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We have determined the technological properties of four lines containing combinations of three HMW-
GS transgenes, encoding HMW-GS lAxl, 1DX5 and IDylO. These lines were produced by conventional 
crossing of three single transgenic lines of the bread wheat cultivar Anza that contains the endogenous 
HMW-GS pairs 1DX2 + lDyl2 and 1BX7* + lBy8 and is null for the Glu-Al locus. Consequently, the total 
number of HMW-GS ranged from 4 in the control line Anza to 7 in line T618 which contains all three 
HMW-GS transgenes. The lines were studied over two years using a range of widely used grain and 
dough testing methods. All lines with transgenic subunits showed higher levels of glutenin proteins than 
the Anza control, and these differences were highly significant for lines T616, T617 and T618, containing, 
respectively, the transgenes encoding HMW-GS lAxl and IDylO, 1DX5 and IDylO and lAxl, 1DX5 and 
IDylO. These increases in glutenin levels are compensated by lower levels of gliadins present in trans­
genic lines. These changes affected the ratio of polymeric to monomeric gluten proteins (poly:mono), the 
ratio of HMW-GS to LMW-GS (HMW:LMW) and the contents of individual lAx, lBx, lBy, lDx and IDy 
subunits. Transgenic lines expressing subunit IDylO together with x-type subunits (T616, T617 and T618) 
were superior to line T606, which had only increases in x-type subunits. In particular, the combination of 
transgenic subunits 1DX5 and IDylO (line T617) gave better dough rheological properties than the other 
combinations of transgenic subunits. For example, dough development time and stability were increased 
by 3.5-fold and 8.5-fold, respectively, while the mixing tolerance index (MTI) was decreased by 3.3-fold 
in line T617 with respect to the control line. Alveograph analyses showed that all four transgenic 
combinations had increased P values compared to the Anza control but subunit 1DX5 greatly reduced the 
extensibility (I). These results show that stacking HMW-GS transgenes by conventional crossing is a valid 
strategy for the improvement of wheat quality, with different effects being related to the different HMW-
GS combinations. 

1. Introduction 

The unique processing properties of wheat result from the 
unusual biomechanical properties of the gluten proteins, which 
form a network conferring elasticity and extensibility to the dough. 
These viscoelastic properties allow wheat to be used for many food 
products such as bread, cake, biscuits, pasta and noodles. Gluten 
proteins consist of monomeric gliadins and polymeric glutenins. 
Gliadins are single chain molecules which form only intra-chain 

disulphide bonds. In contrast, the glutenin subunits form both 
inter- and intra-chain disulphide bonds. The high molecular weight 
glutenin subunits (HMW-GS) of wheat play an important role in 
determining the functional properties of wheat dough. Bread 
wheat contains six HMW-GS genes, with tightly linked pairs of 
genes encoding x- and y-type subunits being present at each of the 
Glu-Al, Glu-Bl, and Glu-Dl loci on the long arms of chromosomes 
1A, IB, and ID, respectively. Allelic differences in the HMW-GS 
composition result in effects on the structures and properties of the 
glutenin polymers and hence on breadmaking quality (Payne, 1987; 
Shewry et al., 2003b). In particular, HMW-GS lAxl and 
1 D X 5 + IDylO, encoded by chromosomes 1A and ID, respectively, 
are associated with strong dough and good breadmaking quality. 



It is therefore not surprising that genes for HMW-GS have been 
identified as targets for expression in transgenic wheat (Altpeter 
etal.,1996; Barro etal., 1997; Blechl and Anderson, 1996) to develop 
cultivars with new HMW-GS combinations and hence with 
improved or novel functional properties. Differential effects of 
transgenes encoding HMW-GS lAxl, 1DX5 and IDylO on gluten 
properties have been reported (Barro et al., 2003; Blechl et al., 
2007; Darlington et al., 2003). Furthermore, the introgression of 
transgenes into a commercial cultivar confirmed differential effects 
of subunits lAxl and 1DX5 (Field et al., 2008). Thus, expression of 
subunit lAxl in transgenic wheat resulted in lines with improved 
rheological properties while lines expressing subunit 1DX5 resulted 
in unsuitable properties for breadmaking. In particular, high levels 
of expression of subunit 1DX5 resulted in greatly increased dough 
strength, being too strong for conventional breadmaking (Alvarez 
et al., 2001; Darlington et al., 2003; Rooke et al., 1999). However, in 
these studies the HMW-GS 1DX5 transgene was expressed in the 
absence of the HMW-GS IDylO transgene. HMW-GS 1DX5 and 
IDylO are always expressed as an allelic pair and the extreme 
effects of the 1DX5 transgene alone on dough elasticity could have 
resulted, at least in part, by disturbance of the usual balance of 
x-type and y-type HMW-GS (Butow et al., 2003). 

More recently, we reported the transformation of a commercial 
wheat cultivar Anza with HMW-GS genes to add subunits lAxl, 
1DX5 or IDylO to a genetic background that contains endogenous 
genes for subunits 1DX2 and lDyl2 instead of the allelic genes for 
subunits 1DX5 and IDylO (León et al., 2009). The expression of all 
three individual subunits resulted in increased dough strength. 
However, the expression of subunit IDylO had a greater effect on 
potential breadmaking quality than that of subunits lAxl and 
1DX5. We have now used conventional crossing of these lines to 
develop cultivars combining two and three HMW-GS transgenes in 
the same genetic background. This allows the effects of the inter­
actions between the pairs of subunits to be determined in order to 
identify optimum combinations of HMW-GS for future studies. 

2. Material and methods 

2.2. Plant material 

Four transgenic lines and two control lines were used in this 
work. Transgenic lines were obtained by crossing lines T580, T581 
and T590 (Fig. 1) containing the transgenes for the HMW-GS 1DX5, 
lAxl and IDylO, respectively (León et al., 2009). Control lines were 
the bread wheat cvs Anza and Perico. Anza is the parent of the 
transgenic lines and Perico is a high quality commercial variety 
included for comparison as it contains HMW-GS lAxl, 1DX5 and 
IDylO. Homozygous progeny of plants containing HMW-GS 
transgenes were identified by SDS-PAGE of endosperm proteins by 
single half-seed descent (see below). Homozygous lines were self-
pollinated and analysed over two years, using a randomized 
complete block design with two replicates, as described by Barro 
et al. (2002). 

2.2. Protein and SDS-PAGE analysis 

The protein content of flour was calculated from the Kjeldahl 
nitrogen content (%N x 5.7) and expressed on a dry matter basis. 
Seeds were crushed into a fine powder and used to extract the 
endosperm storage proteins. Gliadins were extracted in 60% (v/v) 
aqueous ethanol using a rotary shaker for 40 min. Samples were 
centrifuged at 13,000g for 5 min and the supernatant collected. 
Glutenins were extracted as described by Shewry et al. (1995). For 
densitometry, glutenins from 30 individual seeds per line and year 
(60 seeds in total) were separated by SDS-PAGE gels and analysed 

using a Kodak Image Station 440CF and Kodak ID Image Analysis 
Software (Kodak Limited, Boundary Way, Hemel Hempstead, Herts 
HP2 7YU, UK) using the SDS-PAGE Molecular Weight Standards 
from Bio-Rad (Bio-Rad Laboratories, 28109 Alcobendas, Madrid) as 
reference. 

2.3. SE-HPLC 

Size-exclusion high performance liquid chromatography (SE-
HPLC) was carried out on three biological samples per line and year 
with two replicates each (12 measurements) at the proteomics 
service of the University of Córdoba (Córdoba, Spain) as described 
by Morel et al. (2000) and Larroque et al. (2000) with some 
modifications. Flour (120 mg) was suspended in 15 ml 0.5% (v/v) 
SDS-phosphate buffer (pH 6.9) and dispersed at 60 °C for 80 min 
using a rotary shaker. The dispersed flour samples were sonicated 
(90 s at 70% power setting) to extract total proteins. After centri-
fugation, the supernatant was filtered through a 0.45 |im PVDF 
filter. Analyses were performed on a BioBasic C4 column (Thermo 
Fisher Scientific S.L.U, 28108 Alcobendas, Madrid). Proteins were 
detected by absorption at 214 nm. 

2.4. Grain traits 

Thousand seed weight was determined on two samples of 1000 
seeds from each plot per line and year with two replicates each 
(eight measurements). Test weight expressed in grams per liter was 
determined by weighing 100 ml of cleaned grains with four repli­
cates per line and year (eight measurements). 

2.5. Quality traits 

The SDS sedimentation test was carried out on two different 
samples per line and year with two replicates each (eight 
measurements) using 1 g of wholemeal per line and year as 
described by Dick and Quick (1983). 

For Alveograph analysis, approximately 0.8 kg samples of seeds 
per line and year were conditioned to 16% moisture content and 
milled with a Chopin CD1 mill (Chopin technologies, 92396 
Villeneuve-la-Garenne Cedex, France). Alveograph tests were 
performed and the dough properties determined in two samples 
per year (four measurements) according to standard ICC method 
no. 121 (ICC, 1992a). 

For Farinograph analysis, approximately 0.2 kg samples of seeds 
per line and year were milled with a Perten 3100 mill (Perten 
Instruments, SE-141 05 Kungens Kurva, Sweden) and mixed using 
a 50 g mixer for standard Farinograph analysis (Brabender GmbH & 
Co. KG, Germany) test. The Farinograph characteristics were 
determined in two different samples per year with two replicates 
(eight measurements) according to standard ICC method no. 115/1 
(ICC, 1992b). 

Dough mixing properties were determined with a 10 g 
Mixograph (National Manufacturing Co., Lincoln NE) as described 
by Finney and Shogren (1972). Samples were mixed to optimum 
water absorption following 54-40A method (AACC, 2000). The 
Mixograph characteristics were determined on two samples per 
year (four measurements). 

2.6. Statistics 

Data were analysed using the SPSS version 11.0 statistical soft­
ware package (SPSS Inc., Chicago, Illinois, USA). The general analysis 
of variance and the least significant difference pairwise compari­
sons of means were used to determine significant differences. 
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Fig. 1. SDS-PAGE of single transgenic lines T580, T581 and T590 used as parent lines for crossing (A). Crossing between lines T580 and T581 provided lines T606 containing HMW-
GS lAxl and 1DX5 (B). Crossing of line T606 with line T590, provided lines T616, T617 and T618, containing, respectively, the HMW-GS combinations lAxl and IDylO; 1DX5 and 
IDylO; and lAxl, 1DX5 and IDylO (C). The location of the HMW-GS native to Anza (1DX2, 1BX7*, lBy9 and lDyl2) are indicated. Transgenic HMW-GS is arrowhead. 

3. Results and discussion 

The HMW-GS of wheat are major determinants of breadmaking 
quality, in particular, the subunit pair 1DX5 +IDylO and subunit 
lAxl have high quality scores (Payne, 1987; Shewry et al., 2003b). 
We reported the effects of the HMW-GS lAxl, 1DX5 and IDylO on 
the breadmaking quality of the bread wheat cultivar Anza that 
contain the HMW-GS pairs 1DX2 + lDyl2 and 1BX7* + lBy8 and is 
null at the Glu-Al locus (León et al., 2009). These lines were used as 
parents (Fig. 1A) for conventional crossing to obtain four hybrid 
lines, three expressing pairs of transgenic subunits and one 
expressing all three transgenic subunits. This is therefore the first 
report on the characterization of wheat expressing combinations of 
these three transgenic subunits in the same genetic background. 
Thus, crossing of lines T580 and T581 gave line T606 containing 
subunits lAxl and 1DX5 (Fig. IB) and further crossing of line T606 
with line T590 gave lines T616, T617 and T618 containing subunits 
lAxl and IDylO; 1DX5 and IDylO; and lAxl, 1DX5 and IDylO, 
respectively (Fig. 1C). Single seed descent was used to obtain 
homozygotes by screening half-seeds on SDS-PAGE gels. Lines were 
multiplied by self-pollination and analysed for two years as 
described by Barro et al. (2002). Technological properties and the 

potential breadmaking quality of the flours were determined for 
each of two years of field growths using a range of widely used 
grain and dough testing methods. 

3.1. Characteristics of the storage proteins 

Table 1 compares the characteristics of the transgenic lines with 
the control line Anza, which contains four endogenous HMW-GS: 
1BX7* + lBy8 and 1DX2 + lDyl2. In addition, a commercial variety 
of bread wheat of good breadmaking quality, Perico expressing five 
HMW-GS (lAxl, lBxl7 + lByl8, 1DX5 +IDylO), was included as 
reference line. Consequently, the total number of HMW-GS ranged 
from 4 for control line Anza to 7 for line T618. Anza and lines T616 
and T617 had equal number of x- and y-type subunits while lines 
T606 and T618 had higher numbers of x-type subunits. Although 
crossing of the transgenic lines resulted in hybrid lines containing 
increasing numbers of HMW-GS (Table 1), this did not have 
a significant effect on the total flour protein content compared to 
the Anza control (Table 1). In fact, line T618 expressing 7 subunits 
had similar total flour protein content to the control line Anza. 
Although the three lines expressing transgenic subunit pairs (T606, 
T616 and T617) had higher protein contents than Anza and line 



Table 2 
Technological properties of the transgenic and control lines. 

Parameters 

Test weight (g/1) 
1000 seed weight (g) 
SDS sedimentation (ml) 
Water absorption (%) 

Mixograph 
MT(s) 
RBD (%) 

Farinograph 
Arrival time (min) 
Development time (min) 
Dough stability (min) 
Departure time (min) 
MTI (BU) 
Degree of softening (BU) 
Falling time (min) 
Twenty-minute drop (BU 

Alveograph 
Tenacity (P, mm H20) 
Extensibility (L, mm) 
P/L ratio 
Dough strength 

(W, 10-4J) 
Dough swelling 

(G, cm3) 

Line 
Anza 

781 ab 
40.8 b 
36.5 d 
71.4 a 

35 e 
29 a 

2.2 d 
2.4 d 
1.0 c 
2.8 c 
125 a 
140 a 
2.9 c 
148 a 

40 b 
89 c 
0.45 c 
92 d 

20.9 cd 

T606 

766 b 
42.3 b 
56.0 c 
77.2 a 

63 d 
26 ab 

3.3 cd 
4.7 c 
3.2 be 
6.3 be 
73 b 
115a 
7.0 be 
125 ab 

102 a 
67 d 
1.58 a 
237 c 

18.1 d 

T616 

790 ab 
43.5 b 
91.3 a 
75.4 a 

133 c 
22 be 

4.5 be 
6.4 b 
3.7 be 
7.9 abc 
60 be 
102 ab 
8.2 be 
113 abc 

107 a 
117 ab 
0.94 b 
430 a 

24.0 ab 

T617 

804 a 
41.0 b 
93.5 a 
73.5 a 

185 a 
16 d 

6.5 a 
8.6 a 
8.5 a 
15.5 a 
38 c 
55 b 
15.8 a 
70 cd 

94 a 
96 be 
0.99 b 
386 a 

21.2 bed 

T618 

797 ab 
40.2 b 
91.5 a 
75.3 a 

156 b 
17 cd 

5.7 ab 
7.0 b 
3.4 be 
8.8 abc 
53 be 
100 ab 
8.8 be 
95 bed 

91 a 
124 a 
0.73 be 
403 a 

24.5 a 

Perico 

804 a 
47.6 a 
71.0 b 
71.3 a 

128 c 
24 ab 

5.0 ab 
7.3 b 
7.4 ab 
12.4 ab 
40 c 
50 b 
8.8 be 
55 d 

94 a 
107 abc 
0.88 be 
324 b 

22.8 abc 

Values within the same parameter followed by the same letter are not significantly 
different (P< 0.05). 

T618, these differences were not significant according to the LSD 
test (Table 1). Rakszegi et al. (2005) also reported no significant 
increase in the protein content of transgenic wheat expressing an 
increased amount of HMW-GS. 

The proportions of glutenins and gliadins and the ratio of 
polymeric/monomeric gluten proteins were determined by size-
exclusion HPLC (SE-HPLC). The combinations of transgenic subunits 
significantly affected the proportions of protein fractions in the 
endosperm of wheat lines. All transgenic lines had higher propor­
tions of glutenins than the Anza control (37.3%), with the highest 
proportion being in line T616 (42.9%). These differences were 
highly significant for lines T616, T617 and T618 (Table 1). In 
contrast, line T618 which expressed all three transgenic subunits 
(lAxl, 1DX5 and IDylO) had a similar proportion of glutenins to the 
commercial variety Perico which expressed endogenous forms of 
the same three subunits (Table 1). These increases in proportions of 
glutenins are compensated by the lower proportions of gliadins 
present in transgenic lines. Thus, the proportion of gliadins varied 
significantly among lines expressing transgenic subunits, being in 
all cases lower than in the Anza control (Table 1). These changes in 
the proportions of the two major protein fractions affected the 
polymer: monomer ratios. The ratio of polymeric and monomeric 
fractions was higher for lines T616 and T618 with the Anza control 
showing the lowest value (Table 1). Finally, the proportions of 
glutenins, and the ratio of polymer: monomer were similar between 
line T618, expressing transgenic subunits lAxl, 1DX5 and IDylO, 
and the commercial variety Perico that expresses endogenous 
forms of the same subunits. In contrast, the proportion of gliadins 
present in line T618 was significantly lower than in Perico (Table 1). 

The differences in the proportions of glutenins are reflected in 
the proportions of total HMW-GS and of individual Ax, Bx, By, Dx 
and Dy subunits (Table 1). Thus, the HMW-GS:LMW-GS ratio and 
proportions of HMW-GS in the glutenin fraction were increased in 
all hybrid lines with respect to the Anza control. These increases 
were significant for lines T616, T617 and T618 but not for line T606, 
expressing subunits lAxl and !Dx5 (Table 1). 
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Fig. 2. Mixograph curves of the doughs prepared from non-transformed controls Anza and Perico and those from flours from transgenic lines T606, T616, T617, T618. 

In comparison with the Anza control, the expression of subunits 
lAxl and 1DX5 in line T606 was associated with decreases in the 
proportions of lBx, 1 By and IDy subunits and with increases in lAx 
and lDx subunits. Consequently, the x:y ratio was increased 
significantly in this line (Table 1). The expression of subunits lAxl 
and IDy 10 in line T616 was also associated with decreases in the 
proportions of lBx, lBy and lDx subunits but with increases in the 
lAx and IDy subunits. Thus, the x:y ratio for line T616 was signif­
icantly lower than that of line T606 (Table 1). The expression of 
subunits 1DX5 and IDylO in line T617 was associated with 
a decrease in subunit lBy8 but not in subunit 1BX7* and with 
increases in lDx and IDy subunits. Line T617 also expressed one x-
and one y-type subunit, as T616, and the x:y ratio was similar to 
that of line T616 and also comparable to that of the Anza control 
(Table 1). Finally, the expression of two x- and one y-type 

transgenic subunits in line T618 was associated with a decrease in 
subunit lBy8 but not in subunit 1BX7* and with increases in lAx, 
lDx and IDy subunits. In this case, the expression of two x-type 
subunits significantly increased the x:y ratio (Table 1). 

Considering the data for all four hybrid lines, it is clear that the 
stacking of HMW-GS transgenes did not increase the total protein 
content but increased the proportions of the individual HMW-GS 
encoded by the transgenes. However, differential effects on the 
proportions of individual endogenous HMW-GS were observed. In 
most cases the proportions of endogenous subunits were decreased 
which was probably largely compensatory, reflecting competition 
for amino acids for protein synthesis. However, co-suppressive 
effects on individual HMW-GS genes cannot be ruled out. Notably, 
the proportion of subunit lBy8 was decreased in lines expressing 
all of the transgenes (lAxl, !Dx5 and IDylO) whereas the 



proportion of subunit 1BX7* was only significantly reduced in two 
lines (T606 and T616) that both expressed the subunit lAxl 
transgene. Because the individual HMW-GS differ in their numbers 
and distributions of cysteine residues, the transgenic lines would be 
expected to differ in their glutenin polymer structure, with 
resulting effects on their processing properties. 

3.2. Breadmaking quality 

Test weight ranged from a maximum of 804 for line T617 to 
a minimum of 766 for line T606. However, these differences were 
not significant according to the LSD test. The thousand seed weight 
was similar for all transgenic lines and the Anza control, with no 
significant differences among them. The highest values for the SDS 
sedimentation test were 91.3, 93.5 and 91.5 for lines T616, T617 and 
T618, respectively, which were significantly different to the values 
for line T606 and Anza. These increases in SDS sedimentation 
values imply improved potential breadmaking quality. Although 
water absorption was higher for all four transgenic lines, the 
differences were not statistically significant (Table 2). 

The mixing properties of the dough were determined using 
a 10 g Mixograph (Fig. 2) and a Brabender Farinograph (Fig. 3) while 
the dough viscoelastic properties were determined using a Chopin 
Alveograph (Fig. 4). The Mixograph is widely used in cereal 
research as it measures a range of rheological parameters that 
relate to the behaviour of the dough in breadmaking and other food 
processing systems. The machine measures the resistance as the 
dough is mixed, the most important parameters being the mixing 
time (MT, time to maximum resistance) and the resistance break 
down (RBD, the loss of resistance on over-mixing). In general, 

strong doughs have long mixing times and low resistance break­
down. The highest value for MT (185 s) was for line T617 
(expressing the transgenic subunits 1DX5 and IDylO) which was 
significantly different to the values for the other lines. Line T617 
also gave the lowest value for RBD (Table 1). The Mixograph 
therefore showed that the combination of transgenic subunits 
1DX5 and IDylO gave better mixing properties than the other 
combinations of transgenic subunits. 

The Farinograph characteristics of the transgenic lines are 
shown in Table 2 and Fig. 3. The parameters provide data on the 
consistency of the dough (Table 2). All four lines expressing 
transgenic HMW-GS combinations showed higher values than the 
Anza control for arrival time, development time, dough stability, 
departure time and falling time, and lower values for mixing 
tolerance index, degree of softening and 20-minute drop (Table 2). 
This indicates that doughs formed from these four lines were 
stronger than dough from the Anza control. Furthermore, line T617, 
expressing subunits 1DX5 and IDylO, gave stronger dough than the 
other three transgenic lines. For example, the dough development 
time and stability were increased by 3.5-fold and 8.5-fold, respec­
tively, in line T617 with respect to the control line. Dough stability is 
an indicator of the overall quality of the protein in the flour and 
indicates the time during which the dough maintains the 
maximum consistency. The mixing tolerance index (MTI) is an 
indicator of how well the dough will perform during the critical 
final stages of mixing and is related to strength (Shuey, 1984). Thus, 
a high MTI means that the dough will tend to break down quickly 
while a low MTI may indicate that the dough will require longer 
mixing to fully develop. The MTI was decreased by 3.3-fold in line 
T617 with respect to the control line. The degree of softening varied 

:;fi0 
Zl 
OQ 

S 
o 

IV 

JNiii 

f 
Anza 

. 

500 

m 

Z> 
CO 

i 

10 20 

Time (min) 
10 20 

Time (min) 

Fig. 3. Fannograms of the doughs prepared from non-transformed controls Anza and Perico and those from flours from transgenic lines T606, T616, T617, T618. 
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Fig. 4. Alveograph curves of the doughs prepared from non-transformed controls Anza and Perico and those from flours from transgenic lines T606, T616, T617, T618. 

from 125 (BU) in the control line to 55 (BU) in the line expressing 
subunits 1DX5 and IDylO. Higher values of degree of softening, 
measured in Brabender units, are characteristic of weak flours and 
lower values of strong flours. Therefore, the combination of trans­
genic subunits 1DX5 and IDylO resulted in better Farinográph 
performance than the other transgenic combinations. It is inter­
esting that the combination of all three subunits in the same 
background (line T618) did not give better values but values similar 
to that of line T616 expressing subunits lAxl and IDylO. This is 
consistent with the suggestion that a correct balance of x-type:y-
type subunits is important as well as the absolute amounts. 

A comparison of line T618, which expresses all three transgenic 
subunits, with the commercial variety Perico, which contains the 
same endogenous 1A and ID subunits but different IB subunits, is 
also shown in Table 2. The values for development time of Perico 
and T618 were not significantly different. However, dough stability 
was higher for Perico than that for line T618 while the degree of 
softening and 20-minute drop were lower for Perico than that for 
line T618. These differences probably reflect differences in the 
proportions of subunits lAxl, 1DX5 and IDylO between the 
genotypes, with the ratio of x-type:y-type subunits being higher in 
line T618 than in Perico (Table 1). 

The Chopin Alveograph simulates the expansion of bubbles in 
fermenting dough and as such, the parameters derived from this 
test indicate how the dough will behave during fermentation. The 
most important parameters obtained from an alveogram are the 
tenacity (P) of the dough (expressing the resistance of the dough to 
deformation), the dough extensibility (I), the P/L ratio (which gives 
a general indication of the viscoelastic properties of the dough) and 
the deformation energy (W), which is proportional to the energy 
required for deformation. This W value is used to measure the 
dough strength by bakers. In general, low W values are related to 
weak flours and high values to strong flours. The P values were 
similar for the four transgenic lines, but significantly higher with 
respect to the Anza control (Table 2). As shown in Fig. 4, the 
combination of the subunits lAxl and 1DX5 in line T606 gave an 
increase in the P value and a decrease in the length of the curve (I) 

with respect to the Anza control (Table 2). Nevertheless, line T616, 
expressing subunits lAxl and IDylO, did not differ in P value with 
respect to line T606. The extensibility (I) of line T616 was increased 
with respect to line T606 (Fig. 4). However, line T617, expressing the 
combination of transgenic subunits 1DX5 and IDylO, showed 
decreased extensibility (I) in comparison to the Anza control and 
line T616. On the other hand, the presence of the three transgenic 
subunits, lAxl, 1DX5 and IDylO, in line T618 was associated with 
slightly increased extensibility (I) with respect to lines T606 and 
T617 (Fig. 4). The lowest and highest values for the P/L ratio were for 
Anza and line T606 (subunits 1 and 5), respectively, while it was 
similar for lines T616 and T617 (Table 2). Deformation energy (W) 
was significantly higher for lines T616, T617 and T618 than for the 
Anza control and line T606. Finally, comparison of line T618 and 
Perico showed significant differences in deformation energy (W) 
which was higher in line T618, while the P/L ratio was similar 
(Table 2). The Alveograph results showed that all four transgenic 
combinations had increased P values compared to the Anza control 
but that subunit 1 Dx5 had a greater effect, reducing extensibility (I). 
Similar results were reported for subunit 1DX5 expressed as a single 
transgene in the same background (León et al., 2009). The addi­
tional cysteine residue present in the repetitive domain of subunit 
1DX5 has been suggested to provide an additional site for inter­
chain bonds between HMW-GS (Shewry et al., 2003a). This would 
increase the cross-linking of the glutenin network with respect to 
that caused by subunit 1 Dy 10, reducing extensibility. 

4. General discussion 

In this study, subunits lAxl, 1DX5 and IDylO were combined in 
a cultivar of low breadmaking quality which provides an appro­
priate background to explore their effects on dough properties. This 
is the first report on the characterization of all three HMW-GS 
combinations in the same wheat background. All four HMW-GS 
combinations had significant effects on the composition and 
functional properties of the gluten fraction. These presumably 
result from impacts on the structure and properties of the glutenin 



proteins and include effects on the amounts of endogenous 
subunits and on the ratios of x-type:y-type subunits, HMW-
GS:LMW-GS, and the ratio of polymeric:monomeric gluten 
proteins. Studies using the Alveograph, Mixograph and Farinograph 
indicated that all four transgenic combinations should have better 
breadmaking quality than the control line. These increases in 
quality were associated with higher proportions of glutenins and 
polymeric proteins and lower proportions of gliadins, as previously 
reported (Blechl et al., 2007; Rakszegi et al., 2005). Comparisons of 
the various HMW-GS combinations showed that the combination 
of subunits 1DX5 and IDylO resulted in the greatest increase in 
quality. In contrast, the combination of subunits lAxl and 1DX5 
gave the poorest properties. The line with this combination (T606) 
had the highest ratio of x-type:y-type subunits indicating that an 
appropriate balance of the two subunit types is required (Butow 
et al., 2003). However, no evidence of "overstrong" properties 
associated with the expression of the subunit 1DX5 transgene, with 
negative effects on breadmaking quality, was obtained, contrasting 
with reports of the expression of this transgene in other genotypes 
(Barro et al., 2003; Darlington et al., 2003; Rooke et al., 1999). 
However, this may result from the fact that the proportions of 
subunit 1DX5 were much lower in the Anza lines studied here and 
by León et al. (2009) than in the lines studied in the previous 
reports. Comparison of line T618, expressing transgenes encoding 
subunits lAxl, 1DX5 and IDylO with a commercial variety (Perico) 
which contains the same endogenous 1A and ID subunits showed 
that the transgenic line had greater dough stability and strength. 
Although the two lines had similar proportions of glutenins, 
transgenic line T618 had a higher proportion of HMW-GS, with 
a correspondingly lower proportion of LMW-GS. 

In conclusion, our results demonstrate that stacking HMW-GS 
transgenes by conventional crossing is a valid strategy for the 
improvement of wheat quality, with the differential effects being 
related to the different HMW-GS combinations. The presence of 
subunit IDylO results in the formation of stronger dough regard­
less of the composition of x-type subunits. In particular, the 
combination of subunits 1DX5 and IDylO results in greater dough 
strength than the other HMW-GS combinations. 
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