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ABSTRACT

Sapirstein, Harry Daniel, Ph.D., The University of l'lanitoba, July 1984.

Computer-Based Ouant i f i cation Wheat Cultivar ldentification and

Comparat ive Anaì sis of Gl iadin Eìectrophoreqrams

llajor Professor: Dr . Wa I ter Bushuk.

A computerized wheat cultivar identification system is described

based on gì iadin eìectrophoregrams. This research is divided into two

sect i ons:

l. Automatic quantification of electrophoregrams by minicomputer

processing of densitometric scanning prof i les.

ln order to el iminate the subjective and tedious manual calculation

of electrophoretic mobility and band density values required for

cultivar identification, algorithms were developed and implemented as

FORTRAN programs to operate on sets of repl icate absorbance profi les

acquired by a I inear scanning densitometer. The polyacrylamide gel

electrophoresis (PAGE) system of Bushuk and Zi I lman (1978) was used to

prepare a representat ive range of gl i ad i n el ectrophoregrams for

anaìysis.

Data analysis and processing was performed on a laboratory scale

PDP-ll,/40 minicomputer. Densitometric profiles were digitized and

protein bands found by a procedure based on first derivatives which

detects components as relative maxima or as inflection points on peak

slopes. The sensitivity of this procedure was such that virtual ly al I
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major and minor eìectrophoregram components visibìe on film or

photographic prints were detected by the program.

I nternaì gel reference protei ns were used to scaìe raw peak

position and height coordinates to form a standardized ìist of

normal ized relative mobi I ity and band density parameter vaìues termed a

cuìtivar signature array. This permits comparisons to be made with band

patterns from other gel slabs, a process which was facilitated by

computer-generated electrophoregram graphi cs.

A repl icate analysis program was also developed to combine

individual ly computed gl iadin band patterns from repl icate densitometric

profi les into a single mean signature array. This task functions to

improve data precision and to el iminate spurious information which is

identified by the program as unmatched reìative peak coordinates.

Computed reìative mobi I ity and band density data were found to be

at ìeast equivalent in precision and accuracy to results based upon

manual measurement procedures, the latter obtainable only by tedious

migration distance measurements and subjective and possibly erroneous

estimates of band density. lt was concluded that the facility of a

densitometer and minicomputer can be successfulìy implemented to

quantify Sl iadin electrophoregrams in an optimal format for cultivar

identification.

I l. Computer-based wheat cultivar identification system.

Vertical flatbed PAGE was used to establish a data base of gìiadin

electrophoregrams from bulk and single kernel samples of .l07 Canadian

common and durum wheat cultivars and nine U.S. common spring wheat

cultivars. Approximately 2O',ó of the total were found to possess



composite electrophoregrams with varying degrees of admixture. l'lany

offtype patterns were incorporated into the computerized catalog of

cultivar formuìas.

A new gliadin nomenclature is introduced, substantially modifying

the single reference band method of Bushuk and Zi ì Iman (.1978). ln

addition torrltlarquis band !0" which serves as a primary reference, the

nomenclature uses two additional reference bands with low and high

mobi I ities respectively in electrophoregrams of the standard cultivar

patterns used for each PAGE run. The three reference bands are used in

a weighted nearest neighbor algorithm to compute reìative mob¡lities for

cuìtivar formuìas. This method significantly improved the precision of

results compared to the single reference band approach. The average

uncertainty in the relative position of gl iadin bands was reduced more

than three-fold with mean standard deviations faìling below 0..l relative

mobility units. The effect to increase the discrimination power of

electrophoregram data for cultivar identification is discussed.

A computerized system of wheat cultivar identification is

described. The system is comprised of three programmed procedures which

are dedicated to different aspects of the "orp"r"rive analysis probìem,

The common task is to compare a numerically encoded unknown or sampìe

electrophoregram with all reference patterns in the data base taken one

at a time, to obtain a measure used to assess the degree of pattern

resemblance and on this basis prepare a ranked list of cultivars.

Programs were wr i tten i n F0RTRAN and were tested on an AI4DAHL \70/580

computer system (lBl4 4/0 compatible). The fol lowing components of the

cultivar identif ication system are discussed:

VI



l. Data base organization of cultivar names' Pedigrees and compact

integer representation of gl iadin electrophoregrams as cultivar

signature arrays which additionally encode attributes for

qual ity, class and primary growing region.

2. The equation used to compute percent pattern homology (ZPH)

scores. lncluded as parameters in the formula are both matching

and non-match ¡ ng band counts, and bands wh i ch d i ffer

significantly on a density basis alone. This ful ly quantified

the heterogeneity of gìiadin band patterns for comparative

analysis, and provided a sensitive measure for discrimination.

Also examined is the effect of weighting the number of matched

and unmatched electrophoregram components by thei r band

densities.

3. Detail of the short list ranking program output which generates a

I ist of possible cultivars ordered by decl ining PAGE pattern

homology wi th the unknown electrophoregram. A user def i ned

threshold value for %PH controls entry into the I ist. Tabulated

data includes cultivar names, Pedigrees, summary attributes and

an accounting of the number of matched bands and the distribution

of unmatched gl iadin bands for compared electrophoregrams"

4. For the ì ist of ranked cultivars, a graphic analysis program

permits the user to visual ize the gl iadin band patterns for

match i ng and non-match i ng components wh i ch are respect i vel y

isolated in separate plots. An alternate pattern homology

analysis program can also be invoked to provide a similar type of

output focused on selected pairs of electrophoregrams of special

i nterest.
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A third program element of the cultivar identification system

complements other analyses by using posi tional differences in

electrophoregrams as the criterion for ranking. lt also provides

an output result which is extended to include the entire data

base population in which each member is expl icitly identified in

a frequency distribution which comprises the printout. This

program assists in evaluating the uniqueness of the unknown or

test electrophoretic pattern, and identifies cultivars which are

of diverse genotype.

The use of regression analysis to stretch or compress the scale

of relative mobil ities in one electrophoresis system to permit

accurate registration with counterpart data in a different

sys tem.

ln addition to cultivar identification methodology' the

heterogeneity of gl iadin PAGE patterns in the data base was studied by

computing the frequency distribution of protein bands as a function of

fine scale relative mobi l ity. The resulting "PAGE map" of gl iadin

composition confirmed the existence of more than 90 individual gl iadin

components among a population of 98 common spring and winter wheat

cultivars. The map is proposed as a reference spectrum to facilitate the

classification of gl iadins for the purpose of multivariate analysis and

i nter- I aboratory compar i sons.
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I NTRODUCT I ON

The aìcohol solubìe proteins of the wheat kernel (Sì iadins) may

wel I be the singìe most heterogeneous cìass of plant proteins known.

Itloreover, the number and distribution of these proteins, commonìy

separated by pol yacry lamide gel electrophoresis (PAGE) to yield a

gì íadin electrophoretic pattern or electrophoregram, is a genotypic

character virtual ly unaffected by the environment in which the crop is

grown. Accord i ng I y, the el ectrophoregram can be cons i dered a taxonomi c

signature at the subspecies level of the grain from which the gì iadin

was der i ved.

Whi ìe electrophoretic methods have been appì ied extensively in

gluten protein research and patterns interpreted widely for genetic and

quaìity relationships, the utility of results for broad-based

comparisons has been I imited in large part by the inherent multipl icity

of the gl iadin protein fraction and resolution by different

electrophoretic systems. Efforts in recent years to standardize the

latter for identification of cereal varieties (Autran and Bourdet, 1975;

Bushuk and Zi I lman, .l978) resulted in the first numerical catalogs of

wheat protein composition by starch gel electrophoresis (SGE) and PAGE

respectively for French and Canadian cultivars. ; catalog of U.S. and

Italian cultivars derived by PAGE has subsequently been reported by
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other workers. However, aspects of precision and the probìem of

identifing common bands within and among catalogs minimizes their

individual and combined value. Elsewhere, subjective nomenclature

formats and/or classification procedures has restricted the

interpretation of multivariate analysis results of gl iadin composition

to ìocal ized gene pools.

Given the steady accumulation of gl iadin electrophoregrams, the

need of a uniform nomenclature for gl iadin electrophoresis has been

recognized (Autran et â1., 197Ð. Systematic treatment of

electrophoregram data with emphasis on reproduc¡bi I ity and precision is

also indicated by the increasing demands for procedures of cultivar

identification in commerce, the introduction of pìant breedersr rights,

and related documentation of wheat genetic resources. As more knowledge

is gained about gluten proteins in relation to functional ity, screening

of breeding popuìations based on protein composition wilì become

commonp I ace.

The objectives of the present study are basical ly twofolds (i) to

evaluate computer-based densitometric scanning as an automatic method to

quantify electrophoretic data required for cuìtivar identification and

(¡ i) to present a computerized system of cultivar identification based

on gl iadin electrophoregram mobi I ity and density parameters. The effect

of using multiple reference bands to compute relative mobi I ities was

examined, and on this basis a a high-resolution computerized catalog of

electrophoregrams for Canadian and some U.S. wheat cultivars \^,as

prepared. Various comparative analysis schemes for cultivar

identification are described and numerous examples of program output are
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given. Regression anaìysis \^/as investigated as a potential method to

accurately cross-reference between electrophoregram data base catalogs.

The research uras al so extended to develop a strategy that couìd

guantitate the overal I level of gl iadin heterogeneity commonly observed

in a large series of electrophoretic runs. The resulting PAGE "map" of

gliadin composition was also examined as a means to classify gliadin

bands for the purpose of multivariate analysis.

Throughout the text of this study, wheats of the species Triticum

aestivum L. (hexaploid wheats with the genome formula AABBDD) will be

referred to as common wheats, while wheats of the species Triticum

turqidum L. s.sp. durum (tetrapìoid wheats with the genome formuìa AABB)

wi I I be referred to as durum wheats.
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L ITERATURE REV I El,J

I NTRODUCT I ON

The major focus of this thesis project was to investigate and

extend current methods for comparat i ve el ectrophoret i c ana I ys i s of wheat

gliadins and to characterize further the heterogeneity in its

composition. Accordingly, this review will cover a range of publications

on gliadin which document the affirmation of the protein fraction's

multipì icity, its progressive resolution by electrophoresis and some

related technigues, and the variabìe approaches taken within the

separation methods employed. Also reviewed wi I I be the i rregular nature

of gl iadin nomencìature and the appl ication of electrophoretic pattern

data for the comparative analysis of wheats especially for cuìtivar

identification.

DEF IN IT ION OF I.JHEAT GRA IN PROTE IN CLASSES

The scientific watershed for the study of wheat proteins derives

from the comprehensive fractionation scheme developed by Qsborne (lgOZ).

Wheat proteins were classified into four major fractions based on their

di fferentiaÌ solubi I i ty by sequential solvent extraction:

¡) albumins - soluble in water

¡i) globulins - soluble in salt solutions

-\-
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iii) gliadins - solubìe in 7O?4 to 90% alcohoì

iv) glutenins - soìuble in di lute acid or alkal i

Gliadin and glutenin are Triticum specific names that correspond to

broader categories of cereal proteins termed prolamin and glutel in

respectiveìy. Prolamin was chosen as the generic name for the alcohol

soluble group (0sborne, 1908) as al ì reìated proteins (e.S.

wheat=gl iadin, barley=þsrdein, Dâize=zein, rye=secal in) yielded

reìativeìy ìarge quantities of prol ine and amide nitrogen upon

hydrolysis.

That the classification of proteins based on solution properties

suffers from certain inadequacies was recognized by 0sborne (ì924)

himself. The perspective provided by current eìectrophoretic methods

reveals a heterogeneity of wheat protein composition that 60 years

earlier rÀrould have been considered fantastic. Notwithstanding problems

relating to overìapping solubi I ity which are commonìy cited in the

l iterature, ¡t is universal ly accepted that rrclassicalil gl iadin and

glutenin are structural ly distinct in the unreduced state, are the main

constituents of gluten, and dominate the physical and chemical nature of

functional properties of wheat flour. However, what consti tutes the

boundary between the chemically reduced forms of these complex protein

fractions is at present an issue of some disagreement. The contrasting

positions are ref lected in the reviews by Kasarda et al. (1976), l,lif lin

and Shewry (97Ð and ltlif lin et al. (1983).
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EARLY PHYS I CAL EV I DENCE FOR GL I AD I N HETEROGENE ITY AND I'IOV I NG BOUNDARY

ELECTROPHORET I C RESOLUT I ON

The term gliadin was originally proposed by Taddei (1820) to

describe the gross fraction of wheat gluten soìuble in agueous aìcohol.

The composition of this protein was discussed by Ritthausen (t872¡ who

provided evidence for 3 distinct fractions: gliadin, mucedin and

glutenfibrin, which were soìubìe in varying concentrations of aìcohoì.

Osborne (1907), whi ìe not discounting the possibìe fractionabi I ity of

gl iadin at some future date, ilâintained that differences in soìubi I ity

as reported by Ritthausen, could not be made a basis for characterizing

different individuaì proteins. Osborne, who first formal ìy defined the

f raction, reaf f irmed the individuaìity of gliadin as rrthe protein of the

wheat kernel insolubìe in neutral aqueous solutions, but distinguished

from all others by its ready solubility in neutral 7OZ alcoholrt.

Foì I owi ng Osborners work, the I i terature concerned wi th the nature

of wheat gluten components is characterized by a protracted period of

frustrated attempts to achieve clear-cut and quanti tative

fractionations. During this period, many studies cal ì into question the

identity of protein material extractable from wheat flour by alcohol

(Baitey and Blish, 1915i Gottenberg and Alsberg, 1927; Gortner et al.,

1929i BÌ ish and Sandstedt, 1929; Herd, 1931:' Sandstedt and Bl ish, 1933;

HcCal la and Rose, 1935¡ Kuhlman, 1937) . t,Jhi le these workers raised

questions that could not be answered by the fractional precipitation and

solution techniques avai lable at the time, evidence began to accumulate

in support of heterogeneous gl iadin upon examination of the physical

properties of individual subfractions.
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Haugaard and Johnson (l 930) used prec i p i tat i on temperature (D i I I

and Aìsberg, lg25) as an index to characterize different gì iadin

preparations. They showed that gl iadin could be fractionated by cool ing

a soìution in 6O% ethanol first to OoC and then to -ì.l0C. Qptical

rotation and viscosity measurements were used to associate varying

physical properties with the three resulting fractions. Cook (.l931)

confirmed this result, finding that gliadin preparations with a high

maximum soìubility defined by a ìow precipitation temperature dispìayed

lower viscosities than fractions of lower maximum solubi I ity with higher

peptization temperatures. He concluded that gl iadin consists of a number

of fract i ons.

Krejci and Svedberg (1935) reported in a sedimentation equi I ibrium

study that gl iadin was inhomogeneous with regard to moìecuìar weight'

consist¡ng of a mixture of I îght and heavy molecules. The latter

increased in proportion in fractions of decl ining solubi I ity as defined

by the method of Haugaard and Johnson (ì930). Similar conclusions were

reached by Burk (1938) based upon osmotic pressure measurements on

different cold-labile fractions of gliadin, and by Lamm and Polson

(.|936) who found gliadin to be inhomogeneous by a diffusion method.

llcçal la and Gralen (1942) applied sedimentation equil ibrium and

diffusion measurements on gluten dispersed in sodium sal icylate

solutions. They agreed with observations made in previous studies which

showed that the existence of homogeneous gl iadin was incompatibìe with

experimental evidence. They concluded from their data that gluten was a

multicomponent protein system varying progressively in chemical and

physical properties.
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The separat i on of i oni c mi xtures wh i ch depends soì el y upon

differences of free electrophoretic mobilities among constituents forms

the basis of the moving boundary or free electrophoresis procedure of

Tiseì ius (.|937) . The technique was fi rst appl ied to wheat proteins by

Schwert et al. (ì944) and resulted in the identification of at least two

electrophoretical ìy separable components of gì iadin. lt was recognized

that a low pH, low ionic strength buffer system wouìd provide the best

separations. Their study and the subsequent use of this technique for

the fractionation of gìiadin (l4iìls, 195\; Holme and Briggs, 1959) and

gluten proteins (Laws and France, l9[8), to dispìay heterogeneity,

yielded patterns of poor definition due to gross asymmetry between the

ascending and descending boundaries, a condition beì ieved to be caused

by protein-protein and protein-buffer ion interactions. As a resuìt,

Holme and Briggs (ì959) described their own and previous resuìts in

support of heterogeneity as inconclusive.

The imposi tion of pattern symmetry in free electrophoresis as an

important precondition to characterize the minimum number of gluten

components was used by Jones et al. (.|959) to evaluate a number of

suitable buffers for the fractionation of gluten proteins. Sodium and

alumìnum buffers, notably aluminum lactate - lactic acid pH 3..l' at

nominal ionic strength of 0.05-0..| (8.5-.I7 ml'l) , were used to resoìve

gluten dispersed in 0.01 N acetic acid, from a hard red winter wheat

cultivar Ponca. Six protein components reveaìed in Schì ieren diagrams

were classif ied as ol, d2, Ê l, ß2t, y and o, in order of decreasing

rWhereas the a-components of cv. Ponca were resoìved only in
chloracetate buffer, tne ß -components were resoìved onìy in the
I actate counterpart.

aluminum
aluminum
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migration distance from the initial boundary. A significant portion of

the high mobi ì ity o component was shown to consist of glutenin protein,

with the remaining components identified as gl iadins.

ZON E ELECTROPHORESIS AND GL IADIN RESOLUT r0N

The elucidation of gluten protein composition was signîficantly

improved with the appì ication of zone electrophoresis in a starch geì

support medium introduced by Smithies (.|955). Smithies recognized the

capacity of the gels to sieve high moìecuìar weight (ftil{) substances and

the uti I ity of starch gel electrophoresis (SGE) to separate mixtures of

proteins according to size as welì as charge differences.

ln the first reported use of this method for wheat proteins, Eìton

and Ewarl (lt6O) employed a 12'A starch gel with the aluminum lactate

buffer system of Jones et al. (.|959) to seParate a preparation of gluten

dispersed in acetic acid. SGE for 2-À hr at a potentiaì gradient of l+-6

V/cm was found to resolve gluten of four cultivars (Flamingo, Rescue,

Bison, þJitchitar) into at least eight bands of "simiìar'r mobil ity. The

authors described the diff¡culty in achieving reproducibility in terms

of absolute mobi I ity, which was observed to vary by as much as 2OZ

between successive runs. No further characterization of the gìuten

protein separation was made. The possibility that some bands (of tire

acetic acid dispersed gluten prepared from disti I led water-washed flour)

might correspond to albumin and globul in protein was noted elsewhere

(Simmonds and Winzor, l96l).

¡Bison and Witchita are two hard red winter cultivars very simi ìar in
ancestry.
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The incorporation of concentrated urea (31,1) to the aluminum ìactate

SGE buf f er (urea-SGE) was used by l.rloychik et al. (ì96.|) to increase

protein soìubi ì ity and thereby improve the detection of minor bands.

Gluten prepared by the method of Jones et al. (.|959) was eìectrophoresed

in l8? gels at 8 V/cn for a reported 24 hours. Eight protein components

that migrated in the gel hrere considered to be gl iadins.

Protein that remained at the origin unable to penetrate the starch

geì due to molecular size and/or shape contraints was characterized as

being identical to the qì gìuten (gìutenin) component in free

electrophoresis. This component was reported by Jones et al. (.l96.|) to

have a weight average molecular weight (f41./) of 1.5 - J million by

sedimentation equi I ibrium in aluminum ìactate buffer. ln contrast, $

and Y-gliadins were shown to have l,lW,s of 42,OOO and 47,OOO

respectively. Thus zone electrophoresis provided a means at the time,

simi lar mobi I ities in free eìectrophoresis. SGE could therefore be used

to effectiveìy separate gl iadins from the structuraì ly different
glutenin fraction in spite of any overlapping solubiìity of the gluten

prote i ns i n the extract i ng so ì vent.

Early studies using sGE commonly appl ied to separate ethanol

extracts of flour or gluten dispersions in acetic acid often described

sub-optimaì resolution of gìiadin proteins. I'lost authors were seemingìy

unabrare that a longer period of electrophoresis could expedite the

resolut¡on of the gliadins in sample preparations that often contained

over ì appi ng prote i n fract i ons.
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. Coulson and Sim (t96.l), using the buffer system of Jones et al.

(ì959), identified more than 20 components by l0Z ScE (8-lo Y/cm,2 hr.)

of acetic acid soluble gluten prepared from flour washed successiveìy

w i th butano I and sod i um pyrophosphate accord i ng to the procedure of

Simmonds and l,linzor (196.|). This extraction procedure included a

significant proportion of albumin/globul in proteins as only the slower

moving bands were reported to correspond to ethanol soìubìe gl iadin.

The authors a I so noted that the add i t ion of up to 8l'1 urea to the prote i n

soìution prior to electrophoresis did not affect the resulting patterns.

lncompìete electrophoretic resolution of gl iadins was simi larìy

obtained by Elton and Ewart (1962) and later by Kaminski (1962) who used

SGE for direct comparison of different flour protein extracts on

individuaì geì slabs. 0nly partial separation of 702 ethanol soluble

gliadin Ì^,as achieved in order to accomodate resolution of higher

mobility albumin and globulin proteins. These were shown to be present

in electrophoregrams of gìuten dispersed in acetic acid (Elton and

Ewart, 1962) and aluminum lactate buffer (Kaminski, 1962), however only

traces were found in patterns of the ethanol solubìe extracts. Thus of

2l bands detected in the SGE pattern of buffer dispersed gluten, 10

major components of low mobiìity were attributable to gliadins.

During this period, the first attempt to specificaìly optimize the

electrophoretic resolution of gl iadins h/as made by Bourdet et al.

(lge¡). Direct 60? ethanol extracts of wheat flour was shown to yield

preponderantly gl iadin components by urea-SGE (.l0? starch gel, Al

lactate buf fer + 0.5 l,l urea, pH 3.2Ð. By separating the gl iadins over

the entire gel, the authors obtained an average of l5 bands for each of
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three cuìtivars studied. A combined total of 27 different components in

terms of mobi I i ty were detected. Graham (lg6¡) and El ton and Ewart

(1964) I ikewise improved the resolution of acetic acid soluble proteins

identified as gl iadins by extending the electrophoresis time period.

The incorporation of poìyacryìamide (Raymond and Weintraub, 1959¡

Raymond and Wang, 1960) as a homogeneous and stabìe support medium,

greatly improved the overal I fìexibi ì ity of the zone electrophoresis

technique as a se-u of gel parameters were introduced that could be

control ìed to selectiveìy modify the sieving effect on protein

separations. Polyacryìamide gel eìectrophoresis (PAGE) of acetic acid

and water soluble wheat proteins was first reported by Lee (lg6l) and

Nimmo et al. (lg6¡) respectively. Lee used an alkal ine buffer system (pH

8.6) containing 2n urea in 5Z gels to effect a gìuten protein

separation. While the resoìution of components in this study by PAGE was

ìimited, Lee utilized the transparent quality of the support medium to

scan the gel wi th a densi tometer i n order to obtai n an objective

quantitation on the amount of proteín in a band, as well as to identify

minor components not readi ly visible in the gel.

Chemical reduction of gl iadin in conjunction with electrophoresis

was first undertaken by Woychik et al. (ì964). They showed that a

gl iadin preparation, treated with the disulphide bond reducing agent

mercaptoethanol, and resolved by urea-SGE gave no increase in the number

or dens i ty of bands compared to an unreduced treatment , al though

mobi I ities were reduced by about 202, presumably caused by an increase

in resistance to migration for the unfolded gl iadin polypeptides. ln

contrast, a glutenin fraction normal ly unable to penetrate the gel
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during electrophoresis, yielded as many as 20 bands fol lowing reduction'

These results were interpreted as deriving from the different nature of

disulphide bonding in gluten proteins, being largely intra-molecular for

the gliadin fraction. This conclusion was subsequently supported by

viscosity and sedimentation equi ì ibrium measurements (Nielsen et aì "

t968) and by sodium dodecyl suìphate PAGE (SDS-PAGt; method is discussed

later) which was first appl ied to gluten Proteins by Bietz and l.lal I

Og72) to convincingìy show that most gl iadins are singìe-chain

poìypeptides stabi ì ized by intra-molecular disuìphide bonds.

The manner in which heterogeneity couìd be masked in a whole

gl iadin separation by gel electrophoresis was reported in a study by

Huebneretal.(ì967).TheyfoundthattheY-gliadincomponentofthe

cuìtivar Ponca, resolved by urea-SGE [buffer: 3¡'t urea' 5mlil aìuminum

ìactate, O.O2tl lactic acid, after Beckwith et aì. (ì966)] as a single

dense band, could be fractionated by cation exchange chromatography to

yield J distinct components. These were subsequently shown to have

sl ightly different relative mobi I ities by extending the eìectrophoresis

períoa. Further analysis revealed that the individuaì proteins

possessed significant differences in amino acid compos¡tion with smaller

differences detected in y2- and Y3-Sì iadin. N-terminaì amino acid

sequence data of B ietz et al . (l977) conf irmed th i s f ind ing ' l'lore

positional homology in the sequence of approximately 25 amino acids was

detected between \r/2 and Y3 proteins with Y l-sl iadin having a greater

resemblance with other ß-sliadins. These resuìts also indicated

potential problems in the nomerrcìature of gl iadins resoìved by geì

eìectrophoresis.
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Recognition that mobil¡ties couìd be used as a meaningfuì parameter

for characterizing the gliadin electrophoregram spectrum of a given

cul t ivar was exploi ted by Autran and Bourdet (197Ð. us i ng !l starch

geìs and a buffer system containing o.!t1 urea and aìuminum ìactate at pH

3.2, these workers devised a numerical mobi I ity format relative to a

Y-gìiadin band common to all the cultivars that they examined in their
study. The precision gained by using relative mobi I ities aided in the

observation of 4l possibìe positions of gl ìadin bands (a maximum of 25

in any one cultivar) for 73 spring and winter wheats grown in France.

ln contrast, Australian workers at the Commonwealth Scientific and

I ndustr i a I Research 0rgan i zat i on (CS I R0) Wheat Research Group reported

only JÀ band positions in eìectrophoregrams obtained by urea-SGE (l2Z

starch gel containing l2? urea, aìuminum ìactate buf f er, pH 3. ì) of ìl,l

urea extracts of gliadin from 78 cultivars (du cros et al., lggo).

The French cìassification format and one-dimensional SGE

methodology for gl iadin separation was further refined by Bushuk and

Zi l lman (.l978) for flatbed PAGE (68 gels) with 8.5 mil aluminum lacrare

buffer, PH 3..l. These workers incorporated the fast polymerization

sys tem deve I oped by Jordan and Raymond ( I ggg) for use w i th

polyacrylamide gels in acid medium. With this method, resolution of up

to J0 gliadin bands for a single cult¡var (e.g. Red Fife) was reported

in a catalog of PAGE patterns for Canadian cultivars (Zi I ìman and

Bushuk' 197Ð. A composite count of gliadin components among the 88

wheats that were studied was not given.

An alternative to uniform concentration polyacrylamide gels for

eìectrophoretic resolution of proteins is representqd by the
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gradient-PAGE methodology in which average gel porosity decreases along

a gel bed of continuously increasing polyacrylamide concentration

(Hargoìis and Kenrick, ì968; Slater, ì969). ln gradienI-PAGt, â ITrixture

of proteins driven by an electric potential migrates down a gradient of

increasing frictional resistance which I imi ts diffusion. The pattern

which resuìts can be one of extremely sharp bands where differences in

charge between proteins are minimized, and estimates of molecular size

may be ootained in single electrophoretic runs.

Separation of gl iadins by this technique was first reported by

Wrigley and l'lcCausland (1977), who used a gradient of 3-272

polyacrylamide in sodium lactate buffer pH 3. l. They found the method

to be superior in comparison with SGE for distinguishing between

Austral ian wheats for the purpose of cuìtivar identification. du Cros

and Wrigley (lglÐ narrowed the range of the polyacrylamide gradient to

2-162 to ìimit the loss of resolution for leading bands in the high

acrylamide concentration zone of the gel. The shal lower gradient also

shortened the electrophoresis period for wheats to lh at 400 V. Sodium

lactate buffer was also found to give a better resolution in this system

compared to a I um i num ì actate. A grad i ent range of 2.5-132

polyacrylamide was subsequently recommended as optimal for the gl iadins

(du Cros et al., 1980).

Whi le the method of gradient-PAGE has been used as a resolution

device, its application for determining lilWrs of gl iadins or other wheat

proteins has been rarely reported in the I iterature; the comparative

electrophoretic study by Hussein and Stegemann (1978) is a notable

exception. This situation is contrasted in the use of the contemporary
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technique of SDS-PAGE which was introduced as an anaìytical tool by

Shapi ro et al. (lgeZ) and elaborated by Weber and osborne (lg6g)

regarding its reìiability to measure l,ll./'s of proteins. SDS-PAGE

methodology involves the el imination of charge differences among reduced

proteins which is achieved via the binding of the anionic detergent SDS.

The migration of the compìexed proteins by PAGE in the presence of SDS

wiìl normaìly be in the direction of the anode at a rate which is a

function of their molecuìar size.

For wheat gluten proteins, the method has been extensiveìy appl ied

to examine the subunit composition and moìecular weight distr¡bution of

glutenin which is only minimaìly resolved by eìectrophoresis without

prior chemical reduction to disrupt the disuìphide bonding which

cross-ì ink and stabi I ize this high moìecular weight complex of

proteins¡. sDS-PAGE studies of gluten proteins untiì recently, have

commonìy used the continuous buffer system methodology of

SDS-Tris-borate in 5?< polyacrylamide gels as described by Koenig et al.
(1970). Compared to reduced gìutenin, reduced gl iadin has been shown to

be a protein fraction relativeìy homogeneous in molecular size

distribution, narrow in range and hence limited in electrophoretic

resolution. ln a I'whole gl iadin'r preparation f rom cv. ponca, Bietz and

Waì I (1972) were able to resoìve a total of seven gl iadin subunits,

three of which brere present in only trace amounts. The dominant

electrophoregram component had a l'll.l of approximateìy 36,ooo. This

subunit along r,.,ith a second of 44,ooo t'$.'l corresponded to most of the c-,

B- and Y-gl iadins. subunits which were identif ied as o -gliadi;rs,

rThe reader is referred to Kasarda et aì.
di scussion on the character ¡zat¡on of gluteni n.

(lg16) for an excel lent
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constituted a separate pair of bands corresponding to l'lW's of 69,000 and

78,000. 0ther workers using simi lar electrophoretic methods have

obtained results in generaì agreement with those cited by Bietz and |.Jall

(e.S. Hamauzu et al., 1972; Ewart, 197Ð.

A d i fferent approach to SDS-PAGE that often produces i mproved

eìectrophoregram resolution was introduced by Laemml i (.l970) who adapted

the discontinuous buffer methodoìogy of Davis (.l964) described for

anaìyticaì PAGt. This system, which employs an apparatus of verticaì

design' emphasizes the production of thin starting zones into which a

solution of protein will concentrate at the initiation of

electrophoresis. Concentration wi t I occur at the boundary estabì ished

between a high mobility solution of buffer ions and a lower mobility

counterpart stacked wi th the sample protein in a relatively larger pore

acrylamide gel section above it. A discussion on the background and

theory of discontinuous PAGE is given by Ornstein (.l964).

Use of such a system for the resolution of cereal proteins was

first reported by shewry et al . (1977) for electrophoresis of barley

hordeins, in a separating gel formed using the sDS-Tris-borate pH 8.9

buffer of Koenig et al. (1970) but with 12.5 Z acrylamide. The stacking

geì consisted of J% acrylamide in the same buffer at pH 6.1.

Gl iadins were first separated using this approach by shewry et al.
(ì978) in 17.52 polyacrylamide slabs in an otherwíse identical SDS-PAGE

procedure as described above. Gl iadins were extracted in a solution

containing propan-2-ol plus mercaptoethanoì. The electrophoresis period

was lh at 20 mA. This method was recommended as an alternative to SGE

for the purpose of variety identification (section to fol low) in
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instances where SGE patterns were not distinguishable between cultivars.

Shewry observed that the region corresponding to high t'l[.l gìiadins

provided the best discrimination, while components of lower l'1VJ i.e.

those commonì y separated by 1OZ SGt or 6Z PAGE were 'r l ess c I ear I y"

resolved. lt was also found that resolution of the Iatter was improved

by alkylation.

Payne et al . (1979) used a simi lar SDS-PAGE procedure but wi th

Tris-HCl buffer (Laemml i, .l970) and 17'a polyacrylamide separating gels

to study the subunit composition of gìutenin. Very long electrophoresis

times of l8n at I mA were reported. Resolution of a total protein

extract by this method (Payne and Corfield, 1979) gave a superior result

in comparison with total protein separations obtained by continuous

buffer SDS-PAGE (ful I ington et al ., .|980) 
.

The use of d i scont i nuous buffer SDS-PAGE by other workers has

confirmed the relative superiority of the technique to resoìve and

monîtor the distribution of gluten proteins in various soìubi I ity and

chromatographic fractions (f¡e¡a et aì., 1982, 1983b) . However, whi le

small differences in l,lWrs of purif ied gì iadins can be detected by

SDS-PAGt (Bietz and Wall, 1972), ¡t was acknowìedged that the large

number of gl iadin proteins precluded these differences from being

recognized ¡n patterns of the mixture. A similar position was taken by

Field et al. (1983a) who, working with Laemml irs method, observed that

because so many q,-' ß- and Y-gliadins as well as reduced subunits of

I'aggregated high tltl gìiadin", had apparent t'11'l's of 36,000 and 4l+,ooo,

the mixture could not be clearly resolved by SDS-PAGE.
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The apparent comigration of discrete gì iadin components wi th

inadequate charge and/or size differences to significantly affect their

respective mobi I it¡es continues to underscore the complex nature of the

gl iadins and I imitations of the prevai ì ing electrophoretic methods to

ful ly characterize their composition. Perhaps the most accurate measure

of gl iadin heterogeneity to date was obtained by means of a novel

anaìytical approach which was introduced by Wrigley (1970). Two

dimensionaì protein maps of gl iadin, extracted from single grains with

2l urea, r^/ere produced by a combined technique of gel isoelectric

focusing (lEf) between pH 5-9 and starch geì eìectrophoresis in aluminum

lactate buffer as described by Graham (lg6¡). This procedure was shown

to typi cal I y doubl e the number of components resolved by ei ther

one-dimensional method which individual ly yielded a different sequence

of fract i onated bands.

ln this way, 116 gliadin components were revealed in the protein map

for the cuìtivar Chinese Spring (Wrigtey and Shepherd, 197Ð. Because

of the novel analyticaì approach and the greater than two-fold increase

in the number of gl iadins previously reported for a given cultivar'

aspects of experimental anomal ies were considered by the authors as

contr i but i ng factors. However r ño evi dence for art i fact format i on i n

the IEF step could be found. Likewise, the possibi I ity of protein

modification caused by cyanate produced from urea, was discounted. The

demonstration of specific genetic control for most of the proteins

resolved for cv. Chinese Spring was further confirmation that the

observed level of gl iadin heterogeneity was real.
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An isolated report of artifact-related heterogeneity of gì iadins

þJasmadebyCharbonnier(ì971+).ltr^,asobservedthatrelativeìy

homogeneous preparations of ar-gl iadins stored at pH 2. I for over three

days, would yield a series of muìtiple bands upon eìectrophoresis at

alkal ine pH. The effect was attributed to random deamidation of

glutamine residues explained by only a 5'4 difference in the degree of

amidation of totaì tl-gìiadins. The ef fect was reProduced by Wrigley

Og77) who obtained artifactual components with both electrophoresis and

I EF methods. I t was reasoned that if partial deamidation was a factor

in gl iadin heterogeneity it wouìd I ikely only occur by an in vivo

Process.

ENVIRONI,IENTAL EFFECTS ON GL IAD IN E L T CTROP OR E GRAI.lS

It has been wel I doeumented that the g1 iadin electrophoregram

represents a stable genetic signature of a wheat cuìtivar. lnitial

evidence on the state of the relative contributions of genetîc and

envi ronmentaì factors to gl iadi n electrophoretic composi tion was

forwarded by Lee and Ronalds (lg6Z) and Feiìlet and Bourdet (.l967). ln

both studies, the ìocation or conditions under which a crop is grown was

shown to have a minimal effect on band intensities and no effect on band

positions. Doekes (ì968) obtained a simi ìar result on the effect of

different levels and time of application of nitrogen fertiìizer on the

gl iadin electrophoregram. Combined gel eìectrofocusing and

electrophoresi s was appì ied by Wr igìey (1970) to a cul tivar sample

varying in protein content from 10'262. Within this range, Do
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significant modification of the highly resolved 2-dimensional protein

map of gl iadin composition was reported.

ln contrast to the relative constancy of gl iadin electrophoregrams

to conditions of varying growth ìocation and nitrogen content, low grain

sulphur has been shown to have a marked effect on protein

electrophoretic composit¡on. þJrigley et al. (.l980) demonstrated that

the composition of albumin, gl iadin and gìutenin proteins were severely

altered for plants grown in sand culture with nutrient sulfur suppì ied

at an extremeìy low leveì. Gradient-PAGE on gì iadin extracts revealed a

dramatic drop in the proportion of high:low mobility components by 60Z

in one Austraì ian cultivar and 808 in another. Analysis eìsewhere of

purified low mobi ì ity gl iadins by PAGE i.e. ol-gì iadins, have shown

these proteins to have very low leveìs of sulfur-containing amino acids

cysteine and methionine (Boottr and Ewart, 1969; Bietz and Waì l, 1972i

Charbonnier, 197\). Electrophoretic pattern data obtained by Wrigley and

coworkers thus indicated a specific and preferential shift in the

synthesis of proteins with relatively low suìfur requirements.

I n a separate study on the effects of sul fur and ni trogen

f ertiìizer on grain quaì ity, Èloss et al. (.l98.l) provided simiìar

electrophoretic evidence of changes in protein composition caused by ìow

sulfur supply. Trends in the proportion of extracted albumin:gì iadin

proteins and in the ratio of low:high mobi I ity gl iadin by gradient-PAGE

were most marked at flour suìfur levels below 0.llZ and abundant

nitrogen suppìy. Highly significant effects on parameters important to

breadmak i ng qua I i ty were a I so observed.
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While sulfur deficiency in wheat to the degree reported above is

not a common phenomenon, Wrigley et al. ('l980) noted the potential to

manipulate the proportions of "sulfur poorl and "sulfur rich" proteins

by breeding and selection to affect flour end-use qual ity. A simi lar

observation was made by Hifl in et al. (ì983) who postulated that the

relative proportion of sulfur-rich, sulfur-poor and high l'11/ poìypeptides

were responsible for the different processing properties of wheat, rYê

and bar I ey.

CULTI VAR I DENTI F I CATI ON BY GLIADIN PAGE

The high level of gìiadin heterogeneity reveaìed by PAGE and the

stable nature of its eìectrophoretic signature in response to a variable

environment have contributed to the gradual evolution of PAGE of gliadin

as the most wideìy accepted diagnostic tool for identification of common

and durum wheat cultivars. This cultivar identification process

however, is not restricted to the PAGE technique or to the prolamin

fraction in wheat and other cereaìs. l,lost noteworthy is the systematic

approach developed by Austral ian workers (tJrigley and f'lcCausland, 1977;

du Cros et aì., 1980) which reveals the characteristic tradeoffs in

speed and discrimination poh,er of the various testing procedures

employed. A recent report by Wrigley et al. (1982a) gives an overview

on the various electrophoretic methods and compl imentary procedures of

cultivar identification in cereal crops

Studies using electrophoretic methods as the basis to discriminate

between wheat varieties have traditional ly been guided by the aim to
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uncover specific variation in protein composition that could account for

the ranging quaìity differences of gìuten. V'/h¡le this original objective

sti I I prevai ìs, increasing demands for qual ity controì in the commerce

of wheat has also placed significant emphasis on electrophoresis as a

means to identify undesireable cultivars that are otherwise

indistinguishabìe.

Due in large measure to the marginal resolution of gluten proteins

by moving boundary eìectrophoresis, this technique was I imited in its

appl ication and provided equivocaì success as a method to differentiate

functional classes or cultivars of wheat according to protein pattern.

Jones et al. (ì959) compared electrophoregrams of acetic acid extracts

of gluten for four common wheats of different baking qual ity and two

durum cultivars. lt was observed that the bread wheat patterns, which

were uni form i n prof i le, could be di sti ngui shed as a group from the

durum patterns, the latter being far less consistent in appearance. lt

is interesting'to note that of the six cultivars used in the study,

Golden Ball, which was unique in terms of pedigree and nat¡onality

(Zeven and Zeven-Hissink, 1976), correspondingly gave the most distinct

electrophoregram even compared to its durum wheat counterpart. This

feature was not commented upon by the authors.

I n an early and isolated appl ication of a quanti tative strategy to

compare electrophoretis data, Cluskey et al. (1961) studied

compositional differences in free electrophoresis patterns of gluten

(dispersed in acetic acid) among three hard and eight soft wheats. The

concentration of schl ieren diagram components was determined and the

data was then subjected to a ,a"a,stical analysis. Whi le no obvious
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dífferences were observed, it was tentativeìy concluded on statistical

evidence that hard and soft wheats had different gìuten comPosition. The

level of q-gìuten component [= gìutenin * cl-gl iadin, af ter I'Joychik et

aì. (.l96.l)l was higher in the hard wheats. Class affi I iation was found

to be a more significant source of this variation than protein content.

A simi lar approach was taken by Kel ley and Koenis (1963) who

identified gluten components in terms of mobi ì ity and percent

distribution in moving boundary profi les of l! wheats. lt was found

that the method provided a reasonabìe basis for discrimination of wheats

at the class ìeveì, but not for individual cultivars.

Low mobi ì ity acetic acid-soluble proteins (gl iadin) by SGE at acid

pH in aluminum lactate buffer, have been shown to contain differences in

the number and distribution of migrating components between cultivars.

Graham (1963), in comparing seven eommon and one durum wheat cultivars

found differences to be less marked for cultivars of related genotypes.

It was speculated (Elton and Ewart, 1962) that the observed variation in

protei n patterns for eight common wheats that þrere studi ed, couìd

contribute to differences ¡n Protein qual ity.

Bourdet (f963) obtained striking differences in gl iadin band

patterns for two common and one durum cultivar by resolving the protein

fraction over the fuì I length of the starch gel to the exclusion of

higher mobility aìbumin and globulin components that v.rere extracted

aìong with the gìiadins in 6OZ ethanoì. lt was concluded that the number

and mobi I ity of gì iadin components was a cuìtivar characteristic.

Densitometer curves were used by Lee and l.lr igley (]963) to compare

gluten proteins resolved by PÀGE at alkaì ine pH for twelve cul tivars
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incuding common, durum and primitive tetraploid species. Gluten profi ìes

were found to be characteristic for each cultivar and appeared to be

independent of variations in protein content or ìocation of growth.

Genetical ly related cultivars displayed some common features in the

patterns of respective dens¡tometric profiìes. A similar result was

obtained by Coulson and Sim (1964) who examined, by densitometry, SGE

patterns of acqueous extracts of flour from thirty-four common and a

number of tetraploid wheat cuìtivars. They noted the potentiaì of

electrophoresis as a new method to classify wheat proteins and to

provide accurate varietal identif ication.

The emphasis however, on visual discrimination of differences in

gì iadin electrophoretic composition continued to I imit meaningful

analysis to a relatively smal I number of protein samples that could be

electrophoresed on a singìe gel slab. A basis for inter-gel comparison

of a large population of wheat genotypes was yet to be established. As

a consequence, only consistent and obvious differences in gl iadin

composi tion among a smal I sample of cuì tivars could prove useful for

cultìvar identification or comparative studiès to associate specific

variation in protein pattern composit¡on with functional propert¡es. lf

any reìationship existed between electrophoretic composition of the

gl iadin proteins and functional qual ity of flour, the complexity of

electrophoretic data precluded such an association from being

establ ished at the time (Lee and Wrigley, 1963; Elton and Ewart, 196\i

Coulson and Sim, 1965; Kaul, 1967; Huebner and Rothfus, 1968).

The first attempt to standerdize wheat protein electrophoretic data

to a common format for the purpose of comparative analysis was reported
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by Doekes (l 968) i n a dens i tometr i c study of urea-starch gel

eìectrophoregrams of sequential water soluble extracts of flour. This

procedure yielded sampìe solutions containing a mixture of albumin,

globul in and gì iadin proteins, with the latter predominating by the

third extraction cycle. Densitometric profiles thus detected a range of

electrophoregram components with each assigned a mobi I ity value, precise

to a half-uni t, relative to a leading aìbumin/globul in peak which was

arbitarily given a mobility of 100.

0n this basis, each wheat variety was assigned a different

distribution of relative mobi I ity numbers corresponding to densitometric

profile data which utas reported to be highly reproducible both

qual itatively and quantitativeìy (Doekes, I969). The gl iadins were also

formaì ly defined for SGE in aluminum lactate buffer pH 3.1 as

segregating between the origin and a distinct absorption minimum in the

prof ile at a relative mobility of 3.l. f'lore detailed curves for the

gl iadins couìd be obtained by longer electrophoresis.

Despite the numerical emphasis on the use of normalized data,

densitometric profi les were employed only as visual aids to compare

Triticum species with regards to genome relationships (Doekes, 1969).

Generalized shape features of gliadin profiles were also used to deveìop

a tentative classification of eighty diverse cultivars into five main

groups representing a complex r¡morphological series" for gì iadin bands.

Group I cultivars possessed compact densitometric profiles

(densitomegrams) and were predominantly soft winter wheat (SWW) types.

Group V comprised mainly hard spring wheats which were characterized by

I'wel I spreadrr prof iles. Group ll, lll and lV densitomegrams vúere

intermediate in nature with c¡tìtivars varying in class and origin.
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Variations in number, density and position of a few major slow

moving bands (gì iadins) in starch geì electrophoregrams also containing

album¡n/globul in components, formed the basis of a key devised by Eì I is

(ì97ì) to distinguish thirty-two predominantly commercial Engì ish

cul tivars. A range of tweìve di fferent types of patterns for the low

mobility gliadin bands were defined. These patterns were then used to

i dent i fy a maj or i ty of the sampl es .

An comparable approach to cultivar identification was appì ied by

Wrigìey and Shepherd (ì974) to identify Austraìian wheats by the

presence of gìiadin components noted to be specific for certain

cultivars. Gl iadin patterns for standard samples of thirty-five

cuttivars were studied and a table was prepared documenting the major

distinctive features for each cultivar. Specific bands in

electrophoregrams were identified in regions of common mobi I ity as o,ß,Y

or o-gIiadins according to the nomencìature convention of t/oychik et aì.

(196ì). The identity of a majority of cultivars could be estabìished on

the basis of specific protein patterns in their gliadin

electrophoregrams. A simi lar band notation and procedure was used for

the identif ication of eight New Zealand cultivars (Coìes and l.Jrigìey,

1976).

l,lore recently, du Cros et aì. (1980) have published a diagnostic

key of JB gì iadin electrophoregrams by SGE to assist in the systematic

identification of Australian wheats. The key is based on a set of 32

bands known to vary among their population of cuìtivars.

Gradient polyacrylamide gel electrophoresis has aìso been proposed

as a means to routinely distinguish Austraì ian wheat cuìtivars (Wrigley
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and ¡lcCausland,1977; du Cros and Wrigley, l97Ð. Compared to their SGE

system, gradient-PAGE offered improved resolution of the gl iadin

fraction in a shorter time period. Variation in relative mobi I ities was

reported to be less than lZ in 2.j-1J7" gels (VJrigley et al., 1982) for

the most recent version of the method described by du Cros et al.

(t980) .

The Austral ian workers using precast gels, presented a cataìog of

simpl ified gradient gel diagrams for 28 Austral ian wheats, severaì of

which had indistingui shable patterns. To identify an unknown sample, a

stepwise procedure was recommended which first involved direct

compar ison of the unknown electrophoregram to sui table standard

patterns. lf this strategy was not successful, the catalogued reference

gradient-PAGE diagrams were then used to find a match, and if necessary,

the more complete I ist of SGE diagrams was employed to compare with

major corresponding bands in the gradient-PAGE pattern of the unknown.

Elsewhere, the gradient gel method (l-ZlZ acrylamide) was appì ied

to discriminate between a set of 12 Cal ifornia wheat varieties (Qualset

and l,'lrigley, 1979) and except for th/o cìosely related genotypes, clear

pattei'n d if f erences v'rere f ound.

The results of gl iadin separations by gradient-PAGE in comparison

with the PAGE system of Bushuk and Zi I lman (1978), were judged in a

col laborative study carr ied out by Autran et al " (197Ð to be less

suitable for wheat cultivar identification on the basis of

discriminating abi I ity particularly for fast moving bands. Redman et al.

(lg8O) -also preferred the uniform PAGE method for the comparison of

Engl i sh wheat var i eti es.
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A significant advance in the research of comparative methods to

anaìyze electrophoretic data for cuìtivar identification was achieved by

Autran (1973) . The major elements of this work were further elaborated

in a subsequent pubìication (Autran and Bourdet, lg7Ð in which a

standardizing methodology was proposed to handle the variation in

gì iadin composition obtained by urea-sGE of /l soft spring and winter

French wheat cul tivars.

The authors exPloited the ubiquitous occurrence of a prominent

Y-gl iadin component in al I cultivars that were examined. This band was

adopted as a reference standard, and arbitrarily assigned a mobiìity of

65 to which other bands in each electrophoregram could be compared. The

intensities of individuaì bands were scaled based on absorbance data as

0,trace,+,H,# and a relative mobility (RH) range of 2ì-lOO was

estabì ished to classify gì iadin components in terms of 43 ¡nteger

mobility positions, of whích l4 were contiguous assignments. lf any

probìems existed in allocating gìiadin bands to these discrete Rl,l zones,

they were not discussed. To determine the identity of an unknown

sampìe, the gl iadin pattern could be systematical ìy translated ¡nto its
relative mobility formuìa and identified by direct comparison to a key

for F rench cu I t i vars wh i ch was formu I ated by the authors .

Autran and Bourdet (197Ð also proposed an index of rerative
dissimilarity (lRD) to evaluate pairwise comparisons of Rll-normalized

gl iadin eìectrophoregrams by using an adaptation of a taxonomic measure

of pattern similarity as described by Dedio et al. (l969). For lz
cultivars that were examined in this manner, IRD values ranged from 0

(patterns indistinguishable) to 67 and agreed with. subjective

assessments made by the authors.
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The French nomencìature system and scheme of chemotaxonomic keys

was subsequently adopted for the identification of 8O soft wheat

cultivars invoìved in the grain commerce of eight European Common l'larket

countries (Autran, 197Ð, and to identify 25 pr incipal UK wheat

cultivars (Ellis and Beminster, 1977).

The improved resolution of gl iadin components derived from the PAGE

system introduced by Bushuk and Zilìman (ì978) undermined a

predominantly historical advantage heìd by hydrolyzed starch as the

support medium for electrophoresis. lt was found that this PAGE system

could easi ìy d¡fferent¡ate several French cultivars of commercial

importance (e.g. Capitole and Ducat) tnat couìd not be previousìy

distinguished in starch gel (J.C. Autran, personal communication).

Bushuk and Zillman (ì978) proposed a modification of the Autran and

Bourdet system for the identification of gì iadin components. This came

as a result of the difficulty in locating the French reference Y-gliadin

band amid severaì contiguous and prominent gl iadin components in

Canadian cuìtivars, oF in instances where band 65 was clearly not to be

found at al ì, particularly for durum wheats.

A readi ìy identifiable gl iadin band in electrophoregrams of the

historic Canadian cultivar l,larquis was selected as a reference and was

assigned a mobil ity of 0.50. A 70"4 ethanol gì iadin extract der ived f rom

a standard sampìe of cv. l,larquis was run in dupì icate as an internal

reference for each PAGE slab. For each gliadin band in an

electrophoregram, a mobi I i ty value was determi ned preci se to the nearest

1/2 integer reìative to the migration distance of the reference band.

To quantify relative intensities, bands were subjectively scaled



3r

numerical ly from 0 to 5. The normal ized data for each gl iadin pattern

Ì^/as then f ormatted as an array of integer band dens ity values with

relative mobiìities denoted by the position of each density element.

Us i ng th i s procedure, cataìogs of normal i zed rreì ectrophoregram

formulas" have been publ ished for 88 Canadian (Zi I lman and Bushuk, 1979)

and 88 U.S. wheat cuìtivars (Jones et â1., 1982), and for 29 ltalian

wheat cuìtivars without band density assignments (0al Bel in Peruffo et

ä1., l98l). A manual method was described by Zillman and Bushuk (1979)

for determining the identity of an unknown sample by direct comparison

of its gliadin formuìa to the compendium of tabled array data. Although

an attempt was not made to test th i s system, the appl i cat i on of a

computer to manage the probìem was suggested.

A computerized approach to expedite the cultivar identification

process in wheat was first reported by Bushuk et al. (.l978) who replaced

the subjective assessment of gl iadin band intensity and reìative

mobility parameter values by scanning electrophoregrams with a

microdensitometer interfaced with a computer to automatical ly produce

I'signature arrays" that encode gl iadin electrophoregram formulas.

Subsequent application of digitized electrophoregram formulas for wheat

cultivar identification was described by Sapirstein et al. (1980) who

outl i ned a system of computer programs to ass i st i n the comparat ive

analysis of gl iadin PAGE data.

Reference to identification of Austral ian varieties by means of a

computer was made by Wrigley (.1980) and l,lrigley et al. (.1981) which

involved the appl icat¡on of one program of a system's package of

programs designed to solve problems in taxonomy. Comparison of an
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electrophoregram from an unknown variety to reference patterns u/as based

on a standard set of 32 gl i ad i n bands known to be present among

Austral ian wheat cultivars resoìved by SGE (du Cros et al., .l980) . ln

this scheme, gliadin bands ordered in sequence from the origin brere

considered to be mul ti -state characters possessi ng four leveìs of

density (0-3, O=absent) . As no objective method r^/as applied to classify

gl iadin bands detected in eìectrophoregrams to character set data, it

\^/as acknowledged that the transf ormat ion of SGE patterns to the

numerical form required some subjective interpretation.

Details of a computer program to facilitate the identification of

wheat cultivars using gl iadin electrophoregrams transformed into

numerical arrays has recentìy been reported (Lookhart et âì., 1983) .

Despite the computerized environment, only integer precision was used to

code relative mobility as unit values from l0 to 90. The basis for

pattern discrimination involved the calculation of a unique form of a

similarity coefficient, deríved from pairwise comparison of band arrays,

in which contribution from non-matching gl iadin bands was ignored.

Program evaluation was limited to a computer plot which traced the

declining distribution of data base cultivars as a function ofrrrelative

percent similarityt'from IOO% for a perfect match, to a minimum value of

about 352 for data base electrophoregrams least simi lar to tested

unknown band patterns.
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NOT,lENCLATURE FOR IDENTIF ICATION OF GLIADINS

The appl i cat i on of the Greek character/numer i ca I system of

nomenclature, now commonly used to cìassify gì iadin eìectrophoregram

components, originated in a study by Jones et al. (ì959) to identify

g I uten components that were cons i stent I y reso I ved by mov i ng boundary

electrophoresis into four mobi I i ty groups possessing modest boundary

definitions. These were designated âs o., B, Y and úJ in order of

decreasing mobility. The denominational labelling of gliadin components

in this manner, was further justified by Jones et aì.' (lg6l) who cited

the carboxymethyl-cellulose (CHC) chromatographic fractionation of

acetic-acid dispersed gluten from cv. Ponca reported by Woychik et al.

(ì960). These workers obtained an eìution profiìe dispìaying four peaks,

which when isolated, Yielded the characteristic 6r,,8,y, and O schlieren

pattern by moving boundary eìectrophoresis. ln contrast' Simmonds and

l./inzor (1961), also used a Cl{C column to fractionate acetic acid

extracts of fìour for severaì Austral ian cul tivars. However, â di fferent

gradient elution procedure resulted in eleven separated fractions "as a

ìower I imi t to the number of resolvable enti tiesrr. Therefore, i t

appeared as i f i on-exchange chromatography prov i ded an arb i trary bas i s

for the groupi ng of g I i ad i n components.

woychik et al. (.l96'l) adopted theo-ß-Y-o notation for gliadins

separated by starch gel electrophoresis in an experiment which resolved

the gl iadin fraction of the cultivar Ponca into eight components. Bands

within each grouping were numbered beginning withrrìr', in order of

decreasing mobi I ity. This SGE result was compared in nomenclature to

the movi ng boundary separation of Jones et al . (lgSg) as foì lows:
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Jones et al. (1959) Woychik et al. (1961)

al - gluten gìutenin
g ì uten
g I uten
g I uten
g I uten

a2 al 6 a2
BJ - 84

iad in
iad in
iad in
iadin

g

s
s
g

B-
Y-
w-

While the electrophoretic pattern mobility zones corresponding to

W- and A-gl iadins, in this study and elsewhere, are respectively more

and less distinct, ño apparent boundary was demonstrated to distinguish

bands beìonging to the B-Y intermediate mobi ì ity groups. This division

appears to be arbitrary as no biological, chemical or physicaì basis for

such a division has been reported in the I iterature.

Studies which have used the A-B-Y-W system to label their ol^rn

results (e.S. Wrigley and Shepherd, 197\; l'lecham et aì., .|978; Konarev

et â'|., 1979), or those which have attempted to estabìish

correspondences between band groupings in the A, B, Y, and W system and

proposed relative mobility formats (e.g. Doekes, 1973; Autran and

Bourdet, 1975; Bushuk and Zi I lman, 1978) have yieìded certain

inconsistencies when for example, relative proportions of some groups

are examined (Table l).

Whi ìe some agreement in the scaìe of gl iadin band assignments

exists in the PAGE studies cited in Table l, less uniformity is

demonstrated in results by SGE. Autran and Bourdetrs result is cìearìy

inconsistent. Autran and Bourdet (197Ð related their nomenclature

system to the U.S. scheme of l'loychik et al. (1961) as fol lows:
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TABLE I

Relative size of beta and gamma-gliadin mobiìity zones by SGE and
PAGE as reported in the ì iterature

\/u ß/u E I ectrophoteti c System Gel Support l'ledium

\32
\82
2gz
35"4
\oz
39?6

572
552
222
352
l+0?6

\22

Doekes (t973)
l.lrigley 6 Shepherd (.l974)
Autran E Bourdet (1975)
Bushuk 6 Zi ì ìman (ì978)
Itlecham et al. (ì978)
Konarev et al. (1979)

122 SGE * urea
122 SGE * urea
9Z SGE + urea
6Z PAGE

7z PAGE

7.52 PAïE

Woychik et al. (196.l) Autran and Bourdet (1975)

Relative mobi ì i ty No. of Bands

o-gliadins
ß-gliadins
y-gliadins
ol-gì iadins

88-
75-
6o-
21

t00 7
6

7
23

8l
7\
59

By this SGt approach, almost 6OZ o¡ the total electrophoretic

pattern f ield is dedicated to the resolution of r'{d-gìiadinsr'. Not

surprisingly the number of proteins assigned to this grouping is greater

than q-, ß- and y-gì iadins combined.

The difficulties in attempting to cross-reference within and among

different gel support media, in terms of number and distribution of

gl iadin bands erere discussed ín a col laborative study of major

electrophoretic systems described by Autran et al. (ì979) who postulated

that apparatus design couìd partly account for different results.
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I t wouìd then appear that the lack of a standardized methodoìogy

and ambiguous quaìitative designation of gìiadins, has ìimited

meaningful exchange of results in the literature, âS the correspondence

between laboratories with respect to the identity of individual

component proteins in compared cultivars is unrel iable.

Despite the equìvocal precision associated with expressing the

identity of electrophoresed gl iadin bands in a qual itative format which

effectively pr¡vatizes research results, tbro current Soviet systems of

nomencìature are designed wi th unique alphanumer ¡c notation. Gubareva et

al. (1975) used the term varietal formula to characterize gì iadin

electrophoregrams (resoìved in 7.51 polyacrylamide gel cyì inders, 0.013N

acetic acid buffer at pH 3.ì) in terms of a complex adaptation of cr,$,y

and o mobility group parameters of !'loych¡k et al. (ì96ì). ln this

system, most recently discussed by Konarev et aì. (ì979) , â "standardil

gìiadin pattern is prepared from the eìectrophoregram of a composite

mixture of gliadin extracts derived from a sampìe of three typical wheat

genotypes represent i ng the putat i ve progen i tors of the A, B and D

genomes: f
respeetiveìy.

. boeot i cum, Aeoi lops speì toides and Ae. squarossa

It was further proposed that the standard pattern contained 29

bands which represented all the major protein components of gliadin. The

positional distribution of bands in the standard pattern was gïven by

its assigned formula as: oì to 7, ßl to 5, Y ì to 5, ol to 12. As an

exampìe, the gl iadin formula for cv. Ponca was written as:

o
567

u rr,45 Y 234
/,ì 

- ---3-:-* 
268910
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Additional notations were used to accommodate five types of deviation

from the standard pattern:

i)
I t)
rrr)
tv)

h i gher i ntens i ty - band number under ì i ned
I ower i ntens i ty - band number over I i ned
slightly greater mobility - subscript I to the band number
sl ightly ìesser mobi I ity - subscript 2 to the band number

v) band doublet - double mark over the band number

ln this fashion, the soviet workers catalogued the gl iadin

eìectrophoregram formuìas for lJ0 common spring and winter wheats grown

in the U.S.S.R. as a basis foi' determining the cultivar identity of

unknown samples (Gubareva et al., 197Ð.

A second Soviet nomenclature system, involves the classification of

gl i adi n electrophoregram components (resolved i n JH urea-starch gel

cyl inders, aluminum lactate buffer at pH 3. l) using genetic keys. The

I'aì lel ic block systemrr, recently described by Sozinov and Poperelya

(ì980), is based upon genetic studies which showed that gl iadin

components were inherited in I inked groups or blocks of bands that are

control led by al lel ic ìoci (Sozinov et aì., 197Ð , The concept of

I inked al lel ic loci originated in early reports of the genetic

determination of the expression of gl iadin electrophoregram bands (e.S.

Solari and Favret, 1967).

sozinov and Poperelya (1980) observed that gl iadin

electrophoregrams uJere composed of discrete combinations or bìocks of

bands which hrere inherited in qual itatively unaltered states. Bands

within a block could vary in number and did not necessari ly have

contiguous mobi I ities. For example, it was reported that a group of

four gl iadin components of the variety Qdesska;'a 26, control led by

chromosome lD was aìlelic to a group of three bands possessing simiìar'
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but not identical mobi I ities for the variety Bezostaya I because no

recomb i nant patterns were found i n F2 seeds der i ved f rom cross i ng the

ttn/o cu I t ivars . The b lock of bands f rom Odesskaya 26 was g iven the

designation "Gld ìD4". lt was assumed that the apparently aìleìic

block of bands from Bezostaya I was also controlled by the lD chromosome

and was given the designationrrGld lDl". Thus the last number in the

designation represented an arbitrary key for the designated block of

components (control led by chromosome lD) which was registered in a

rrcatalog of bìocksrr. For example, the cul tivars Bezostaya I and a

biotype of Odesskaya ì6 were given the fol lowing block formulas:

Bezostaya l: lA4, lBl, iDl, 6Al, 68l, 601
0desskaya l6: ì41, lBI, lD5, 6A3, 682, 601

The potential of this nomenclature procedure for plant breeding

purposes was demonstrated when the Soviet workers were able to correlate

the presence of different bìock phenotypes with various agronomic and

utilization quality attributes possessed by the cultivars. While this

result affirmed the relevance of gl iadin composition to functional

qual ity, comprehensive genetic studies are necessary if the al lel ic

block system is to be reproduced elsewhere. Additional ly, aspects of

accurate band classification to blocks, a subject not addressed by the

authors, needs to be ful ly explored.

A simpler and quantitative approach for the designation of gliadin

bands was proposed by Autran and Bourdet (197Ð. Their nomenclature

system (see preceeding section) based on mobi I ities reìative to a band

common to all varieties by SGE, had the pure objective to discriminate

and identify wheat genotypes grown in France.
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The principle of relative mobilities to identify gliadin bands was

adapted for PAGE by Bushuk and Zilìman (.1978). These workers proposed a

mobility system relative to a designated band in the gliadin fraction of

a ref erence cu I t ivar (.v. l'larqu i s band r'50") to be run as an i nterna l

gel standard thus control ì ing the precision of resuìts, a necessary

precondition for the cultivar identification process. Reìative mobiìity

values obtained with this method were reproducibìe to within 0.5 units

for measurements taken from different gels (Zi ì lman and Bushuk, 197Ð.

Lookhart et al. (1983), using a commercial vertical PAGE apparatus, aìso

found the precision of relative mobilities to be generalìy + 0.5 units'

but that variations of t I units would sometimes occur especial ly for

bands with high mobilities.

ln an attempt to reach a consensus on an electrophoretic system

which could potential ly be standardized, Autran et al. (1979)

collaborated to compare the resolution and reproducibility of a variety

of publ ished SGE, uniform and gradient-PAGE systems for cultivar

identification. The study concluded that tne 6? horizontal PAGE system

of Bushuk and Zilìman (.l978) was most suitable as a reference procedure.

The pending adoption of a modified version of this PAGE system by

the lnternational Association of Cereal Chemistry Study Group 6 (e-$ZO

Schwechat, Schmidgasse 3-7, Austria) will no doubt facilitate the

production of uniform gl iadin composition data and place needed emphasis

on cultivar identification and analysis strateg¡es to which this present

study addresses i tsel f.



t'lATER tALS AND t'lETH0DS - | - AUT0I'lAT lC QUANT I F I CAT l0N
GL I AD I N ELECTROPHOREGRAI4S BY T4I N I COT4PUTER PROCESS I NG

DENS ITO¡lETRI C SCANNING PROF I LES

OF

OF

WHEAT CULT I VARS

Wheat samples were suppl ied by the Research Branch of Agriculture

Canada. Cuìtivars chosen for study in this segment of the research

project are ì isted along with their class type and origin in Table 2.

These common and durum wheat cul tivars were selected to provide a

representative range of gl iadin electrophoregrams for analysis. This

I ist represents a small portion of a larger group of samples (refer to

Tables 4-6, pages 67-71) from which was derived an extensive data base

of gl iadin PAGE patterns for the system of computerized cultivar

identification and electrophoregram analysis to be described ìater.
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TABLE 2

Vr,heat cultivars anaìyzed by densitometric scanning of gliadin
el ectrophoregrams

Cultivar Cìass Nationality

Glenlea
I'larqu i s
Neepawa
Pemb i na
Lemh i 62
F redr ick
Ta ì bot
Stewart 63
Wascana

har d red spr i ng
d red spr i ng
d red spr i ng
d red spr i ng

Canada
Ca nada
Ca nada
Canada
USA

Ca nada
Ca nada
Canada
Canada

har
har
har
soft wh i te spr i ng
soft wh í te wi nter
soft wh i te wi nter

durum
durum

4r

É m¡t uonlzorurnl pAGE ELEcrRopHOREs ts sysrEt'l

Apparatus and Gel Preparation

Poìyacryìamide gel electrophoresis (PAGE) was carried out in a

hor i zonta I f I atbed apparatus accord i ng to the method of Bushuk and

Zi I lman (1978) . The apparatus (F igure l) accomodated 200 ml of gel

soìution to form a slab approximately 6 mm in thickness. Recipes for the

gel solution and tank buffer are given in Table 3. Al¡ chemicals used

were of reagent grade or better. D¡stilled and deionized water was used

in preparing solutions for gl iadin extraction and electrophoresis.

A 62 polyacrylamide gel was prepared by dissolving acrylamide (12.0

g), bisacrylamide (O.e g¡, ascorbic acid (0.2 s), ferrous sulfate (0.005

g) and aluminum lactate (0.¡g) in disti I led/deionìzed water to yieìd a

final volume of 200 ml. Lactic acid was added to achieve a finaì pH of

3.1. For polymerization, hydrogen peroxide (32, I ml) was added to the



Figure I Bench conf i gurat i on of hor i zonta ì 6 mm el ectrophores i s

apparatus, power supply and circulating water bath.
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TABLE 3

Recipes for geì and tank buffer solutions - 6 mm PAGE

Amount
200 mì

requ i red for
final volume

Gel soìution
Acryìamide
N, N ¡ -methyl ene-b i s-acryl ami de
Ascorbic acid
Ferrous sul fate
Aluminum lactater
Lactic acid to

'12.0 g

0.6 s
0.2 g

0.005 g

0.5 s
pH 3.1

Catalyst solution
Hydrogen peroxide' 3z 1.0 ml

Tank buffer sol ut i on
Al umi num I actate
Lactic acid to

0.
pH

50g
3.ì
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rAluminum ìactate was obtained from Research 0rganic/lnorganic
Chemical Corp. (1ì686 Sheldon St., Sun Val ley, Cal if. 91352, u.s.A.).

gel solution which has been cooìed to 40C. The mixture was gently

swirled for 3-5 sec and.poured into the electrophoresis apparatus. A

ten-place slot former h,as quickly positioned and was removed after ! min

by which time polymerization u/as complete. The tank buffer reservoirs

were subsequently filìed to a combined capacity of 500 ml.

Gl iadin Extraction from Bulk Wheatmeal Samples

The gl iadin solution for electrophoresis was prepared by extracting

a sample (0.5 g) of ground grain (UOy cyclone t'til l) with 702 ethanol

(.|.5 ml) in a stoppered centrifuge tube. The mixture was agitated
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periodical ly on a vortex mixer during the extraction intervaì (60

minutes at room temperature). The contents were then centrifuged (.l0

min, at 20,000 x g). The supernatant was decanted and mixed with twice

its volume (Z ml) of tank buffer. Sucrose (0.5 g) was added to the

sample solution to increase the density and thereby facilitate sample

loading onto the gel prior to eìectrophoresis. Hethyl green dye (0.02g)

was added to serve as a tracking marker during electrophoresis. The

sample solution could then be sealed and stored at OoC for an extended

interval (l-2 months) or electrophoresed directly.

Gl iadín extracts were prepared in tripl icate for each cuìtivar

listed in Table 2 excluding I'larquisr, and the sampìe solutions were

electrophoresed on separate polyacryìamide gel sìabs.

Sample Appl ication and Electrophoresis

prior to the start of electrophoresis, 20 uì of sample solution was

carefully deposited into each slot (max. capacity = 30 ul) using a

microsyringe (e.S. 50 ul Drummond disposable bore micropipet). The

flanking slots of the gel were reserved for the reference gliadin sample

from the cultivar lilarquis. The remaining eight slots held the test

samp I es .

The apparatus was held at 2loC by a circulating urater bath (e.g.

GCA/Precision Scientific Hodel 256). A constant current of 80 ma was

appl i ed to the system. Thi s corresponded to a vol tage drop of

approximately 320 V (.16 V/cm) at

dectined ro abour 280 V (14 V/cm)

the beginning of electrophoresis which

rl,larqu is,
on each gel

as the reference cultivar for PAGE, I^Jas present in duplicate

at the end of the run. lt was found

run.
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that the apparatus couìd dissipate approximately 28,000 mvJ before ohmic

heat i ng effects became not i ceab I e.

The progress of electrophoresis was monitored with methyl green dye

which was used as a tracking agent added to the sample solution. This

tracking dye possesses two bands of different relative mobility: a green

band of high mobility and its sìow and fainter purple counterpart which

was used to time the eìectrophoretic run. ln order to optimize gliadin

separation over the ful I gel sìab, electrophoresis was continued for J0

min after this marker band had migrated off the end of the gel. The

duration of electrophoresis was usuaìly in the range of 6 to 6.5 nr.

Gel Staininq and Photoqraphy

To fix and visuaìize the protein bands, the gel was immersed for 48

hr in a filtered staining solution containing 0.1 g Coomassie Brilliant

Blue R (dissolved in lO ml of 952 ethanol) in 250 ml of 122

trichloroacetic acid (TCA). The staining tray (e.S. U x 25 cm

polyethylene Fríg-O-Seaì brand food container) was covered during this

period and gently aggitated in order to prevent the accumulation of

precipitated dye adhering in spots to the geì surface. Precipitated

Coomassie Bìue detracts from the appearance of the gel for photography

and is subsequently observed as non-repl icating peaks in the

densitometric profiles. This rrnoiseil was eliminated as a matter of

course during the digital processing of the absorbance traces.

To optimize resoìution of the stained gì iadin bands, the gel was

destained for a period of 2\ hours in 250 ml of 129é trichloroacetic

acid. Cotton swab was used to gently remove any precipitated stain still
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adher i ng to the surface of the gel . At the end of the desta i n i ng

period, the gel was rinsed thoroughly with water and transferred onto a

clear glass pìate i n preparation for photography.

A fìuorescent light box was used to ilìuminate the geì from below.

The gel was photographed using Kodak \ x 5 format Tri-X film. The fiìm

was developed with DK5O developer. The 4 x ! negatives were then exposed

on I x lO format Plus X fi ìm to produce a positive fi lm transparency

(Figure 2) which represented a permanent dry record of gliadin

electrophoregrams and the corresponding gel slab. These positive fi lm

transparencies were the source images for densitometric scanning and

computer processing. Apart from convenience, the use of fi ìm avoided

potential innacuracies arising from I inear distortion of polyacrylamide

gel sìabs upon handl ing.

An SxlO format photographic print was additional ly prepared for

each gel slab. Kodak Ektamatic SC type F paper was used for printing.

Exposure cond i t i ons were adj usted depend i ng on the dens i ty of the

negat i ve. The photographs were used for manua I determ i nat i on of

reìative mobi ì i ties described below.



F i gure 2. Positive photographic fi lm transparency of electrophoregrams
in a polyacrylamide geì slab. Direction of migration is from
ìeft to right. F¡lm was cut at the point of sample applica-
tion for each electrophoregram to faci I itate electronic tag-
ging of the origin by the densitometrie profile reeording
system described in the text.
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CALCULAT I ON 0F RELATIVE l40BlLlrlEs AND c!DING E L E CTROP HOREGRAH DATA FOR

É ¡1II PAGE RTFERENCE CULTIVAR DATA BASE

Reìative mobility data for reference cultivar formulas were

manual ìy derived from I x l0 format photographic prints of gel sìab

resul ts. The procedure used to normaì i ze el ectrophoregrams i s s imi ì ar

to that described by Bushuk and Zillman (1978) and is illustrated in

Figure lA for the soft white winter wheat cuìtivar Fredrick.

For each band i n the eì ectrophoregram, fiigrat i on d i stances (mm)

were measured from the leading edge of the origin to the centre of the

band¡. ln the adjacent eìectrophoregram for the cultivar l'larquis' the

gliadin reference band was îdentified2 and its migration distance was

similarìy determined. Relative mobilities were then calculated by

dividing the migration distance for a specific Fredrick band by the

migration distance of the l'larquis reference band (on the same

photograph) and muìtiplying the result by 50.0 (or 500 for integer

format representation of relative mobility data). Band intensities were

quantified by a number from I to I for the computerized appl ication.3

Bands of intermediate intensity were assigned values based on comparison

of peak heights in the corresponding densitomegram.

To encode cv. Fredrick data for computer inputr rêlative mobi I ity

¿¡nd band density values were ordered in a pairwise fashion to form a

I ist of 64 numbers. Cultivar signature array (CSA) is the term that

rThese measurements were accurate to t 0.25 mm with gl iadin bands

usual ly resolved along a 2J0 mm axis in photographic prints.
2The l,larquis reference band was readily distinguished by its intensity
and by being preceded in lower mobility by a distinctive doublet.
3The hardware capabi ì ity of the minicomputer system described in the
text conveniently permitted the dynamic display of I intensity levels
for graphic data produced on the computerrs video display screen.



Figure l. Preparation of a cuìtivar signature array used to encode the
gl iadin electrophoregram for the soft white winter wheat cv.
Fredrick. See text for expìanation.
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will be used to describe these standardized numerical records of gliadin

eìectrophoretic patterns. Each CSA, âS i 1 lustrated in F igure J could

potentíalìy code relative mobility and band density data for a maximum

of 30 gliadin bands. The remaining four positions in the array were

reserved for tag purposes or i ndex numbers to encode part i cu ì ar

attr i butes of the cu I t i var .

l'lanual ly prepared s ignature arrays wh ich encoded mean

electrophoregram data, typically from three separate gìiadin extractions

run on different gel slabs, were used as checks to evaluate the

precision of computed gliadin PAGE patterns derived from the analysis of

corresponding densi tometric scanni ng profi les.

DENSITO¡4ETER SYSTEII AND RECORDING OF ANALOG PROFILES

The instrumentation shown in Figure 4 was used to scan, monitor and

record densitometric profi les of the gl iadin electrophoregrams in

preparation for the digitization process. The accompanying block

diagram (Figure 5) indicates the direction of information flow for this

sys tem .

Positive film transparencies of slab gels (e.g. Figure 2) were

scanned on an 0rtec l,lodel 4310 densitometer with a ]00 x 5,000 um

aperture sl it. A constant scanning speed of approximately six mm/sec

was used. The densitometer provided a logarithmic analog voìtage

(O-l2V) proportional to the opticaì density (0-1). Due to input voltage

contraints of the digitizer (see below) the densitometer was operated

with a sensitivity gain on the photometer to yield a maximum of I volts

of output for the highest gliadin peak in any given trace.



F i gure 4. Bench conf i gurat i on of i nstrumentat i on to acqu i re and record
densitometric profiles. From left to right: oscilloscope,
dens i tometer , i nstrumentat i on tape-recorder r pu I se generator
(top) and two-channel strip-chart recorder.
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F i gure !. Block diagram of information fìow for the acquisition of
densitometric profile data. Graphical inset iìlustrates
a two-channel channel strip chart record of analog data for
the Harquis gì iadin electrophoregram. The ìower portion
traces the optical density profile' the top gives the trigger
pulse, coincident with the origin which was used to initiate
the analog to digital conversion process.
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A common baseline for alì densitometric profiles was established by

cal ibrating the I ight source to l00Z transmittance against the

background dens i ty of the f i lm. The reg i on of each el ectrophoret i c

pattern which best specified this background was located in the broad

mobility zone ahead of the sìot which is uniformly devoid of gliadin

protein bands. All profiles were thus referenced to a standard level.

Because the densitometer and minicomputer used in this study were

located separately, a tape recorder (e.S. Hewìett Packard llodel 3960

I nstrumentat i on Tape Recorder) was empì oyed to read the ana I og

dens i tomegrams on magnet ic tape (e.g. Ampex Aud io lilaster ing Tape, Type

407) . The instrument \^/as subsequently interf aced directly with the

computer for digitization. l,lagnetic tape storage also serves a useful

function as a backup and permanent file for over 160 densitomegrams

maintained on both sides of a singìe 1,800 ft reel recorded at 7.5 ips.

The tape recorder further conditioned each densitometric profiìe by

attenuating the signaì 4-fold, from 0-8V, to capture recorded data

within an analog range of O-2 volts (refer to Figure 5). This was made

necessary to sat i sfy the i nput vo I tage requ i rement of the ana I og to

digital (A/D) converter on the minicomputer, otherwise densitomegram

peaks with an analog signal exceeding 2 volts would be cl ipped upon

digitization with the result that corresponding protein band data would

be ìost from further processing and analysis.

A pu I se generator (e. g . Hewl ett Packard l'lode I 80034) was used i n

conjunction with the recording of densitomegrams to later faci I itate

precise initiation of the A/D conversion process for each profi le. A

T-connector was used to spl it signal output from the densitometer which
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was fed s imul taneous I y to the tape recorder (channel l) and separateì y

to the input side of the puìse generator. The latter was adjusted to

trigger a ! volt pulse which was recorded (channel 2) coincident with

the first sharp peak of the densitomegram corresponding to the point of

sample appl ication on the geì. Thus each recorded gl iadin densitomegram

acquired an electronical ly tagged origin to standardize subsequent

d i g i t izati on and process i ng steps.

A two-channel str ip chart recorder (e.S. Hewlett Packard lvlodeì

7\O2, low-gain preampl ifier) permitted verification that densitomegram

and trigger puìse data were correctly read onto the magnetic tape with

absence of extraneous noise and within the desired voltage range. The

top portion of the strip chart record (inset of Figure 5) represents the

signal which provides the external trigger for the A/D conversion of the

accompanying densitometric data. The recorder was also used to monitor

the A/D conversion process and an osci ì I iscope (e.g. Tektronix Èlodel

I+5Ð (see Figure 4) provided an overall monitor for the tape recording

sys tem .

An offset amplifier and ìow-pass filter supplied the final

massaging of densitometric data prior to the A/D conversion process. The

recorded data was fiìtered to remove extraneous noise above .l00 Hz, and

was additionally offset -l volt (from the 0-2 volt range) to fall within

the t I volt input range of the A,/D converter on the computer which

operated in offset binary code.

Typical ly l0 gl iadin electrophoregrams,/gel slab (8-experimental *

2-reference samples) were scanned as a single set of data and recorded

serially on tape. Following the digitization step these l0 densitometric
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records comprised one of several "SCAN Filesr' (e.g. SCANOI in Figure 9)

in a cultivar data base of replicate gìiadin electrophoregrams on a

computer storage disk.

COI4PUTER HARDWAR AND THE DIGITIZATION PROCEDURE

The data processing equipment used in the acquisition, storage and

analysis of densitometric data is shown in Figure 6. The machine is a

Declab 4O [Oigitat Equipment Corporation (DEC)] minicomputer. This

computer consisted of (¡) a PDP-11/\O central processing unit (CPU) with

24R (K=i,024) words of core memory (l word is 16 bits) and an RT-ll

operating system, (ii) an LA-J6 Decwriter (printer and keyboard

consoìe) , (i i ¡) an LPS-l I Laboratory Peripheral System, (îv) a VR-ll+L

graphics dispìay unit, and (v) two RK05 disk drives.

The display unit has an effective screen resoìution of 1,o23

(X-ax i s) by 767 (Y-ax i s) data po i nts and can generate e i ght separate

intensity levels. Laboratory appl ication hardware on the computer

cons i sts of severa I dev i ces . The tl{,o that were used i n the present

application are the A/D converter and the Schmitt trigger. Each device

had separate phono connectors for input of analog data (densitomegrams)

and pulse signals (one per profi le) used to drive the Schmitt trigger

which initiates A/D conversion.

The firing of the Schmitt trigger is governed by slope and

threshold controls on the face panel of the processor. Each time a pulse

signaì crosses the preset voltage in the direction indicated by the

slope switch, the trigger fires and A/D conversion begins on the analog

densitomegram concurrently appl ied to an A/D input channel.



F i gure 6. l'linicomputer and periferal devices comprising a PDP-11/l+0
centra I processor , an LPS- I I Laboratory Per i fera ì System'
a LA-36 Decwriter terminaì, a VR-14 graphics display unit,
and two RK05 disk drives.
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The A/D converter has a l2-bit resolution. Thus a sample input

analog voìtage proportionaì to optical density could acquire a digital

value between 0-4,095 (i.e. 212 = l+,096 discrete levels) corresponding

to anaìog input range of + ì.0 volts. This wide range of digital values

for gliadin band densities was ultimateìy scaìed to yield an optimized

range of band dens i t i es from ì -8 i n accordance wi th the hardware

capabiìity of the graphics display unit.

Digitization and storage of taped densitomegram data was effected

by executing a system program. This program bras initiated by means of a

simple protocol which estabì ishes sampl ing parametersr for the A/0

conversion process and allows the operator to designate a file name to

perm i t subsequent retr i eva I of the data f rom computer memory.

Digitization was performed at a rate of 17 samples per second to

accumulate !ì2 data points within the approximate 30 second scanning

i nterva I for each dens i tomegram record. The RK05 d i sk un i ts wh i ch were

used to store program, instruction and data fi les had a storage capacity

of approximately 2.! megabytes.

COI'lPUTER SOFTWARE

The detai I of computer programs developed

presented i n the Resu I ts and D i scuss i on chapters.

program I istings may be obtained from the author on

for this thesis is

Commented FORTRAN

r eques t .

rThe operator must spec i fy ( i ) the number of dens i tomegrams to be
digitized and stored, (ii) the sampling rate i.e. the number of
digitizations per second of tape recorder playback and (iii) the total
number of sampìes, in powers of 2, for each densitomegram (e.S. 2"=256,
2t=51 2 and 2ro=ì,021+ data points respectiveìy per densi tomegram) .
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I,IATER I ALS AND ¡4ETHODS - I I - COI4PUTER-BASED WHEAT CULT IVAR

I DENTI F I CATI ON SYSTEII

I.'H E AT CULT I VA RS

wheat samples used to establ ish a data base of gl iadin

electrophoregrams for computerized cuìtivar identification are I isted

along with their pedigrees in Tables I+'6. These samples represent a

comprehensive col lection of varieties that have been previousìy I icensed

in Canada prior to 1983. The list includes cultivars both of commercial

and historic importance as wel I as varieties which possess regional or

restricted I icenses. Several U.S.A. registered HRS bread wheat cultivars

were also incìuded in the data base.

Pedigree information for cultivars licensed prior to 1976 are

mainly from Zeven and Zeven-Hissink, (1976). The baìance of pedigree

data was obtained primari ly from varietal description reports suppl ied

by the Production and l,larketing Branch, Plant Products Division'

Agriculture, canada,ottawa,ontario. Pedigrees for USA cvs. Alex and

Coteau were kindly provided by Dr. R.C. Frohberg at North Dakota State

University.

The major suppl iers of wheat samples for this project include Dr.

R. Loi sel I e, Central off i ce for the Pl ant Gene Resources ef Canada,

0ttawa Research Station, Agriculture Canada; Dr. l'1. Grant, Lethbridge

6\



65

Research Station, Agriculture Canada. U.S.A. registered cultivars

Coteau and Waìdron and Eastern Canada region material: Dundas, Laval l9'

11 i Iton, Qpal , Vernon, l'lonopoì , Valor, Vuka, Favor, Gordon and Houser and

cv. Chester were obta i ned from Dr. R. Tkachuk, Gra i n Research

Laboratory, Canadian Grain Commission, l,linnipeg, Canada. Durum wheat

cultivars Coulter and Carleton were provided by Dr. D. Leisle, Winnipeg

Research Station, Agriculture Canada.

Where possible, the cultivars I isted in Tabìes 4-6 were divided

into functional, class or pedigree groupings. The organization of

gl iadin electrophoregrams in the data base reflects these divisions, as

wel I as computer resuìts generated by the cultivar identification

programs to be discussed. The numbers assigned to each cultivar in this

tabulation, þJhi le mainly sequential, correspond only to sampìe numbers

in the 3 mm PAGE results presented in Figures 20-31+.

Winter wheat cultivars r^rere conveniently split into hard red winter

(HRW) , sof t wh i te winter (SWþJ) and sof t red winter (SRW) categor ies.

Compared to thei r wi nter counterparts, Canadi an wheats of spr i ng habi t

represent a commercially more important segment of cultivars and were

g iven a more compl ex structure. The rrPre-lilarqu i srr group of hard red

spring (HRS) wheats (Table 4) are those that were I icensed before the

introduction (19.l0) of the historic Canadian wheat cultivar l'larquis.

From then to the present, the majority of HRS bread wheats licensed for

production in Western Canada can be traced in pedigree to a parentage

dominated by either cv. Harquis or cv. Thatcher.

0ther functionaì or type-specific groupings of Canadian spring

wheats incìude HRS bread wheats possessing resistance to sawfly damage
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and soft white \^/heat (SWW) cultivars. Spring wheats listed as

miscel laneous represent a diverse coì lection of cultivars possessing

uni que ped i grees (e.g. Kota and Red Bobs 222) ' non-standard kernel

characteristics (e.S. Glenlea - very large semi-hard kernels; Bishop,

Norquay and Qual ity A - hard white wheats; Laval l9 - purpìe grain).

Qther wheats in this category include the semi-dwarf Pitic 62, and

cuìtivars recommended for production in E,astern Canada (e.g. HRS cv.

Huron). The HRS feed wheats cvs. Concorde, Opal and l'lilton and SRS f eed

cvs. Dundas and Vernon are restricted by I icense for production outside

the Western prairie region because they possess kernel characteristics

which are indistinguishable from the cìass of HRS bread wheat cultivars.
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TABLE 4

spring wheats used for computerized cultivar identification

Pre-lìarqu i s
HRS wheats Ped i gree and Nat i ona I i tY

I
2

3
4

5
6

7

EARLY RED FIFE
GARNET

P I ONEER

PRELUDE
PRTSTON

RED FIFE
RUBY

selection of Red Fife' Canada
Preston A/Riga l'1, Canada
Ri ga/Preston, Canada
Downy Gehun/Fraser, Canada
Ladoga/Red Fife, Canada
? lntroduced from S. Poland ¡nto Canada
Downy Riga,/Red Fife, Canada

f'larquis related
HRS wheats Ped i gree and Nat i ona I i tY

l,larqu i s/Pentad / /Canus, Canada
H-\\-2\/Double Cross/ /Zicl'larqui s, Canada
t'larqu i s/Kanred, USA E Canada
l'larqu i s/Kota, Canada
Þentad/f'tarqu i s, Canada
Regent/Canus,. Canada
Hope/ /Bobi n*2/ Gaza, USA

Hard Red Calcutta/Red Fife' Canada
Regent,/Ganus ' Canada
H-44-24lReward, Canada
Kanred/l'larqu i s, USA

selection of llarquis' Canada
H-h4-24/Reward, Canada
Itiarqui s/Preì ude, eanada
l'lcilu r ac hy/ Exchange/3ttRedman, Canada

I
9

l0
ìl
12
r3
t4
15
l6
t7
t8
r9
20
2l
22

ACAD I A

APEX

CANUS

CERE S

CORONATI ON I I

LAKE
LEE
r,lARQU lS
REDI,IAN

REGENT

REL I ANCE

RENFREW

RENOl.lN

REWARD

SELK I RK

Ped i gree and Nati onal i tY
Thatcher related
HRS wheats

Neepawa/3 /RL\255Ìc\/ /Aani tou/C I 7090 , canada
Thatcher,h6/Renya Farmer, Canada
Neepawa*6 /At\137 , Canada
N eepawarr6 / RL2938 / 3/Neepawarr 6 / / c . I . 8 | 5\ /
2*Frocor, Canada (RL2938=lee¡t2/Kenya Farmer)
Tha tcher *7/F rontan a / / Canthatch / 3 / P f V 0925 /
6*Thatcher, Canada
l'la n i tou:t2l[/Tha tc h er tti / Lee / 3 /T hatcher x7 /
Frontana//Thatcher*$/Kenya Farmer, Ganada
Tha tc her ¡t7/ F ron tan a / /That cher¡t6,/Kenya F a rmer
/3/Thatcherx2/ /t rontana/Thatcher , Canada

23
2\
25
27

BEN I TO

CANTHATEH
COLUI'IBUS

KATEPWA

28 r'lAN lToU

29 NAPAYO

30 NEEPAVIA
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TABLE 4

Spring wheats used for computerized cultivar identification (cont'd)

Thatcher related
HRS wheats Ped i gree and Nat i ona I i tY

PARK
P EI4B I NA

SAUND E RS

S I NTON

35 THATCHER

3ì
32

33
3t+

14ida/Cadet / /Thatcher, Canada
T h a t c h e r / 3 /l'lc l'lu r ac h y / E x c h a n g e/ / J :TRedma n'
Canada
Hope/Reward/ /Thatcher , Canada
l'lan i tou/3/Thatcher:t6lKenya t arner / /Leercí/
Kenya Farmer, Canada
lvlarqui s/ I umi I ìolt'larqui s/Kanred' Canada

Sawfly resistant
HRS wheats Pedigree and National itY

36
37

38
39
40
41

Canthatch / 3/nida/Cadet//Rescue, Canada

Renown/S- 615/ /nescue/ 3/Kendee/ \/Ìli dalcadet '
Canada
Thatcher/S-615-l l, Canada
Rescue/Ch i nook, Canada
Fortuna/Chr i s, Canada
Apex/S-6ì5, Canada

CAN UCK

CHESTER

CH I NOOK

CYPRE S S

L EAD ER

RESCUE

Ped i gree and Nat i ona I i tY
USA reg i stered
HRS wheats

42
43
44

ND507/ND496
ND480/Polk/ /wi scons in 261, usA
F rontana/3¡'rTha tche r / 3 / Reny a 58lNewtha tch/
2tcThatcher, USA

N0496 sib//N0487/Fletcher
I l-50- to/4/Penbina/ t t-52-329/3/ t t-fi-38/
| | t-58-\//t t-53-5\6, USA

N/A
N/A
Thatcher /Supr enzal 3 / Reny a 58,/Newtha tch / /
Frontana, USA

Just i n/\/Lee/ 3/Renya 338A/ /Lee/l|i da(NDB l)'
USA

ALEX
BUTTT
CHRIS

COTEAU

ERA

LEN
OLAF
POL K

50 !,,ALDRoN

\5
\6

\7
48
\9

Ped i gree and Nat i ona I i tY
l'1 iscel ìaneous
spr i ng wheats

Ladoga/Gehun, Canada
Sel ..of C I 13931 (Penjamo/Yaqui 5Ð ,

Canada
}pal/lnia 66, Canada
Pembi n¿tcl/Bage/ /CB 100, Canada
l.Jhi te F ifelLadoga, Canada

B I SHOP

CON CORD E

51
52

53
5\
55

D UNDAS

GLENLEA
HURON
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TABLE 4

Spring wheats used for computerized cultivar identification (cont'd)

l,liscellaneous
spr i ng wheats Ped i gree and Nat i ona I i ty

56
57
58

59
6o

6l
71
6z
65

KOTA

LAVAL ì 9
I,I I LTON

NORQUAY

OPAL

PrTrc 62

QUAL I TY A

RED BOBS 222
VERNON

? found i n USSR durum, USA

F . w.606-A /}pal / /}pal , Canada
Kentvi I ìe selectiontc6,/Pompe, Canada;
(Kentvi I le sel.=awned plant sel. from Opal)
Lerma Rojo/Sonora 6\/ /Justin, Canada
Triesdorf Stamm 2l/\O x von Romke Erl i;
pedigree includes Garnet, 0rigin N/A
Yaktana 5\//Norin l0lBrevor 26-lc, ltexico
seìection of FIorence, USA

sel ect i on of Ear I y Tr i umph, Canada
0pal tr4/Pompe, Canada

Ped i gree and Nat i ona I i tySWS wheats

68
69
70

Qual i ty A/Pac i f i c Bl ue Stem/ /c26-59-2D/3/
0nas, Canada
Yaktana j\Ax\/ /Nor in I O/Brevor /3/2rtYaqui 50
/\/Norin l0lBrevor //BaartlOnas, USA

Kenya 338 AC2E3l2tcLemhi, Canada
Cal i fornia 3098/S:tLemhi, USA

Lemhi 53¡,5/3/Lee!.7 / /Chi nese/Ae. Umbel lata,
USA

Nor in l0lBrevor //3r\Lenhi 53/3/Lenhi 62, USA

66 cAscADE

67 F I ELDER

KENH I

LEr4H r 53
LEt4H I 62

72 SPRINGFIELD

H-44 -2[=
R14255 =

R14204 =

RLht37 =

RL4l 25 =
ND 416 =
ND 487 =
ND 507 =

l'larqu i s/Yaros I av emmer
Ha n i tou¡tl+ / / lt r i ca \3 / 3xTha tc her / 3 / tlani toutti / / Exc hange/
3:tTh a t c he r / 5/ L\2Ot+*2/ 3/ liani 16¿z\J/ /llebs terl4¡tTh a tc he r
/ \ / llani ¡suztj / / Centenna r i o/6¡tTha tcher
RL\ 1 25x5 //Th a tc her *2 / Red E gypt i an / \ / RL\ 1 25 / /tnatc her 

",6/
P I 170925/ 3/ RLI+ t 25't\l/Thatchept3/Transf er
F r o n t a n a / 3 / l,lc l,lu r a c h y / E x c h a n ge / / z*Rednan / \ / T h at c h e r * 6 /
Kenya Farmer
Tha tc h er ¡t 7 / t r ontana / /lhatche r ¡t6/Kenya F a rme r
l,la I dron/N0269
ND259/Con ley/ /Conl eylttO 122/3/ Just i n/ND 1 42
þJa I dron/RLt+2O5
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TABLE 5

l.Jinter wheats used for computerized cultivar identif ication

HRW wheats Ped i gree and Nat i ona I i ty

73
7\
75
76
77
78
79
80
8l
82
8¡
84

KHARKoV 22 l^.C.
L E NNOX

r,10N 0 P0 L

NORSTAR

RIOIT
SUNDANCE

VALOR
VUKA

WASATCH

WESTI4ONT

W I NALTA
YOGO

selection of Kharkov, Canada
sel ect i on, l'1 i ronovskaj a, USA

Panthus/Admiral , l.lest Germany
Winal la/ Alabaskaya, Canada
Turkey/F ìorence, USA

Cheyenne/Kharkov 22 l^.C., Canada
Kent/Sangaste (rye) , Canada
Toeer ing 2/Flerlin/ /Carsten 8, FRG

Rel i eflRid ¡ t, USA

Rio/Rex//Nebred, USA

I'linter/Wichita, USA

14i nturk i/Bel ogl ina/ /Buf f um, USA

SWW wheats Ped i gree and Nat i ona ì i ty

C0RNELL 595
DAWBUL

DGCHAF F

F AVOR

FREDR I CK

GA I NES

GENESSEE

GORDON

93 HoUSER

94 JR.N0.6

Honor,/Forwar d/ /Nur ed/ 3/Honor, USA

Dawsonrs Golden Chaff/Bulgarian' Canada
selection of. Clawson, Canada
Diga//GabolNew Zealand 496.01, Canada
Wash i ngton l//Genesee/Capel I e' Canada
Nor i n lQlBrevor //Orfed/Brevor sib./3/Burt,
USA

Yorkwi n/ /Honorx2/Forward, USA

CD756l (related to Etoi le de Choisy) /
Genes see/ 2/cD7 561 /Kent/ 3/7 \53-/l.'2'4
(Fredr i ck s ib) /\/2rtYorkstar, Canada
Brevor/Nor i n I O/ /NY wheat rye sel . /3/
Hope Hussar/Yorkwi n/4,/Genes see/ /
cT 12658/ Al askan/ 3/Avon, USA

as Goldcoin, selection of Redchaff or
Redchaff Bald, USA

sib. of Gaines, USA

Dawson I s Go I den Chaf f/Bu I gar i an, Canada
Dawsonr s Golden Chaffrr2/RlDlT, Canada
Kharkov 22 ì .C./Dawsonrs Golden Chaff,
Canada
Trumbul | / /Hope/Hussar /3/Dawson' s Golden
Chaf f :t2lRidit,//Cornel I 595, Canada
Genesee*5/3/Yorkwin//Norin l0lBrevor, USA

9ì
92

8¡
86
87
88
8g
90

95
96
97
98

NUGA I NES

0Ac I 04
R I CH''IOND

R I DEAU

99 TALBoT

ìOO YORKSTAR
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TABLE 5

Winter wheats used for computerized cultivar identification (cont'd)

SRþJ WHeats Ped i gree and Nat i ona I i ty

l0t
t02
103
r04
105

I06 THORNE

EGYPTI AN AHBER
FAIRFIELD
JONES F I FE

KENT
suN

Ful tz/Lancaster, USA

Purkof/Fulhio, USA

tullz/? /Fledi ter ranean/? /Russ ian Veìvet, USA

Caìdwell lO/Dawsonrs Golden Chaff, Canada
as Sol, seìection of local variety/
Eng I i sh Standup, Sweden
Portage/Fulcaster, USA'

TABLE 6

Durum wheats used for computerized cultivar identification

Pedi gree and. National i ty

t07
t08
t09
'n0
ill
r 12
I t3
1r4
ìt5
lt6
I 18
I t9
I20

CARLETON
COULTER
GOLD ENBAL L

H ERCULES
I4ACOUN

''lEDORAHI NDUM

NUGGIT
PELISSIER
RAI'ISEY

STEI,JART 63
wAK00t'lA
I.'ASCANA

Verna ì Emmer/i1i ndum, USA

D.T. I 88/D .r .22\/Ð.T. 182, canada
? from S. Africa
RL 3097/RL 33o\//stewart/RL 3380, Canada
RL 3607/ DT 182, Canada
Ward/ltlacoun, Canada
? found in bread wheat field, USA

lli ndum/Car leton/ /He i t i /Stewart, USA

? introduced from Aìgeria ¡nto USA

Carleton/Pl 94701, USA

ST 464,/8¡tStewart, Canada
Lakota*z/Pel i ssi er, Canada
Lakota¡t2/Pel issier, Canada
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j I4I'1 VERT I CAL PAGE ELECTROPHORES IS SYSTE14

For the wheat cultivar identification section of this project,

several modifications in the PAGE system of Bushuk and Zi I ìman (1978)

were incorporated to improve electrophoregram resoìutíon, the precision

of results and to accomodate the scaìe of procedures for singìe kernel

anaìysis. These modifications are described below.

Apparatus and Gel Preparation

The fìatbed apparatus used to prepare a data base of gl iadin PAGE

patterns for cultivar identification (Figure 7), represents a vertical

version of the 6 mm PAGE apparatus used previously. This apparatus

accomodated 100 mì of gel solution to form a slab approximately 3 mm

thick. Gel"dimensions are 200 mm long and 150 mm wide. Recipes for the

gel soìution and tank buffer are given in Table 7.

A 6'a polyacryìamide gel was prepared by dissolving acrylamide (6.0

g) , bisacrylamide (0.3 g) , ascorbic acid (0.1 g) , f errous sulf ate

(O.OOl6 g) in aluminum lactate buffer (pH 3.1) to achieve a finaì volume

of 100 ml adjusted to pH J.l with lactic acid. The amount of ferrous

sulfate used in the preparation of 3 mm thick gel slabs was reduced

disproportionately, from O.OO25Z w,/v used in the 6 mm gel bed horizontal

apparatus, to O.OOl6% w/v. lt was found that this concentration

significantly improved the firmness of polymerized gels to faci I itate

ease of hand I i ng.

The procedure for geì polymerization h/as essential ly unchanged'

except that an I t-place slot former was used. Once polymerization was



Figure /. Vertical 3 mm flatbed PAGE apparatus as modified from the
6 mm hor i zonta I f I atbed des i gn descr i bed by Bushuk and
Zi I ìman (t978) .
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TABLE 7

Recipes for gel and tank buffer solutions J mm PAGE

Amount
100 ml

requi red for
f i nal vol ume

Gel solution
Acrylamide
N, N' -methYl ene-bi s-acrYl ami de
Ascorbic acid
Ferrous sul fate

6.0 s
0.3 so.l s

0.00'l6 g

Cata I yst sol ut i on
Hydrogen peroxide, 3Z 0.5 ml

Tank buffer sol ut i on
Aluminum lactater
Lactic acid

0.25 s
to pH J.l

75

rAìuminum lactate was obtained from Fìuka Chemical Corp'
(255 Oser Ave., Hauppauge, N.Y. 11787, U.S.A.)

complete, the apparatus was oriented in the vertical position and tank

buffer reservoirs were filìed to a combined volume of 580 m¡.

Gliadin Extraction P rocedur e

For each cuìtivar I isted in Tabìes 4-6, â ilinimum of two gl iadin

extracts were prepared for electrophoresis. These were derived from at

least one single kernel and one ground sample of grain; for the first 50

numbered cultivars, a minimum of three extracts was used. All replicates

hrere run on separate gel slabs.

lf the electrophoregram from the buìk wheatmeal source precisely

matched its single kernel counterpart(s), then the cultivar sample l^ras
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assumed to be homogeneous and mean rel at i ve mob i I i ty (nm¡ data was

subsequently determined from the repì icate eìectrophoretic patterns' lf

on the other hand, the th,o patterns were found not to correspond,

usual ly where the eìectrophoregram from the ground sampìe contai ned

bands which complemented the single kernel pattern but not vice versa,

then a series of single grains was examined (typical ìy 9-27) to twice

account for the domi nant type patterns contr ibuti ng to the compos i te

electrophoregram of the mixture. The aim of thi s strategy was to

identify heterogeneous cultivar sampìes and not determine the proportion

of genotypes therein. The latter is not a trivial undertaking and

requires the sampl ing of hundreds of single grains to obtain rel iable

estimates (Wrlgley and Baxter' 1974).

Gl iadin was extracted from single kernels by crushing and

macerating the dry seed between a folded sheet of weighing paper with a

hammer; the meal was then transferred to a 1.5 ml microcentrifuge tube

and was extracted with 702 ethanol (2 ullmg grain) by agitating briefly

on a Vortex mixer. The mixture was left to stand at room temperature for

30 min and the contents \^rere then centrifuged for i min at 8,000 x g at

room temperature us i ng a tab l etop m i crocentr i fuge (e. g' Beckman

lli crofuge B) .

The J0 min standi.ng interval was used as a matter of convenience,

as the mixture of meal and ethanol could be centrifuged directly after

mixing, with no detectable difference in the quality of the PAGE results

(refer to Appendix A). When bulk wheatmeal samples h,ere extracted, a 50

mg subsample of ground grain (a g) was substituted for single kernels in

the extract i on Procedure.
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After centrifugation, the clear supernatant (e.g. 30 uì) was

removed with a micro-pipettor and was diluted with l.! times its volume

of a gliadin extract dilution solution and stored in a seaìed vial. The

extract di ìution solution consisted of tank buffer containing \O% w/v

sucrose and 0.6% w/v methyl green dye. Typicalìy l0 mì of this solution

was sufficient to compìete the preparation of over 175 Sliadin samples'

E ì ectr ores r s Usíng Three Standard Gl iadin Patterns Pei' Gel Slabh

Prior to electrophoresis, a sample solution of 8 uì was applied to

each geì slot using a micro-pipettor. To improve the precision of PAGE

resuìts, the number of reference gl iadin samples was increased to three

from two used previously. As with the 6 mm PAGE system, the flanking

slots of the gel were reserved for reference gl iadin samples from the

cultivar l,larquis and eight slots held the test sarnples. Additionally'

the center slot was designated for a reference sample from cv. Neepawa.

ln this way, the ratio of test to reference gl iadin samples was

increased and flanking reference samples were only used to caìculate

relative mobi ì ities for electrophoregrams in their respective half of

the gel sìab.

Neepawa was chosen as a supplementary PAGE reference cultivar for a

number of reasons. Neepawa i s a commerciaì ly important Canadian HRS

wheat and possesses a gì iadin band pattern complementary to its I'larquis

counterpart covering a wider range of the electrophoregram field in the

low mobi I i ty region. Neepawa also contains the three reference gl iadin

bands common to llarquis which were subsequently used to compute relative

mobilities (refer to following section). No offtype patterns for cv'
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Neepawa could be found in the PAGE anaìysis of over 150 single kernels

from two different sources.

Due to the thinner geì slab thickness with the vertical apparatus'

the electrophoresis period was reduced to 4h (from 6.5fr with the 6 mm

horizontal PAGE system) at a constant current of 60 ma which produced a

potentiaì of 360 V (.l7 V/cm) across the gel.

Gel Stai ni ng and PhotographY

Thinner gel slabs aìso decreased the time required to produce a

suitably stained gel for photography. The staining and destaining period

was reduced respectively from 48h and 24h (6 mm PAGE) to l8h and 6h'

The photographic procedure was modified by using Kodak Technical Pan

film to produce both prints and positive film transparencies. The use

of Technicaì Pan fi lm in photographing gel slabs was found to give a

satisfactory result, with good resolution and minimal loss of extremely

faint bands observed in the stained electrophoregrams (refer to Figures

20 to 34) . HCì lO developer u,as used at medium dilution (!: l) . The f ilm

format for densitometry was reduced to 4 x 5 inch positives replacing

the more expensive 8 x l0 format transparencies used for scanning the 6

mm PAGE resu I ts .

Determ nat i on of Gl iadin Band Dens i t res

The intensitY of gl iadin bands in

was subjectively assigned a numerical

procedure of Zillman and Bushuk (1979)

density was exPanded from I to 5 in

photographic prints of gel sìabs

integer value according to the

except that the range cf band

their system to I (verY faint)
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through 9 (very dense) in the present study. Band density assignments

were aided by visual reference to densitometric profi ìe data. The

precision of this method is considered to be +l unit.

Calculation of Gliadin Band Reìative l'lobiìities

The procedure empìoyed to calculate electrophoretic pattern

mobiìity data relative to the ltlarquis reference band as described by

Bushuk and Zi I lman (.l978) was substantial ly modified for the wheat

cultivar identification system developed in this study. The aim was to

improve the precis¡on associated with these caìculations and hence to

increase overal I data base accuracy. The proposed method, apart from

appìying an electronic digitizing tabìet to acquire band migration

distances, involves the appl ication of three reference protein

components, des ignated as I'R24" , rrR50rr and 'rR/lrr on the bas i s of the i r

respective mob¡lities relative to the l'larquis reference band (R50). A

character i zat i on of these reference bands and compì ete descr i pt i on of

the computational procedure will be deferred to the Results and

D i scuss i on sect i on.

Data Base Organization and Codinq of GI iadin E I ectrophoreqrams

The 120 wheat cultivars I isted in Tables 4-6 were used to derive

over .l80 distinct gl iadin PAGE patterns which comprised the data base

for the computerized system of cultivar identification. The discrepancy

in numbers reflects an effort to document al I off-type patterns

including instances where source of material contributed to
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disagreements in eìectrophoregram composition. Over 85?l of the material

analyzed by eìectrophoresis was apparently homogeneous or nearly so. The

balance represented cuìtivar samples possessing varying degrees and type

of admixture. The latter, insofar as it was possible, was designated by

an extens i on appended to the name of the data base member. A

character izaÌ-ion of off-type el ectrophoret i c patterns i s presented i n

Append i x C.

Each reference PAGE pattern entry i n the data base i s represented

sequential ìy by three character and six numerical records of information

in a set structure (refer to Figure 8) constrained by the input and

output (l/O) formats of the cultivar identification system programs.

Character records specify the cultivar name and pedigree. The numericaì

portion comprises a ìlO element one-dimension cuìtivar signature arraY

(row vector) of integer data type. The first 100 element positions

contain paired relative mobility and density values, in order of

increasing mobi I ity, for up to 50 gl iadin bands per electrophoregram.

The remaining lO element positions are used to store anci ì lary data on

the cultivar and PAGE result which includes the total number of gìiadin

bands in the patternr the number of replicates averaged in computing Rm

values, the data base identification number (DBIN), and three index

codes specifying the class of grain, functional qual ity, and production

region. These codes are subsequentìy used to print an attribute summary

along with the name and pedigree for each cultivar listed by the ranking

program of the cultivar identification system to be described.

Figure I shows the standard format of a data base reference PAGE

pattern entry for cv. Neepawa. Because the cultivar name apPears
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Cultivar name; maximum l6 characters including extension"
Pedigree; ì10 characters, 55/record maximum.
signature array eìement positions (SAEP) l-100 comprise paired
Rm and band density parameter vaìues in odd and even array
element Iocations respectively. Rm values are in integer data
type with the decimal point implicit after the second digit.
SAEP l0l-.l02 set=0.
SAEP 103 = gl iadin bands encoded for electrophoregram.
SAEP l0l+ = repl icates averaged to compute mean Rm values.
SAEP 105 = blank, not assigned.
SAEP 

.l06 = kerneì class code.
SAEP 

.l07 = general functional qual i ty or uti I i ty code.
SAEP ì08 = production region code.
SAEP 109 = data base identification number.
SAEP I l0 = blank, not assigned.

{
5

5

7

E

9

t0
It
L2

8r

Figure 8: Standard data base coding format for the gl iadin
eìectrophoregram of cultivar Neepawa

without an extension, an electrophoretical ly homogeneous cultivar sample

is impl ied. The additional numbers specified by the signature array

(element positions 103-109) indicate that the electrophoregram encodes

37 gl iadin bands whose Rm values were averaged using 13 repl ¡cate PAGE

patterns and that the cuìtivar is a hard red spring wheat, superior to

llarquis quality, grown in Western Canada and represents entry number 056

in the data base. A ful I I isting of attribute summary codes (array
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Source of attribute data: ln "Handbook of Canadian Varieties of Barìey'
Field Beans, Field Peas, Fìax, $ats, Rye, and Spring, Durum, and Winter
Winter Wheatrr. Prepared by Research Branch, Canadian Department of
Agriculture; Varietal description reports prepared by The Production
and l'larketing Branch, Plant Products Division, Agriculture Canada'
0ttawa, 0ntar i o.

eìement positions l06-1OB) and their respective definitions is presented

in Table 8.

TABLE 8

cultivar signature array attribute summary index codes and
definitions

Signature array element Position

Attr i bute
i ndex no.

107

Quality
code

r08
Reg i on

code

r06
Class
code definition

I
2

3
4

5
6

7
I
9

t0
1t
t2
13
l4

blank
HRS
SHRS

HWS

SHWS

s}Js
SRS

SHPS

HRI.J

SHRW

sl./!t,

sRw
DURI'l

nd

blank
NEI'lQr
EI,IQ,
stlQ.
FEED

PASTRY
BW4

PASTA
GHP 5

nd6
nd
nd
nd
nd

bìank
W. CAN

SAWF LY

S . ALTA
BC

ONTAR I O

QUEBEC
ATLANT I C

ATL/BC
R/1./. cAN . ?

USA
UTILITY
E.CAN
E . CAN/BC

hard red spr i ng
sem i -hard red spr i ng
hard wh i te spr i ng
sem i -hard wh i te sPr i ng
soft wh i te spr i ng
sof t red spr i ng
semi -hard purpl e spr i ng
hard red winter
semi -hard red wi nter
soft white winter
soft reC winter
durum

rNEl'lQ - HRS wheat not equal to l,larquis in mill ing and baking quality
"El,lQ - HRS wheat equal to f'larquis in mil ling and baking quality
.St4Q - HRS wheat superior to f'larquis in miìling and baking quality
4BW - non-HRS bread wheat
sGHP - general household PurPose6nd - not defined
1R/ W.CAN - restricted from W.CAN region by kernel characteristics



V

RESULTS AND DISCUSSION

AUTO14A OUANTIFICATION OF GLIADIN ELECTROPHOREGRAI4S BY t'lt N I Cot'lPUTER

PROCESS I NG OF DENS I TOI4ETR I C SCANN I NG PROF I LES

Thi s section wi I I exami ne resuì ts of the system of programs

developed to compute gliadin electrophoregram data from sets of

repl icate densitometric profi les. The objective uras to el iminate the

tedious and subjective determination of relative mobility and band

density vaìues reguired for cultivar identification. A flow diagram,

which can be used as a guide for the data acquisition and processing

system is shown in Figure l.

Outl ine of Computer Programs

The recovery of gl iadin electrophoregram data by computer analysis

of densitomegrams could involve a maximum of three replicate traces. The

process was executed in four sequential program steps:

Raw digitized densitometric profi le records are retrieved from a
pAGE sámple-gel slab data base I ibrary stored on disk (program:
SELECT). Accessed data can be initial ly viewed as a superimposed
graphic display of normal ized densitometric profi les (program:
cSELEC).

A first derivative trace is computed for each repl icate
densitomegram (program: DlSTlL, subroutine PRI¡4E). Slope values
are then used as the basis to detect protein bands represented in
the absorbance prof i I e as peaks and shoulders. X and Y-axi s

2
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coordinate positions for peak maxima and leading and traiìing
shoulder inflection points are respectively normal ized to
relative mobi I ity and band density values and the data is
transcribed to the standard cultivar signature arraY numericaì
format (program: D I ST I L, subrout i ne PEAK) .

3. Pairwise combinations of repl icate cultivar signature arrays are
analyzed to deìete non-repl icating gl iadin band data. The probìem
is one of identifying homologous gl iadin components which fal ì

wi thi n a predef i ned threshold for di fferences i n Rm and band
density parameter values. A mean eìectrophoregram cultivar
signature array is then computed for each pair of densitometric
profi les (program: FILTER) .

lf three densitometric profi les are involved in the analysis,
then homologous bands may be identified in one paired repl icate
combination but not in another. The task is then to identífy this
type of event and compute a single mean composite signature array
which combines gl iadin components in one repì icate arraY which
complement the pattern of bands in another (program: I4ERGE).

To permit the operator to assess the numerical result after various

stages of program anaìysis, several display programs (ef tlfn, GC0t'1P.l,

GCO¡IP2, GI4ERGE; refer to Figure 9) were developed which produce PAGE

pattern graphics from cultivar signature arraY data. The last three

additional ly compare the computed gl iadin electrophoregram against its

manual ly derived counterpart which represents averaged relative

mobi I ities calculated from tripl icate electrophoretic runs. Programs

of the d i spl ay.

us i ng standard

GC0t'1Pl and GC0l4P2 include densitometric prof iles as part

Al I the programs referenced above were wr i tten

F0RTRAN and were executed under the DEC RSX-llS operating system. I nput

the except i on

programs wi th

and output routines are typical ly machine dependant. VJith

of the ini tial record selection step and graphic dispìay

interactive capability' execution fìow was automatic.

The four processing steps (programs: SELECT, DISTIL' FILTER and

t'lERGE) to achieve a typical numerical result wiìl be discussed using

densitometric profi le data for the soft white winter wheat cultivar

4



Figure 9 Fìow diagram of program execution to compute gl iadin
el ectrophoregrams from dens i tometr i c scann i ng prof i I es "
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Talbot. Aìso described are the results of five graphic dispìay programs

(cSELEc, cFtLTR, Gc0t'1p2, ccot'lPl and cl,lERGt) which aid in evaluating the

performance of the system. An assessment was additionally based upon the

resuìt of comparing precision of the computed gìiadin electrophoregram

aga i nst counterpar t pattern data der i ved us i ng the manua I reference

procedure of Bushuk and Zi I lman (ì978) .

Acqu i ition of Harquis Reference Band l'1 iqration Distance Vaìues

The pair of migration distance vaìues for cv. l'larquis gliadin band

"50", the internal geì slab reference protein, represent crítical

normal ization factors which permit the precise comparative analysis of

densi tometric prof i les and numerical ly encoded electrophoregrams' To

obtai n data on the Harqui s reference band for each gel slab' a

minicomputer system graphics programl was invoked which al lows the

operator to readout the Cartes i an coord i nates of graph i c cursors wh i ch

can be positioned along display profi le envelopes by manipulating a

joystick-l ike control .

A typical result of this process is illustrated in Figure ì0 which

shows the computer display of a digitized densitometric profi le for cv.

l'larquis and its analog counterpart. The l'larquis reference band is

readi ly identified by its relative high density in the center of the

pattern (Figure IOB), being preceeded in mobility by a characteristic

doublet. ln Figure l0A, the leftmost cursor is positioned at the

reference protein peak maximum with its X and Y-coordinates displayed in

odometer fashion (xl=2jj; yl=Jl})). The abscissa value was recorded and

lSPARTA,

Digital
in: Lab Appl ications-l I System Ref erence I'lanual, 197\'
Equipment Corporation. llaynard, llassachusetts.



F i gure l0 Digitized (A) and analog (B) densitometric profiles for the
Harqui s electrophoregram. Two operator-control led cursors
are shown (large arrows in A) positioned respectively on the
reference peak maximum, and the last data point of the curve
which was imaged on the video display monitor. x and Y-axis
coordinates for the left (l) and right (r) cursors are dis-
played in odometer fashion. As shown, each sampìe electro-
phoregram was resolved i nto !t2 d¡ screte mobi I i ty posi tions.
The abscissa value (xl) was used in an aìgorithm to normalize
experimental gl iadin band position data in the gel slab to
relative mobilit¡es according the procedure of Bushuk and

Zi r rman (1978) .
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combined r^/ith counterpart data, for other PAGE runs to comprise a file of

l'larqu i s ref erence band parameter va I ues to be used as i nput f or programs

GSELEC and DISTIL (refer to Figure 9) which normalize densitometric

profi ìes and derived gl iadin eìectrophoretic pattern data

Retr i eva ì of Dens i tomeqram Data f rom Computer l'lemory

The execution of program SELECT initiates an interactive dialog

between the computer and operator i n order to access dens i tomegrams that

were stored on disk during the digi.tization procedure. ln this

procedure, the computer prompts the operator to sol icit up to three

repì-icate densitometric profi ìes from the data base in seven terminal

input steps. The dialog is iìlustrated in Figure ll. The initial entry

,,2", which specifies cv. Talbot, corresponds to the identification

number arbitrari ly assigned to each cultivar in the data basa. Three

pairs of PAGE slab and gliadin sample numbers specify the scan file and

record respect i vel y for the sel ected prof i I es wh i ch carry the I abel s

ttRlrr, rrR2rr and rrR3rr in subsequent program printouts and graphics. As

densitomegrams are retrieved from disk, each is tagged as to its source

(i.e. gel slab and sample number) and cultivar identification number.

This tagging process satisfies program requirements as the data is

passed on through different stages of processing.

gnce the retrieval operation is completed, program GSELEC can be

invoked to normalize the profiles to a relative mobility basis and

display the data in selected sequence, and in superimposed fashion' on

the graphics monitor (Figure llB-D). This step provides a visual check

for the operator to ensure that the des i red traces have been accessed



Figure lì. computer display of repl icate densitomegrams for cv. Talbot.
Repì icate selection display program SELECT result (A)

illustrates the interactive dialog which serves to retrieve
densitometric profi le data (cv. Talbot) from disk storage.
The seìected repì icate densi tomegrams urere normal ized to '

relative mobility and displayed by program GSELEC (B-D) in
a superimposed graphic format which depicts the degree of
variability existing in the data.
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correctìy as well as to view the level of variation which exists in the

data. The near congruency of the repl icate densi tomegrams especiaì ly

the Talbot replicates derived from PAGE slabs I and 2 (Figure llC)

reflects the level of reproducibi I i ty that can be achieved by carefuì

adherence to a standard eìectrophoretic procedure'

The decrease in densitometric profile homology with inceasing

mobitity for Rm > 50 (Figure llO) is typical of the variability which

can be encountered. A simi ìar resuìt has been reported eìsewhere

(Lookhart et al., 1983) when caìculating Rm values from measurements of

different geìs. The larger absoìute error associated with Rm vaìues for

proteins migrating the greatest distance into the gel slab is clearly

reflected in the statistical data presented in Table .l3. As wi ì I be

ìater demonstrated, this variabi ì ity can be effectiveìy minimized by

calculating mobility data relative to a second reference gliadin band

positioned in the high mobi I ity electrophoregram region'

peak Detection and Normal ization of Position Coordinates to Relative
Hob i I i tv and Band Dens i tY Va I ues

The procedure of reduc i ng dens i tometr i c prof i ì es to peak

coord i nates and transcr i b i ng the I i st of feature parameters to a

standard format of relative mobi I ity and band density data involved the

prel imi nary task of peak detection by a procedure based on fi rst

derivatives. The initial subroutine segment PRlt'lE of program DISTIL

(refer to F igure 9) calculates the fi rst smoothed derivatíve for each

repl icate densitomegram. The computation was based on the form tabulated

by Savitzky and Golay (.l964) for a second-degree polynomiaì ìeast

squares fit over five Points.



F i gure 12 Densitometric scanning profile for cv. Talbot and its
smoothed lst derivative computed according to the
method of Savitzky and Golay (1964) for a second-degree
polynomial ìeast squares fit over five data points.
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A typical resuìt is shown in Figure ì2 which ilìustrates the string

of positive and negative sìope values representing peaks and val ìeys

along each densitomegram. The identification of electrophoregram

components across ì st der i vat i ve spectra was accompl i shed by subrout i ne

PEAK of program DlSTlL. A gl iadin band was found if one of the three

fol ìowing conditions was satisfied with respect to the slope (aylAx) of

the densi tometric Prof i ìe.

l. Positive to negative change in dy/dx across a zero baseline
denotes a peak maximum.

Z. A minimum positive value in dy/ax denotes a shoulder on the
I ead i ng edge of a Peak.

3. A maximum negative value in dy/¿x denotes a shoulder on the
trai I ing edge of a Peak.

An operational threshoìd for peak detection was defined as the

minimum number of data points preceeding and fol lowing the change in

sign of the first derivative. Two iterations are used to scan the data

for peak maxima. The operator, by setting a higher detection threshold

in the first scan than in the second, can differentiate components based

on relative peak resolution.

This strategy provided a safeguard in the cultivar identificati'on

appl ication where the unknown sample was represented by only one

repìicate densitometric profile. Because a change in sign of the first

derivative is the key factor in detecting peaks, the operator may choose

to include only those peaks with a clear and consistent signature thus

guarding against false gl iadin band assignments. When tbro or more

repl icate densitometric profi les are processed, the decision to accept

or reject both h i gh and low peaks i s programmed to depend on a

replication test which is described in the following section. As will be
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shown, the greater proportion of non-repl icating components possess low

resolution peak enveloPes.

Threshold values were selected using empirical guidel ines and

depend mainly upon the sampìing density of densitometric profile data

points. ln the present appì ication, high resoìution peaks were found

using a window of five positive and five negative data points about the

f irst derivative zero baseline (t'Peak lD sensitivity" in Figure l3).

Additional peaks found in the second iteration by selecting the ìowest

threshold that could be appl ied, i.e. tl data points' urere arbitrari ly

defined as low resolution components and were allocated to a separate

array I i st encod i ng detected peaks.

Each time a band is detected, X and Y-coordinates of the peak

maximum or inflection point of a shouìder are tranformed to relative

values. A standardized mobi I ity scaìe in accord with that described by

Bushuk and Zillman (1978) is estabìished within the range .l0.0 to 95'O'

For a single band, "i", its relative mobility, Rm(i), at coordinate, Xi'

is given by

nm(i) = !o.o ," (xilxref)

where Xref specif ies the mean coordinate position of the l'larquis

reference band for the corresponding geì slab. Similarly, a measure of

relative band density, Rd(i), within the range 0.1 to 8.0 is obtained by

comparing the coordinate Yi with the profi le component possessing the

ìargest peak height, Ymax, where

Rd(i) = 8.0 r'r (Y¡lYmax)

Band density is then rounded up to the nearest ¡nteger for signature

array encoding. This procedure establ ishes an optimized reìative band
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density scale which serves to minimize the variability in band densities

which may arise from variation in the protein content of gl iadin

extracts (or gra i n sampì es) prepared for eì ectrophores i s '

gnce relative mobi I ity and band density values are determined, the

paired data is appended to a ìengthening list termed a cuìtivar

signature array as the computer continues to acquire more data. The end

result for three density curves is shown in Figure lJ which illustrates

the pr i ntout report of program D I ST I L. Each dens i tomegram repl i cate h,as

reduced to a set of two cultivar signature arrays (CSA), tl] and Il l]

which encode the list of Rm and band density feature parameters for high

and low resolution densi tomegram peak's, plus shoulders respectively.

Low resolution densitometric profi le components are tagged with

asterisks. Leading and trai I ing shoulders are specified with characters

rr Lrr and rrTrr respect i ve I Y .

F i I ter Process to EIimi na te Non-Reol icatinq Peak Data

Figure l3 shows that a total of 28, 27 and 26 gliadin bands were

detected in each of the respective densitometer tracings for cv. Talbot.

Because the number of detected peaks and their corresponding mobi I ities

can vary between repl icates, processing constraints are imposed (program

FILTER) to pair together only homologous bands which are identified in

different profiìes. ln addition to the variability associated with band

mobi I ities, anomalous peaks may arise from gel slab rrnoiseil which

commonly originates from absorbance of precipitated Coomassie Blue dye

adhering as random spots on the surface of the polyacrylamide gel slab.

Spurious information in general, is detected by the software as



F i gure r3. Computer printout of relative mobi I ity and band density
data for detected peak maxima and shoulders from den-
sitometric profiles of cv Talbot. Peak identification
by program DISTI L, was performed on individual repl icates
of gìiadin densitomegrams (4, B a.nd e), by analysis of the
respective lst derivative data. Computed Rm and density
parameter values for detected components were ordered in
pairs to form a cultivar signature array. For a single
densitomegram' the program generates two such arrays. Each
corresponds to bands detected above and below an operator-
selected threshoìd leveì for peak detection (see text for
details).
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non-repl icating relative peak coordinate data and is deleted from

cuìtivar signature arrays before mean band values are determined.

Program logic to obtain a typical result (Figs. ll+ and 1Ð is described

be I ow.

The analysis begins by forming pairwise combinations of

electrophoretic pattern data generated by program DISTIL (i.e. Rì/R2;

Rl/R3, RZ/R3). Each combination is handìed separateìy but in an

identical fashion. Gì iadin components were designated as homologous if

replication occurs within a narrow relative mobility and band density

window. The patterns are first evaluated for positional agreements. lf

the Rm difference between two bands in replicate arrays is not greater

than a threshold value a potential matching event is fìagged, and is

either confirmed or rejected by a comparison of band densities.

The difference threshold for band density can be selected by the

operator in unit increments and a match is rejected if this limit is

exceeded. For typical program runs, a threshoìd vaìue of 2 was chosen

which represents more than four standard deviations of mean relative

peak height (for three replicates) averaged over 200 peaks derived from

I 0 separate cu I t i var ana I Yses .

For compar ison of band l.nob i I it ies , i t Ìdas f ound that the

appl ication of a fixed difference threshold equivalent to approximately

f our standard deviations of relative mobi I ity units (Rl4U) i .e. ì .6 Rt'lU,

resuìted in a low but significant number of false matches involving

groups of closeìy contiguous gì iadin bands. Consequently, the evaluation

of electrophoretic pattern positional agreements uras handled in an

iterative fashion using a range of difference threshold values.
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The computer repeatedly scans each combination of paired repl icate

patterns searching for homologies. The difference threshold, which can

be described as a moving window with an init¡al size of 0..l Rl'lU, is

incremented by O.l mobility units for each iteration up to a maximum

establ ished by the operator (typical ly 1.5 mobil ity units) . t'lhen two

gl iadin components (one/pattern) appear in the window, a repl ication

event is flagged. The pair of bands are tagged so that they cannot be

found in a subsequent scan. l'lean mobiìity and band density values are

then computed and the data is recorded into a list termed a mean

s ignature array (¡4SA) . As the l,lSA increases i n s i ze wi th appended data,

the number of bands remaining untagged decl ines. ln this way, the

potential for error in identifying homologous bands possessing greater

variation in mobi I ity is effectively minimized as the average distance

between contiguous untagged components increases.

This process ultimately yields three mean signature arrays which

encode the replicating components of three densitometric profiìes for

cv. Talbot. The result is elaborated in the computer printout of program

FILTER presented in Figure ì4. Analysis of densitomegrams Rl and R2

(Figure l4A) has identified a total of 26 gl iadin components (15 high

and lì low resolution), FêPlicating within a range of 0.7 relative

mobi I ity units, the highest difference threshoìd reached. Corresponding

band densit¡es, which appear directly below component mobi I ities' show

that only one pair of matching bands, in all three replicates, [Rl:

41.0(6), R2: 41.5(8)l differs by more than one density unit. while a

greater level of variation is indicated (by higher Rm difference

threshold levels) for densitometric profile replicate pairs Rl/R3



F i gure t4. Computer pr i ntout of F I LTER program process i ng to i sol ate
and delete non-repl icati ng gì i adi n rrbandsl found by the peak
detection program. The anaìysis erases non-repì icating peak
data encoded into the cultivar signature arrays generated
by program DlSTlL. Three pairwise combinations of repl icates
were formed (4, B and C) and scanned separately using a

moving window technique (see text) to detect matching
gl iadin components. Repl icate bands are identified and ì ist-
ed in order of increasing absolute difference in Rm value.
For each paired repl icate combination, a mean signature
array (l{SA) was computed. At the end of program execution
the operator can tag a part¡cular l'1SA (see bottom of f igure)
to graphical ly display a computer-composed electrophoregram
representing the encoded data (refer to Figure l6).
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(Figure l4B) and R2lR3 (Figure l4C), a comparable number of repìicating

components (25 and 26 respectiveìy) have been identified.

With respect to non-repl icating components, the report of program

FILTER (Figure l4) lists a totaì of six unmatched bands in the

individual pairings of densitometric profi le repl icates:

Rt: 
'.2(t) 

35.5Q) 38.8(3)
R2: 36.2 (2) 7\.5 Q)
R3: 7 3.2 (2)

Qnly one of these six [n3: 73.2(2) ] was original ly detected as a high

resolution peak; and onìy two components [Rl: I 1.2 (l) 38.8 (3) ] botfr of

low resolution type (refer to rr)krr tagged bands in Figure l3)' remain in

an unmatched state when homologous counterparts couìd not be found in

both pairs of replicate analyses involving a common profiìe. lt is. clear

then, that the use of peak detection thresholds in program DISTIL is an

effective strategy to isolate potentiaì ìy spurious densitometric data.

However, a decision to accept or reject both low and high resoìution

components by means of a repl ication test for relative peak coordinates

is necessary in order to provide a rel iable outcome.

Because the numerical representation of gl iadin eìectrophoregram

composition given by the cultivar signature arrays shown in Figure l4

are not wel I suited for direct comparisons, a variety of display

programs were developed which translate the compact numerical data into

a graphic form which is more readily evaluated. Programs GFILTR and

GC0|4P2 (refer to Figure 9) utilize input data computed at this

process i ng stage to generate el ectrophoret i c pattern graph i cs wh i ch are

descr i bed beì ow.



Figure ì!. Computer graphic display of cv. Talbot electrophoregrams
processed from pa i rwi se ana ì ys i s of repl i cate
densi tometric scanning prof i les.
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Execution of program GFILTR (refer to Figure 9) produces the result

illustrated in Figure 15. Each eìectrophoregram graphicalìy depicted

corresponds precisely to band mobiìity and density data coded in l'1SA's

Il], t2l and t3l computecl by program FILTER (Figure'14). The dispìay

confirms that preceeding stages of densitometric profile processing have

successfulìy computed simi lar gì iadin eìectrophoregram distributions.

Differences between patterns are evident only in terms of reìative

mob i I i ty for homol ogous bands.

F i gure \5 shows that 26 bands are separatel y encoded i n

electrophoregrams designated as 'rA" and "C". Each pattern' representing

the mean of two replicates, additionalìy possesses one unique component

t35.8(2) in A; 13.8(2) in Cl which is absent in the other th/o mean

electrophoregrams. Thus, a total of 27 different gl iadin bands have

been identified, 25 which repì icate in aì I three profi les analyzed, and

two bands at the fringe of detection which were each found in distinct

densi tomegram pai r i ngs.

The operator can now proceed with two program options: (i) any one

pattern of computed gliadin PAGE composition depicted in Figure l! can

be tested against a data base of manual ly derived data by executing

program GCO¡I¡P2, oF (ii) program l'lERGE can be invoked to combine

complementary patterns together into a single mean composite

electrophoregram which can subsequently be used for comparisons executed

by programs GCOÍ'1P ì and Gi4ERGE .

To accomodate the first option, the computer prompts the operator

to enter a number designating the l,lsA which wil I be used to graphically

evaluate the agreement of the computed electrophoregram wi th the
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manualìy derived pattern of Rm and band density data (e.g. 'rl'1SA [2]"

refer to bottom of Figure l4). lf no choice is made, the software will

select the first FILTER program derived l4SA with the highest number of

gliadin bands (i.e. t'tSA [l], Figure l4A) .

The resu ì t produced by execut i ng program GC0I'1P2 i s presented i n

Figure l6 which dispìays the high level of homoìogy which exists between

the pattern of Talbot bands automatically acquired by densitometry and

the eìectrophoregram produced from data obtained by manual calcuìation.

The figure also shows the close qual itative and quantitative

correspondence between the computer synthesized electrophoretic patterns

and the distribution of bands in the PAGE resuìt for cv. Talbot shown in

the photographic inset. lt can be seen that program anaìysis was

successf uì in detecting two shoulders [bands l+7.5Q) and 57.9(7)] and 23

replicating densitomegram peaks incìuding a band of limited profile

definit¡on 127.5 (l)1. The latter component, whi ìe resolved by

densitometry, is only marginal ly disciminated on a visual basis and was

therefore not included in the manually derived reference pattern for cv.

Ta I bot.

The processing task of program FILTER, to identify homologous bands

and then compute their mean mobilities, is especially noticeabìe in the

high mobility region where a lower degree of densitomegram

superimposition was manifested. When repl ication criteria for relative

peak coordinates is not satisfied however, and the software cannot

identify an homology between pairs of densitometric profiles, a limited

number of bands may be passed over as noise. This situation is

illustrated in Figure l6 for bands with approximate mobilities of 39



F i gure 16. Computer graphic display comparing cv. Talbot gl iadin
el ectrophoregrams prepared írom data der ived manual I y
and automaticaì ly computed from densitometric scanning
prof i I e repl i cates Rl and R2.



***ß# mx**xæsss*$**ì* þ***Ixfi* ñll**{*r* ***Jl *,**,*x**** ***&&*** "-

's-**+-4i* x.**x&*n*ïl*lt*s FS****$*{l ***s{$**$ n {*¿ Þ****,**,** f*.**&&** -w

'qs& &**¡*# **sï*eqs{fsr *x***ffirJtit **ll*!*x** *l**,*s sxås$6 *&,**ð ç
õâ.**õ***ß**

K

*¡e** *êr***tt*¡Í **!t***¡* **¿ *¡, *{al}rÌ15 ßflllq*** *f f***t*ü**&**}W

+-@

üIXTK t I tx* I
ffi ** I T äfr tr I il &*

'åi
'.r: -&tÐ

M** ',fi
¡Õü

*s

E q*ì* 3Wd xø¡ ¡l*x&**e*ls&s**
! *e!* ßgw'{ x*¡ r*x&**&¡?s{.ð**

I* Þ{.¡fr¡

ç&ä ù $v*& '3*8
iËã " F{rËQ '¡tS

I

g 'st¡ gï{ñt*¡
â 'Eår gtriÍlßg

¡,$8ru¿ sr*rl!¡lß3 lrsqr r&¡ ¡l?ì*e* ûc¡**83S'*ð

'€3Å?13 pu** x?E&.Sg* - *rl$****d *l* ****&*çs3's{Ås$ *3*s$ ?d*"*

S*sãe3&*s **¡*&x*3 {t3.} #{*ß e¡sS lF**iqeds¡** ß?'}*çtq*x* {î} ss,*é F*er"&*#
Èæ*;**"**r4*sr¡3&3õ r"*gp*a:& ¡* &*3$er# x*s å*x*6xo¡r {{ ãdffi3$ :*e*#*x6



lt2

and 7,b which are visibìe in the electrophoregram (photographic inset)

but were not computed from respect i ve dens i tometr i c prof i I es. An

inspection of the data in Figure l4B reveals that bands 38.8(3) and

7 3.2 (2) are i n fact i so I ated, but as unmatched components i n

densi tomegrams Rl and R3 respectively. A homologous counterpart for

band 73.2(2) does in fact appear in densitometric profi le repl icate R2

(refer to Figure l3B, band "/4!r') and the software detects the matching

event (Figure l4C) which is graphical ly displayed by program GFILTR

(figure 15, electrophoregram C) .

Compìementary Bands and the Proqram ttERGE Proc srno S tep

Because program FILTER handles densitometric profiìe data in a

pairwise fashion, compìementary gì iadin bands can be detected when more

than two repl icates are anaìyzed (refer to Figure ì5) . These bands

however reside in separate data arrays and the task of program I'IERGE

consists of combining them into a single list along with other bands

wh i ch pass the repì i cat i on test of program F I LTER.

The result is shown in Figure lT which details the progress of the

moving window scanning procedure for relative mobiìities (refer to pages

ll8-tì9) which is again applied to identify homologous bands in separate

repl icates. Graphic display of the mean composite signature array

generated by program l'lERGE (e. g. F i gure I 84, E I ectrophoregram D) ,

reveals the minor discrepancies between the computed pattern of 27 bands

and its counterpart electrophoregram derived from manual ly prepared data

which contains 26 components. Also, it can be seen that densitometry is

sensit¡ve to very low fluctuations in PAGE pattern density. This is



F i gure 17. Computer printout of complementary band analysis program.
A composite cuìtivar signature arraY (bottom of figure)
is computed by program HERGE which encodes mean relative
mobility and band densities for the set of three replicate
eìectrophoregram signature arrays generated by program
FILTER. The list includes gliadin bands in one pair of
repl icate patterns which complement the data of another
(e.s. bands 26 and 27) .
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Figure .¡8. Computer graphic display options for comparison of
densi tometric scanning prof i les and/or electrophoregram
data (v ia program IlERGE) generated by programs GCO|'IP I

and Gl'lERGE.
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part¡cuìarly indicated by the two computed bands 121.6(l) and 35.8(2)l

which are visuaììy ambiguous in the eìectrophoregram depicted in the

photographic inset, but whose presence is confirmed in the accompanying

densitometric prof i le (Figure l88) .

Conversely, a limited number of bands may be visibìe in the

eìectrophoregram but go completeìy undetected by the peak finding

procedure, oF are found in onìy one repì icate densitometric profiìe and

hence are deleted by the program as noise (e.S. band Rm 39, in Figure

l88). This situation may resuit as indicated, when a faint band

m i grates between two maj or cont i guous components . A ì though th i s

particular pattern of bands occurs onìy infrequently, a possible remedy

may lie with a peak detection aìgorithm based upon the second derivative

of the optical density curve. lt is a common observation with

chromatography spectra, that whi le the use of second rather than first

differentials may be more sensitive to finding shoulders and peaks, the

choice depends on noise which is magnified with each successive

differentiation (l-ittlewood et aì., 1968) . WesterberS (1969) devised a

criterion to differentiate second derivative minima, for Gaussian peaks,

from those caused by noise, but warned that'rvery small peaks are hard

to separate from noise by any testrr.

Precision of Computed Electrophoregram Data

The advantage of a computer-based method for the automat i c

acquisition of gl iadin electrophoregram data from optical density curves

derives partly from the speed with which relative mobi I ity and band
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density vaìues are obtainedr, and the faciìity to compare normalized

PAGE patterns particularly when using graphical formats. The merit of

this system for the purpose of cuìtivar identification, apart from the

above mentioned attributes, is dependent upon the precision of the

acquired data and their accord with values, mobi I ities in particular,

determined from manuaì measurements. This is especially relevant as many

existing catalogs of cuìtivar formula data for gl iadin electrophoregrams

are based on manua I measurement reference procedures (Autran and

Bourdet, 1975; El I is and Beminster, 1977; Zil ìman and Bushuk, 1979; Dal

Belin Peruffo et al., 198ì; Jones et aì., .l982).

A comparison of results of eìectrophoregram data for cv. Talbot

derived by the manual reference procedure (Zillman and Bushuk, 197Ð and

automatically computed from densitometric profíìes is presented in Table

9. As reflected in the graphic display resuìts shown in Figures l6 and

ì8, it is cìear that mean mobi I ity values for both acquisition methods

are in excelìent agreement. The largest difference in relative mobility

for corresponding gliadin components is 0.3 units which is comparabìe to

the exper i menta I er ror for e i ther method . The average standard

dev i at i on was about t 0.4 d i stance un i ts for the computer-based

approach. The rise in variabi I ity for computed bands with high

mobilities was traced to a faiìure of the densitometer to maintain exact

linearity for the full length of the scanning interval. The problem was

corrected by replacing the entire complement of step-motor circuit

resistors possessing +jZ accuracy with high precision (tlZ) components.

rThe complete analysis of two or three repl icate densitometric profi les,
to obtain mean electrophoregram mobi I ity and band density parameter
values, was handled by the computer in less than 20 seconds.



TABLE 9

Comparison of manual ly derived and computed electrophoregram data
for cv. Talbot

Data Acqu is i t ion I'tethod

Computer -basedHanua ì

relative
mobility

relative
mobility

relative
band dens i ty

15.
18.
r9.
23.
25.
30.
32.
37.
4t.
I+6.

\7.
49.
53.
55.
58.
59.
62.
6\.
6l .

71.
73.
76.
78.
82.
8l .

15.2 ! 0.3
r8.r t 0"3
19.7 + 0.2
23.0 t 0.3
25.8 ! O.2
30.r + 0.4
32.6 + o.3
37 .5 ! 0.3
4t.l + 0.3
45.8 + 0 .3
\7 .6 + 0.2
49.8 r 0.2
52.8 t o. ì

55.2 ! 0.2
57 .8 ! 0.2
59.7 ! 0.2
62.3 t o. I
6\.5 + 0.2
67 .o + o.2
71.1 + 0.2
73.7 ! o.\
75.7 t o.3
77 .9 ! o.\
82 .2 + 0.4
87 .9 t 0.3

1.2 ! 0.5
1.5 t 0.6
1.3 r 0.5
2.2 + O.l+
I.l+ t 0.2
2.t+ ! O.5
2.6 t o.7
3.4 r 0.5
6.6 ! 0.5
8.0 t o.o
3.8 + 0.2
3.0 t 0.2
3.9 t 0.3
\.7 ! 0.3
b.4 r 0.3
6.2 + 0.t
4.6 t o.r
4.r t 0.r
2.5 t O.t
2.6 t 0.r
1.5 t o.l
1.7 ! 0.5
2.0 + 0.2
1.3 t o.z
0.3 t 0.2

1 + 0.3
4 + 0.3
7 + 0.4
I + 0.3
9 t 0.4
3 + 0.3
9 + 0.4
6 t 0.3
2 t 0.3
0 + 0.4
8 + 0.4
9 + 0.2
0 + 0.4
2 + 0.3
o + 0.4
9 + 0.4
l+ t 0.3
5 + 0.3
3 + 0.5
3 + 0.1+
8 + 0.9
0+0.5
I + 0.6
4 + 0.8
7 + 0.8

I t9

Data reported as mean t standard deviation for three determinations
on repl icate electrophoregrams run on separate gel sìabs.

These hardware considerations notwithstanding, the average standard

error of the mean deviation in relative mobi I ity between manual and

computed data was Iess than 0.'l Rm units.
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The decision to use peak heights as the feature parameter for band

densities is partìy related to the size of the accompanying deviations

(TaUle 9) which indicate that good overaìl reproducib¡lity can be

achieved by normal izing peak maxima relative to an internaì profi le

component. These optimized reìative density values yieìd a reasonable

approx i mat i on to band prote i n concentrat i on and can be cons i dered at

least as good as calculations based on area determi nations, given the

variable nature of background staining in PAGE, and the degree of peak

over I ap.

ln the context of the wheat cuìtivar identification problem' more

rigorous quantification of densitometric profile peaks, i.e. by

integration of peak areas, is I ikely not of any practical value. This

suggestion is in agreement with publ ished gl iadin electrophoregram

methodol ogy wh i ch have treated a I I est i mates of hand dens i ty wi th a

cautiousìy low precision. Some workers having found the relationship

between the concentration of gl iadin PAGE components and peak areas

obtai ned by dens i tometry unrel i abl e, used s impl e vi sual assessments to

make band density assignments on a scale from I to 5 (Jones et al.,

1982). gthers, in the extreme, have chosen to disregard band intensities

ent i rel y because of concerns of mod i fy i ng effects caused by var ¡ at i ons

in protein content of grain samples (Oal Bel in Peruffo et al., l98l).

Autran and Bourdet (197Ð appl i ed a more compromi s i ng strategy by

assigning electrophoregram band densities to four discrete levels

(trace,+,**,{-l*) based on relative area percentage values for

densitometric profi Ie peaks; however a difference between two components

was only confirmed if bands differed by at least two steps in density.
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For comparative electrophoregram analysis, Autran and Bourdetrs

protocol is I imited to three cìasses of quantitative differentiation

between bands of similar mobil ity, i .e. lrace/*+, trace/+r+, ot +/#.

By contrast, the procedure described in this study using eight levels of

band density based on the opt¡mized relative peak height signature, and

appìying a conservative difference threshold of three band density

units, can recognize l5 classes of band density d¡fferences (i.e. l/l+,

l/5, l/6, l/7, 1/8, 2/5, etc.). This level of discrimination is more

than adequate for cultivar identification as band density may be used

only to weight the number of matching and non-matching components for

the evaluation of pattern similarities where relative mobiìity is the

cr itical measurement parameter.
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COI'IPUTE R- BAS E D WHEAT CULTIVAR IDENTIF ICATION SYSÏE¡/l

This section examines methodoìogy and results of the computer-based

system developed for wheat cuìtivar identification by gl iadin

eìectrophoregrams. The computer used to establ ish the extensive gì iadin

cultivar formula data base and develop and test programs of the cuìtivar

identification system was the University of Manitobars Amdahì 580. lt

was found that core memory size of the minicomputer used previously, and

the inflexible nature of ìts operating system were I imiting factors to

achieve a satisfactory result for this phase of the research project.

A catalog of PAGE patterns and their respective cultivar formulas

for ll6 wheat cultivars in the data base is initially presented. Direct

computer acquisition of gl iadin band migration distances from

photographic prints by means of a digitizer is described. A muìtiple

reference band procedure for the determination of relative mobi I ities is

introduced and precision effects are examined compared to the one

reference band technique. The fundamental pattern homology analysis

formula of the cult¡var identification ranking program is described.

The identification system is tested using gl iadin electrophoregram

formuìas covering a broad range of genotypes, and numerous examples of

program output are given.

The research was also extended to develop a strategy to quantitate

the heterogeneity in gl iadin composition that is commonly observed in

electrophoregram data. To this end, the frequency distribution of

gl iadin bands as a function of relative mobi I ity is determined. The

resulting mult¡-cultivar profi le of gl iadin electrophoregram composition
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is examined and its potentiaì discussed as a reference spectrum for

inter-laboratory comparisons and to provide automatic cìassification of

gl iadin bands for the purpose of multivariate anaìysis.

GI iadin Electrophoreqram Results

A comparison of electrophoregrams obtained by the two fìatbed PAGE

methods used in this study is shown in Figure 19 for a number of common

spring wheat cultivars. lt is clear that results obtained with the 6

mm horizontal Bushuk and Zillman (1978) apparatus are inferior in

resolution to corresponding gl iadin patterns acquired using a modified

apparatus which incorporates a vertical design with a !0% reduction in

gel slab thickness. The effect is in part related to the shorter

duration of electrophoresis obtained with the thinner gel slab

apparatus. This contributes to improved resolution by minimizing the

effect of band spread i ng, wh i ch i s re I ated to the square root of

migration time (Richards and Lecanidou, 1971; Lunney et al., 1971).

The source of aluminum lactate, which differs in the two

electrophoresis systems, and is known to influence the resolution of

gl iadin electrophoregrams (Lookhart et al., 1982) may also contribute to

the better separations obtained with the vertical PAGE system. The

overal I effect is to increase the number of bands visible in stained

electrophoregrams and thereby potential ly improve the discrimination

power of the electrophoresis test in the computerized cultivar

identi f i cation process.

Gl iadin electrophoregrams, derived by the vertical PAGE system' for

bulk wheatmeal samples of cultivars listed in Tables 4 to 6 are shown in



Figure l!. Gl iadin electrophoregrams of common spring wheat cultivars
l4arquis, Neepawa, Pembina, Glenlea and Lemhi 62 obtained by
6 mm horizontal and J mm vertical PAGE systems'

Pattern Cultivar

Harqu i s
Neepawa
Pemb i na
Glenlea
Lemhi 62

Conditions (a)

Vert i ca I (3 mm ge ì bed th i ckness)
6Z
Aluminum lactate (pH 3..|),
source - Fluka Chemical CorP.
4 hr.
Coomassie Blue

Conditions (b)

1

2

3
l+

5

Apparatus :

Polyacryìamide gel :

Buffer :

Electrophoresi s time:
Protein stain :

Apparatus :

Polyacrylamide gel :

Buffer :

Electrophoresis time:
Protein stain :

Horizontal (6 mm gel bed thickness)
6Z
Aluminum lactate (pH 3..|),
source - R0 I C Chemi cal CorP.
6 hr.
Coomassie Blue
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Figures 20 to 34. ln each figure, the two unnumbered flanking

el ectrophoret ic patterns are f or the ref erence cu lt ivar l'larqu i s, wh i le

the unnumbered center pattern is for the electrophoregram of reference

cultivar Neepawa. These PAGE resuìts represent one of an average of

three repl icate sets of gl iadin electrophoregrams used to establ ish the

cuìtivar identif ication data base.

This data base, represented as cultivar formula arrays (Zilìman and

Bushuk, 197Ð, i s presented in computer-generated Tables l0 to 12.

Calculated gliadin band mobilities, plotted as shown, are correct to 0.1

Rm units which represents a significant improvement in precision

compared to previously reported catalogs of gl iadin eìectrophoregram

data (Z¡llman and Bushuk, 1979; Jones et al., .|982). The use of this

highly resolved scale is warranted by the low level of uncertainty in

determining relative mobi I ities by the multiple reference band technique

to be described in a fol lowing section.

Apart from aspects related to resolution and precision, differences

in band relative mobi ì ity were observed in both low and high mobi I ity

zones compared to the above cited catalogs of gl iadin electrophoregram

data. The effect can be seen in Figure 1l as electrophoregrams obtained

using two different apparatuses, but simi lar polyacrylamide geì and

buffer recipes, fail to align along their entire Iengths. This resuìt is

not unexpected as Autran et al. (197Ð have observed that apparatus

design was a factor in explaining varying relative mobi I ities in

d i fferent el ectrophores i s systems.

, The sl ightly different range of relative mobi ì ities associated with

the present extensive set of electrophoregram data has no influence upon
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the performance of the wheat cultivar identification system, as each

laboratory must appìy its own set of reference cultivar PAGE patterns as

the reìevant data base in accordance with its needs. The problem of

inter-laboratory comparison and/or uti I ¡zation of gl iadin

electrophoregrams is dealt with in greater detai ì in Appendix D where a

cal ibration formuìa, derived by regression analysis, is presented as the

means to accuratel y cross-reference between computer i zed cataìogs of

eì ectrophoregram data.



Figure 20. Gl iadin electrophoregrams of common spring wheat cultivars
(nos. I to I in Table 4) represented in the data base.

Pattern Cultivar

Earìy Red Fife
Garnet
P i oneer
Prel ude
Preston
Red Fife
Ruby
Acad i a

Conditions:

l
2

3
4

5
6

7
I

Polyacryìamide gel:
Buffer :

Protein stain :

6Z
Al umi num I actate (pH 3. l)
Coomassie Bìue
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Figure 21. Gl iadin electrophoregrams of common spring wheat cuìtivars
(nos. 9 to lJ in Table A) represented in the data base'

Pattern Cul t ivar

9
l0
ll
12
r3
ì4
16
17

Apex
Canus
Cer es
Coronation I I

Lake
tee
Redman
Regent

Conditions:

Polyacryìamide gel: 6Z

Buffer : Aluminum ìactate
Protein stain : Coomassie Blue

(pH 3. 1)
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Figure 22. Gl iadin electrophoregrams of common spring wheat cultivars
(ncs. 18 to 26 in Table 4) represented in the data base.

Pattern Cul t ivar

l8 Rel íance
ì 9 Renfrew
20 Renown
2l Reward
22 Selkirk
23 Beni to
2\ Canthatch
25 Col umbus (aw37¡
26 Col umbus (eW55¡

Conditions:

Poìyacrylamide geì:
Buffer :

Protein stain :

6Z
Aluminum lactate (pH 3..|)
Coomassie Blue
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F i gure 2J. Gl iadin electrophoregrams of common spring wheat cultivars
(nos. 27 lo 35 in Table 4) represented in the data base.

Pattern Cuì tivar

27
28
2g
3r
32
33
3\
35

Katepwa
Han i tou
Napayo
Park
Pemb i na
Saunder s
S i nton
Tha tcher

Conditions:

Poìyacrylamide gel:
Buffer :

Protein stain :

6Z
Aluminum ìactate (pH 3.1)
Coomassie Blue
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h I gure ¿4 Gl iadin electrophoregrams of common spring wheat cultívars
(nos. 36 to 42 in Table 4) represented in the data base.

Pattern Cultivar

36 Canuck
37 Chester
38 Ch i nook
39 Cypress
40 teader
llì Rescue
\2 Alex

Conditions:

Polyacrylamide gel: 6Z
Buffer : Aluminum lactate (PH

Protein stain : Coomassie Blue
3. 1)
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Figure 2!. Gì iadin electrophoregrams of common spring wheat cuìtivars
(nos.43 to 50 in Table l+) represented in the data base.

Pattern Cultivar

43 Butte
44 Chris
\5 Coteau
\6 Era
l+7 Len
48 Olaf
\9 Poì k
50 Waldron

Conditions:

Polyacrylamide gel:
Buffer :

Protein stain :

62
A I um i num I actate (pH 3. I )

Coomassie Blue
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^/I tgure ¿b. Gl iadin electrophoregrams of common spring wheat cultivars
(nos. 5l to 58 in Table l+) represented in the data base.

Pattern Cul tivar

5l Bishop
52 Concorde
53 Dundas
5\ Glenlea
55 Huron
56 Kota
57 Laval 19

58 lili lron

Conditions:

Poì yacry I ami de gel : 6Z
Buffer : Aluminum lactate (PH

Protein stain : Coomassie Bìue
3.t)



r4r

51 5? 53 5{ 55 56 57 58

, 

- 

*--¡) H s*; b-"æ *

?é,,Ìèì¡:j.f.r-¡t1iå

:

ry
:]..,..,t:.:.,).:']]::ì,.,::

;

W
W
:tlit:ï

.

¡î;1iiÈï.¡$

-.':,...,'..,.:..,.,.i ,

ffi
ffiffi
ffiffiffi
W

.. I' i ìrl: I 
. I ll ì ì

iW
,¡.$

.:::Íiì¿**'l:!
îI4ffiHi.

iiiiite;¡

ffi
W

:iá!¡ùìiiè

ìe$.i..@i ,1
.........
VTN'
-d##e ;;ffiffi..."r l|ffi3ffi

w
.M
:W

:l::riì!,!',¡,l.T.i

,&ffi
i:: . i.:.. r. l

-

:::i:.:ìL:::-:ì.ì:i:i:ìì:

.

'1: .. ..r. I

,:f¡r!!BT,Pl

:.:,r.r..'''l]]. ìtr::ì

W
M

Èw**,
-orÀ.".., -

rl.:rtt.:,:1.:t 
_

,W r."'.:.
.ì . ::.

È|.::::ìi'::1,i::;ri!

- ,..:.. .'

'.



tigure 2J. Gl iadin eìectrophoregrams of common spring wheat cultivars
(nos. 59 to 65 in Tabìe 4) represented in the data base'

Pattern Cultivar

59 Norquay
6o Opa I

6l p¡tic 6z
62 Red Bobs 222
6l ut-1 632-P
6\ Ul{ 68¡+-Q
65 Vernon

Conditions:

Polyacrylamide gel: 62
Buffer : Aluminum lactate (PH 3.1)
Protein stain : Coomassie Blue
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Figure 28. Gl iadin electrophoregrams of common spring wheat cultivars
(nos. 66 to 7Z in Table 4) represented in the data base.

Pattern Cultivar

66 Cascade
67 Fielder
68 Kenh i

Lemh i 53
Lemh i 62

Quality A

Springfield

Conditions:

69
7o
7l
72

Polyacrylamide gel:
Buffer :
Protein stain :

6Z
Aluminum lactate (pH 3.1)
Coomassie Blue
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F i gure 2!. Gl iadin electrophoregrams of common winter wheat cultivars
(nos. 73 to 80 in Tabìe 5) represented in the data base.

Pattern Cul tivar

73 Kharkov 22 l .C.
7\ Lennox
7 5 l'lonopo I
76 Norstar
77 Ridir
78 Sundance
79 Valor
80 Vuka

Conditions:

Polyacrylamide gel: 6Z
Buffer : Aluminum lactate (PH 3..l)
Protein stain : Coomassie Blue
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F i gure J0. Gl iadin electrophoregrams of common winter wheat cuìtivars
(nos. 8l to 88 in Table 5) represented in the data base.

Pattern Cul tivar

81 Wasatch
82 Westmont
8¡ wi nal ta
84 Yogo
8S Corneì I 595
86 Dawbul
87 Dawson's Gol den Chaff
88 Favor

Conditions:

Polyacrylamide gel: 6Z
Buffer : Aluminum lactate (PH 3.1)
Protein stain : Coomassie Bìue
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F igure 31. Gl iadin electrophoregrams of common winter wheat cu'ltivars
(nos. 89 to 96 in Table 5) represented in the data base.

Pattern Cultivar

8g Fredr i ck
90 Ga i nes
9l Genessee
92 Gordon
93 Houser
9\ Jr. No. 6

95 Nuga i nes
96 0.A.c. ro4

Conditions:

Poì yacryl ami de gel :

Buffer :

Protein stain :

6Z
A ì um i num I actate (pH 3. I )

Coomassie Blue
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Figure 12. Gl iadin electrophoregrams of common vrinter wheat cuìtivars
(nos.97 to 104 in Table 5) represented in the data base.

Pattern Cul tivar

97
98
99

100
t0ì
t02
ì03
r04

R i chmond
R i deau
Ta I bot
Yor k s tar
Egypt i an Amber
Fairfield
Jones F i fe
Kent

Conditions:

Polyacrylamide gel: 6Z
Buffer : Aluminum lactate (pH 3. l)
Prote¡n sta¡n : Coomassie Blue
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F igure JJ. Gl iadin eìectrophoregrams of common winter
cultivars (nos. .l05 to 106 in Table 5, nos.
Table 6) represented in the data base.

and durum wheat
107 to ll2 in

Pattern Cul tivar

t05
t06
t07
r08
109
I l0
lil
I t2

Sun
Thorne
Car I eton
Cou I ter
Goldenbal I

Hercu I es
l,lacoun
Hedora

Conditions:

Poìyacrylamide gel:
Buffer :
Protein stain :

6Z
Aluminum lactate (pH 3..|)
Coomassie Blue
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Figure 14. Gl iadin electrophoregrams of durum wheat cultivars (nos.
llJ to .l20 in Table 6) represented in the data base.

Pattern Cuìtivar

il3
I 14

I ì5
I 16
I t7
I t8
I t9
120

Itl i ndum
Nugget
Pel issier
Ramsey
unknown
Stewart 6J
l,lakooma
llascana

Condítions:

Polyacrylamide gel:
Buffer :
Protein stain :

/o,
þ,ó

Aluminum lactate (pH 3.1)
Coomassie Blue
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TÊBLE1O. CULTIVRB FÛRMULRS OF CÚMMON SPBING hIHEÊTS BRSED ON GLIRDIN ELECTROPHTREGRRMS
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TÊBLE I2. CULTIVRR FÚRl'4ULRS gF DUBUl.4 hIHERTS BRSED ON GLIRDIN ELECTROPHÚBEGBÊMS

RELFTIVE ELECTBÚPHCIBETIC MÚBILITY
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Computer Acquisition of Gliadin Band l'liqration Distances

Electrophoretic pattern migration distance data from I x lO inch

format photographic prints (e.S. Figures 20-3\) were acquired in a

semi-automatic fashion by means of a digitizing tabìetr which computed

and fed the values directìy into a computer file thus obviating the need

to manual ìy transcribe the data. Each positive print was taped secureìy

to the surface of the tablet and three paraììel ìines were drawn across

the print in order to join homologous reference bands in the flanking

(cv. t'Tarquis) and centre (cv. Neepawa) standard eìectrophoretic patterns

(refer to foìlowing section). These lines were used as guides to mark

the equivalent positions of reference band migration distances in sample

e I ectrophoregrams .

The first step in the digitization process for a given

electrophoregram involved the definition of position coordinates for the

origin. An instrument protocol was invoked to compute distances (as

opposed to area measurements for example). A hand held cursor, partly

comprised of electronical ly wired crosshairs enclosed between tv'ro

circular glass lenses, was placed over the leading edge of the centre of

the slot and a button on the cursor was depressed to digitize the point.

Subsequentìy, each band in the electrophoregram was visuaì ly identified

and digitized in rapid succession. The ì ist was finished by digitizing

the equivalent positions for gl iadin reference bands in the pattern.

For each cultivar in Tables 4-6, the acquisition of bánd migration

rThe dig¡tizing tabìet was a Talos model 648 with a

I i nes per i nch, and accuracy of +0.005 i nches
I i nes/mm, t0.013 mm) .

resolution of 1000
(approx imatel y 39
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distances was considered complete when values for al I repl icate

el ectrophoregrams (typi cal I y 2-Ð were col I ected i nto the cul t ivarrs

data fi le (refer to Appendix B for exampìe).

Appì ication of the digitizer to guantify band migration distances

(and hence reìative mobi I ities) substantiaì ly minimizes the tedium and

transcription errors that would otherwise be involved with the manual

measurement of the data by means of a ruìer or microcomparator. Sti I I

problematic however, are decisions concerning the incìusion of very

faint bands in cultivar formulas (i.e. density=.|, in Tables l0-12) and

the interpretation of overlapping bands as one or two cìosely contiguous

components. The capab i I i ty of survey i ng an average of three repl i cate

PAGE patterns per cul tivär sample wäs an advantage in minimizing the

subjectivity of identifying marginaì bands. ln the program logic for

cultivar identification (to be discussed), the uncertainty of very faint

bands is taken into account to prevent their having a disproportionate

influence on cultivar rankings.

Appl ication of Hul tiple Reference Bands to Compute Relative llobilities

ln order to improve the day to day reproducib¡ I ¡ty of relative

mobi I ities used for comparative analysis of gl iadin electrophoregrams,

as well as to increase overall data base accuracy, the number of

reference proteins was increased to three from the single reference band

approach proposed by Bushuk and Zi I lman (1978). The two additional or

secondary reference bands are des i gnated as rrR24rr and "R79" based upon

their respective mob¡lit¡es relative to the primary reference, lvlarquis

band rrR50" (see below). These PAGE reference components are indicated
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in the electrophoregrams of cvs. I'tarquis and Neepawa (Figure 35), which

were empìoyed as standard patterns for every PAGE run (e.S. F igures

20-3À). As with gliadin R50, bands R24 and R79 were found to be common

gliadin components among the population of more than 120 wheat cultivars

that was stud i ed.

Before these secondary reference bands could be incorporated into

the algorithm used to normal ize migration distance data, an accurate

determination of their relative mobi ì ities was required. Relative

mobi l ities for gl iadins R24 and R79 in cvs. Harquis and Neepawa were

establ ished reìative to band R50 fol lowing the method of Bushuk and

Zi ì lman (1978). Results of these calculations are presented in Table

13, and show no significant difference in relative mobi I ity for

corresponding bands in eìectrophoregrams of f,larquis and Neepawa.0n this

basis, gl iadin reference bands R24 and R/! were assigned mean relative

mobi I ity (Rm) vaìues of 23.88 and 78.95 respectively.

The relationships used to compute relative mobi ì ities by multiple

reference bands are given in Table 14. The expression which is invoked

to make the calculation (equation 1,3,6 or 7) is contingent upon the

position of a gl iadin band in the electrophoregram field. Thus the

influence of a reference protein in determining the relative mobility of

a gliadin band depends on the proximity of the former to the latter.

The process begins by dividing each electrophoregram into four

mobi I ity zones partitioned along the boundaries formed by the three

internal reference proteins (refer to bottom of Table 14). An initial

estimate of relative mobi I ity is obtained by applying Bushuk and

Zillmanrs formula (equation 2). lf the value returned by Ri (x) is less



F i gure 35. Standard gl iadin reference bands: R24,
e I ectrophoregrams of cu I t ivars l'larqu i s
used to compute relative mob¡ìities for
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TABLE I 3

Comparison of relative mobilities in cuìtivars Harquis and Neepawa
for reference gl iadin bands R24 and R79 calculated relative to

l,larqu is band 50

Reference band
Number of

observat i ons
l'lean relative

I'lobility
S tanda rd
deviation

llarqu is R2À
Neepawa R24

7

3

4
6

23.90
23.85

0.21
0.22

flarqu i s R79
Neepawa R79

7

3

4
6

78.96
78 .94

0 .87
0.80

than 23.88 t¡ren the computed relative mobility becomes soìely a function

of the position of the low mobility reference protein according to

equation l. Similarly if Ri (x) returns a value greater than 78.95, then

band mobility is computed relatively to the position of reference

protein R79 according to equation 3.

lf a gl iadin component migrates within the range of the reference

bands, ê.9. in the zone between R24 and R50, then reìative mobility is

calculated by summing the weighted contributions of equations I and 2

using equation 6. The weighting function l¡ (x) for the latter is given

by equation 4. Likewise, if a gl iadin band is bounded by reference

proteins R50 and R/!, then equation / is appl ied to compute relative

mobility using the weighting function hi (x) defined by equation 5.

Theweighting functions l¡(x) and tr¡(x), ttithin their respective

ranges, can vary between 0 and l, and are equal to 0 or I at the

reference protein boundaries. Thus, as the mobi I ity of a gl iadin
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rxi = migration distance of ith gìiadin band.

component nears that of a reference protein, the contribution of the

more di stant counterpart reference band to the computed relative

mobi I i ty decl ines. For example, ¡f a gl iadin band approaches the

mobi I i ty of reference band R5O from a higher or lower mobi I i ty,

eguations 6 and 7 wi I I gradual ly assume the same identity; at

ni (x)=50.0, the contributions of qi (x) and Si (x) disappear. Simi larly,

TABLE I 4

Relationships used to compute relative mobi ì ities by multiple
reference bands

XI
l4obility relative
to reference band R24

qi (x) 23.88' (t)
xR24

XI
lvlob i I i ty re I at ive to
reference band R50

Ri(x) :i !0 .00 (2)

xR50

xi
Hobility relative to
reference band R79

Si(x) r, 78.95 (3)

l,/eighting function
for gl iadin bands
between R24 and R!0

XR79

n i (x) -23.88
li(x) (4)

Weighting function
for gl iadin bands
between R50 and R79

50 . oo-23 .88

Ri (x) -50.00
hi(x) (5)

78.95-50 . oo

Eva I uate [tl i=R ¡ (x) ] Computed relative mobi I i tY

if
23.88 <

50.00 <

1,1

l,f

t4

t4

23.
50.
78.

88
00
95

t4i
t4i
l'1 i

t4i

=Q
=t=t
=$

¡ (x)
l-li (x)
l-hi(x)
i (x)

lQi
lRi

(x
(x

+
+

I

h

(x)
(x)

R

s
I

i

X

X

6

7

78.95
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the pair of equations I and 6 and equations 3 and / converge in identity

for gl iadin bands which migrate with veìocities approaching

respectiveìy, the low and high mobility reference proteins.

Due to the moderate compl ex i ty of the rel at i onsh i ps descr i bed

above, the task of normal izing migration distance data to reìative

mobil ities was implemented by means of a computer program (STATI^JT3).

Ar¡thmetic mean and standard deviations are generated as program output

for each gl iadin band along with the mean cultivar signature arraY

(refer to Appendix B for examPìe).

Precision of Determination of Relative l,lobilities

A comparison of the singìe (REFI) and multiple reference band

(Rff3¡ techniques on the precision of relative mobi I ity results for

cultivar Neepawa is given in Tabìe 15. Corresponding pìots of standard

deviations (SD) and coefficient of variability (CV) as a function of

mobi I ity are shown ín Figure J6. Statistical analysis of the two Rm

measurement procedures was based on a common set of lJ replicates of raw

migration distance data including l4arquis reference band !0 positions

used in the respective formulas of the REFI and REF3 methods.

The pìotted data in Figure J6 shows that the uncertainty (standard

deviation) in the calculation of relative mobi ì ity using either approach

is not constant, but varies with the position of a gliadin band in the

electrophoregram field, reaching minima in the vicinity of reference

band posit¡ons. Not surprisingly the size of reìative errors (CV¡s) is

proportional to the distance of a gl iadin band from its closest

reference protein. This is ¡ndicated most clearly for the single
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TABLE I5

Relative mobi I i ties, standard deviations, coefficient of
variabilit¡es and F-ratios for gliadin bands of cv. Neepawa based

on single and muìtiple reference band methods

REF I
Rm

procedur e
SD CV

REF3
Rm

procedu r e
SD CV F-ratio

12.o3
15.ìì
17 .2i
18.27
20.53
21.90
22.\5
23.80
26.36
27 .71
29. t9
30.4 r

31.76
37.ì0

o.2\
0.28
0.29
0.2\
o.25
o.25
0.25
0,23
0 .21
0.21

I
l
I

I

I

ì
I
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
I

98
84
6l
3r

12.07
15 .16
17 .26
t8.34
20 .60
2r.98
22.53
23.89
26.4\
27 .79
29.27
30.49
3t.84
37.17
38.29
\3.70

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.13

.15

.13

.il

.07

.07

.07

.03

.03

.04

I

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

..l0

.98
3

3
4
4

.20r<

.53t,

.67x:,77

.20

. t6

.12

.59

.3\

.30

.29

.ll

.13

.16

.2\

.27
,26
.21
.20
.r9
.ll
.12
.07
.lt
,12
.08
.ll
.14
.tB
.20
.22
.22
.20
.20
.t8
.14
.06
.r3
.r3
.12
.21

ll.
15.

85
96
t6

0. 9
5
5
3

96
8l
76
66 o7

l!.0ìfc:'<
79 '34x¡.
39.79r,x
22.92!().
7.29:,x
3'38r'
3.49r'
2.59
2.25
1 .72
3. l5,t
1.36
t.03
1 .37
I .93
6 . lgfr¡'<
4 .82rc*r

3.9 ì ,l
,la.lQ:trt

5 .91+r,tt

5.\3xx
6.33xt

ì 0. /!fcfc
I 3.41 ¡'t*
I 7 .60rc¡t
32.75;*rt

2J 1 .99xx
55.69tnr
58. l8¡trt
65.z9xrr
26.o7xx

0. .50
.48
.35
.30
.25
.20
.14
.07
.12
.17
. r9
.2\
.28
.36
.48
.50
.56
.6\
.73
.78
.8¡
.93
.95
.97
.98
.08

.08

.08

.08

.08

.08

0.
0.

38
\3
\5
\7
\9
51
5t+

56
58

))
.66

0. l2
0.tl
0 .09
0 .07
0.03
0 .06
0.09
0.lt
0.t4
0. l7
0.22
0.30
o.32
0.38
0 .46
o.52
0.57
0.62
0.73
o.76
0.79
0.80
0.90

63
75
99
97
27

95
29
36

\5.66
\7 .77
\9.99
5t.98
5\.30
56.99
58.3t+

05
06

59. 59.\2
6t.82
63.78
6\.39
6l .gg
70.76
72.33
73.61
75.0\
78.9\
80.47
8r.24
82.07
83.6 t

.03

.06

.07

.04

.06

.08

.ll61.75
63.70
64.30
67 .88
7o.62
72.18
7 3.\\
7\.87
78.72
80.24
8r.or
8t.83
83.36

2
4

5
4
I+

4
.il
.01+

. t0

.10

.t0

. r8

¡t S ign if icance at the 5?
:ï:t $ignif icance at the 1Z

I evel .

level.



Figure J6. Standard deviation and coefficient of variability as a

function of gl iadin band relative electrophoretic mobi I ity
calculated for cv. Neepawa data using one and three
reference band methods.

Standard deviation
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reference band CV curve which varies in a symmetrical fashion about

Rm=50. The likely source of this error relates to localized variations

in gel buffer composition, PH,' voltage and temperature which arise

during the course of the electrophoresis period. The only time in fact

when the gel is truìy a homogeneous medium is before the run begins.

Clearìy then, the greater the number of reference bands appl ied across

the gel in determining reìative mobi I ities, the more the effects of

these sources of error wi I ì be minimized.

As previousìy discussed, low and high mobility reference bands R24

and R79 have a decreasing infìuence on the calcuìation of relative

mobi I ities for gl iadin components with migration velocities approaching

the intermediate reference band R50. The effect is reflected in the SD

curves shown in Figure 36 which converge in the neighborhood of Rm=50,

but become increasingly disparate as the distance between a gliadin band

and reference band R50 increases. Differences in precision are most

marked in the region of high mobility components where the uncertainty

in Rm measurements by the single reference band procedure is at its

maximum (SO=0.9¡. This value is simi lar to those reported elsewhere

(Caldwell and Kasarda, .|978; Lookhart et al., 1983) for gìiadin PAGE

components with high relative mobiìities.

The F-ratios given in Table 15 support what is graphically apparent

in Figure 36 that a highly significant difference exists in the

precision between the two sets of data (with the exception of gl iadin

bands possessing intermediate mobilities). lt can be therefore

concluded that variability in Rm values is stabilized at a significantìy

lower level using the REFJ procedure, with mean CVrs for the REF3 and
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REFI method at 0.2 and 0./ respectively. This reflects the fact that the

average uncertainty in the measurement of relative mobi I i ties by the

REt I procedure i s more than three t imes greater than by mul ti pl e

reference bands (mean S0ts: 0.3ì versus O.O9 respectively).

Significant differences notwithstanding, these low vaìues suggest

that both procedures are relativeìy efficient in generating reproducible

Rm values. The question may be asked, what leveì of precision is

required of the cultivar identification process. As wi I I be described

in the fol lowing section, the latter involves matching an unknown or

sample electrophoregram w¡th al I reference PAGE patterns encoded in the

data base taken one at a time. For each pairwise comparison, assessments

of gl iadin band identity are inferred by comparing recorded relative

mobi I ities t threshold" This threshold must be set wide enough to

accept "trulyrrhomologous protein components, but not so wide that

mismatches result between different protein species.

The problem is a clasSical one of minimizing both so-called type I

and type ll errorsr when the null hypothesis is that no significant

difference exists between Rmrs of compared bands. t'l¡nimizing type I

error can be achieved with relative ease by seìecting a threshold value

not I ess than the 952 conf idence I imi t (952 CL) , wh ich f or rrnrr

determinations of mean Rm is g¡ven as

95lcL-tt.os{so2¡n

tT)rpe I crror refers to the rcJection of true gliadln band ldentity.
Type ll error is the acceptance of false glladln band ldentity.
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where t.95 is the.critical value of Student's t on (n-l) degrees of

freedom. Unfortunately the size of this threshold may confl ict with the

ability to detect the alternative hypothesis when it is true (i.e.

minimizing type I I error). Some workers have avoided deaìing with this

intractable problem by not including contributions from non-matching

bands in their cuìtivar identificat¡on strategy (Lookhart et al., ì983).

lronically only differences between proteins may be detected with

certainty by electroPhoresi s.

ln this regard, the ¡mportant parameter is the distance between

contiguous different gl iadin components in compared PAGE patterns. For

electrophoregrams run on the same gel slabo direct evidence suggests

that this distance can be as small as one-half a mobiìity unit' By

applying the above formula using three replicates as the basis, it can

be determined that in order to detect a difference of 0.! Rm units, in

addition to having a 952 confidence that mean mobiìities for identical

bands in compared patterns lie within th¡s intervalo requires that

standard errors (SE) be less than 0..l2 Rm units'

The data in Table l6 indicates that this level of precision is well

within the I imits of error for relative mobi I ities calculated by

mult¡ple reference bands. By the single reference band approach however'

only for bands possessing mobi I ities less than 50, does the average

uncertainty and therefore 95T CL (O.fl) approach a value similar to

counterpart data of the REF3 method where 0.4! represents a maximum. The

latter was used as the guideline in setting the difference threshold

(LSD) of 0.5 Rm units in numerous examples of program output for the

cultivar identification system to be described later.
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TABLE ì 6

Standard errors and 95% Confidence limits for Rm measurements by

single and muìtiple reference band methods based on three
determinations

REF 1 procedure REF3 procedure

SE S E 95?6 cL sE 952 cL

max r mum

average
0.52
0.ì8
0.ll
0.25

2.2\
0.77
O.t+7
1.09

0. l0
0 .05
0 .05
0 .06

o.\5
o.22
o.22
o.25

Rm

Rm

5o
50

Thus high precision becomes the cri tical factor if rel iable results

are to be expected when using relative mob¡l¡t¡es to infer the identity

of gl iadin bands run on different gels. Whi le an increase in sample

size by replication will result in a narrowing of confidence limits'r

this is general ly not a practical soìution when due consideration is

given to the time, labor and cost associated with performing the

electrophoresis test on a large number of samples. Accordingly'

catalogs of gl iadin PAGE data for cultivar identification incorporating

few replicates are typical (e.s. N=2, Jones et al., 1982i N=I, Zillman

and Bushuk, lg7Ð. As will be shown later, when the average uncertainty

in relative mobilities for an entire population of cultivars is at a

minimum (e.g. 0.lO or less), improved estimates of gliadin heterogeneity

rBased upon average uncertainties in the determination of relative
mobi I i ties by the REF3 and REFI methods, the latter requi res about l0
replications to obtain the equivalent level of precision achieved by the
REF3 method us i ng three repl i cates.
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can be real ized from one-dimensional electrophoretic data.

Caìculation of ectro hor Pattern Homoloqv

The procedure of cultivar identification developed in this study

compares an unknown or sampìe electrophoregram wi th al I reference

patterns encoded in the data base taken one at a time, to obtain a

measure used to assess the degree of matching. As such, the process is

simi lar in concept to the identification by matching strategy described

by Pankhurst (1975), but does not depend upon an a priori classification

of gliadin bands into an attribute list or character set, as this can

involve some simpì if ication and interpretation (l{rigley, .l980) and is

otherwise time consuming. The problem of cìassification wi I ì be dealt

with in a following section.

Rm and density vaìues for each protein band in a gìiadín

el ectrophoregram are treated as cont i nuous var i abl es, where Rm

represents the primary feature parameter in the assessment of overal I

simi larity in protein composition for two electrophoregrams' The latter

is expressed by a score termed percent pattern homology (ZPH) and

cultivars in the data base are ultimately ranked on this basis' For

each comparison involving the unknown and a reference cultivar, the pair

of electrophoregrams are scanned from low to high mobility to ass.ess the

extent of pattern homology. lilatching gliadin bands are tal I ied if the

numerical differences in both their Rm and density parameter values fall

within prescribed threshold levels. The least significant difference in

Rm is programmabìe in increments of O.l relative mobi I ity units (Rt4U)

and can be set in accord with the uncertainty in Rm measurements. For
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the present study, this threshold was fixed at 0.5 Rl4U which corresponds

to the g5Z confidence I imit (df=2) when comparing mean reìative

mobilities with a standard error of *0.10 Rt'lUr. For band densities, a

difference I imit of three units was predefined subjectiveìy as the

minimum criterion to reject matching status for paired PAGE components

which were not significantly different in Rm. Thus for gl iadin bands

sharing only a positional homology, the event was scored as a band

difference (see below) .

Accordingly, the comparative analysis of two electrophoregrams

(denoted below asrrA,' for an unknown andrrBrrfor a reference cultivar)

yieìds four possibìe pattern homology conditions defined by one matching

and three types of non-matching events:

m - pairs of matching bands with respect to both Rm and band

dens i ty parameter va I ues .

j - bands present i n
forward component of

%pn

and is equivalent to the expression:

lThe standard error in mean Rm value
bands from approximately 180 data base
Rl'lU; each Rm value represented the mean

patterns run on separate gels.

cv . rrArr but absent f rom cv. rrBrr , i . e. the
non-match i ng bands.

m x 100
(8)

m + U + k + l)

2

3. k - bands present in cv. rrBrr but absent from cv. rrArr' i.e. the
reverse component of non-matching bands'

4. ¡ - pa i rs of bands wi th match i ng Rm va I ues but possess i ng

significantly different levels in density'

Percent pattern homology was then defined as

averaged for over 7'000 gl iadin
reference PAGE Patterns was 0.073
of approximatelY three rePl icate
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(no. of pairs of matching bands) x 100

%PH =
no. of pairs of matching bands +-no. of different bands

Equation 8 is similar in form to the trsimple matching coef f icient"

described by Sneath and Sokal ('|973) and is a common means to assess the

variation in banding patterns of two geìs (laUizinsky and Hymowitz,

\97Ð .

The above reìationship is quaì itative in the sense that for each

match i ng or non-match i ng event between two eì ectrophoregrams, âll

equivalent score of unity is incremented to the appropriate terms in the

expression. While band density is taken into consideration for gìiadin

bands which match on a mobility basis (i.e. terms m and I in equation

8) , terms j and k are not sensitive to the prote¡n concentration of

non-matching bands which they enumerate. Very faint banCs (density=1¡

for example, which tend to be non-reproducible, would carry the same

weight in the equation as very dense non-matching bands. This lack of

sensitivity was found to limit the discrimination power of the gliadin

electrophoregram to differentiate between cultivars. The expression in

equation I was therefore modified to yield a measure of pattern homology

as a function of the number of gliadin components weighted by their band

density (WBD) vaìues. The general form of this relationship, which is

outwardty simi lar to equation I is

lla, b x 100
o,6PH = (9)

Ha,b* (fa+Rb+Da,b)

The individual terms of equation 9 are summation expressions which are

def i ned as fol I ows:
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m

tla tch ing band comPonent:

Forward non-matchi ng band component: Fa

lla,b I to" + db) i/zvtt
i=1

J

k

| {0") izw,
i=1

I toul izw,Reverse non-matching band component: Rb

i=l
I

Dens i ty non-match i ng band component: Da,b =Iltr"-ob) lilwt
i=l

where da and db represent band densities for the ith band or pair of

bands in cultivars trarr and "b" resPectively, and l'lt is a constant equal

to the average density assignment for gl iadin bands encoded in the data

base.

Cul tivar ldenti f ication System Proqram 0ut I i ne

The identification system is comprised of a set of three programmed

procedures, dedicated to different aspects of the comparat¡ve analysis

problem. The scope of each is outlined below as follows:

Program CVl0 produces a ranking of possible cultivars in a short
I ist arranged in order of decl ining PAGE pattern homology wi th
the unknown electrophoregram. A threshold value for IPH controls
entry into the I ist. Printed output includes the cul tivar name'
pedigree, attribute sunmary and tabulation by number of matching
and non-matching bands for each ranked pairwise comparison. Also
included is the distribution of forward and reverse comPonents of
non-matching bands, âs well as the number of bands that differ
significantly on a density basis alone.

Programs l0H0t,l and l0PL0T combine to produce a graphic analysis
of electrophoregram cofltPosition for cultivars specified in the
list generated by program CVl0. For each pairwise cornparison of
cultivar PAGE data bctween the unknown and data base member'
IDHO|{ ldcntifies gliadin bands by moblllty and dcnsity which
contr lbute to match i ng or non-match i ng states of pattêrn
homology. The printout gives a detailcd surmary of results on

standard forms. Program l0PL0T uses as lnput the numerical data

2
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derived from the lDH0¡4 routine. The cuìtivar formula cataloguing
format of Zillman and Bushuk (.|979) was adapted to visualize the
gliadin electrophoregram composition of matching and non-matching
bands which are respectively isolated in separate plots for the
I i st of ranked cul t i vars.

Program CV|4AP computes the minimum number of gliadin bands that
must be deì eted from the unknown and each reference
electrophoregram in the data base, in order to yieìd patterns of
identical composition. The printout is a frequency distribution
which pìots each cultivarrs data base identification number and

homoìogy score against the value of the continuous variable i.e'
tota ì number of compos ¡ t i on d i fferences wi th the unknown

electrophoregram. The result assists in evaluating the uniqueness
of the ìatter and identifies cuìtivars lying at the margins of
the distribution which are of cjiverse genotype

ln addition to these programs of the cultivar identification

system, the comparative analysi s process can be focused on selected

pai rs of el ectrophoregrams to produce numer i caì hard data (H0t40L0GY2)

and graphics (H0|,1PLOT2) for two cultivars of special interest' The

above cited software, with the excìusion of plotting programs IDPLOT and

HOltpLOT2, were written in FoRTRAN lV language using standard data items

wi th the except i on that character type var i abl es and arrays were

included in the source. As such, these programs must be compiled under

WATF lV or eguivaìent compi lers which can translate the character data

type. The plott¡ng programs IDPLOT and H0t'lPL0T2 were developed in

FORTRAN but also incorporate several subroutines of CALC0¡4Pr Basic

Software to produce results on a Versatec Dt200A matrix pìotter. These

programs were compiled under FORTX. Alì programs were tested on an lBt4

\70, and Amdah | \70/580 computers and as i s common wi th al I

instal ìations, the only major machine dependencies are in the input and

output rout i nes.

3

rCalifornia Computer Products, 24ll West La Palma, Anaheim, California'
92801.
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Cultivar ldentif ication Prin ts and Pattern Homoloqv Analysis Plots
fpt Cv. Neepawa

To illustrate the performance of the cultivar identification

system, the signature array encoding the gliadin electrophoregram for

the Canadian hard red spring wheat cv. Neepawa (refer to Figure 8) was

selected to represent an unknown sample. The ful ì complement of

computer printouts and graphic analysis plots are shown in Figures 37 lo

39.

The summary report produced by program CVID (figure 37) represents

a short list of cultivars ranked in order of decreasing weighted percent

pattern homoìogy (ZPH) according to the formula given previously

(equation 9, p. l8l). At the head of the output are several lines which

specify the various free parameters chosen for the program run. As

indicated, 55ZPH was selected as the cutoff value for cuìtivar entry

into the short ì ist ranking. This I imit in combination with specified

difference thresholds for gl iadin band identity (i.e. <0.5 Rm units' <l

density units), typically resulted in the ranking of ìO? to 202 of the

primary population (excluding biotypes) of 122 common spring, winter and

durum wheat reference cultivars in the data base'

The top ranked cultivar in Figure 37 shows that the identification

program has been successful in precisely matching the input PAGE pattern

for cv. Neepawa with its data base counterpart. Succeeding ?pH values

indicate further that the Neepawa electrophoregram is very simi lar in

composition to band patterns of a group of seven cultivars which have

been isolated with high Ievels of pattern homology (>90%). The influence

of common genetic background has largely contributed to this result as

all eight cultivars are dominated by cv. Thatcher or related genotypes



Figure 37. Cultivar identification ranking program resuìt
cv. NeePawa.
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in their pedigrees. Not surprisingìy these cuìtivars all share common

class attributes as hard red spring bread wheats of excel lent mi I I ing

and baking qual ity (refer to Table I for definitions of "CLASS/IYPE"

qual ity codes) .

Apart from providing cuìtivar names, ZPH scores, class attributes

and pedigrees, the cultivar identification printout includes an

extensive tabulation of the distribution of matching and non'matching

bands for compared electrophoregrams. This data shows that as cultivars

become further removed in identity with the Neepawa gl iadin PAGE

pattern, band differences (weighted or not) accumulate at about twice

the rate at which the number of matching bands fall. This result is

expìained by the fact that for any pairwise comparison of PAGE data'

positional differences accrue from two sources, i.e. gl iadin bands in

one pattern which fai I to match wi th i ts counterpart' and vice versa'

Clearly then, differences as opposed to similarities' represent a much

more sensitive scaìe for discrimination. When both parameters are

combined in the form given by equation ! (refer to page l8l) a sensitive

relative measure of electrophoretic pattern resemblance is obtained

which ful ly quantifies the heterogeneity of gl iadin band patterns for

the purposes of comparative analysis.

As d i scussed prev ious I y, the "unh,e i ghted'r vers i.on of th i s

relationship (equation 8, Page l80) is qualitative in the sense that for

each match ¡ ng or non-match i ng event between two compared

electrophoregrams a unit value is incremented to appropriate terms of

the formuìa. lmpl icit in this accounting is the assumpt¡on that band

densities are evenly distributed among matching and non-matching bands'



188

There appears to be no apriori reason why this should Þe so, especially

considering that very faint bands (density=¡) represent a common but

most uncerta i n attr ¡ bute for e.l ectrophoregrams i n the present or any

other data base (Jones et al ., 1982) . Left uncorrected, fai nt band

disagreements would have a disproportionate influence on cultivar

rankings as measures of cuìtivar resemblance wouìd most probably be

underest i mated .

The number and weighting by band density (WBD) counts shown in

Figure J/ (and other cuìtivar ranking printouts) provide strong evidence

of an existing bias in the densities of non-matching bands as well as

matching components in the electrophoregrams of ranked cultivars. This

bias is manifested by states of higher than average densities for

match i ng bands and/or I ower than average val ues for non-match i ng

components. The second of these is plainìy shown in the pìot of

non-matching gl iadin bands (Figure 380) and suggests that some

uncertainty exists in differentiating Neepawa from cultivars with

pattern homology scores greater than 95%. Fortunately' the need to

discriminate amongst these 
¡losely 

related genotypes has no present

commercial relevance as they all possess similar functional quality

characteristics.

The electrophoregram cultivar formula plots shown in Figures

38(A-D) were produced by program lDPL0T, and provide the necessary

graphics to evaluate the computed cultivar identification end resuìt

tabulated in Figure 37. The performance level of this comparative

analysis process is i I lustrated with striking detai I in the plot of

cultivar formulas for isolated matching bands (figure 388) which clearly



Figure 38. Cultivar identification pattern homology analysis
plots for cv. NeePawa.
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identifies common bands simi lar in density or otherwise' among cv.

Neepawa and the list of ranked cultivars prepared by program cvlD.

The third and final program eìement of the cultivar identification

system developed in this study computes the frequency distribution of

positional differences between the gliadin electrophoregram of an input

cul tivar and counterpart patterns i n the data base. For each pai rwi se

comparison, the independent positional difference variable includes both

forward and reverse components of non-matching bands as weìl as bartds

significantly different on a density basis aìone. The removal of these

differences wi I I accordingly yield electrophoregrams of identical

compos i t ion. Th i s strategy impl emented by program CVI'IAP ef f ect ivel y

complements anaìysis results shown previously by using a different

criterion for ranking, as well as providing an output representation

which is extended to include the entire cultivar population of common

and durum wheats, in which each member is expl icitly identified'

Typicaì results are illustrated in Figures 394 and 398 which show

frequency distributions for weighted and unweighted positional

differences respectively, between the Neepawa electrophoregram and 122

reference cultivars designated by their data base identification numbers

(DBIN's¡ refer to Tabìes l0 to 12 for a complete listing) and ?PH scores

i n parentheses.

Each di fference di str ibution termed a I'cul tivar di stance map"

(CVHAP) shows a wide gap or genotypic distance separating cv. Neepawa

(DBIN=56) from the bulk of the data base population. Cultivars which

are re'latively distinct in electrophoregram composition by theii"

simi larity with the Neepawa pattern are dispersed in the upper part of



Figure 39. Cultivar identification distance maps for cv. Neepawa.

A

B

Positional
Positional

d i f f erences lÁre ighted by band dens i ty.
differences not weighted by band density.
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the CVl,lAP distribution. Not unexpectedly, this group is exclusiveìy

comprised of cultivars (framed) listed in the CVID program ranking

rest¡lt given in Figure 37.

The high ìevel of pattern homology which exists between Neepawa and

seven of these cultivars is shown to be more clearly refìected in the

we i ghted CVI{AP resu I t (F i gure 394) where they are better i sol ated and

are clustered within a tighter band difference range than in the

counterpart distribution shown in Figure 398. Horeover, the weighted

analysis makes a further distinction among the l0 remaining cultivars in

the ranked sub-population by isolating cvs. Canuck, Leader and Era

(DBIN's 63, 78 and 88, respectively). Both Canuck and Leader are sawfly

res i stant Canad i an hard red spr i ng bread wheats of good qua I i ty.

cultivar Era on the other hand, is a u.s. I icensed hard red spring

semi-dwarf wheat of poor breadmaking quality and low protein content (R'

Zi I ìman, personal communication) . These three cultivars whi le of the

same class of wheat, are logical ìy di fferent genotypes from those

cultivars immediately above and below them in the CVI'IAP result and the

ranked list provided in Figure 37; and ¡t is noteworthy that their

gl iadin electrophoregrams reflect these differences.

ln contrast to the general pedigree and/or class simi larities

between cul tivars wi th high pattern homologies scores (ìow posi tional

di fferences) i .e. close to Neepawa i n the CV|4AP di str ibution, cul tivars

at the far end of the distribution (e.g. Figure 394) are of diverse

genotypes. These are in the main durum (DBIN>t72) or common wheat

cultivars whose electrophoregrams are different in the extreme from that

of cv. Neepawa. For example, at the weighted positional difference
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ìevel of 55, the durum wheat cv. Coulter (Oetn=t77¡ shares only a 129l

pattern homology with cv. Neepawa. Direct comparison of their

eìectrophoregrams (Figure 33) shows that the correspondence between

these two cultivars with different species affi I iation is extremeìy low.

L i kewi se cv. Lake (ne t ru=23¡ has a very ì ow I evel of pattern homol ogy

(.|1%) with the Neepawa electrophoregram. Cultivar Lake, unl ike cv'

Coulter, is a hard red spring bread wheat of good milling and baking

quality. This resuìt indicates that gliadin composition within hard red

spring wheats of similar functionaì quality can be as heterogeneous as

that between common and durum wheats; and by implication suggests that

much inherent variabiìity remains to be exploited among Canadian bread

wheat cuì t ivars.

An expì icit comparative analysis of gì iadin PAGE Patterns for cvs.

Neepawa and Lake is shown in Figure l+0. The corresponding pattern

homoìogy plot (Figure 4l) indicates only seven common gl iadin components

which match within specified program thresholds for relative mobi I ity

and band density. Visuaì inspection of electrophoregrams for cvs.

Neepawa and Lake, which are adjacent in Figure 21, confirms the marked

dissimilarity in their gliadin composit¡ons.

This form of comparative electrophoregram analysis at the two

cultivar level is identical to the process implemented by programs of

the cultivar identification system which compare an unknown

electrophoregram with each reference entry in the data base. By using

the relevant data provided in Figure 40, the measure of pattern homology

between cvs. Neepawa and Lake, indicated as 13"'6' can be confirmed in

accordance with equation I (page 180) as:



Figure 40. Pattern homology analysis printout for cultivars Neepawa
and Lake.



r98

GLIADIN
cvs

ELEClROPHORETIC
ANALYZED: LAKE

PATTERN HOÈIOLOGY ANALYSIS
NE E PAUIA

LSD (RELAT¡VE
NOTE: RELATIVE

¡IOBILITY) = 6i
MOBILITY DATA

SD (BAND DENSITY)
IN INTEGER FORHA

Lts
=3

1

BANDS=33SIGNATURE ARRAY FOR CULTIVAR LAKE

276
EO4

S¡GNATURE ARRAY FOR CULTIVAR NEEPAIìIA

t73(2 206

I
4
I
o
o
2

69r
o
o
3

2
2
I
2
o
2

213
4.74
67 I
460

o
2

E
6
f
I
o
3

ta6
462
662
439

o
33

6
5
2
I
o
o

158
448
637
ar3

o
o

894
80õ

o
1

3
4
6
o
o

1

7
3
2
o

37 1

653
719

o
o

3
1
9
o
o

4
3
6
1

o

304
627
724

o
o

5
2
I
o
o
o

1
5
6
t
o
o

294
Ero
707

o
o

23

383
6t8
812

o

39
67
76

1
a
1

o
o

o
6
o
o
o

80
o
o

2
7
1
o
o

2
I
I
o
o

27A(21
520(6)
723(31

o(o)
o(o)

29
18
95

o
o

1
6
7

412(11
693(5)
769(21

o(o)
o(o)

1
9
1
o
o

1
o
I
o
o

BANDs= 37

121
293
643
736

o
o

fa3
372

220
137
638
t,21

o

225
167
641
a36

o

26
60
70

I
t
7
t
o
2

392162
306
670
760

o
37

2
2
5
3
o
o

3
E
I
2
o

3r
E8
7A

8(E
3(6
9(4
o(o
3(2

178
6

66

DI STR¡ BUTION OF ELECTROPHOREGRAM HOiIOLOGY DATA

NO. OF BAN
TOTAL NO.
TOTAL NO.
TOTÀL NO.

DS
OF
OF
OF

CULTIVARS: LAKE

¡N PATTERN
UNIQUE BANDS
HATCHTNG BANDS
NON-¡IATCHING BANDS* RELATIVE IIOBILITY BASIS
** DENSITY BASIS

TOTAL PATTERN I.IOMOLOGY

33 (34.7)

19 (21.r)
(8

*** t3% (to

NE E PAWA

37 (11 .6''

23 126.11

(61.6)
( 6.6)(55. r )

56
7

¿¡9

7 7',

.6%)

NON-MATCHING BANDS OF CV. LAKE

f
9
I

168(6)
5to(2)
72A(91

1A6(6
â27 (4
749(6

'tr 29)Es
)* 76

a
3
o

õ
4
1

390(2
676(7
769(2

112
618
795

Ê
t

12
63
86

9
7
o

2
2
2

144* 662
16?
67 1

(6)
(1) 707

(¿l)*
(1)*474

691
2
1

* 504

NON-TIATCHING BANDS OF CV. NEEPAUIA

I
a
1

a 20614
600(9
723(3

226
643
760

COMPONENTS
NE E PAWA

2s3 (2
õ83(õ
BO5(r

318
614
82t

220
É20

1
6
336

f
5
2

2
6

64 5
6
I

1
a
4

12 182(3)
437(3)
644(3)

2
6
6

38
€3

1

3
a

17 312
4.67 (7
6ao( |

f83
474
708 7

70
a97

TIATCH T NG ELECTROPHOREGRA¡I
CV. LAXE

BY HOgILITY

I
2
3
1
5
6
7

213 2
I
3
3
6
1

I

23
27
30
37
59

4
2
5
E
7
I
2

9
a
5
2
4
2

276
304
37 1

893
813
439

I
a 35

PATTERN HOMOLOGV
BAND OENSITY. THE
BAND DENSITY AND

DISTRTBUTION DATA TN PARENTHESES. GIVES TI'IE-úeiôúiiHc llcneueHr = (ra/3.231 THERE 3.23
x"'-ÃsÉiõÑsó óÈÑslrY FoR EAcH GLIADIN BAND

NUHBERÊ CULTI
IN THE

TALLY WEIGHTED BY
VAR POPULATION MEAN
ELECTROPHOREGRAM.



Figure 4ì. Cu

cu
Itivar formula plot of pattern homology anaìysis for
I t i vars Neepawa and Lake.
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Unwe ighted '¿Ptl

The denominator in the above reìationship is of particular interest

as the sum of its terms 156 = (matching bands + non-matching bands)]

represents the total number of different or unique gìiadin components

shared between these two cultivars. This result compared to previously

reported estimates of gl i adi n heterogenei ty by starch gel

electrophoresis, e.g. l+3 bands in 73 French spring and winter wheats

(Autran and Bourdet, lg7Ð or J4 bands ¡n Z8 Austral ian wheat cultivars

(du cros et al., l98o), clearly demonstrates the superiority of the

polyacrylamide gel system in resolving gl iadins, and underscores as weì I

the effect i veness of the presented computer i zed techn i que to detect

simi larities and differences for compared cultivars within this complex

protein fraction.

These results also suggest that the methodology would be especial ìy

reìevant to studies involved with the inheritance of gl iadin protein

composition where typical ly large numbers of I ines are evaluated in

terms of discrete electrophoretic pattern simi larities, differences and

recombinants. (e.s. Doekes, 1973; f'lecham et al , 1978; Baker and Bushuk'

1978; Sozinov and Poperelya, l98O; Branlard, .|983). The uti I ity of

protein electrophoresis to areas of wheat genetics and qual ity has been

d i scussed by B i etz (lg16) . The speed and deta i I offered by a

computerized methodology is observed to be ideaìly suited for these

appl ications.

___1_i_l::___
7 + Q3+19+7)

12.52



Cuìtivar ldentification Printouts for Cvs

s!ry, Yorkstar and Wascana

To further evaluate the performance

S i nton, Opal, Springfield,

of the cuì tivar

- hard red spr i ng bread wheat
- hard red sPr i ng feed wheat
- sof t wh i te spr i ng wheat
- hard red winter bread wheat
- soft white winter wheat
- durum wheat

202

identification

the fol ì owi ngsystem, gliadin eìectrophoregram signature arrays for

cuìtivars were selected as test input data:

I

2

3
4

5
6

S i nton
Opa I
Springfieìd
Sundance
Yorkstar
Wascana

These cultivars possess a wide variety of gl iadin distribution

patterns for wheats of various cìasses as indicated' Their respective

short I ist rankings and cultivar distance maps are shown in Figures 42

to 47. With the exception of the anaìysis result for cv. Yorkstar

(figure 46) and Neepawa (Figure 37) discussed earlier, no more than two

cultivars (zz of the data base population) in any given I ist possess

pattern homology scores greater than 80? with the test electrophoregram'

This ìevel of discrimination was typical of cultivar identification

program runs i n genera I for wh i ch the average number of i sol ated

cuìtivars in both 9OZ (i.e. 90-loo%) and 80% (80-8gZ) pattern homology

classes was approximately one (of 121 cultivars) in each case.

These numbers reflect the facility with which differences can be

distinguished betbreen cultivars by gì iadin electrophoregrams' However'

unequivocal differentiation is not possible in every instance mainly due

to close genetic relationships. A I ist of 'nine cultivar groupings in

the data base which are affected in this way is given in Table 17. This

list can be sub-divided into l6 pairs of cultivars with similar gliadin

pAGE patterns; a total which is relatively insignificant when compared



TABLE 17

cultivar groups in the data base for which discrimination by
gl iadin electrophoregrams is uncertain

Cul tivars Class U PH'

l. Apex-l'larquis
2. Regent-Renown
3. l'1an i tou-Neepavra

Canthatch-Katepwa
4. lli ì ton-0pa ì -Vernon
5. Lemhi 53-Lemhi 62
6. Lennox-Va I or 2

7 . Yorkstar-Favor2-Genessee-Gordon
8. Ga i nes-Nuga i nes

9 . l'1i ndum-Nugget

HRS

HRS

HRS

HRS

HRS

sI.Js

HRW

svJþ/

sI,JI.J

DURUI'1

99
95
98
99

>95
96
9\

>92
t00
98

rComputed percent pattern homology score.
2 E I ectrophoregram not cons i stent wi th ped i gree for

203

indicated cultivar.

with more than 7,38O possible pairwise combinations among 122 cuìtivar

el ectrophoregrams i n the data base wh i ch can be di fferent i ated.

0f greater importance are values for percent pattern homology which

were computed among cultivar groups in Table 17. This data indicates

that the comparative analysis of gì iadin eìectrophoregrams characterized

by pattern homology scores greater than about 94? must be interpreted

with caution, as irnpl ied band dif f erences may not be signif icant. ln

practice this situation wi I I occur only infrequently. As for the few

cultivars which may be ranked at these very high levels of pattern

homology, di rect vi sual i nspection of thei r electrophoregrams i s

recommended to bring the analysis to a satisfactory conclusion.
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Tv¡o instances are noted in Table l/ where simi larities in gl iadin

composition were inconsistent with publ ished pedigree data. The hard

red winter wheat cvs. Lennox and Valorr for example, (patterns 7\ and 79

respectively in Figure 29) cannot be differentiated in spite of their

very different pedigrees (refer to Table 5). The anomaly was traced to

the Valor electrophoregram' as a gl iadin pattern for cv. Lennox simi lar

to its counterpart in Figure 29 has been reported elsewhere (Tkachuk and

l,tel lish, l98O) . While the ref erence sample f or cv. Valor obtained f or

the present st,udy is logical ly suspect, a comparison of its varietaì

description report with that of cv. Lennox reveals similar plant, spike,

kernel, and agronomic characteristics for feed wheats that are both

specif icaìly adapted to the Atlantic l'laritime region2' The present

ambiguity argues in favor of documenting gl iadin electrophoregrams as

part of the process of varietal I ¡censing so that questions regarding

authenticity of seecj samples can be avoided.

Compared to the often small number of differences in gliadin

composition between cultivars of the same class of wheat' cultivars with

different class affi I iations invariably possessed relativeìy low levels

of pattern homology. Accordingly, the computed al ignment of cuìtivars

relative to test electrophoregrams for wheats of different utilization

type (Figures 42 to \D was found to cluster in general' mutually

exclusive sets of wheat genotypes.

rCul t ivars Lennox and
2source: DescriPtion
and flarket i ng Branch,

Valor were I icensed in 1975 and l98l respectively'
of Variety reports, Agriculture Canada, Production
Plant Products Division, 0ttawa, 0ntario.
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l4ost striking is the result for the durum wheat cuìtivar Wascana

(Figure 478). The main body of the data base population (alì common

wheats) I i es from l0 to 20 d i fference uni ts further removed (at 49

difference units approximately) from the input cultivar, when compared

wi th any other di stance map resul t i nvolvi ng a common wheat as the

reference test cultivar (Figures 39, 428-468). The distinction of durum

wheats by gl i ad i n el ectrophoregrams, wh i ch features a general absence of

bands with relative mobi ì ities less than 20, is consistent with their

genetic composition as all lack the D genome.

A further interesting distinction of cultivars by class and hence

by quality, can be observed in the result for cv. Yorkstar (figure 46).

0f the 22 soft white or red winter wheats in the data base a totaì of 17

cultivars (77Ð have been isoìated in the ranking resuìt. This

proportion i ncreases to IOOZ i f those cul tivars not adapted to the

Ontario region are excludedr. The ranking is made more significant by

the fact that pedigree does not appear to be the common factor' The

cluster of seven cultivars with high pattern homology scores (>852) and

few pos i t i onal d i fferences (<7) wi th the Yorkstar el ectrophoregram

(Figure 468) are relatively dissimi lar in pedigree, in contrast to the

identification result discussed earì ier for the Neepawa electrophoregram

(Figure 37). The ancestry of the l7 wheat cuìtivars in the Yorkstar

ranking includes contributions from more than 36 different parents from

rThe soft white winter wheat cvs. Gaines, Nugaines and Sun are adapted
to the pacific Northwest; cv. Jones Fife which is an obscure soft to
semi-hard white winter wheat which was grov,,n to a limited extent in
Alberta; cv. Rideau has kernel characteristics similar to Jones Fife and

possesses only fair quality for pastry flour, presumably as a resuìt of
inheriting relativety strong gluten characteristics from one of Ìts
parents, cv. Kharkov 22 11.C., a HRI'J bread wheat'



F i gure l+2. Cultivar identification ranking (A) and distance map (B)

results for cv. Sinton. Framed cultivars in (B) correspond
to cultivars ranked in (A) .
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F i gure 43. Cuìtivar identification ranking (A) and distance map (B)

resul ts for cv. opaì . Framed cul tivars i n (B) correspond
to cultivars ranked in (A).
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F i gure 44. Cultivar identification ranking (A) and distance map (B)

results for cv. Springfield. Framed cultivars in (B)

correspond to cultivars ranked in (A).
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F i gure 45. Cultivar identification ranking (A) and distance map (B)

results for cv. Sundance. Framed cultivars in (B)

"orrespond 
to cultivars ranked in (A).
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Figure 46. cultivar identification ranking (A) and distance map (B)

results for cv. Yorkstar. Framed cultivars in (B)

corresPond to cuìtivars ranked in (A) '
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Figure 4J. Cultivar identification ranking (n) and distance map (B)

results for cv. Wascana. Framed cultivars in (B)

correspond to cultivars ranked in (A).
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at least five countries. This result therefore suggests that gì iadin

composition is a I ikely factor in the inherited functional qual ity

character i st i cs of these soft wi nter wheat cul t i vars '

The cuìtivar identification ranking resuìt for cv. Sinton (Figure

42) provides another example where apparent relationships between

gì iadin composition and functionaì ity ìacks a common pedigree component.

Cuìtivar Sinton is a Canadian HRS bread wheat with superior milling and

baking qual ities, which I ike cv. Neepawa has Thatcher as the recurrent

parent in its pedigree. Surprisingly, the cuìtivar which appears in the

ranking resuìt most simi lar to cv. Sinton (at 82ZPH) is the USA

developed cv. Coteau which has exceì lent functional characteristics as a

bread wheat (n. Zi I lnlan, personal communication) but wi th a pedigree

unl i ke i ts Canad i an counterparts.

The fact that Neepawa and other closely reìated genotypes are

isolated from both Sinton and Coteau (Figure 428) at about tfre 6Ozplt

level indicates further that a Neepawa or Thatcher type electrophoregram

is not a necessary feature or attribute for membership in this quality

class of wheat; only that it may be sufficient.

ln instances where wheats of mixed class comprise the I ist of

ranked cultivars, the common factor in addition to electrophoregram

identity was observed to be end use quality usually in terms of bread or

so-cal led rrnon-breadt' wheat status. The effect is i I lustrated in the

cultivar identification ranking result generated for the Sundance

electrophoregram (Figure 45). Cultivar Sundance is a hard red winter

wheat wi th good mi I I i ng and baki ng qual i ty. 0f the I I remai ni ng HRW

wheats in the cultivar identification data base, only cvs. Yogo (67ZPH)
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and Kharkov 22 l'1.C. (65%) possess gliadin patterns of suf f icient

resemblance to be included in a ìist dominated by hard red spring wheats

of at I east equa I to I'larqu i s qua I i ty.

ln an anaìogous fashion, HRS bread wheatsr are generally excluded

or represent the minority of cultivars which are ranked by gl iadin

pattern homoìogy to an eìectrophoregram of a soft white spring (SWS) or

soft red spring (SRS) wheat. A typical exampìe of thîs is shown in the

cultivar identification printout for the SWS cv. Springfieìd (Figure

44). 0f the five hard red spring wheats in the list, only one, the

seventeenth ranked cultivar (Chester), has functional attr¡butes at

least equal to the standard cv. I'larquis.

Within the HRS class itself, a clear indication of how great the

dissimilarity can be between electrophoregrams of bread and non-bread

wheat cuìtivars is given by the identification program result for cv.

gpal (Figure l+3). The latter is a hard red spring wheat cultivar of

German origin, with a regional I icense for production in Eastern Canada

or areas of British Columbia not designated under the Canadian Wheat

Board Act. Qpalrs I icensing status relates to its ìow protein content,

poor baking quaì ity and visual indistinguishabi I ity from top grade HRS

wheats involved in the grain commerce of Western Canada. The next two

cultivars in the ì ist beìow Opal in Figure 434, cvs. Vernon and l'lilton,

are of a simi lar regional type and share a common genetic background

with the test cultivar. This factor explains the very high pattern

homology scores which were obtained.

rThe cultivar identification data base includes
wheats, 4l of wh i ch are at I east equa I to I'larqu i s
qual i ty.

a total of 59 HRS

in milling and baking
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l,lonopol, the f irst bread wheat cultivar ranked in the ìist

generated by the opal electrophoregram (at 6IZPH), is a hard red winter

wheat which has a simi lar German origin. 0f the total of five HRS

wheats in the ranking resuìt (al I below the 6O?¿pU ìevel), the only

cultivar with any present commerciaì significance is Selkirkr, which is

shown to have 21 gì iadin band positional differences with the Opal

eìectrophoregram. l4oreover, an inspection of the cultivar distance map

result (Figure 438) indicates that Neepawa (Ogtl,l=56, ât 42 positionaì

differences) and other Thatcher type wheats which presently dominate the

grain commerce in Western Canada' represent the most distinct group of

cultivars in the data base with respect to Opal's gliadin composition.

Character i zat i on of the Heter enei tv i n Gl i adi n Electrophoreqram
Comp ition

While the aims of the present research are not involved per se with

investigating the association between gl iadin protein composition and

utilization quaìity, the relationship can be considered an important

factor in the successful long term appl ication of the electrophoresis

test for wheat cultivar identification. lf a definitive association can

be establ ished, then grain with undesireable qual ity attributes can

always be expected to be differentiated by PAGE from otherwise visualìy

identical wheat of acceptable quality. At the same time' the information

gained would be valuable to breeders in selecting parents for potentiaì

crosses and in screening earìy generation material '

lselkirk represented 2.4% of
i n 1982. (Source: I 982
Co-operati ve Wheat Producers

the wheat acreage seeded in þ'lestern Canada

Prairie Grain Variety Survey, Canadian
Limi ted, Regina, Saskatchewan) .
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ln view of the çxtensive heterogeneity of the gl iadins which

paralleìs the extremely wide range in functional quality possessed by

common and durum wheat cul tivars, an association between protein

composition and quaì ity appears I ikely. However, the many comparative

analysis studies undertaken to identify individual gì iadins as

determinants of quaì ity have met with I ittle success. A notabìe

exception is the correspondence found between gluten strength in durum

wheats and the presence of gìiadin bandrr4!" (Damidaux et ãl., 1978;

Kosmolak et al., l98O) named after its reìative electrophoretic mobi I ity

according to the nomenclature of Bushuk and Zi I lman (1978) '

0nìy recentìy has the formidably complex nature of the reìationship

been exposed with the appl ication of computer-based multivariate

analysis methods for the study of French wheats by Branlard and Rousset

(1980) and Australian wheat cultivars in a series of reports by Wrigley

er at. (t981, 1982b, t982c). These stud¡es have substantialìy affirmed

the relevance of gl iadin composition to uti ì ization qual ity. However,

the inabi I ity to relate results of the French and Austral ian work in

terms of identifiable gl iadin components, outside the context of their

respective data bases, limits their impact considerably'

Branl ard and Rousset (l 980) for exampl e part i t i oned thei r starch

gel electrophoregram data into 43 relative mobi I i ty classes usi ng the

gl iadin nomenclature and classification provided earl ier by Autran and

Bourdet (1g7Ð. 0f the total number of variables in this scheme, 14

pairs possessed contiguous integer mobi I ity positions (e.S. 21/22'

25/26, etc.) whiìe an additional 22 were for attributes separated by two

mobi I ity units. As statistical parameters (standard errors'
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replication, confidence limits) hrere not presented, the repeatabiìity in

identifying named classes and aì locating gl iadin bands to them was open

to question. The Austral ian cìassification, also for starch gel

eìectrophoregrams, involved a total of 3t+ gl iadin attributes. Problems

of nomenclature were avoided by assigning gì iadin bands to numbered

classes based on visual assessments and experience with their

el ectrophoregrams. I t was acknowl edged that 'rconvers i on of

electrophoretic patterns to numerical form involved some simpl ification

and i nterpretat ion" (l.Jr i g ìey, 1980) .

Given the multipl icity of gl iadin components and their close

proximity to one another in electrophoregrams, a subjective approach to

formulating a character set structure of gl iadin composition cannot be

considered a practical solution. l'loreover, gains in resolution by PAGE

whi le on the one hand improving the discrimination power of the

electrophoresis test for cultivar identification, have made

classification problems more acute. What is required is an objective

characterization of gl iadin electrohoregram heterogeneity to obtain a

reference pattern which contains all the occuring components that may be

resolved. The reference pattern should addi tional ly be defi ned using a

standardized mobi I ity scale to which cultivar electrophoregrams may be

compared in a relatively unambiguous fashion.

A possible approach might be to electrophorese a mixture of gliadin

extracts from diverse genotypes and prepare a standard type pattern from

the resulting composite electrophoregram. However, the interpretation

of electrophoretic patterns from complex mixtures can be extremely

diff icult (Wrigìey and Baxter, 197Ð. Also, faint bands may be obscured
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by the abundance of dense components, and uncommon gìiadins wouìd likely

be under-represented i n the sampl e of genotypes seì ected for the

composi te. These I imi tations notwi thstanding, such a process was used

by Gubareva et al. (197Ð to derive cultivar formulas of gl iadin

electrophoregrams for Russian cultivars. The basis for their system

(refer to Literature Review) b/as a reference pattern containing 29 bands

which they claimed represented aìl the main gliadin components in common

wheat. ln I ight of Autran and Bourdetrs classification and what was

commonly known at the time from two-dimensional electrophoresis data on

singìe cultivars (Wrigtey and Shepherd, 197Ð, it is evident that

Gubareva's accounting of gliadin heterogeneity uras considereably

underest i mated.

An alternative strategy, which represents the approach taken in the

present study, is to bui ld up a composite pattern by plotting out the

relative position of every gl iadin component detected in a broad-based

col lection of electrophoregrams. To minimize the variation between

bands attr¡butable to experimental error, this method requires the

rigorous standardization of gl iadin band migration distances to relative

mobi I ities using multiple reference bands as described previously (pp.

165-171). Because the separation between different gl iadin components

may be of the order of one-half mobility unit or less in certain regions

of the electrophoregram field, another requirement is for the data to be

recorded to at least one decimal place to minimize the occurrence of

ovelappi ng di str ibutions.

The set of electrophoregrams which were analyzed are for l8 common

spring and winter wheats in the cultivar identificatíon data base



F i gure 48. PAGE map of gl iadin composition for 98 common spring
and wi nter wheat cuì tivars. The prof i le represents the
frequency distribution of gl iadin bands (indicated by
their densities) as a function of relative mobility
computed by the multiple reference band technique
described in the text.
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(Tables lO-ll). Due to the large number (>4,000) of gliadin bands

involved, the task of generating the composite pattern \^ras implemented

by a FQRTRAN program (PAGEI4AP) . The computed distribution pattern or

,'PAGE mapil of gliadin composition is shown in Figure 48 and represents a

frequency histogram with relative mobi 1 ities segmented ¡nto 800 (0.1 Rm

unit) classes from l0.O to 90.O corresponding to the approximate range.

of values encountered. Plotted numbers are for band densities of gliadin

components allocated along the relative mobility axis.

The most prominent feature in Figure 48 is that gl iadin

electrophoregram heterogeneity is sufficiently discontinuous so that

common proteins are identifiabìe as more or ìess isolated cìusters of

points across the PAGE composition map. Approximately 90 such clusters

may be counted; fewer than eight comprise uncommon components which are

presént in less than 15% of the spring and winter wheat cultivar

electrophoregrams that were studied (e.9., bands in the mobi I ity range:

12.6-12.8, 23.3-23.5, 3\.8-36.2, 51.0-51 .3, 66.\-66.7); while two are

for essential ly invariant proteins characterized by mobi I ities in the

range \5.6-\6.2 and 59.O-59.8. Also indicated are a limited number of

apparently spurious points. Aì ì are for confirmed bands with anomalous

mobilities (e.g. 25.0,25.7,30.8, 44.1, 78.3 and 8O.l) which preclude

their classification. This atypical variation I ikely reflects sampl ing

I imitations as no doubt some smal I number of gl iadin components are

poorly represented in the present col lection of cuìtivars.

The unimodal shape and spread of individual groups of PAGE map

components, typically over 0.4-0.5 distance units' suggests that a

majority are homogeneous, although numerous instances of incomplete
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resolution can be observed. For example, the bimodal distribution

between mobiìities 36.2 to 16.! strongly suggests the presence of two

distinct gl iadin band populations. Sì ightly overlapping gl iadin band

populations are also evident within mobilities l+0.8-41.7 and 75.7-76.5,

especial ìy considering the respective discontinuities in the underlying

d i str i but i on of band dens i t i es.

Severe cases of overìapping band distributions are observed within

mobi I i ty ranges 58.0-58.7 and 61.3-62.\. The second of these, which

contains a continuous cluster of l0/ points, is pìainìy heterogeneous as

at ìeast nine members of the base population of 98 cuìtivars are

represented twice. Given the spread of bands over 1.2 relative mobility

units, and the distributionrs shape with its prominent leading and

trai ì ing perturbations, it is I ikely that three different populations of

gl iadin components are present.

Clearly for purposes of classificatory analysis, some difficulty

exists in establ ishing discriminant boundaries for variate populations

which are strongly overlapped. tJhiìe they number only a few, a possible

remedy might be to place an additional reference band in the problematic

PAGE map region. For example, an inspection of gl iadin

electrophoregrams for standard cultivars llarquis and Neepawa (Figure 35)

indicates that both have readily identifiable components positioned

prec i seì y i n the center of the poor I y separated zone noted above

(Rm=6ì.8) .

lmplementation of a fourth standard protein for electrophoresis

would represent only .a minor programming task as described previously.

The payoff would I ikely be twofold: (i) a significant narrowing of the
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reìative mobi I ity distribution for the reference band population to

approximately 0.2 distance units as indicated in Figure 48 for bands

R24, R50 and R79, and (i i) reduction i n the error component for

neighboring gì iadin components as wel l, as it was previously shown

(Figure 36) that the uncertainty in the caìcuìation of reìatìve

mobi I ities approaches a minimum in the vicinity of reference band

positions. The combination would I ikely result in an improved if not

compìete separation of the various overlapping gl iadin band

distributions in this densely popuìated region of the eìectrophoregram

field.

The practical effect of a multiple reference band protocol on the

characterization of gl iadin electrophoregräm heterogeneity is most

easi ly demonstrated by generating a composi te pattern from relative

mobility data normalized using a single reference band approach (Bushuk

and Zi I ìman, 1978). The resulting PAGE composition map (Figure 49)

shows a significant decrease in the number of differentiated variate

popul at ions compared wi th F igure 48. l'lost str ik ing is the cont inuous

nature of the single reference band compos¡te pattern above a mobility

of /0, where al I distinctions between different gl iadin band popuìations

are obscured. ln regards to the cultivar identification method, it is

clear that by using reìative mobi I ities derived by the single reference

band technique, the abi I ity to minimize both type I and I I errors is

effectively undermined by the variabi ì ity in the data.

These results are consistent r^rith statistical data given in Table

15. which indicated that precision in electrophoregram relative

mobilities can be significantìy improved by increasing the number of



F i gure l+!. PAGE map of gliadin composit¡on for l8 common spring
and wi nter wheat cul t i vars. The prof i ì e represents the
frequency distribution of gl iadin bands (indicated by
their densities) as a function of relative mobiìity
computed by the singìe llarquis reference band technique
of Bushuk and Zillman (1978).
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reference bands in the methodology. Evidence is thus provided that such

rigorous standardization is required to prevent significant levels of

gl iadin heterogeneity from escaping detection for purposes of

cìassification,andtoimprovethereliabiìityofthepatternhomology

anaìysis process for computerized electrophoregram comparisons.
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GENERAL D I SCUSS I ON AND CONCLUS I ONS

The principat aim of this research project was to use a computer to

extend current methods for quant i fy i ng and compar i ng el ectrophoregrams

of wheat gliadin for the purposes of cultivar identification and related

appì ications.

The underlying basis for this study stems from wel I establ ished

observations that the electrophoresis test applied to the gliadin

protein fraction can successfuì ly differentiate wheat cultivars

i ndependent of common env i ronmenta ì factors (Lee and Rona I ds ' 1967 ;

Fei I let and Bourdet, 1967; Doekes, 1968). Accordingìy, the gl iadin

electrophoregram effectively represents a stabìe genetic signature of a

wheat cultivar. However, due to the experimental variation inherent in

the eìectrophoretic method and the complex heterogeneity of gl iadin

composition which is resolved, protein pattern results are rarely

comparable between different gel slab preparations'

To faci I itate the reproducibi ì ity of gl iadin electrophoregram data

for broad-based cultivar comparisons, numerical nomenclatures ì^'ere

introduced for starch (Autran and Bourdet, 197Ð and polyacrylamide gels

(Bushuk and Zillman, 1978) to specify protein band patterns in terms of

a list of paired relative mobility and band density values expressed as

cultivar formulas. St¡ll, the location and manual measurement of

migration distances and subjective evaluation of band densities for

-232-
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often confluent electrophoregram components are I imiting aspects for

cuìtivar identification. llore problematic, is the comparative use of

el ectrophoregram data i tsel f. Whether for genet i c or funct i ona I

cons i derat i ons, or to i dent i fy an unknown sampl e' assess i ng the

resemblance or composition of band patterns by visual means in

continually expanding numericalìy formatted compendia (e.s. Zilìman and

Bushuk, l97g; Jones et al., .1982) or photographic records' represents a

time consumi ng and impreci se process. The resolution of these

difficulties provided the incentìve for this research project'

Because a scann i ng dens i tometer can produce an obj ect i ve and

quantitative record of an electrophoregram' the instrument, suitably

interfaced to a laboratory-scale computer, suppl ied the means for an

automatic and standardized quantification of electrophoregram band

mobi I ities and density values. Positive fi lm transparencies were found

to be more suitabìe image media for densitometric scanning than the

original Coomassie Blue-stained gel slabs. Apart from convenience' the

use of fi ìm avoided the introduction of errors arising from physical

distortion of the polyacrylamide geì slabs upon handl ing.

one problem in quanti tating electrophoregram data relates to

inter-gel variation in band densities caused by variability in gel slab

staining and destaining. This probìem. was minimized by cal ibrating the

dens i tometer I i ght source to l0O? transmi ttance aga i nst the background

opacity of the fi lm. The region of each electrophoregram which best

specified this background was located in the low mobility zone in front

of the slot, which is uniformly devoid of gl iadin protein bands' This

operation invariably yielded a horizontal basel ine of zero 0'D' across
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each densitometric prof ile, thus,referencing alì traces to a standard

level.

Accuracy and reproducibility are the primary goaìs of any

quantification procedure. ln proceeding to satisfy these objectives for

the present study, the question arises as to how densitometric scanning

profi les of gl iadin electrophoregrams may be best characterized for the

cultivar identification application. Clearly, the X-coordinate position

of aì I peak maxima, and ìeading and trai I ing shoulder inflection points

should be determined as these values correspond to band migration

distances that ordinari ìy would be acquired by a visual identification

and manual measurement process.r This was accompl ished by using a peak

finding method based upon the first derivative of the densitometric

profile. The method also accomodated the acquisition of peak heights as

the raw measurement parameter for band densities. Each densitomegram is

thus initialìy reduced to a set of two-value parametized peaks' The

sensitiv¡ty of this procedure was such that virtually all major and

minor eìectrophoregram components visibìe on fi ìm or photographic prints

were detected bY the Program.

An important requirement for computerized cultivar identification

is data comparabi I ity, PãFticuìarly for gl iadin band position

measurements. fligration distance values acquired by the peak f inding

algorithm are scaled in essentialìy arbitrary units whose range depends

upon the sampling rate used to convert the analog profile to a digital

rZillman and Bushuk (197Ð for example, used a microcomparator to gather

migration distance Aatá iron 35 mm negatives of gel sìabs. Jones et al'
(lé82) used a di fferent technique, and manual ly transcr ibed peak and

shóulder position data from densitometer tracings of gl iadin
electrophoregrams and subsequently calcuìated thei r relative mobi I ities'
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form. ln the present work, each gl iadin densitomegram was sampled by a

total of 512 data points. This was found to be an adequate level of

sampling for the 20-30 peaks that were be resolved per scanning profiìe'

Some authors have suggested a somewhat higher ìeveì of sampìing i'e'

from 30-50 samples per peak to ensure an accurate digitaì representation

of the electrophoregram (Yak i n et aì ., '|982) . Whatever the level of

sampl i ng employed, the need exi sts to standard i ze the presentat i on of

the data for purposes of further repl icate analysis and/or subsequent

cultivar comparisons. This was easi ly accompl ished by using an

algorithm of Bushuk and Zillman's (.¡978) gliadin band nomenclature to

transform the the digital scale of peak abscissa values to one of

relative mobiìitY.

Like raw peak position coordinates, the absolute range of peak

height values, which is a function of the bit resolution of the

computer's A/D converter, can vary among instal lations. Peak height

vaìues were normal ized by establ ishing an optimized reìative band

density scale possessing eight ìevels to which detected components were

automatical ly assigned by comparison of their respective ordinate values

with the largest peak in the profi le. This effectively minimizes the

variabi I ity in band intensities which may arise from variation in the

protein content of the grain sample. Good overall reproducibility was

achieved using this approach which indicated that relative peak heights

can be appl ied as a useful approximation to quantify band densities'

for the cultivar identification appl ication'

Quantification of gliadin densitometric profile peak areas as an

al ternative feature parameter for band densi ty nevertheless remains a
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chal leng¡ ng area for study. compromi ses however are i nherent i n the

various analytical strategies which have been developed' Commercial ly

avai ìable integrators for exampìe, commonly employ perpendicular drop

and trianguìation techniques to make peak area estimates' For gas

chromatograms, which are not unl ike eìectrophoretic pattern absorbance

prof i I es, westerbers (1969) showed that these procedures \^/ere too

inaccurate and poorìy reproducibìe especial ly when approaching the

shoulder I imit of two components'

Sophisticated computer programs exist in the field of

chromatography to analyze spectra and resolve components by i terative

least squares curve fitting to various peak modeìs which include

Gaussian (trazer and Suzuki, 1966i L¡ttìewood et â1 " 1969) '

exponential/Gaussian (Anderson et al., l97Oa) or several alternatives if

a fit for Gaussian components is unsatisfactory (van Rijswick' t974) '

one drawback with these procedures is the usual requirement for programs

to be run on large mainframe computers involving ìong execution times

with high relative costs. Also, despite the emphasis of accurate models

in the curve fitting algorithms, the potential to generate artificial

peaks is weì I known especial ly for electrophoretic data (Trotman and

Greenwell, lglg) where the fitted result on a densitometric profile can

alwaysbecomparedforagreementwiththeoriginalgelbandpattern.

The I imits and appl icabi I ity of the curve-fitting method has been

discussed by Anderson et al. (.¡970b) and Vandeginste and De Galan (1975)

who concur that the number of bands or peaks i n the system must be

rel iably identified or known before curve fitting is appl iec' This

condition is especial ly problematic for the gl iadin protein fraction
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which separated in a cathodic electrophoretic system yields a spectrum

of discrete, overlapped and severely overlapped protein components in

wh i ch the number of bands apparentì y resolved i n the el ectrophoregram

field may be less than one-half of the totaì proteins actuaì ìy present

(Wrigìey, 1970; Wrigìey and Shepherd, 197Ð ' A second source of error

relates to the uncertainty in specifying the true position of the

dens i tomegram basel i ne. The I atter i s not known due to the var i abì e

nature of the background staining in PAGE caused by reìatively high flw

protein which is extractable along with gìiadins from gìuten or flour in

7024 ethanol and wi l ì streak rather than yieìd di screte bands upon

electrophoresis. Whi le this "undesireablerr protein can be el iminated by

size exclusion chromatography, this step is time consuming and not

practical for routine eìectrophoretic analysis. These observations

suggest that the potential payoff in terms of improved accuracy is

uncertain in the use of curve-fitting to resolve overlapping components

in gl iadin electrophoregram densitometric profi les. The technique

remains to be explored in the course of future program development'

The main task of the presented data acquisition system is to reduce

single densi tomegrams to a standardized I ist of normal ized reìative

mobility and band density parameter values, termed a cultivar signature

array. This permits comparisons to be made with band patterns on other

gel slabs. A second important feature of this system is repl icate

analysis, i.e. combining individual ly computed gl iadin band patterns for

the same cultivar into a singìe mean signature array. The task is

compl icated by three factors: (i) variation in Rm for homologous bands

in different repl icates, (i ¡) smal I separation distances between
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contiguous gl iadin components in each pattern, and (i i ¡) variation in

the number of detected peaks, tyPical ly one or two components, in

repl icate scans. Variabi I ity of the third type commonìy arises from

imperfections in the data which originate from absorbance of

precipitated dye or other anomal ies on the surface of the PAGE slab.

Repl icate analysis thus functions not only to improve the precision of

Rm and band density data, but also to el iminate spurious information

which is detected by the program as unmatched relative peak coordinates.

The program was found to effectively handle variation in band

posi tions of up to 1.5 relative mobi I i ty uni ts and sti I I successful ly

match homologous components i n di fferent repl i cate traces' No

mi s-matches were observed wi th the present set of repl i cate

dens i tometr i c prof i ì es al though the program needs to be tested on a

ìarger set of data to confirm its rel iabi I ity. Electrophoregram results

from the 3 mm PAGE method used in this study should prove useful as

gl iadin resolution was significantìy improved yielding more complex

absorbance Patterns.

gne problem which was encountered relates to visualized bands in

the gel which remain undetected by the peak finding algorithm' or are

found in onìy one replicate densitomegram and thus are identified by the

program as noise. This situation, aìthough infrequent, may arise when

the densitometer fai ls to adequately resolve a faint or diffuse band

migrating adjacent to a major dense component. Designing the data

acquisition system to handle up to three repl icate profi les in pairwise

comparisons r^,as shown to be an effective means to manage bands which I ie

at the fringe of detection. This permitted the acceptance of a peak if
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it were found in only one of three pairwise combinations of repl icate

traces.

The inherent heterogeneity of gl iadin composition confers a high

level of cliscrimination ability. lt has been shown that relatively few

cultivars among Canadian and United States wheats possess identical PAGt

patterns which occut-s only for closely related genotypes (Zi I lman and

Bushuk, 1979; Jones et al., 1982). Thus given a ìow likelihood that any

one gliadin band is a critically diagnostic character, a specific band

omission resulting f rom a f ailure to repl icate r^tould have I ittle or no

effect on the successful outcome of a computer i zed cul tivar

i denti f i cation Procedure.

A more important influence upon resuìts of this process is the

precision of the computed relative peak position data and their

agreement with relative mobi I ities determined manual Iy. This is

especiaììyreìevantaSthemajorityofcataìogedgliadin

el ectrophoregram data are based upon manuaì measurement reference

procedures (Autran and Bourdet, 1975; Ellis and Beminster,1977; Zillman

and Bushuk, 1979; Dal Belin Peruffo et al., l98l; Jones et al., ¡982)'

ln the present study, the average variation of relative mobi I ities

computed from densitometric profi les was t 0.4 distance units which is

comparable to values reported by other workers (Ziìlman and Bushuk,

1979; Jones et al., 1982). When the computed data hras compared with Rm

values determined manual ly from photographic prints, only smal I and

insignificant deviations were obtained. These results indicate that the

facility of a densitometer and minicomputer can be successfully

implemented to provide an objective and precise method to quantitate
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gì iadin electrophoregrams in a format which is optimaì for the cuìtivar

identi f i cation aPPl i cation.

A variety of electrophoresis apparatuses were employed in this

research project. several important di fferences among apparatuses of

di fferent type were observed i n the el ectrophoregram resul ts ' Not

unexpectedly, appl ication of a 3 mm flatbed machine compared to a 6 mm

flatbed counterpart resulted in a significant improvement in the

resolution of gl iadin band patterns. The effect is largely related to

the shortened duration of electrophoresis associated with the thinner

gel s I ab (l+ hr vs. 6 nr) wh i ch contr i butes to better separat i ons by

minimizing the effect of band spreading by diffusion. Accordingly, the

I mm appararus, a modified Bushuk and Zillman (.¡978) type of verticaì

design, uras used to prepare an extensive col lection of gl iadin

electrophoregrams for the computerized cuìtivar identif ication system'

As noted by other workers, êlectrophoret¡c apparatus design had a

significant effect on band relative mobi I ities. ln electrophoregrams

derived by vertical PAGE, relative mobi I ities for bands of lowest and

highest migration velocity were respectively increased and decreased by

j?4 compared to corresponding bands in horizontal PAGE slab results' The

differential declined steadily as gliadin bands approached in mobility

the position of the central reference protein, i.e. flarquis band 50'

This result indicates that potentiaì difficulties exist in the

comparison of I iterature values 'for relative mobi I ities of gl iadin

components notwithstanding the appl ication of a common nomenclature'

ldeal ly al I eìements of the electrophoresis system must be

uniformly standardized to obtain reproducible data among laboratories'
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however in practice this may be d¡ff¡cuìt to achieve. The finding that

the relative mobility scaìe in one electrophoresis system can be

stretched or compressed by curvilinear regression to facilitate accurate

registration with the scale of mobiìities in a different system has the

potential use to mitigate probìems associated with inter-ìaboratory

compar i son of resu I ts .

Ser¡eral advantages are associ ated wi th the gl i adi n PAGE pattern

data base prepared for this study apart from its computerized format

which facilitates the comparative analysis process. compared to the

first cataìog of electrophoregram formulas for 88 Canadian wheat

cuì tivars (Zi I lman and Bushuk , 1979), the I i st of Canadi an cul tivars

documented in this study was updated to l07. The increase account's for

ì/ common and two durum wheat cultivars that have been I icensed since

the previous publ ication. The use of a thinner gel slab electrophoretic

apparatus yielded a significant increase in the average number of

digitized bands per electrophoregram which potentialìy improves the

discrimination power of the cultivar identification system' A better

resolved electrophoregram also improves the accuracy in determining

relative mobi I ities as migration distance measurements are often

ambiguous for overlapping protein bands which are more frequent in a

less well resolved sYstem.

The comprehensiveness of the data base was also improved as the

entire col lection of cultivar samples was surveyed electrophoretical ly

on a bulk wheatmeal and single kernel basis. Approximately 20? were

found to possess compos i te el ectrophoregrams wi th vary i ng degrees of

admixture. f'lany of f type patterns were thus incorporated into the
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computer¡zed catalog of cultivar formulas. while the identity of

heterogeneous cultivar samples is important if single kernels are to be

used for cultivar identification, no attempt was made in th¡s study to

determine the proportion of genotypes therein. This is not a trivial

undertaking as it may require the sampìing hundreds of single grains to

obtain rel iable estimates (Wrigley and Baxter, 197Ð '

The potentiaì to detect smal I dif f erences between gl iadin bands \^,as

a I so i ncreased as on average three repì i cate el ectrophoregrams ultere

analyzed to obtain reìative mobi I ity vaìues for a single cultivar

formula. The data base was presented in the convenient form of cultivar

formuìa arrays with relative mobi I ities reported to the nearest 0'ì

unit. This represents a signìficant improvement in apparent precision

compared to other catalogs of gliadin electrophoregram data where either

haìf-integer (Zillman and Bushuk, 1g7g) or simple integer values (Autran

and Bourdet, 1975i Jones et aì., 1982; Dal Belin Peruffo et aì., l98l)

have been empìoyed to specify band relative mob¡ I it¡es.

The use of a highly resoìved electrophoregram mobi I ity scale was

warranted by the low level of uncertainty in the data determined by a

novel computational procedure involving multiple reference bands' ln

th i s regard, âs part of the computer-based system for cul t ivar

identification developed in this study, a new gl iadin nomenclature was

introduced, substantially modifying the single reference band method of

Bushuk andZi ìlman (1978). Two additional referenceproteins l^rere

selected in the low and high mobility zones in electrophoregrams of the

standard cultivar patterns used for every PAGE run. The three reference

bands are then used in a weighted nearest neighbor algorithm which was

implemented to compute relative mobi.l ¡t¡es for cultivar formuìas'
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The major advantage of this procedure is to significantly improve

the precision of results compared to the single reference band approach

by stabilizing the variability in Rm measurements at a low Ievel across

the ent i re el ectrophoregram f i eì d. The average uncerta i nty i n the

relative position of gliadin bands was reduced more than three-fold with

mean standard deviations falling below o.l relative mobility units' The

overaìl level of precision displayed by this method is substantiaììy

higher than that cited elsewhere in the relevant ìiterature, and is

considered to be unobtainable by the single reference band normalization

approach.

Rígorous standardization of gl iadin band positional data is

justified for a number of reasons. For electrophoregrams run on the

same geì sl ab, di rect evidence suggests that a mobi I i ty separation of

0.5 units is sufficient to distinguish different gl iadin bands in

adjacent patterns. ln practice however, comparative electrophoretic

analysis for cultivar identification and related appl ications involves

the comparison of mean relative mobi I ities for gl iadin electrophoregrams

run on different gels. lf inherently smal I mobi I ity differences are to

be recognized then the critical requirement exists to minimize the

variation between bands attributable to experimental error' ln program

logic for cultivar identification, assessments of gl iadin band identity

are made by comparing relative mobilities t threshold' The size of this

threshold on the one hand, wi I I set the detection I imi t for di fferent

gliadin components in compared PAGE patterns, but must also be optimized

to mininnize rejecting true gl iadin band identities' To detect a

di fference of O.! Rm uni ts wi th a g5Z conf idence that mean mobi I i ties
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for identical bands in compared patterns fal ì inside this interval '

requires that standard errors be less than 0.12 Rm units on a three

repl icate basis. This level of precision is weì I within the I imits of

experimental error for relative mobi I ities calculated by muìtiple

reference bands, i nd i cat i ng that even smal ì er d i fferences between

gliadin bands are likely to be detected'

Strong evidence was also presented that rigorous standardization of

reìative mobility data is required to prevent significant levels of

gliadin heterogerieity from escaping detection. A computer program was

developed which assimi lates cultivar formula data on a population basis

and generates the frequency distribution of gl iadin bands as a function

of fine scale relative mobility. Visual analysis of the resulting

d i str i but i on pattern termed a PAGE map, conf i rmed the ex i stence of over

go individual gliadin components among a population of 98 common spring

and winter wheats in the cultivar identification data base' This number

more than doubles previous estimates of gl iadin heterogenei ty by

one-dimensional electrophoresis (Autran and Bourdet, 197Ð and is more

in line with the number of components revealed in single cultivars by

two-dimensional methodology (Wr¡gley and Shepherd, 197Ð .

It was observed that gliadin electrophoregram heterogeneity was

sufficientìy discontinuous so that common distr¡but¡ons of proteins were

identifiable as more or less isolated clusters of points across the

range of relative mobi I ities. The significance of this result for

inter-laboratory comparisons or classification analysis relates to the

ease with which discriminant boundaries may be establ ished across the

pAGE map to facilitate the identification of different gliadin variate
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populations. For inter-ìaboratory comparisons, gl ¡adin components wouìd

be identified not by a discrete mobility value, but in accord with the

specific band population with which it is affi ì iated. using the PAGE

map as a reference spectrum would also effectively solve the problem of

converting electrophoregrams to numbered cìasses based on subjective and

possibly erroneous interpretation of electrophoregrams' Such a

conversion is fundamental in research investigating the complex

relationships between variation in protein composition and functional

qual ity using multivariate analysis methods. Given the substantial

increase in the number of gl iadin bands revealed in the PAGE map

compared to attribute lists used by other workers, a multivariate

analysis study on tlre present set of data should yield considerable

further knowledge and insight on the nature of the association between

protein qual ity and eìectrophoregram composi tion'

During the course of this research project, workers affi I iated with

the U. S . Gra i n l'larket i ng Research Laboratory at l'lanhattan Kansas

reported a computer-assisted method for wheat cultivar identification by

gliadin electrophoregrams (Lookhart et al., 1983). Compared to this

recent work, the use of programs of the cultivar identification system

developed in the present study offers several advantages:

l. lt provides an explicit estimate of errors associated with the

determination of band relative mobi I it¡es which can be computed

by the single or higher precision muìtiple reference band method'

2. Relative mobi I ity values are calculated and manipuìated using
dec imal accuracy to mi nimi ze fal se band matches and improve

di scrimination abi I itY.

3. Difference thresholds for band mobi I ities and densities are user

def i ned and can be establ i shed i n accordance wi th exper imental
error estimates.



The equation used to compute pattern homology scores which

determine the order of cultivar ranking includes both matching
and non-matching band counts in the formuìa. This ful ly
quantifies the heterogeneity of gl iadin band patterns for
comparative electrophoregram analysis, and provides a sensitive
measure for di scr imi nation.

The system is information oriented to provide a comprehensive

bas i s to i nterpret program output. The short ì i st rank i ng

program, in addition to generating cultivar names and pattern
homology scores, incìudes pedigrees and summary attributes for
qual iti, cìass and primary growing region' The printout aìso
provides an extensive tabuìation of the distribution of matching

änd non-matching bands for compared electrophoregrams.

To evaluate this numerical result a graphic analysis program

permits the user to visual ize the changing gl iadin composition of
rut.ning and non-matching bands which are respectively isolated
in sepaiate plots for the ì ist of ranked cultivars. An alternate
pattern homology analysis program can also be invoked to provide
a simi lar type of output focused on seìected pai rs of
eìectrophoregrams of special interest. The speed and detai l of
the anätysis is aìso ideal ly suited to genetic studies where

typicalìyìargenumbersoflinesareevaìuatedintermsof
discrete electrophoretic pattern simi larities, differences and

recomb i nants .

A third program element of the cuìtivar identification system

compl.r"ni, other analyses by using positional differences in

electrophoregrams as the criterion for ranking. lt aìso provides
an output result which is extended to include the entire data

base population in which each member is expl icitly identified in
a frequency distribution which comprises the printout. This
program "rrirt" in evaluating the uniqueness of the unknown or
i"ri.lectrophoretic pattern, and identifies cultivars lying at
the margins of the distribution which are of diverse genotype'

The anaiysis yielded evidence which indicated that much inherent
variabi I ity remains to be expìoited among certain canadian bread

wheat cul tivars.

contribution of. this thesis is

numerous computer-based strategies

and reduce the arb i trar i ness i n

ln conclusion, the major

elaboration and impìementation of

improve precision and accuracY

quant i tat i on and comparat i ve use of

methodologY descr ibed offers a fast'

and has
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gl iadin electroPhoregrams. The

rel iable and comprehensive system

provided new estimates of gl iadinfor cultivar identification
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heterogeneity in a standardized format which has much potential to

fur ther knowl edge on the nature of the assoc i at i on between prote i n

quaì i ty and el ectrophoregram comPos i t i on'



L ITERATURE C ITED

Anderson, 4.H., G¡bb, T.C. and Li ttlewood, A.B. .l970a. computer

resolution of unresolved convoluted gas-chromatographic peaks'

Chromatogr. Sci. 8: 640-61+6'

Anderson, 4.H., Gibb, T.C. and Littlewood'
anaìysis of unresoìved non-Gaussian gas

f i tting. Anal . Chem. l+2t l+34-l+40 '

Autran, J.C . \973. L'identification des varietes de bles. Bul l ' Anc'

Eleves, Ecoìe fr ltleunerie 2562 163-169'

Autran, J.C. 1975. ldentification des principaìes varietes
communautaires de bìe tendre par eìectrophorese des gl iadines du

grain. Bull. Anc. E.F.l'1.27O: 3-lì'

Autran, J.C. and Bourdet, A. 1g75. Lridentification des varieties de

ble: etabl issement d'un tableau general de determination fonde sur le
diagrammeelectrophoretiquedesgliadinesdugrain.AnnAmelior.
Plantes 25: 277-301.

J

A.B.1970b. ComPuter
chromatograms bY curve-

Autran,J.C.,Bushuk,W.,\,Jrigley,C'VJ'andZi'llman'R'R
cuìtivaridentificationbygliadinelectrophoregrams.
ofinternationaìmethods.CerealFoodsWorld2\z\71.

Baker, R.J. and Bushuk, W. 1978. lnheritance of differences in gl iadin
electrophoregrams in the progeny of Neepawa and P¡tic 62 wheats'
Can. J. Plant Sci. 58: 325-329'

J.S. and Huebner, F.R. 1966.
a high molecuìar-weight Protein
\3: I l+-28.

Beckwith, 4.C., Nielson, H.C., Wall,
I soì at i on and character izati on of
from wheat gl iadin. Cereal Chem'

i dent i ty of
so I vents .

1979. Wheat
I V. Compar i son

the
J. Biol.Bailey, C.H. and Bl ish, I'1.J. l9l5' Concerning the

proteins extracted from wheat flour by the usual
Chem. 232 3\5-357.

Bietz, J.A. 1976. Protein electrophoresis aids in wheat breeding'
Proceedings of The 9th National conference 0n VJheat Uti I ization
Research, p. 6l-75, Agricul tural Research service' usDA.

Bietz, J.A. and wal ì, J.S. 1g72. Ì.lheat gluten subunits: molecular
weights determined by sodlum dodecyJ :uJfate-polyacrylamide gel

eleðtrophoresis. Cereal Chem' 49: 416-430'

ln:

-2\8-



Bietz, J.A. Huebner, F.R., sanderson, J.E. and wal ì, J's' 1977 ' wheat

gì iadin homology reveaìed. through N-terminal amino acid sequence

ánalysis. cerãal Chem. 5\z 1070-1083'

Bl ish, l'1.J. and Sandstedt, R.H ' 1929' Concerning the
protein extracted from wheat flour by hot alcohol '
t+9)+-503.

2\g

nature of the
Cerea I Chem.

Studies in four components of wheat
tBl: 226-233.

Sur le comPortement
d'ami don. ComPt.

ooB th'
gl i

H.R. and Ewart, J.A.D. 1969.
adins. Biochim. BioPhYs. Acta

Bourdet, 4., Feillet, P. and ltlettavant, F' 1963'
eìectrophoretique des prolamines du ble en gel

Rend. Acad. Sci. 262 \511-\52o'

Bushuk, W., Sapirstein, H.D. and Zi llman' R

identification by computer analysis of-g
(À¡ttt. c6-l) Cereal Foods World 23zt+96'

Branìard, G. 1983. Study of genetic determination of 20 gl iadin bands'

Theor. APPI . Genet . 6\: 155-162'

Burk,N.F.jg3S.Osmoticpressure,moìecu]arweight,andstabilìtyof
gliadin. J. Biol. Chem. l2\: /+9-70'

Bushuk, W. and Zi lìman, R.R. .l978. I'lheat cultivar identif ication by

gliadinelectrophoregrams.l.Apparatus,methodandnomenclature.
ó"n. J. Plant Sci. 582 505-515'

.R. .|978. Wheat cultivar
I i adi n electroPhoregrams

Caldwel l, K.A. and Kasarda
spec i es rel at i onsh i Ps i

differential staining o

Genet. 522 273-280.

, D. D. ì 978. Assessment of genomi c and

n Triticum and Aegi lops by PAGE and by

f ;ãed-lEumins and globulins' Theor' Appl'

charbonnier, L. 197\. lsolation and characterization of I'l-gl iadin
fractions. Biãchim. Biophys' Acta' 359: 142-l5l '

Cluskey, J.E., Taylor, N.V'1., Charley, H' and Senti F'R' l96l'
Electrophoreti..orpo=ition and intrinsic viscosity of gìutens from

different varieties of wheat' Cereaì Chem' 38: 325-335'

Coles, G.D. and Wrigley, C.hl. 1976' Laboratory methods f
New Zealand wheai cultivars' N'Z' J' Agric' Res' l9:

Cook,W.H.l93l.Preparationandheatdenaturationofthegluten
pioteins. Can. J. Research' 5: 389-406'

coulson, c.B. and sim, A.K. 1961. Starch gel electrophoresis of

isoìated wheat gluten. Biochem' J' BO:46p'

Coulson, C.B. and Sim, A.K. .l96¡+. Proteins of various species of wheat

andcloseìyreìatedgeneraandtheirrelationshipstogeneticaì
characteristics. Naiure. 2o2: 1305-1308'

or identifYing
t+99-503.



250

Coulson, C.B. and Sim' A.K.
and varietal variation of
Food Agric. l6: 458-464.

1965, VJheat prote i ns .
endosperm Proteins of

l. - Fractionation
T. vulgare. J. Sci

Daì Belin Peruffo,4., Pallavicini, c., varanni, z. and Pogna' N.E.

ì981. Analysis of wheat varieties by gl iadin electrophoregrams. l '
Cãtalogue of electrophoregram formulas of 2! common wheat cultivars
gro*n in ltaly. Genet. Agr. 352 195-208

Davis, B.J. l96l*. Disc electrophoresis -ll. l4ethod and application to
human serum proteins. Ann. N.Y. Acad. Sci. !0: 389-400.

Dedio, W, Kaltsikes, P.J. and Larter, E'N' 1969' Numerical
chemotaxonomy in the genus Secale. Can. J. Bot. \lz 1175-l t80'

D¡ll, D.B. and Alsberg, c.L.1925. Preparation, solubility' and

specific rotation ót wheat gl iadin. J. Biol. Chem. 65:. 279-30\'

Doekes, G.J. 1968. Comparison of wheat varieties by starch-gel
electrophoresisoftheirgrainproteins.J.sci.Fd.Agric.l9:
169-176.

Doekes, G.J, 1969. Wheat grain proteins. (Analysis of varieties by

starch-geì electrophoresis) . Reprint from thesis, Leiden.

Doekes, G.J . 1973. lnheritance of gl iadin composition in bread wheat'

Triticum aestivum L. Euphytica 22: 28-34'

du cros, D.L. and wrigley, c.I¡l. 1979. lmproved electrophoretic methods

for identifying ."i"ui varrietiãs. J. Sci. Food Agric. 30: 785279\'

du Cros, 0.1., Lawrence, G.J., 14iskelìy, D.l'1. and Wrigley, C.W. 1980.

Systematic identification of Austral ian wheat varieties by ìaboratory
methods. CS I R0 Wheat Res. Uni t Tech ' Publ ' No' 7 '

Ellis, R.P. 1g11. The identification of wheat varieties by

eìectrophoresis of grain proteins' J' Natr' lnst' Agric'
223-235.

Eìlis, J.R.S. and Beminster, c.H. 1977. The identification of
varietiesbystarchgeìelectrophoresisofgliadinproteins.
Natl. lnst. Agric. Bot. l4: 221-231 '

Elton, G.A.H. and Ewart, J.A.D. 1960. Starch-gel electrophoresis of
wheat proteins. Nature. 187¡ 6oO-6Ol '

Elton, G.A.H. and Ewart, J.A.D. 1962. Starch-gel electectrophoresis of

""i"ul 
proteins. J. Sc-i. Food Agric' l3: 62-72'

Elton, G.A.H. and Ewart, J.A.D. ,¡964. Eìectrophoretic comparison of
cereal proteins. J. Sci. Food Agric' l5: 119-126'

Ewart, J.A.D. 1g73. sodium dodecyl sulfate_electrophoresis of wheat

gl iadins. J. Sci. Food Agric. 2\z 685-689'

the
Bot. 122

UK wheat
J.



251

Feillet, P. and Bourdet, A. 1967' Composition proteique et
caracter i stiques genetiques des bles. Bul l. soc. chim. Biol ' 49:

127 3-1283 .

Fieìd, J.11., Shewry, P.R., Hifìin, B.J. and l'1arch, J.E. ì982. The

purification unå characterization of homoìogous high moìecular

weight storage proteins from grain of wheat, FYe and barley. Theor.

Appi. Genet. 6zz 329-336.

Field, J.l'1., Shewry, P.R. and ltlif ìin'
aìcohol-solubìe storage protei ns of
Sci. Food Agric. 34: 362-369'

Field, J.l'1., Shewry, P.R. and l'1if lin, B'J' .¡983b' Solubilization and

characterization of wheat gìuten proteins: correlations between the

amount of aggregated proteins and baking qual ity' J' Sci ' Food

Agr i c. 3l+: 37O-377 '

1966. Resolution of overlaPPing
squares procedures. Anal. Chem. 38:

Fraser, R.D.B. and Suzuki ' E

absorption bands bY least
1770- 177 3.

Fullington, J.G., Cole'
PAGE of total Protein
Agric. 3l: \3-53.

Gortner, R.4., Hoffman, W.F.
of wheat flour Proteins bY

l-t7.

B.J. I 983a. Aggregat i on states of
barley, FYê, wheat and maize. J'

E.W. and Kasarda, D.D. .l980. 
Quanti tative SDS-

from different wheat varieties. J' Sci ' Food

and Sinclair, W.B. 1929. The peptization
inorganic salt soìutions. Cereal Chem' 6

Gottenberg, tl.J. and Alsberg, c.L. 1927. The behavior of the prolamines

in mixed soìvents. lll. rr," denaturaing of wheat gliadin. J' Biol '
Chem. 732 58ì-586.

Graham, J.S.D. 1963. Starch-gel electrophoresis of wheat flour
proieins. ¡ust. J. Biol ' Sci ' l6: 3\2-3\9'

Gubareva, N.K., Gavriìyuk, l'P' and Chernoburova' A'D'1975'
Determination of the identity and cuìtivar purity of wheat grain
according to electrophoretic patterns of the gl iadins-. Experimental

methods and catalogu! of cultìvar electrophoregrams (in Russian),
Dokl. Vses. Akad. 5el'skhokh' Nauk 6: 1-39'

Hamauzu, 2., Arakawa, T. and Yonezawa, D' 1972' Holecular weights of
gt uten ¡ n- anj gl i ad i n-pol ypept i des est i mated by SDS-pol yacryl ami de

õ"1 electrophoiesis. ngt. aiot ' Chem' 362 1829-1830'

Haugaard, G. and Johnson, A.H. 1930. The fractionation of gl iadin'
õompt. Rend. Trav. Lab. Carlsberg l8: l-138'

Herd, c.}l. 1931. A study of some methods of examining flour with
special reference to the effects of heat. l. Effects of heat on flour
proteins. Cereal Chem. 8: l'23'



Holme, J. and Briggs, D.R. 1959' Studies on the physical
g ì i ad i n. Cerea I Chem . 362 321-3t+1 '

Huebner, F.R., Rothfus, J.A. and Walì, J'S' 1961'
chemical comparison of different gamma-gl iadins
wheat flour. Cereal Chem. 44: 221-229'

252

nature of

lsolation and
from hard red winter

Huebner, F.R. and Rothfus, J.A. 1968. Gì iadin proteins from different
var i et i es of wheat. Cereal Chem ' \5: 2\2-253'

Hussein, K.F.R. and stegemann, H. 1978. comparison of proteins from

wheat kernels by u"riou, electrophoretic methods in polygçry]amide'
Z. Acker-una piianzenbau (¡. Agronomy ô Crop Sci ') 146: 68-78'

Jones, R.W., Taylor, N.W. and Senti, F'R'1959' Electrophoresis and

fractionation of wheat gìuten. Arch. Biochem. Biophys' 84: 363-376'

Jones, R.W., Babcock, G.E., Taylor, N'W' and Senti ' F'R' ì961 '
l,lolecular weights of wheat gluten fractions. Arch' Biochem' Biophys'

94: 483-488.

Jones,8.1., Lookhart, G.1., Hall, S'B' and Finney' K'F' 1982'

ldentification of wheat cultivars by gl iadin eìectrophoresis:
electrophoregrams of the 88 wheat cuìtivars most commonly grown in

rhe unired súares in 1g7g. cereat chem. 592 ì8.|-188.

Jones, R.W., Babcock, G.E., Tayìor, N'W' and Dimler' R'J ' 1963'

Fractionation of wheat gìuten by geì f¡ltration. cereal chem' 40:

409-4 I 5.

Jordan,E.fi.andRaymond,S.1969'Gelelectrophoresis:anewcatalyst
for acid systems. Anal. Biochem' 27:205-211'

Kaminski, E. 1962. Study of wheat proteins solubìe in water' salt
- 

=;iuti"n,7oZ ethanol and dilute acetic acid by starch gel

electrophoresis. J. Sci. Food Agric' l3: 603-607 '

Kasarda, D.D. Bernardin, J.E. and Nimmo, C.C. 1976. þJheat proteins' ln:
Advances in cereal science and Technoìogy (y. Pomeranz, ed'), vol' l'
p, lsg_216, American Association of cereal chemists, st. Paul,
Mi nnesota.

Kaul, A.K. 1967. Physico-chemical studies of five Austral ian wheat

varieties. J. Food Sci. Technol' 4: lll-ll4'

Kel ley, J.J, and Koenig, V.L. 1963. Electrophoretic analysis of flour
proteinsfromvariousvarietiesotwheat.J.sci.Fd.Agric.l4:
29-38

ig, V.1., 0grins, 4., Trimbo, H'B' and |lil ler' B'S' 1964' The

tãctroptroruii" analysis of flour from several varieties of hard red

inter wheat grown ul "",r.tul 
locations. J. Sci. Food Agric. 152

en
e
W

Ko

\92-\97,



Konarev, V.G., Gavriìyuk, 1.P., Gubareva' N.K
Seed proteins in genome analysis, cultivar
documentation of wheat genetic resources:
272-278.

Li ttlewood, 4.8., Gibb' T.C. and Anderson'
of unresolved di gi tized chromatograms.
Proceed i ngs of the Seventh I nternat i ona I

ed.) , p. 297-318. I nsti tute of Petroleu

253

. and Peneva, T.l . 1979.
identification and

a review. Cereal Chem. 562

.1982. An
eìectrophoresis

Kosmolak, F.G. 1979. Gliadin composition of the bread-wheat cultivars
BVI 20 and Sinton. Can. J. Plant Sci. 59: l00l-1005'

Kosmolak, F.G. and Kerber, E.R. .l980. I'larquis-K cultivar standard for
wheat gl iadin electrophoresis. J. Sci. Food Agric. 3l: 1250-1252.

Krejci, L. and Svedberg, T. 1935. The ultracentrifugation of gl iadin.
J. Am. Chem. Soc . 5l z 9t+6-951 .

Kuhlman, A.G . 1937. The individual ity of gl iadin. Nature .I40: 
I l9-120.

Ladizinsky, G. and Hymowitz, T. 1979. seed protein electrophoresis in
Taxonomic and evolutionary studies. Theor. Appì. Genet. 5\: 145-151.

Laemml i, U.K. \g70. Cìeavage of structural proteins during the assembly
of the head oi bacteriophage T4. Nature 227: 680-685'

Lämm,0. and polson, A. 1936. The determination of diffusion constants
of proteins by a refractometric method. Biochem. J. 30: 528-51+1.

Laws, W.D. and France W.G. 1948. A comparative study of some protein
fractions of wheat fìour. Cereal Chem.25z 231-2\3'

Lee, J.W. 1963. Zone electrophoresis of wheat gluten on poìYacry lamide
gels. Biochim. Biophys. Acta. 692 

.l59-160.

Lee, J.W. and Wrigìey, C.W. 1963. The protein composition of gluten
extracted from different wheats. Aust. J. Exp. Agric. Anim. Husb' ):
85_88.

Lee, J.W. and Ronalds, J.A. 1967. Effect of environment on wheat
g I i ad i n. Nature . 21 3: 844-846 .

1969. Computer anaìysis
Gas Chromatography 1968,
posium (C.l.n. Harbourn,
ondon, England.

A.H.
ln:
sym

m'L

Lookhart, G.L., Jones,8.L., Hall, S.B. and Finney,
improved method for standardizing polyacrY ìamide
of wheat gì iadin proteins. Cereal Chem. 592 178-

Lookhart, G.L., Jones, 8.1., !,lalker, D.t., Hall, s.B. and cooper, D.B.
1983. Computer-assisted method for identifying_wheat cultivars from
tñelr gliadin electrophoregrams. Cereal Chem. 6O: lìl-115.

K.F
gel
t8t



Hargol is, J. and Kenrick, K.G. t968. Polyacrylamide gel electrophoresis
irr a continuous molecular sieve gradient. Anaì. Biochem. 252

3\7 -362.

IrlcCalla, A.G. and Rose, S.C, 1935. Fractionation of gluten dispersed in
sodium sal icylate solution. Can. J. Research. l2: 3\6-356'

I'lcCalla, A.G. and Gralen, N. l9\2. Ultracentrif uge and dif fusion
studies on gluten. Can. J. Research (Sec. C) 2Oz ì30-159'

t4ifl in, B.J. and shewry, P.R. 1979. The biology and biochem¡stry of
cereal prolamins. ln: Seed Protein lmprovement in Cereals and Grain
Legumes, Vol. l, p. 137-158, IAEA, Vienna.

Lunney, J., Chrambach, A.
resolution, band width'
di ffusion coeff i cients
B i ochem . l+0 : 158- ll3 .

I'1if lin, 8.J., Field, J.11. and Shewry P.R. 1983.
and the i r effect on technoì og i ca I propert i es.
Daussant, J. l'ìosse and J. Vaughan, eds.), p.
London.

25\

and Rodbard, D. 1971. Factors affecting band
number of theoretical plates, and apparent

in polyacrylamide gel electrophoresis. Anal.

Cerea I storage prote i ns
ln: Seed proteins (¡.

255-318, Academic Press,

l4ilìs, G.L. 195\. Some observations on the electrophoresis of gliadin.
Biochim. BiophYs. Acta l4: 27\2281.

l,lecham, 0.K., Kasarda, D.D. and Qualset, C.0. 1978. Genetic aspects of
wheat gl iadin proteins. Biochem. Genetics. l6: 831-853'

Hoss, H.J., Wrigley, C.W., llacRitchie, F and Randall, P.J. .|981. Sulfur
and nitrogen ferti lizer effects on wheat. I l. lnfluence on grain
qual ity. Aust. J. Agric. Res. 322 213-226.

Nielsen, H.C., Beckwith, A.C. and l'lal l, J.S. 1968. Ef fect of
disulphide-bond cìeavage on wheat gl iadin fractions obtained by gel
f i I trat i on. Cerea I Chem . \52 37 -47 .

Nimmo, C.C., 0'Sul I ivan, l'1.T., l'lohammed, A. and Pence, J.W' 1963'
Fractionation and zone electrophoresis of proteins of water-soluble
materiaìs of flour. Cereal Chem.40:390-398.

0rnstein, L. 1964. Disc electrophoresis - |

Ann. N.Y. Acad. Sci . 1212 321-3\9.
Background and theorY.

osborne, T.B. .|907. The proteins of the wheat kernel. carnegie
lnstitute of Washington. Publ. No. 84.

Qsborne, T.B. .|908. Qur present k-nowledge of plant proteins. Science
N.s. 282 \17-\27 .

gsborne, T.B. 192\. The vegetable proteins. 2nd ed., Longmans Green and

Co., London



255

Pankhurst, R.J. \975. ldentification by matching. ln: Biological
ldentification with Computers (n.¡. Pankhurst, ed.) , p. 79-91,
Academic Press, London.

Payne, P.l. and Corf ield, K.G. 1979.
gìutenin Proteins, isolated bY gel
medium. Planta l\52 8¡-88.

Subunit composition of wheat
filtration in a dissociating

payne, P.1., corfield, K.G. and Blackman, c.A. 1979. ldentification of
a high-moìecular-weight subunit of glutenin whose presence correlates
with bread-making quality in wheats of related pedigree. Theor.
Appl. Genet. 55: 153-159.

Qualset, C.0., and Wrigley, C.W. 1979. Electrophoresis and
electrofocusing identify wheat varieties. Cal if. Agric' 33: l0-ì2.

I nc. , Cary ,R"y, A.A. 1982. SAS Users
Nor th Caro I i na.

Guide: Statistics. SAS lnstitute

Raymond, s. and weintraub, L. 1959. Acrylamide gel as a supporting
medium for zone electrophoresis. Science 130:711.

Raymond, S. and Wang, Y.J. 1960. Preparation and properties of
acrylamide gel for use in electrophoresis. Anal. Biochem. l:
391-396.

Redman, 0.G., Ferguson, S.,and Burbridge, K. .|980. ldentification of
wheat varieties by poìyacrylamide gel eìectrophoresis. ln: Bul l. 2,
Fìour t/li I I ing and Baking Res. Assoc. Chorleywood, U.K', p' 63-69'

Richards, E.G. and Lecanidou, R. 1971. Quantitative aspects of the
electrophoresis of RNA in polyacylamide gels. Anal. Biochem. 40:
\3-71.

Ritthausen, Die Eiweisskorper, etc., Bonn, 1872. Cited in: Qsborne,
T.B. ig17. The proteins of the wheat kerneì. Carnegie lnstitute of
lJashington. Publ. No. 84.

Rodbard, D. 1976. Estimation of l'lolecuìar weight by gel f iltration and

geì electrophoresis. I l. Statistical and computational
èonsiderations. ln: Èlethods of Protein Separation (Catsimpoolas, N.

ed.), Vol. 2, p. l8l-218, Plenum, New York.

Sandstedt, R.l,t. and Blish, l'1.J. 1933. A new characterization of gluten
proteins. Cereal Chem. lO: 359-366.

Sapirstein, H.D., Zil lman, R.R. and Bushuk, l'1. 1980. The gl iadin
electrophoregram: its use in genetic and qual ity studies. (Abstr.
IIO) Cereal Foods World 252 520-521.

Savitzky, A. and Golay, l'1.J.E. 1964. Smoothing and differentiation of
data by simpl ified least squares procedures. Anal. Chem. 36:
1627 -1639 .



256

schwert, G.w., Putnam, F.W. and Briggs, D.R. 1944. An electrophoretic
study of gl iadin. Arch. Biochem. \2371-387.

Shapiro, 4.1., Vinuela, t. and I'laizel , J.V. 1967. l'lolecular weight
estimation of poìypeptide chains by electrophoresis in SDS-

polyacrylamide gels. Biochem. Biophys. Res. Comm. 282 8ì5-820.

Shewry, P.R., Pratt, H.l'1., Charlton, t'l.J. and llif lin, B.J, 1977. Two-
dimensionaì separation of the prolamins of normaì and high lysine
barley (Hordeum vulsare L.) J. Exp. Bot. 28: 597-606.

Shewry, P.R., Faulks, 4.J., Pratt, H. and l'1iflin, B.J.1978. The
varietal identification of single seeds of wheat by sodium dodecyl
sulfate polyacryìamide gel electrophoresis of gl iadin. J. Sci. Fd.
Agric. 292 847-849.

Simmonds, D. and Winzor, D. .l96.l. Chromatographic fractionation of the
acetic acid soìuble proteins of wheat flour on carboxymethyì-
cel ìulose. Aust. J. Bioì. Sci. l4: 690-699

slater, G.G. 1969. Stable pattern formation and determination of
molecular size by pore-l imit electrophoresis. Anat. Chem. 4:
r039-r041.

Smi th i es, 0. 1g55. Zone el ectrophores i s i n starch gel s: group

'.rariations in the serum proteins of normal human adults. Biochem. J
6l : 629-6t+1 .

Sneath P.H.A. and Sokal, R.R. 1973. Numerical Taxonomy. p. 132, t,J.H.

Freeman and Company, San Fransisco.

Solari, R.l'1. and Favret, E.A. 1967. Linkage of genes regulating the
protein constitution of wheat endosperm. Wheat Newsletter l4: 19-20.

Sozinov, A.A. and Poperelya, F.A. 1980 Genetic classification of
prolamines and its use for plant breeding. Ann. Technol., agric.29z
229-2\5.

Sozinov, 4.4., Poperelya, F.A. and Stakanova, A. | . 197\. Use of
electrophoresis of gl iadin for selection of wheat by qual ity. Vestn.
Seìls Kokhoz. Nauki (l'loscow) 7: 99. Chem. Abstr. 8l: 166298a.

Taddei, G. 1820. Ricerche sul gìutine del frumento. Giornale di
fisica, chemica, e storia naturaìe, Brugnatelli (Z)Zz 360-361.
in: Kasarda et al. 1976. wheat proteins. ln: Advances in cereal
Science and Technology (V. Pomeranz, ed.), Vol. l, p. 158-236,
American Association of Cereal Chemists, St. Paul, 14innesota.

Cited

Tisel ius, A. 1937. A new apparatus for electrophoretic analysis of
coì loidal mixtures. Trans. Faraday Soc. 332 52\-531.

Tkachuk, R. and l'lellish, V.J. 1980. Vlheat cultivar identif ication by
high voltage gel electrophoresis. Ann. Technol., agric. 292 2O7-212.



257

Trotman, c.N.A. and Greenwel l, J.R. 1979. Computed resoìution
relative specific radioactivities of radioìabel ìed proteins
synthesized by isoìated gastric mucosal cel ls. Biochem. J.
159-16\.

and

I 78:

van Rijswick, ¡1.H.J. lg7\. Adaptive program for high precision off-l ine
proã"=ring of Chromatograms. Chromatographia /: l+91-501 '

Vandeginste, B.G.t4. and De Galan, L. 1975. Critical evaluation of curve
f iiting in inf rared spectrometry. Anal. Chem. l+72 2124-2132.

weber, K and $sborn, ll. \969. The rel iabi I ity of molecular weight
determi nations by sodium dodecyl suìphate-poì Yacry ìamide gel
electrophoresis of reduced proteins. J. Biol. Chem. 2\\z 4406-l+412'

Westerberg, A.W. 1969. Detection and resoìution of overlapped peaks for
an on-l ine computãr system for gas chromatographs. Anal. Chem. 4l:
1770-1777.

Woychik, J.H., Dimler, R.J., and Senti, F.R. .|960. Chromatographic
fractionation of wheat gluten on carboxmethylcel Iulose columns.
Arch. Biochem Biophys. 9l: 235-239.

Woychik, J.H., Boundy, J.A. and Dimler, R.J' l96l ' Starch gel

electrophoresis of wheat gluten proteins with concentrated urea'
Arch. Biochem. BioPhYs. 94: \77-\82.

Woychik, J.H., Huebner, F.R. and Dimler, R.J. 196\. Reduction and

starch-geì electrophoresis of wheat gl iadin and glutenin. Arch.
Biochem. BioPhYs. .l05: l5l -155.

Wrigley, C.W. lg7}. Protein mapping by combined gel electrophocusing
ãnd' electrophoresis: Appl ication to the study of _genotypic variations
in wheat gl iadins. Biochem. Genetics' 4z 509-516'

l¡,lrigley, c.þl. 1977. lsoelectric focusing of seed proteins. ln:
Aioiogicat and Biomedical Appl ications of. lsoelectric Focusing'
(Catsîmpoolas, N and Drysdale, J.þJ., eds.), p. 2ll-26\, Plenum, New

York.

Wrigley, C.W. 1980. The genetic and chemical significance of varietal
differences in gluten composition. Ann. Technol. agric' 29: 213-227 '

llrigley, c.t|l. and Shepherd, K.v\,. 1973. Electrofocusing of grain
proteins from wheat genotypes. Ann. N.Y. Acad. Sci . 2O9z 15l+-162.

wrigley, c.t¡l. and shepherd, K.|¡l. 197\. ldentification of Austral ian
wheat cultivars by laboratory procedures: examination of pure samples

of grain. Aust. i. Exp. Agric. Anim. Husb' l4: 796-80\'

Wrigley, C.l,l. and Baxter, R. l. 19714. ldentification of Austral ian wheat

ãultivars by laboratory procedures: grain samples containing a

mixture of cultivars. Aust. J. Exp. Agric. Anim. Husb. l4: 805-810'



Wrigley, C.W., and l4cCausland, J. 1977. Wheat cultivar
by I aboratory methods. I nstruct i on manua I for bar I ey 'cereals. CSIR0 Wheat Res. Unit Tech. Pubì. No. 4.

258

identification
wheat and other

wrigley, c.w., du cros, D.L., Archer, 1,1 .J., Downie, P.G. and. Roxburgh'
C.lt. 1980. The suìfur content of wheat endosperm proteins and its
relevance to grain qual i ty. Aust. J. Plant Physiol. 7: 155-766'

Wrigley, C.W., Robinson, P.J. and Will¡ams, W.T. 198'|. Association
between el ectrophoret i c patterns of gl i adi n protei ns and qual i ty
characteristics of wheat cultivars. J. Sci. Food Agric' 32: l+33-l+l+2.

Wrigley, C.I.'l., Autran, J.C. and Bushuk, W. 1982a. ldentification of
cereal varieties by geì electrophoresis of the grain proteins. ln:
Advances in Cereaì Science and Technology (V. Pomeranz, ed.), Vol. V,

p. 2ll-259, American Association of Cereal Chemists, St. Pauì 
'

1,1 i nnesota .

Wrigley, C.W., Robinson, P.J. and tJilliams, W.T. .|982b. Associations
beth,een individual gl iadin proteins and qual ity, Agronomic and

morphological attributes of wheat cuìtivars. Aust. J. Agric. Res.

332 409-418.

Wrigley, C.W., Lawrence, G.J. and Shepherd, K.þJ. 'l982c. Associations of
!lut"nin subunits with gl iadin composition and grain qual ity in
wheat. Aust. J. Plant Physiol. 9z l5-30.

Yakin, H.l{., Kronberg, H., Zimmer, H.G. and Neuhoff, V. 1982' ll:
Del imitation and integration of peaks in one-dimensional
el ectrophoregrams. E I ectrophores i s 1982. 3z 2\\-25\.

Zeven, A.C. and Zeven-Hissink, N.C. 1976. Genealogies of 14,000 !{heat
Varieties, issued by the Netherlands Cereal Center - NGC, Wageningen
and by the lnternational l'laize and !{heat lmprovement Center - Cll'11'1YT,

I'lex i co.

Zi I lman, R.R, 1978. Wheat cultivar identification by gl iadin
electrophoregrams. ¡4.Sc. Thesis, University of ltlanitoba, Winnipeg'
l4an i toba.

Zillman, R.R. and Bushuk, W. lg7g. Wheat cuìtivar identification by
gl iadin electrophoregrams. | ! l. Catalogue of electrophoregram
formulas of Canadian wheat cultivars. Can J. Plant Sci. 592 287-298,



Append i x A

THE EFFECT OF GLIADIN EXTRACTION TII4E ON PAGE RESOLUTION

Due to the ìarge number of cultivar sampìes used to establ ish a

data base of g'l iadin PAGE patterns for cultivar identification, gl iadin

extraction time was an important factor in determining the total number

of electrophoresis samples which could be prepared in a given period.

Common extraction times using ground grain or single kernels are from I

fr (e.S. Bushuk and Zillman, lg78; Wrigley and l'lcCausland, 1977) to 2 h

(e.S. Autran and Bourdet, I 97Ð . However an optimum or mi nimum

extraction interval with respect to gl iadin PAGE composition has not

been reported in the I iterature. Simi I arly, centrifugation procedures

used to clarify the gl iadin extract vary considerabìy' e.g. from

\,55oxg, 10 min (Lookhart et al., 1982) to l5O,oOOxg, l0 min (Tkachuk

and l'lel I ish, 1980) .

To determine an optimum or minimum extraction time to produce a

suitable electrophoretic result, the fol lowing times were examined:

ì. O time, i.e. in¡t¡al mix followed immediately by centrif ugation;

2. ì0 min;

3. 20 min;

4. r h;

5. 2h;

6. 3 h;

259 -
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Ground subsamples of grain (50 mg, Udy Cyclone t4ill) of cy. Neepawa were

placed in 1.5 ml microfuge tubes to which l0O ul of 70% ethanol was

added. The mixtures were initially vortexed for 5 sec and again every 20

min for the duration of the standing intervaì for the respective

extraction sample. Hixtures were vortexed briefìy prior to

centrifugation. Three procedures for clarifying the gì iadin extract

were also examined:

l. 8,Oggxg, 5 min with a tabìetop microcentrif uge (Beckman l'licrof uge

B);

2. As above, but for l0 min;.

3. 20,00Oxg, ìO min using a Beckman Hodel J2-21 centrifuge (JA-20

rotor) .

After cèntrifugation, 30 ul of supernatant was diluted with 4! ul of a

gliadin extract dilution solution which consisted of electrophoresis

tank buf fer (refer to Table 7) containing \O?4 w/v sucrose and 0.6'¿ w/v

methyl green dye. Electrophoresis vJas carried out as described by

Bushuk and Zi I lman (lgZB) with some modifications.

Essent i a I I y the same effects hrere observed for each of the

centrifugation procedures. The PAGE resuìt is shown for the ! min spin

(Figure 50) and indicates virtual ly no modification in the apparent

density of the gliadin bands by increasing the extraction time. Thus a

lO min gl iadin extraction time using a highly portable tabletop

centifuge to clarify the extract was adequate to obtain suitable

electrophoregrams for cultivar identif ication.



Figure !0. The effect of gì iadin extraction time on electrophoregrams
of cultivar Neepawa

Extraction times from left to right:

0 time lO sec (meaì + extracting soìution) mix
fol ìowed immediately by centrifugation.

l0 min
20 min
lhr
2hr
3hr

Conditions:

Extracting soìution
Poìyacrylamide gel
Buf fer
Protein stain

70? ethanol
Þ6
A I um i num I actate (pH 3. I )
Coomassie Blue
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Append i x B

STRUCTURE0FI'IIGRATI0NDISTANcEINPUTDATAFILEAND
pRoGRAl'l STATWT3 OUTPUT 0F RELATIVE l'.loBlLlTlES C0t4PUTED BY

¡{ULT I PLE REF ERENCE BANDS

Figure !l ilìustrates the structure of a typical cultivar data file

requ i red to sat i sfy the i nput format requ i rements of program STATWT3 '

The latter computes relative mobiìities and along with band densities'

further orders the data i nto the standardized format of a cul tivar

signature array (refer to Table l8) which can be used directìy by the

various programs of the cuìtivar identification system.

The first row or record of the data file is reserved for the

cultivar name. The first column in Figure 51 ì ists the assigned

densities of gliadin bands for cv. Sinton. The remaining columns of data

give the individual replicate migration distances in cm for each gliadin

eìectrophoregram. The last three rows in the file following a blank data

record contain migration distance values for reference bands R50, R24

and R79 respectiveìy. The program can handìe missing migration

distances (excluding reference bands) so long as the value for at least

one repl icate is specif ied. l'1¡ssing entries wouìd ordinarily denote a

band that could not be reliably identified in the positive print either

because it was too faint to be detected or due to some anomaly on the

surface of the gel slab or print wh'tch made the position of the band

amb i guous.
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Figure 5l: computer fi ìe of band densities and migration distance
values in cm for repl icate electrophoregrams of cv. Sinton

Table 18 represents the computer printout of the input data fiìe

(figure 5l) processed by program STATIJT3. Standard deviations across
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computer printout of relative mobi I ities, statistics and cultivar
signature array for cv. Sinton generated by program STATWT3

TABLE ] 8

BAND DENS . I'IEAN RI'1 S . DEV. REP. I REP.2 REP.3

15.9 15.7 15.7
18.8 18.6 t8.7
23. | 22.9 23.2
2\.5 2\.3 21+.5

26.6 26.5 26.l
27.5 27 .3 27 .8
29.3 29.3 29.5
30.4 30 .4 30 .7
3t .7 31 .7 32.0
37.1 37.1 37.\
38.2 38.2 38.4
L+3.7 \3.7 44 .0
t+5.9 \5 .6 45 .8
\7 .8 \7 .7 47.8
49.0 48.8 48.9
50 .5 50 .i+ 50 .4
52.8 52.6 52.7
5\.5 5\.2 5\.3
57 .3 56.9 57 .o
57.8 57.5 57.6
59.\ 59.2 59.3
6r.g 6t.6 6l.6
6l.l 63.5 63.6
64.4 6\ .2 6\ .t+

70 .7 70 .5 70 .8
72.2 72.1 72.3
73.5 73.5 73.6
714.9 75.0 75.0
78.9 78.7 79.o
80. 7 8o .8 80 .9
8r.5 8l.5 8l.8
83.6 8¡ .6 83.9

0 .09
0. l0
0.t5
0.t1
0.t0
0.22
0.ì0
0.t6
0.13
0.t5
0.'l2
0.20
0. l2
0 .06
0 .08
0 .06
0 .07
0. .l¡+

0.20
0.t5
0.t3
0.r6
0.ll
0 .09
o.r8
0.ll
0.02
0.05
0. 15
0..l2
0.t9
0.13
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.5\
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.r8
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.30

.7o
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.68

.o5

.\5

.59

72.21
73.53
7\.9\
78.90
8o .81
8t.59
83.71

15
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2l+
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3o
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l+s
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5o
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5
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l¿+
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17
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2\
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30
31

32

5129\23055318¡+3725
\\527\5\3\57185765
237352749178938081
0o 00 00 00 00
oo 00 00 00 00

27
50
72

\
2
4
0
0
0

707
0
0
0
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\38 2 \58 6 \78 7
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the Rm spectrum for cv. Sinton range from 0.02 to 0"22 relative mobility

units. This shows the positive effect of the three reference band

computing technique (refer to pages 165-llÐ to stabi I ize the

variabi I ity in Rm vaìues at a low level.

program STATWT3 can also be used in the one reference band mode to

compute Rm data relative to l'larquis band 50 folìowing the approach of

Bushuk and Zillman (1978). This is accomplished by deleting program

records tagged with the letterrrArr in the source listing which is

avai lable from the author.



Append i x C

OFF-TYPE ELECTROPHOREGRAI'IS IN THE CULT IVAR I DENT I F I CAT ION

DATA BASE

Heterogeneity in PAGE composition of a cuìtivar sample can derive

from a number of likely sources which include variation indigenous to

the breeder seed from segregants of the original cross (es), mechanical

mixture with grain of known or unknown identity and outcrossing. The

identity of heterogeneous cultivar samples is important if single

kernels are to be used for varietal identification. Also important is

the fact that relative mobi I i ty posi tion assignments in complex mixtures

of gl iadin components may become ambiguous for overlapping protein

bands. Previously reported biotypes in Canadian wheat cultivars incìude

BI,J2Or and Sinton (Kosmoìak, lgTg), Harquis (Kosmolak and Kerber, 1980),

Canuck, Chester and Napayo (Tkachuk and l'lel I ish, 1980) '

The strategy to identi fy heterogeneous cul tivar samples i s

described below. Where variant electrophoregrams were found contributing

to the PAGE composition of the bulk, no attempt was made to determine

the proportion of genotypes therein. The latter is not a trivial

undertaking and requires the sampl ing of hundreds of single grains to

obtain reliable estimates (Wr¡gley and Baxter, 197Ð. For each cultivar

listed in Tables \'6, a minimum of two gliadin extracts were prepared

for electrophoresis. These were derived from at least one single kernel

rLicensed as Benito.
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and one ground sample of grain¡ for the first 50 numbered cultivars' ä

minimum of three extracts was used. All replicates were run on sepai'ate

geì slabs.

lf the electrophoregram from the buìk wheatmeaì source precisely

matched i ts single kernel counterpart (s) , then the cultivar sample was

assumed to be homogeneous and mean Rm data was subsequentìy computed

from the repl icate electrophoretic patterns. lf on the other hand' the

two patterns were found not to correspond, usuaì ly where the

el ectrophoregram from the ground sampl e conta i ned bands wh i ch

complemented the single kernel pattern but not vice versa, then a series

of single grains was examined (typically 9-27) to twice account for the

dominant type pattern(s) contributing to the composite electrophoregram

of the mixture.

To distinguish pure samples in the wheat cultivar identification

data base, the name of a cultivar determined to be electrophoretical ly

heterogeneous was appended with the code ìetter'il'l", to indicate that

the electrophoregram from the ground sample was a composite pattern

derived from a mixture. Lines or biotypes within the mixture possessing

electrophoregrams consistent with progeny derived from the same parents

and contributing to the composition of the bulk pattern h'ere given the

name eXtensionrrCBrr (only one found), or rrCBlr', rrCB2rr' etc. to denote

contr ibuti ng b¡otYPes.

Cultivars for which the complement of found b¡otype patterns

completeìy account for the PAGE composition of the ground sample include

prelude (Figure 52C), Ceres (Figure 52E), Lee (Figure 52t), Selkirk

(Figure 538), Napayo (Figure 530), Canuck (Figure 544), and Richmond
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(Figure 56c). cultivars for which one or more biotypes remain to be

found include Rescue (Figure 558), Lemhi 53 (Figure 55F) and Jones Fife

(Figure 56D). Additional cultivars for which minor disagreements were

observed in gl iadin PAGE composition of the ground grain sampìe and

single kernels include Ruby, saunders, Glenlea, Norquay, Lemhi 62,

VJinalta, Thorne and Wakooma. These eight cuìtivar are not represented

here by figures depicting their gì iadin PAGE compositions.

Single kernel PAGE analysis frequently uncovered electrophoregrams

which r^/ere similar in composition to the bulk sample, except for a few

unique gl iadin components which could not be identified in the

electrophoregram of the mixture. These patterns were given the data

base name extens i on rrNCBrr to denote a non-contr i but i ng b ¡ otype.

Cultivar samples which were found to possess this kernel type include

Early Red Fife (Figure 52A), K,atepwa (Figure 53C), Chester (Figure 54C)

and Kenh i (F i gure 558) .

Electrophoregrams from single kernels which had I ittle homoìogy

with the bulk pattern and therefore are not consistent with having been

derived from the same cross were given the offtype name extensionsrrCU"

or ilNCUil. These codes denote kernel s of unknown or i g i n wh i ch

respectively contribute or do not contribute to the PAGE composition of

the bulk. Cultivar samples which include patterns of this type are

Katepwa (F i gure 53,CÐ , Chester (F i gure 5\,86) . l'la ldron (F i gure

55,c3, c4) , Lemh i 53 (F i gure 55,F\), Qual i ty A (F i gure 56,A\) and Dawbul

(F i gure 56,8\) .

ln some instances the centributing unknown pattern was subsequently

identified. For example, the Katepwa sample from the ll80 central Bread



Figure !2. Gl iadin eìectrophoregrams for off-type cultivar sampìes.

pattern Cul tivar Sample (O¡f-typ¡ COOE F0R DATA BASE)

i fe - Ag. Can. Lethbr i dge (LTH)

ife - " (LTH-CB)

ife- " (LTH_NCB)

AI
A2
A3

BI
B2
B3
B4

Red F

Red F

Red F

Early
Early
Early

E

E

F i fe - Ag. Can.
F if e -
F if e -
Fife -

(PcR_t{)
(PGR_CU r )
(PGR_C u2)
(PGR_cu3)

0 t tawaEar ly Red
ly Red
ly Red
ly Red

Ea
C'

ct

Prel ude - (¡1)

Prelude - (cB1)
Prelude - (cB2)

Preston - Ag.Can.
Preston - Ag. Can.

Lerhbr i dge (LTH)

0rtawa (PGR)

r
r
r

il

il

il

cl
c2
ca

DI
D2

EI
E2
E3
E4
E5

I
2

3

Ceres -
Ceres -
Ceres -
Ceres -
Ceres -

(11)

(f,l)

(CBì)
(cB2)

(ca3¡
(cB2)
(cB4)

(cBl)

L

L

L

F

F

F

ee
ee
ee

Conditions:

Polyacrylamide gel: 6Z
Buffer : Aluminum lactate (PH 3.1)
Protein stain : Coomassie Blue
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Figure 53. Gl iadin electrophoregrams for off-type cuìtivar samples.

Partern Culrivar Sample (orr-rypE coDE F0R DATA BASE)

A1
A2
A3
A4
A5
A6

BI
B2
B3
B4

ct
c2
ca
c4
c5
c6

DI
D2
D3

Rel iance - Ag.Can.
Rel iance - Ag.Can.
Rel i ance -
Rel i ance -
Rel i ance -
Rel i ance -

0rrawa (PGR)

Lethbr idge (LTH_14)

" (LTH-cB I )

" (LTH-cB2)

't (LTH_CB3)
tt (LTH_CB4)

Selkirk -
Selkirk -
Selkirk -
Seìkirk -

(11)

(cBl)
(cB2)
(ca3¡

Katepwa -
Katepwa -
Katepwa -
Katepwa -
Katepwa -
Katepwa -

Napayo -
Napayo -
Napayo -

Breeder seed
'' (NCB)

ì980 CBl..lC Tesr (CBW_¡l)

" (cBtl-cB)

" (cBt,l_cu)

" (cB!\l NcB)

(14)

(cBt)
(cB2)

Conditions:

Pol yacryl ami de gel :

Buffer :

Protein stain :

62
A I um i num I actate (PH 3. I )

Coomassie Blue
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Figure 5l+. Gl iadin electrophoregrams for off-type cultivar sampìes.

pattern Cu I t i var Sampl e (Of F -TYPE CODE FOR DATA BASE)

Canuck - (1,1)

Canuck - (CBl)
Canuck - (CB2)

Chester - Breeder seed (14)

Chester - Ag. Can. 0ttawa (PGR-I'1)

chesrer - 1978 WBVJC test (WBt.'l_|'l)

Chester - l98o UQN test (UQH-I{)

A]
A2
A3

BI
B2
B3
B4

cl
c2
c3
c4

DI
D2

EI
E2
E3
E4
E5
E6

Chester - Breeder
Ches ter - rr

Chester - rr

Ches ter - ¡r

Chester - Ag.Can.
Chester -

seed (14)

(cB)
(NcB I )
(NcB2)

0ttawa (PGR_1.1)
r' (PGR_C B)

(uQN_r4)
(uQN_cB)
(UQN_NcBt)
(uQN_cu r )
(uQN_cu2)
(uQN_N c u)

Chester -
Chester -
Chester -
Chester -
Chester -
Chester -

ì g8o UQN
il

il

il

t¡

il

Conditions:

Pol yacryl ami de gel : 6Z
Buffer : Aluminum Lactate
Protein stain : Coomassie Blue

(pH 3. 1)
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Figure !!. Gl iadin electrophoregrams

, Pattern Cuì tivar SamPle

Rescue - Ag.Can.
Rescue -
Rescue -

for off-tYPe cultivar samPìes.

(OFF-TYPE CODE FOR DATA BASE)

ortawa (14)

" (CBì)
r' (CB2)

Ag
Ag

A]
A2
A3

BI
B2
B3

cl
c2
e3
c4

DI
D2

E'l
E2
E3

FI
t2
t3
F4

Rescue - Ag. Can. Lethbr i dge
Rescue - rr

Rescue - rr

Waldron - bul k

Waldron - (CB)

Waldron - (NcUl)
I.taìdron - (NCU2)

(14)

(cB)
(cB)

h i gh protei n

low protei n

Red Bobs
Red Bobs

Kenh i
Kenh i
Kenh i

222 -
222 -

Ca

Ca

n. Lethbridge (LTH)

n. 0ttawa (PGR)

- bulk
- (cB)
- (NcB)

Lemh i
Lemh i
Lemh i
Lemh i

53 - (f'1)

53 - (cBì)
53 - (cB2)

53 - (Ncu)

Conditions:

Poìyacrylamide gel:
Buffer :

Protein stain :

6Z
Al umi num Lactate
Coomassie Blue

(pH 3. 1)
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Figure 56. Gl iadin electrophoregrams for off-type cultivar samples'

Pattern Cultivar Sample (0FF-TYPE C0DE FOR DATA BASE)

AI
A2
A3
A4

B]
B2
B3
B4

cl
c2
ca
c4

DI
D2
D3

E]
E2
E3

Qual i t
Qual i t
Qual i t
Qual i t

Dawbul -
Dawbul -
Dawbul -
Dawbul -

Ri chmond -
Ri chmond -
Ri chmond -
Ri chmond -

yA-
yA-
yA-
yA-

Ag. Can. Lethbr ï dge (LTH)

As'can' ottawa 
iilllr::r(PGR-NCU)

(r'1)

(CBì)
(cB2)
(NCU)

( l't)
(cB2)
(ce3¡
(cBt)

Jones Fife _ (t4)

Jones Fife - (cBl)
Jones Fife _ (CB2)

Carleton - Ag.Can.0ttawa (PGR)

Carleton - Ag.Can. WinniPeg (WPG)

Ramsey

Conditions:

Polyacrylamide gel: 6Z

Buffer : Al umi num Lactate
Protein stain : Coomassie Blue

(pH 3.l)
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wheat co*op Tçst (Figure 53,C3) was found to be contaminated to a

significant extent with grain from cv. Chester (Figure 5l+C) as the

latter is identicaì to the eìectrophoregram of the 'rcontributing

unknownf'shown in Figure 53,C5. Not surprisingly cv. Chester was present

i n the same Co-oP test.

The final category of offtype PAGE pattern was characterized by

dupl i cate sampì es from d i fferent sources wh i ch gave non- i dent i caì

eìectrophoregrams. PAGE pattern discrepancies invoìving the two major

sources of seed samples used in this study [Asriculture Canada Research

station, Lethbr idge (given the of f type code I'LTHrr) and The Plant Gene

Resources of Canada at The Qttawa Research Station of Agriculture Canada

(given the code "PGR|')] incìude the cultivars Early Red Fife' Preston'

Rel i ance, Rescue, Red Bobs 222 and Qual i ty A' Al I these cul tivars

represent wheats ì icensed in canada prior to 19\7, non are in current

production and thus the problem of non-matching patterns is relatively

innocuous. Authentic patterns for three of these cultivars on the basis

of ped i gree are as fol I ows:

Early Red Fife - Figure !2A (LTH)

Preston - Figure 52,01 (LTH)

Rescue - Figure 558 (LTH)

For cvs. Reliance, Red Bobs 222 and Quality A, cultivar samples from at

least one additional source needs to be evaluated before a determination

of authenticitY can be made.

Three types of PAGE compos i t i on for cv. chester i s presented i n

Figure j4 (patterns Bl, 82 and 83) derived from a bulk sample of breeder

seed (source: Canadian Grain Commission, Grain Research Laboratory), and
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cultivar samples from Plant Gene Resources, and the .|978 Western Bread

wheat co-op Test respectively. The latter is identical to the

electrophoregram derived from the l98O Uniform Qual ity Nursery (Figure

54, 84) .

Qne f i nal exampì e of offtype el ectrophoregrams ar i s i ng from source

disagreements is shown by the PAGE patterns of the durum wheat cultivar

Carleton obtained from The Plant Gene Resources (Figure 56,Ê1) and

Agriculture Canada Research Station, Winnipeg (ACRSW, Figure 56'E2) '

The latter is similar to the electrophoregrams represented as Ramsay and

Carleton by Zillman (.l978). The Carleton sample obtained for this thesis

from ACRSW is likewise shown to be identical to the gliadin pattern of

cv. Ramsay (Figure 56,83). Because the pedigrees of cvs. Carìeton and

Ramsay (refer to Table 6) are sufficiently different to account for

significant differences in PAGE composition, the Carleton sampìe from

The Plant Gene Resources of Canada is presumed to be authentic'



Append i x D

CAL IBRAT ION OF ELECTROPHOREGRAI4 DATA BETWEEN PAGE SYSTE¡/IS

since 1975, systematic keys or numericaì catalogs of gl iadin band

data by cathodic SGE and PAGE have been separately pubì ished. for over

500 Austral ian, canadian, Engl i sh, French, I taì ian, u.s.s.R. and u.s.

common and durum wheat cul tivars (see I i terature review) . Unfortunately

the composite value of this bulk of protein composition data whether for

genetic or functional considerations is severely I imited as the

correspondence between I aborator i es wi th respect to the i dent i ty of

individual gl iadin bands is largely unknown. The difficulties in

attempt i ng to cross-reference wi th i n and among d i fferent gel support

media were discussed in a col ìaborative study of major electrophoretic

systems by Autran et al . (lgZg) who observed that 'rreproduc¡bi I i ty of

pattern should be possible with strict attention to standardization of

reagents, extraction procedure, geì medium, and apparatusrr'

Progress i n recent years towards a consensus on a universal

electrophoresis system for the purpose of cultivar identification is

evident by the number of workers who have adopted, for example, the

basic features of the cathodic PAGE method of Bushuk and Zillman (1978).

However modifications with respect to the type of electrophoresis buffer

(lttran et al., 1983) , buf fer concentration and apparatus (Lookhart et

ã1., 1982), pol yacrylamide concentration (Dal Bel in Peruffo et al.'

l98l) and type of apparatus alone (Redman et al., 1980) continue to

- 282
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preclude an ideal basis for direct inter-laboratory comparison of

resuìts in the literature. An attempt was therefore made to find a

rel iable empirical relationship between gl ¡adin band relative mobi I ities

for cuìtivars run on different eìectrophoresis systems.

The electrophoregrams used for this investigation urere derived from

the horizontal and verticaì flatbed PAGE methodologies previously

descr ibed (see Hater i a I s and l'lethods sect ion) . As these two systems

possess differences with respect to polyacrylamide gel composition'

source of aluminum lactate and buffer volumes' in addition to the years

in which gl iadin electrophoregrams were obtained (horizontal PAGE

lg7g, vertical PAGE - 1983), they reasonably reflect experimental

cond i t i ons that can be assoc i ated wi th separate I aborator i es '

Hore significant is the fact that caìculated relative mobi I ities

(Bushuk and Zillman, 1978) for electrophoregrams by vertical PAGE were

found to be retarded by approximately 5% for bands which move the

greatest distance into the gel, and are increased by 52 for bands with

low mígration velocity. This differential, for outlying bands in the

electrophoregram fieìd' reduces to zero as migrating components approach

the mobility of the central t'Tarquis reference band. This effect is

reflected in the comparison of vertical and horizontal PAGE patterns

shown in Figure l9 where' apart from resolution differences, it can be

seen that patterns from corresponding cultivars fai I to al ign along the

ful I I ength of the el ectrophoregram f i el d '

ln order to el iminate confounding experimental factors' dupì icate

PAGE runs were performed concurrently using common gel (ZOO mt) and tank

buffer (IOOO ml) solutions (refer to Table 7) divided equal ly between
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vertical and horizontal 3 mm flatbed electrophoresis apparatuses. Both

were modified from the 6 mm design described by Bushuk and Zillman

(1978). Electrophoresis of gl iadin extracts f rom cvs. l'larquis and

Neepawa was carr i ed out at a constant current of 55 ma i n both

apparatuses, with circulating coolant maintained at a constant

temperature of 200C.

Results of these experiments are shown in Figure 57, and clearly

demonstrate that factors rel ated to the phys i ca I des i gn of the

eìectrophoresis apparatus can contribute to significantly modify band

relative mobi I ities. Simi lar observations have only infrequently been

referred to in the relevant I iterature. Autran et al. (ì979) made the

general observation that apparatus design was a factor that could partìy

explain different SGE results in terms of band number and distribution.

Khan et al. (1983) found that relative mobi ì ity values for gl iadin

components of cv. l,larqu i s var i ed between a hor i zonta I (Bushuk and

Zillman, .|978) and vertical (E-C 470) apparatus.

Whi le further study is required to ascertain the source of the

apparatus effect, der ived relative mobi I i ty data provided the means to

evaluate the accuracy of transforming vertical PAGE results to the scale

of relative mobi I i t¡es obtained from horizontaì PAGE by least squares

regress i on procedures.

The analysis was based on a set of 16J paired observationsr of

reìative mobi I ity (Rm) values for corresponding gl iadin bands in

electrophoregrams of six cultivars (spring wheats l'larquis, Napayo,

rEach observation in the set of data submitted to
represents the mean of approximatel y three
determinations for repl icate electrophoregrams run
slabs.

regress i on anal ys i s
relative mobility

on separate PAGE



t igure iJ . Gì iadin electrophoregrams of cultivars Neepawa and Èlarquis
derived by vertical and horizontal 3 mm flatbed PAGE

Patterns Cultivar

Neepawa
l'larqu i s

Conditions (a)

Appar a tus
Polyacryìamide gel
Buf fer
Protein stain

Conditions (b)

Apparatus :

Polyacrylamide gel :

Buffer :

Protein stain i

: Vertical (3 mm gel bed thickness)
/ò,:Þó

: Aìuminum lactate (pH 3.1)
: Coomass i e Bl ue

ì

2

Horizontal (3 mm gel
6Z
Aluminum lactate (pH

Coomassie Bìue

bed th i ckness)

3. 1)
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Neepawa and Glenlea; winter wheat cv. Talbot; durum cv. Stewart 63) '

Cultivars were chosen to provide an adequate distribution of data points

across the entire electrophoregram field, as no one cultivar can satisfy

this requirement. Rm values for horizontal PAGE results (the dependent

variable) were calculated by the method of Bushuk and Zi I lman (1978) '

Counterpart data from vertical PAGE patterns r^rere determined by multiple

reference bands as descr i bed previ ous I y (refer to Resul ts and D i scuss i on

section) to effectively minimize the experimental error in the

i ndependant var i abl e.

Regression analysis was performed using the SAS statistical program

package (Ray, .1982) on the Amdahl 580 computer of the University of

l,tanitoba. The regression line shown in Figure 58 for the curvilinear

model y=¿*þ[*cx2 represents the best f ¡ t by I east squares to the

observed set of data. lt is clear that an excel ìent functional

relationship exists between relative mobi I ities derived from the two

f latbed PAGE systems used in this study. f'loreover, the mean deviation

between observed and predicted horizontal PAGE values is less than

O.2O+0.t5 Rm units for either the fulì mobility spectrum or for gliadin

bands with Rmrs above and beìow /0 and 30 respectively, where the

greatest Rm differential occurs. Subsequent testing of the computed

regression equation on numerous electrophoregrams in the cuìtivar

identification data base simi larly yielded good fits'

These results provide strong evidence for the level of accuracy

that can be expected in cal ibrating the entire set of vertical PAGE

relative mobi I ities in the cultivar identification data base to the

expanded scale of mobi I ¡ties obtained in this study by horizontal PAGE.



F i gure 58. Least-squares curvi I inear regression analysis of reìative
mobi I ity data from vertical and horizontal PAGE systems.
Gl iadin electrophoregrams from the fol lowing cultivars
were used to establ ish the cal ibration curve: Gìenlea'
ilarquis, Napayo, Neepawa, Stewart 63 and'Talbot.
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ln practice, the application of simple or curvilinear regression

analysis to faci ì itate inter-laboratory comparison or cross-referencing

of gì_iadin electrophoregram data is bound by few requirementsr. The

value of the resuìt depends of course on comparabìe resoìution and good

precision in Rm estimates, especiaì ly for cultivars selected to

establ ish the cal ibration curve. ln this regard, the use of multipìe

reference bands to compute relative mobilities as applied in this study

might prove useful.

rVar i ous statistical considerations in regards to using cal ibration
electrophoresis data are discussed by Rodbard (1976).curves on




