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STELLINGEN

De HMW glutenine subunit allelen verschillen in bijdrage tot de bakkwaliteit
van tarwe op grond van type en hoeveelheid van de subunits. Aan het tweede
aspect is voorheen nauwelijks aandacht besteed.
Dit proefschrift.

De veredelaar moet er rekening mee houden dat het verband tussen het
HMW glutenine subunit genotype en de bakkwaliteit van tarwe minder sterk
is en ook gecompliceerder van aard dan veelal werd aangenomen.
Dit proefschrift.

3.

Met snelle kwaliteitsvoorspellende toetsen dient men in elk geval het aandeel
van de HMW glutenine subunits in de totale hoeveelheid eiwit van de
tarwekorrel te kunnen bepalen, gezien het belang van deze zeer variabele
parameter voor de kwaliteit.
Dit proefschrift.

De gebruikelijke techniek voor het identificeren van HMW glutenine allelen
(SDS-PAGE) geeft geen waterdichte resultaten. Bij het relateren van de
bakkwaliteit van een allel aan zijn genstructuur mag men daarom niet
volstaan met een ras, maar dient men genen die schijnbaar voor eenzelfde
subunit coderen uit verschillende rassen te isoleren.
Flavell RB, Goldsbrough AP, Robert LS, Schnick D, Thompson RD (1989)
Bio/technology 7: 1281-1285.
Dit proefschrift.

De bewering van Goldsbrough et al. dat Pogna et al. aantonen dat de y-type
subunits 10 en 12 verantwoordelijk zijn voor de verschillen in kwaliteit van
de allelen voor de subunit combinaties 2+12 en 5+10 is onjuist.
Goldsbrough AP, Bulleid NJ, Freedman RB, Flavell RB (1989) Biochem J
263: 837-842.
Pogna NE, Mellini F, Dal Belin Peruffo A (1987) In: Agriculture. Hard
wheat: agronomic, technological, biochemical and genetic aspects, pp 53-69.

De conclusie van Khan et al. dat de aanwezigheid van HMW glutenine
subunit 8 of van subunit 9 een invloed heeft op het eiwitgehalte van de
bloem is onterecht.
Khan K, Tamminga G, Lukow O (1989) Cereal Chem 66: 391-396.
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Het verbeteren van de kwaliteit van tarwe door veredeling en door
teeltmaatregelen verdient de voorkeur boven het compenseren van een lage
kwaliteit door middel van additieven.

Bij het automatisch koppelen van het predikaat "slechte kwaliteit" aan de in
Nederland verbouwde tarwe wordt vergeten dat behalve in de broodindustrie
er nog andere toepassingen bestaan en nog ontwikkeld worden. Daarbij kan
het juist een voordeel zijn dat er duidelijke verschillen zijn met de tarwes uit
concurrerende landen.

9.

Voor een optimaal gebruik van de mogelijkheden van de gentechnologie in
de veredeling is meer kennis vereist van het traject tussen een gen en het
uiteindelijke produkt.

10.

Voor het welslagen van de introductie van het "vierde gewas" is het
landbouwkundig van groot belang het derde gewas in stand te houden.

11.

De problemen met de landbouwoverschotten binnen de EG zouden voor de
consument beter te verteren zijn indien deze overschotten gefinancierd
zouden worden met een 'voedsel-garantie heffing'.

12.

Voor de bosbouw in de EG was het beter geweest als de beschrijvende
rassenlijst voor populiererassen uit 1967 als eerste nummer voor een reeks
van rassenlijsten was opgevat.
Kolster HW (1967) Populiererassen in de E.E.G.-landen en hun
bruikbaarheid voor Nederland, 150p.

13.

Bij het grootschalig gebruik van "eetbaar" verpakkingsmateriaal geproduceerd
uit landbouwprodukten dient de Nederlandse consument te weten dat deze
materialen ontwikkeld zijn voor het terugdringen van milieuproblemen, en
niet zozeer om als voedsel te dienen.

Proefschrift van P Kolster.
Titel: High Molecular Weight glutenin subunits of wheat: qualitative and
quantitative variation in relation to bread-making quality.
Wageningen, 27 mei 1992.

VOORWOORD
Ditproefschrift is tot stand gekomen op tweeinstituten. Het grootste deel van het
experimentelewerk is uitgevoerd opde vooimalige Stichting voor Plantenveredeling
(SVP), nu onderdeel van het Centrum voor Plantenveredeling en Reproduktie
Onderzoek (CPRO-DLO).Na bijna driejaar daar gewerkt tehebben ben ik
overgestapt naar het Instituut voor Agrotechnologisch Onderzoek (ATO-DLO),waar
voor wat betreft hetproefschrift de nadruk heeft gelegen opde verwerking van de
resultaten met daarnaast afrondende experimenten. Iedereendie aan het tot stand
komen van dit proefschrift een bijdrage heeft geleverd, zowel binnen deze instituten
als daarbuiten, wil ik hierbij bedanken. Degroep mensen is te groot om iedereen
hier afzonderlijk te kunnen bedanken.
In het bijzonder gaat mijn dank uit naar mijn promotor, Prof.dr.ir. J.H. van der
Veen, voor de stimulerendeen kritische begeleiding van de interpretatie van het
onderzoek. Ondanks (ofjuist dankzij?) het feit dat het onderzoek niet geheel binnen
uw vakgebied valt ontstonden dikwijls boeiende discussies waarbij het onderzoek in
een breed kader geplaatst werd. Een bijzonder woord van dank aan mijn copromotor, Wim van Gelder. In de belangrijke beginfase op de SVP hebje het
onderzoek op hetjuiste spoor gezet. Later in het onderzoek heeft jouw vertrouwen
voor de broodnodige vrijheid en ruimte gezorgd. Jouw correcties in de
manuscripten, van dikke rode strepen in het begin tot min of meer voorzichtige
suggesties in een later stadium, zijn van groot belang geweest. Daarnaast heeft Jaap
Visser van de vakgroep Erfelijkheidsleer (LUW) een inspirerende rol gespeeld,
zowel in de doctoraalfase van mijn studie als tijdens het promotieonderzoek. Verder
wil ik ook Albert Eenink voor de waardevolle hulpdie hij,zowel als directeur van
de SVP als van het ATO, op verschillende manieren op een doortastende wijze
gegeven heeft.
Van de voormalige SVP wil ik met name Kees Krechting, Jans Schepers, Harry
Jonker en Fred van Eeuwijk bedanken voor hun waardevolle hulp en voor de
bijzondere werksfeer. Op het ATO bedank ik Johan Vereijken voor zijn rol als
klankbord voor de eerste versies van de meeste hoofdstukken en Paul de Bie voor
de assistentie bij het afronden van het experimentele gedeelte.
Als laatste wil ik Anja bedanken voor het veletypewerk, het corrigeren van de
manuscripten en voor de vele andere bijdragen dieje geleverd hebt. Hoewel deze
technische assistentie zeer belangrijk is geweest, is voor mijjouw morele steun van
nog grotere waarde geweest.

aan Anja,
aan mijn ouders.
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CHAPTER 1

GENERAL INTRODUCTION

Productionand usesofbread-wheat
In the total agricultural world production, cereals -wheat, rice, barley, maize,rye,
sorghum, oats and millet- are the most important crop with respect to the production
volume. Among these, wheat takes thefirstplace with an annual production volume
of 508-106tons in 1988,directly followed byrice [1].Bread-wheat(Triticum
aestivumL.) is the most common cultivated species of Triticum [2].The production
volume of durum or macaroni wheat (T.durum) wheat, which is primarily used for
the manufacturing of pasta's (macaroni, spaghetti etc.),was about 5% of thatof
bread-wheat (1975-1984; [3]).Because durum wheat is not grown in The
Netherlands, the name wheat will be used in this thesis exclusively for bread-wheat
(T. aestivum).
The most important food application of wheat is the manufacturing of bread [4].
Other applications are e.g. in thepastry, the biscuit, the feed and the starch and
gluten industry. Not all wheat fulfills the specifications outlined by the millers and
bakers for the manufacture of bread. The criteria which determine the suitability of
wheat for this application are: the milling properties, the dough properties and the
bread properties. The milling quality is beyond the scope of this thesis.
Bread-making quality refers here to the processing quality of wheat flour, which
includes the dough- and bread-properties.
Bread-making quality is a complex characteristic of wheat.Firstly, the consumers
demands and the bread-making technology differs largely between countries [4-6].
Therefore, it is not possible to formulate universally applicable criteria for
bread-making quality. In general, the volume of aloaf is considered as the most
important criterion for it [4],although other characteristics of the loaf (e.g.
shelf-life, crumb-structure, colour and appearance) and of the dough (e.g. strength,
stickiness, mixing requirement, water absorbance) are of importance aswell [4,7].
Secondly, it is not easy to determine the bread-making quality of a flour
unambiguously, because baking tests areprone to variability depending on the baker

and on technological differences. The conditions of the baking test should be
optimized for each flour [4].
Only a small proportion of the wheat grown in The Netherlands fulfills the
requirements of the baking industry. Of the wheat milled for human consumption by
the Dutch milling industry between 1985and 1990,about 25%was produced in
The Netherlands. This corresponds to 300,000 tons,which is only about 30%of the
total production volume of the Dutch farmers [8].Therest of the wheat used in
Dutch milling industry originates from other EC countries.The low quality of the
Dutch wheat results to a large extent from the low quality of the varieties and from
theagronomic and climatologicconditions.In someyearspre-harvest sprouting
occurs,which has a deteriorating effect [9].
To improve the bread-making quality of flours, technological measures (e.g.
improved technology and the use of additives) can be successful. The improvement
of the intrinsic bread-making quality of wheat by agronomic measures or by plant
breeding is important as this would enable the milling industry to use more
domestic wheat without requiring technological compensation for decreased flour
quality. As such, improved wheat quality is important to the Dutch farmers and the
milling industry.
The subject of this thesis is studying genetic factors that influence the
bread-making quality of wheat, but agronomic factors will be considered aswell.
The research aims primarily at developing a strategy for improving the breadmaking quality by plant breeding.
Flour components
A flour contains a large number of components, which essentially originate from the
endosperm of thekernel [10],but components from other kernel structures (e.g.
aleurone layer, germ and bran) are present as well. Differences in the baking
performance of flours are related to differences in the flour composition. The major
classes of the flour components are[4]:
- carbohydrates (70-80% of dry flour)
- proteins (8-18%of dry flour)
- lipids (1.5-2.5%of dryflour)
Each of these classes is composed of a large number of individual components,
which will be briefly discussed. Differences in characteristics of the components
which affect the bread-making quality of flours will also be discussed, with special
emphasis on characteristics which can be improved by plant breeding.

In thecarbohydrate fraction, starch is the main component. The amount of water
which must be added to a flour for an optimal baking result depends partly on the
level of 'starch damage'[4,ll] (i.e. the amount of sound starch granules which are
damaged, or 'activated' by mechanical stress during milling),which in turn depends
on the milling conditions and thekernel hardness [10].Thekernel hardness is toa
large extent genetically determined [12].As only a small number of genes controls
kernel hardness, this quality-affecting wheat characteristic can becontrolled by plant
breeding [12,13].Differences in the starch granule size may also affect
bread-making quality [14].According to Lelievre et al. [15] the optimal granule size
depends on theprotein content of the flours, which could bethecause of the
different effects of variation in starch granule size on the bread-making quality
reported in the literature [15].
The lipid fraction of a flour can be divided into two main fractions [16]: the
polar (glycolipids and phospholipids) and non-polar lipids (mainly triglycerides).
Part of the lipid fraction (about % of the total amount [17]) is bound to starch, the
so-called starch lipids [18,19].Another part of the lipids becomes bound to the flour
proteins during mixing. It is generally accepted that these lipid-protein interactions
are of importance for the bread-making quality [17,20,21].The effects of lipids on
the bread-making process are summarized by Pomeranz [16]. Shortening, or fat, is
frequently added to flours to improve loaf volume, dough properties and shelf-life
[22-24].For a good bread-making quality of aflour, a high content of the native
lipids and a high ratio of polar lipids :non-polar lipids is required [4]. Differences
in lipid content and composition between varieties, and differences between samples
of varieties grown at different locations, could be related to differences in
bread-making quality [23,25,26],but in other studies,these relationships were less
clear-cut [27-29].
In conclusion, differences in the composition of starch and lipids can affect the
bread-making quality of flours. This knowledge has so far not been used for
breeding for bread-making quality because the starch and lipid characteristics
studied do normally not appear to control the quality. Theprotein fraction is more
important in determining this characteristic of wheat.
Wheatflourproteins
The flour proteins can be classified according to their extractability and solubility in
various solvents. Traditionally, the Osborne classification procedure is used, which
has been developed in 1924 [see 30].In this procedure, sequential extraction of

flourresults in the following protein fractions: the albumin (water extraction),
globulin (salt solution extraction), prolamines (aqueous alcohol extraction) and
glutelins (dilute acid or alkali extraction).Later, the names gliadin and glutenin
were adopted for the prolamins and glutelins,respectively [30].These two fractions
areknown as gluten. In some studies,a protein fraction which is not extracted by
any of the Osborne solvents was identified and called 'residueprotein' [31]. The
glutenin and gliadin fraction accumulate in the endosperm of the wheat kernel
during kernel-filling and areconsidered to betrue storageproteins (see [32]).Some
of theproteins belonging to the albumin and globulin fractions have enzymatic
functions; the functions of other proteins are unknown [33].In general, the albumin
and globulin fractions each account for about 10%of the total amount offlour
proteins, the gliadin and glutenin fractions each for about 40%[33-35].
The amount of the flour proteins ispositively correlated with the loaf volume.
An increase in the protein content of flours from 10%to 14%results in an increase
in loaf volume of about 50% [36-38].Because only the amount of the gluten
proteins increases with an increase in protein content [4],the improvement of the
loaf volume wil be due to a higher amount of gluten. The slope of the regression
line of loaf volume on protein content differs between genotypes, which reflects
differences in protein quality.
Breeding for bread-making quality by increasing the protein content is hampered
by a negative correlation between the yield and theprotein content of the kernels
(see [13]).Furthermore, theamountof protein present in aflour is largely
determined by environmental conditions, which also hampers breeding for protein
content [13,39].In contrast, the protein qualityis primarily genetically determined.
Selection for protein quality enables breeding for improved bread-making quality
without a yield-penalty.
In determining the protein quality, the albumin and globulin fractions are
believed to be of no [4],or only of minor [33] importance.However, enzymes such
asproteases and amylases, which arepart of these fractions, do have an effect on
the bread-making quality. By far the most important are the gluten proteins, which
impart visco-elastic behavior to adough.Thisproperty, which makesgluten unique
among theplant proteins, is essential for theproduction of a leavened dough.
During mixing and rising of the dough, aproper gluten allows the formation and
expansion of gas-cells so that a high loaf volume and a good texture are formed. If
the gluten is weak and highly extensile, apoor bread-texture will result; agluten
which is not sufficiently extensile will result in a poor loaf volume [33]. Therefore,

especially the characteristics of the gluten proteins are of importance when breeding
for bread-making quality.
Small-scale testsfor bread-making qualityin breeding
Selection in the early stages of plant breeding by fast and small-scale tests is
required for efficient programmes, also in the case of bread-making quality.Fast
and small-scale tests can also be used in the milling and baking industry. It should
beemphasized however that the aims of the industry are not in keeping with those
of the breeders. The milling and baking industry is interested in areliable estimate
of thephenotypicquality, whereas the breeder is interested in thegenotypicquality.
The tests which have been developed aim at an as high aspossible correlation with
thephenotypic bread-making quality.
The requirements for a test applicable in early generation selection are:
1) small sample size,preferably awhole meal flour,
2) simple and fast methods,
3) good correlation with the genetically determined bread-making quality, and little
influences of variation in environmental conditions.
The traditional baking and dough-tests [4,7] are too time- and labor-consuming
and require far too much flour for application in early stages of a breeding
programme. These tests are however of importance in later stages of breeding
programmes.
Small-scale tests for bread-making quality are e.g. the Zeleny-, the Pelshenke-, the
residue protein- and the SDS-sedimentation test [see 4,40,41].The correlation
coefficients between theresults of these small-scale tests and the bread-making
quality ranges between 0.35 and 0.86 [see 42-44].In studies of Blackman and Gill
[42] and Axford et al. [43],the correlation was superior for the SDS-sedimentation
test. Theresults of the small-scale tests are not only determined by the protein
quality, but are also affected by differences in theprotein content of the flours [45].
As the protein content is mainly environmentally determined, this will decrease the
selection response. The heritability of small-scale tests was medium to high, and
varied between crosses [46] and between growing seasons [47].The occurence of
genotype *environment interactions limits the applicability of the tests [45,48,49].
Also Near-Infrared Reflectance (NIR) has been studied as a technique for the
prediction of the bread-making quality. In some studies the quality prediction was
poor [50-52]. However, Williams et al. [53] obtained accurate estimates for the

dough-characteristics and the loaf volume for hard spring wheat. In all,it has not
been proven yet whether NIR has apotential for predicting bread-making quality in
breeding programmes. In predicting other quality related characteristics of wheat,
e.g. protein content and wheat moisture,NIRcan be applied successfully [see52].
In the small-scale tests for early generation selection flours have to be used,
which implies that the tests are destructive. This is a drawback as in early
generations only small amounts of kernels are available. Furthermore, the tests give
no insight in the biochemical and the genetic basis of differences in protein quality.
Biochemicalcharacterization oftheglutenproteins
The poor solubility of the gluten proteins has limited the applicability of
biochemical separation techniques. For experiments using gel-filtration, extraction
procedures have been developed in which buffers were used containing urea and
CTAB (hexadecyltrirnethylarnmonium [54,55]), SDS (sodium dodecylsulphate [56]),
or SDS in combination with sonification of the sample [57,58].Because of these
stringent extraction conditions, the results of these studies may not be representative
for the situation in-vivoor in adough.
Gel-filtration studies revealed that the gluten proteins are highly polydisperse in
their molecular weight, with molecular weights up to several millions. Covalent
bonds (S-S bonds) and non-covalent interactions (hydrogen bonds and hydrophobic
interactions) are present between the gluten proteins. Thesecross-links play an
important role in the bread-making quality [33,59,60].The glutenin (solubility)
fraction comprises large protein aggregates (up to 20,000kD),composed of High
Molecular Weight (HMW) glutenin subunits cross-linked by disulphide bonds.The
gliadins are smaller, with elution positions ranging from 11to 63 kD.Also apeak
corresponding with a molecular weight of about 100kD is present in the gliadin
fraction [61].This peak comprises Low Molecular Weight (LMW) glutenin
subunits, which are linked by intermolecular disulphide bonds.
Electrophoretic techniques, such as PolyAcrylamide Gel Electrophoresis (PAGE)
at a low pH (A-PAGE),PAGE in the presence of Sodium Dodecyl Sulphate(SDSPAGE) and various two-dimensional techniques, were used to study the individual
proteins which constitute the solubility fractions.
The gliadin fraction of bread-wheats is composed of about 50 monomericproteins.
Based on their electrophoretic behavior during A-PAGE, theseproteins are divided
in a-, P-,y- and co-gliadins showing decreasing electrophoretic mobilities,
respectively. The co-gliadins show molecular masses of about 70kD,the other

groups of gliadins between 30 and 40 kD.Cysteine residues of the gliadins are
involved in intra-molecular disulphide bonds [30].
Upon reduction of the disulphide bonds of the glutenin, the component proteins can
be studied separately. Based on the molecular weight of the glutenin subunits, two
classes can be distinguished: the HMW (97-136 kD) and theLMW (31-48 kD)
glutenin subunits. Awheat variety contains 3-5 HMW glutenin subunits and about
15LMW glutenin subunits [7,16,30,33,62,63].Although the exact structure of the
glutenin aggregates is unknown, it is believed that subunits are head-tail linked by
disulphide bonds, and form linear aggregates [64,65,see also59].
It is generally accepted that the gliadins contribute to the dough-extensibility,
whereas theglutenins confer strength and elasticity to a dough [4,35,66].Based on
the sequence of HMW glutenin subunits and on the results of analysis with physical
techniques, Tatham and coworkers [67] suggested that the repetitive P-turn
conformation of thecentral region of the subunits form a P-spiral,which could be
responsible for the elastic properties. Ewart [65] suggested arole of the gliadins as
plasticizers between glutenin aggregates. The role of theLMW glutenin subunits is
unknown.
In conclusion, the solubility fractions differ considerably in their biochemical
characteristics and in their contribution to the physical gluten properties and hence
to the bread-making quality. It is believed that theratio between the amounts of
gliadin and glutenin is of great importance for the bread-making quality [4],
although according to Schofield and Booth [33] this has not yet been proven.
Therefore, it is important to study the effect of variation in the amount of protein
fractions in wheat on the quality of flours.
Variation intheamountofproteinfractions in wheat
Variation in the amount of solubility fractions has been studied extensively in
relation to the bread-making quality. Because different extraction procedures were
used byresearch groups, an accurate comparison of the results of different groups is
virtually impossible [33,68].Moreover, thebiochemical andgenetic interpretation of
these studies is hampered by the large experimental error in the isolation of these
protein fractions, by the complexity of each fraction and by the overlap in the
composition between fractions [30,31,68].
Differences between flours in the amount of solubility fractions - which probably
have resemblance to the Osborne gliadins and glutenins - have been related to
differences in bread-making quality [69-76].Because different extraction procedures

were used, the results can not be interpretated in terms of functionality of the
protein fractions. These studies revealed nevertheless several causes for the
differences in amount of the fractions. Firstly, the amount of the fractions may
differ between varieties and between locations [72,73].Secondly, the ratio between
these fractions is changing during kernel development [77,78] and during
germination or sprouting of the kernel [79,80].Thirdly, increase in the levelof
nitrogen-fertilization, which is known to increase the total amount of protein, results
in an increase in thegliadin/glutenin ratio caused by an increase in the proportion
of the gliadins [81].
Differences in the amount of groups of storage proteins have also been studied
using biochemical separation techniques, viz. SDS-PAGE and Reversed Phase-High
Performance Liquid Chromatography (RP-HPLC). Molecular weight regions of the
storage proteins as determined by SDS-PAGE patterns correspond roughly to the
various solubility classes [82].Differences in the amount of proteins in these
molecular weight classes were found between species related to bread wheat [82,83]
and between varieties [84].Sulphur deficiency during kernel development resulted
in an increase in therelative amounts of the HMWglutenin subunits and of thecogliadins [85,86].This is probably a consequence of the relatively low S-content of
these proteins. An increase in the nitrogen fertilization resulted with three outof
four varieties in an increase in the proportion of the gliadins, whereas the
proportions of the albumins and globulins decreased. In contrast, the proportion of
the glutenins seemed largely independent from differences in protein content[87].
In another study with different levels of nitrogen fertilization, it was shown by
electrophoretic analysis of the gliadins that the proportion of the co-gliadinsrelative
to the total amount of gliadins increased askernel protein content increased [88].
Variation in growing location may also affect the relative amount of gliadins [89]
and glutenin subunits [90],as determined by RP-HPLC analysis.Using the same
separation technique, changes were shown during kernel maturation in the
proportion of groups of glutenins (including the proportion of the HMW glutenins),
in the amount of gliadins and in the ratio between the individual HMW glutenin
subunits [91,92].Also the location of thekernel in the spike affects the proportion
of gliadins [92].Pests during kernel filling may also affect the amount of proteins
[93,94].
Care should be taken however with the interpretation of the results of Seilmeier et
al. [91] and Huebner et al. [92].In these studies, the gliadins and glutenins were
isolated as solubility fractions, before a detailed analysis by RP-HPLC of the

fractions. This could mean that theresults reflect differences in the extractability of
these proteins, rather than differences in the amounts produced by the plants.A
study of Kruger and Marchylo [95] illustrates that the extractability of proteins may
change. Apart of the HMW glutenin subunits become soluble in 50% 1-propanol
during germination, and may therefore be lost when isolating the glutenin as a
solubility fraction.
The above results show that the quantitative composition of the kernel proteins of
wheat, which is of prime importance for the bread-making quality, is subject to
environmental variation. The results obtained so far give no information on the
nature of the underlying genetic variation, consequently it is not known whether the
variation in amount of the protein fractions is amenable to plant breeding.
Biochemicaltechniques assmall-scale testsfor predicting bread-making quality
Knowledge of therelations between biochemical characteristics of the proteins and
bread-making quality can be exploited in the development of small-scale tests for
the prediction of the bread-making quality. Abiochemical separation technique as
HPLC can be a usefull test because it is relatively simple and fast and allows the
use of small amounts of sample.
The aggregation behavior of the kernel proteins has been related to bread-making
quality. A high proportion of large aggregates, which probably corresponds with a
high proportion of glutenin, has been related positively [55,96,97] or negatively [98]
with bread-making quality. This contradiction can becaused by differences in
extraction-efficiency; especially large aggregates appear to be poorly soluble [59].
Size Exclusion (SE)-HPLC for determining the aggregation behavior of the gluten
proteins, has been suggested as a fast and relatively simple selection technique.A
drawback of this technique is that the results of gel-filtration depend on the levelof
extraction.Furthermore, other flour components [99] may also affect the levelof
aggregation.
The amount of glutenin subunits separated by RP-HPLC which are present in two
peaks has been related to the bread-making quality [100]. The constituent proteins
of these peaks were not identified. Regression equations to predict the bread-making
quality, using the amount of the protein in thesepeaks as variables, allowed
discrimination between poor, mediocre and good bread-making quality. In a second
year of testing, the predictive power of the equations was lower [101], but still
enabled discrimination between poor and good bread-making quality.
The amount of gliadins too wasrelated to bread-making quality. A specific

region in a RP-HPLC chromatogram, named the 'Baking Quality Gliadin Fraction
(BQGF),was negatively correlated with quality [102]. Samples grown at different
locations were used, with different sets of varieties at each location. Correlation
coefficients between theproportion of thegliadins in the BQGFfraction and the
bread-making quality of varieties grown at the same location differed between
locations and ranged between -0.61 to -0.93 [102]. In another year, these correlation
coefficients were comparable [103]. For samples grown at different locations, the
correlation coefficients between BQGF and bread-making quality was less than 0.36 or were not significant [103].Therefore, quantification of BQGFfor predicting
the quality can only be used to compare wheats grown at the same location.
Peak regions of the 70% ethanol soluble proteins separated by RP-HPLC have been
related to dough-extensibility but there was norelation with other dough
characteristics and loaf volume [104].
The amount of the HMW glutenin subunits extracted in 50% 1-propanol relative to
the amount of these proteins extracted in 50% 1-propanol +dithiothreitol was
inversely related with dough strength. The ratio between the HMW glutenin
subunits and the LMW glutenin subunits, extracted in 50% 1-propanol+
dithiothreitol, increased with increasing dough strength [105]. The proteins were
quantified using RP-HPLC. In a subsequent study, only the first relationship could
be confirmed [106].
In conclusion, the studies using biochemical separation techniques have shown
relations between the amount of specific groups of proteins and bread-making
quality. It is not known whether these techniques estimate thegenotypicor
phenotypicbread-making quality. It has not been proven either whether such tests
are to be preferred to classical quality prediction tests.In general, the protein
(peaks) arepoorly characterized (with the exception of [105] and [106]); therefore
theresults can not be used to define specific components which contribute to the
quantitative variation.
The typeof the gluten proteins, as determined by electrophoresis, is a major
determinant of protein quality. There is a considerable knowledge on the relation
between the bread-making quality and differences in the type of the gliadins (see
[107-109]) and the type of HMW glutenin subunits (see [110,111], see also Chapter
2 of this thesis). There is only limited information on this relation for theLMW
glutenin subunits [112,113].Because the type of theproteins is genetically
determined, and not affected by variation in environmental conditions, these
relations are of major importance for breeding for improved bread-making quality.
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Geneticsof thegluten proteins
Bread wheat (J.aestivum) is an allo-hexaploid species.Each genome (denoted by
A, B and D) is composed of 7pairs of chromosomes (numbered 1to 7).Glutenins
and gliadins are encoded by genes at the following loci [11,63,66,114]
- Glu-1loci, located on the short arm of chromosomes 1A, IB and ID. Two
closely linked genesencoding the HMWglutenin subunits are located at these
loci [115].
- Gli-1loci,located on the short arm of 1A, IB and ID, encoding the LMW
glutenin subunits and the GO-andy-gliadins.
- Gli-2loci,located on the short arm of chromosomes 6A,6B and 6D;encoding
the a- and p-gliadins.
In wheat varieties, an extensive allelic variation is present at these loci.For each
of the Gli-loci, about 10gliadin alleles were described [116], which are identified
by differences in the mobility during A-PAGEof the gliadins encoded. For the
LMW glutenin loci, 6 (A-genome), 9 (B-genome) and 5 (D-genome) alleles were
described by Gupta and Shepherd [117]. Because the gliadin genes are linked to the
LMW glutenin subunit genes at the Gli-Iloci,the effects of allelic variation in
gliadins and LMW glutenins cannot easily be distinguished.

Figure1.1SeparationofthestorageproteinsofsevenwheatvarietiesbySDS-PAGE. The arrow
indicatesthedirectionofelectrophoresis. TheregionofthegelwhichcontainstheHMWglutenin
subunitsisindicatedbyabar.
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The HMW glutenin subunit alleles are identified by the relative mobilities(R,„)
during SDS-PAGE of the subunits encoded (Figure 1.1 and 1.2). For the three Glu-I
loci, 3 (Glu-Al), 11(Glu-Bl) and 6 (Glu-Dl) alleles have been described [118].
Landraces of wheat and wild relatives of T.aestivum contain a large numberof
alleles which are notpresent in established varieties. The number of possible
permutations at theloci is therefore enormous.Because only the HMW glutenin
subunits are studied in this thesis,literature concerning the gliadins andLMW
glutenins will not be discussed hereafter.
Because of their specific contribution to thedough properties,impartingviscoelastic behavior to a dough, and because allelic variation has been related to
differences in bread-making quality (see hereafter), the structure of the HMW
glutenin subunit genes has been object of several studies.As the subunits are
virtually insoluble in solvents traditionally used in biochemical studies,most of the
knowledge of protein structure is derived from the nucleotide-sequences of the
genes.The nucleotide sequence of anumber of HMW glutenin subunits hasbeen
published [119-123].These genes differ only slighdy in their sequences and havea
similar basic structure: the N-termini of the mature subunits are preceded by a21
residues long signal peptide [120]. The mature subunit consists of three domains
[see 124for a review];a central domain, composed of repetitive motifs and two
non-repetitive domains at the N- and C-terminal part of the protein. The cysteine
residues, which form inter-molecular disulphide bonds and as such being of
importance for the bread-making quality, are primarily located in the N-termini.
Onecysteine residue is present in the C-terminal part and onecysteine residue is
present in the central domain of some subunits. Sequences involved in the
regulation of the gene expression, including the TATA and CAAT box, are present
as well.A '-300 element', which is present in storage protein genes of wheat,
barley and maize [121]may also be involved in theregulation of the expression of
HMW glutenin subunit genes [120], although there is some controversy about its
significance [125].The HMW glutenin subunits are synthesized only in the
endosperm of the developing wheat kernel, and not in other tissues [see 126]. This
tissue-specific expression is also observed when the genes are introduced in tobacco
[127].It has been established that a cw-acting 433 base-pair long element in the
promoter region of the gene was essential for tissue specificity. In this segment, a
40 base-pair enhancer element ispresent, which is located 170bp upstream of the
transcription initiation site of the particular gene studied, which encodes subunit 12
in Chinese Spring. This enhancer is believed to be involved in the spatial and
12

temporal regulation of the gene expression [125].
DifferencesinqualityofHMWglutenin alleles
A large number of research groups studied allelic variation at the Glu-Ilociin
relation to theprotein quality (seeChapter 2 of this thesis).This variation appears
to be important for the bread-making quality in countries in western Europe [110],
probably because of the low protein content of wheat grown in this area. In other
countries,e.g. Canada, the Soviet Union and theUnited States,theprotein content
is higher and as such theprotein quality appears to be less important [see 128].
At each locus, alleles have been identified which differ in their contribution to
the bread-making quality (see Figure 1.2).
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Figure1.2SDS-PAGEoftheHMW gluteninsubunit(s)encodedbyallelesattheGlu-Al, Glu-Bl
andGlu-Dl lociofwheat,respectively.Thearrowindicatesthedirectionofelectrophoresis. A
varietynormallycontainsateachlocusoneofthesealleles,althoughotherallelescanoccur. On
thelefthandsideofeachgroupofallelesisthebandingpatternofthesubunitsofChinese Spring.
Reprintedwithpermissionfrom PayneandLawrence [118].
The contribution of the HMW glutenin subunit alleles to thequality has been
determined by relating the presence or absence of an allele in varieties orin
segregating progenies to the bread-making quality. Only the 'quality' of alleles
which are most frequent in established wheat varieties has been determined.
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Methods which enable a less time-consuming and aless expensive prediction of
the contribution to the quality of an allele are not known. Attempts have been made
to relate differences in the structure of the subunits to the differences in quality of
the alleles.Differences in the length of acontinuous (3-spiralof the central region of
allelic subunits, which may contribute to the elastic properties of the gluten
according to Tatham and coworkers [67],has been suggested as a causeof
differences in quality [129]. Also the number of cysteine residues and the
composition of the amino acids adjacent to the cysteines differs between subunits,
but there is no evidence that this iscausing the differences in quality [130,131].
Alarge amount (30%-79%) of the variation in bread-making quality between
varieties has been ascribed to variation in the HMW glutenin subunit genotype (see
Chapter 2).The HMW glutenin subunit alleles can therefore beconsidered as major
genes in the quantitative trait bread-making quality. The 'high-quality' HMW
glutenin subunit alleles which have been identified sofar (Figure 1.2) can beused
by plant breeders for improving bread-making quality. The question whether the
HMW glutenin subunit alleles are also a useful selection criterion depends on their
contribution to the variation in bread-making quality in breeding material.This
contribution in breeding lines may differ from that in established varieties (see also
Chapter 2).
Outlineofthe thesis
This thesis presents studies on the variation in the type and the amount of the
HMW glutenin subunits in relation to the bread-making quality of wheat. In contrast
to differences in the type of the HMW glutenin subunits, little is known about the
variation in the amount of these proteins, especially about the mechanisms
underlying this variation. This isremarkable because it is well known that
differences in (relative) amounts of groups of gluten proteins (including the HMW
glutenin subunits) have considerable effects on the bread-making quality. Therefore,
in the research described here,genotypic and environmental variation in the amount
of the HMW glutenin subunits has been studied. The results are discussed in
relation to the possibilities to use variation in HMW glutenin subunit composition,
qualitatively as well as quantitatively, in breeding for improved bread-making
quality. The results can also be important for improving the quality of wheat for
other applications, such as in the pasta-, pastry-, cookie- and starch-industry and for
application of the gluten produced by the starch industry.
In Chapter 2, the effect of variation in HMW glutenin subunit genotype on the
14

loaf volume is studied. The alleles wereranked for quality, but also the contribution
of variation at the Glu-Iloci to variation in bread-making quality was analyzed. To
exploit the differences in contribution to quality of alleles in plant breeding, it is
essential that these alleles can be identified unambiguously. However, this
identification can be hampered by the wide allelic variation. Therefore, variation in
the type of the subunits is studied in Chapter 3,with special emphasis on the
limitations of SDS-PAGEfor allele identification. Chapter 4 to Chapter 7 deal with
variation in the amount of individual HMW glutenin subunits. Because the methods
for quantification of the subunits all have drawbacks for thisparticular application,
a new method has been developed (Chapter 4).In Chapter 5 and 6, the effect of
variation in environmental conditions and the effect of genetic variation on the
amount of the individual HMWglutenin subunits is studied. The results are used to
study genetic variation in the amount of the subunits in a set of varieties in Chapter
7. In Chapter 8, the level of expression of the HMWglutenin genes is investigated.
It is shown that the level of gene expression can differ by a factor 2 within a
variety. Furthermore, the relation between the contribution to the bread-making
quality of an allele and the amounts of the subunits produced will be studied, a
subject which has not been studied in the literature so far.
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CHAPTER 2

ADDITIVE AND EPISTATIC EFFECTS OF ALLELIC VARIATION AT
THE HIGH MOLECULAR WEIGHT GLUTENIN SUBUNIT LOCIIN
DETERMINING THE BREAD-MAKING QUALITY OF BREEDING LINES
OFWHEAT1

PKolster, FA van Eeuwijk2, WMJ van Gelder

Summary
The relation has been studied between the High Molecular Weight glutenin (HMWg) subunit
alleles and the bread-making quality of 226 lines of winter wheat (Triticumaestivum L.), grown in
The Netherlands. The lines represented a wide range of genetic backgrounds, and had not been
selected for quality, in contrast to the established varieties used by other authors.
The variation in HMWg subunit genotypes accounted for about 20% of the total variation in loaf
volume among the lines. Most important was the allelic variation at the Glu-Dl locus.The Glu-Dl
allele encoding the subunit 5+10 was superior to its allelic counterpart, encoding 2+12. The
difference in average loaf volume between groups of lines containing 5+10 or 2+12 was positively
related with protein content of the flours. When protein content Glu-Iloci also below 9.2%, no
effect of allelic variation at the Glu-Dl locus was present. Epistatic effects between the also
contributed to the variation in loaf volume of the lines: i.e. the effect of allelic variation at Glu-Al
and Glu-Bl depended on the allele present at the Glu-Dl. The contribution of the epistatic effects
was about half the contribution of the additive effects, and should therefore be included in
predictive models for bread-making quality.

1
2

Euphytica 55 (1991): 277-285
DLO-Centre for Plant Breeding and Reproduction Research (CPRO-DLO)
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Introduction
The variation in amount and composition of the storage proteins of wheat (Triticum
aestivum L.) contributes to the variation in bread-making quality between
genotypes.The bread-making quality of wheat, here defined as the volume of the
loaf, is positively correlated with theprotein content of the flour. Moreover, the
regression of loaf volume on protein content is genotype-specific, which reflects
differences in protein quality (Finney and Barmore 1948).Protein quality depends
on the genetically determined composition of the storage proteins. These proteins
consist of a number of fractions, viz.the High Molecular Weight glutenin (HMWg)
subunits, the Low Molecular Weight glutenin (LMWg) subunits and the gliadins
(Schofield and Booth 1983;Shewry et al. 1986).Each of these fractions may
contribute to the bread-making quality of wheat. Other kernel characteristics, such
as hardness, lipid composition and starch properties are also important in this
respect.
The relationship between the allelic variation in composition of the HMWg
subunits and the bread-making quality has been studied, using varieties (Wrigley et
al. 1982;Moonen et al. 1983;Branlard and Dardevet 1985;Campbell et al. 1987;
Lawrence et al. 1987;Odenbach and Mahgoub 1987;Payne et al. 1987b; Ng and
Bushuk 1988),breeding lines (Payne et al. 1979, 1981;Moonen et al. 1982;
Cressey et al. 1987;Lorenzo et al. 1987; Van Gelder et al. 1987) and near-isogenic
lines, inbred backcross lines or recombinant inbred lines (Moonen and Zeven 1985;
Payne et al. 1987a; Odenbach and Mahgoub 1988;Carrillo et al. 1990).TheHMWg
subunits are encoded by three complex homeoallelic HMWg subunit loci, the
Glu-Al, Glu-Bl and Glu-Dl loci. On each HMWg subunit locus, alleles arepresent
which show different relationships with the bread-making quality. Payne and
coworkers (1979, 1987b)ranked the alleles of the three Glu-Iloci for their
contribution to bread-making quality, after determination of the quality of the lines
of segregating progenies by the SDS-sedimentation test according to Axford et al.
(1979). In general, these observations were confirmed by others (Moonen et al.
1982; Branlard and Dardevet 1985;Campbell et al. 1987;Cressey et al. 1987),but
in these studies, there was no, orjust a weak, contribution of allelic variation at
Glu-Al and Glu-Bl to the variation in bread-making quality. In other studies, the
ranking of the alleles of Glu-Al (Moonen et al. 1983;Van Gelder et al. 1987;
Pogna et al. 1989) or Glu-Bl (Odenbach and Mahgoub 1988) differed from the
results obtained by Payne and coworkers. All authors agreed upon a considerable
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effect of the Glu-Dl locus.
To enable a prediction of the bread-making quality of lines in a breeding
programme, Payne et al. (1987b) assigned a quality score to the alleles of the Glu-I
loci - the Glu-Iquality score - which is based on the ranking of the alleles for
bread-making quality. Assuming theeffect of the alleles to be additive,the breadmaking quality was predicted by adding the scores of the alleles present in the
particular line. Pogna et al. (1989) developed a scoring system based on aranking
of the HMWg alleles for the alveograph W value.A significant relationship
between Glu-Iquality score and bread-making quality was reported for varieties
grown in Britain (Payne et al. 1987b), Spain (Payne et al. 1988),Canada (Lukow et
al. 1989) and Germany (Rogers et al. 1989).About 30%to 79%of the variation in
bread-making quality of these varieties was ascribed to the variation in Glu-Iscore.
Ng and Bushuk (1988),who analyzed the HMWg subunit composition instead of a
score,estimated 67.5%of the variation in bread-making quality of Canadian-grown
wheat varieties to be accounted for by the variation in the HMWg genotypes.
In view of these findings, the quality of individual alleles of the HMWg loci has
generally been suggested as a selection criterion in breeding programmes for breadmaking quality. However, it is questionable whether the studies quoted, in which
varieties are used, are representative of the breeding situation. In varieties, the
amount of variation in bread-making quality which can be ascribed to allelic
variation at the Glu-Iloci, might be affected by common ancestry (pedigree effects)
(Wrigley et al. 1982),and the selection for bread-making quality during the plantbreeding process (Campbell et al. 1987).Furthermore, it has been shown that score
systems based on the HMWg alleles are not always adequate in predicting the
bread-making quality of breeding lines (Van Gelder et al. 1987;Brunori et al. 1989;
Graybosch et al. 1990).Finally, Van Gelder et al. (1987) showed that therelation
between the presence of an HMWg allele and the bread-making quality depended
on the HMWg allele composition.
The aim of this study was to investigate whether the HMWg subunit allele
composition can be used as a means of predicting bread-making quality of breeding
lines.For this purpose, it was decided to use lines which a) wererandomly chosen,
i.e. had not been selected for bread-making quality, and which b) originated from
crosses between genotypes differing widely in genetic background. A preliminary
analysis carried out on a limited number of the lines was presented elsewhere (Van
Gelder et al. 1987).
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Material and methods
Plant material
In this study, lines of winter wheat were used, which were developed in the
breeding programme for bread-making quality of the former Foundation for
Agricultural Plant Breeding (SVP) (Mesdag 1985).The lines had not been selected
for bread-making quality, but for agronomic performance only. Therefore, they are
considered at random with respect to the property studied here.In the crossing
programme, SVP breeding lines and varieties were used. In total, 226lines,
originating from 156crosses, were analyzed. Twenty crosses were between two
varieties, 58 between a variety and a breeding line, and 78 between two breeding
lines. About 74% of thecrosses resulted in one line, 18%in two lines, and 8%in
more than two lines.The varieties introduced in the crossing programme had
diverse origins (Table 2.1).
Table 2.1 Country of origin of varieties used in the breeding programme, and the number of times
that a cross with a variety resulted in a line after selection.
Country

Netherlands
United States
France
Germany
Belgium
USSR
Rumania
Switzerland
Austria
United Kingdom
Italy
Bulgaria
Unknown

Number of varieties

4
11
6
11
1
2
1
4
2
1
2
1
1

Number of times a variety
was used as a parent
1

2

3

1
7
2
4

1
2

1

1
1
1
1
1
2
1
1

3
1

2
1

4

5

1
1
3

1
1

6
1

1
3
1

The breeding lines used in theprogramme originated from 92crosses, and were
likewise derived from a large number of varieties. Therefore, the lines used in the
baking tests had a wide range of genetic backgrounds. Lines grown from 1980to
1988,except 1984,were used. In 1984,only baking tests without the addition of
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ascorbic acid were performed. Each year, a unique set of lines was grown in
duplicate, under standard agronomic conditions on plots of at least 6m2.
Bread-making tests
The bread-making quality of flour from kernels milled on a Brabender QuadrumatJunior mill, was determined using the micro-baking test described in detail by
Meppelink (1981).Baking tests werecarried out using unfortified flour and using
the flour after addition of 25 ppmKBr03 (from 1980to 1982)or 25ppm ascorbic
acid (in 1983 and from 1985 to 1988).All baking tests were in duplicate. Samples
showing a falling number (ICC standard 107)lower than 170werediscarded. Only
theresults of baking tests with the addition of oxidizing agents are reported here.
Theprotein content was determined as N x 5.7, after Kjeldahl digestion and using
an auto-analyzer system, and was expressed on a 100%dry weight basis.
Electrophoresis
The HMWg subunit composition of flour samples was determined by SDS-PAGE
using electrophoretic conditions described elsewhere (Kolster et al. 1988,Chapter 3
of this thesis) and 8.3% acrylamide gels (Lawrence and Shepherd 1980).If
necessary, the samples were additionally analyzed using a 7.5% or 10%gel,to
separate subunits 2 and 2*or 9 and 10,respectively (Lawrence 1986).HMWg
subunits were identified according to Payne and Lawrence (1983).
Table12 OccurrenceofHMWgallelesattheGlu-Al, Glu-Bl andGlu-Dl lociinapopulationof
226randombreedinglinesofwinterwheat.
Glu-Al locus
subunits
0
1
2*

Glu-Bl locus

number %
94
57
75

42
25
33

subunits
6+8
7
7+8
7+9

Glu-Dl locus
number %
80
85
44
17

35
38
19
8

subunits
2+12
5+10

number %
143
83

63
37

A small number of lines contained subunits 13+16,20 and 21 (Glu-Bl locus) and
subunits 3+12 (Glu-Dl). These lines were not included in the set of lines used in
the statistical analyses. Heterogenous lines containing different HMWg subunit
genotypes were also excluded from the set of lines. In the remaining 226lines,
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three Glu-Al alleles, seven Glu-Bl alleles and three Glu-Dl alleles were identified.
Table 2.2 shows the frequencies of the HMWg subunits occurring in theselines.
The presence of y-secalines was determined in the lines, using aprocedure derived
from Payne et al. (1987b). Only five lines contained these proteins, therefore their
possible effect on the bread-making quality was not included in the analyses.
Statistical analyses
Therelationship between the alleles of the Glu-Al, Glu-Bl and Glu-Dl loci and
loaf volume, which is a quantitative variable, can be analyzed in a familiar analysis
of variance set-up with a few modifications to account for idiosyncracies of the
data. A variation in water absorption and protein content of the flour and in kernel
hardness can affect theloaf volume.Preliminary analyses showed that, besides the
qualitative factors representing the Glu-Ialleles, only theprotein content merited
incorporation in the statistical model. Years was treated as a block factor.
The combinations of the alleles at the three Glu-Iloci did appear in unequal
frequencies in the data. To compensate for this, weights were assigned to the
individual observations, so as to make the total weight 1for each of the possible
Glu-Al *Glu-Bl *Glu-Dl allele combinations. It seems not superfluous to note
that weighting may lead to biased estimates.The weighting resulted in what is,
probably counter-intuitively, called an unweighted means analysis (Searle 1971;pp
365-369).
Although the model was balanced with respect to the allele combinations, it was
not balanced when years and protein content were considered. As a consequence,
treatment effects are not orthogonal, and the size and significance of terms depends
on the order in which the terms are added to the model (Searle 1971;Mead 1988).
Areasonable strategy for assessing the relevance of a term is to estimate its sums
of squares when fitted as thefirstor thelast in arow of comparable terms (the
main effects for the loci and protein content on the one hand, and the interaction
terms between two loci, or alocus and protein content on the other hand).This
results in estimates of themaximum or minimum impacts of a term on theloaf
volume respectively. Significance of the terms can be deduced from the variance
ratios. Genstat (Genstat 5committee 1987) was used for the statistical analyses.
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Results
The results of the analysis of variance for the loaf volume of the lines are presented
in Table 2.3. The sums of squares are given as percentages of the total sum of
squares and can be interpreted as indications of the relevance of the various terms.
Due to nonorthogonality of the terms, the percentages of the total sums of squares
do not add up to 100%. The fitting order of the terms (see Material and methods)
was found to be not relevant to the overall conclusions.
Table 2J Analyses of variance of loaf volume. Minimum and maximum estimates for the sums of
squares (see Material and methods), expressed as percentages of the total sum of squares, and the
corresponding variance ratios. Variance ratios are approximately F distributed, c 2 = 141.Year was
treated as a block term.
Sums of squares
1

Variance ratios

Source

df

minimum

maximum

year
protein content(pc)
Glu-Al
Glu-Bl
Glu-Dl
Glu-Al • Glu-Bl
Glu-Al » Glu-Dl
Glu-Bl • Glu-Dl
Glu-Al »pc
Glu-Bl * pc
Glu-Dl * pc
error
total

6
1
2
3
1
6
2
3
2
3
1
195
225

24
15
1
2
8
1
2
3
1
1

24
21
2
4
9
1
3
3
2
1
7
31

1

3
31

minimum
93.1***
1.8 n.s.
3.9 **
50.3 ***
1.1 n.s.
7.2 ***
5.5 ***
1.8 n.s.
1.4 n.s.
20.5 ***

maximum
136.3
6.4
8.3
55.4
1.2
10.0
7.3
6.8
1.2
46.4

df=degreesof freedom
n.s.=notsignificant; *=P<0.05; **=P<0.01; ***=P<0.001

The year in which the lines were grown accounted for 24% of the total variation
in loaf volume. In this study, the year effect is caused by the variation in the
growing conditions and the use of a different set of lines each year. The variation in
protein content of the flours also had an important contribution to the variation in
loaf volume. Because of a highly significant (P <, 0.001) interaction between protein
content and the Glu-Dl locus in determining loaf volume, this effect is studied in
more detail hereafter.
For loafs baked from flour of lines containing Glu-Dl subunits 2+12, an increase in
protein content of 1% resulted in an increase in loaf volume of 10.8 ml, whereas
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flour of lines containing its allelic counterpart 5+10showed an increase of 25.3 ml
(Figure 2.1).
550

loaf volume (ml)

500

450

400

350

10

11

12

protein content (%)

Figure2.1Thefitted regressionlinesofloafvolumeonproteincontentofflourofbreedinglines
containingGlu-Dl allele2+12(
)and5+10( ).
The protein content accounted for 15-21% of the variation in loaf volume,the
Glu-Dl *protein content interaction accounted for an additional 3-7% of the
variation. When theprotein content waslow, such as in 1983 when the average
protein content was 9.2%, groups of lines containing Glu-Dl subunits 2+12 or 5+10
did not differ in loaf volume (Figure 2.1). As theprotein content increases to above
9.2%, in thepresent study up to 14%,thedifference between these groups of lines
increases.Branlard (1987), who studied genotypes with aprotein content varying
from 10to 19%,found effects of HMWg alleles on the bread-making quality
between 10%and 15% protein, and no effects when the protein content exceeded
15%. Therefore, the effect of variation in HMWg allele composition depends on the
protein content of the flour used in the baking tests.
The allelic variation at the Glu-Dl locus contributed importantly (Table 2.3) to
the variation in loaf volume between the breeding lines. Glu-Dl subunits 5+10 were
superior to its allelic counterpart 2+12 (Figure 2.1 and Table 2.4),which agrees
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with the results of others (Payne et al. 1987b;Pogna et al. 1989;Branlard and
Dardevet 1985;Moonen et al. 1983;Van Gelder et al. 1987).
The effect of the variation in HMWg allele composition on the variation in loaf
volume not only depended on additive effects between the loci; interactions between
alleles of the Glu-Al and Glu-Dl loci, and between alleles of the Glu-Bl and
Glu-Dl loci, contributed significantly (P^ 0.001, Table 2.3) to the variation in loaf
volume.The epistatic effects of the Glu-Iloci in determining the loaf volume are
shown in Table 2.4. Glu-Al subunits 1and 2*are superior to Glu-Al null (0) only
in combination with Glu-Dl subunits 5+10.This Glu-Al effect in the presence of
Glu-Dl subunits 5+10is in agreement with the effects of the Glu-Al alleles
irrespective of the allele composition of the other loci asfound by Payne et al.
(1987b).When Glu-Dl subunits 5+10 are present, Glu-Bl subunits 7+8 and 7+9 are
superior to the other Glu-Bl subunits. This effect is in general agreement with the
results of Payne et al. (1987b), whoranked the subunits coded for by theGlu-Bl
locus as follows: 6+8 = 7< 7+9 < 7+8.However, when the allele composition of
the Glu-Dl locus is taken into consideration, it appears that the Glu-Bl allele
encoding the subunits 7+8 are significantly inferior to its allelic counterparts only in
thepresence of Glu-Dl subunits 2+12.
Table2.4Theloafvolumeofgroups oflines,differing intheirHMWg allelecomposition,
accordingtothefitted statisticalmodel. Proteincontentinthemodelwas11.6%, beingthe average
forthedataused. LSD (0.05)forGlu-Al * Glu-Dl =12, LSD forGlu-Bl * Glu-Dl = 14.
Glu-Dl

Glu-Dl

Glu-Al

2+12

5+10

Glu-Bl

2+12

5+10

0
1
2*

435
428
445

457
488
471

6+8
7
7+8
7+9

436
442
423
443

455
456
483
494

Another factor that interacted with the allele composition is the addition of
oxidizing agents, as it appeared that when loafs were produced without addition,
only the Glu-Bl subunits 7+9 were superior to the other Glu-Bl alleles in
combination with Glu-Dl subunits 5+10 (results not shown).
The interaction effect between the Glu-Al locus and protein content, when the
term was fitted as the first in therow of interaction effects (see maximum columns
in Table 2.3), is due to the Glu-Al *Glu-Dl and Glu-Dl *protein content
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interactions.
The epistatic effects between the Glu-Iloci accounted for 6-7% of the variation
in bread-making quality between the lines,whereas the additive effects accounted
for 11-15%.The interaction effects were slightly less pronounced when analyzing
loaf volume without the addition of oxidizing agents (results not shown).

Discussion
Thechoice to use theHMWg allelecomposition in the statistical analyses, and not
analyses of scores assigned beforehand (Payne et al. 1987b, 1988;Lukow et al.
1989; Rogers et al. 1989),was motivated by the fact that scores imply that the
Glu-Ialleles exert the same influence under all circumstances. As shown in this
study, this is not the case.The variation in loaf volume between the breeding lines
is, after correction for the nuisance factor years,primarily determined by the
variation in protein content of the flour produced from the kernels of thelines.
Allelic variation at the Glu-Dl locus has an important effect upon the bread-making
quality. In addition, epistatic effects of the Glu-Iloci contributed to the variation in
bread-making quality.
Interactions between the HMWg alleles in determining the bread-making quality
have been described before. Lorenzo et al.(1987) reported in genotypes
heterozygous on the Glu-Iloci intra-allelic interactions (dominance). Payne et al.
(1987a) showed that, in near-isogenic substitution lines, the reduction in breadmaking quality (determined by the SDS- sedimentation test) as a result of the
substitution of HMWg alleles by a null-allele depended on the composition of the
remaining subunits. Odenbach and Mahgoub (1988) reported interactions in inbredbackcross lines between Glu-Bl subunits 7+8 and 7+9 and Glu-Dl subunits 5+10
and 2+12 in determining the bread-making quality, as determined by the Zeleny
sedimentation test. This interaction is essentially the same as the Glu-Bl *Glu-Dl
interaction reported in this study. Furthermore, epistatic effects between HMWg
alleles in determining the SDS-sedimentation volume are also described by Carrillo
et al. (1990),who used F2-derived Fg lines originating from onecross.The
interactions reported in the studies quoted may only be present in the specific
genetic backgrounds of the lines used, or the contribution of these interactions to
the variation in bread-making quality can be affected by the genetic background.
Therefore, it cannot be determined from these studies whether these epistatic effects
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are of importance for the breeding for bread-making quality. The results presented
in thepresent study do show that epistatic effects have an important contribution to
the variation in loaf volume between Dutch breeding lines differing widely in
genetic background, and should therefore be taken into consideration in breeding for
bread-making quality.Furthermore, when establishing the contribution to the breadmaking quality of a new HMWg allele,the interactions between the alleles on the
other Glu-Iloci might affect thephenotypic expression of the quality of the new
allele.The cause of the epistatic effects between alleles on homeologous loci is not
known. Causes can be at the biochemical (protein-protein interactions) or at the
genetic level (gene-expression depending on the type of allele present at
homeologous loci).
The degree of variation in bread-making quality which can be ascribed to
variation in HMWg genotypes, 17-22%,is low compared with other studies (Payne
et al. 1987b, 1988;Lukow et al. 1989;Rogers et al. 1989;Ng and Bushuk 1988).
The unbiased experimental material - the wide genetic origin of the lines used in
thepresent study, and the absence of selection for bread-making quality during the
breeding process - may have contributed to this discrepancy. However, an accurate
comparison is hampered by the use of the Glu-Iscore in the statistical analysis in
the studies quoted, instead of the actual allele make-up of the HMWg genotypes,
with the exception of Ng and Bushuk (1988). Comparison is furthermore hampered
by the use of different criteria for bread-making quality, such as the Zeleny
sedimentation test and the alveograph W value (Payne et al. 1988),the loaf volume
(Lukow et al. 1989;Ng and Bushuk 1988),or the bread-making quality as
determined by the classification of varieties after variety testing (Payne et al. 1987b;
Rogers et al. 1989).
Differences in quality of HMWg alleles have generally been suggested as an
important tool for the breeding for bread-making quality. Because of the low degree
of variation in loaf volume, which can be attributed to the variation in HMWg
genotypes in the set of lines used in the present study, its importance should not be
overestimated. The response to selection obtained by selection techniques estimating
the quality of the total flour proteins, such as the SDS-sedimentation test, equals the
response obtained by selection for HMWg alleles (Kolster, unpublished results).
However, the introduction into a breeding programme of high quality HMWg alleles
is an important first step to increase the bread-making quality.
In studying therelation between the composition of the HMWg subunits and the
bread-making quality, the possible effect of variation in amount of individual
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HMWg subunits has hardly been studied sofar. A study on this subject is in
progress to see whether it isrelevant and possible to optimize the composition of
the HMWg subunits qualitatively aswell as quantitatively.
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CHAPTER 3

VARIATION IN HIGH MOLECULAR WEIGHT GLUTENIN SUBUNITS OF
TRITICVMAESTIVUM AND T. TURGIDUM SSP. DICOCCOIDES1

P Kolster, CFKrechting2, WMJvan Gelder

Summary
Two-dimensional electrophoresis revealed biochemical variation for Glu-Bl High Molecular
Weight glutenin (HMWg) subunit 7 present in Dutch wheat (Jriticum aestivum L.) varieties. This
variation was not recognized by Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE). In T. turgidum ssp. dicoccoides, HMWg subunits were detected which do not occur
in varieties. Some of these subunits show similar relative mobilities during SDS-PAGE as subunits
present in varieties and as such unambiguous identification is not possible. Before species related
to T. aestivum are used in a breeding programme, their HMWg subunits should be identified by
two-dimensional electrophoresis, in order to avoid the introduction of HMWg subunits, of which
the influence on bread-making quality is not known.

1
2

Euphytica S (1988): 141-145
DLO-Centre for Plant Breeding and Reproduction Research (CPRO-DLO)
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Introduction
The content and the composition of the endosperm proteins are important
characteristics with respect to the bread-making quality of wheat (Triticum aestivum
L.). A particular group of endosperm proteins,the High Molecular Weight (HMW)
glutenins,largely contribute to the bread-making quality. These HMW glutenins are
composed of subunits showing molecular masses of 80 to 140kD (Lawrence and
Shepherd 1980) which form protein aggregates of 120to over 10million kD
(Graveland et al. 1985).The HMW glutenin (HMWg) subunits are encoded by
complex loci on the long arms of the chromosomes 1A, IB and ID of hexaploid
wheat, the Glu-Al, Glu-Bl and Glu-Dl locus,respectively (Payne et al. 1984).Until
now, more then 20 alleles of these loci have been found in cultivars (Branlard and
Le Blanc 1985;Payne et al. 1987) and in addition, numerous other alleles have
been found in landraces and in species related to bread wheat (Vallega and Waines
1987; Waines and Payne 1987). Variation in the composition of the HMWg
subunits has been shown to beresponsible for differences in bread-making quality
of genotypes (Payne et al. 1979). Sodium Dodecyl Sulphate-PolyAcrylamide Gel
Electrophoresis (SDS-PAGE) of these subunits has been used to identify the alleles
and to study their effects on the bread-making quality of genotypes (Payne et al.
1979; Moonen et al. 1983;Branlard and Dardevet 1985;Payne et al. 1987).The
identification of the HMWg subunits, and as such of the alleles, is based on their
relative mobilities (R,,,)during SDS-PAGE. As the Rraof some HMWg subunits
differ only slightly a correct identification of the alleles is sometimes difficult
(Lawrence 1986; Van Gelder et al. 1987).
Careful separation by SDS-PAGE of the HMWg subunits present in Dutch wheat
varieties,revealed very small but reproducible differences in R,,,between two
subunits (Van Gelder et al. 1987) which both had formerly been identified as
subunit 7 (Moonen et al. 1982).The research reported in this article shows that
these subunits can be clearly separated by two-dimensional (2-D) electrophoresis,
using IsoElectric Focussing (IEF) and SDS-PAGE and that their differences inR,„
correspond to differences in IsoElectric Point (IEP). It further shows that
introduction into a breeding programme of species related to bread wheat may
introduce HMWg alleles which cannot bedistinguished from alleles already present
in bread wheat, and the consequences thereof are discussed.
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Material and methods
Plant material
Seed ofreferencewheat varieties for identification of the HMWg subunits (Payne
and Lawrence 1983) was obtained from Dr.P.I.Payne (PBI,UK).The materialof
T. turgidum ssp.dicoccoides was provided by Dr. W.Lange (Foundation for
Agricultural Plant Breeding (SVP)) and originated from collections made in Israel
by Dr.Z.K. Gerechter-Amitai, within the framework of aco-operative programme
between the Volcani Center (Bet Dagan, Israel) and the Research Institute for Plant
Protection (Wageningen, The Netherlands).
One-dimensional SDS-PAGE
Extraction of theproteins was of Moonen et al. (1982). SDS-PAGE wasa
modification of the procedure described by Lawrence and Shepherd (1980).Gels
(180 * 140 * 1.5 mm) of 8.3% acrylamide were electrophoresed at a constant
current during 30 minutes at 15mA and during 8hours at 35 mA per gel, using a
Pharmacia GE-2/4LS vertical slabgel apparatus. The electrophoresis buffer was
cooled by recirculating water of 4°C. Gels were stained overnight atroom
temperature in a freshly prepared solution consisting of 0.2% (w/v) Coomassie
Brilliant Blue R250,45%(v/v) methanol, 10%(v/v) acetic acid and 45%(v/v)
water and were destained using a solution consisting of 25%(v/v) ethanol (96%),
8% (v/v) acetic acid and 67%(v/v) water.
Two-dimensional gel electrophoresis
Two-dimensional electrophoresis (IEF * SDS-PAGE) was according to the
procedure of Brown et al. (1979) using the following modifications. Two crushed
kernels were extracted in 0.7 ml freshly prepared extraction medium. Twelve glass
tubes (120 mm * 1.7 mm internal diameter) were simultaneously filled with the gel
solution in order to obtain reproducible IEFgels.The Pharmalyte 5-8 concentration
was 5.2% (v/v) and the 2-D Pharmalyte 3-10 concentration was 1.22% (v/v). After
the pre-run, 25 u.1 extract was applied onto thegel and the gels were run for 15
hours at 400 V for isoelectric focussing. After separation in the first dimension, the
glass tubes wereplaced at 4°Cfor 15minutes in order to have them slip out of the
glass tube more easily. After the gels were incubated in incubation buffer (Brown et
al. 1979) for 30 minutes at 35°C,they were laid directly on top of an SDS-PAGE
gel for separation in the second dimension. Running, staining and destaining were
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as described for one-dimensional electrophoresis.

Results and discussion
Figure 3.1 shows theHMWg subunitsof Chinese Spring and of the Dutch wheat
varieties Arminda and Adonis, separated by carefully optimized SDS-PAGE.
Subunit 7 of Adonis showed a slightly higher f^ than subunit 7 of Armindaand
Chinese Spring. These differences werereproducible but became less pronounced
when high amounts of proteins were brought onto thegel, which resulted in broad
bands. The alleles of the Glu-Al, Glu-Bl and Glu-Dl loci of Arminda and Adonis
had been identified by Moonen et al. (1982) as0, 7, 2+12 and 1,7,2+12,
respectively, using SDS-PAGE routinely applied for this purpose.Under such
conditions the small differences as shown in Figure 3.1 are usually not noticed.
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Figure3.1 SDS-PAGEoftheHighMolecularWeight(HMWg) subunitsofChineseSpring(lane 1
+4),Arminda(lane2+5)andAdonis(lane3 + 6).Volumeofextractapplied: lane 1-3,20 ul;
lane4-6,30 ul.
Figure 3.2 shows the separation of the HMWg subunits of Adonis and Arminda
by 2-D electrophoresis. Subunit 7 from Adonis migrated to a more basic position
compared to subunit 7 from Arminda, whilst theposition of the subunits 2 and 12
agreed very well. 2-D electrophoresis of a mixture of Arminda and Adonis
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confirmed the differences in IEPbetween the subunits 7. As subunit 7 of Arminda
showed the same R,„and IEP as that of Chinese Spring, the subunit of Adonis is
from now on referred to as subunit 7'.
The presence of the Glu-Al and Glu-Dl encoded HMWg subunits suggests that
subunit 7' is encoded by the Glu-Bl locus.Moreover the position of this subunit on
the 2-D gel is in agreement with the characteristic position of the Glu-Bl subunits
(Holt et al. 1981).
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Figure 3 2 Separation of the High Molecular Weight (HMWg) subunits of Adonis (A) and
Arminda (B) by two-dimensional electrophoresis (IEF * SDS-PAGE). As a reference, separation
by SDS-PAGE (second dimension) is shown.

The differences in R,,,and IEP between the subunits 7 and 7' strongly suggests
that these proteins are allelic variants. Theoretically, the differences between the
subunits could also result from post-translational modification of the sameprimary
gene product. For some legume storage proteins post-translational modification has
been demonstrated (Spencer 1984).Anderson and Hickman (1979) showed that
chemical modification in-vitroof acertain protein which altered the charge of that
protein, changed its SDS-binding characteristics and consequently its apparent
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molecular mass determined by SDS-PAGE.If post-translational modification of a
primary gene product of the Glu-Bl allele could have caused such a modification
in-vivo,the differences between the subunits 7 and 7' could be the result of this
process.
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Figure 33 SDS-PAGE of the High Molecular Weight (HMWg) subunits of T. turgidumssp.
dicoccoides (lane 2,4, 6 and 8) and T. aestivum(lane l, 3, 5 and 7).Lane 1:Lancota (2*, 13+16,
2+12), lane 2: G315MM, lane 3: Sappo (2*, 14+15,2+12),lane 4: G168-1-2-4 BM, lane 5: Gabo
(2*, 17+18, 2+12), lane 6: G25-4M, lane 7: Hope (1,6+8,5+10) and lane 8: G4M-1M.

Baking tests using 168wheat lines from Dutch wheat breeders revealed that the
lines containing HMWg subunit 7could be divided in two classes of baking quality
and theresults suggested that two types of subunit 7 occurred in these lines (Hamer
and Marseille 1986).Our results support this hypothesis. A study is planned to
investigate whether the subunits 7 and 7' show a different effect on bread-making
quality, using theprogeny from a cross between Arminda and Adonis.The
inheritance of subunits 7 and 7' may provide information on the genetic basis of the
differences between these subunits.
In T. turgidumssp.dicoccoides, which has the genome constitution AB,HMWg
subunits were found which have not been shown to occur in T.aestivum(Figure
3.3). In accordance with the position of Glu-Al and Glu-Bl encoded HMWg
subunits ofT. aestivum,the subunit ofT. turgidum ssp.dicoccoides showing the
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lowest R,„is assumed to be Glu-Al encoded, the other subunit(s) Glu-Bl. Someof
the Glu-Bl encoded HMWg subunits ofT. turgidum ssp.dicoccoides (marked by<in Figure 3.3) showed the same R,„as Glu-Bl encoded subunits of T.aestivum. In
spite of this, the alleles encoding for these subunits could bedifferentiated from
their T.aestivumcounterparts, due to the presence of a second subunit encoded by
the alleles.This second subunit waspresent either in T.turgidumssp. dicoccoides
or T.aestivumor in both. In the latter case the R,„'s of these accompanying subunits
differed. In T.tauschii,the D-genome donor ofT. aestivum, a HMWg allele was
present which could not be distinguished by SDS-PAGEfrom its T. aestivum
counterpart (Lagudah and Halloran 1988).It is not known whether biochemically
different subunits, such as 7 and 7' and those found in species related to bread
wheat, may differently influence bread-making quality. It might therefore be
necessary to apply 2-D electrophoresis for unambiguously identifying the HMWg
subunits, when alien germplasm is to be introduced into a breeding programme, or
when making an inventory of the subunits present in breeding material. For
subsequent screening of lines, SDS-PAGE will be useful for recognizing the
identified subunits.
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CHAPTER 4

QUANTIFICATION OFINDIVIDUAL HIGH MOLECULAR WEIGHT
GLUTENIN SUBUNITS OF WHEAT USING SDS-PAGE AND SCANNING
DENSITOMETRY1

P Kolster, CFKrechting2, WMJ van Gelder

Summary
A method was developed for quantifying the individual High Molecular Weight glutenin (HMWg)
subunits present in a wholemeal flour of wheat (TriticumaestivumL.). Sodium Dodecyl SulphatePolyAcrylamide Gel Electrophoresis (SDS-PAGE) was used to separate the subunits from each
other, as well as from the other proteins present in an extract of flour. The extraction and
separation of the HMWg subunits were optimized, which was necessary for accurate quantification
of the proteins by scanning densitometry, as was the use of a sensitive method for staining proteins
in the polyacrylamide gels,using a colloidal suspension of Coomassie Brilliant Blue. The stained
bands were quantified by scanning densitometry. The coefficient of variation (CV) of the staining
intensity of individual HMWg subunits was 12.4% for lanes on the same gel; variability between
gels used on the same or different days introduced an additional CV of 7% each. The method
developed has several important advantages over the quantification of the subunits by Reversed
Phase-High Performance Liquid Chromatography (RP-HPLC). First, in contrast to RP-HPLC, a
crude extract containing all the storage proteins can be used. Second, the proteins can be quantified
and identified in the same analysis.

2

This chapter is based on a paper published in Journal of Cereal Science 15(1992):49-61
DLO-Centre for Plant Breeding and Reproduction Research (CPRO-DLO)
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Introduction
The glutenin protein of wheat (Triticum aestivum L.) is of prime importance with
regard to the bread-making quality of flour. Glutenin (traditionally defined
according to the Osborne classification as the kernel proteins unextractable in70%
ethanol but extractable in dilute acid or alkali) (Byers et al. 1983) is a complex
mixture of proteins in which two classes of subunits can be distinguished; the high
and the low molecular weight glutenin subunits, respectively (Shewry et al. 1984).
Bread wheat varieties possess 3-5 High Molecular Weight glutenin (HMWg)
subunits,and approximately 15Low Molecular Weight glutenin (LMWg) subunits
(Payne et al. 1984). Genetic variation in the composition of the glutenin subunits,
especially the HMWg subunits (Moonen et al. 1982;Branlard and Dardevet 1985;
Payne et al. 1987;Van Gelder et al. 1987),has been related to the variation in
bread-making quality between genotypes.
The variation in the total amount of the glutenin, isolated as described above, has
been related to the bread-making quality also (Schofield and Booth 1983;
MacRitchie 1984).Furthermore, variation in theratio between the HMWg and the
LMWg subunits (Huebner and Bietz 1985),and in the amount of groups of subunits
(Sutton et al. 1989;Wieser et al. 1989) present in the glutenin fraction, also has
been related to variation in bread-making quality.
The biochemical and genetic interpretation of these results is complicated by the
complex subunit composition of glutenin and by the poor reproducibility of the
isolation of the proteins on the basis of their extractabilities (Byers et al. 1983;
Schofield and Booth 1983;Chakraborty and Khan 1988).Furthermore, extraction of
flour with 70%ethanol (no reducing agents) to remove the gliadin fraction also
leads to losses of a proportion of the LMWg subunits (Payne and Corfield 1979)
and of the HMWg subunits from the glutenin fraction (Graybosch and Morris
1990).The use of extraction techniques to fractionate wheat endosperm storage
proteins may therefore create difficulties in quantitative studies of glutenin subunits.
Furthermore, varieties may possess subunits that are related to apoor bread-making
quality in combination with subunits related to high quality. Allelic HMWg subunits
may also differ in their contribution to bread-making quality. To discriminate
between effects of variation in the amount of HMWg subunits and effects of
differences in the type of subunits, it is necessary to determine the amount of
individual and genetically well-defined HMWg subunits.The quantification of
individual subunits also enables studies of the relationship between the contribution
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to the bread-making quality of an allele and the amount of subunits encoded.
To separate theHMWg subunits from other storage proteins,two separation
techniques are used routinely: Sodium Dodecyl Sulphate-PolyAcrylamide Gel
Electrophoresis (SDS-PAGE) (Fullington et al. 1980;Cole et al. 1981;MansurVergara et al. 1986)or reversed phase-high performance liquid chromatography
(RP-HPLC) (Burnouf and Bietz 1984; Seilmeier et al. 1987;Kruger et al. 1988;
Marchylo et al. 1989). In these studies (with the exception of Marchylo et al. 1989)
the amounts of individual HMWg subunits present were not reported. In studies
where the amounts of individual HMWg subunits separated by SDS-PAGE were
determined (Branlard and Dardevet 1985;Payne et al. 1981; Uhlen 1990),methods
were used that were developed for optimal resolution of the HMWg subunits rather
than accurate quantification.
The aim of this investigation was to develop a method for the accurate
quantification of all individual HMWg subunits. Because (genetic) identification of
the HMWg subunits is based on their relative mobilities during SDS-PAGE (Payne
and Lawrence 1983),this separation technique was used. Therefore, it was
necessary to optimize the extraction and separation of the HMWg subunits, and to
study the influence of variation in staining and electrophoretic conditions upon the
quantification.

Material and methods
Seed of Dutch wheat varieties were milled using a Cyclotec-Udy mill equipped with
a 1-mmsieve.Because of the possible existence of a protein gradient in wheat
kernels (Lawrence 1986),wholemeal flour was used. Flour was stored at room
temperature in airtight containers. The protein contents of the flours was determined
as N *5.7 after Kjeldahl digestion and using an auto-analyzer system. Theprotein
contents of the samples used in the experiments ranged from 9% to 14% (drymatter basis).
Extractionofflour
Proteinswere extracted from flour with SDS-PAGE sample buffer (Moonen et al.
1982).Theextraction procedure developed for complete extraction of theHMWg
subunits was as follows. Wholemeal flour (50 mg) was vortexed with sample buffer
(0.6 ml) for 10 s in a 2.5 ml Eppendorf tube. After 1and 2 h, the sample was
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vortexed again for 10sand finally centrifuged in an Eppendorf centrifuge for 5min
at 16,000g. An aliquot (0.3 ml) of the supernatant was retained and therest was
discarded. For the second extraction of the flour, the pellet wasresuspended in
sample buffer (0.3 ml) and re-extracted as before. After centrifugation, an aliquot
(0.15 ml) of the second supernatant was added to the first. The extracts were stored
at 4°Cfor electrophoretic analysis the day following the extraction.
SDS-PAGE
Preceding the SDS-PAGE analysis, the extracts were placed in a boiling water bath
for 2 min, after which they were cooled using tap water, and centrifuged at 16,000
g for 5 min.The extracts (0.030 ml) were applied to SDS-PAGE gels containing
5% (Payne et al. 1981),7.5% or 10%(Lawrence 1986),8.3% (Lawrence and
Shepherd 1980) or 12.5%(Hames 1981) acrylamide. The dimensions of the gels
were 180 * 140 * 1.5 mm, except that, for 5%gels,they were 180 *200 * 1.5
mm. A constant current of 15mA was applied for 30min, followed by 30mA
(5%, 7.5% or 8.3%) or 45 mA (10% or 12.5%acrylamide) for 8 h. A Pharmacia
GE-2/4LS vertical slab gel apparatus was used, and the tank buffer was kept at a
temperature of 4°C. The gels were stained according Neuhoff et al. (1988), using
Coomassie Brilliant Blue R250 at room temperature and in closed plastic boxes;
300 ml staining solution were used per gel per box, except that, for the 5%gels,
450 ml were used. During staining, the gels were agitated. After 40 h staining,
protein bands were stained throughout the entire cross-section of the gel. Prolonged
staining did not result in a significant increase in staining intensity. Therefore, the
time of staining was standardized at 40 h. Because of the absence of background
staining, no destaining was required. Stained gels were rinsed with 0.3%(w/v) Brij
35 (300 ml) and stored at 4°Cin plastic bags containing 20% (w/v) ammonium
sulphate (10ml).
The HMWg subunits were identified according to Payne and Lawrence (1983).
Densitometric analysis
The amount of dye adsorbed by theproteins was determined using a PharmaciaLKB Ultroscan XLlaser densitometer (absorption at 633 nm). The densitometer
traces were analyzed using the LKB 2400 Gelscan XL software package. Thedye
absorbance is determined as the area under the peak (absorbance units * mm peak
width). For integration of the peaks,the horizontal, common, baseline option was
selected, using the signal integration method.
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Results and discussion
Gel staining
Inpreliminary experiments, the method routinely applied for protein staining in
polyacrylamide gels was used. In that method, CoomassieBrilliant Blue (CBB)was
dissolved in a mixture of methanol/water/acetic acid (Kolster et al. 1988,Chapter 3
of this thesis). Accurate quantification of HMWg subunits by scanning densitometry
was hampered by thelow staining intensity of theprotein bands,however. It was
not possible to increase the amount of protein applied to the gel either by
decreasing the amount of extraction buffer used (because this decreased the
extraction efficiency) or by increasing the amount of extract applied to the gel
(because this overloaded the gel and led to a deterioration in the separation
efficiency). Therefore, a more sensitive method for staining the proteins in
polyacrylamide gels with CBB was evaluated for application to wheat storage
proteins. By this method the proteins are stained with a colloidal suspension
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Figure 4.1 Comparison of gelstaining using (A) colloidal CBB R250 following Neuhoff et al. 1988
and (B) non-colloidal CBB R250.Two halves of the same gel were stained using these staining
methods. Identical volumes of extracts of the same set of varieties were applied to each half.
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of CBB (Neuhoff et al. 1988).The absence of destaining steps in this method
should improve thereproducibility of the quantitative measurements. The higher
staining intensity of proteins stained with colloidal Coomassie Brilliant Blue
compared with non-colloidal CBB is shown in Figures 4.1A and IB. The amount of
dye adsorbed by the individual subunits depends on the staining method used
(Kolster et al. 1988,Chapter 3of thisthesis).
A linear relationship between the staining intensity and the amount of protein
applied to a gel is required for the quantification of proteins in gels.This linear
relationship was shown over an absorption range of 0.10-1.5 absorbance units,
which exceeded therange required for quantifying the HMWg subunits present in
extracts of different varieties (results not shown).
ExtractionoftheHMWg subunits
Adetailed study was made to evaluate the extraction procedure for the HMWg
subunits from flour. The amount of HMWg subunits extracted from flour was
defined here as the staining intensity after separation by SDS-PAGE. Although
these proteins are difficult to extract, buffers containing a detergent and areducing
agent, such as SDS-PAGE sample buffer, are capable of extracting these proteins
from flour quantitatively (Fullington et al. 1980).
Extraction of 50 mg of flour with 0.6 ml sample buffer for 10,20, 30,45 or 60
min showed that after 20 min the amount of HMWg subunits solubilized did not
increase anymore. The intensity of shaking during the extraction did not affect the
amount of HMWg subunits present in the supernatant. For practical reasons, it was
decided to extract for 2 h, with vortexing after 0, 1and 2 h.
The amounts of HMWg subunits extracted with two successive extractions of
flour from two varieties are shown in Table 4.1. About 80% of the HMWg subunits
extracted after the two successive extraction steps was present in the first extract.
After the second step, the amount of Nremaining in the pellet was determined after
rinsing thepellet exhaustively with water to remove Ncontaining buffer
components. This revealed that 90-95%of the N-containing kernel components had
been removed from the flour by the two extraction steps.This agrees with earlier
findings that no more than 5%of the total amount of HMWg subunits remained in
theresidue after two extraction steps (Fishbein 1972).Athird extraction was
therefore omitted since this would merely result in a dilution of the extract.
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Table 4.1 Absorbances of CBB stained HMWg subunits,present in two successive extracts of
flours from the varieties Arminda and Citadel.
HMWg subunit
Arminda
2
7
12
total

first extract1

second extract

44.6 ±4.1
52.9 ±4.1
46.5 ± 5.3

9.8 ± 1.3
13.2± 2.3
10.9± 2.4

144.0

Citadel
2
6
8
12

33.8

37.4 ± 2.7
24.1 ±2.7
23.1 ±2.5
50.5 ± 5.2

total

8.5 ±2.1
6.2 ± 0.8
5.8 ± 1.5
11.8 ±2.9

135.1

32.3

Average absorbances (100 * absorbance units * mm) ± standard error of the subunits present in
successive extracts.Eight samples of each variety were extracted as described in Material and
methods.The successive extracts (0.030 ml of the first en 0.015 ml of the second extract) were
applied to adjacent lanes of an 8.3% SDS-PAGE gel.
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Figure 4.2 The stabilities of HMWg subunits of the variety Granada over a 5-month period after
milling the kernels. Each value is the average absorbance of the CBB-stained subunits present in
an extract, applied to four SDS-PAGE gels (8.3%). HMWg subunits 2 and 2* co-migrate on this
type of gel.
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To determine the stability of HMWg subunits in a wholemeal wheatflour,
proteins were extracted from a flour that had been stored for different periods of
timein an airtight container. As shown in Figure 4.2,the amount of the various
HMWg subunits did notchangeduring a storageperiod of five months.The effect
of storage of theextracts at 4°Cwas determined also.Extracts of three varieties
were applied to an SDS-PAGE gel, either directly following protein extraction or
after storage of the (unboiled) extracts for 24 h at 4°C.The staining intensitiesof
the HMWg subunits in the direcdy analyzed extracts did notdiffer from thosein
the stored extracts.
Variation in theduration of heating theextracts at 100°C (1, 2, 3,5 or 10min)
also had no effect on the amount of HMWg subunits (results not shown).

Figure4.3 DensitometertracesofHMWg subunits2and2*.andof9and 10 onSDS-PAGEgels
differing inacrylamideconcentration,showingdifferences intheseparationofthese subunits.
Electrophoretic conditions
The reproducibility of the measurement of the amount of dye adsorbed by aprotein
band depends not only on thereproducibility of the conditions during gel staining
and destaining but on the electrophoretic conditions as well.The extent of diffusion
of theproteins during electrophoresis, hence the bandwidth, affects the dye
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adsorption of aprotein band (Fishbein 1972; Neuhoff et al. 1990). Therefore,
electrophoretic conditions determining the bandwidth, such as the temperature of the
electrophoresis system, the volume of the sample applied to agel, and the migration
distance (Hames 1981),were standardized.
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Figure4.4SDS-PAGE separationofthestorageproteinspresentinvarieties,usinggelsdiffering
inacrylamideconcentration,(a)8.3%,(b)5%and(c)12.5%gel. Thevarietieswere: (I) Granada,
(II)Bastion,(III)Tenor,(IV)ChineseSpring,(V)Donjon.TheHMWg subunitsare designated
accordingtothenomenclatureofPayneandLawrence 1983.
Another experimental variable affecting the bandwidth is the acrylamide
concentration of the separation gel. Most combinations of HMWg subunits can be
separated on an 8.3%or 10%SDS-PAGE gel (Lawrence 1986;Lawrence and
Shepherd 1980).The most commonly occurring subunits co-migrating on 8.3 and
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10% gels are the subunits 2 and 2*,and, on an 8.3% gel, 9 and 10.Consequently,
the separation of some HMWg subunits requires the use of gels whose acrylamide
concentrations are adjusted to the specific HMWg subunit under investigation.
Although subunits 9 and 10could berecognized visually as two bands after
separation on a 10%gel, the densitometer peaks for these subunits overlapped. The
resolution achieved by a 12.5%acrylamide gel enabled a more precise
determination of the boundary between the subunits (Figure 4.3).On a 12.5%gel,
however, the separation of slow-moving subunits, such as 2*and 5, was inferior to
that achieved on an 8.3%gel (Figure4.4).
Likewise, the separation of subunits 2 and 2*increased with decreasing acrylamide
concentration, and agel of 5% acrylamide was required for accurate quantification
(Figure 4.3). Aconsequence of the application of a 5%gel was the co-migration of
the fast-moving subunits 8 and 10and of subunits 9 and 12(Figure 4.4),which
were separated on an 8.3%gel.
Table 4.2 Absorbances of the HMWg subunits of two wheat varieties, separated on SDS-PAGE
gels differing in acrylamide concentration.
HMWg subunit

acrylamide concentration
5%

8.3%

12.5%

Carimulti
2
7
12

126.4 ± 7.41
179.4 ± 8.2
124.8 ± 7.6

73.0± 6.7
100.8 ± 5.5
84.6 ± 6.7

27.0 ± 3.2
38.5 ± 3.2
25.5 ± 3.3

Granta
2
6
8
12

128.6± 7.7
83.1 ± 6.0
96.8± 6.2
142.6± 10.0

76.6 ± 7.0
53.8 ± 6.2
57.6 ± 5.8
109.0 ± 6.8

27.5 ± 2.4
17.1 ±2.0
11.4± 1.1
29.4 ± 3.6

1

The average absorbances ± standard error (100 • absorbance units * mm) of eight scans is
reported. For each gel type the extracts were separated on two gels, each gel containing four
replicates of an extract. The same amount of extract was applied to the gels.

To study the effect of variation in acrylamide concentration on the amount of dye
adsorbed by the HMWg subunits, extracts of two varieties were applied to5%,
8.3% and 12.5%gels (Table 4.2).The relative proportions of the various subunits
present in an extract differed only slightly between gels with different acrylamide
concentrations. The dye adsorption of individual subunits on these gels was related
inversely to the acrylamide concentration, in agreement with the results of Neuhoff
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et al. (1990). Consequently, it was not feasible to compare quantitative
measurements, when the HMWg subunits were separated on gels differing in
acrylamide concentrations.
Because more HMWg subunits were separated on an 8.3%gel than on a 5%ora
12.5% gel, 8.3%gels were used routinely. Therelative proportions of the most
commonly occurring combinations of co-migrating subunits, subunits 2 and 2*and
subunits 9 and 10were determined after separation of these subunits on a 5% or
12.5% gel, respectively. Theratios of subunit 2 to subunit 2*and subunit 9to
subunit 10obtained in this way were used to calculate the proportions of the
absorbance of each individual subunit on an 8.3%gel.
Differencesinstainingintensity between gels
It is often necessary to compare results of different experiments.Therefore, a study
has been made of the differences in the absorbance values of individual HMWg
subunits arising from: (a) differences between lanes of the same gel; (b) differences
between lanes of separate gels,which were cast and used simultaneously and; and
(c) differences between lanes of gels which were cast and used on different days.
The extracts were always produced the day preceding the separation, using the same
flour, and were applied to four randomly chosen lanes of a gel. Table 4.3 gives an
example of theresults for two varieties. The staining intensity of theHMWg
subunits present in an extract may differ significantly (P <0.05) between thegels.
Analyses of variance using the results of extracts of three varieties showed that the
average coefficient of variation (CV) of the absorption of the HMWg subunits
between lanes on the same gel was 12.4%, and that between lanes of separate gels
produced and used on the same or different days was 7% in both cases. Thus, for
optimal comparison of the amount of HMWg subunits present in samples,extracts
should be applied in replicates on the same gel, thereby avoiding the variation
between gels.The number of extracts that can be separated on one gel is small
however. Consequently, in most studies, several gels will have to be used, which
will lead to an increase in the experimental error.
The relatively high CV between lanes on the same gel will becaused to a large
extent by the fact that only one arbitrarily chosen area of an HMWg subunit band is
scanned. Because a band will never be totally homogeneous, determination of the
amount of dye absorbed by the protein band by two-dimensional scanning should
reduce this experimental error (Neuhoff et al. 1990).Differences between the gels
wereprobably caused by differences in thepouring of the gels and in the staining
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conditions.
For the quantification of proteins, separation by RP-HPLC is considered
generally to give more reproducible results than SDS-PAGE in combination with
scanning densitometry (Marchylo et al. 1989;Bietz 1986).Marchylo et al. (1988)
reported a CV of 1-3% for pooled areas of thepeaks present in segments of a
chromatogram of the total storage proteins of wheat. An average CV of 25% has
been reported for gliadin peaks of RP-HPLC chromatograms,produced over an
eight-week period (Scanlon et al. 1989).The authors are not aware of any reportsof
the CV of peak areas of individual HMWg subunits separated by RP-HPLC.
Consequendy, for this specific application, it is not possible to compare the
reproducibility of both methods of quantification on the basis of published data.
Table 4.3 Absorbances1 of CBB stained HMWg subunits of two varieties on different gels.
Experiment I2

Experiment II
gel 3

gel 4

LSD3

16
33
68
44

23
35
84
52

24
33
79
51

3.9
7.3
9.3
6.8

9
44
61
68

8
37
63
67

9
34
52
56

1.7
6.7
14.2
9.4

Subunits

gell

gel 2

Tenor
1
5
7
10

22
31
79
45

Urban
1
5
7
9/10

8
37
56
61

Average absorbances (100 * absorbance units * mm) of individual HMWg subunits present in
extracts which are applied on four lanes of a gel.
The gels within an experiment (gel 1,2 and 3,4 respectively) were produced and used
simultaneously, the gels of experiment II were cast, used and stained four days after the gels of
experiment I.
Least Significant Difference at P < 0.05, n=4.

Conclusions
This study has shown that SDS-PAGE can be used in combination with scanning
densitometry for the quantification of individual HMWg subunits. Disadvantages of
the SDS-PAGE method developed are that the method is more laborious and
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time-consuming than the RP-HPLC method and not automated easily. Furthermore,
as theRP-HPLC method is probably more accurate in determining the amount of
HMWg subunits in an extract, the SDS-PAGE method requires more replicates.For
application in quality-prediction tests,the CV of the SDS-PAGE method is probably
too high.For studying thecauses of the variation in the amount of individual
HMWg subunits and for biochemical studies,the SDS-PAGE method offers
important advantages however. The identification of the HMWg subunits is based
on their apparent molecular weight asdetermined by SDS-PAGE (Payne and
Lawrence 1983;Bushuk 1991).Therefore, SDS-PAGE enables the quantification
and the (genetic) identification of the HMWg subunits in one analysis. Subunits
separated by RP-HPLC are identified by SDS-PAGE analysis of the peak fractions.
SDS-PAGE also separates the HMWg subunits from the other proteins present in
the wheat kernel (Payne et al. 1985).Consequently, this separation technique allows
the use of a crude extract for the quantification of the HMWg subunits present in
thekernel. In contrast, because some HMWg subunits co-elute with some of the
other kernelproteins (Burnouf and Bietz 1989),selective extraction or precipitation
of the HMWg subunits is required when RP-HPLC is to be applied. This isa
potential source of error.
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CHAPTER 5

Q U A N T I T A T I V E VARIATION OF T O T A L A N D INDIVIDUAL HIGH
M O L E C U L A R W E I G H T GLUTENIN SUBUNITS OF W H E A T IN
R E L A T I O N T O VARIATION IN E N V I R O N M E N T A L CONDITIONS 1

P Kolster, C F Krechting 2 , WMJ van Gelder

Summary
The total amount of the High Molecular Weight glutenin (HMWg) subunits, and the amount of the
individual subunits, present in kernels of wheat (TriticumaestivumL.) were studied in relation to
differences in growing conditions. The amounts of individual HMWg subunits in four varieties,
each grown at six sites in The Netherlands, differed considerably between the sites. Only to a
limited extent (0-66%,depending on variety) could this variation be ascribed to differences in
protein content of the samples. The cause of the rest of the variation is unknown. Accordingly, the
total amount of the HMWg subunits,relative to the total amount of proteins present in a
wholemeal flour of a variety, differs between the samples produced at different sites.Thus the
preference for synthesis of a certain protein fraction may vary depending on the environment. A
second experiment showed that variation in protein contents of samples of two varieties grown on
the same trial field accounted for about 90%of the variation in the total amount of HMWg
subunits. The samples of each variety differed in protein content as a result of differences in the
amount of N-ferhlizer applied. Within each variety, the ratio between the individual HMWg
subunits was less dependent on variations in environmental conditions than on the actual amount,
indicating that the levels of expression of the individual HMWg subunit genes are regulated by a
common mechanism.
The implications of the results for the selection possibilities of wheat with desired bread-making
quality and for studies concerning the genetic variation in the amount of HMWg subunits are
discussed.
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Introduction
The glutenins, a group of storage proteins of wheat (Triticum aestivum L.),have
been studied extensively in relation to bread-making quality. Glutenin is composed
of subunits which are connected by intermolecular disulphide bonds. According to
their molecular weights these subunits can be subdivided into twoclasses:theHigh
Molecular Weight glutenin (HMWg, 95-136 kD) and theLow Molecular Weight
glutenin (LMWg, 42-51kD) subunits (Payne and Corfield 1979).Allelic variation
on the loci encoding the glutenin subunits,in particular the HMWg subunits
(Moonen et al. 1982;Payne et al. 1979, 1987;Branlard and Dardevet 1985;Van
Gelder et al. 1987),has been related to differences in bread-making quality between
varieties.Differences in the amount of the glutenin (Schofield and Booth 1983)and
in the amount of (groups of) glutenin subunits present in flour (Branlard and
Dardevet 1985;Huebner and Bietz 1985;Kruger et al. 1988; Sutton et al. 1989;
Wieser et al. 1989)have also been related to differences in quality as well.These
authors did not study whether the variation in the amount of proteins had genetic
causes or was theresult of differences in environmental conditions during the
growing of the wheat.
The agronomic and climatological conditions under which a variety is grown are
known to contribute largely to the bread-making quality of a flour produced from
thekernels. Accordingly, several studies havebeen published which are concerned
with the relationship between differences in the environmental conditions and the
amount of storage proteins produced by a variety. Sulphur deficiency during kernel
development, which negatively influences the quality of flour produced from these
kernels, has been associated with alterations in theratio between groups of storage
proteins,including the group of the HMWg subunits (Wrigley et al. 1984;Casde
and Randall 1987;Fullington et al. 1987).The application of N-fertilizer in general
results in improved bread-making quality by increasing the protein content of the
flour. Densitometric analysis of the stained electrophoresis gels in which the
endosperm proteins were separated showed that the amount of HMWg subunit
group relative to the other storage proteins did not depend on the amountof
fertilizer applied (Fullington et al. 1983;Levy et al. 1985).Nor did the proportion
of glutenin, which is isolated on basis of solubility, depend on the amountof
N-fertilizer (Doekes and Wennekes 1982).Differences in the year of growing and
the location at which the varieties were grown resulted in small differences in the
amount of groups of theglutenin subunits and groups of gliadins, according to
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Marchylo et al. (1990).
The amount of individual HMWg subunits in relation to the differences in
environmental conditions has not been reported in the studies quoted. However,
because the HMWg subunits differ in their contribution to the bread-making quality,
information concerning variations in the amount of well defined individual HMWg
subunits due to differences in the environmental conditions is of importance.
Therefore, the aim of this study was to investigate the relationship between the
amount of individual HMWg subunits produced by a variety and the effect of
different growing sites and the level of N-fertilization. The implications of
environmental variation in the amount of the HMWg subunits for studies
concerning the genetic variation in expression of the HMWg subunit genes are also
discussed.

Material and methods
Wheat samples
The first set of samples (I) included Dutch winter wheat varieties Granada, Okapi,
Citadel and Kraka, which were obtained from the former Governmental Institute for
Research on Varieties (RIVRO,Wageningen). The varieties were grown in 1986
using standardized agronomic conditions, in trial fields of at least 36 m2 at six sites:
Nieuw Beerta (A),Kloosterburen (B),Wieringerwerf (C), Rijsenhout (D),
2Biddinghuizen (E) and Dronten (F).
A second set of samples (II) comprised kernels of two varieties,Urban and
Obelisk, originating from an N-fertilizer experiment (Darwinkel 1987) on a trial
field of the Research Station for Arable Farming and Field Production of
Vegetables (PAGV,Lelystad). The total amounts of N applied on plots of 48 m2of
these varieties were 80, 140, 180,220 or 260 kgN-ha"1.
Electrophoresis
Because of the considerable variation in the amount of individual HMWg subunits
between kernels of a sample (Kolster and Van Gelder 1991;Chapter 4 of this
thesis), at least 30gram of kernels (approximately 500 kernels) were milled to
produce a wholemeal flour. Of each flour, 30^1of duplicate extracts wasapplied
on 8.3% SDS-PAGE (Sodium Dodecyl Sulphate-PolyAcrylamide Gel
Electrophoresis) gels.The extraction, separation and staining of the proteins,using a
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modified Coomassie Brilliant Blue (CBB) method for the quantification of
individual HMWg subunits, was as described previously (Kolster and Van Gelder
1991; Chapter 4 of this thesis).To facilitate comparison between gels, an extract
from a reference flour (variety Sunnan) was applied to the first and the last laneof
each gel.For each variety of sample set I, a set of four simultaneously cast gels
was used.Each gel contained duplicate extracts from the samples of a variety from
all six sites.
Duplicate extracts from the samples of Obelisk and Urban (sample set II) were
also applied to four simultaneously cast gels.In this experiment, an extract from
flour of the complete set of samples of both varieties was applied to each gel. The
duplicate extracts were divided over the four gels.The ratio between subunits 9 and
10in Urban was determined using 12.5%SDS-PAGE gels (Kolster and Van Gelder
1991; Chapter 4 of this thesis). Of each lane two tracks were scanned using a
Pharmacia-LKB laser densitometer. The absorbance of the stained protein bands at
633 nm was expressed as 100 *absorbance units *mm (100 *AU).
Statistical analysis
The results of the quantification of the CBB-stained HMWg subunits were analysed
using Genstat (Genstat 5 committee 1987).The block structure of the data from
sample set I used was gel/location/extract. The relation between the amountof
HMWg subunits and protein content was analysed using regression analysis.The
components of variance in the experiments concerning the absorbance of the stained
HMWg subunits present in the samples of sample set I were estimated according to
Searle (1971). Coefficients of variation were calculated using analysis of varianceof
the logarithm of the absorbance values.

Results and discussion
As quantitative densitometric measurements can be subject to large errors (see e.g.
Pardowitz et al. 1990),the method for the quantification of the HMWg subunitsvia
SDS-PAGE and densitometry has been optimized (Kolster and Van Gelder1991;
Chapter 4).From a practical point of view the extent of the experimental error in
the quantification of the HMWg subunits must be compared with the differences in
the staining intensity of the bands due to variation in the amount of the HMWg
subunits in the samples.Therefore, the components of the variance in the
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absorbance of the HMWg subunits present in the kernels of sample set I were
estimated (see Materials and methods).In this experiment 65%of the variation in
the staining intensity, i.e. the amount of individual subunits in a sample, can be
ascribed to differences in the growing sites.Theremaining variation is aresultof
the analytical procedure (Figure 5.1). In this experimental error, the contribution of
differences between duplicate extracts and between scans of the same lane is limited
(4% in each case).In particular, differences in the staining intensity between gels
(21%) should be taken into consideration when determining the amount of the
HMWg subunits. Table 5.1 shows the average absorption of the individual CBBstained HMWg subunits present in the samples of the varieties grown at the six
sites.TheLSD values (Least Significant Difference, P <0.05) show that differences
of about 10%of the average absorption of a subunit are statistically significant. The
extent of the variation in the absorbance of the subunits between the samplesof
different sites is clearly higher, which underlines the applicability of the
quantification method used.

EXTRACT4%
SCAN4%

GEL 2 1 %

ENVIRONMENT 65%
GEL'ENVIRONMENT5%

Figure 5.1 Pie diagram of the relative contribution of components of variance on the amount of
individual HMWg subunits, as determined on gel, of the samples of sample set I. Environment =
differences between samples of a variety grown at different sites; gel = differences in staining
intensity between gels; scan = differences between densitometric recordings of the same lane;
extract = differences between extracts of the same sample. Because of the experimental set-up, the
contribution of variation between lanes could not be separately estimated. The gel * environment
interaction is best interpreted as differences between lanes within a gel.

For each variety, the amount of individual HMWg subunits differs significantly
(P <0.05) between most of the samples which are produced at different sites (Table
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S.l). The variation in the protein content between the samples of Okapi and Citadel
accounts for 66% and 40%respectively of the variation in the total amount of
HMWg subunits, as shown by regression analysis. However, no significant
correlation between protein content and the total amount of the HMWg subunits
was identified Kraka or Granada. Consequently, for wheat grown at different sites,
the protein content of the kernels cannot be used to correct for differences in the
amount of HMWg subunits.
Table5.1Amount1of individualHMWgsubunitspresentinsamplesoffourvarieties,each grown
atsixsitesdenotedAto F.
H M W g subunit2

Site

A

B

C

D

E

F

37
64
45

25
42
30

41
58
42

46
78
54

30
51
39

11.7

25
38
30
9.7

11.1

11.7

12.1

11.1

28
58
43
43
77

18
42
34
33
54

20
41
34
37
59

32
58
44
45
77

41
62
50
51
92

25
53
37
35
57

11.7

10.2

11.8

12.0

11.4

11.3

49
37
35
56

40
27
25
38
8.7

47
32
28
45

53
35
32
50

58
46
47
71

52
42
38
57

10.0

11.5

10.5

10.7

21
15
14
21
9.3

30
20
20
29

39
28
27
39

47
32
35
56

35
26
25
42

10.5

11.4

10.7

10.8

Average

LSD3

34
55
40

3.7
4.9
4.9

27
52
40
41
69

2.9
4.4
3.6
4.5
3.8

50
37
34
53

5.1
4.0
4.5
7.0

34
25
25
38

2.8
2.7
3.4
3.8

OkaDi

2
7
12
PC4
Granada

2*
5
6
8
10
pc
Kraka

2
6
8
12
pc

11.1

Citadel

2
6
8
12
pc
1

35
28
28
44
11.3

Determinedasabsorbance(100 *AU)ofCBB-stainedsubunits
HMWgsubunitsencoded accordingtoPayne and Lawrence(1983)
3 LeastSignificantDifference (P<0.05,n=8)
4
Protein content
2
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Figure 5.2 shows the total amount of HMWg subunits relative to the total kernel
protein content of the samples of each variety. Aconsiderable effect of the
environmental conditions isrevealed. Thekernel proteins of the varieties grown at
siteE contain a higher proportion of the HMWg subunits group than theproteins of
kernels produced at the other sites.The varieties, especially Okapi and Granada,
produce arelatively low amount of the HMWg subunits at site C. The cause of the
substantial variation inratio between the amount of the HMWg subunits and the
protein content is not known. It has been shown that theproportion of thegroupsof
storage proteins - including the HMWg subunit group - is affected by sprouting
(Ariyama and Khan 1990; Kruger and Marchylo 1990) and by pests during kernel
development, such asFusarium graminearum (Bechtel et al. 1985), Puccinia
striiformis and P. recondita (Fullington and Nityagopal 1986) and the wheat-bug
(Every et al. 1990).Furthermore, theratio between groups of the storage proteins
depends on the developmental stage of the kernel (Seilmeier et al. 1990).

amount HMWgsubunits/protein content

Figure 5.2 Ratio between the total amounts of CBB-stained HMWg subunits (100 * AU) and the
protein contents of the kernels of the four varieties of sample set I. Samples of each variety were
produced at six sites, see Material and methods.

There were no indications, in this set of samples, that the relationship between the
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total amount of theHMWg subunits and the growing sitediffered between varieties
(genotype *environment interactions absent).The same was true for the
relationship between the total amount of the HMWg subunits relative to the total
kernel protein content.
Table 5.2 shows the ratio between the individual HMWg subunits present in the
samples.Within a variety, there are small but statistically significant differences in
the relative amount of individual subunits between samples from different sites.The
amount of the individual HMWg subunits produced by a variety therefore shows a
proportional response to variations in environmental conditions. The coefficient of
variation (CV) due to the differences at the growing site is five times smaller for
therelative amount of the subunits than for the staining intensity itself (4.7%and
23.6%, respectively). Thus,compared with the total amount of the HMWg subunits,
the relative amount is only to a limited extent influenced by the environmental
conditions.
Within a site, varieties differed in the staining intensity of the HMWg subunits
(Table 5.1). This probably reflects differences in the amount of subunits present in
the kernels, but also differences in the molar absorption of CBB by the subunits
(Van Kley and Hale 1977).Therefore, only for the varieties which contain the same
combination of subunits, Kraka and Citadel, the total amount of HMWg subunits
produced can be compared. Statistical analysis showed that at each site thekernels
of Kraka had a significantly (P <0.001) higher concentration of the four HMWg
subunits than the kernels of Citadel. The differences in absorbance of the subunits
of these varieties do not result from differences in the staining between the gels,as
the average staining intensity of the HMWg subunits present in extracts from the
reference flour (see Material and methods) differed only slightly between the gels to
which the samples of these varieties were applied (1.31 AUfor Kraka and 1.41 AU
for Citadel).The dough and bread qualities of Kraka are superior to those of Citadel
(Anonymous 1990),in spite of both varieties having the same HMWg subunit
combination. It is therefore very probable that the quantitative aspect, the variation
in the amount of the HMWg subunits,is also very important.
Comparison of the genetically determined HMWg subunit producing capacity of
wheat genotypes is hampered by theconsiderable effect that differences between
growing sites have on the amount of the HMWg subunits.Ideally, because
genotype *environment interactions for the amount of the HMWg subunits cannot
becompletely excluded, the genotypes should be grown under different
environmental conditions, as in sample set I. However, in most cases only a limited
68

number of sites, or replicates on the same trial field, will be used. Therefore, the
Table 53. Ratio1betweentheindividual HMWgsubunitspresentinthekernelsof varieties,each
grownatsixdifferent sites.
HMWgsubunit2
A

B

Site
C

Okani
2
7
12

0.25
0.44
0.31

0.27
0.41
0.32

0.26
0.43
0.31

Granada
2*
5
6
8
10

0.11
0.23
0.17
0.17
0.31

0.10
0.23
0.19
0.18
0.30

0.28
0.21
0.19
0.32
0.26
0.20
0.21
0.33

Kraka
2
6
8
12
Citadel
2
6
8
12
1
2
3

LSD3
D

E

F

0.29
0.41
0.30

0.26
0.44
0.30

0.25
0.43
0.32

0.026
0.026
0.024

0.11
0.22
0.17
0.19
0.31

0.13
0.23
0.17
0.17
0.30

0.14
0.21
0.17
0.17
0.31

0.12
0.25
0.18
0.17
0.28

0.011
0.012
0.009
0.014
0.014

0.31
0.21
0.19
0.29

0.31
0.21
0.18
0.30

0.31
0.21
0.19
0.30

0.26
0.21
0.21
0.32

0.28
0.22
0.20
0.30

0.016
0.012
0.011
0.017

0.29
0.21
0.20
0.30

0.30
0.20
0.20
0.30

0.29
0.21
0.20
0.29

0.28
0.19
0.21
0.33

0.27
0.21
0.19
0.33

0.017
0.015
0.018
0.022

Ratiobetween absorbancesof CBB-stained subunits,expressed asproportion of thetotal
absorbance oftheHMWgsubunitsin a lane.
HMWgsubunitsencoded accordingtoPayne andLawrence(1983)
LeastSignificant Difference (P<0.05,n=8)

differences in the amount of the HMWg subunitsbetween plots of the same site
have been studied. The samples of two varieties, Urban and Obelisk (sample set II),
differed in protein content as a result of differences in the amount of N-fertilizer
applied. The ratio between the individual HMWg subunits differed only slightly
between the samples of each variety (results not shown), in accordance with the
results obtained with sample set I. However, the total amount of the HMWg
subunits differed considerably between the samples. An increase in the protein
content resulted in an increase in the total amount of HMWg subunits (Figure 5.3).
Regression analysis showed that the latter increase could to a large extent - 87%
and 88% in case of Urban and Obelisk, respectively - be explained by the increase
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in the protein content. Theratio between the amount of HMWg subunits and protein
content isrelatively constant when compared to the differences in ratio in the
samples of a variety of sample set I. This agrees with theresults of Fullington et al.
(1983) and Levy et al.(1985).
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Figure S3 Relationship between protein content and total amount of HMWg subunits
(100 * AU) - determined as the sum of absorption of the individual HMWg subunits - present in
two varieties.Each point denotes the amount of HMWg subunits present in the kernels produced
on one plot. (•) = Obelisk (HMWg subunits 2, 7, 20, 9, 12), (+) = Urban (HMWg subunits 1,5, 7,
9, 10).The regression equations are: absorption = -0.44 + 0.15 protein content and absorption =
-0.76 + 0.15 protein content for Obelisk and Urban, respectively.

The degree of unexplained variation in the amount of the HMWg subunits
between replicate samples of a variety was much smaller within a site than between
sites.This indicates that differences in climatological conditions, such as rainfall
and temperature, have an important effect upon the HMWg subunit production of a
genotype.In contrast, the agronomic condition N-application,which affects the
protein content, does not affect the ratio between the total amount of the HMWg
subunits and the total amount of kernel proteins.
The slope of the regression lines of the total amount of the HMWg subunits on
the protein content of the kernels of Obelisk and Urban did not differ significantly
between the varieties (Figure 5.3). Differences in the dye adsorption of the subunits
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of genotypes affect the slope of theregression lines.Therefore this slope cannot be
used as an index to correct for differences in the staining intensity of subunits of
varieties grown at the same location.

Conclusions
Variation in the amount of glutenin is of importance for the bread-making quality of
wheat. This study shows that the amount of the HMWg subunits present in the
kernels depends on:
a) Environmental conditions. The total amount of HMWg subunits,relative to the
other endosperm proteins,differs strongly between the sites within each variety.
This indicates that, at identical protein levels,the functional properties of total
kernel proteins of a variety may differ between sites. This variation isof
importance for the selection of wheat for bread-making quality. Interactions
between the genotype and the environment in determining the amount of the
HMWg subunits have not been found.
b) Genetic variation. The present study shows that varieties differ in their storage
protein producing capacity which they invest in the production of HMWg
subunits.
The environmental variation in the amount of the HMWg subunits interferes with
studies concerning genetic variation in the amount of these proteins. In studies
comparing the total amount of HMWg subunits produced by genotypes, it is
advisable to grow these genotypes in the same trial field and to limit differences in
protein content. The use of kernels affected by pests or sprouting should be avoided
as there are indications that this affects the amount of the HMWg subunits.The
ratio between individual HMWg subunits can be used to detect genetic variation in
expression of genes of individual HMWg subunits because this ratio does not
depend upon variation within a site nor between sites.
Because variation in the amount of HMWg subunits is of importance for breadmaking quality, research is in progress to increase both our understanding of the
agronomic conditions that affect the amount of HMWg subunits, and the prospects
for exploitation of genetic variation in the amount of (individual) HMWg subunits
in plant breeding.
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CHAPTER6

THEEXPRESSION OFINDIVIDUAL HIGH MOLECULAR WEIGHT
GLUTENIN SUBUNIT GENES OFWHEAT IN RELATION TO
DIFFERENCES IN THENUMBER ANDTYPE OF HOMEOLOGOUS
SUBUNITS AND DIFFERENCES IN GENETIC BACKGROUND

PKolster, CFKrechting1, WMJvanGelder

Summary
The amount of the individual High Molecular Weight glutenin (HMWg) subunits of bread-wheat
(TriticumaestivumL.) hasbeen studied in relation to allelic variation at homeologousloci and
variation in the general genetic background. The relations between Glu-Iloci have been studied
using near-isogenic lines (NILs) of the variety Sicco, in which the HMWg subunit alleles are
substituted by allelic variants.The substitution of the Glu-Dl allele by a null-allclc resulted in a
higher amount of the subunits encoded by genes at homeologous loci. The presence of a Glu-Al
null-alkie did not have anoticeable effect on the amount of the homeologous subunits. In three
out of four NILs, and in the sister-lines of two crosses, the amount of the HMWg subunits did not
depend on the allele make-up at the homeologous loci. Only in the NIL which contains the rare
Glu-Dl allele 2.2+12, the amount of the Glu-Al and Glu-Bl encoded subunits was considerably
lower than the amount of these subunits in Sicco.This study suggests a relation between the
amount of the HMWg subunits encoded by an allele and its contribution to bread-making quality.
The effect of the genetic background has been studied using F4 and F5 lines of two crosses. The
total amount of the subunits, relative to the total amount of kernel proteins, showed a considerable
variation between the lines. The ratio between the individual subunits did not differ between
genetic backgrounds. Because the ratio between individual subunits is also largely independent
from differences in environmental conditions, as shown by a previous study, it is concluded that
the relative amount of a subunit is a valuable measure for the detection of genetically determined
differences in expression of HMWg subunit genes.The results are discussed in relation to possible
levels of genetic regulation of gene expression.

DLO-Centre for Plant Breeding and Reproduction Research (CPRO-DLO)
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Introduction
The High Molecular Weight glutenin (HMWg) subunits,a group of storageproteins
of wheat,have been extensively studied in relation to bread-making quality. In the
allohexaploid bread-wheat (Triticum aestivum L.),these proteins are encoded by the
genes at threecomplex loci {Glu-Al, Glu-Bl and Glu-Dl) at the homeologous
chromosomes 1A, IB and ID respectively. Ateach locus two types of singlecopy
genes arepresent (Harberd et al. 1986).These genes encode subunits which are
classified as x-type or y-type HMWg subunits according to their higher orlower
molecular weight, respectively (Payne et al. 1981). Alarge number of alleles has
been found in wheat varieties and in species related to bread-wheat (see Kolster et
al. 1988,Chapter 3 of this thesis). In wheat varieties, the Glu-Al alleles do not
encode ay-type subunit, while one of the Glu-Al alleles does not result in an
x-type subunit either. Alleles which do not encode HMWg subunits arereferred to
as null-alleles. Some Glu-Bl alleles do not encode a y-type subunit. TheGlu-Dl
alleles which occur in varieties all encode both types of subunits. Glu-Bl and
Glu-Dl null-alleles are veryrare.
Variation in the bread-making quality of genotypes has been associated with
variation in HMWg subunit genotype (see Payne et al. 1979, 1987a; Moonen et al.
1982; Branlard and Dardevet 1985;Kolster et al. 1991a, Chapter 2 of this thesis).
Also quantitative variation of the HMWg subunits (the total amount as well as the
amounts of the individual subunits) is of importance for the bread-making quality
(Schofield and Booth, 1983;Huebner and Bietz 1985;Kruger et al. 1988;Wieser et
al. 1989).In wheat lines,the presence of null-alleles at each of the Glu-Iloci,
resulted in a decreased the total amount of the HMWg subunits and was negatively
correlated with the bread-making quality (Payne et al. 1987b;Lawrence et al. 1988).
In general, phenotypic variation in the amount of the HMWg subunits was
studied. In Chapter 5 of this thesis,a considerable effect of variation in
environmental conditions on the amount of HMWg subunits os shown. There is a
lack of knowledge about thegenetic variation in theexpression of HMWggenes.
There is also limited information about the relation between the expression of
HMWg subunit genes and the variation at the homeologous HMWg subunit loci and
variation in genetic background.
In inter-varietal substitution lines, the amount of the HMWg subunits encoded by a
substituted chromosome did not differ from the amount produced in the
donor-variety (Galili and Feldman, 1985).The expression of HMWg subunit genes
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at the Glu-Dl locus was not affected by the deletion of achromosome-arm carrying
the Glu-Bl locus in aneuploid wheat-lines (Galili et al. 1986).These results
suggested that the expression of the HMWg subunit genes did not depend on the
genetic background. In contrast, theresults of other studies showed that the
expression of the HMWg subunit genes may depend on the genetic background.
Namely, an increase in the dosage of the HMWg loci in compensating
nullisomic-tetrasomic lines was related to a decrease in the amount of homeologous
HMWg subunits and in the amount of the gliadins (Galili et al. 1986),and other
groups of gluten proteins of importance for the bread-making quality. Furthermore,
Galili and Feldman (1986)reported an increase in the amount of HMWg subunits
as a result of the deletion of a chromosome-arm encoding the so-called HMW
gliadins.Aneuploid wheat lines were used to study therelations between the
amount of storage proteins and the genetic background in most of the studies here
referred to.These lines may not be representative for therelations in euploid wheat.
Furthermore, allelic variation at the Glu-Iloci may influence the expression of
individual HMWg subunit genes, but this topic has not been studied so far.
The aim of thepresent investigation was to study the expression of HMWg
subunit genes in euploid wheat genotypes in relation to:
a) differences in the number of genes resulting in a HMWg subunit, which in
general ranges from 3 to 5 in bread-wheat,
b) differences in the type of alleles present at the homeologous Glu-Iloci,
c) differences in the genetic background (i.e.in genes other than the HMWg
subunit genes).
Near-isogenic lines (NILs) of Sicco,in which the HMWg subunit alleles are
replaced by allelic variants, have been used to study in the Sicco genetic
background therelations between the genes of the Glu-Iloci in determining the
gene expression (a and b).To study the expression of HMWg subunit genes in
different genetic backgrounds (c),F4 and F5 lines of two crosses have been used.
These lines gave also information on therelations studied under a) and b).

Material and methods
Plant material
Kernels of two subsets of near isogenic lines (NILs) of the Dutch spring-wheat
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variety Sicco werekindly provided by from DrPI Payne,PBI Cambridge, England
(Payne et al. 1987b). Subset A wascomposed of NILs in which the Glu-Al and/or
Glu-Dl alleles of Sicco arereplaced by null-alleles, subset B was composed of
NILs in which the Sicco alleles arereplaced byexpressed allelic variants. Table 6.1
shows the HMWg subunit genotype of the NILs and the donor varieties.Each NIL
had been produced by 5 consecutive backcrosses to Sicco. In the backcrossing
procedure,kernels were selected for HMWg subunit genotype by electrophoretic
analysis of embryo-less half kernels, while the embryo containing half was used for
propagation. BC-5 plantsfromheterozygous kernels containing the Sicco alleles and
the target allele were selfed. The resulting kernels were selected for HMWg subunit
genotype; kernels homozygous for the donor allele resulted in theNTL-substituted
(NIL-sub),kernels with the Sicco HMWg genotype served asNIL-control
(NIL-con).Each NIL-sub and its specific control were derived from the sameBC-5
Table 6.1 The HMW glutenin alleles of the Glu-Al, Glu-Bl and Glu-Dl locus of the near-isogenic
lines of Sicco and the donor varieties.
HMWg genotype
Lines

Glu-Al

Glu-Bl

Glu-Dl

Donor genotype
(Nap Hal x Gabo2)

subset A
NIL-1A null
0+01
NIL-ID null
1+0
NIL-1A/1D null 0+0
control
1+0

7+9
7+9
7+9
7+9

5+10
0+0
0+0
5+10

NIL-2*
control
NIL-7+8
control
NIL-2+12
control
NIL-2.2+12
control

7+9
7+9
7+8
7+9
7+9
7+9
7+9
7+9

5+10
5+10
5+10
5+10
2+12
5+10
2.2+12
5+10

-

subset B

1

2*+0
1+0
1+0
1+0
1+0
1+0
1+0
1+0

Glenlea
Chinese Spring3

-

Chinese Spring3

Danchi

-

The subunits encoded by the x and the y type gene, respectively. A silent gene is represented by
anO.
2
Represents a Gabo isogenic line in which the Nap Hal HMWg subunit genotype (0, 17+18, 0)
was introduced by 4 backcross generations. During the backcrossing with Sicco, genotypes
heterozygous for 1and 5+10 were selected; after selfing of the BC-5 plants the different types of
isogenic lines were selected.
3
For the NIL 7+8 and NIL 2+12, the same donor variety was used. The lines were separated at
BC-1 (see Material and methods).
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plant. Consequently, if donor genes other than the target gene are unintentionally
introduced in the NELs,these will bepresent in the NIL-subas well as in the
NBL-con.The plants resulting from 3-4 of these selfed kernels were selfed again,
theresulting kernels were spring sown at trial fields of the PBI. The kernels
produced upon selfing of theresulting plants were used in thepresent study.
The NILs are considered to be to a largeextent isogenic for the other loci than
the Glu-Iloci, and therefore valuable material for studying the HMWg subunit gene
expression in relation to differences in HMWg subunit genotype. It should be noted
that a considerable proportion of the donor genome linked to the marker gene is
introduced in theNIL, even after 5 backcrosses and selfing at BC-5,as shown by a
theoretical study of Stam and Zeven (1981).It is therefore likely thatproximally
located cisor transacting regulatory sequences - or other linked genes which
interact with the HMWg subunit genes - are introduced together with the target
gene. The enhancer element involved in the temporal and spatial regulation of the
HMWg genes (Thomas and Flavell 1990)is an example of aproximal cisacting
regulatory sequence.
A second set consisted of kernels of 42F4 and 45 F5 lines resulting from two
crosses (between brackets, the parents and their HMWg alleles at the Glu-Al,
Glu-Bl and Glu-Dl loci,respectively), 84024 [SVP-76025111 * Saiga; (2*,7+8,
2+12) *(0,7+9,2+12)] and 83009 [SVP-75016453 * SVP-73003242; (1, 6+8,
5+10) * (0, 6+8,2+12)].Theprogenies of these crosses were bulk-propagated untill
theF3.The F4 generation started with randomly chosen single kernels. The kernels
used in this study wereproduced at autumn sown trial fields of the former
Foundation for Agricultural Plant Breeding (now part of the Centre for Plant
Breeding and Reproduction Research).
When studying theamount of the individual HMWg subunits in material with a wide genetic origin, the
variation in genetic background will be higher than when using segregating progenies from crosses between
2 genotypes. However, subunits with an identical relative mobility during SDS-PAGE, which is thecriterion
used for the genetic identification of subunits, are encoded by identical genes, except for somerare
recombinations. This is not the case for subunits in unrelated genotypes because 1) a higher level of
expression of genes encoding identical subunits but differing in sequences involved in gene regulation cannot
be distinguished from a higher level of expression as a result of differences in the genetic background 2)
allelic subunits may havea similar R„during SDS-PAGE (Kolster et al. 1988, Chapter 3 of this thesis).
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Electrophoresisandquantification
The proteins present inextracts of wholemeal flours were separated on 8.3% SDS-PAGE
electrophoresis gels.The extraction procedure, electrophoretic conditions, gelstaining and
the densitometric analysis are as described previously (Kolster et al. 1992,Chapter 4 of
this thesis). In this report, the amount of Coomassie Brilliant Blue (CBB) (expressed as
100 * absorbance unit times mm) adsorbed by the HMWg subunits will be referred to as
the amount of the subunits.
Extracts of each genotype were applied on 4 different gels. The two subsets of NILs were
analyzed separately, each gel contained a complete subset In the statistical analysis of the
quantitative measurements of the NILs (Genstat 5 committe 1987),gel was treated as a
block factor.
Because of the large number of lines originating from the two crosses, different sets of 4
gels were required for the quantification of the subunits. For the statistical analyses,
differences in staining-intensity between gels of different sets were assumed to be absent.
To verify this assumption, an extract of a reference flour was applied in the first and last
slot each gel.
A wholemeal flour is used for electrophoretic analysis of the HMWg subunits.
Consequently, genotypes homozygous for the Glu-Al allele 1cannot be distinguished from
heterozygous genotypes containing Glu-Al alleles 1and 0 as the flour of both genotypes
contained subunit 1.This will have contributed to the variation in the amount of the
Glu-Al allele 1. Consequenty, the ratio between the subunits will also be affected.
However, when the relative amount of the Glu-Bl and Glu-Dl subunits was calculated
without taking the amount of subunit 1into consideration, the conclusions from these
experiments remained the same.

Results and discussion
Differencesin the numberof theHMWg subunits
The relation between the number of HMWg subunits produced by a genotype and the
amount of the individual subunits ('a' in Introduction) was studied using near-isogenic
lines of Sicco, in which the alleles of the Glu-Al and Glu-Dl locus have been replaced by
null-alleles (subset A,Table 6.1). Table 6.2 shows the amount of the HMWg subunits
present in these NILs. Comparison of the amount of the subunits present in Sicco, the
NIL-con and the NIL-1A null shows that replacing the Glu-Al allele 1for the null-allele
did not result in a significant change in the amount of Glu-Bl and Glu-Dl subunits. In the
NIL-ID null and the NIL-1A/1D null, the amount of the remaining subunits was
significantly (P < 0.05) higher than the amount of these subunits in Sicco or the NIL-con
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(Table 6.2). The higher protein content of theflourmay have contributed to the higher
amount of the subunits in the NIL-ID null (Kolster et al. 1991b) but this cannot be the
cause of the higher amount of the HMWg subunits in the NIL-1A/1D null.
Table 6.2Amountsoftheindividual CBBstained HMWgsubunits1of near-isogenic lines(NILs)
of Sicco,inwhichthe allelesoftheGlu-Aland/orGlu-Dl locusarereplacedbynull-alleles.
NILs
control

lA-null

20
44
18
27
32

18
42
18
25
35

47
18
27
33

11.1

11.1

10.3

HMWg subunit

Sicco

1 (Glu-Alx)
7 (Glu-Blx)
9 (Glu-Bly)
5 (Glu-Dlx)
10 (Glu-Dly)
protein content(%)
1
2

ID-null

lA/lD-null

25
60
28

50
26

12.3

11.2

LSD2
3.4
5.9
3.3
4.2
5.8

100 *absorbanceunits-mm
LSD=least significant difference of the absorbancevaluesatP=0.05,based onthe
densitometricanalysisof 8lanes(two independentlyproduced extractsofeachsample,each
appliedonfourgels)

The same relation was also studied in the progeny of the two crosses. Both
populations contain Glu-Al allele 0 and a Glu-Al allele encoding a HMWg subunit
(1 in cross 83009 and 2* in cross 84024). By calculating the average absorbance of
randomly chosen lines with the same HMWg genotype (Table 6.3), differences in
the genetic background ('c' in Introduction) are largely removed. The amounts of
the individual subunits in sister lines which differ only in their Glu-Al allele
(compare for 83009 group A with B and group C with D in Table 6.3) were only
slightly affected differences in the type of Glu-Al allele. The differences observed
for the amount of the corresponding subunits in different groups could well be the
result of the differences in the average protein content of the flours of the lines, and
in the average staining-intensity of the gels. The latter is represented by the average
absorbance of the HMWg subunits of a control sample, applied on each gel
(Table 6.3). The analysis of 84024 is in full agreement (results not shown).
In conclusion, our experiments with NILs show in euploid wheat that a decrease
in the number of subunits by substitution of an active Glu-Dl allele by a Glu-Dl
null-allele results in an increase in the expression of the remaining HMWg subunit
genes. The presence of a Glu-Al null-allele in the NILs did not have a noticeable
effect on the amount of the homeologous subunits. The absence of an effect of the
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presence of a Glu-Al null-allele is also found in the experiments with the sisterlines. The presence of the Glu-Al null-allele is common in wheat varieties, in
contrast to the Glu-Dl null-allele.
The absence of a significant effect of the presence of the Glu-Al null-allele may be
caused by the low amount of subunit encoded, which is considerably lower than the
amount produced by the Glu-Bl and Glu-Dl alleles (compare Table 6.2, amounts of
subunits 1 and 5+10).
Table63 Amountsof theindividual CBBstained HMWgsubunits1in4genotypicgroupsofsister
lines(cross83009),denoted AtoD.HMWgsubunit allelespresentarefor theGlu-Dllocus2+12
or5+10andfor theGlu-Al locus0or1.
HMWg subunit

A

2

.

0
1
6
8
2
12
5
10

(Glu-Alx)
(Glu-Alx)
(Glu-Blx)
(Glu-Bly)
(Glu-Dlx)
(Glu-Dly)
(Glu-Dlx)
(Glu-Dly)

protein content(%)3
control samples4
number of lines

B

C

D

-

32
31

21
37
33

45
71

50
75

13.0
128
7

13.1
135
15

34
34
45
61

22
38
38
48
65

13.3
126
7

13.6
129
16

- =nosubunitpresent
1
100 *absorbance unitsmm
2
Forthequantification of theHMWgsubunitsof aline,four replicatedensitometricanalysiswere
used.Duetothelargedifferences inthestainingintensitybetweenthelines,noneofthe
differences between asubunitpresent indifferent groupswere significant
3
Theaverageprotein contentofthesamplesbelongingtothesamegenotypicgroup
4
Totalabsorbance oftheHMWgsubunitspresent inanextract,used asacontrol for different gels
(seeMaterial andmethods)
Anothercauseofthedifferences ineffect oftheGlu-AlandGlu-Dlnull-allelesmaybethe
differences inthecausesresponsibleforthelackof subunitsof thegenes.Thegenesofthe Glu-Dl
null-allele aredeleted (Payne,perscomm).Incontrast,theHMWgsubunitgenesof the Glu-Al
locus (Harberd et al. 1986)areprobably silentbymutations,asshownbysequence analysisoftwo
Glu-Aly subunits genes(Fordeetal. 1985;Harberd etal. 1987).NoHMWgsubunittranscription
productsofthesilentGlu-Alx andGlu-Aly genesof ChineseSpring (Thompson etal. 1983)and
of theGlu-Aly geneof Cheyenne (Fordeetal. 1985)couldbedetected.Theresultsof thepresent
studysuggestthatthenumberofgenespresent,isdeterminingthelevelofexpression, andnotthe
numberof transcribed genes.Thenumberof flancking sequences ofgeneswhichcanform
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complexeswithproteins,andthereforecanbeinvolvedingene-regulation(seeWaughandBrown
1991)mightberatelimitingforgene expression.
DifferencesinthetypeoftheHMWg subunits
The relation between the expression of the HMWg genes and the variation in type
of alleles present at homeologous loci ('b' in Introduction) has been studied by
means of four near-isogenic lines,in which theHMWg subunit alleles of Sicco
werereplaced by allelic variants (subset B in Table 6.1). Because the introgressed
alleles encoded the same number of subunits as the Sicco alleles,each NIL-sub
contained the same number of subunits as Sicco.Table 6.4 shows that the protein
content and the amount of the HMWg subunits differed between the NILs. Apart
from thedifferent Glu-Iallele substitution, differences between pairs of NILs can be
caused by the introduction of other genes than the target genes.Also environmental
influences could cause the differences between NILs (Kolster et al. 1991b,Chapter
5), so further studies should be carried out to separate thesecauses.
The amounts of the individual HMWg subunits present in the NIL-sub should be
compared with the amount of the corresponding subunits present in its specific
control (Table 6.4). In the first, second and third pair, the amounts of the Sicco-type
HMWg subunits was equal or only slightly higher in the NIL-sub than in the
ML-con. In the NIL 2.2+12, the amount of the Sicco-type HMWg subunits was
significantly lower than the amount in the control. The difference cannot be
explained by the difference in protein content between the NIL-sub and its control.
Therefore, the probable cause is the substitution of the Glu-Dl allele encoding the
subunits 5 and 10by an allele encoding 2.2 and 12(including the genes linked to it,
see material and methods,plant material). The latter allele originates from a
Japanese variety (Payne et al. 1983) and is very rare in wheat varieties.
The effect of the substitution of an allele, without changing the number of subunits,
can also be studied using theprogeny of the two crosses. In groups of lines which
differ only in the type of Glu-Dl allele (encoding 2+12 or 5+10;compare Awith C
and B with D in Table 6.3), the amount of the Glu-Bl subunits 6 and 8was
comparable. The small differences observed wereprobably aresult of differences in
the average protein content of the groups of lines and in the staining intensity of the
gels (see Table 6.3). The results of cross 84024agree (results notpresented).
In conclusion, the Glu-Iloci did not influence the HMWg subunit geneexpression except in the case of substitution of 5+10 by therare allele 2.2+12.Payne and
coworkers (Payne,perscomm) found this Glu-Dl allele to be of a "low quality"
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with respect to bread-making. This low quality may thus result from the overall
reduction in the amounts of the HMWg subunits.
In passing it may be noted that the absorbance of some of the subunits encoded
by the alleles introgressed in Sicco differs from the absorbance of the corresponding
Sicco-type subunits (Table 6.4). Assuming that subunits do not differ in binding
capacity of thedye, these differences areconsidered as differences in the amountof
subunit. As far as these limited data go,there is a coincidence between the
combined amounts of the subunits and thecontribution to the bread-making quality
of the Glu-Bl and Glu-Dl alleles, asreported by Payne et al. (1987a). The same
holds for theGlu-Dl encoded subunits in thelines of cross 83009 (Table 6.3); the
amount of the high-quality alleles encoding the subunits Sand 10is higher than the
amount of subunits encoded by thelow-quality allele 2+12. The present study
therefore suggests a relation between the amount of HMWg subunits and their
contribution to bread-making quality. Further studies on this subject are in progress.

amountHMWgsubunits/proteincontent

genotypicgroup
A

B

C

D

Figure6.1 VariationintheratiobetweentheabsorbancevaluesoftheCBB-stained HMWg
subunitsandtheproteincontentofthesister-linesofcross83009. Thelinesaregroupedfor
HMWg subunitgenotype, denotedA-D. SeeTable6.3fortheHMWg subunitgenotypeofthe
groups. Theproteincontentofthekernelsofthelinesrangesfrom9.1 to 14.2%.
Differencesingenetic background
The influence of variation in the genetic background on the expression of aHMWg
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gene ( V in Introduction) has been studied in theF4 and F5 lines of the two
crosses. Since the amount of the HMWg subunits of agenotype is related to the
protein content of the lines,the absorbance is not the most optimal measure for this
specific purpose.
Figure 6.1 shows the total amount of HMWg subunits -relative to the total amount
of kernel proteins - for the different lines,grouped for HMWg subunit genotype.
The total amount of the HMWg subunits, encoded by identical alleles, differed
considerably between lines.This variation in proportion exceeds that observed for
replicate plots of a variety and for plots of a variety grown at different locations
(Kolster et al. 1991b,Chapter 5).In the latter study, also genetically determined
differences in theproportion of the HMWg subunits between varieties with the
same HMWg subunit make-up were shown.Therefore, it is likely that variation in
genetic background considerably contributes to the variation in amount of the
HMWg subunits. A quantitative analysis of this genetic contribution is inprogress.
A second question is whether differences in the genetic background differentially
affect the expression of individual HMWg subunit genes.The amount of individual
HMWg subunits, relative to the total amount of HMWg subunits, is largely
independent from the differences in protein content (Kolster et al. 1991b, Chapter
5). Although, there are some restrictions.Firstly, variation in relative amount of a
subunit may result from variation in the amount of the subunit itself, but may also
result from variation in the amount of (one of the) other subunits. Secondly, alleles
may differ in number and amount of the subunits they encode. Consequently,
comparison is only feasible for lines with the same HMWg subunit genotype.Table
6.5 therefore shows for lines from cross 83009 with the same HMWg subunit
genotype the maximum and minimum relative amount of the individual subunits
observed. The variation in therelative amount of a subunit within a groupof
genotypes is slightly higher than the observed variation as aresult of differences in
growing conditions (Kolster et al. 1991b, Chapter 5).The same holds for cross
84024 (results not shown).
These experiments give therefore no clear-cut evidence that individual HMWg
genes are differentially affected by differences in genetic background. The total
amount of the HMWg subunits however is clearly affected by differences in the
genetic background. The effects of variation in storage protein genes on the
expression of other storage protein genes as described by Galili (see Introduction) is
another example of arelation between the genetic background and the expression of
HMWg subunit genes.
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Concluding remarks
Theratio between the HMWg subunits seems largely independent from differences
in the gentic background. This suggests that acommon regulation mechanism
coordinates the expression of the genes at theGlu-Iloci. Such a coordination
between the HMWg subunit genes is also shown for wheat grown under different
environmental conditions (Kolster et al. 1991b,Chapter 5).Only in the relation
between the individual HMWg subunit genes,effects of the gene-dosage and the
type of alleles on thegene-expression may occur, which effects remain unexplained.
Bartels and Thompson (1986) showed for agenotype grown under standardized
conditions that during kernel development,theexpression of the genes of storage
proteins is coordinated, probably at the level of transcription. The present study
shows however that the total amount of the HMWg subunits relative to the total
amount of protein depends on the genetic background. Therefore, other regulation
mechanisms, superimposed on themechanism regulating thecoordinated expression
of the HMWg subunit genes, are probably involved as well. Finally, environmental
conditions are affecting the total amount of the HMWg subunits of a genotype
(Kolster et al. 1991b, Chapter 5).
Table 6.5 Relative amounts of the individual HMWg subunits (absorbance of the HMWg subunits
relative to the total absorbance of the subunits) in groups of sister-lines of cross 83009. The
minimal and maximal relative amount present in the lines is reported1.
HMWg subunit
1 {Glu-Alx)
6 {Glu-Blx)
8 (Glu-BJy)
2 {Glu-Dlx)
12 {Glu-Dly)
5 {Glu-Dlx)
10 {Glu-Dly)
1

A

B

0.17-0.18
0.16-0.18

0.02-0.15
0.15-0.19
0.15-0.19

0.24-0.28
0.39-0.42

0.22-0.26
0.32-0.40

C

D

0.19-0.20
0.19-0.20
0.26-0.29
0.31-0.37

0.06-0.16
0.16-0.19
0.17-0.20
0.19-0.25
0.27-0.35

Average LSD (P < 0.05) for the relative absorbance of a line, based on 4 replicates: 0.025

The present study has significance for investigations on the genetic variation in
the expression of HMWg subunit genes.Firstly,for the most commonly occurring
HMWg subunit alleles, no interactions were found between the Glu-Iloci in
determining the expression of the genes.Therefore, it is possible to use the amount
of a subunit as a measure of the gene expression, without taking the HMWg subunit
genotype into consideration. Secondly, therelative amount of a subunit is only toa
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limited extent influenced by differences in genetic background. The same holds for
differences in environmental conditions (Kolster et al. 1991b, Chapter 5). Therefore,
when in a genotype a subunit is found which differs strongly in proportion
compared with the amount in other genotypes,it isprobably caused by
characteristics of the gene itself. Agenetic analysis isrequired for determining the
exact nature of the aberrant expression.
Theresults of the present study are used to assess the genetic variability of the
expression of the HMWg subunit genes in Dutch wheat varieties and to study the
relation between the quality of an HMWg subunit allele with respect to breadmaking and the amount of protein produced.
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CHAPTER 7

VARIATION IN TYPE AND RELATIVE AMOUNTS OF THE HIGH
MOLECULAR WEIGHT GLUTENIN SUBUNITS IN DUTCH WHEAT
VARIETIES

P Kolster, WMJ van Gelder

Summary
The High Molecular Weight glutenin (HMWg) subunit genotypes and the amount of the individual
HMWg subunits were determined in 38 Dutch wheat varieties.In the winter wheat varieties,
HMWg subunit alleles that in general have been shown to be related to a poor bread-making
quality predominated. In the spring-wheat varieties, 'high quality' alleles were most frequent
When examining the published HMWg subunit genotypes of British and German varieties we
found a similar difference in HMWg subunit genotype between spring- and winter wheats. Because
the bread-making quality of spring wheat varieties is in general superior to that of winter wheats,
probably also because of the lower protein content of thelatter, the two groups should be taken
separately when studying the relation between the HMWg subunit genotype and the bread-making
quality.
There was a considerable variation in the relative amounts of allelic HMWg subunits and of
subunits encoded by different genes (at the same or homeologousloci). However, between varieties
with the same HMWg subunit genotype, the relative amounts of identical subunits differed only
slightly. Some of these small differences may reflect differences in gene-expression, but it is not
known to what extent differences in the genetic background or differences in the gene promoter are
involved.
There were differences in the relative amounts of the HMWg subunits encoded by the alleles at the
Glu-Bl locus. Here, an increase in the relative amounts coincided with an increase in the breadmaking quality of an allele.
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Introduction
The high molecular weight glutenin (HMWg) subunits, a group of storage proteins
of wheat (Triticum aestivum L.), are encoded by genes of the complex Glu-1loci at
the A,B and D genome, the Glu-Al, Glu-Bl and Glu-Dl locus,respectively. At
each locus, single copies of two types of HMWg genes arepresent (Harberd et al.
1986),which may encode an x- and an y-type subunit,respectively. The y-type
subunits have a lower molecular weight than the x-type subunits. In wheat varieties,
an extensive allelic variation is present at each complex locus (Payne et al. 1981).
Some of the alleles of the Glu-Bl locus contain y-type genes which do not result in
a subunit. None of the Glu-Al alleles encode an y-type subunit; one of theGlu-Al
alleles does not result in an x-type subunit either. All Glu-Dl alleles encode both
types of subunits. Accordingly, wheat varieties contain from 3,4 or 5 subunits.
Allelic variation at the Glu-1loci has been related to differences in the
bread-making quality (seePayne et al. 1979, 1987;Moonen et al. 1982; Branlard
and Dardevet 1985).In a collection of 226 breeding lines of winter wheat, derived
from 47 varieties of different countries (only with four old Dutch varieties),we
found a ranking of the alleles which was in general agreement with the ranking
found in the other studies (Kolster et al. 1991c, Chapter 2 of this thesis).At the
Glu-Dl locus, the allele encoding the combination of HMWg subunits 5+10 was
related to a higher bread-making quality than the allele encoding 2+12.TheGlu-Al
null-allele (an allele which does not encode a HMWg subunit) was inferior to its
allelic variants 1and 2*,respectively. The Glu-Bl alleles encoding subunits 6+8
and 7, were inferior to the alleles encoding the subunit combinations 7+8 and7+9.
In our study, about 20%of the variation in bread-making quality was ascribed to
the variation in the HMWg genotype of the lines.Especially allelic variation at the
Glu-Dl locus contributed to the variation in quality (Kolster et al. 1991c, Chapter 2
of this thesis).
Also differences in the total amount of the HMWg subunits have been related to
differences in the bread-making quality (Seilmeier et al. 1991;MacRitchie et al.
1991; see further Kolster et al. 1991c,Chapter 2 of this thesis).The total amountof
the subunits of a variety was shown to be strongly affected by differences in the
growing conditions (Kolster et al. 1991a, Chapter 5). Seilmeier et al.(1991) showed
a considerablephenotypicvariation in the amounts of individual subunits in 24
varieties.However, there are no literature reports on the extent of thegenetic
variation in the amount of individual subunits between wheat genotypes.
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The molecular basis of the differences between HMWg subunit alleles in their
contribution to bread-making quality is not known. It has been suggested that
conformational differences between the HMWg subunits are involved (seeFlavell et
al. 1989).Differences in the amount of the subunits produced may be another cause
of the differences in 'quality' between alleles,but until now, no studies on this
possibility have been published.
In this report, the type and the amount of individual HMWg subunits present in
the kernels of 38 Dutch wheat varieties is studied. The type of the HMWg alleles
present is discussed in relation to the generally poor bread-making quality of Dutch
wheat varieties. Theresults of the quantification of the individual HMWg subunits
are used to study the differences in expression of the HMWg subunit genes, and to
relate the amounts of the subunits produced by an allele to thecontribution to the
bread-making quality asestablished in other studies.

Material and methods
Plant material
The HMWg subunits were studied of 38 wheat varieties which are,or havebeen
registered in the 'Dutch descriptive list of varieties of field crops' (Anonymous,
1978-1990). In addition, two old Dutch varieties (Mado and Orca) and 5 foreign
varieties (Capelle Desprez, Chinese Spring, Norda, Kormoran and Tenor) were
studied. Seeds of most of the varieties were grown at trial fields of the former
Foundation for Agricultural Plant Breeding (SVP),Wageningen. The other seeds
were obtained from the Governmental Institute for Research on Varieties (RIVRO),
Wageningen. Of each variety, one sample was taken for analysis. The samples were
collected in different years.
Electrophoretic analysisandquantification ofthe HMWg subunits
The HMWg subunits were extracted from wholemeal flours asdescribed previously
(Kolster and Van Gelder 1991).The set of varieties was randomly divided into 4
subsets.The proteins extracted from the flours of these subsets were separated on
four replicate SDS-PAGE gels; each gel contained acomplete subset. The
identification and the numbering of the HMWg subunits, and consequently of the
alleles,was according to Payne and Lawrence (1983).The amount of Coomassie
Brilliant Blue (CBB) adsorbed by the HMWg subunits, which is correlated with the
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amountof protein, was determined by laser scanning densitometry. The method
used, and thereliability of the approach, was as described previously (Kolster et al.
1992,Chapter 4).Theresults of the quantitative measurements were analyzed using
Genstat (Genstat 5committee 1987).

Results and discussion
Variation inthetypeofHMWgsubunits
Table 7.1 shows the frequencies of the HMWg subunit alleles at the Glu-Iloci in
27 Dutch winter and 11Dutch spring wheat varieties. These frequencies are derived
from Table 7.3,which shows the HMWg subunit genotype of the varieties, together
with theresults of thequantification of the individual subunits.
Table 7.1 Frequencies of the Glu-Al, Glu-Bl and Glu-Dl HMWg subunit alleles in 26 Dutch
winter- and 11Dutch spring- wheat varieties1.
Locus

Allele2

Winterwheat
%

Springwheat
%

Glu-Al

0 (a)
1 (b)
2*(c)

73
19
8

36
55
9

Glu-Bl

6+8 (d)
7 (a)
7+8 (b)
7+9 (c)

54
30
8
8

9
18
0
73

Glu-Dl

2+12 (a)
5+10 (b)
3+12 (c)

92
8
0

36
55
9

1

These varieties are, or have been registered in the 'Dutch descriptive list of varieties of
fieldcrops' (Anonymous, 1978-1990). Their HMWg subunit genotypes are given in Table 7.3
2
Between brackets,the allele designation according to Payne and Lawrence (1983)

HMWg subunit alleles that had been related to apoor bread-making quality,
according to Chapter 2 and the literature (see Introduction),predominated at the
Glu-Iloci in the Dutch winter wheat varieties (Table 7.1); viz. the Glu-Al null
allele,the Glu-Bl alleles which encode the subunits 6+8 and 7, and theGlu-Dl
allele encoding 2+12.In Dutch spring wheat varieties, the most commonly
occurring HMWg subunit alleles were those generally related to a high bread94

making quality; viz. the alleles encoding subunit 1(Glu-Al locus),7+9(Glu-Bl
locus) and 5+10 (Glu-Dl locus).The HMWg subunit genotype of the varieties used
could not berelated to their bread-making quality as data on the bread-making
quality of these samples arenot available.Moreover, as stated before (Kolster et al.
1991c,Chapter 2),theserelations should not be studied with varieties but preferably
with lines which have a wide genetic background and which have not been selected
for bread-making quality.
In spring wheat varieties from other countries too (Table 7.2) the good alleles are
far more frequent than thepoor alleles,except at the Glu-Dl locus in the Soviet
Union. With the winter wheat varieties a striking contrast is found. Whilst in Great
Britain and Germany, like in The Netherlands, poor quality alleles predominate,
high quality alleles are highly frequent in Canada, Finland and the Soviet Union, at
least at the Glu-Al and Glu-Bl locus.At the Glu-Dl locus the high quality alleles
are in the latter three countries notpredominant, low frequent and highly frequent,
respectively. This shows that the winter wheat varieties constitute separate
(contrasting) genepools.
It is generally accepted that the average bread-making quality of spring wheat is
higher than that of winter wheat. This may result from a higher frequency of 'high
quality' HMWg subunit alleles in the spring wheat varieties, but also from the
higher averageprotein content of spring wheat varieties (see Jenkins et al. 1987;
Shellenberger 1978).The difference in protein content of spring and winter wheats
is associated with the lower yield of spring wheat, which is negatively related to the
protein content. Spring and winter wheat varieties sown in winter had a higher yield
and a lower protein content than the same varieties sown in spring (Jenkins et al.
1987). As agronomic differences contribute to the differences in the bread-making
quality of spring and winter wheats, spring- and winter-sown wheat genotypes
should be treated as separate groups when relating the presence of HMWg alleles to
the bread-making quality. The high amount of variation in bread-making quality
which has been ascribed to variation in the HMWg subunit genotype of British (4760%; Payne et al. 1987) and Canadian (59-69%;Lukow et al. 1989) varieties is
probably overestimated because the authors pooled the two classes of wheat.In
studies where only winter wheat (German, Rogers et al. 1989; Dutch, Kolster et al.
1991c,Chapter 2) or spring wheat (Norwegian, Uhlen 1990) varieties were used,
the contribution to bread-making quality of the variation in HMWg subunit
genotype was considerably lower, but still substantial (approximately 30%,20%and
27%,respectively).
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Table 7 2 Frequencies (%) of the Glu-Al, Glu-Bl and Glu-Dl HMWg subunit alleles in spring (S)
andwinter (W) wheat varieties of 5 countries.

Locus

GreatBritain1
W
S

Canada2
W
S

Germany3
W
S

Finland4
W
S

SovietUnion5
W
S

Glu-Al
0
1
2*
other

83
17
0
0

33
33
33
0

5
75
20
0

4
46
46
4

79
20
2
0

11
75
14
0

0
33
67
0

25
31
44
0

8
58
33
0

6
12
82
0

Glu-Bl
6+8
7
7+8
7+9
other

53
35
9
2
2

11
0
22
33
33

5
0
20
75
0

8
2
24
56
10

47
23
11
20
0

0
18
0
71
11

0
20
0
73
7

6
0
44
50
0

3
0
17
80
0

2
0
20
76
2

Glu-Dl
2+12
5+10
other

73
8
20

28
61
11

45
55
0

10
90
0

64
36
0

18
82
0

67
33
0

25
75
0

11
89
0

49
51
0

Numberof
varieties

66

18

20

48

66

28

15

16

36

49

1

Payne et al. 1987
Lukowetal.1989
3
Sontagetal.1986
4
OdenbachandMahgoub1987
5
Morgunovetal.1990
i

In varieties of bread wheat, chromosome IB (or its short arm) can be replaced by
chromosome 1R (or its short arm) of rye.The presence of this rye chromosome
(-arm) isknown for its deteriorating effect on the bread-making quality (Zeller et al.
1982; Dhaliwal et al. 1987).Thepresence of the IRS chromosome arm was
established in 4 of the Dutch varieties (Clement, Donjon, Granada and Nautica),
using an the electrophoresis system essentially according to Payne et al.(1987).
In conclusion, the poor bread-making quality of Dutch winter wheat varieties
must partly result from thepoor quality of their HMWg alleles.Therefore, the
introduction of 'high quality' HMWg subunit alleles in breeding programs, such as
Glu-Dl allele encoding 5+10, is an important tool to enhance the bread-making
quality.
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Variation intheamountofHMWgsubunits
The absolute amount of the individual subunits differed considerably between
varieties (results not shown).This variation may result from environmental as well
as genetic variation (and interactions between genotype and environment). In the
present report, genetic differences in the expression of the HMWg subunit genes are
studied. The interpretation of the variation in absolute amount of the subunits was
hampered by the fact that the expression of HMWg subunit genes depends on the
growing conditions of a variety (agronomic as well as climatologic) (Kolster et al.
1991a, Chapter S)and may also depend on the general genetic background of a
HMWg subunit gene (Kolster et al. 1991a, Chapter 5; 1991b).These studies also
showed that the amount of an individual subunit, relative to the total amount of
HMWg subunits, is largely independent from differences in the environmental
conditions and in the genetic background. Accordingly, in the present study the
relative amount of the individual HMWg subunits is used as a measure ofgeneexpression (Table 7.3).
Three classes of subunit specific differences in gene expression were distinguished:
a) differences in the expression of HMWg subunit genes, which are considered
identical because of the indistinguishable relative mobility during SDS-PAGEof
the subunits encoded and which are moreover encoded by genes in identical
alleles. Thus, 'expression alleles' encoding the same typeof subunits. These are
differences between varieties (Table 7.3) with the same HMWg subunit
genotype.Because allelic subunits may differ in amount, comparing varieties for
relative amount of a subunit is only valid for varieties with the same HMWg
subunit genotype.
b) differences in the expression between the genes for the x- and the y-type
subunits at a locus.These are the differences in subunit expression within a
variety.
c) differences in the amount of allelic HMWg subunits. These are the between
HMWg genotype differences in Table7.3.
Aprerequisite for studying subject c) is that the expression of a HMWg subunit is
not affected by the HMWg subunit genotype of the varieties. This demand was met
for the HMWg subunit alleles which occur in the set of varieties used in this study
(Kolster et al. 1991b,Chapter 6).
ad a) Table 7.3 shows for some varieties with identical HMWg subunit genotypes
significant (P <0.05) differences in therelative amounts of the individual
HMWg subunits. However these differences are relatively small. Galili and
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Feldman (1983) observed a larger difference in relative amount of theGlu-Bl
encoded subunit 7 in two genotypes with identical HMWg genotype (1, 7+8,
2+12).Unfortunately, this combination of HMWg alleles did not occur in our
set of varieties. Therange of therelative amount of a subunit within groups
with the sameHMWg genotype is still larger than the variation in relative
amount within a variety due to variation in the environmental conditions
(Kolster et al. 1991a,Chapter 5), but of the same magnitude as the
differences due to differences in thegenetic background (Kolster et al. 1991b,
Chapter 6).There was no apparent relation between the year of growing (not
presented) and therelative amounts of the subunits of thedifferent varieties.
The differences between varieties observed in this study probably had
environmental as well asgenetic causes. Agenetic analysis isrequired to
separate effects of the genetic background from differences due to variation in
the regulation of the expression of the Glu-Igenes. Because the differences in
therelative amount of a subunit within genotypic groups are small in general,
quantitative measurements can be used as an indication of the presence of
comigrating subunits.For instance, when the Glu-Dl allele encoding 5+10is
present, the Glu-Bl alleles encoding 7+9 can not be distinguished from the
allele encoding 7 because the subunits 9 and 10comigrate on a 8.3%SDSPAGE gel. However, they can be distinguished quantitatively because the
relative amount of the composite band (9 and 10)is clearly higher than the
relative amount of subunit 10separately,
ad b) The relative amount of the x- and the y-type HMWg subunits encoded by
genes of the same allele differed considerably (Table 7.3). The Glu-Blx
subunits 7 of the alleles encoding 7+8 and 7+9 are in all but one case
(Norda), more intensely stained than the Glu-Bly subunits 8 and 9,
respectively; the y-type subunit 8encoded by Glu-Bl allele 6+8 tends to be
more intensely stained than subunit 6. The Glu-Dly subunits 10and 12arein
the majority of varieties more intensely stained than the Glu-Dlx subunits 5
and 2,respectively. The relative amount of the Glu-Alx subunits 1is
comparable to that of the Glu-Bly subunits.
These results show that the three to five HMWg subunit genes which can be
expressed in wheat varieties may differ considerably in the amount of protein
produced. Because subunits can differ considerably in molecular weight, the
amount of protein should preferably be expressed on a molar basis when
discussing these results in terms of differences in gene-expression. This will
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be discussed in Chapter 8.
ad c) Therelative amount of allelic HMWg subunits at agiven Glu-Ilocus was
compared between groups of varieties which do not differ in their allele
make-up at the other Glu-Iloci.For the Glu-Al locus,this was only thecase
for two varieties (Sunnan and Bastion).Therefore, therelative amounts of the
Glu-Al encoded subunits could not be compared accurately. In general,the
relative amount of 2*appears to be lower than therelative amount of subunit
1.Only in Granada, the amount of 2* iscomparable to therelative amountof
subunit 1found in other varieties. The superiority of the Glu-Al alleles
encoding the subunits 1and 2*,respectively, to the Glu-Al null-alleleis
probably also a result of the lower total amount of the HMWg subunits in
combinations with the latter allele (see Chapter 6).
Comparison of the relative amounts of the Glu-Bl and Glu-Dl encoded
subunits was hampered by the low number of varieties within someof
the Glu-Al x Glu-Bl x Glu-Dl allele combinations. As aprevious
study (Kolster et al. 1991b, Chapter 6) showed that the presence or
absence of a Glu-Al encoded subunit does not affect the expression of
genes at the Glu-Bl and Glu-Dl loci, the number of varieties within the
groups with identical HMWg genotypes was increased by calculating
the relative amount of the subunits encoded by the alleles of the Band
D genome excluding the amount of the Glu-Al encoded subunit (Table
7.4). In the varieties containing the Glu-Dl subunits 2+12 (Table 7.4),
the Glu-Bl alleles areranked according to the relative amount of the
subunits encoded as follows: 6+8 =7< 7+8 =7+9.In combination
with Glu-Dl subunits 5+10, the ranking of Glu-Bl alleles is identical.
The Glu-Bl alleles which encode subunit 7 (alleles encoding 7, 7+8 and
7+9) differed only in total amount of subunit encoded because of the
differences in amount of y-type subunits.
In this study, the amounts of the subunits encoded by the Glu-Dl allele 2+12
were equal to the relative amounts of the subunits encoded by its allelic counterpart
encoding 5+10.In a previous study, using only a limited number of genotypes, the
relative amounts of subunits 5+10 were higher than the relative amounts of 2+12.
Theranking of therelative amounts of the subunits encoded by theGlu-Bl
alleles found in this study was in general agreement with the ranking for breadmaking quality of these alleles found under Dutch agronomic conditions (see
Chapter 1)and the ranking found in other studies. Only the relation to bread101

making quality of the Glu-Bl alleles encoding 7+8 and 7+9 is not consistent. In
British breeding lines,the allele encoding 7+8 was superior to 7+9 (Payne et al.
1987),whereas in German genotypes (Odenbach and Mahgoub 1988) the allele
encoding 7+9 was superior also.In Dutch genotypes,7+9 tends to be superior to
7+8, although thedifferences in bread-making quality were not significant (Kolster
et al. 1991c,Chapter 2).The amount of 7+8 was higher than the amount of 7+9in
near-isogenic lines of Sicco in which different Glu-Ialleles were introduced, and
which were grown in Britain (Kolster et al. 1991b,Chapter 6).This is in contrast to
the results of the present study. This suggest that for these two Glu-Bl alleles
different types occur, which differ in their level of gene-expression.
Table 7.4 The relative amounts of the individual HMWg submits encoded by Glu-Bl alleles in
varieties which contained the Glu-Dl allele encoding 2+12 or 5+101 (collected from Table 7.3)
Glu-Bl allele2

Glu-Blx Glu-Bly total Glu-Bl

6+8 (d)
7(a)
7+8 (b)
7+9 (c)

0.18
0.39
0.32
0.33

6+8 (d)
7(a)
7+8 (b)
7+9 (c)

0.20
0.37
0.31
0.36

0.20
0.14
0.16

0.18
0.13
0.13

Glu-Dlx

Glu-Dly

n3

0.38
0.39
0.46
0.49

Glu-Dl 2+12
0.27
0.35
0.28
0.32
0.25
0.29
0.24
0.28

14
10
3
6

0.38
0.37
0.44
0.49

Glu-Dl 5+10
0.27
0.36
0.34
0.30
0.32
0.23
0.24
0.28

1
2
1
5

1

If present, the amount of the Glu-Al encoded subunits was corrected for
LSD (P < 0.05) for the relative amount of the individual Glu-Bl encoded subunits = 0.013
3
n = number of varieties
2

This could also be the case for the alleles at the Glu-Al locus.The ranking for
quality of the Glu-Al alleles 1and 2*is not unambiguous (Chapter 2) and so is the
ranking for the relative amounts of these subunits in thepresent study. For the
Glu-Dl locus, the allele encoding the subunits 5+10 is clearly superior to the allele
encoding subunits 2+12 with repect to quality. However, in thepresent study, the
relative amounts of the subunits encoded by these alleles is identical. This would
indicate that differences in the amounts of the subunits do not cause the differences
between these Glu-Dl alleles. In a previous study (Chapter 6 of this thesis) the
relative amounts of 5+10 were higher than the relative amounts of 2+12.
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Conclusions
Because of the high frequency of 'poor-quality' HMWg subunit alleles in Dutch
(winter) wheat varieties,it is of importance to introduce 'high-quality' alleles in
breeding programmes,especially the Glu-Dl allele encoding the subunits 5+10.
Also genetic variation in expression of theHMWg subunit genes would beof
importance for breeding for improved bread-making quality. In this study, the
expression of identical HMWg subunit genes belonging to the same allele differed
only slightly between the Dutch varieties.Although therange of these differences
indicated that genetic variation contributed to this variation, alleles with an strongly
aberrant gene-expression were not detected.Moreimportant for breeding is
therefore the genetic variation in the total amount of the HMWg subunits,relative
to the total amount of the storage proteins (Kolster et al. 1991b, Chapter6).
Furthermore, this study suggests that differences in the contribution to the breadmaking quality between Glu-Bl alleles are caused by differences in the amountof
the subunits encoded. This relationship may enable the prediction of the
contribution to the bread-making quality of a new allele by determining the relative
amount of the subunits encoded. The relation between the contribution to the breadmaking quality of the Glu-Al and Glu-Dl alleles and the amount of subunits
produced is inconclusive.
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CHAPTER 8

CONVERSION OF THE CBB ABSORBANCE VALUES OF HIGH
MOLECULAR WEIGHT GLUTENIN SUBUNITS TO THE ABSOLUTE
AND MOLAR AMOUNTS

P Kolster, WMJ van Gelder

Summary
To enable the interpretation of the absorbance values of individual HMWg subunits in ternis of
amount of protein, the specific Coomassie Brilliant Blue (CBB) adsorbance of HMWg subunits
(absorbance units/jig protein) has been determined. The specific adsorbance of the subunits 8 and 9
was lower than that of the subunits 1,2, 2*, 5, 6, 7, 10and 12.Differences in adsorbance of the
subunits of Glu-Bl alleles, shown in chapter 7, are not caused by differences in the CBB binding
of these proteins. In flour of 5 varieties, the total amount of the HMWg subunits, relative to the
total amount of flour proteins, ranged from 3 to 8%. This is lower than the generally assumed
proportion of 10%.
To compare the levels of expression of individual genes, the amount of the various subunits
were calculated on a molar basis. It was shown that the absorbance values can be misleading when
comparing the level of expression of different HMWg subunit genes.
The Glu-Dly genes of the alleles encoding 2+12 and 5+10 have a considerably higher level of
expression than the x-type genes. In contrast, the x-type genes of the Glu-Bl alleles 7+9 have a
higher expression level than the y-type genes. There are indications that the levels of expression of
the x- and y-type genes of the Glu-Bl allele 6+8 are similar. These differences between Glu-Bl
alleles could well be caused by differences in the promoter region of the gene encoding subunit 7.
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Introduction
In the preceding chapters, the amounts of individual HMWg subunits were
indirectly determined by measuring the amount of Coomassie Brilliant Blue (CBB)
adsorbed by these proteins after their electrophoretic separation. The absorbance
values of the stained protein bands enabled comparative studies of the amount of a
subunit in relation to environmental- or genetic variation (see Chapter 5, 6 and 7of
this thesis).However, there are some restrictions to the use of the CBB adsorbance.
The specificCBB adsorbance (absorbance unitsper unit of weight) differs between
proteins (Van Kley and Hale 1977;Fullington et al. 1980),but it is not known
whether HMW subunits differ in this respect. Differences in specific CBB
adsorbance between subunits would hamper the comparison of the amountof
differentsubunits on this basis.Furthermore, the absoluteamount of the subunits on
a weight basis is unknown. It is generally assumed that the HMWg subunits account
for approximately 10%of the total amount of the flour proteins (Anderson et al.
1989; Payne et al. 1984;Pogna et al. 1989).However,firmexperimental data to
support this assumption are lacking. The absolute amount of a subunit on a weight
basis cannot be used directly to compare the level of gene-expression when the
subunits differ strongly in their molecular weight (e.g. x-type subunits versus y-type
subunits).For this purpose, the molaramounts are required.
The aim of this investigation is to determine the specificCBB adsorbance of the
HMWg subunits which are common in wheat in The Netherlands. For the
purification of the subunits, traditional biochemical separation techniques (e.g.gel
filtration, ion-exchange chromatography) can be used (see Shewry et al. 1984).
However, the use of these techniques is laborious and complex due to thepoor
solubility of these proteins.Electroendosmotic preparative electrophoresis (EPE)
enables arelatively simple and one-step purification of the subunits (Curioni et al.
1989).In this report, the CBB adsorption of thepurified subunits is determined,
using the separation and staining conditions described previously (Kolster et al.
1992, Chapter 4 of this thesis; Kolster and Van Gelder 1991).Amino acid analysis
is used to determine the amount of the subunits.
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Material and methods
Flour material
For thepurification of the subunits,flours of varieties grown in The Netherlands
were used.Flour of the following varieties (between brackets theprotein contents
on a 100%dry matter basis) were used in this Chapter to demonstrate the variation
in the amount of theindividual HMWg subunits:Katepwa (14.2%),Obelisk
(11.1%), Okapi (10.1%),Toro (14.2%) and Urban (12.6%).The same samplesof
Okapi and Toro were used as a reference samples in the experiments in which the
CBB adsorbance of thepurified subunits was determined.
PurificationofHMWg subunits
Proteins wereextracted from wheat flour (0.3 g) for 30min with sample buffer (2
ml) used in sodium dodecyl sulphate-polyacrylamide gelelectrophoresis (SDSPAGE) (Kolster et al. 1988,Chapter 3 of this thesis). After heating the extract in a
boiling water bath for 2 min, 1.5ml of this extract was applied to therod-gel ( 0 2
cm) for electroendosmotic preparative electrophoresis (EPE),which was performed
essentially according to Curioni et al. (1989), with some minor modifications.
Fractions (0.7 ml) of the electroendosmotic flow were monitored for protein
composition with the Pharmacia phast-system (7.5%homogenous SDS-PAGE gels).
Fractions containing the same single HMWg subunits werepooled and concentrated
with Centriprep 30™ concentrators (MW cutoff of 30,000 D) to a final volumeof
approximately 1ml. After filtration using Milliporefilters(pore size 0.22 um),an
aliquot (0.3 ml) of each sample was taken for determining the CBB adsorption of
the subunit after electrophoretic separation, the rest (approximately 0.7 ml) was
used for amino acid analysis.
Aminoacid analysis
The concentrated and filtered samples were dialyzed in vials closed with dialysis
membrane for two days against water to remove the bulk of the glycine, which
originated from the buffer compartment of theEPE apparatus.The water was
refreshed three times. After freeze-drying of theremainder in the vials, the subunits
were hydrolyzed in 6 N HC1(0.1-0.2 ml) for 24 h at 110°C.To minimize losses
during the manipulation of the sample, for each sample the same vial was used for
dialyses,freeze-drying and hydrolysis. Phenylthiocarbamyl (PTC) derivatives of the
amino acids were analyzed with aWaters pico-tag column.
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It is not necessary to use the amounts of all amino acids to determine the amount
of subunit present in theconcentrated and filtered samples.The amount of protein
can be calculated from the amount of the amino acids that were accurately
quantified, using theratio between the molecular weight (M,)and the numberof
these amino acid residuesper molecule,theconversion factor. The following amino
acids were selected for this purpose: glutamate/glutamine, proline, alanine,valine,
leucine,histidine,lysine and arginine (marked with an asterisk in Table 8.1). Some
other amino acids (i.e.tryptophan, threonine, serine,tyrosine, methionine and
cysteine) may suffer from hydrolytic losses (Hare 1975).Because glycine was
present in the buffer in which the subunits eluted from the EPE gel, and may not be
completely removed from the subunits by the dialysis, this amino acid was also not
selected.The amino acids which were present in the subunits in low amounts
(aspartate and asparagine, isoleucine and phenylalanine) were not selected because
the amounts of these amino acids appeared to be overestimated.
Instead of using replicate amino acid analyses of only one sample, for most
subunits isolates from different varieties were used (see Table 8.3).
SDS-PAGE analysis
The buffer composition of the aliquots of the concentrated and filtered samplesof
the isolated subunits was made comparable to that of SDS-PAGE sample buffer by
the addition of concentrated buffer. After heating the samples for 2 min in a boiling
water bath, aliquots of 5, 10, 15,25 and 30 |Alof each sample were applied to an
8.3% SDS-PAGE gel.Because the volume applied to a slot affects the band width,
which in turn influences the CBB adsorbance of aprotein (Neuhoff et al. 1990),the
total volume in a slot was adjusted to 30jxl by adding sample buffer. The
electrophoresis, staining and scanning conditions were identical to those described
previously (Kolster et al. 1992,Chapter 4 of thisthesis).
Alinear relationship was found between the amount of subunit applied and the
absorbance values.The absorbance value per |xl sample was calculated as the slope
of theregression line of the absorbance value on the amount of sample (Genstat 5
committee 1987). The intercept of the regression line of each of the samples did not
differ significantly from 0. Several gels were used to analyze the CBB adsorbance
of the subunits. To facilitate comparison between gels,extracts of two varieties
(Okapi and Toro) were always applied as standards to each gel.
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Results and discussion
Table 8.1 shows the results of the amino acid analysis of two aliquots of a sample
of subunit 10.Equal volumes of this sample were pipetted in 2 vials, which were
dialyzed, freeze dried and hydrolyzed separately. Generally, the mol% of the amino
acids is in good agreement with that of identical subunits isolated from other
varieties (Galili and Feldman 1985; Shewry et al. 1984; Wieser et al. 1990), and
with the amino acid composition deduced from the coding sequence of a gene
encoding this subunit (see Table 8.1).
Table8.1Aminoacidcompositionoftwoindependentlyprocessed subsamplesof HMWgsubunit
10,isolated from thesameflour sampleof thevarietyToro,and theaminoacid composition
deduced from thenucleotide sequenceof ageneofCheyenne1.
amino acid

sample A
pmol/ul

2

asx
thr
ser
gix3;
pro*
gly
ala*
cys
val*
met
ile
leu*
tyr
phe
his*
lys*
arg*

7
26
42
226
91
139
25
1
17
2
10
29
13
4
12
10
14

gene sequence

sample B
mol%

1.1
3.8
6.3
33.7
13.6
20.8
3.8
0.3
2.6
0.4
1.4
4.3
2.0
0.7
1.8
1.5
2.1

pmol/Mi
7
25
38
208
81
126
23
2
16
2
8
26
10
6
12
9
13

mol%
1.1
4.2
6.4
34.0
13.1
21.2
3.9
0.6
2.7
0.3
1.3
4.4
1.6
0.9
2.1
1.5
2.2

mol%
0.6
3.8
6.7
35.6
11.0
18.0
3.7
1.1
2.6
0.5
0.6
3.8
5.4
0.3
2.1
1.1
2.1

1

aminoacidcomposition ofmature subunit 10(i.e.withoutsignalpeptide)derived from the
codingsequenceof subunit 10of Cheyenne(AndersonandGreene 1989)
2
aspartateandasparagine
3
glutamateandglutamine
aminoacidsused asameasure forthe absolute amountof thesubunits
The molecular weight (M,) of the subunits is required to calculate the amount of
the subunits from the amounts of the selected amino acids (see Material and
methods). The M, (and also the amino acid composition) was derived from the
putative nucleotide sequence of the genes because the M, cannot be accurately
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determined by SDS-PAGE analysis of the HMWg subunits (see Bunce et al. 1985).
As shown in Table 8.2 (compare column 4 and 5),there are considerable
differences between the apparent molecular weight as determined by SDS-PAGE
and the M,derived from the nucleotide sequence of the gene.Because theM,
determined by viscometric analysis of a subunit agreed well with the deducedNL
(Field et al. 1987),it is assumed that extensive post-translational modifications do
not occur. This assumption is further supported by the amino acid composition data
of isolated subunits (Galili and Feldman 1985;Shewry et al. 1984;Wieser et al.
1990; this study), which differs only slightly from the composition derived from the
putative amino acid sequences.Large deletions would alter the amino acid
composition because the amino acid residues are not randomly distributed within
the polypeptides. Unfortunately, the complete coding sequence isknown only for a
limited number of subunits.
Table 8.2 Characteristics of individual HMWg subunits derived from the putative amino acid
sequence of the genes
subunit1

variety

2* (Glu-Alx)
1 (Glu-BJx)
9 (Glu-Bly)
2 (Glu-Dlx)
5 (Glu-Dlx)
10 (Glu-Dly)
12 (Glu-Dly)

Cheyenne
Cheyenne
Cheyenne
Yamhill
Cheyenne
Cheyenne
Chin. Spr.

size2
794
770
684
817
827
627
639

mol weight3
(kD)
86.3
82.8
73.5
87.0
88.1
67.5
68.7

apparent mol
weight (kD)4

conversion
factor5

116.5
104.6
93.9
116.5
114.9
92.5
91.8

1

Between brackets, the gene designation is given
Size (number of amino acids) (Anderson et al. 1988)
3
Molecular weight of the mature protein (i.e. without signal peptide) (Anderson et al. 1988)
4
Estimated by 12% SDS-PAGE (Greene et al. 1988)
5
The amount of subunit (ug) = amount of the stable amino acids (pmol) * conversion factor. This
factor is based on the number of the selected amino acids per molecule (see Table 8.1) and the
M,of the subunits. These data were derived from the coding sequences of the genes, obtained
from Genbank or directly from the publication (Halford et al. 1987; subunit 9)
2

The conversion factor of subunits differs only slightly (Table 8.2). The average
value is 0.175.Because the amino acid composition of the subunits for which the
amino acid sequence is not yet clarified, is found to be only slightly different from
the compositions of subunits with a known sequence (Shewry et al. 1984),we
assume that this conversion factor is also valid for other subunits.
Table 8.3 shows the specific CBB adsorbances of each of the purified HMWg
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0.175
0.184
0.176
0.171
0.170
0.174
0.175

subunits,which are calculated from the absorbance value/|Xl of sample and the
amount of the selected amino acids/(xlfound per sample after hydrolysis. Correction
of the absorbance values of the purified subunits based on the absorbance valuesof
the subunits in thereference varieties at the different gels does not change the
conclusions (results not shown).The total experimental error in determining the
specific adsorbance isestimated to be about 20%.This error is composed of (a)
inaccuracy in determining the absorbance of CBB-stained subunits, which is
estimated to be about 10%,and (b) experimental error in determining the total
amount of the selected amino acids. This includes all steps from the dialysis of the
samples to the final amino acid analysis.Based on the differences in the amount of
the selected amino acids in Table 8.1 (414 and 381pmol/|Xlfor sample Aand
Table 8.3 Specific Coomassie Brilliant Blue adsorbance of the HMWg subunits.
subunit
Glu-Al locus
1
2*
Glu-Bl locus
6
7
7
8
8
8
8
9
Glu-Dl locus
10
10
103
12
12
2
2
5
5

allele1

variety

absorbance units/
ug subunit2

a
b

Sicco
Granada

0.23
0.25

d
a
c
d
b
b
d
c

Granada
Toro
Sicco
Citadel
Chinese Spring
Chinese Spring
Kraka
Sicco

0.23
0.23
0.26
0.18
0.19
0.18
0.18
0.17

d
d
d
a
a
a
a
d
d

Tenor
Granada
Toro
Chinese Spring
Kraka
Citadel
Chinese Spring
Sicco
Granada

0.25
0.25
0.22
0.22
0.24
0.22
0.27
0.26
0.25

1

The HMWg subunit allele designations according to Payne and Lawrence (1983)
The average conversion factor from Table 8.2 isused to calculate (see text) the amount of
subunit from the amount of the selected amino acids
3
Sample of subunit 10used in Table 8.1

2

sample B,respectively), this error isestimated to be about 10%.Differences in the
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specific adsorbance of identical subunits isolated from different varieties are not
larger than theexperimental error except for somewhat largerdifferences in the
specific adsorbance of the subunits 2 which wasprobably due to the very low
amount of subunit 2, isolated from flour of Citadel.The Glu-Bly subunits 8and 9
have a lower specific adsorbance than the other subunits. Thereason for these
differences is unknown.There arenolarge differences in the specific adsorbance
between the other subunits.Therefore, in this study a specific adsorbance of 0.18
absorbance units/|Xgprotein is used for the subunits 8and 9,and 0.24 absorbance
units/|Xgfor the other subunits.
Inprevious chapters, it is shown that allelic HMWg subunits stained using CBB
may differ in their absorbance values. These differences can be interpreted as
differences in the amount of protein because thischapter does not give any
indications of differences in the specificCBB binding of these subunits.
The specific adsorbance of HMWg subunits has been used to calculate from the
adsorbance values of the individual subunits the absolute amounts of these subunits
in flours of five wheat varieties. The samples of Okapi and Toro were the same as
those used as reference samples in determining the CBB-adsorbance of the isolated
subunits (see Experimental). Correction of the adsorbance values of the subunits in
this experiment, based on the adsorbance values of the subunits in Okapi and Toro,
was found to have only a minor effect on theresults and was therefore omitted.
Table 8.4 shows that there are considerable differences in absolute amount of the
individual subunits and in their proportion relative to the total amount of kernel
proteins. As shown previously, these differences could be caused by:
a) variation in the type of HMWg subunits which is genetically determined
(Chapter 6).
b) environmental variation (see Kolster et al. 1991,Chapter 5).
c) variation in genetic background of HMWg subunit genes (Kolster et al.1991,
Chapter 5 and Chapter 6).
Moreover, the total amount of the subunits present in a flour is affected by the
number of subunits (see Chapter 6).
In this study, the total amount of HMWg subunits,relative to the total amount of
protein, ranged from 2.8%to 8.3%.This is clearly below the estimate of 10%
which has been commonly used until now, but which was not supported by
experimental evidence.The differences in the new proportions presented here agree
with theresults of Chapter 5 which showed that theproportion of HMWg subunits
is not constant but highly variable between flours.
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Table 8.4Amounts of the individual HMWg subunits of 5 varieties.
absorbance
(AU.mm) 1

amount
(W5)2

molar amount
(nmol) 2

proportion of subunits
to total protein (%) 3

2* (Glu-Alx)
7 (Glu-Blx)
9 (Glu-Bly)
5 (Glu-Dlx)
10 (Glu-Dly)

0.66
1.36
0.50
0.77
1.19

83
170
84
97
148

0.96
2.05
1.14
1.10
2.20

1.2
2.4
1.2
1.4
2.1

7 (Glu-Blx)
20 (Glu-Blx)
9 (Glu-Bly)
2 (Glu-Dlx)
12 (Glu-Dly)

0.52
0.54
0.20
0.52
0.64

65
68
34
65
80

0.79
0.46
0.74
1.16

1.1
1.1
0.6
1.1
1.3

Okapi

7 (Glu-Blx)
2 (Glu-Dlx)
12 (Glu-Dly)

0.43
0.33
0.37

54
41
46

0.65
0.47
0.67

1.1
0.8
0.9

Toro

1 (Glu-Alx)
7 (Glu-Blx)
5 (Glu-Dlx)
10 (Glu-Bly)

0.33
0.70
0.43
0.55

41
90
54
69

-

0.6
1.3
0.8
1.0

1 (Glu-Alx)
7 (Glu-Blx)
9 (Glu-Bly)
5 (Glu-Dlx)
10 (Glu-Dly)

0.19
0.80
0.27
0.54
0.63

24
100
45
68
79

Variety

HMWg
subunit

Katepwa

Obelisk

Urban

-

1.09
0.61
1.02

.
1.21
0.61
0.77
1.17

0.4
1.7
0.8
1.2
1.3

1

The CBB adsorbance of the protein band in the gel. Extracts of the flours were applied to 2
SDS-PAGE gels; each extract was applied to two lanes of each gel. Average coefficient of
variation of the absorbance of the subunits (four replicates) = 1 1 %
2
The amount (ug or nmol) of subunit present in 0.05g of flour. To each lane, 1/30 th of the total
amount of protein extracted from these samples were applied. The specific adsorbance used was
0.18 AU/ug for the subunits 8 and 9 and 0.24 AU/ug for the other subunits (see Table 8.3)
3

Theproportion of theHMWgsubunits relativetothetotalamountofflourproteins.
- TheM,of thesesubunits isnotknown

The molar amounts of the various subunits were then calculated to compare the
levels of gene-expression. It should be noted that Obelisk is a mixture of two
HMWg subunit genotypes (see Chapter 7), which differ in their Glu-Bl allele
(subunits 7+9 or subunit 20). The exact frequencies of these genotypes are
unknown. Consequently, the levels of gene-expression of the Glu-Bl genes of
Obelisk cannot be compared with that of the other varieties. The ratio between the
absorbance values of the subunits of the varieties used in this chapter is
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representative for theratios found in other varieties (see Chapter 7).
The level of expression of genes encoding the Glu-Dly subunits 10and 12is
somewhat higher than expression of the genes encoding the Glu-Dlx subunits 5and
2, respectively. These differences in expression of these x- and y-type subunit genes
are morepronounced than could beexpected from theabsorbance values.In
contrast, the Glu-Blx genes encoding subunit 7 have a clearly higher level of
expression than the Glu-Bly genesencoding subunit 9. Other Glu-Bl alleles did not
occur in this set of varieties.Based on the absorbance values reported in Chapter 7,
it seemsreasonableto assume that the sameholds for thex- and y-type genes of
the allele encoding 7+8.However, the x-type gene of the Glu-Bl allele encoding
6+8 hasprobably a level of gene expression comparable to that of the y-typegene.
Therefore, there are differences between alleles of the same locus in the typeof
gene (x- or y-type) which shows the highest level of expression.
A sequence involved in the regulation of the expression of the HMWg subunit
genes, the -300 sequence element, occurs in two copies in the gene encoding this
subunit from variety Cheyenne (Anderson and Greene 1989).In that study, subunit
7 appears to be the most intensely stained subunit band in Cheyenne. It is suggested
that this is due to a high level of expression of the gene encoding subunit 7. Alsoin
the homogenous varieties used in thepresent study, and in most of the varieties
used in Chapter 7, the subunits 7 are the most intensely stained ones.However, the
Glu-Dly genes and the genes encoding subunit 7 have a comparable level of
expression (thus,molaramounts,not absolute amounts; see Table 8.4). The high
staining intensity of subunits 7compared to the Glu-Dly subunits is therefore due
to the higher M,of this subunit. The fact that the expression of the genes encoding
subunits 7 is about twice as high as that of the Glu-Bly genes could however well
becaused by the higher copy number of the -300 sequence element.
At this point, it should berememberedthat the HMWg subunits are identified by
their mobility during SDS-PAGE.Allelic variants which differ only slightly in the
type of subunit may not always be recognized by this technique (see Chapter 3).
The same holds for variants which differ only in their level of gene expression. It is
for example not known whether the -300 element occurs always in two copies in
the genesencoding subunit 7.
When comparing the level of expression of genes at homeologousloci,
differences between allelic genes in their level of expression should also be
considered. In theprevious chapters, the number of alleles was limited however.
Further studies,using the absorbance values of the subunits of a larger numberof
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alleles and more genotypes, are therefore required.
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CHAPTER 9

SUMMARY AND GENERAL DISCUSSION

Inview of thepoor bread-making quality of thewheat grown in The Netherlands,
only a small part of production is used for baking of bread. Therefore quality
improvement is a major aim of plant breeding.Unfortunately, breeding for breadmaking quality is hampered by its complexity. The suitability of wheat flour for the
manufacture of bread depends on the composition of alarge number of kernel
components, such as lipids, starch and proteins, and this kernel composition in turn
depends on agronomic measures, climate and on the genetic make-up of the
varieties.Moreover the suitability of wheat flour for the baking of bread depends on
technological conditions, such as those in milling and in the baking process.
Another drawback in breeding for improved bread-making quality is the lack of
simple and fast techniques to assess bread-making quality. Dough and baking-tests,
which take much labour and time arerequired to determine such characteristics as
dough strength and elasticity, loaf volume and crumb structure.
Plant breeders in various countries have been aware that the kernel proteins play
a major role in determining the bread-making quality. The total amountof kernel
proteins,which is largely determined by environment and as such difficult to
change by breeding, is positively correlated with the bread-making quality. More
useful characteristics for breeding are the genetically determined differences in
protein quality,which result in differences in bread-making quality at agiven
amount of protein, i.e. in differences in the ratio between loaf volume and protein
content. Small-scale tests to estimate protein quality (e.g. the SDS sedimentation,
thePelshenke dough-ball or theresidue-protein tests) have been used in breeding
programmes to predict bread-making quality. However theresults of these tests not
only depend on the genotype but also reflect environmental conditions. After the
development of biochemical techniques for separation of proteins, bread-making
quality has been related to thecomposition of kernel proteins.Because protein
composition is genetically determined, it has been proposed as a tool in breeding for
bread-making quality.
In this thesis the bread-making quality of wheat was studied in relation to
differences in type and amount of the various high molecular weight glutenin
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(HMWg) subunits. These storage proteins are encoded by genes at three
homoeologousloci (Glu-Iloci:Glu-Al, Glu-Bl and Glu-Dl); at each locus several
alleles occur that differ in type or number (0-2) of subunits encoded. At the startof
this study,the relation between variation in the HMWg subunit genotype and breadmaking quality has been studied extensively by various research groups. These
studies revealed the occurrence of alleles that differ in their contribution to breadmaking quality. In fact, a largepart of the variation in bread-making quality was
ascribed to variation in theHMWg genotype.Though it was known that variation in
type of theHMWg subunits also affects thequality of wheat grown in The
Netherlands, it was notknown to what extent differences in bread-making quality
can be ascribed to differences in the HMWg subunit genotype.
Two general aspects for breeding for bread-making quality required further
research:
1) the difficulties which may occur in the identification of the HMWg subunit
alleles
2) thevariation in amount of the HMWg subunits on which aspect very little
information was available.
Variation in the amounts of groups of kernel proteins, such as the gliadins and the
glutenins, is of prime importance for bread-making quality (Chapter 1). Therefore,
it was worthwhile studying whether genetic variation in the amountsof theHMWg
subunits could also be used in breeding for bread-making quality. Variation in the
amounts of the subunits is probably also important for other applications of wheat
in which gluten characteristics are important, such as the manufacture of pastas and
pastry. Another reason for studying the HMWg subunits quantitatively is that the
cause of the 'differences' in quality of HMWg alleles is not known. Differences in
the structure of the subunits (the intrinsic qualityof the subunits) have been
suggested, but alsodifferences in the level of gene expression (the quantityof the
subunits) could beresponsible for the differences in quality between the alleles.
Therefore a major aim was to study the variation in amount of individual HMWg
subunits and to elucidate the mechanisms underlying this variation.
Chapter 2 shows that variation in the HMWg genotype does have a large effect
on bread-making quality of wheat lines grown in The Netherlands. These lines
represent a wide genetic background and can beconsidered to be random lines with
respect to bread-making quality. A baking test developed in The Netherlands was
used to determine quality. In general, the ranking of the alleles for quality wasin
agreement with the ranking found in studies in other countries. Because different
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baking tests and different criteria for quality were used in the various studies,the
relationship found can be considered asgenerally valid. Most important is the
variation at the Glu-Dl locus.The alleleencoding the subunits 5+10 isrelated toa
higher bread-making quality than its allelic counterpart encoding 2+12.In the
literature,it is generally assumed that theeffect of allelic variation at the 3
homoeologous Glu-Iloci on quality is additive. The so-called scoring systems to
screen lines for bread-making quality are based on this assumption. However this
study shows that interactions between homoeologous loci do occur: an effect of
allelic variation at the Glu-Al and Glu-Bl loci waspresent only in combination
with the 'high-quality' Glu-Dl allele encoding the subunits 5+10.The mechanisms
underlying these interactions are not known. At this point, it should be noted that in
Dutch wheat varieties, 'poor quality' alleles predominate at each of the three Glu-I
loci (Chapter 7).Therefore it is important to introduce 'high-quality alleles' into
Dutch breeding programmes,in particular the Glu-Dl allele encoding 5+10.About
20% of the variation in the breeding lines was ascribed to differences in HMWg
genotype, which is much lower than in some of the other published studies. The
remainder of the variation in bread-making quality was ascribed to variation in
environmental conditions and to genetic variation in the composition of other kernel
components, such as lipids, starch, gliadins and low molecular weight glutenin
subunits.Therefore, genetic variation in other kernel components should also be
taken into consideration when selecting for bread-making quality, although the
HMWg subunit genes can beconsidered as major genes in determining that quality.
Which of these other components is most important in this respect is not known.
A large number of HMWg alleles arepresent in varieties and in species related
to bread-wheat. Because the contribution to quality is known for only a small
number of these alleles,there could be alleles with an unknown 'quality' in
breeding programmes.Unintended introduction of 'poor-quality' alleles can be
avoided asfar as these alleles can bedistinguished from 'high-quality' ones.The
HMWg alleles areroutinely identified by determining the relative mobility (R.J
with one-dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) of the subunits encoded. As shown in Chapter 3, the resolution of
this technique may be insufficient for an unambiguous identification because alleles
may bepresent that differ only slightly in the R,„of the subunits encoded.
Unambiguous identification by two-dimensional electrophoresis is especially
necessary before introducing species related to bread-wheat in breeding
programmes.
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To study variation in the amountof the HMWg subunits effectively, one must
develop a method for a reliable quantification of the subunits present in the kernel.
Since one of the objectives was to investigate the amounts of the subunits encoded
by different alleles and because a genotype maypossess 'poor-quality' alleles in
combination with 'high-quality' alleles,one must use a method that allows the
quantification andidentification of each subunit. In most methods described in the
literature,reversed-phase high-performance liquid chromatography (RP-HPLC) is
used to separate the HMWg subunits. However the samplepreparation required
before RP-HPLC is apotential source of error and may even result in systematic
losses of the HMWg subunits, as discussed in Chapter 4. In addition, these
methods require electrophoretic analysis to identify the HMWg subunits present in
the RP-HPLC peaks. As an alternative, an efficient method was developed and is
described in Chapter 4. The HMWg subunits are separated from other kernel
proteins - and from each other - by SDS-PAGE. Scanning densitometry is used to
determine the amount of Coomassie brilliant blue (CBB) adsorbed by the protein
after gel staining, which is a measure for the amount of protein. The routine method
for gel staining resulted in subunit bands with a low staining intensity. So it was
essential to introduce a new and more sensitive staining method. Since sample
preparation is not required in the method, systematic losses of the HMWg subunits
can be avoided. Because the identification of the subunits is based on theirR,,,
during SDS-PAGE, the method allows quantification and identification of the
subunits in one analysis.
As shown in Chapter 5, the amount of individual HMWg subunits is subject to
environmental variation. An increase in nitrogen fertilizer applied to two varieties
(Obelisk and Urban), grown at the same trial field, resulted in an increase in both
the total amount of kernel proteins and the amounts of all HMWg subunits.
Variation in protein content accounted for 88%and 87%of the variation,
respectively, in amount of the HMWg subunits.For wheat varieties grown at
different sites, there was a weaker correlation between protein content and the total
amount of HMWg subunits 'within varieties/between sites'. The proportions of
variation in amount of the subunits accounted for by protein content were 40,0, 66
and 0% for the varieties used, Citadel, Granada, Okapi and Kraka, respectively.
This means that the proportion of these subunits relative to the total amount of
kernel proteins, is highly variable as aresult of differences in growing conditions
(Figure 5.2). The mechanism responsible for this variation is not known. As
discussed in Chapter 1,this proportion of the HMWg subunits largely determines
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bread-making quality of a flour. The environmental effect on the proportion of the
HMWg subunits may therefore be useful as an additional criterion for prediction of
bread-making quality of flours by millers and bakers, besides traditional criteria
such asprotein content and variety. Genetic variation in the total amount of the
HMWg subunits also plays arole (Chapter S).This will be discussed later.
The environmental effects on the variation in the amount of the HMWg subunits
and on theproportion of the subunits relative to the total content of protein hampers
detection of genetic variation in amount. However theratio between the individual
subunits of a genotype is only slightly affected by differences in environment.
Therefore one can use the amount of a subunit relative to the total amount of the
subunits as a measure for the level of gene-expression.
Theproportion of the HMWg subunits relative to the total amount of proteins
can bechanged by several breeding strategies.Firstly, it is possible to select for
number of subunits because alleles occur at each Glu-Ilocus that differ in the
number of subunits encoded. The number of subunits affects the total amount of the
HMWg subunits. Secondly, it is shown in Chapters 5 and 6 that the level of
expression of the HMWg subunit genes is affected by variation in their genetic
background. For instance, the proportion of the HMWg subunits of two varieties
(Citadel and Kraka) with the same HMWg genotype, averaged over six growing
sites, differed by about 30%(Chapter 5).This variation offers ways of changing the
proportion of the HMWg subunits by breeding. However to achieve this,more
information about the nature of this effect of genetic background isrequired, and
techniques for determination of the proportion of the HMWg subunits in breeding
programmes must be developed. Thirdly, onecan use HMWg alleles that differ only
in their level of gene expression, and not in the R,„or the number of subunits
encoded (expression alleles).Because the introduction and selection for these alleles
is relatively simple, this approach seems more practical than using the effect of
variation in genetic background. Expression alleles can also be used to increase the
amount of the HMWg subunits if the maximum number of subunits is present, or to
improve theratio between the individual HMWg subunits. Selection for expression
alleles allows simultaneous selection for type of subunits. It is not yet possible to
increase the amount of the HMWg subunits by gene technology (e.g.the
introduction of extra copies of thegenes).
Chapters 6 and 7 study genetic variation in expression of individual HMWg
subunit genes. Chapter 6describes experiments to determine the effect of variation
at Glu-Iloci on the expression of HMWg genes at homoeologous loci. In these
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experiments, near-isogenic lines that differ in their HMWg genotype, were used and
also theprogeny of two crosses. The expression of the individual HMWg subunit
genes is sometimes, but not always,affected by the number of subunits.
Introduction of a Glu-Dl null-alleleresulted in an increase in expression, whereas
introduction of a null-allele at the Glu-Al locus had no effect. Variation in thetype
of the HMWg subunits had, with oneexception, no significant effect on the amount
of the subunits encoded by homoeologous genes.Although variation in the genetic
background strongly affected expression of HMWg genes,theratio between the
individual HMWg subunits of lines with the same HMWg genotype is only slightly
affected by differences in genetic background.
An enhancer element, localized proximate to the transcription initiation site of the
genes, is thought to be involved in the developmental regulation of the individual
HMWg genes. Since variation in the genetic background and in environmental
conditions affects the total amount of the HMWg subunits but does not change the
ratio between the subunits, expression of the individual HMWg homoeologous
genes isprobably coordinated by acommon regulation mechanism. This mechanism
may differ between genetic backgrounds. Coordination of gene expression may
involve regulatory proteins, but it may also only be the strength of the gene
promoters that is of importance. The effect of the genetic background could then be
caused by a non-specific mechanism, such as competition for transcriptional factors
between the HMWg genes and other genes in the genetic background.
Therelative amounts of the subunits can be used as a measure of the genetically
determined level of gene expression because variation in environmental conditions,
in genetic background and in HMWg genotype has only small effects on the ratio
between the subunits.In a set of 38,mostly Dutch, wheat varieties the variation in
relative amounts of the HMWg subunits was studied (Chapter 7).The subunits
were identified according to their R,,,during SDS-PAGE.There were only small
differences in the relative amounts of identical subunits. So expression alleles were
not detected in this set of varieties. This could be due to a common ancestry of the
varieties studied, so one should study the expression of HMWg genes in a setof
genotypes of wider genetic origin. However the occurrence of expression alleles
may turn out to be generally rare.
Non-identical subunit alleles at the Glu-Bl locus of the Dutch varieties differed
considerably in the relative amounts of the subunits encoded, as indicated by the
relative absorbance of the CBB stained bands.Chapter 8 shows that these
differences in CBB adsorption reflect differences in the level of gene expression
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(i.e.molaramounts of the subunits), and not differences between the subunits in
their affinity for CBB nor in their molecular weight. The contribution to breadmaking quality of these Glu-Bl alleles, asestablished in Chapter 2 and in the
literature,ispositively related to differences in the amounts of the subunits.For the
Glu-Al and Glu-Dl loci, there was noclear evidence for such arelation.As
discussed in Chapter 7, it is still possible that expression alleles occur at theGlu-Al
locus, which could explain the conflicting ranking of the alleles found in the
literature for quality of the alleles encoding the subunits 1and 2*. Because only a
few varieties used in Chapter 7 contained these alleles,this could not be
investigated for Dutch varieties. Theresults of this thesisdo not unambiguously
show differences in the amounts of the allelic Glu-Dl pairs of subunits 2+12and
5+10. In Chapter 6, the total amount of the 'high-quality' subunits 5+10is
somewhat higher than the total amount of the 'low-quality' subunits 2+12;in
Chapter 7, there is,however, no difference in the total amounts of these subunits.
The Glu-Dl alleles present in the genetic stock used (Dutch varieties) probably do
not differ in their level of gene expression.
Consequently, the question whether differences in 'quality' between HMWg alleles
are caused by differences in the amounts of the subunits encoded or by differences
in the intrinsic quality of theproteins remains to be answered. Therefore further
research on the amounts of the subunits is required, especially for those encoded by
alleles at theGlu-Al and Glu-Dl loci. If therelationship found between the amount
of the Glu-Bl subunits and bread-making quality can beconfirmed for otherGlu-Bl
alleles and for the alleles at the other loci, this relationship could be used for
prediction of the 'quality' of novel alleles.
The following example, based on Chapter 8, illustrates that the HMWg subunits
that are of crucial importance for the bread-making quality only constitute a minor
fraction of the flour proteins (on aweight basis).An estimate of the proportion of
the Glu-Bl subunits (relative to the total amount of kernel proteins) of a genotype
containing the 'high-quality' allele encoding 7+9 is 3%(Table 8.4). Accordingly, 1
kg of a flour (protein content 12%)of this genotype contains 3.6 g of these 'highquality' subunits. The amount of the 'low-quality' subunits 6+8 (Glu-Bl allele) is
about 80%of the amount of 7+9 (Table 7.4). So 1kg of a flour milled from a
genotype possessing this allele contains 2.9 g of these subunits. In the research
presented in Chapter 2, the differences in loaf volume of lines that possess these
Glu-Bl alleles is about 20%.Whether or not the differences in the amount of the
subunits areresponsible for the differences in quality of these alleles, this example
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illustrates that differences in a minor flour fraction can have large effects on the
bread-making quality.
In conclusion, not only qualitative variation but notably also quantitative variation
in the composition of the HMWg subunits is important for bread-making quality.
This quantitative variation in the HMWg composition probably also affects the
suitability of wheat for other purposes, e.g. in thepasta,pastry, biscuit and starchgluten industry.
Because genetic variation in the amount of the HMWg subunits occurs, it is
possible to improve theproportion of the HMWg subunits by breeding. For
example,if the average gluten strength is toolow for good quality, a breeder can
increase the amount of the subunits. Improvement by breeding of the quantitative
HMWg composition can go together with breeding for type of the subunits.The
results also show that theproportion of the HMWg subunits relative to the total
amount of flour proteins is subject to environmental variation, which is important
for improvement of the quality of wheat for the various applications, but it cannot
be used fully because simple and fast tests are lacking for estimation of the HMWg
subunits quantitatively.
Before the qualitative and quantitative variation can be exploited optimally in
improving bread-making quality of wheat, additional research will be required. The
proportion of the HMWg subunits required for good quality will depend on the
amount and thecomposition of other kernel proteins, such asgliadins and low
molecular weight glutenin subunits and probably also on the type of HMWg
subunit. The optimum ratio between groups of kernel proteins probably also
depends on the bread-making processes used. Therefore, it is necessary to study
both genetic and environmental variation in the amount of these other groups of
proteins in relation to wheat quality. Because both plant breeders and millers aim at
theproduction of flour suited for as many bread-making processes aspossible, the
protein composition should preferably berelated to several bread-making processes.
Another subject requiring additional research is development of small-scale tests,
which can be used in breeding programmes to determine the amounts of the HMWg
subunits and other proteins affecting wheat quality. These tests could also be
valuable for the milling and baking industry, but the requirements of the industry
for such a test are not fully congruent with those of the breeders (phenotypic quality
in contrast to genotypic quality).
The major new results presented are as follows:
- Therelationship between the type of HMWg subunit and bread-making quality is
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more complex than generally suggested in theliterature.
An efficient method for simultaneous identification and quantification of
individual HMWg subunits has been developed.
The amount of the individual HMWg subunits and theproportion relative to the
other proteins are subject to environmental and genetic variation. Within genetic
variation, effects of HMWg genotype and genetic background can be
distinguished.
The ratio between the individual subunits of a genotype is only slightly affected
by environmental differences. On this basis,genetic variation in the level of
expression of individual genes can be distinguished from environmental variation.
Indications were found that there is a mechanism that coordinates the expression
of individual HMWg genes and determines the total amount of the subunits.
The amount of the Glu-Bl subunits ispositively correlated with the contribution
to quality of the alleles encoding these subunits.
The HMWg subunits, i.e.proteins of major importance for the bread-making
quality, constitute only a minor fraction of the wheat flour proteins.
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SAMENVATTING

Door de lage bakkwaliteit van de in Nederland verbouwde tarwe wordt slechtseen
gering deel van de produktie (ongeveer 30%in het seizoen 1990/1991) gebruikt
voor hetbakken van brood. Daaromis het voorde landbouw van belang omde
bakkwaliteit van Nederlandse tarwe te verhogen, onder andere door het veredelen
opdeze eigenschap.Echter, decomplexiteit vande bakkwaliteit bemoeilijkt
veredeling.Zo zijn er naast de invloed van het genotype sterke invloeden van de
milieu-omstandigheden, zoalsde teeltmaatregelen en het klimaat. Tevens hebben
technologische omstandigheden, zoals de condities tijdens het malen van de korrel
en het bakproces, een grote invloed. Voorts wordt veredeling gehinderd door het
ontbreken van snelle en eenvoudige testen waarmeede bakkwaliteit aan de hand
van een kleine hoeveelheid korrels geschat kan worden. Deze testen zijn onmisbaar,
vooral bij selectie in een vroeg stadium van de veredeling. De bakkwaliteit als
zodanig kan alleen bepaald worden met arbeids- en kapitaals-intensieve methoden
(deegonderzoek en bakproeven).
In de veredeling kan in principe gebruik gemaakt worden van het feit dat
hoeveelheid en kwaliteit van de opslageiwitten in dekorrel een grote invloed
hebben op de bakkwaliteit. Het eiwitgehalte van de tarwekorrel is positief
gecorreleerd met de bakkwaliteit, maar gezien de grote door milieuverschillen
gei'nduceerde variatie is het eiwitgehalte slechts moeizaam met veredeling te
verhogen.Van meerbelang zijn degenetisch bepaalde verschillen in de kwaliteit
van het eiwit, die tot uiting komen als verschillen in bakkwaliteit per procent eiwit.
De eiwitkwaliteit wordt bepaald door de samenstelling van het eiwit, die genetisch
bepaald is en dus voor veredeling toegankelijk.
In dit proefschrift wordt de samenstelling van een specifieke groep opslageiwitten
van tarwe, de hoog molecule gewicht-glutenine subunits (in het vervolg afgekort als
HMWg subunits, 'High Molecular Weight glutenin subunits') bestudeerd in relatie
tot de bakkwaliteit. Genen op drie homeologe Glu-Iloci coderen voor deze eiwitten:
de Glu-Al, de Glu-Bl en de Glu-Dl locus.Per locus wordt gecodeerd voor
maximaal twee subunits. Ook komen nul-allelen voor, dat wil zeggen allelen die
voor geen HMWg subunit coderen. Bij aanvang van dit onderzoek was al bekend
dat op deze loci allelen voorkomen die sterk verschillen in bijdrage aan de
bakkwaliteit. Gesuggereerd is zelfs dat een belangrijk deel van de genetische
variatie in bakkwaliteit een gevolg is van verschillen in HMWg subunit genotype.
129

Het was echter niet bekend of dit ook zo is onder Nederlandse omstandigheden.
Daarnaast was er slechts weinig kennis beschikbaar over twee onderwerpen die van
belang zijn voor de veredeling op bakkwaliteit:
1) de beperkingen bij het identificeren van de HMWg subunit allelen,
2) de (genetische) variatie in de hoeveelheid van de HMWg subunits.
Uit de literatuur was bekend dat ook de hoeveelheid van bepaalde groepen
korreleiwitten (inclusief de HMWg subunits) een belangrijk effect heeft opde
bakkwaliteit (zie hoofdstuk 1).In dit proefschrift is daarom genetische variatie in
zowelhet typeals in de hoeveelheid bestudeerd.
Het type HMWg subunit heeft een duidelijk effect opde bakkwaliteit van in
Nederland geteelde tarwelijnen (hoofdstuk 2). Ongeveer 20%van de variatie in de
bakkwaliteit van de lijnen is door de variatie in HMWg subunit genotype te
verklaren. Derest van de variatie is te wijten aan variatie in milieu-omstandigheden
en aan aldan niet genetische variatie in andere korrelbestanddelen. Van de drie
Glu-Iloci heeft allel variatie op het Glu-Dl locus het grootste effect. Het alleldat
codeert voor de HMWg subunits 5+10gaat samen met een betere bakkwaliteit dan
het allel dat codeert voor 2+12. Vermeldenswaard is dat in Nederlandse rassen
vooral het allel coderend voor 2+12 voorkomt,en ook opde andere loci komen
'slechte allelen' duidelijk vaker voor dan 'goede allelen' (zie Hoofdstuk 7).De
bijdrage tot de bakkwaliteit van de drie Glu-Iloci blijkt niet additief te zijn, in
tegenstelling tot wat in het algemeen in de literatuur vermeld wordt. Alleen bij
aanwezigheid van het Glu-Dl allel 5+10 is een effect aanwezig van variatie opde
andere loci.Het mechanisme achter deze interacties is niet bekend.
Concluderend kan gesteld worden dat, hoewel de relaties complexer zijn dan
voorheen gedacht, het HMWg subunit genotype een belangrijk effect heeft opde
bakkwaliteit. Het is daarom van belang om in Nederlands veredelingsmateriaal
'kwaliteits-allelen' te introduceren, waarbij het Glu-Dl allel 5+10prioriteit verdient.
Naast de genetische variatie in HMWg subunit samenstelling is het aannemelijk dat
genetische variatie in andere korrelbestanddelen ook een rol kan spelen bij de
veredeling.
Inhoofdstuk 3 wordt ingegaan opde problematiek van het identificeren van
HMWg subunit allelen.In rassen en verwanten van broodtarwe is een groot aantal
allelen aanwezig. De bijdrage tot de bakkwaliteit is slechts van een gering aantal
hiervan bekend. Om introductie of selectie van allelen met een negatief effect opde
bakkwaliteit te voorkomen is een betrouwbare allel identificatie essentieel. Deze
identificatie is gebaseerd op de relatieve mobiliteit (R,,,)tijdens 'sodium dodecyl
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sulfaat-polyacrylamide gel electrophorese' (SDS-PAGE)van de door het allel
gecodeerd subunits. Echter, de verschillen in R,„van allele subunits kunnen zeer
gering zijn. In deze situatie is voor een betrouwbareidentificatie twee-dimensionale
electroforese (isoelectrische focussering gevolgd door SDS-PAGE) gewenst.
Voor het bestuderen van de variatie in hoeveelheid subunit diende de
kwantificatie methode bij voorkeur zowelgeschikt te zijn voor het individueel
kwantificeren van de subunits als voor het identiflceren van de subunits, en dusvan
de allelen. Dit is belangrijk omdat een genotype zowel 'goede' als 'slechte' allelen
kan bevatten. Daarnaast is het interessant omde hoeveelheid subunit gecodeerd
door allelen die verschillen in bijdrage tot de bakkwaliteit te bestuderen. Het bleek
noodzakelijk om zelf een kwantificatie methode te ontwikkelen omdat de in de
literatuur beschreven methoden niet aan de hierboven gestelde eisen voldoen. Deze
methode wordt beschreven in hoofdstuk 4. De HMWg subunits worden hierbij met
SDS-PAGE van de andere korreleiwitten en ook onderling gescheiden. De
hoeveelheid Coomassie Brilliant Blauw (CBB) gebonden door de subunits na
kleuring van de gel, hetgeen proportioned is met de hoeveelheid subunit, wordt
bepaald met scanning densitometrie. Omdat de identificatie van de subunits
gebaseerd is op de Rn,tijdens SDS-PAGE is het mogelijk om de subunits in een
analyse zowel te identiflceren als te kwantificeren.
In hoofdstuk 5 wordt de invloed van variatie in milieu omstandigheden opde
hoeveelheid HMWg subunits beschreven. Bij monsters van twee rassen, geteeld op
dezelfde lokatie, bestonden grote N-gift invloeden op de hoeveelheid HMWg
subunit. Deze verschillen konden voor een groot deel (meer dan 87%) uit
verschillen in eiwitgehalte van de korrels verklaard worden. Bij monsters van een
viertal andere rassen, geteeld op zes lokaties, bestonden grote lokatie-verschillen in
hoeveelheid subunit. Hierbij speelden de verschillen in eiwitgehalte duidelijk minder
een rol. Deze experimenten geven aan dat de hoeveelheid van de HMWg subunits
ten opzichte van de andere korreleiwitten sterk afhankelijk is van milieufactoren.
Omdat variatie in deze verhouding de bakkwaliteit bei'nvloedt (zie Hoofdstuk 1)kan
een test voor het bepalen hiervan voor de maal- en broodindustrie bruikbaar zijn als
een extra parameter voor het schatten van de bakkwaliteit van tarwe(meel), naast de
nu gebruikte parameters als het eiwitgehalte en de rasidentiteit. Tevens blijkt uit
hoofdstuk 5 dat er voor de hoeveelheid van de subunits ook genetische variatie
bestaat. Hierop zal nog terug gekomen worden.
Met veredeling kan de hoeveelheid HMWg subunits op verschillende manieren
bei'nvloed worden. De genetische achtergrond waarin HMWg subunit allelen
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aanwezig zijn heeft een belangrijke invloed opde totale hoeveelheid subunit,zoals
blijkt uit onderzoek gepresenteerd in de hoofdstukken 5 en 6. Dit biedt weliswaar
perspectieven voor veredeling op hoeveelheid subunit, maar voor exploitatie is meer
kennis vereist van de genetische basis van deze variatie en zijn snelle testen nodig
voor het bepalen van de hoeveelheid subunits. Daarnaast kan gebruik worden
gemaaktvan variatie op de Glu-Iloci. Het aantal subunits van een genotype, dat
positief gecorreleerd is met de totale hoeveelheid subunits,is eenvoudig te sturen
met veredeling door gebruik te maken van HMWg subunit allelen die verschillen in
aantal subunits. Een andere benadering is het gebruik van 'expressie-allelen'. Dit
zijn allelen die verschillen in de hoeveelheid van de subunits,maar niet in typeof
aantal subunits.Hiermee is het mogelijk omde totale hoeveelheid HMWg subunits
te verhogen als het maximale aantal subunits reeds aanwezig is,en om de
verhouding tussen de individuele subunits te veranderen.
Hoofdstuk 6 beschrijft onderzoek naargenetische invloeden op het niveau van
expressie van individuele HMWg subunit genen. Als het totale aantal HMWg
subunits afneemt door de introductie van een 'nul-allel' (een allel dat geen subunits
codeert) van het Glu-Dl locus neemt de expressie van de overige genen toe.De
aanwezigheid van een nul-allel op het Glu-Al locus had dit effect niet. Variatie in
het type allel had, met een uitzondering, geen significant effect op het niveau van
expressie van genen op homeologe loci. Degenetische achtergrond heeft weliswaar
een effect opde totale hoeveelheid subunit, maar niet op de verhouding tussen de
individuele subunits. Deze resultaten duiden er op dat de expressie van de genen op
de drie Glu-Iloci door een gemeenschappelijk mechanismegecoordineerd wordt.
Tussen genotypen bestaan verschillen in dit mechanisme, zoals blijkt uit het effect
van variatie in de genetische achtergrond op de totale hoeveelheid subunit. Kennis
hierover kan mogelijkheden bieden voor het doelgericht veranderen van de
hoeveelheid HMWg subunit.
Inhoofdstuk 7 wordt het niveau van expressie van de HMWg subunit genen in
38 bijna uitsluitend Nederlandse rassen bestudeerd. De verhouding tussen de
HMWg subunits - derelatieve hoeveelheid - blijkt een bruikbare maat tezijn voor
het genetisch bepaalde niveau van expressie van de HMWg subunit genen omdat
deze verhouding nauwelijks beinvloed wordt door verschillen in de genetische
achtergrond of door milieufactoren, zoals aangetoond in hoofdstuk 5.Er is slechts
een beperkte variatie in het expressie niveau van identieke allelen (subunits hebben
dezelfde R^,),zodat expressie-allelen in deze rassen niet gevonden zijn. Dit kan een
gevolg zijn van onderlinge verwantschap van de Nederlandse rassen, maar het is
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ook mogelijk dat expressie-allelen als zodanig zeldzaam zijn. Het is daarom van
belang om in vervolgonderzoek een groep genotypen met een meer diverse
genetische achtergrond te gebruiken.
Niet-identieke HMWg allelen op het Glu-Bl locus van de Nederlandse rassen
verschillen daarentegen aanzienlijk in het niveau van gen-expressie. De verschillen
in de hoeveelheid van de subunits gecodeerd door de Glu-Bl allelen zijn positief
gecorreleerd met de 'kwaliteit' van de allelen, zoalsdeze is vastgesteld in het
onderzoek gepresenteerd in hoofdstuk 2 en in onderzoek van anderen. Deze relatie
kan echter niet aangetoond worden voor de allelen van de andere loci.
Voor de hoeveelheid van de HMWg subunits gecodeerd door de Glu-Dl allelen
2+12 en 5+10zijn in dit proefschrift tegenstrijdige resultaten verkregen. In de
Nederlandse rassen (hoofdstuk 7) is de hoeveelheid subunit gecodeerd door deze
allelen gelijk. In hoofdstuk 6daarentegen, waar isogene lijnen van Sicco en een
kruisingspopulatie gebruikt zijn, is de totale hoeveelheid 5+10 hoger dan de totale
hoeveelheid 2+12.Dit kan er op duiden dat opdit locus toch expressie-allelen
voorkomen. Dus,hoewel er een relatie aangetoond is tussen de hoeveelheid subunit
en de bijdrage tot dekwaliteit van het allel dat deze subunits codeert geeft dit
proefschrift geen uitsluitsel of de verschillen in 'kwaliteit' van de allelen
veroorzaakt zijn door verschillen in de hoeveelheid of in de structuur van het eiwit.
Hiervoor is extra onderzoek vereist, met name naar de hoeveelheid van deGlu-Al
en Glu-Dl gecodeerde subunits.
In hoofdstuk 8 is in meel van vijf rassen de hoeveelheid van de HMWg subunits
opgewichtsbasis bepaald. De hoeveelheid varieerde tussen derassen van 3 tot 8
gram per 100gram eiwit. Dit toont aan dat, hoewel de HMWg subunits van groot
belang zijn voor de bakkwaliteit van tarwemeel, zij slechts een klein deel van de
totale hoeveelheid eiwit uitmaken.
Samenvattend kan worden gesteld dat dit proefschrift aantoont dat zowel
kwalitatieve als kwantitatieve variatie in de samenstelling van de HMWg subunits
van belang is voor de bakkwaliteit van tarwe. Opgemerkt moetworden dat deze
variatie ook van belang is voor andere toepassing van tarwe, zoals in de pasta-, de
banket- en de gluten/zetmeel industrie. Bij de veredeling op kwaliteit kan naast
variatie in het type subunit de aangetoonde genetische variatie in de hoeveelheid
van de HMWg subunits gebruikt worden. Voor de tarweverwerkende industrie is de
milieuvariatie in de hoeveelheid subunits van belang.
Voor een optimaal gebruik van de HMWg subunits in de veredeling en de
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tarweverwerkende industrie is opeen aantal gebieden meer onderzoek gewenst.
1)de optimale hoeveelheid HMWg subunits is onbekend.Deze zal afhankelijk
zijn van de hoeveelheid van andere groepen eiwitten, zoalsde a-, p-,yofa>gliadinen en deLMW glutenine subunits, en is hoogstwaarschijnlijk eveneens
afhankelijk van het brood bereidingsproces dat gebruikt wordt. Het is daaromvan
belang omeveneens genetische en milieuvariatie in de hoeveelheid en het type van
deze eiwitten te bestuderen.
2) simpeleen snelle testen ontbreken voor het bepalen van de hoeveelheid van
groepen eiwitten, inclusief HMWg subunits. Deze testen zijn van belang voor de
veredelaars en voor maalderijen en bakkerijen. Echter, zoals gesteld in hoofdstuk 1,
vallen de vereisten van de tarweverwerkende industrie niet samen met die van de
veredelaar. Deze is geinteresseerd in degenotypische kwaliteit, terwijl de
tarwe-verwerkende industrie belang heeft bij defenotypischekwaliteit.
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CURRICULUM VITAE

De schrijver van dit proefschrift werd geboren op 28 augustus 1962 te Wageningen.
Na het behalen van het VWO-B diploma aan hetWagenings Lyceum, werd in 1981
begonnen met de studie plantenveredeling aan de Landbouwuniversiteit (voorheen
Landbouw Hogeschool) te Wageningen. Het doctoraalexamen (met lof) met als
hoofdvakken plantenveredeling (Prof.dr.ir. J.E. Parlevliet en Dr.ir. B.A. Uijtewaal)
en erfelijkheidsleer (Prof.dr.ir. J.H. van der Veen en Dr.ir. J. Visser) en als bijvak
fytopathologie (Prof.dr.ir. J. Dekker en Dr.ir. L.C. Davidse) werd in September 1987
behaald. Hij bracht zijn praktijktijd door bij de Z.P.C. te St. Annaparochie en bij
'Plant Genetic Systems' te Gent, Belgie. Vanaf 1 januari 1987 tot 1november 1989
heeft hij gewerkt aan dit promotieonderzoek bij de Stichting voor Plantenveredeling
(SVP) te Wageningen in dienst van de Stichting Nederlands Graan Centrum (NGC).
Per 1 november 1989 is hij werkzaam als onderzoeker industriele eiwitten bij de
hoofdafdeling Agrificatie van het DLO-Agrotechnologisch Onderzoeksinstituut
(ATO-DLO) te Wageningen.

135

