~ 15.5M.1' 
10 13.l=t0.4' 1 6 . 5 ~ . 2 *  16.7M. La 15.7M.4~ 
Ratio 0.47j=0.0ob 0.56M.01a 0.54Hl.O 1' 0.5 1 ~ . 0 4 ' ~  

Ratio 0.3 1*O.Ola 0.2110.0 lb 0.22jXl.07~ 0 . 2 5 ~ . 0 2 ~ ~  
Means * standard deviation, means with difEerent letters are signincantiy different ( d . 0 5 )  



Table 30. Effect of W g  Tme on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From Controi 
Douplis Made From AC Karma Flour' 

Flour-Water Dough 
Subunit/Ratio Flow Mïxing Time (% of peak) 

50 100 200 
ES glutenin 
1 17.4M.5" 17.0.6" 16.2M.4" 16.3M.3" 
2 23 -7M.2" 23.1S.O" 23.3M.5" 23.2M.4" 
7 3 1.7*1.4" 29.W1.0" 28.B1 .9" 28.3M.7" 
9 11.~*1.0~ 12.310.5" 14.311.9~ 1S.M.5' 
12 15.7M.4~ 17.7N.0a 17.9rt0.2' 17.2M.5' 
Ratio 0.3W.02" 0.37M.02" 0.4M.02" 0.3 8M.00" 

AS glutenin 
1 16.4M. 1" 16. W. 7" 16.3*1.3= 17.M. O" 
2 23.6a0.2' 22.6a1 .Clab 2 2 . ~ . 7 *  2 0 . ~ 1 . 6 ~  
7 3 1.1a.8" 30.M.3" 30.1*1 .4= 29.5H. 1'" 
9 12.7M.2" 14.1~.5" 15.5*1.0' 17.711.6' 
12 16.1M.3' 16.4H. la 1 5 . ~ 0 . 4 ~  14.710. lb 

-- 

Ratio 0.5 l#.Olm 0 5  1 ~ . 0 1 "  0.47M.03" 0.5 1M.O 1" 

AI glutenin 
1 15 -3M.7"' 15.7H.6- 16.a1.2" 16.4*0.6" 
2 25.1M .4- 22,1*2.9" 23.1*3.3'" 20.3S.3'" 
7 2 9 . ~ 0 . 2 ~ ~  30. 1H.5' 28.810.5~ 30.5M.7' 
9 13.6a0.7" 162t2.2" 16.3*1.9" 17.W.5'" 
12 16.2M.I" 15.M.5" 15.6=m.4m 15.W.9" 
Ratio O.34=t0.0Oa 0.30M.0lb 0.2WO.02~ 0.29M.01b 



Table 3 1. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From ~lour' 
SubunitiRatio Cultivar 

Gledea Katepwa AC Domain AC Karma 
ES glutenin 
112 14.Ckû.8' 19.1M.3' 1 6 . 5 ~ S ~  1 7.4aSb 
2/5 14.CE0.3* 18. la. lb 17.W.6' 23 -7H.2' 
7 5 1 . 7 ~  .Oa 34.8it1.6~ 3 5 . m . ~ ~  3 1.7*1.4" 
819 7.410.3~ 12.W1.6" 13.W1.9' 1 1.5*1.Oa 
10112 13 .W2.4" 16.MSm 16.W1.4" 15.7M.4" 
Ratio 0.49M.04' 0.52=t0.00' 0.46M.01~ 0 . 3 ~ ~ 0 . 0 2 ~  

AS glutenin 
112 12.510.7~ 16.3*1. la 14.6M.4' 16.4HL 1' 
215 18.W. lc 21.510.3~ 23 .5M.0a 23.W.2' 
7 46.4*1.7' 3 2 . ~ . 7 ~  3 4 . ~ 0 . 3 ~  3 1 .1a .8~  
819 9.5M.2" 1 2 . ~ ~ 1 . 3 ~  14.W.3' 1 2 . 7 ~ . 2 ~  
10/12 12.8*2.4~ 16.4H.2' 13 .1~3 .4~  16.1a.3'~ 
Ratio 0.6W.03' 0 . 5 6 ~ . 0 0 ~  0.47M.OOc 0-5 1M.01' 

AI glutenin 
112 1 1.3M. 1" 18.W1.6' 13 .9M.ob 15.310.7~ 
2/5 20. W.OC 2 4 . 3 ~ . 6 ' ~  2 3 . ~ ~ 3 ~  25.1H.4' 
7 45.4=t0.3  ̂ 29.7H.2' 3 3 . 5 ~ . 0 ~  29.W.2' 
819 1 1 -8M.2" 15.4*1.3* 16.8M.4' i 3 . 6 ~ . 7 ~  
10112 10.W. 1' 12.6M.3~ 1 1 .9M.ob 16.2M.lb 
Ratio 0.4M.01' 0.3 5f0.03 0.3 1 a . 0 1 ~  0.3410.00~ 



Table 32. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to L W - G S  in ES, AS, and AI Glutenin Fractions Obbined From Control Doughs 
Mixed to 50% peak' 
Subunit/Ratio Cultivar 

Gleniea Katepwa AC Domain AC Karma 
ES glutenin 
1/2 1 3 . ~ .  lb 17.4N. 1' 17.4M.3' 17.M.6' 
215 1 4 . 4 ~ .  ld 1 8 . 6 ~ .  lb 16.9M.4" 23.1M.O' 
7 47.M1.2' 29.3MI.5' 35.9M.0~ 2 9 . w  .OC 
8/9 8.2M. 1' 13.6rt0.4' 12 .1s .  lb 1 2 . 3 ~ . 5 ~  
10/12 17.210.8~ 2 1 .M.3' l7.7s.gb l7.7=W.ob 
Ratio 0 . 4 4 ~ .  0 6 ~  0.47M.00' 0.45HI.01~ 0.37Hl.02~ 

AS glutenin 
1/2 13.211.3~ 15.4a. 1' 17.W.O' 16.8M.7' 
215 16.7M.8' 20.510.2~ 18.W.7" 22.6*1 .Oa 
7 45.M.2' 30.3a.3' 3 4 . ~ . 6 ~  30.2S.3" 
8/9 9.7M.5" 15.2M.2' 13 . 4 ~ . 2 ~  14. lfOSb 
10/12 15. 1=t0.9C 18.5M.2' 1 6 . 5 ~ . 2 ~  16.4~. lb" 
Ratio 0.69M.01' 0.53M.01b 0.56=W.01b 0.5 1HI.01" 

AI glutenin 
1/2 12.310.6~ 1 5.3M.2' 15.6M.2' 15.7M.6' 
215 17.W. 1" 22.7M.9" 19.2=t1.2" 22.1*2.9" 
7 45.2H.7' 29.2M.3" 3 3 . 4 ~ 9 ~  30. 1M.5' 
819 1 1 . ~ . 2 ~  16.W.O' 19.2=t1.3' 16.s2.2' 
10112 12.710.2~ 15.W.8' 12.511.2~ 15.8M.5' 
Ratio 0.44M.01' 0.343=0.0gb 0 . 2 1 ~ . 0 1 ~  0.30rt0.Olc 
1 Means A standard deviation, means with different letters are simiificantiy different (a4.05) 



Table 33. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtaiued From Control Doughs 
Mixed to 100% peakl 
Subunit/Ratio Cdtivar 

Gleniea Katepwa AC Domain AC Kanna 
ES glutenin 
1/2 12.3a.3~ 16.W.O' 15.9=t0.2" 16.2M.4' 
Z 5  15.5M.6' 1 9 . 5 ~ .  lb 18.8=t0.lb 23.3M.Sa 
7 45.W.5" 29.W1. 1' 34.1zt0.2~ 28.a1.9" 
819 9 . 1 ~ ~ 2 ~  14.W.4' 13.7M. 1' 14.3*1.9 
10/12 17.210.4~ 20.7M.6' 1 7 . 5 ~ ~ 3 ~  17.9M.2~ 
Ratio 0.5W.03' 0.4910.00'~ 0 . 4 4 ~ . 0 0 ~  0.4Ck0.02" 

AS glutenin 
1/2 1 2 . ~ . 9 ~  15.W1.0' 16.m.7' 16.3H.3' 
U5 1 7 . ~ 1 . 3 ~  19.3*2.3~ 1 8.73~1.6~ 22.M.7' 
7 45 .2=Hl.2' 29.3M.7" 33.73=0.Sb 30. M.4" 
8/9 1 O.W.4" 17.5*2.0a 14.6M.3~ 15.5*1.0ab 
10/12 14.M.3" 18.W1.9' 1 6 . 7 ~ .  lab 1 5 . ~ 0 . 4 ~  
Ratio 0.6W.02' 0.5WI.04~ 0 . 5 4 ~ . 0  lb 0.47=t0.03' 

AI glutenui 
112 1 2 . 3 ~ . 4 ~  1 5 -6t4.7' 15.5*1 .Sa 16.a1.2' 
Y5 18.3M.6" 18.5H.O" 21.5=to.P 23.1s .3" 
7 45.3M.7' 29.510.2~ 29.5*1 .gb 2 8 . ~ ~ 5 ~  
819 1 1 .4H.6' 21.l*1.Sa 18.4*1.0ab 16.311 .gb 
10/12 12.7s .3~ 15.4M. la 15.W.3'  1S.6M.4a 
Ratio 0.4 1M.O la 0.3210.01~ 0.22=t0.07' 0.2w.02" 
L Means f standard deviation, means with different letters are signiscantiy different (a4.05) 



Table 34. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to L M - G S  in ES, AS, and AI GIutenin Fradions Obtained From Control Doughs 
Mixed to 200% ~eak '  
Subunit/Ratio Cuitivar 

Gienlea Katepwa AC Domain AC Karma 
ES gIutenin 
1/2 12.2M.3' 16.M. 1' 15.310. lb 16.3M.3" 
2/5 17.4M.5" 1 9 . 5 ~  .3b 19.710.2~ 23.2M.4' 
7 44.5M. la 28.9M.6' 3 2 . ~ .  lb 28.3M-7" 
8/9 9.53~0.4~ 15.3*1 .Oa 15.W. 1' 15.OH.5' 
10112 1 6 . 3 ~ .  lb 20. lk1.0' 1 7 . 1 ~ . 3 ~  1 7 . 2 ~ . 5 ~  
Ratio 0.57=t0.OO8 0.50M.03~ 0.44M.03' 0.3 Bd.00~ 

20112 13.1M.0' 17.1S.7' 1 5 . 7 ~ . 4 ~  14.7H. lb 
Ratio 0.65M.01' 0.52M.04~ 0.5 110.04~ 0 . 5 1 ~ . 0 1 ~  

AI glutenin 
1/2 1 3 . ~ 1 . 0 ~  15.6M.5' 1 4 . 1 ~ . 3 ~  16.4M-6" 
2/5 17.W.3- 19.W.6" 21.W.4" 20.3*3 -3" 
7 45.%1. 1' 3 0 . 3 ~ . 4 ~  3 1 .OH .zb 3 0 3 0 . 7 ~  
8/9 11.210.3~ 19.4*4.2' 19.7*1.5' 1 7 . ~ 3  SSb 
10112 1 2 . 2 ~ .  lb 15.M.5' 14.2=tO.3' 1S.W.9' 
Ratio 0.37M.02' 0.33S.0 lb 0.25I0.02' 0 . 2 9 ~ . 0 1 ~  



Table 3 5.  EEect of Mocing T i e  on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI Giutenin Fractions Obtained From Iodate 
Doughs Made From Glenlea Flour' 

-- - - --- -- -- - - -- - -- . -p. . 

Iodate Dough 
SubUIU.t/Ratio Flow Mixing Time (% of peak) 

50 100 200 
ES glutenin 
2 f 4.0.8'  13.110.3~ 1 2 . ~ .  lb 1 1.8M.lb 
5 14,O.3' 15.310.4~ 17.W. la 17.W.O' 
7 51,7*1.08 47.Sf0. lb 44.M.2" 45.4M.3' 
8 7.4M.3' 8 . 4 s . ~ ~  9. la. la 9.5M.O' 
10 13 . ~ 2 . 4 ~  15.6a0.2~ 16.6M.2' 15 .4~ .3 '~  
Ratio 0 . 4 ~ . 0 4 ~  0.53M.01' 0.5W.01' 0.57S.03' 

AS glutenin 
2 12.5M.T" 13.e1.7" 14.3*1.4" 13.6M.8" 
5 18.W. 1" 1 8.4MUm 17.8H.6' 18.M.6"  
7 46.4*1.7" 43 - 3 s  .2- 46.2M.8" 46.W1.3" 
8 9.5a.zb 10.iM.7* 10.0=@.4~~ 1 1.1M.4" 
10 12.W2.4" 1 4 . W . p  1 l.tW.2" 10.5*1. 1" 
Ratio 0.6W0.02~ 0.66M.Wb 0.67HI.00' 0.6 1 S . 0 0 ~  

AI glutenin 
2 1 1.3M. 1' 1 1.7S.4' 11 .4S.0a 1 0 . ~ .  lb 
5 20.W0.0' l 8 . M .  1' 1 9 . 6 ~  -3" 21.M.3' 
7 45 -4M.3" 45.e1.6" 45.1S.6" 43.W.2" 
8 11 .W.2m 1 1.3M.3" 11.M.8" 10.2M.7" 
10 1 0 . ~ .  lb 1 2 . e 1 . 9 ~  12.8M.0~~ 13.4M. 1' 
Ratio 0.49M.01' 0.44M.06'~ 0.39M.00~ 0.4OM.0 lab 

Means + standard deviaiion, means with different letiers are signincantly different (a=0.05) 



Table 36. Effect of Mkhg Time on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From Iodate 
Doughs Made From Katepwa Flour' 

Iodate Dough 
SubunitRatio Flour Mking Tirne (% of peak) 

50 100 200 
ES glutenin 
2 19.1M.3' 17.1*1.3~ 14.7=t0.3C 14.W. 1' 
5 18. la. 1" 18.4a.6" 19.~1.2" 19.W.5" 
7 34.W1.6' 34.3~.3* 32.2M.3" 3 2 . ~ a . 4 ' ~  
9 1 2 . ~ 1 . 6 ~  1 2 . ~ . 4 *  13 .%1.1* 15.0.4 '  
10 16.W3 -5" 17.4M. 1" 19.4M.5" 17.W.4" 
Ratio 0.52M.00" 0.5M.01" 0.5 1M.01" 0.53=t0.03m 

AS glutenin 
2 16.3=tl. lm 16.M.d" 15.4H. lm 15.5#.0M 
5 21.5H.3" 21 -4S.O" 21.W1.1" 21 .=.3" 
7 32.9M.7" 30.5*1 .Clb 3 0 . 1 ~ ~ 3 ~  3 1.3jd1.7'~ 
9 1 2 . ~ 1  .3b 15.7~.3* 17.9=t1.4' 17.îd=I. la 
10 16.4M.2" 16.4*1.4" 15.6a0.0" 14.W.1" 
Ratio 0.56M.00" O.SW.02" 0.57M.04" 0 , 5 3 ~ . 0 1 ~  

AI glutenin 
2 18.Ck1.6" 14.Bû. lb 1 4 . ~ 0 . 2 ~  1 3 . w . 6 ~  
5 24.3H.6" 22.3H.8" 23.l*1.lM 21.e2.1" 
7 29.7*1.2" 30.5H.8" 30.6+1.8" 29. 8+1. 1" 
9 15.4*1.3" 16.W.8" 16.8M.2" 18.4*2. 1" 
10 1 2 . w . 3 ~  16.2M.9' 1 5 . 4 a . 6 ~ ~  1 6 2 1  -8' 
Ratio 0.3 5M.03" 0.343Al.01" 0.33d=û.03" 0.3 1d=û,04m 
1 Means * standard deviaîioxr, means with different letters are significantly different ( ~ 4 . 0 5 )  



Table 37. Effect of Mkhg Tirne on Changes in HM'-GS composition and ratio of 
HMW-GS to L W - G S  in ES, AS, and AI Glutenin Fractions Obtained From Iodate 
Douj&s Made From AC Domain Fiour' 

Iodate Dough 
Subunit/Ratio Flour Mixing T h e  (% of peak) 

50 100 200 
ES glutenin 
2 16.5H.5' 15.W.2' 14.W. lb 1 4 . 4 ~ . 3 ~  
5 17.0M.6' 1 8 . 7 ~ . 7 ~  20.6M.6' 20.M. 1' 
7 35.M.6' 34.410.4~ 3 l.W.6' 3 1.6M.4' 
9 13.Wl.v 12,64=1.1m 14.B1.0m 14.W. 1" 
10 16.£W.4" 18.4M.4" 18.8=t1. lm 18.4M.6" 
Ratio 0.46ct0.01" 0.4W.01" 0.45=t0.00" 0.46M.01" 

AS glutenin 
2 14.drt0.4~ 15.110.1~ 15.W.2' 16. 1M.3a 
5 23.5M.O' 21.8M.4~ 21 .W. lb 2 1. ~ . 4 ~  
7 34.OM.3' 3 2 . 4 ~ . 3 ~  3 2 . 4 ~ .  lb 3 2 . 4 ~ .  lb 
9 14.810.3' 1 6 . ~ . 0 *  1 6 . ~ . 6 *  17.M.6' 
10 13.1a.4~ 14.W.2' 14.3M.3' 12.9M.0~ 
Ratio 0.47a.00b 0.5 1M.00' 0.48M.00~ 0.45HI.01" 

AI glutenin 
2 13.M.O" 13.W.8" 13.4*1.3" 13.1M.6" 
5 23 .W.3' 23 -2M.4' 20.8M.6~ 23.6+1.2' 
7 33.5M.O" 32.2M.2" 3 1.3*1.4" 3 1.BI. 1" 
9 16.810.4~ 1 6 2 0 . 7 ~  19.2H.6' 16.6t1.0b 
10 1 1.9M.0~ 14.6M.6' 15.2=tû. la 15,W.8' - - 

Ratio 0.3 l f O . O l b  0.34M.O la 0 . 3 ~ 0 . 0  lk 0.29=t0.OOc 
' Means * standard deviation, means with different ldîers are signi6icatltly different (a=û.OS) 



Table 38. Effect of MLring Tirne on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From Iodate 
Doupfis Made From AC Kama Flour' 

Iodate Dough 
SubunitRatio Flow Mirring T h e  (% of peak) 

Ratio 0.3M.02m 0.46=t0.04" 0.42H.04" 0.4W.O 1" 

AI glutenin 
1 15.3S.7" 15.3H.4" 15.4=t0Sm 14.8*1.2* 
2 25.1U.4" 23.5Ml.O" 24.4I0.7" 23 .7*1.7" 
7 29.W.2" 30.M.O" 2921.0" 29.1*2.2" 
9 13.W.8" 15.2H.2" 15.4k1.1" 16.21 .O" 
12 16 .m.  lm 15. 1M. 1" i5.&=0.8m 16.4*1.6" 
Ratio 0,34U.00a 0.3 1M.02' 0.28H.02~~ 0 . 2 4 ~ . 0 4 ~  

Means + standard deviation, means with different letters are Sgnifïcantly different ( a 4 . 0 5 )  



Table 39. Effect of Cultivar on Changes in HhW-GS Composition and Ratio of HMW- 
GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From Iodate Doughs 
Mixed to 50% ~ e a k '  
Subunit/Ratio Cultivar 

Glenlea Katepwa AC Domain AC Kama 
ES glutenin 
1/2 13.110.3~ 17.1*1 -3' lS.8=f=O.Za 17.M.4' 
2/5 15.3M.4' 18.4M.6~ 18.7a.7~ 23.1% 1' 
7 47.5=t0.la 3 4 . 3 ~ ~ 3 ~  34.410.4~ 3 l.M.Oc 
8/9 8.4+0.2~ 12.W.4' 12.e1.1" 12.4M.6' 
10/12 15.6=t0.2c 1 7 . 4 ~ .  1' 18.4M.4' 16.4*1. lk 
Ratio 0.53M.01m 0.5M.01" 0.4W.01" 0.46a0.04" 

AS piutenin 
1/2 13.611.7~ 1 6 . ( ~ . 6 &  15.1s.  l* 16.7M.3' 
U5 18.4a.2~ 21.4M.Oa 2 1 .=O# 22.2H. la 
7 43.313.2' 30.5*1.0b 32.410.3~ 3 1 . ~ . 6 ~  
819 10.110.7~ 15.7H.3' l6.OM.Oa 15.M.6' 
10/12 14.6da.9" 16.4*1.4" 14.6=W.2= 14.3N.3" 
Ratio 0.6t5tû.04' 0.58H.02~ 0.5 1M.OOc O.51~.Olc 

AI glutenin 
1/2 1 1.7MI.4' 14.210. lab 1 3 . 8 ~ . 8 ~  15.3M.4' 
2/5 1 8 . ~ .  lb 22.3H.8' 23 -2H.4' 23 .5M.0a 
7 45.&t1.6' 30.5HI.8~ 3 2 . ~ 0 . 2 ~  30.8a.ob 
8/9 1 1 -3M.3' 16.W.8" 16.2M.7ab 1 5 . ~ 0 . 2 ~  
10/12 l2.6a1.gb 16.2S9" 14.610.6~~ 1 5 . 1 ~ .  lab 
Ratio 0.44j=0.0€ia 0.34f0.01b 0.343=0.01b 0.3 lf0.02~ 
1 Means * standard deviation, means with Werent leers are signincantly different (a=O.OS) 



Table 40. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From Iodate Doughs 
Mixed to 100% peak' 
Subunit/Ratio Cultivar 

Glenlea Kate~wa AC Domain AC Karma 
ES glutenin 
112 12.M. 1" 14.710.3~ 14.e0. lb 16.6a0.4' 
2/5 17.W. 1" 1 9 . ~ 1  .zb 20.6M.6~ 23 SM.3' 
7 44.W.2' 3 2 . ~ ~ 3 ~  3 1 .8Hl.sb 3 1 . ~ . 4 ~  
819 9.1s.  lb 13.Wl. la 14.2=t1.Oa 12.W. 1' 
10112 16.610.2~ 19.4M.5' 18.8=t1.18 15.51o.6~ 
Ratio 0.5W.O 1' 0 . 5 1 ~ . 0 1 ~  0.4510.00~ 0.42=m.04' 

AS glutenin 
112 14.311 .4b 1 5 . 4 ~ .  lb 15.8i0.2~ 17.M. 1' 
2/5 17.810.6~ 21.Wl. la 21.W.1' 22. 5M.6" 
7 46.2Al.8' 30. 1M.3' 3 2 . 4 ~ .  lb 3 2 . 1 ~ . 8 ~  
8/9 10.0=f=O.4' 17.!%1.4' ~6.0A0.6'~ 14.9M.ob 
10112 1 i.tWl.2' 15.6M.0a 14 .3~ .3 '~  12.7~). 1" 
Ratio 0.67M.00' 0.57=HI.04~ 0 . 4 ~ . 0 O C  0.46M.01' 

AI glutenin 
1/2 1 1.410.0~ 14.2S.2' 13.4*1.3" 15.4M.5' 
2/5  19.6=t1.3' 23.1*1.1* 20.810.6~ 24.4M.7' 
7 45.lM.6" 30.at1 .sb 3 1.3*1 .4b 29.211 .ob 
8/9 11.2M.8' 1 6 . ~ ~ 2 ~  19.M.6' 15.4*1. lb 
10112 12.8H.0~ 15.4M.6' 1 5 . M . I '  15.6M.8' 
Ratio O.3~.0Oa 0 . 3 3 ~ . 0 3 ~  0.3w.01b 0.2SM.02~ 
1 Means * standard deviaîion, means with different letters are sigdicantly different (a=û.OS) 



Table 4 1. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtaiaed From Iodate Dou@ 
Mixed to 200% peakl 
Subunit/Ratio Cultivar 

Gienlea Katepwa AC Domain AC Karma 
ES glutenin 
1/2 11.W.lc 1 4 . ~ .  lb 1 4 . 4 ~ . 3 ~  17.2M.6' 
2/5 17.W.OC 19.%=0.5'= 2 0 . ~ .  lb 22.U1.1' 
7 45.4M.3' 3 2 . ~ a . 4 ~  3 1.6a0.4~ 3 1.W.6' 
8/9 9.5M.OC 15.W.4' 14.9~).  lab 14.4s.gb 
10/12 15.4A0.3~ 17.W.4' 18.4M.6' 14.4a.2~ 
Ratio 0.57H.03' 0.53M.03' 0 .4é~) .01~  0 . 4 ~ - O l b  

AS glutenin 
1/2 13.W.8' 1 5 .5a .0~  1 6 . l w . 3 ~  17.2Ml.6' 
215 1 a . w . 6 ~  21.m.3" 2 1 . w . 4 ~  SO.~*~.!Y“ 
7 46.SH1.3' 3 1 .3a.7~ 3 2 . 4 ~ .  lb 3 0 . 7 ~ ~ 4 ~  
8/9 11.110.4~ 17.Bl. la 17.M.6' 17.!%=l. 1' 
10/12 10.511. lb 14.W. 1' 12.9M.0'~ 13.e1.6' 
Ratio 0.6 1M.00" 0 . 5 3 ~ . 0 1 ~  0.45M.01' 0.42M.03' 

AI  glutenin 
1/2 10.6kO.l~ 13.W.6' 13.1M.6' 14.8I1.2' 
2/5 21 -9M.3" 21.e2.1" 23.6=t1.2" 23.7*1 .7" 
7 43 .W.2' 29.&1. lb 3 1.2M. lb 29.1*2.2~ 
8/9 10.2M.7~ 18.4*2.Ia 16.~1.0 '  1621.0' 
10/12 13.4M. 1- 16.B1.8" 15. W. 8" 16.4*1.6" 
Ratio 0.4W.O la 0.3 1 ~ . 0 4 ~  0 . 2 ~ 0 . 0 0 ~  0.2410.04~ 
' M- * standard deviation, means with dinerent lette= are signüïcantly Werent ( ~ û . 0 5 )  



Table 42. Effect of Mïxing Time on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From NEMI 
Doup;hs Made From GlenIea Flou? 

NEMC Dough 
SubmitAbtio Flou Mîxinp; T h e  (O/O of peak) 

50 100 200 
ES glutenui 
2 14.M.8" 13.W.6" 12.M.8" 13.1*1.6" 
5 14.W0.3~ 14.6M.5" 15.6a0.3~ 17.M1.9' 
7 5 1.7*1 .Oa 4 9 . ~ . 4 ~  4 8 . 0 .  lh 47.4M. 1' 
8 7 . 4 ~ . 3 ~  8 . ~ . 2 *  8.7M.4' 8. W.6' 
10 13 .W2.4" 15 -4M.7" lS.1&1.Om 13.8=t0.1m 
Ratio 0.4W.04' 0 . ~ 4 ~ . 0 0 ~  0.58~).01" 0.62M.00a 

AS glutenin 
2 12.5M.7- 12.0I0.9" 13 .%0.6" 12.6M.4" 
5 l 8 . ~ . l m  18.5S.8" 18.!%k1.0m 19.2M.O" 
7 46.4k1.7" 46.W.3m 47.5&2.Om 48.M.4"" 
8 9.5M.2" 10.2M.9" 9.7M.0m 9 . W .  1" 
10 12.e2.4" 13.4IO.y 10.W1.6" 10.4M. lm 
Ratio 0 .6~0.02~ 0.71a.01' 0.6510.02'~ 0.6~0.02~ 

Ratio 0.4W.O 1' 0 . 44~ .05 '~  0.4210.04'~ 0.36M.04~ 
1 Means standard deviation, means with different letfers are signincantly difEerent ( ~ 4 . 0 5 )  



Table 43. Effect of Mixing Tirne on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS irr ES, AS, and AI Glutenin Fractions Obtained From NEMI 
Dou& Made From Katepwa Hou' 

NEMI Dough 
Subunit/Ratio Flour Mïxing T h e  (% of peak) 

50 100 200 
ES giutenin 
2 19.1M.3' 1 6 . ~ .  lb 1 5.410.0~ 16.011.3~ 
5 18.1s. lb 1 8 2 0 . 4 ~  19.3M.6* 20.B1.3' 
7 34.W1.6" 34.3HI.8" 33.=.6= 3 1.&1.5" 
9 12.m1.6" 12.M.8" 14.3-cn.2" 14.OM.v 
10 16.W -5" 18.4Ml.5" 17.7jXl.8' 1 7 . 5 ~ .  1" 
Ratio 0.52A0.00" 0.54=t0.05" 0.5M.00" 0.54I0.06" 

AS glutenin 
2 16.3*1.1" 15.5iO.3" 15.W.O" 15.5M.4" 
5 21.5M.3" 21.7*1.0m 21.8M. lm 21.9M.7" 
7 32.M.7' 30.4klSb 3 1 . ~ . 4 *  32.00.4~ 
9 1 2 . ~ ~ 1 . 3 ~  15.~1.7* 15.2M.5* 17.OM.2' 
10 16.4M.2' 16.W.4' 15.210.2~ 13.7M.4" 
Ratio 0.56M.00b 0.6Oa.02' 0 . 5 7 ~ . 0 0 ' ~  0 . 5 4 ~ . 0 2 ~  

AI  glutenin 
2 18.0-tl.6' 14.410.5~ 14810.2~ 12.611. lb 
5 24.3M.6' 22. l+0.8* 20. l*l.lb 23.Wl.la 
7 29.7*1.2" 3 1.4k1. 1" 3 1.8=tl.0m 30.1M.9" 
9 15.411.3~ 16.610.4~ 18.W.7' 1 5 . ~ .  lb 
10 12.tS0.3~ 15.5+1. 1* 14.311.6~ .O' 
Ratio 0.3 5M.03' 0.34=t0.03' 0.28f0.01b 0.34H. 1' 
l Means * standard deviation, means with Merent letles are signincantly different (a4.05) 



Table 44. EfEect of Mixing Tme on Changes in HMW-GS composition and ratio of 
HMW-GS to L W - G S  in ES, AS, and AI Glutenin Fractions Obtained From NEMI 
Doughs Made From AC Domain Flourl 

NEMI Dough 
Subunit/Ratio Flow Mj.xing Tirne (DA of peak) 

50 100 200 
ES glutenin 
2 16.5M.5" 1 5 . ~ .  1* 1 5 . 8 ~ .  l* 14.7HI.6~ 
5 17.M.6" 1 9 . ~ . 4 ~  20.6H. l* 22.4*1.6' 
7 3 S.W.6' 3 3 . ~ 1 . 0 ~  31.WI.lb 30.612.3~ 
9 13.a1.9"' 1220.1" 14.W.3" 13.W.4" 
10 16.W1.4"' 1 9 . 0 . 8 m  17.4M. lm 18.4*1.8" 
Ratio 0.4W.01" 0 . 4 M .  1" 0.47--t0.02" 0.4SM.02" 

AS glutenin 
2 14.M.4" 15.W.4m 14,9=tO.4" 14.7=t0.4= 
5 23.5M.O" 20.W.8" 21.4M.2- 22.5*1 .8" 
7 34.0.3' 3 4 . M .  lm 35. l=t2.Sm 33 .5*2.Sm 
9 14.8M.3~ 1 4 . ~ .  lb 1 4 . ~ .  lb 16.3M.3' 
10 13.1S.4" 15.4M.6" 14. 1*2.0m 13.llt0.5" 
Ratio 0.4710.00~ 0.55M.01' 0 . w . 0 4 ~  0.47M.03~ 

AI glutenin 
2 13.W.0a 13 .W. 1' 1 2 . ~ a . 4 ' ~  11 .4+1 .ob 
5 2 3 . ~ . 3 ' ~  23.111 .8b 24.510.8~ 26.1M.2' 
7 33.5S.O' 3 1 .0=tOSb 3 1 .4j=O.Zb 28.1M.3' 
9 16.W.4m 16.B2. lm 15.8*1.3m 17. MO. 8" 
IO 1 1.9=to.ob 16.2M.8' 15.Wl. la 17.4M.6' 
Ratio 0.3 1M.01" 0.3M.02' 0 . 2 5 ~ .  0 2 ~  0 . 2 5 ~ . 0 0 ~  



Table 45. Effect of Mixing T i e  on Changes in HMW-GS Composition and Ratio of 
HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From NEMI 
Doughs Made From AC Karma Flou? 

NEMI Dough 
Subunit/Ratio Flow 

50 100 200 
ES glutenin 
1 17.4s. 5" 17.1M.4" 16.6M.3" 17.1M.3" 
2 23.7S.2" 22.9j=1.6m 24.M. 1" 23.1M.4" 
7 3 1 .7*1 -4" 3 1 .W.2" 3 1.e1.0" 32.m.4m 
9 11.5&1.ob 12 .4~ .8 '~  12.6a0.9~ 14. 1H.O' 
12 15.7j=0.4~ 16.W. la 1 5 . 1 ~ . 2 ~  13.6a0.4" 
Ratio 0-3 %O-02~ 0.45HI.05~ 0 . 4 ~ .  ld 0.48it0.01' 

AS glutenin 
1 16.4M. 1- 17.4M.6" 16.6=tû.Sfl 17.Wl-8"' 
2 23 .W.2' 22.W0.Sb 23. 2 ~ . 7 ~  2 2 2 0 .  ib 
7 3 1.1M.8' 32.oI1.9" 33 -4M.7- 33.W.4" 
9 12.7M.2" 14.&1.Sm 14.2=t0.7" 15.W. 1" 
12 16.1M.3' 14.00.4~ 12.a-t0.2~ 12.W1.3" 
Ratio 0.5 l.tO.Olab 0.5M.00' 0.49M.00~ 0.45M. 02' 

AI glutenin 
1 15.3W.7' 15.6a0.4' 10.6M.8'~ 8.8=l=3.1b 
2 25.1=tû.4" 22.W.8" 22. W2.6- 21.5*2.Sm 
7 29.W.2" 30.7H.7" 28.4=t1.2" 27.W2.6" 
9 13.W.8' 15.2M.9" 20.010.9~ 24.5H.7' 
12 16.M.  1" 15.6a0.4" 18.3&1.lm 17.3a .O" 
Ratio 0.34M.00' 0.3 1M.06' O. 1 7 ~ . 0 4 ~  0.14f0.02~ 

pp -- 

l Means * standard deviation, means with different letters are s igni f idy  M e m t  (a4.05)  



Table 46. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to LMW-GS in ES, AS, and AI G l u t e  Fractions Obtallred From NEMI Doughs 
Mwed to 50% peak' 
SuburWRatio Cultivar 

Glenlea Kate~wa AC Domain AC Karma 
ES glutenin 
1/2 13.M.6' 1 6 . 2 ~ .  1 * 1 5 . ~ .  lb 17,1=t0.4' 
2/5 14.W.5" 18 .m .4~  19.2M.4~ 22.W1.6' 
7 49.M.4' 3 4 . 3 ~ ~ 8 ~  33.8=t1.0b 3 1 .0 .2"  
8/9 8 . 0 0 . ~ ~  12.8M.8" 12.m. 1' 12.4M.8' 
10/12 15.4f0.7~ 18.4M.5' 19.0.8'  1 6 . 6 ~ .  lb 
Ratio O. 54~.0Om 0.54M.05" 0.46M. 1" 0.45M.05" 

AS glutenin 
1/2 12.M.9' 15.510.3~ 15.00.4~ 17.4M.6' 
2/5 18.5MI.8~ 21.7*1.0a 20.M.8" 22.M.5' 
7 46.W.3' 30.4.tl Sb 34.M. 1' 3 2 . ~ 1 . 9 ~  
8/9 1 0 . ~ 0 . 9 ~  15.8*1.7' 14.W. 1' 14.e1 .5' 
10/12 13.4M.7' 16.6S.4' 15.4~).6* 1 4 . m . 4 ~  
Ratio 0 . 7 1 ~ . 0  1' 0.600.02~ 0.55-+0.0 1' 0.52M.00" 

AI piutenin 
1/2 1 l .M.1" 14.410.5~ 13 .W. lb 15 .W.4' 
US 1 7 . ~ 2 . 3 ~  22.1M.8' 23.111.8' 22.9M.8' 
7 47.3H.7" 3 1.411. lb 3 1 .OMSb 30.7~).7~ 
8/9 12.W1.6" 16.6a0.4" 16.2Sl.1" lS.ZM.9" 
10112 11.7&1.lb 15.5*1.1a 16.2M.8' 15.6M.4' 
Ratio 0.44=t0.05' 0.34~.03 '~  0.300.02~ 0.3 1 ~ . 0 6 ~  
l Means I staadard deviation, means with di&rent letters are signincantiy different (a=O.O5) 



Table 47. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to LMW-GS in ES, AS, and AI Glutenin Fractions Obtained From NEMZ Doughs 
Mixed ta 100% ~eak' 
Subunit/Ratio Cuitivar 

Gledea Katepwa AC Domain AC Karmzi 
ES glutenin 
112 12.6f0.1Sb 15 .4=to.08 15.W. 1' 16.W.3' 
2/5 15.6f0.3~ 19.3M.6" 2 0 . ~ .  lb 24.m. 1' 
7 48.M. la 3 3 . 2 ~ ~ 6 ~  3 1 . ~ .  lb 3 1 .el .ob 
8/9 8.7M.4' 14.2M.2' 14.63=0.3a 1 2 . ~ . 9 ~  
10/12 15. l*l.ob 17.7M.8' 1 7 . 4 ~ .  1' 15.110.2~ 
Ratio 0.5W.01' 0.5czto.00b 0 .47a .02~  0.46M. 1' 

AS glutenin 
112 13.2S.6" 15.9M.oab 14.Sw.4~ 16.W.5' 
2/5 18.91.0~ 21.W. 1' 2 1 .4=t0.Za 23. 1a.7' 
7 47.5=t2.08 3 1 . ~ . 4 ~  35.152.~~ 3 3 -410.7~ 
8/9 9 . 7 ~ ~ 0 ~  15,2=tO. 5' 14.M. 1' f 420.7' 
10112 1 0 . ~ 1 . 6 ~  15 .M.2' 14.1f2.0ab 12.610.2~ 
Ratio 0.65M.02' 0 . 5 7 ~ . 0 0 ~  0.4W.04c 0.4W.OOc 

AI  glutenin 
1/2 11.1~.1" 14.8H.2' 1 2 . 5 ~ . 4 ~  10.W.8' 
2/5 21.2=t0.8" 20.1*1. lm 24.5M.8" 22.8*2.6" 
7 45.01M.4' 31.811.0~ 3 1.410.2~ 28-4h1.2' 
8/9 9.6a0.3" 18.W.7' 15.811.3~ 20.0.9 '  
10/12 13.110.4~ 14.311.6~ 15.8fl. lab 18.3*1.1a 
Ratio 0.4M.04' 0.28M.01b 0 . 2 5 ~ . 0 2 ~  O. 17M.04' 
1 Means * standard d a o n ,  means with Merent letters are signincantly different (a=û.05) 



Table 48. Effect of Cultivar on Changes in HMW-GS Composition and Ratio of HMW- 
GS to L M - G S  in ES, AS, and AI Glutenin Fractions Obtained From NEMI Doughs 
Mked to 200% peakl 
Subunit/Ratio Cultivar 

Giedea Katepwa AC Dornain AC Karma 
ES glutenin 
112 13.111.6~ 16.011.3~ 14.7~-6*b 17.1=t0.3' 
US 1 7 . ~ 1 . 9 ~  20.8f1.3" 22.4k1.6' 23.1H.4' 
7 47.4M. 1' 3 1.811.~~ 30.ét2.3~ 3 2 . ~ 0 . 4 ~  
8/9 8.810.6~ 14.M.9' 13.W.4' 14.1IO.O' 
10112 13 .W. lb 17.5M. la 18.4*1.8' 13 . ~ . 4 ~  
Ratio 0.62M.00' 0.5436.3~ 0.4510.02~ 0.48S.01b 

AS glutenin 
112 12.6M.4' 15.510.4* 14.710.4~ 17.tW1.8' 
215 19.2M.ob 2 1 . ~ . f  22.5k1.8' 22.W. 1' 
7 48.2M.4' 3 2 . ~ . 4 ~  33.5*2Sb 3 3 . ~ ~ 4 ~  
8/9 9.610. ld 17.W.2' 16.3IO.3~ 15.W. lc 
10/12 1 0 . 4 ~ .  lb 13.7M.4' 13.2M.5' 1 2 . ~ 1 . 3 ~  
Ratio 0.62M.02' 0 . 5 4 ~ . 0 2 ~  0.47=t0.03' 0.45M. OZC 

AI glutenin 
112 10.M. 1" 12.&1.1m 1 1 .4*1 .r 8.W. 1- 
2/5 22.e2.1" 23.8=tl. 1" 26.1M.2" 21 .5*2Sm 
7 43 .7*2.8' 30.110.9~ 28. 1 ~ ~ 3 ~  27.~2.6~ 
8/9 12.1*1 .Oc 15.5M.lb 17.1IO.8~ 24.5S.7' 
10112 11.610.2~ 17.6=t1.0a 17.4H.6" 17.3*3 .O8 
Ratio 0.3W.04' 0.34s. 1' 0 . 2 5 ~ . 0 0 ~  O. 14=K).02' 
1 Means i standard M o n ,  means with dinerent letters are simiificantly different ( ~ 4 . 0 5 )  



Table 49. Effect of Mixing Time on Changes in a-gliadin Content (% of hction) in ES 
and AS Glutenin Obtained From ControL Iodate and NEMI ~ o u ~ h s '  

- -- -- - -- 

Fraction Mixing Tune (% of Peak) 
Treatrnent Cultivar O 50 100 200 
ES Glutenin 
Control Glenlea 2 6 . ~ 1 . 7 ~  28.M.2' 26.&=1.0* 24.610.2~ 

Katepwa 34. l i l  -6b 41.5*1.6' 37.5+0Sb 3 5 . ~ j d . 9 ~  
AC Domain 30.3M.9' 30.4M.8' 23.5f2Sb 2 7 . ~ . 3 ' ~  
AC Karma 12.7N.3C 20.7M.6' i8.2ti.4* 17.9M.8~ 

Iodate Gleniea 26.W1.7' 25.M.4' 18.411.4~ 17.4*1 .3b 
Katepwa 34.111.6~ 38.3I2.4' 29.- .2b 27.912.5~ 

ACDomain 30.3M.9' 3 1.W1.9' 2 2 . ~ 1 .  lb ~ 2 . 8 M . 6 ~  
AC Karma 12.7H.3= 16.0.7" 13 - 4 s  -3" 14.4M.2" 

Glenlea 26.W1.7' 25.M. 1' 19 .W.4~  17.7a.4~ 
Katepwa 34.1k1.6" 34.=4,0m 3 1 . W , O "  28.2I2.2" 

AC Domain 30.3M.9' 28.713.7~ 21.412.9" 19.0I2.P 
AC Kama 12.7M.3" 15.1*1-lm 13 .£k1,6" 12.8a.4m 

AS Glutenin 
Control Glenlea 7.4k1.5~ 1O.1*1.Sa 9.13~1.9'~ 7 .1a .6~  

Katepwa 13.7=t4Sm 8,7Ml.6m 11.514.2" 5.7M.2" 
AC Domain 9.5=t0.SC 23. 1H.S' 18. 1 ~ . 3 ~  12.W. 1" 
AC Karma 8.9=tû.6m 7.8M.7" 7.412.2" 6.7h1. 1" 

Iodate Glenlea 7.4*1.5* 8.211.2~ 8.&1 .Sa 
Katep wa 13 .7A4.Sa 8 . ~ 1  .4'b 6.810.5~ 

AC Domain 9.5M.5' 7 . ~ ~ 7 ~  8 . 4 ~ . 8 ' ~  
AC Karma 8.M.6' 7.6M.7' 4 . ~ . 4 ~  

NEMI 
Glenlea 7.4*1.5" 6.l*1.lm 8 . M . 5 "  

Katepwa 13 -7h4.5' 7 . ~ . 9 *  8.1*2.2.3'b 
AC Domain 9 . 5 ~ . 5 *  13.3M. la 10 .8s  .gab 
AC Karma 8.W.6' 7 . M  Sa 4 . 4 ~ ~ 4 ~  

1 Means * standard deviation, means with Merent letiers afe signincantly different ( ~ 4 . 0 5 )  



Table 50. Effect of Mkhg Time on Changes in O-giiiadin Content (% of total protein) in 
ES and AS Glutenin Obtained From Control Iodate and NEMI Doughs 
Fraction Mixing T h e  (% of Peak) 
Treatment Cultivar O 50 100 200 
ES Glutenin 
Control Gl enlea 

Katepwa 
AC Domain 
AC Karma 

f odate Glenlea 
Katepwa 

AC Domain 
AC Karma 

NEMI Glenlea 
Katepwa 

AC Domain 
AC Karma 

Control Glenlea 
Katepwa 

AC Domain 
AC Kanna 

Iodate 

NEMI 

Glenlea 
Katepwa 

AC Domain 
AC Karma 

Glenlea 
Katepwa 

AC Dornain 
AC Karma - - -  . - 

1 Means * standard deviation, meam with different Ietters are sirrnifiently different ( ~ 4 . 0 5 )  



Table 5 1. EEéct of Cultivar on Changes in a-gliadin Content (% of fî-action) in ES and AS 
Giutenin Obtained From Control Iodate and NEMI ~oughs'  
Fraction Cultivar 
Treatment Mixing Tirne Glenlea Katepwa ACDornain A C K ~ ~ I M  

Control 

Iodate 

Control 

Iodate 

26.Wl.7" 
2 8 . ~ . 2 ~  
2 6 . e l  .ob 
2 4 . ~ . 2 ~  

25.W.4" 
18 .4-+i.4k 
17.4N.3' 

2 5 . 2 ~ .  lb 
19.00.4~ 
17.710.4~ 

7.4=tl Sm 
IO. 111 Sb 
9. l s . g b  
7.110.6~ 

8.B1 .2m 
8.e1.5' 
4.8M.4= 

6.1*l.lb 
8 . M . 5 "  

200 5.1=t1.3' - -  - -  - - 2 . ~ .  lb 
1 Means standard deviation, means with different leüers are signincantiy different (a4.05) 



Table 52. EEect of Cultivar on Changes in a-glïadin Content (% of total protein) in ES 
and AS Glutenin Obtained From Control, Iodate and NEMI ~oughs'  
Fraction Cultivar 
Treatment Mixinp: Tirne Glenlea Katepwa AC Domain AC Karma 
ES Glutenin 
Control 

Iodate 

AS Glutenin 
Control 

Iodate 

0.9=t0.ob 0.4M.O' 
1 Means * standard deviation, means with different letiers are significantly different (a=O.OS) 



Table 53. Effect of Treatment on Changes in HMW-GS Composition, Ratio and a-giiadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions 
Obtained From Glenlea Doughs Mked to 50% ~ e a k '  
SubunitLRatio Treatrnent 

Control Iodate NEMI 
ES glutenin 
1/2 23 .M. 1 13. 1M.3 13.M.6 
2/5 14.4M. 2 15.3M.4 14.6M.5 
7 47.M1.2 47.5M. 1 4 9 . M . 4  
819 8 . M .  L 8.4M.2 8 . M . 2  
10/12 17.2I0.8 15 . W . 2  15.4H.7 
Ratio 0.44Hl.06 0.53=t0.0 1 0.54-to.00 
Omegas 28.M.2' 2 5 . ~ . 4 ~  25.2+0. lb 

AS glutenin 
112 13 - 2 1 . 3  13 . e l  .7 l 2 .M.9  
2/5 i6.7M.8 18-4a.2 18.5M.8 
7 4520 .2  43.3*3.2 46.OM.3 
8/9 9.7M.5 10.110.7 10.2M.9 
10/12 lS.l=t0.9 14.6M.9 23.4S.7 
Ratio 0.6M.O 1 0.66M.04 0.71=t0.01 
Omegas 1O.1*1.Sa 8.~1.2~ 6 . M .  lb 

AI glutenin 
1 /2 12.3M.6 11 -7M.4 11 .M.  1 
2/5 17.M. 1 18.W. 1 17.î=t2.3 
7 45.2-to.7 45.6d.6 47.3k1.7 
8/9 11 .W.2 2 2.3M.3 12.B1.6 
10/12 12.7H.2 12.t3A.9 11.7*1.1 
Ratio 0.44H.01 0.44M.06 0.44a.05 
' Letters indicate signincant Merences (a4.05) between treatments 



Table 54. Effect of Treatment on Changes in HMW-GS Composition, Ratio and a-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions 
Obtained From Glenlea Dou& Mixed to 10W? ~eak '  
Subuniifbtio Treatment 

Control Iodate NEMI 
- - 

ES glutenin 
1/2 12.3S.3 12.M. 1 12-W.8 
2/5 15.5jdI.6~ 17.6I0. 1' 15.6M.3~ 
7 45.!3MSb 44. W.2' 48 .W.  2' 
8/9 9.1M.2 9 . 1 s  1 8.7M.4 
10/12 17.2M.4' 16. ~ . 2 ' ~  15. l*l.ob 
Ratio 0.5M.03' 0.5810.01~ 0 . 5 ~ . 0 1 ~  
Ornegas 26&1 .Oa 18.411 Ab 19.00.4~ 

AS glutenin 
1/2 12.9M.9 14.3I1.4 13 .î=f=û.6 
2/5 17.W1.3 17.M.6 18.W1.0 
7 45.2M.2 4 6 2 3 . 8  47,5+2.0 
8/9 10.23t0.4 1O.OM.4 9.7M.O 
10/12 14.0 .3 '  1 l.g,t1.2~~ i0.8*1 .6b 
Ratio 0.6M.02 0.67M.00 0.65M.02 
Omenas 9.1M.9 8.e1.5 8 . M . 5  

AI glutenin 
1/2 12.3M.4 1 1.4M.O l l . l H . 1  
2/5 18.3S.6 19.tS1.3 21.2M.8 
7 45.3M.7 45.1W.6 45.01H.4 
8/9 1 1.4S.6 11 -2M.8 9.6M.3 

-- 

Ratio 0 . 4 1 ~ . 0 1  0.3W.00 0.4M.04 
' Letters indicate signincant differences (a=4.05) between treatments 



Table 55. Effect of Treatment on Changes in HMW-GS Composition, Ratio and a-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions 
Obtained From Gienlea Doughs Mixed to 20W peakl 
Subunit/Ratio Treatment 

Control Iodate NEnfiI 
ES @utenin 
1/2 12.2M.3 L1.8M.1 13.1h1.6 
2/5 17.4M.5 17.W.O i7.Wl.9 
7 44.5M. 1' 4 5 . 4 ~ ~ 3 ~  47.4a- 1' 
8/9 9.5M.4 9.5M.O 8.W.6 
10/12 16.3M. 1' 1 5 . 4 ~ . 3 ~  13.W. 1" 
Ratio 0.57M.00 0.57M.03 0.6M.00 
Omegas 24.W.2' 17.4*1.3 17 .7a .4~  

- 

Ratio 0.65M.01 0.61M.00 0.62M.02 
Omeaas 7.1M.6 4.8M.4 5.1*1.3 

AI glutenin 
1/2 13.0=t1.Oa 1 0 . ~ .  lb 1 0 . ~ .  lb 
2/5 ~7.6M.3~ 21.W.3' 22.e2.1' 
7 45.W1.1 43.W.2 43.7*2.8 
8/9 1 1 . îM.3 10.W.7 12.1*1 .O 
10112 12.210. lb 13.4M. 1' 11 .dd=0.2= 
Ratio 0.37Ml.02 0 .4M.O 1 0.3W.04 



Table 56. Effect of Treatment on Changes in HMW-GS Composition, Ratio and a-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions 
Obfained From Katepwa Doughs Mmed to 50% ~eak'  
SubunitIRatio Treatrnent 

Controi Iodate NEMI 
ES glutenin 
1/2 17.4s. 1 17.1*1.3 16,2j=û. 1 
2/5 18.W. 1 18.4M.6 18.M.4 
7 29.310.5~ 34.3M.3' 3 4 . 3 ~ ~  
8/9 13.W.4 12.W.4 12.W.8 
10112 21.M.3' 1 7 . 4 ~ .  lb 1 8 . 4 ~ ~ 5 ~  
Ratio 0.47-to.00 0.52M.01 0.54M.05 
Omegas 41.5*1.6 3 8.3*2.4 3424.0 

AS glutenin 
1/2 15.4M.1 16.W.6 1530.3 
2/5 20.5M.2 2 1.4M.O 21.7*1.0 
7 30.3M.3 30.5*1 .O 30.4*1.5 
8/9 1520.2 15.7M.3 15.8*1.7 
10112 18.5M.2 16.4*1.4 16.6S.4 
Ratio 0.5310.01~ 0.58M.02' 0.6W.02' 
Omegas 8.7M.6 8.W1.4 7 2 0 . 9  

AI glutenin 
112 15.3W.2' 14.m. lb 1 4 . 4 ~ . 5 ' ~  
2/5 22.7M.9 22.3H.8 22.1M.8 
7 29.2M.3 30.5H.8 31.4*1.1 
819 16.W.O 16 .W.8  16.W.4 
10/12 15 .M.8  16.ZS.9 15.5*1.1 
Ratio 0.34M.09 0.34H.01 0.34M.03 

Leüers indicate significant differences ( 0~4 .05 )  between treatments 



Table 57. Effect of Treatment on Changes in HMW-GS Composition, Ratio and a-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions 
Obtained Frorn Katepwa Dou* Mixed to 100% ~eak' 
Subunit/Ratio Treatment 

Control Iodate NEMI 
ES giutenin 
1/2 16.W.O' 14.7f0.3~ 15.4M,0a 
2/5 19SM.l 19.8=r=1.2 19.3M.6 
7 2 9 . ~ 1 .  lb 32.rn.3' 33.2M.6* 
8/9 14.W.4 13.Wl. 1 14.2M.2 
10/12 20.7k0.6' 19.4a.5" 17.7~) .8~ 
Ratio 0.49M.00~ 0.5 1M.01' 0.50M.00'~ 
Omegas 3730.5' 29.613 .2b 31.00.0~ 

AS glutenin 
1/2 15.e1.0 15.4M. 1 15.W.O 
2/5 19.3*2.3 21.Wl.l 21-8M.l 
7 29.310.7~ 30. 1 ~ . 3 ~  3 1-W.4' 
8/9 1732 .0  17.W1.4 15-m.5  
10/12 18,0=t1.9 1S.W.O 1520.2  
Ratio 0.5W.04 0.57M.04 0.57M.00 
Omegas 1 1.5*4.2 6.8M.5 8. U2.3 

AI glutenin 
1/2 15.e4.7 14.2H.2 14.M.2 
2/5 18.510.0~ 23.1*1. la 20.111.1~ 
7 2930.2  30.6d.8 3 1.8M.O 
8/9 2 1. lhl Sa 16.W0.2~ 1 8 . 9 ~ . 7 ~ ~  
10/12 15.4M. 1 1 5.4M.6 14.3*1.6 
Ratio 0.32M.01 0.33M.03 0.28M.O 1 
l Letters indicaie sipifiant dinerences ( ~ 4 . 0 5 )  between lreatments 



Table 58. Effect of Treatment on Changes in HhrlW-GS Composition, Ratio and 0-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and A I  Glutenin Fractions 
Obtained From Katepwa Douas Mixeci to 200% ~eak' 

-- -- 

Subunit/Ratio Treatment 
Control Iodate NEMI 

ES glutenin 
112 16.Eû. 1 14.W. 1 16.W1.3 
2/5 19.5*1.3 19.M.5 20,8=t1.3 
7 2 8 . ~ . 6 ~  32.5M.4' 3 1.811.5'~ 
8/9 15.3*1.0 15.6M.4 14.M.9 
10/12 20. Ml .Oa z 7 . ~ . 4 ~  1 7 . 5 ~ .  lb 
Ratio 0.5W.03 0.53M.03 0.54k6.3 
Omegas 35.5M.9' 27.9=t2Sb 28.%2.2b 

AS glutenin 
1/2 15.4w.1 1s.sa.o 1 ~ ~ 1 0 . 4  
2/5 20.4*1.6 21 2 0 . 3  21 .W.7 
7 2 9 . 3 ~ . 6 ~  3 1 -3S.7' 32.M.4" 
819 17.*1.5 17.Bl. 1 17.M0.2 
10112 17.1a.7' 1 4 . ~ .  lb 13.7I0.4~ 
Ratio 0.5m.04 0.53Sl.O 1 0.54M.02 
Omegas 5.7M.Za 4 . 4 ~ .  lb 3.S=HI.lc 

AI glutenin 
112 15.W.5" 13 . ~ . 6 ' ~  12.6.tl. lb 
2/5 19.W -6 2 1 e 2 . 1  23.e1.1 
7 30.3M.4 29.W1. 1 30-1M.9 
8/9 19.4*4.2 18.4*2.1 15.M.1 
10112 15.OM.5 16.21.8 17.6a1.0 
Ratio 0.33M.01 0.3 1M.04 0.34M. 1 
' L e m  indimte signifïcant Merenas (a4.05) between treatments 



Table 59. Effect of Treatment on Changes in HMW-GS Composition, Ratio and a-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Gluteniri Fractions 

- 
SubunitiRatio Treatment 

Control Iodate NEMI 
ES @utenin 
1/2 17.4iû-3' 1 5 - ~ . 2 ~  1 5 . 8 ~ .  lb 
215 16 .m.4~  18.7M.7' 19.2+0.4' 
7 35.M.O' 34.4~.4* 33.&1.0b 
819 12.1M. 1 12.6=t1.1 12.2M. 1 
10/12 17.7M.9 18.4M.4 19.M.8 
Ratio 0.45M.01 0.46a0.01 0.46M. 1 
Omegas 30.4M.8 3 1 .û=t1.9 28.7- .7 

AS giutenin 
1/2 17.M.O' 15.1s. lb 1 5 . ~ . 4 ~  
2/5 18.2=t0.7~ 21 .8=t0.4' 20.8I0.8' 
7 34.W.6' 32.410.3~ 34.M. la 
819 13.4H.2" 16.0M.O' 14.810. lb 
10/12 16.5=KI.Z8 14.6f0.2~ 15.410.6'~ 
Ratio 0.5W.01' 0.5 1 a . 0 0 ~  0.55=t0-01' 
Omegas 23.1M.5' 7.m.7' 13.3a. lb 

AI glutenin 
1/2 15.M-2' 1 3 . 8 ~ . 8 ~  1 3 . ~ .  lb 
2/5 19.=1.2 23.2-to.4 23.1*1.8 
7 33.4M.9' 3 2 . u o . l  3 1 .wsb 
8/9 1921.3 16.2M.7 16.B2. 1 
10112 12.5*1.2b 14.6M.6~ 16.2S.8' 
Ratio 0.21HI.0lb 0.34S.01' 0.3W.02a 



Table 60. Effect of Treatment on Changes in HMW-GS Composition, Ratio and m-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions 
Obtained From AC Domain Doughs Mureci to 1 ûû?? ~ e a k '  
Subunit/Ratio Treatment 

Control Iodate NEMI 

Ratio 0.44M. 00 0.45S.00 O .47=t0.02 
Omegas 23 .5*2.5 22.W1.1 21.4*2.9 

AS glutenin 
1/2 16.2M.7 15.W.2 14.M.4 
2/5 18.710.6~ 21.W. 1' 2 1 .4M.2a 
7 33.7M.5 32.4M. 1 35.1*2.5 
8/9 14.6M.3~ 16.W.6' 1 4 . ~ .  lb 
10/12 16.7H. 1 14.3M.3 14. W2.0 
Ratio 0 . 5 4 ~ ~ 0  1' 0.4~.00'~ 0.46M.04~ 
Omegas 18. 1M.3' 8.4M.gb 10.813.9' 

Ratio 0.22M.07 0.3M.O 1 0.25M.02 



Table 61. Effect of Treatment on Changes in HMW-GS Composition, Ratio and a-giiadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Giutenin Fractions 
Obtained From AC Domain Doughs Mixed to 2 W !  ~eak'  
Subunit/Ratio Treatment 

Control Iodate NEMI 
-- - - --- - 

ES glutenin 
1/2 15.3M. 1 14.4a.3 14.7M.6 
US 19.7M.2 20.W. 1 22.4*1.6 
7 32.W. 1 3 1 . W . 4  30.6a2.3 
8/9 15.M. 1' 14 .W.  1' 13 . ~ . 4 ~  
10/12 17.1M.3 18.4=i=0.6 18.4k1.8 

- -- -- 

Ratio 0.44M.03 0.46=Hl.O1 0.45H.02 
Orne as a 19.W2.7 

AS glutenin 
1/2 16.3M.2' 16.lM.3' 14.71O.4~ 
2/5 20.M.2 21.8I0.4 22.5*1.8 
7 3 1 . W .  1 32.4a.  1 33.5*2.5 
8/9 15.5f0.1b 17.W.6' 16.310.3~ 
10/12 15.7M.4' l2.%=0.ob 13. ~ 0 . 5 ~  
Ratio 0.51M.04 0-45M.01 0.47*0. 03 
Omegas 12.W. 1' 4.~=t0.6~ 5.410.2~ 

10/12 14.2sI.3~ 15.6a0.8~ 17.4M.6" 
Ratio 0.2510.02~ 0.2W.00' 0.25j=0.0ob 



Table 62. Effect of Treatment on Changes in HMW-GS Composition, Ratio and O-giiadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Glutenin Fractions 
Obtained From AC Karma Doughs Mixeci to 50% peakl 
Subunit/Ratio Treatment 

Control Iodate NEMI 
ES glutenin 
1/2 17,W,6 17.M.4 17.1M.4 

10/12 17.7M.O 16.4*1. 1 16.W. 1 
Ratio 0.37M.02 0.461t0.04 0.45S.05 
Omenas 20.7M.6' 1 6 . ~ . 7 ~  15.l*1.lb 

AS glutenin 
1/2 16.W.7 16.7M.3 17.4M.6 
2/5 22.W1 .O 22.Bl.l 22.W0.5 
7 3 0 2 0 - 3  3 1 -8M.6 32.W1.9 
8/9 14.1M.5 15.1*1.6 14.e1.5 
10/12 16.4H. la 1 4 . 3 ~ . 3 ~  14.00.4~ 
Ratio 0.5 1Ml.01 0.5 1M.O 1 0.5M.00 
Omegas 7.W.7 7.W.7 7.M.5 

Al glutenin 
112 15.7S.6 15.3M.4 15.W.4 
2/5 22.1*2.9 23 SM.0 22.W.8 
7 30.1=t0.5 30.W.O 30.7M.7 
8/9 16.B2.2 15.2M.2 l5.2M.9 
10/12 15.8M.5 15.1=t0.1 15.6M.4 
Ratio 0 . 3 0 . 0 1  0.3 1M.02 0.3 1M.06 
l Leüers indicate significant Merences (a4.05) ktween treahnents 



Table 63. Effkct of Treatment on Changes in HMW-GS composition, Ratio and a-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Giutenin Fractions 
Obtained From AC Karma Dou& Mixed to lW? ~eak'  
Subunit/Ratio Treatmeat 

Control Iodate NEMt 
ES giutenin 
1/2 16.M.4 16-6M.4 16.6M.3 
2/5 23.3M.5 23 -5333.3 24.M. 1 
7 28.21.9 3 1 -63Xl.4 3 1.6+1.0 
819 14.3*1.9 12 .W.  1 12.6M.9 
10/12 17.9M.2a 1 5 . 5 ~ . 6 ~  15. U0.z" 
Ratio 0.4M.02 0.4W.04 0.46M. 1 
Omegas 18.2=t1.4 13 -4S.3 13.821-6 

AS glutenin 
1/2 16.3*1 .3 1 7 . M .  1 16.W.5 
2/5 22.M.7 22.5M.6 23. la. 7 
7 30. 1*1.4~ 32.1~).8 '~ 33.4H.7' 
8/9 t 5.5*1 .O 14.W.O 14.îM.7 
10/12 15.2M.4' 1 2 . 7 ~ .  lb 12.6M.z" 
Ratio 0.47M.03 0.4W.O 1 0.49i0.00 
Omegas 7.4h2.2 4 . W . 4  4.4M.4 

AI glut enin 
1/2 16.2I1.2' 15.4M.5' 10.6M.8~ 
2/5 23.1S.3 24.4M.7 22.e2.6 
7 28.W.5 29.B1 .O 28.4h1.2 
8/9 16.3*1 .gab 15.4*1.1b 20.W.9' 
10/12 15.6ct0.4~ 1 5 . ~ . 8 ~  18.3*1.1a 
Ratio 0.2~,02' 0.2w.02' o. 1 7 ~ . 0 4 b  



TabIe 64. Effect of Treatment on Changes in HMW-GS Composition, Ratio and a-gliadin 
Content of HMW-GS to LMW-GS in ES, AS, and AI Giutenin Fractions 
Obtained From AC Kama Doughs Mured to 200% peakl 
SubunitRatio Treatment 

Control Iodate NEMT 
ES giutenin 
1/2 16.3H-3 17.Zjdl.6 17.1M.3 
US 23.m.4 22.W1.1 23.1M.4 
7 2 8 . 3 ~ . 7 ~  3 1.2M.6' 32.2M.4a 
8/9 1 5 . M . 5  14.4M.8 14.lit0.0 
20/12 17.2dl.5' 14.410.2~ 13.6M.4~ 
Ratio 0.38M.00b 0.4W.01' 0.4W.01' 
Omegas 17.W.8' 14.4Hl.2~ 12. ~ - 4 ~  

AS glutenin 
1/2 17.2H.O 17.W.6 17.8*1.8 
2/5 20.W1.6 20.4*2.9 22.M. 1 
7 29.5H. 1" 30.7a.4~ 33.0.4' 
8/9 17.7H.6 17.9=tl. 1 1 5 . 0 . 1  
10/12 14.7H. 1 13 .el .6 12.W1.3 
Ratio 0.5 lM.01" 0.42M.03~ 0.4510.02~ 
Omegas 6.7*1. la 4.210.6~ 2 . ~ .  lb 

AI glutenin 
1/2 16.40.6' 14.U1.2' 8.8S.lb 
2/5 20.3s -3 23 .7*1 -7 21.5j=2.5 
7 30.5s-7 29. M2.2 27.W2.6 
8/9 1 7 . ~  Sb 1 6 . ~ 1 . 0 ~  24.5M.7' 
10/12 15.M.9 16.4*1.6 17.3G.O 
Ratio 0.2%0.0 la 0.24H.04' O. 1 4 ~ . 0 2 ~  
1 Letters indicate sigaifxcant differenoes (a=û.OS) between treatments 



Table 65. F Values of signifiant' Main Effects and Interactions Between Factors 
M&g Response Variables Glutenin Subunit Composition (DA of total HMW-GS), 
Ratio of HMW-GS to LMW-GS, and a-Gbadin Content (% of total glutenin fiaction), 
for ES, AS and AI glutenin 

F V w  
AS 

Ratio 

MT 
TRTMT 
CVxMT 
CVxTRM 
MTxTRTMT 
CVxMTxTRTMT 
cv 
MT 
TRTMT 
CVxMT 
CVxTRTMT 
MTxTRTMT 
cv 
MT 
TRThff 
cvxm 
CVxTRTJMT 
MTxTRTMT 
CVxMTxTR' 
cv 
MT 
m m  
cvxm 
CVxTRTMT 
MTxTRTMT 
CVxMTxTRrn 
cv 
MT 
TR- 
CVxMT 
CVx'ITIRTMT 
MTxTRTMT 
cv 
MT 
TRTMT 
cvxm 
CV4XT"ïT 
MTxTRTMT 
cv 
MT 
TRTMT 
cvxm 
CVxTRTMT 
MTxTRTMT 

292.35 
65.57 
4- 16 
7.84 
2.98 

I ls  

ns 
572.55 

57.10 
5.48 

10.60 
2.8 1 

Ils 

18 12.82 
83.86 
16.82 
6.68 

13.77 
2.30 
2.25 

196.73 
3 1-83 
rE 
2.60 
Ils 

Ils 

ns 
32.42 
15.49 
8.14 
ns 
2.64 
11s 

486.40 
56.98 
52.46 
9.47 
ns 
7.93 

100.79 
8 .O3 

22.13 
5.19 
ns 
3 .O 1 

CVxMTxTRTMT 2.3 1 11s 11s 

Level of significance ~ 4 . 0 5  
GS = giutenin subunit, % of mai HMW-GS CV=cuitivar, MT=mhhg the, TRTMT=treatment 
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Figure 2. SE-HPLC chromatogram of a 70% 1-propanol-soluble protein sample. Areas 1 
and 2 integrated to obtain the proportion of soluble glutenin wmprising only LMW-GS. 



Table 66. Effect of  Cultivar on glutenin content1 (% total flour or dough protein) of 
AS7OPS samples fractionated by SEC 
Treatment Muring T h e  Glenlea Katepwa AC Domain AC Karma 
Control O 0.710.0~ 1 .M. le 2.210. lb 2.3=t0.0a 

50 O.5M.Oc 0 .W.  1" 1.W.2' 1.210.1~ 
1 O0 0.510.0~ 0.8=t0.0c 2. 1M. 1' 1 . 4 ~ .  lb 
200 0.4M. 1" 0.4M. 1' l.W.la 0 . m .  lb 

Iodate 50 0.4&0.0b 0.4jd.0~ 0 .W.  1' O. W. 1' 
100 0.5&0.od O . ~ . O C  1 .2s.ob 1*6=tO. la 
200 0.5M.O' 0 . 4 ~ .  lb 0.5=t0.Oa O.5=t0.Oa 

NEMI 50 0.4-+0.0d 0.6M.0c 1.4M.O' 1.3=tO.ob 
100 0 . w .  lb O . M .  1" 2.2s.o' 0 . w .  lb 
200 0 . 4 ~ .  lb O.SM.O~ 0.8M.O' 0 . 4 ~ .  lb 

' Glutenin = Peak 1 and Peak 2 cornbineci 
* Means I standard Mation, means with ciiffirent Mers are signincanîiy different (a4.05) 

Table 67. Effect of Cultivar on glutenin content1 (% total flou or dough protein) of 
ES70PS samples fractionated by SEC' 
Treatment m g  Tirne Glenlea Katepwa AC Domain AC Karma 
Control O 5.3-to.ob 7.2M.6' 7 . M .  1' 6.0st0.ob 

50 6 . 0 0 . 0 ~  8.2M. 1' 5 . 8 ~ . 2 ~  6.210.3~ 
100 5.W.2' 8.5H.7' 7 . 4 ~ .  lb 6 . ~ .  lb 
200 6.4M.6' 9.W.6' 6.4M. 1' 7.710. lb 

Iodate 50 6.=Sb 8.W.9' 8.2I0.2' 7.510.3~ 
100 6 .4s .  1" 6.6M.4' 9.2H.2' 7 . ~ . 3 ~  
200 8 . 1 ~ . 6 ~  10.2M.7' 7 .4aSb  9 . W .  1' 

NEMI 50 6.21t0.9". 7.6M.2" 7 . 0 . T "  7.W1. 1" 
100 7.6M.gk 10.2M. 1' 7.4M.8' 9.210.1' 
200 7.2b0.2" 6.510.4~ 1 1 . 0 . 4 a  10.0~). lb 

1   lu te- = Peak 1 and Peak 2 cumbined 
2 Meam k standard deviarion, means with different letters are signi5~arltly Merent (a4.05) 



Table 68. Effect of Mixing T h e  on glutenin content' (% total flour or dough protein) of 
AS70PS samoles fi-actïonated bv  SEC^ 

Mkhg Time 
Cultivar Treatment O 50 100 200 
Glenlea Control 0-7M.O' 0.510.0~ 0.510.0~ 0 .4H.  1' 

Iodate 0.7M.O' 0.410.0~ 0.5=t0.Oc 0 . 5 ~ - o b  
NEMI 0.7u .0~  O.4M.Oc 0. W. 1' 0.4M- 1" 

Katepwa Control 1 .W. 1' 0.W. 1" 0.8Hl.0~ 0 . 4 ~ .  ld 
Iodate 1 .M. 1' 0.4M.O" 0 . m . 0 ~  0.4M. 1' 
NEMI 1 .W. 1' 0.t5tO.0~ 0.m. lb 0.5Hl.0~ 

AC Domain Control 2 . M .  1' 1 .saO.zb 2. la. la 1 .W. 1' 
Iodate 2 . 2 s  1' 0.8s. 1' 1.210.0~ 0.5Ml.0~ 
NEMI 2.2s.  1" 1 .4u.ob 2.W.O' 0.8j=0.0c 

AC Karma ControI 2.3S.O' 1.2s. 1' 1.410. lb 0.610. ld 
Iodate 2.3M.0a 0.8H. 1" 1 . 6 ~ .  lb 0.510.0~ 
NEMI 2.3M.O' 1.310.0~ 0.8N. 1" 0 .4s .  ld 

1 Glutenin = Peak 1 and Peak 2 combined 
Means * standard deviation, means with dinerent letîers are signincantly different (a=û.05) 

Table 69. Effect of MUring Tirne on glutenin content1 (% total flour or dough protein) of 
ES70PS samples fi-actionated by  SEC^ 

m g  Time 
Cultivar Treatment O 50 100 200 
Glenlea Control 5.3M.ob 6.0M.0'~ 5. 8M.zab 6.4M.6" 

Iodate 5.3Hl.0~ 6.210.5~ 6 . 4 ~ .  lb 8-1M.6' 
NEMI 5.3m.0~ 6.210.9'~ 7.6=t0.gb 7 . 8 ~ . 2 ~  

Katepwa Control 7.210.6~ 8 . 2 ~ .  l* 8.510.7* 9.2M.6' 
Iodate 7 . m . ~ ~  8.00.9~ 6 . ~ ~ 4 ~  10.M.7' 
NEMI 7 . ~ . 6 ~  7 . ~ ~ 2 ~  10.W. 1' 6.510.4~ 

AC Domain Control 7 . M .  1' 5.8M.2" 7.4=tO. 1' 6.4~. lb 
Iodate 7 . M .  1' 8 . 2 ~ . 2 ~  920.2 '  7.4MSk 
NEMI 7 . ~ .  lb 7.010.7~ 7.410. 8b 1 1 . M . 4 '  

AC Karma Control 6.M.O" 6 . M . 3 "  6 . m .  1 7.7H. la 
Iodate 6.W.OC 7.510.3~ 7.810.3~ 9.W.1' 
NEM 6.0M.OC 7.811. lb 9.210. lab 1O.W. 1' 

' Glutenin = Peak 1 and Peak 2 combinai 
2 Means k standard deviation, means with different Ietters are simiifimntly different (a+.05) 



Table 70. Effect of Treatment on g l u t e e  contentL (% total dough protein) of AS70PS 
samples fhctionated by SEP 
Cultivar Mixing T i e  Treatment 

Control Iodate NEMI 
Glenlea 50 0.5M.O' 0 .4a .0~  O.4M.Oc 

100 0.S=0.ob 0.5da.0~ 0.W. 1' 
200 0.4M. 1" 0.5M.ff 0.4M. 1- 

Katepwa 50 0.W. 1' 0.4d=0.ob 0.6W.O' 
100 O.fB0.0' 0 . ~  .ob 0 . m .  lb 
200 0.4I0.1" 0 .4s .  lm O.5M.Om 

AC Domain 50 1.W.2' 0 . ~ .  lb 1 .4=t0.08 
100 2. l a .  lb 1.2=K).OC 2.2M.O' 
200 1 .W. 1' 0.5H.0" 0.Wl.0~ 

AC Karma 50 1 2 0 .  la 0.8=t0.1b 1 . 3 ~ . 0 '  
100 1 -4M. la LW. la 0 . 8 ~ -  lb 
200 0 . w .  1' 0 . 5 ~ . 0 ~  0 . 4 ~ .  lb 

l Glutenin = Peak 1 and Peak 2 ambined 
Me!ans * siaudard &viation, means with dinerent letters are signincantiy dinerent (0~4.05) 

Table 71. Effect of Treatment on glutenin contentL (% total dough protein) of ES70PS 
sarn~les fkactionated bv  SEC^ 
Cultivar Mixing Time Treatment 

Control Iodate NEMI 
Gledea 50 6.W.O" 6.M.5" 6.M.9" 

100 
200 

Katepwa 50 
100 
200 

AC Domain 50 
100 
200 

AC Karma 50 
100 

Glutenin = Peak 1 and Peak 2 combined 
Means standard deviation, meaos with ciiffixent leoiers are significantiy different ( ~ û . 0 5 )  



Table 72. EEect of MÛing on Changes in HMW-GS composition (% total HMW-GS), 
ratio of HMW-GS to LMW-GS, O-gliadin content (% total &don), and total area 
(mAU.s) in ES, AS, and AI glutenin fiactions obtained nom fùli formula doughs made 
£tom Glenlea flour 

Mixinn Tirne (% of Peak) 

ES glutenin 
2 14.0=K).8' 12.6a0.2~ 1 2 2 0 . 0 ~  1 2 . 4 ~ . 3 ~  
5 14.W.3' 15.7~m.4~ 16.310.2~ 17.7S.0a 
7 5 1.7*1 .O8 4 6 . ~ . 4 ~  46 .~0 .0~  45. li0.7~ 
9 7 . 4 ~ . 3 ~  8.7W. la 8.M.4' 9.4S.2' 
10 13.032.4 16.4M.3 16.4M.O 15.5M.6 
Ratio 0.4M.04 0.4m.5 0.4W.04 0.46M.02 
Ornegas 2 6 . ~ 1  .7b 3 1 -2M.2' 27. &2.4ab 2 7 . ~ . 6 ' ~  
Total area 1627 1*4OC 2103912063~ 23783*13 lgb 3 14771568' 

AS glutenin 
2 12.5M.7 12.9M.3 12.6a0.3 13 .M. 1 
5 18.M. la 15.W. 1' l7.3=tO.ob 17.3a.6~ 
7 46.4*1.7 46.1M.O 46.2M.2 45.5H.6 
9 9 . 5 ~ . 2 ~  9 . ~ ~ 4 ~  9 . 8 ~ . 3 ~  1 1.2H.7' 
10 12.lU2.4 15.4M.O 14.M.3 13 .M.5  
Ratio 0.6M.03 0.6W.5 0.64*.00 0.64M.02 
Omegas 7.4=t1SC 16.Wl. la 13 - 3 s .  lab 1 0 2 0 . 6 ~  
Total area 18 1261385'~ 14077f2566~ 15754*1359* 18721*408a 

AI glutenin 
2 
5 
7 

Ratio 0.4SH0.01 0.45M.06 0.4M.08 0.4M.02 
Total area 3 022(H66ga 2295 11428~ 2295712222~ 17647173' 



Table 73. Effect of Mixing on Changes in HMW-GS composition (% total HMW-GS), 
ratio of HMW-GS to LMW-GS, a-gliadui content (% total fiaction), and total a r a  
(mAU.s) in ES, AS, and AI glutenui fiactions obtained fiom fiül formula doughs made 
f?om Katepwa flou 

Mkhg T h e  (% of Peak) 
Subunit/Ratio O 67 100 150 
ES glutenin 
2 19.lM.3' 16.7a.3~ 17.310.3~ 16 .m .6~  
5 18,1M.1" 18.6MSk 19.u0.4* 19.W.O' 
7 34.U1.6' 29.410.3~ 27.811 .gb 26.8MSb 
9 12 . (~1 .6~  15.4H.2' 15.6a0.7' 16.M- la 
10 16.m3.5 19.W.2 20.1*1.9 20.2M.3 
Ratio 0.52I0.00 0.52M.O 1 0.4W.06 0.5 1Ml.02 
Omegas 34.M .6b 38.W. 1' 37.3*1.2' 36.atl .O& 
Total area 1 9 4 4 4 ~ 2 0 ~  1 8 3 2 ~ 8 4 ~  2422W2186' 271OtSH034' 

AS glutenin 
2 16.3=tl. 1 1530.7 16.M.6 15.5M.7 
5 2 1 SM.3 19.8H. 1 19.W.2 20.8M.3 
7 32.9H.7' 2 8 . ~ 1 .  lb 2 9 . 7 ~ ~ 2 ~  29. 1M.ob 
9 1 2 . ~ 1  .3b 16.7*1. la 16.e0.2" 17.5M.O' 
10 16.4S.2' 19. MQ.5' 1 7 . 8 ~ .  lb 17.2rt0.4~ 
Ratio 0.56a0.00~ 0.58+0.03' 0.63H.03' 0.57é0.01" 
O m e p  13.7rt4.5 19.7*11.9 16.e4.4 1 1.7*1.8 
Total area 23614*8696 16954h2573 1671e1856 1656W1694 

A I  glutenin 
2 18.W1.6' 16.710.1" 15.7+0.8'~ 1 5 . 1 ~ . 6 ~  
5 24.3M.6 2 1.7k1.3 23 . W . O  2 2 2 1  -6 
7 29.7&1.2 27.W.4 29.8k1.7 27.W.O 
9 15.4*1.3 18.3*1.3 18.W1.3 18.5*1.6 
10 12.6M.3 15.4H.3 13.3k3.7 16.W.6 
Ratio 0.3 5M.03' 0 . 2 ~ . 0 2 ~  0.300.02~ 0.29M.00b 
Total area 27864*2172'~ 30373k433' 24957*2ob 21057H38lC 
l No signifiant ciifferences unlesr indicaîed by letters (a4.05) 



Table 74. Effect of Resting on Changes in HMW-GS composition (% total HMW-GS), 
ratio of HMW-GS to LIMW-GS, a-gliadin content (% total M o n ) ,  and total arûa 
(4U.s )  in ES, AS, and Al glutenin fiactions obtained fiom fidi formula d o u a  made 
fiom Glenlea and Katepwa flour, mixed to 67% peak, and dowed to rest ' 

FulI Formula Dough (mixeci to 67% peak) 
Subunit/Ratio Rest Penod Ch) 

Glenlea 

ES glutenin 
2 12.w.2 1 1 . w . 1  
5 15.7M.4 15.W.4 
7 46.6a0.4 45.W.5 
9 8.7H.I. 1 9.1M.3 
10 16.4M.3 17.5H.5 
Ratio 0.42M.5 0.45M.00 
O m e p  3 1.2M.2 30.u2.3 
Total area 2103W2063 1703e2176 

AS glutenin 
2 
5 
7 
9 
10 
Ratio 0 . 6 M . 5  0.61M.08 

Total area 14077k2566 1885e268 

AI glutenin 
2 
5 
7 
9 
10 
Ratio 0-45M.06 0.3W.5 
Total area 2295 1*428 2150S859 
' No signi.fic.int clifferences unies indicated by letters (a4.05) 
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Table 75. Effect of Resting on Changes in HMW-GS composition (% total HMW-GS), 
ratio of HMW-GS to LMW-GS, O-giiadul content (% total hction), and total area 
(mAU.s) in ES, AS, and AI glutenin hctîons obtained nom fidi formula doughs made 
from Glenlea and Katepwa flour, mixed to 10W pealg and aiiowed to rest ' 

Full Formula Dough (mixeci to 100% peak) 
Subunit/ Rest Penod (h) 

1 Ratio Glenlea 
O 2 4 

Ratio 0.4W.04 0.5 1M.02 0.450.0 1 
Omenas 27.6ré2.4 28 .W.4  3 1.7I1.5 

- -- - -  - - 

AS 
2 12.W.3 12.1M.8 11.5H-2 
5 1 7 . 3 a . 0 ~  16.%=0.3b 18.OM.2' 
7 4 6 . ~ ~ 2  46.0ja.4 45.5m.7 
9 9 .W.3  1 O . M .  1 10.3I0,l 
10 14.M.3 15.W.6 14.6I0.3 
Ratio 0.64*.00 0.65M.01 0.64M.02 

Ratio 0 . 4 a . S  03810.03 0.3610.01 
Total ares 22957U222 2286742439 1554&6224 
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Table 76. Effect of Resting on Changes in HMW-GS composition (% total HMW-GS), 
ratio of H M - G S  to LMW-GS, a-giiad'm content (% total hction), and total area 
(mAU.s) in ES, AS, and AI glutenin hctions obtained fiom fidi formula doughs made 
fkom Glenlea and Katepwa flour, mixed to 150% peak, and dowed to rest' 

F d  Formula Dough (mixed to 150% peak) 
Subunit/Ratio Rest Period Ch') 

ES glutenin 
2 12.4M.3 1 2 3 0 . 4  
5 17.7 M.0 16.5M.5 
7 45.1M.7 44.4M.6 
9 9.4H.2 9.4M.O 
10 15.5M.6 1 7 2 0 . 7  
Ratio 0.4W.02 0.44M.03 
Omegas 27.M.6b 3 1.6=t1.0a 
Total area 3 1477*568' 2541~*1799~ 

AS glutenin 
2 
5 
7 
9 
10 
Ratio 0.64M.02 0.74M.07 

- - - pp -- 

AI glutenin 
2 1 1.3*1 .O 10.W.3 
5 20.3*1.6 20.W.4 
7 43 -9M.4 44.4M.5 
9 10.5*1.0 10.2M.3 
10 14.M.O 14.W.O 
Ratio 0.42=tO.02 0.4W.O 1 
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