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THE COMPOSITION OF HIGH
CULAR WEIGHT GLUTENIN SUBUNITS
IN NORWEGIAN WHEATS AND
RELATION TO BREAD-MAKING
LITY

ANNE KJERSTI UH LEN
Agricultural Univers i ty of Norway, Department of Crop Science, Ås, Norway.

Uhlen, A.N. 1990. The composition of high molecular weight glutenin sub
units in Norwegian wheats and their relation to bread-making quality.
Norwegian Journal ofAgricultural Sciences 4: 1-17. ISSN 0801-5341.

The high molecuJar weight (HMW) glutenin subunit composition of
Norwegian wheat varieties and advanced breeding lines was determined
using polyacrylamide gel electrophoresis in the presence of sodium dodecyl
sulphate (SDS-PAGE). The subunit composition was found to vary little be
tween the commercial varieties. Among the breeding lines, however, a more
extensive variation was found, comprising three alleles at the Glu-Al locus,
seven alleles at the GLU-81 locus and two alleles at the GLU-O1 locus. HMW
glutenin subunits 13 + 16, reported to be rare in a world collection of wheat
varieties, were found to be common in this material. Consistent relationships
were found between specific HMW glutenin subunits and bread-making qua
lity, measured by Zeleny sedimentation volurne and resistance and exten
sibility of the extensogram. Subunits 5 + 10 and 13 + 16 had the most positive
associations to quality and subunits 2 + 12 the most negative. Approximately
25-27% of the variance in Zeleny sedimentation volume was predicted from
the composition of HMW glutenin subunits in this material. It is concluded
that SDS-PAGE can be useful as a screening test for bread-making quality in
the Norwegian wheat breeding programme.

Key words: Bread-making quality, glutenins, SDS-PAGE, Triticum aestivum,
wheat.

Anne Kjersti Uhlen, Agricultural University of Norway, Department o(Crop
Science,P.O. Box41, N-1432 Ås-NLH, Norway.

MOLE-

THEIR
QUA-

The storage proteins of hexaploid wheat
are primarily responsible for the unique
cohesive-elastic properties of doughs
made from wheat flours. These proper
ties are essential in the processing of lea
vened bread. The storage proteins make
up about 85% of the endosperm proteins
in the wheat kernels, and they are tradi
tionally divided into the two fractions,
gliadin and glutenin, in accordance with

their solubility in aqueous alcohol and
dilute acid or alkali, respectively (Os
borne 1907). Today, these two fractions
are usually defined by their state of ag
gregation in dissociating solutions. Clas
sified like this, the gliadin fraction con
sists of a complex mixture of single poly
peptides, whereas the glutenins consist
of polypeptides which are aggregated,
mainly by disulphide bonds, to form
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2 HMW glutenin subunits in Norwegian wheats

large proteins. The different polypeptides
that comprise the glutenins are referred
to as subunits. These glutenin subunits
are further subdivided according to their
molecular weighl into the high mole
cular weight (HMW) and the low mole
cular weight (LMW) subunits of glutenin
(Payne et al. 1981b).

The storage proteins of wheat con
tain about 10% HMW subunits of glute
nin, about 40% LMW subunits of glute
nin and about 50% gliadins (Payne et al.
1984). Extensive allelic variation in both
gliadin and glutenin subunits are detec
ted, giving rise to different compositions
of storage proteina between genotypes.
'I'his variation causes differences in pro
tein quality between varieties. Protein
quality and protein content are the main
factors determining bread-making quali
ty.

It is generally believed that wheat
varieties of good bread-making quality
have larger amounts of the more inso
luble storage proteins than those of poor
bread-making quality (Pomeranz 1965;
Orth & Bushuk 1972; Mecham et al.
1972; Huebner & Wall 1976). Protein
quality has therefore been linked with
the glutenin group ofproteins, which are
reported as confering the elastic proper
ties to the dough (Wall 1979). Using gel
electrophoresis of reduced glutenin it is
possible to study the subunit cornposi
tion, and to search for differences be
tween wheat varieties related to the pro
tein quality.

The HMW subunits of glutenin are
easily resolved by one-dimensional sodi
um dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE), as they are
of higher molecular weight than any
other major protein subunit in the wheat
endosperm. Their molecular weights
have been estimated to 95.000-140.000
daltons using SDS-PAGE (Payne et al.
1980). On the polyacrylamide gel they
are identified as the 3-5 bands of slowest
mobility.

The genes encoding the HMW sub
units of glutenin are mapped on the

wheat chromosomes. Three loci, Glu-Al ,
Glu-B1 and Glu-Dl, collectively termed
the Glu-1 loci, are positioned close to the
centromere on the long arm of the ho
meologous chromosomes IA, 18, and 1D,
and encode forthese subunits (Bietz et al.
1975; Lawrence & Shepherd 1980; Payne
et al. 1980; Lawrence & Shepherd 1981).
The allelic variation found in these loci
in a world collection of 300 hexaploid
wheat varieties, analysed and classified
by Payne & Lawrence (1983), is shown in
Fig. 1. This variation comprises three
alleles at the Glu-Al locus, encoding
either a single subunit or no subunit, ele
ven alleles at the Glu-81 locus, encoding
either one or two subunits, and six alleles
at the Glu-Dl locus, encoding two sub
units. Lawrence (1986) identified an
other Glu-81 allele (subunits 23+24),
and another Glu-Al allele (subunit 25)
was found by Sontag et al. (1986).

c-• I -·
7 •-, Gene lccvs Qhl=hJ.
1 •-•f o-u! g tl ~

-a-ci-a-ø-o-a

Fig. 1. Allelic variation in the HMW subunits of
glutenin. The subunits present in the variety
Chinese Spring are given on the left-hand side.
The subunits are split into three groups in accor
dance with whether their genes are controlled
by chromosomes lA, 1B or 10. The HMW
glutenin subunits are denoted by nwnbers and
the alleles by letters(Payne & Lawrence 1983)

Some of the HMW subunits of glutenin
were present in very low frequencies in
the variety collections analysed. These
subunits are presumed to be rare in the
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world varieties of hexaploid wheat.
Among the rare alleles are the Glu-1B
encoded subunits 13+ 16, 13+ 19,
14+ 15, 21 and 22, and the Glu-Dl en
coded subunits 2+ 10 and 2.2+ 12.

The two HMW subunits of glutenin
encoded by Glu-B1 and Glu-D1 are
further subgrouped into «x»- and «y»
subunits, the x-subunits being those of
slowest mobility on the SDS-polyacryla
mide gel (Payne et al. 1981b). The single
lA-subunits are of the x-type. The x
subunits are reported to have about half
the cysteine content of the y-subunits
(Shewry et al. 1984; Moonen et al. 1985).
Marked differences in the nucleotide se
quences have also been found between
these two subunit types (Halford et al.
1987; Anderson et al. 1988). A third
group of HMW subunits of glutenin en
coded by the 1B chromosome, the minor
1 B z-subunits, is also reported (Holt et al.
1981). This type ofsubunit seems to be a
post-translationally modified form of the
major 1 B y-subunits.

Only two genes per Glu-1 locus seem
to be present, encoding one x-subunit and
one y-subunit (Harberd et al. 1986).
DNA-sequences encoding a y-subunit
have been detected in the lA- chromo
some too, although no lA y-subunit is
produced (Thompson et al. 1983; Forde et
al. 1985). 1 A y-subunits have never been
observed in hexaploid wheat, but they
have been found in some wild diploid spe
eies related to the progenitor of the A
genome (Waines & Payne 1987). The un
expressed lA x-subunit of the Glu-Al c
allele, referred to as the null-allele, is
another example of such non-functional
genes (pseudogenes) among the storage
protein al leies (Payne 1987).

Rccently, complete DNA-sequences
of several of the alleles for HMW sub
units of glulenin have been published
(Forde et al. 1985; Sugiyama el al. 1985;
Halford el al. 1987; Goldsbrough et al.
1988; Anderson et al. 1988). These
results reveal that the DNA-sequences of
the HMW glutenin subunits can be divi
ded into three structural domains: a non-

repetitive N-terminal domain, a repe
titive central domain, and a non-repe
titive C-terminal domain. The secondary
structure of these subunits, predicted on
the basis of their DNA-sequences, is re
ported to be rather unusual with a-helix
structure only in the relative hydrophilic
N- and C-terminal domains, and regular
repetitive Ø-turns in the central domain
(Tatham et al. 1984, 1985; Greene et al.
1988). The presence of the cysteine resi
dues mainly at the N- and C-terminal
domains, which are probably exposed to
the surface of the protein because oftheir
hydrophilic properties, may facilitate
formation of intermolecular disulphide
bonds and the formation of linear head
to-tail polymers of the HMW subunits of
glutenin (Shewry et al. 1984). Thus, the
predicted structure of the HMW subunits
of glutenin supports the «linear glutenin
hypothesis- proposed by Ewart (1977,
1979).

A number of studies have been car
ried out relating the individual HMW
subunits of glutenin to bread-making
quality. Subunit 1 was first reported to
be associated with good bread-making
quality in contrast to the null-allele
when UK-grown varieties were analysed
(Payne et al. 1979). The authors suggest
that this result is due to either a unique
structure of subunit 1, which enables lar
ger and more stable glutenin aggregates
to be formed, or to an increased total
arnount of HMW subunits of glutenin
produced in the varieties containing the
subunit l in contrast to those having the
null-allele. Later, subunits 5 + 10 were
related to good bread-making quality in
contrast to their allelic counterparts
2+ 12 (Payne et al. 1981a). This was
revealed by analysing progeny from eros
ses segregating forthese subunits. Slight
differences in the amino acid sequences
between the allelic subunits 5 + 10 and
2 + 12 were suggested as an explanation,
causing significant differences in their
secondary structures. Furthermore, Glu
B1 encoded subunits 13+ 16 were found
to provide better quality than subunits
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6 + 8 on the basis of analyses of progeny
from one cross that were segregating in
these two alle les (Payne et al. 1981a).

Several other studies analysing
other sets of wheats have confirmed that
HMW gluten in subunits 5 + 10 are re
lated to good bread-making quality
(Burnouf & Bouriquet 1980; Moonen et
al. 1982; Payne et al. 1984; Branlard &
Dardevet 1985; Campbell et al. 1987;
Cressey et al. 1987; Ng & Bushuk 1988).
By analysing random progeny from var i
ous crosses and by using isogeneic lines
differing in the HMW glutenin subunit
alleles, Payne et al. (1984) were able to
rank several of the HMW subunits of glu
ten in according to their effect on the
SDS-sedimentation volumes. The follo
wing ranking of the Glu-1 alleles was ob
tained from these results:

Glu-Al:2• = 1 > 0
Glu-81: 17+18 = 7+8 > 7+9 > 6+8 > 7
Glu-Dl:5+10 >2+12 >3+12 = 4+12
---------> -Poor quality-

A Glu-1 quality score system was worked
out on the basis of these results. This
score system enables a quality score (ran
ging from 3 to 10, where 10 is the best) to
be estimated for each variety in terms of
the HMW glutenin subunit composition.

Although the HMW subunits of glu
tenin constitute only about 10% of the
storage proteins in the endosperm, this
fraction seems to have a major effect on
the bread-rnaking quality. As much as
47-60% of the variation in quality was
explained by the HMW glutenin subunit
composition when 84 UK-grown varie
ties were analysed (Payne et al. 1987a).
Estimates of similar values were obtai
ned when varieties from Spain were ana
lysed (Payne et al. 1988).

Attempts have been made to explore
the molecular basis for the verified ef
fects on the bread-making quality of spe
cific HMW glutenin subunits. The hetter
quality found in varieties containing
subunits 5 + 10, in contrast to those with
subunits 2 + 12, has recently been repor
ted as being caused by differences in the

y-type subuni ts 10 and 12 (Payne pers.
comrn.; Pogna et al. 1987). Studies of the
nucleotide sequences of these two sub
units have revealed that the hetter qua
lity conferred by subunit 10 may be due
toa more regular P-turn conformation in
the central domain providing hetter elas
tie properties of this subunit (Golds
brough et al. 1988). By comparing the
nucleotide sequences of the 1 D x sub
units 5 and 2, however, Greene et al.
(1988) found that subunit 5 contained an
additional cysteine residue in the N
terminal region. This additional cysteine
residue may affect the covalent cross
linking patterns of the gluten structure,
contributing increased strength and su
perior performance of the dough.

The verified associations between
specific HMW subunits of glutenin and
bread-making quality are today utilized
by wheat breeders, using SDS-PAGE as a
screening test for bread-making quality.
As this electrophoretic technique is fairly
rapid, and can be used on a half gra in, se
lection can be carried out at an early
stage in the breeding programme. How
ever, several of the Glu-Bl alleles anda
few of the Glu-O1 alle les found in hexa
ploid wheat have not been tested for their
effects on bread-making quality. New al
leies have been found in land races of
primitive agricultural systems and from
diploid and tetraploid wild relatives of
common wheats (Law & Payne 1983;
Nevo & Payne 1987; Waines & Payne
1987). These represent agene source that
may be exploited further in the quality
breeding of wheat.

In the Norwegian wheat breeding
programme, high priority is given to im
proving the bread-making quality. This
study was set up in order to examine the
composition of HMW glutenin subunits
in Norwegian varieties and in adopted
breeding material, and to relate the
HMW subunits of glutenin present to
bread-rnaking quality. An attempt is
made to estimate their overall irnpor
tance regarding the quality in this ma
terial.
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MATERIALS AND METHODS

The plant materials
A collection of 13 Norwegian spring
wheat varieties and 252 advanced spring
wheat breeding lines were used to
investigate the BMW glutenin subunit
compositions in Norwegian wheat mate
rials. The 13 varieties were grown in
1984 at the Department of Crop Science,
Agricultural University of Norway, Ås,
and their names, pedigree and year of
release are given in Table 1. The 252
breeding lines were part of the Nor-

'fable 1. Norwegian spring wheat varieties ana
lysed. Their pedigree and the year of variety re
lease are given

Variety Pedigree Year of re lease

Børsum Land race
Ås Selection from a land race 1926
Frøya Selection from Børsum 1933
Fram I Jo3/M007 1936
Fram li Jo3/M007 1940
Snøgg li Jo3/Sibirian//Ås 1940
Trym Fylgia/Huron 1951
Norrøna Fram 11/Sopu 1952
Nora Fram II/Sopu 1959
Rollo Kiirn l l/Norrøna 1963
Møystad Mø 043-40/Kiirn li 1966
Runur Elsf7•Rollo 1972
Reno Tammi/Kiirn 11//Els 1975

wegian Spring Wheat Breeding Pro
gramme in the period 1984-1986. They
comprise the selected lines for preli
minary and main yield trials in 1984,
1985 and 1986. The main yield trials
consisled of 25 lines each year, white the
preliminary yield trials consisted of 64
lines in 1984 and 1985, and 49 lines in
1986. To investigate the effect of specific
H MW glulenin subunits on bread-rna
king quality, the lines from the preli
minary yield trials were used, as these
lines had not been subjected lo any selec
t.ion for brcad-making quality.

Protein and gluten contents
Protein content was determined by NIR
(Ringlund 1978) on wholemeal flour ob
tained by Falling Number's Laboratory
mill 3100, and is presented on a dry
weight basis.

Gluten content was deterrnined on
white flour milled on a Brabender Qua
dromal Junior which gave extraction
rates of 55 to 65%. Gluten washing was
carried out by Falling Number's Gluta
matic using a solution of2% NaCl.

Zeleny sedimentation test
White flour, milled as previously des
cribed for measurements of gluten con
tent, was used for the Zeleny sedimen
tation test. The test was performed accor
ding to the procedure of AACC (1983) in
which a final solution of 3.5% lactic acid
and 17.5% isopropanol is used. The sedi
mentation volumes were recorded after
five minutes resting. In order to obtain a
quality parameter independent of the
protein content, specific Zeleny sedimen
tat.ion volumes were calculated. As the
relationship between Zeleny sedimenta
tion volume and the protein content was
found to be strongly linear in the ma
terial analysed, specific Zeleny sedi
mentation volume was calculated by
adjusting the sedimentatinn vol urnes loa
constant protein leve] according lo the
linear regression line. A conslant protein
leve] of 12.5% was chosen for these ad
justments. As the regression line var ied
in different years, specific Zeleny sedi
mentation volume was calculatcd within
years.

Rheological tests and baking
Extensograms and baking tests, carried
out using standard methods at the Swe
dish Cereal Laboratory, Svalov, were
used for studying the rheological pro
perties of doughs and their behaviour du
ring baking. Extensograms were obtai
ned for lines al the preliminary yield
trial in 1985 using Brabender's Exten
sigraph. Resling times of 45 and 90 mi
nutes were used, producing highly corre-
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lated results, and therefore only the re
sults from 45 minutes resting are pre
sented in the text. Baking tests were
carried out for lines at the preliminary
yield trial in 1984.

Sodium dodecyl sulphate poly
acrylamide gel electrophoresis (SDS
PAGE)
Total seed protein was extracted using
the method of Payne et al. (1980) with
some modifications. 0.5 ml sample-buffer
of 0.063M Tris-HCl (pH= 6.8) containing
2% SOS, 5% dithiothreitol, 20% glycerol
and 0.001 % Pyronin Y were added to
samples of 20 mg wholemeal flour. Poly
acrylamide gels (10%) were east by the
method of Payne et al. (1980), with a 4%
stacking gel on top. The electrophoresis
was carried out using the Pharmacia Gel
Electrophoresis Apparatus GE-2/4 LS,
which has a water cooling system and
can be suited to gel slabs of 140*180*1.5
mm in size. 15 µI of each sample were
loaded on the gel which has the capacity
for 14 samples each. The electrophoresis
was carried out at 20 mA/gel for the first
15 minutes, and then at 38 mA/gel for
about 6 hours until 45 minutes after the
tracking dye (Pyronin Y) had eluted from
the bottom of the gel. The gels were stai
ned in Coomassie Brilliant Blue R-250
(using a solution of 0.02% Coomassie
blue, 5% ethanol and 6% TCA) for at
least two days, and then destained in
distilled water. To render the gels per
manent, they were wrapped in cello
phanc after being exposed toa solution of
55% melhanol and 4% glycerol for 30
minntes, then stretched over a box and
dried in air.

The 11 MW glulcnin subunits were
classificd according to the numbering
system of Payne & Lawrence (1983). As
described by Payne et al. (1987a), 10%
SDS-PAGE cannot separate subunits 2
and 2* adequatly. In some separations,
however, these subunits were distin
guishable. In order to separate these sub
units, thereby distinguishing between
varieties with either subunit 2* or the

null-allele in addition to subunits 2+ 12,
5% SDS-PAGE, prepared as described
above but with a lower acrylamide con
centration, was carried out.

Statistical analyses
The information on the HMW glutenin
subunit alleles of the varieties was trans
ferred to 0-1 variables by inserting the
value « 1 » when an allele was present and
«0» when an allele was absent. One vari
able was used for each allele of HMW
subunits of glutenin present in the ma
terial, which gave a total of 11 variables
expressing the HMW subunit compos
ition.

Data were analysed statistically by
analysis of variance, t-tests and by step
wise multiple linear regression using the
software package MSTAT (Nissen &
Mosleth 1986). In addition, a multiva
riate data analysis, Partial Least Squa
res (PLS) regression (Wold et al. I 982;
Martens 1985) was used. This analysis,
which is described in more detail by
Mosleth & Uhlen (1990), allows several
x-variables to be used simultaneously to
describe the variation in one or several y
variablcs.

In both the multiple regression ana
lysis and the PLS regression analysis,
the HMW glutenin subunit composition,
expressed as the 11 variables, and the
protein content were used as the x-vari
ables. The Zeleny sedimentation volume
and also the specific Zeleny sedimen
tation volume were used as the y-vari
ables. When data from all three years
were combined and analysed, another
variable expressing the «year of culti
vation- (given by the values «1», «2» and
«3» for the three years, respectively) was
included as an x-variable in the multiple
regression analyses and as a second y
variable in the PLS regression analyses.
For the PLS regression analyses, the
established calibration mode! is evalua
ted by -cross-validation , (Wold 1978).
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I-™
GLUTENIN
SUBUNITS

Fig. 2. Electrophoretic patterns of 10 spring wheat breeding lines by using I 0% SOS-PAGE. The region of
the gel which contains the I--IMW subunits of glutenin is marked. The subunits have been numbered
according to the nomeneia ture of Payne & Lawrence (1983)

Fig. 3. 5% SDS-PAGE of6 spring wheat breeding
lines. I--IMW glutenin subunits 2 and 2• are
marked on the figure

RESUL'I'S

Typical patterns of 10% SDS-PAGE are
shown in Fig. 2 for 10 of the breeding
lines. The HMW subunits of gluten in can
easily be identified as the four to five
hands at the top of the gel. Classification
numbers according to the nomenclature
of Payne & Lawrence (1983) are given in
the figure. Separations of 5% SDS-PAGE
are shown in Fig. 3. Subunits 2 and 2*
are separated and marked with arrows.

Allelic variation of HMW glutenin
subunits in Norwegian spring wheat
The composition ofHMW subunits of glu
tenin in Norwegian spring wheat varie
ties is given in Table 2. There is only
limited allelic variation in the Glu-1 loci
of these varieties. The variation includes
subunits 2* and I coded from Glu-Al,
subunits 7 + 8, 7 + 9 and 6 + 8 coded from
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Table 2. The HMW glutenin subunit composition
of Norwegian wheat varieties

Variety Glu-Al Glu-81 Glu-D1

Børsum 2• 7+8n+9 2+12
Ås 2• 7+9 2+12
Frøya 2• 7+8/7+9 2+12
Fram! 2• 7+8 2+12
Fram li 2• 7+8 2+12
Snøgg li 2• 7+8/7+9 2+ 12
Trym 2• 7+9 2+12
Norrøna 2• 7+8 5+ 10
Nora 2• 7+8 5+10
Rollo 2• 7+8 5+10
Møystad 2• 6+8 2 + 12/5+ 10
Runar• 2• 7+8 5+10
Reno • 1 7+9 5+ 10

* Currently grown commercially.

Glu-Bl, and subunits 2+12 and 5+10
coded from the Glu-O1 locus. Four of the
var iet.ies, Børsum, Frøya, Snøgg Il and
Møystad, had double sets of subunits
coded from the Glu-B 1 or the Glu-Dl loci.
This could be due to different biotypes
that may exist in these varieties, or to
impurities in the grain samples from
other varieties.

The HMW glutenin subunit compo
sition of the 252 breeding lines showed
more extensive allelic variation compa
red with the varieties. The allelic varia
tion comprises three alle les of the Glu-A 1
locus, seven alle les of the Glu-B l locus,
and two alleles of the Glu-D1 locus.
Breeding lines being impure or still se
gregating in HMW glutenin subunits
were detected. When these lines were
excluded, 24 different combinations of
HMW subunits of glutenin were found.
The number of lines of the various com
binations of HMW glutenin subunits are
given in Table 3. The HMW glutenin
subunit combinations 2*, 7 + 8, 5 + l 0,
and 2*, 13+ 16, 5+ 10 were prevalent in
this material, and werc present in 40.5%
of the breeding lines. The allelic frequen
eies at each gene locus are presented in
Fig. 4. Only two lines contained the null
allele encoded by the gene locus Glu-Al;

GLU-A1 GLU-B1 GLU-01

Fig. 4. Frequencies of the alleles at the three
gene loci Glu-A 1, Glu-B1, and Glu-D1. The data
are from 212 pure and homzygot breeding lines

the rest had 2* or l, of which 2* was the
most dominant. Among the alleles en
coded by Glu-B1, subunits 7+8 were
most commonly followed by subunits
13 + 16. Subunits 20, 17 + 18 and 7 were
rare in this material. Of the two alleles
found at the Glu-Dl locus, subunits
5+ 10 were present in 76% of the lines,
the rest had subunits 2 + 12.

Associations between HMW glutenin
subunits and bread-making quality
The HMW glutenin subunit composition
of breeding lines from the preliminary
yield trials revealed that some subunits
were present in very low frequencies.
These were the Glu-1 B encoded subunits
17+18, 20 and 7, and the null-allele
coded from Glu-Al. The effects of these
subunits on the bread-making quality
could, therefore, not be tested properly in
this material.

A nalys is of uariance
The breeding lines from the preliminary
yield trials, which comprised a total of
177 lines, were grouped according to
their HMW glutenin subunit composi
tion, and analysed by an analysis of vari
ance.

The breeding lines were first grouped
according to the Glu-Al alleles: subunit
1, subunit 2* and the null-allele. No sig
nificant differences were found between
these groups, either in protein content or
in the different quality tests (results not
shown). The two lines that contained the
null-allele were low in sedimentation
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Table 3. The frequencies and numbers of the various combinations ofHMW glutenin subunits found in the
spring wheat breeding lines. The data are from 212 pure and homozygote breeding lines

HMW subunitsofglutenin No.of Frequencies
Glu-Al Glu-B1 Glu-Dl lines %

1 0 17+18 5+10 1 .5
2 0 7+8 5+10 1 .5
3 1 20 2+12 1 .5
4 1 6+8 2+ 12 2 .9
5 1 7+8 2+12 4 1.9
6 1 13+ 16 5+10 6 2.8
7 1 17+ 18 5+ 10 1 .5
8 1 6+8 5+ 10 2 .9
9 1 7 5+10 2 .9

10 1 7+9 5+ 10 13 6.1
11 1 7+8 5+ 10 18 8.5
12 2• 13 + 16 2+12 7 3.3
13 2• 17+ 18 2+ 12 2 .9
14 2• 6+8 2+ 12 6 2.8
15 2• 7 2+ 12 3 1.4
16 2• 7+9 2+ 12 2 .9
17 2• 7+8 2+ 12 22 10.4
18 2• 13+ 16 5+ 10 38 17.9
19 2• 17+ 18 5+ 10 4 1.9
20 2• 20 5+ 10 2 .9
21 2• 6+8 5+ 10 15 7.1
22 2• 7 5+ 10 3 1.4
23 2• 7+9 5+ 10 9 4.2
24 2• 7+8 5+ 10 48 22.6

volume. As the null-allele is reported to
cause poor bread-making quality (Payne
et al. I 984), these two lines were
excluded from further analysis in order
to prevent their haveing an inf1uence on
analyses of other subunits.

The lines were then grouped ac
cording to the subunits encoded by the
Glu-Dl locus, 5+10 and 2+12. The
averages of the different quality tests of
these two groups are presented in Table
4. Lines containing subunits 5 + 10 had
much higher sedimentation volumes
than lines containing subunit 2+ 12. The
lines with subunits 5 + 10 were higher in
protein content, and this may have
affected these results. llowever, the lines
containing subunits 5 + 10 were also
higher in specific sedimentation volume,
strongly indicating differences in protein
quality between these subunits. No
differences in gluten content between the
two groups were found, even though

there were difTerences in protein content.
When the preliminary yield trials from
each year were analysed separately,
similar results were obtained, but in
1986 only differences in Zeleny sedi
mentation volume were significant (re
sults not shown).

The results from the Brabender''s
Extensigraph, carried out for the pre
liminary yield trial in 1985, were ana
lysed in the same way as the Zeleny
sedimentation volume. The breeding
lines containing the HMW glutenin sub
units 5+ 10 produced extensograms with
higher resistance and with greater ex
tensibi lity than the lines containing sub
units 2 + 12 (Table 4b). No difTerences in
protein content were found between the
se two groups in this subset of the data.

The differences found in the sedi
mentation volumes and in the exten
sograms between lines containing sub
units 5 + 10 and 2 + 12 were not reflected
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in the baking tests available for the pre
liminary yield trial in 1984 (Table 4c).

The lines were further subdivided
according to the Glu-Bl alleles within
the groups of subunits 5 + 10 and 2 + 12

as shown in Table 4 (d, e, f). For the lines
containing subunits 5 + 10, significant
differences in Zeleny sedimentation vo
lume were found between the groups of
the Glu-Bl alleles. When specific Zeleny

Table 4. Differences in technological properties between the lines from the preliminary yield trials grou
ped according to their alleles at the Glu-Dl (a, b, c) and the Glu-81 loci (d, e, f). a) and d) are results from
1984, 1985 and 1986; b) ande) are results from 1985; c) and f) are results from 1984

Glu-D1 encoded HMW glutenin subunits
5+10 2+12

a) p
z
sz
G
No. of lines

b) Eres
E••t
Earea
p
No. of lines

ell.V
p
No. of'lines

d)P
z
sz
G
No.of
lines

e) Eros
Eoxt
Earea
p
No.of
lines

f)LV
p
No.of
lines

13.2 12.7 ••
50 37 •••
44 36 •••
30.7 30.1 NS

122 42

326 211 •••
188 169 ••
94 60 •••
13.1 13.3 NS
50 8

830 826 NS
12.7 12.1 *
33 24

Lines with subunits 5 + 10 Lines with subunits 2 + 12
grouped according to the grouped according to the
Glu-B 1 encoding subunits: Glu-B1 encoding subunits:
7+8 7+9 6+8 13+ 16 7+8 7+9 6+8 13 + 16

13.0 13.1 13.3 13.5 NS 12.9 13.8 11.5 12.8 *
45 49 51 55 ... 40 52 28 39 NS
42 44 45 47 ... 37 40 34 37 NS
29.8 30.3 30.7 31.3 NS 29.6 40.9 28.3 30.4 ••
34 13 15 38 16 1 7 4

284 294 351 351 ••
180 178 182 199 •
79 82 95 105 ••
12.8 13.1 13.2 13.3 NS

14 5 6 22

834 764 799 865 NS
12.9 12.4 12.6 12.9 NS

13 4 2 6

* 0.01 < P < 0.05 •• 0.001 < P < 0.01 ••• P < 0.001
P = Protein content (%), Z = Zeleny sedimentation volume (ml), SZ = Specific Zeleny sedimentation volume
(ml), G =Gluten content (%), Eros= Extensogram resistance (BE), Eo•t = Extensogram extensibility (mm),
E8 = Extensogram area (CM2), LV= LoafVolume (ml).
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sedimentation volume was analysed, the
following ranking of the Glu-B1 subunits
was obtained: 13+16 > 6+8 = 7+9 >
7 + 8. No significant differences in gluten
content were found between these
groups.

In the preliminary yield trial in
1985, the lines with the HMW glutenin
subunits I 3 + I 6 or 6 + 8 produced exten
sograms of highest resistance, and the
lines with subunits 13 + 16 produced ex
tensograms of greatest extensibility
(Table 4e). There were no differences in
protein content between these groups in
this subset of the data. Results from
baking tests, available for lines grown in
1984, revealed no differences in loaf
volume between the Glu-1 B alle les
(Table 40.

The 42 lines from the preliminary
yield trials containing subunits 2+ 12
were also subdivided according to the
Glu-B 1 all eles and analysed for protein
content, sedimentation volume and glu
ten content (Table 4d). There were no
differences in sedimentation volume be
tween the groups. However, significant
differences in protein content were
found, and the one line with subunits
7 + 9 was especially high in both protein
contcnl and gluten contenl.

Multiple regress ion analysis
The data from the preliminary yield
trials were analysed by stepwise mul
tiple regression analysis using the HMW
subunits of glutenin and the protein con
tent as x-variables and the Zeleny sedi
mentation volume as the dependent y
variable. Only subunits 5+ 10, 2+ 12 and
13 + 16 contributed significantly to the
determination of Zeleny sedimentation
volume in addition to the protein con
tent. Subunits 5+ 10 and 13+ 16 had
positive regression coefficients, whereas
subunits 2+ 12 had negative regression
coefficients. The overall R2 was .32 when
only HMW subunits of glutenin were
taken into consideration, increasing to
.65 when the protein content was added.
When the "year of cultivation- was

added as another x-variable, the R2 in
creased further to . 74.

When the specific Zeleny sedimen
tation volume was analysed as the de
pendent y-variable using the HMW glu
tenin subunits as x-variables, subunits
5+10, 13+16 and 2+12 contributed
significantly to the determination of y.
The regression coefficients of these alle
les were similar to those obtained for the
analysis of Zeleny sedimentation volu
me. The overall R2 was 0.27.

Partial Least Squares (PLS) regression
analysis
The data from the preliminary yield
trials were analysed by PLS regression
analyses us ing the HMW subunits of glu
tenin and the protein content as x-va
riables and Zeleny sedimentation volume
as the y-variable. The predicted varian
ces in Zeleny sedimentation volume, eva
luated by -cross-validation-, are shown
in Fig. 5 for data from each respective
year (a, b, c) and for the pooled data from
all three years (d). Only one -Pl.Sefactor»
is included in all analyses, as determined
by the cross-validation test. The results

a) Y-VARIANCE b) Y-VARIANCE
\00 ·r· I I

\00 ·(··· I
I I I I I

75 1 .............. 1 ............... 1 ..... 75 [ ............... 1 ....

I I I I I
I I I I I

50 1 ................ 1 ................. 1 ........... 50 1 ... . . . . . I . .

I I i!IDII'" I I

! ...... ··- .. ! .J! .... I I
25 25 1···"· ·····••I• .. ••

I w1nnmrn0
I
t

HMW HMW+P% IIMW

c) Y-VARIANCE d) Y-VARIANCE
\00 . . . . . i . . . IOO

I
75 ... I.. 15I

I
50 1 .. 50

:~
25

. . . . . i . . . . . .

I..~-
'I

-~•HMW+P%

Fig. 5. Predicted variances in Zeleny sedimen
tation volume for analyses of the preliminary
yield trials in 1984 (a), 1985 (b), 1986 (c) and for
pooled data over years (d). The variables of the
HMW subunits of glutenin alone (HMW) and in
addition to the protein content (HMW + P%) are
used as x-variables in the analyses
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revealed that the proportion of variance
in Zeleny sedimentation volume predic
ted by the PLS regression varied between
the three years. The contributions from
the HMW subunits of gluten in were 34%,
I 7% and 33% for the years 1984, I 985
and 1986, respectively. For the pooled
data, 27% of the variation in Zeleny se
di mentation volume was predicted by the
HMW subunits of glutenin, and this pro
portion increased to 52% when the pro
tein content was included as another x
variable.

The ~ loadings- of the x-variables for
the analyses of Zeleny sedimentation vo
lume as a function of both the HMW glu
ten in subunits and the protein content
are shown in Fig. 6. High positive loa-

LOADINGS
5+10 P%

10 12

X-VAR I ASLE NO,

Fig. 6. The -Ioadings- of the x-variables for the
first PLS-factor for the analyses of Zeleny se
dimentation volurne as the y-variable. HMW
subunits of glutenin and the protein content are
used as x-variables. The data are from preli
minary yield tr ials in 1984, 1985 and 1986

dings were found for the protein content
and the H MW glutenin subunits 5 + 10
and I 3 + 16, revealing that a high protein
content and the presence of these sub
units are the important factors in
producing high sedimentation volumes
in the material analysed. Subunits
2 + 12, the only allelic alternative to
subunits 5 + 10 in this material, had the
most negative loading.

For the pooled data from all three
years, 25% of the variance in specific

Zeleny sedimentation volume was pre
dicted by the HMW glutenin subunit
composition. No additional predictive in
formation was obtained when the protein
content was included as another x-vari
able. The loadings of the HMW glutenin
subunits for this analysis were almost
identical to those shown in Fig. 6.

DlSCUSSION

The 14 Norwegian spring wheat varie
ties analysed for their HMW glutenin
subunit composition had a very limited
allelic variation in the Glu-1 loci. It may
be assumed from these results that the
land races, which are the original sources
of germplasm for the older varieties, had
little variation in the cornposition of
HMW subunits of glutenin, and that this
variation was probably limited to sub
units 2*, 7+8, 7+9, and 2+ 12. Subunits
5 + 10 were first introduced into the
Norwegian varieties Norrøna and Nora
through the Finnish variety Sopu. Accor
ding to Sontag et al. (1986), Sopu ac
quired these subunits through the Cana
dian bread-wheat variety Marquis.

The greater variation in Glu-1 alle
les found in the breeding lines reflects
the more extensive use of foreign germ
plasm in crosses during the later de
cades. In particular, germplasm from
CIMMYT has been used in the Nor
wegian Spring Wheat Breeding Pro
gramme. It is likelythat subunits 17 + 18
have been transferred from this ma
terial. Subunits 13 + 16 occur frequently
in the analysed breeding lines. By exami
ning the pedigrees of these breeding
lines, it became evident that these sub
units were also transferred to the Nor
wegian breeding material through a
CIMMYT line Sonora/TZPP//Nainari.
The prevalence of subunits 5 + 10 in the
breeding lines probably reflects the ex
tent to which the varieties Runar and
Reno have contributed to the pedigrees of
subsequent lines.
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Associations to bread-making quality
The relationship between the compo
sition of HMW subunits of glutenin and
the bread-making quality, the latter
measured by Zeleny sedimentation volu
me, extensogram, gluten content and loaf
volume, has been examined in this study.
Zeleny sedimentation volume and exten
sogram measure properties of the pro
teins important for the bread-making
quality. Loaf volume, usually considered
as the final test for bread-making qua
lity, are in contrast influenced by many
components of the wheat kernel as well
as the proteins, and by the test-baking
methods. All these quality tests are affec
ted by variations in grain protein content
as well as variations in protein quality.
The calculations of specific Zeleny sedi
mentation volumes, which successfully
removed the effects of the variation in
protein content in this material, may be
a possible way to obtain a parameter
which measures the protein quality of
wheat samples only.

Several quality-related HMW sub
units of glutenin could be identified
when Zeleny sedimenlalion volume and
extensogram were used as the quality
tests. The results of these tests showed
that lines with subunits 5 + 10 were bet
ter in bread-making quality than those
with subunits 2+ 12. 'I'his was evidenced
in all the statistical analyses carried out,
and concurs with the results of Burnof &
Bouriquet (1980), Payne et al.(198la),
Moonen et al. (1982), Payne et al. (1984),
Branlard & Dardevet (1985), Payne et al.
(1987a), Campbell et al. (1987), Cressey
et al. (1987) and Ng & Bushuk (1988). Of
the HMW subunits encoded by the 1B
chromosome present in this material,
subunits 13 + 16 were most strongly re
lated to good bread-making quality.
These subunits were found in very low
frequency in a world collection of 300
wheat varieties (Payne & Lawrence
1983), indicating that they are rare in
most breeding materials. In an earlier
work, these subunits were found to pro
vide better bread-making quality than

subunits 6+8 (Payne et al. 1981a). Of
the other Glu-1B encoded HMW subunits
of glutenin present in this material, both
subunits 6 + 8 and subunits 7 + 9 seem to
provide hetter protein quality than
subunits 7 + 8. However, these results
were only significant when lines with
subunits 5 + 10 were analysed (Table
4 d, e), and they are in disagreement with
those of Payne et al. (1984), who reported
subunits 7 + 8 as prov iding betler protein
quality than subunits 7+9 and 6+8.
When combined with the HMW glutenin
subunits 2+ 12, however, subunits 6+8
seemed to provide lower sedimentation
volume than subunits 7 + 8, but this
difTerence was not significant. As the
number of lines containing subunits 6 + 8
and 7 + 9 is low in this material, further
examination of these subunits needs to
be carried out.

The differences in quality found in
Zeleny sedimentation volume and exten
sogram were reflected neither in the glu
ten content nor in the baking tests. As
pointed out by Ringlund et al. (1986), the
gluten content and the Zeleny sedimen
tation volume reflect different protein
interactions of the gluten complex, both
contributing different information to the
bread-making quality. The Zeleny sedi
mentation volume is probably mainly
influenced by the glutenin, as has been
reported for the SDS-sedimentation vo
lume (Payne et al. I 987b). In contrast,
the gluten content is apparently a mea
sure of the quantity of the gliadin and
the glutenin as well as other flour com
ponents involved in the gluten complex.
As for the baking tests, the differences
found in protein quality attributable to
the HMW glutenin subunit composition
may have been masked by the influence
of other components in the flour.
Furthermore, as standardized test-ba
king methods are used, it is also possible
that lines with good protein quality do
not reach their potential under the
baking conditions used and, therefore,
underperform on baking.
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The results from the stepwise
multiple regression analysis revealed
that the HMW glutenin subunit corn
position accounted for 32% of the varian
ce in Zeleny sedimentation volume. How
ever, since some HMW glutenin subunits
and the protein content were inter
correlated in this material, this value of
explained variance might have been
overestimated. From the PLS regression
analysis, which is designed to deal with
intercorrelations in the data, 27% of the
variance in sedimentation volume was
predicted by the subunit composition for
new samples. Approximately similar es
timates were also found when specific
Zeleny sedimentation volume was ana
lysed (27% by the multiple regression
analysis and 25% by the PLS regression
analysis). It is therefore concluded that
the HMW glutenin subunits account for
about 25-27% of the variance in Zeleny
sedimenlation volume in this material.
These esti mates are much lower than
those reported for UK - and Spanish
grown wheat varieties (Payne et al.
1987a; Payne et al. 1988). One reason for
this could be that there is less variation
in the Glu-1 alleles present in the Nor
wegian breeding lines as compared with
variet.ies from the UK and Spain. In
particular, some of the Glu-1 allelcs
which are related to poor protein quality,
such as the null-allele, subunits 4 + 12,
3+ 12 and 7 (Payne et al. 1984), are
missing or occur in very low frequencies
in the Norwegian breeding lines.

In this study, collections of advanced
breeding lines not selected for bread
making quality have been used in order
to find associations between individual
HMW subunits of glutenin and bread
making quality. However, in another
wheat material, consisting of the bree
ding lines from the main yield trials, no
such associations were found (Uhlen el
al. 1987). This may be an effect of the
selection for quality which these lines
are subjected to, givinga narrower varia
tion in bread-making quality. It is pos
sible that lines containing -poor- HMW

glutenin subunits bul «good- subunits of
the other storage protein groups have
been accepted in this selection. Prefer
ably, examination of the relationship
between storage protein subunits and the
bread-making quality should be carried
out on wheat material not selected for
bread-making quality. Furthermore,
care should be taken when analysing
collections of breeding lines because of
possible irrelevant correlations attribut
able to pedigree associations. To mini
mize this risk, a large number of bree
ding lines from a number of crosses
should be analysed. One advantage of
using such collections is the broader
spectrum of genetic background in which
the individual polypeptides are tested,
which provides results of a more general
validity.

According to previous studies (Payne
et al. 1984, 1987a), the prevalent HMW
subunits of glutenin found in the Nor
wegian breeding lines are -good-quality
subunits, and should generally give a
flour of high elasticity. In the future
quality wheat breeding in Norway, care
should be laken to keep these good corn
binations of HMW subunits of glutenin
in the breeding materials. If parental
lines with subunits related to poor qua
lity are used, it would be advantageous to
select against these subunits in early ge
nerations by using SDS-PAGE as a scree
ning test.
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The electrophoretic patterns of HMW glutenin subunits for 111 spring wheat
breeding lines were analysed quantitatively by densitometer scann ing. Signi
ficant differences in quantity between the various subunit hands were found.
The following ranking of the subunit groups according to subunit peak areas
was obtained: !Bx >!Dy= 1D x > lAx = lBy. One exception from this
ranking was found to be the 1 B x-subunit 6, which had about half the band
intensity of the other 18 x- subunits. The total peak area of the HMW glutenin
subunits was positively correlated with grain protein content. Additional
variation in quantity of the HMW subunits of glutenin was found to have a
slight effect on the variation in Zeleny sedimentation volume. It is concluded
that selection for bread-making quality according to the electrophoretic pat
terns ofHMW glutenin subunits can be made qualitatively without taking the
quantity of the subunits into consideration.

Key words: Bread-making quality, densitometry scanning, glutenins, SDS
PAGE, 1'riticum aestivum, wheat.
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The high molecular weight (HMW) sub
units of gluten in comprise the higher mo
lecular weight polypeptides of the glute
nin aggregat.es. The glutenin aggregales
are part of the wheat storage proteins.
The genes encoding the HMW subunits
of glutenin are positioned in three corn
plex loci (Glu-Al, Glu-B1 and Glu-D1)
close to the centromere on the long arm
of the homeologous chromosomes lA, 1 B
and ID (Bietz et al. 1975; Lawrence &
Shepherd 1980; Payne et al. 1980;
Lawrence & Shepherd 1981). The allelic
variation found in these loci includes
four alleles at the Glu-Al locus encoding
either a single subunit or no subunit, 12

alleles at the Glu-Bl locus encoding
either one or two subunits, and six alle les
at the Glu-D1 locus encoding two sub
units (Payne & Lawrence I 983; Sontag et
al. 1986; Lawrence 1986). Thus, each va
riety contains from three to five HMW
subunits of glutenin. The allelic varia
tion found in these three loci have been
classified by Payne & Lawrence (1983).

Two genes are found to be present in
each of the loci encoding HMW glutenin
subunits (Harberd et al. 1986). The sub
units encoded from these two genes are
classified as «x»- and «y»-lype subunits
(Payne et al. 1981 b), the x-type subunits
being those of slower mobility on the
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SDS-polyacrylamide gel. Varieties of
hexaploid wheat have one 1 B x-, one
ID x- and one ID y-subunit, whereas
1 By- and 1 A x-subunits are expressed
for some alle les and silent for others. The
1 A y-subunits appear to be silent in
hexaploid wheat.

The IIMW subunits of glutenin cons
titute only a small proportion of the sto
rage proteins (Payne et al. 1984), but
they exert a pronounced effect on the glu
tenin elasticity and the bread-making
quality of the wheat flour (Payne et al.
1987a, 1988). A number of studies have
shown that different HMW glutenin sub
unit alleles make different contributions
to the bread-making properties (Payne et
al. 1979; Burnouf & Bouriquet 1980;
Payne et al. 1981a; Moonen et al. 1982;
Payne et al. 1984; Branlard & Dardevet
1985; Campbell et al. 1987; Cressey et al.
1987; Ng & Bushuk 1988; Uhlen 1990).
Small di.fferences in the subunit amino
acid sequences, which give important dif
ferences in the secondary structures of
the HMW glutenin subunits, are sugges
ted as an explanation for the variation in
quality. Recently published nucleotide
sequencing studies of the Glu-Dl enco
ded subunits 5 + 10 and 2 + 12 support
this theory. The hetter quality of sub
units 5+ 10 was associated with a more
regular 13-turn conformation of subunit
10, providing hetter elastic properties
(Goldsbrough et al. 1988), and also with
an extra cysteine residue of subunit 5
compared to subunit 2, affecting the
crosslink patterns of the gluten structure
(Greene et al. 1988).

Studies have also revealed that Jack
of expression of one or several HMW glu
tenin subunits in wheat lines can cause
dramatic loss of bread-making quality of
the flour (Payne et al. 1987b; Lawrence
et al. 1988). In the study by Lawrence et
al. (1988), significant relationships were
found between the total quantity of the
HMW glutenin subunits, measured by
densitometer scanning, and bread
making quality. Furthermore, the intro
duction of an extra BMW glutenin sub-

unit into hexaploid wheat, the lA y-sub
unit from Triticum thaoudar, is found to
produce increased gluten strength and
reduced dough stickiness (Rogers et al.
1989). The results from these studies
indicate that the total amount of HMW
glutenin subunits in the flours may be of
importance for the quality.

In a study examining the quant.ita
tive variation of specific HMW glutenin
subunits by densitometer scanning,
Payne et al. (1981b) found an approxi
mately constant relationship between
the subunit peak areas of several sub
units. Except for 1 B x- subunit 6, which
unlike the other 1B x-subunits, was
found to bind much less dye, the relative
intensities of the subunit hands could be
summarized as 1B x > ID x = lD y >
lA x (when present) > 1B y. Galili &
Feldman (1983) also found similar rela
tionships between band intensities of the
HMW glutenin subunits belonging to the
various subgroups. From their results
the following relative intensities of the
subunit hands could be deduced: 1D x =
1 Dy > lA x = lBy. The intensity of the
1 B x-subunits varied from twice as much
to one-half of the band intensity of the 1D
x- and 1 D y-subunits. Part of this varia
tion was due to the significantly lower
intensity of subunit 6. Gal i li & Feldman
(1983) also found the total quantities of
the HMW glutenin subunits to be posi
tively correlated to the grain protein con
tent of the wheat samples.

This study was set up to examine the
quantitative variation of the HMW glu
tenin subunits present in Norwegian
wheat materials. An atternpt is made to
relate the total amounts of HMW glute
nin subunits to the bread-making quali
ty.

MATERIALS AND METHODS

The plant materials
The plant material analysed comprised
138 advanced spring wheat breeding
lines (F7-F10) grown at the Department



Quantitatiue analysis ofHMWglutenin subunits 21

ofCrop Science, Agricultural University
of Norway, Ås, in 1985 and 1986. Sixty
four of the lines were grown in 1985, the
rest (74 lines) were grown in 1986. These
lines were part of the material analysed
by Uhlen (1990) to investigate the com
position of HMW glutenin subunits in
Norwegian wheat materials.

Fractionation and quantification ofHMW
subunits ofglutenin
Total protein extracts made from whole
meal flour from Falling Number's Labo
ratory mill 3100 were fractionated by
10% sodium dodecyl sulphate polyacry
lamide gel electrophoresis (SOS- PACE).
The method of Payne et al. (1980) with
rnodifications as described by Uhlen
(1990) was used. The HMW glutenin sub
units were classified according to the
numbering system of Payne & Lawrence
(1983). The subunits 2 and 2* are usually
not separated by 10% SDS-PAGE. Addi
tional 5% SDS-PAGE as described by
Payne et al. (1987a) were carried out for
the breeding lines that possibly contai
ned these two subunits.

The electrophoretic patterns of the
HMW glutenin subunits were scanned on
a Shimadzu CS 930 scanning densito
meter at wavelength 570 nrn, and the
peak area of each subunit was automa
tically calculated. As the HMW glutenin
subunits 17 and 18 are poorly separated
by the 10% SDS-PAGE used, the peak
area of both subunits was calculated by
the densitometer scanning. The total
peak area of HMW glutenin subunits
was calculated by adding the subunit
peak areas of each breeding line.

Eualualion ofprotein content and quality
Protein content was determined by NIR
(Ringlund 1978) and presented on a dry
weight basis. The Zeleny sedimentation
test, pcrformed by the method of AACC
(1983) on white flour obtained from a
Hrabcndcr Quadromat Junior mill, was
used for cvaluation of bread-making
quality.

Statistical analyses
Data were analysed statistically using
the software package MSTAT (Nissen &
Mosleth 1986). Averages, standard de
viations, 95% confidence intervals and
simple correlation coefficients were cal
culated. Data were also analysed by step
wise multiple regression analysis.

RESULTS

Electrophoretic patterns of the BMW
subunits of glutenin for six breeding li
nes are shown in Fig. 1. Classification

Fig. I. Electrophoretic patterns of the HMW
glutenin subunits for six of the breeding lines.
Classification numbers are according to Payne &
Lawrence (1983). The x- and y-subunits of the
various Glu-1 loci are given

numbers according to the nomenclature
of Payne & Lawrence (1983) are given in
the figure. Of the 138 breeding lines
analysed for their HMW glutenin sub
unit composition, some had double sets of
HMW glutenin subunits encodcd from
the same locus. This may be due to
mechanical mixtures of the grain samp
les, or to some heterozygosity in the
lines. Only the breeding lines with single
sets of subunits encoded from each loci,
totally 111 lines, were used for the quan
titativc analysis of IIMW glutenin sub
units. The IIMW glutenin subunit com-
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posit.ion of lhese 111 lines is listed in
'l'able 1. Fig. 2 shows the densitometer
scans for four of these breeding lines.

Absorption

13

2 2• ~ 16 1,2 I ~ ~ 9 ~O_AJVvJ~ l)uu~
I 7+18

JuuJL~
Mobility

Fig. 2. Densitometer scans of HMW glutenin
subunits for four of the breeding lines

The average peak areas of the various
HMW subunits of glutenin, shown in Fig.
3, reveal significant differences between
the subunits. Subunits 7, 13 and 17+18,
encoded by Glu-Bl, had the highest peak

areas, significantly higher than any of
the other subunits. The Glu-Al encoded
subunits 1 and 2*, and the Glu-B1
encoded y-type subunits 16, 8 and 9 were
found lo have the smallest peak areas.
The peak areas of these subunits were all
significantly smaller than subunits 10,
12, 2 and 5, encoded by Glu-Dl. The
average peak area ofsubunit 6, an x-type
subunit coded from the Glu-B1 locus, was
similar in size lo the 1 D x- and the lA x
subunits.

Little variation was found in average
protein content between the breeding
lines containing the various HMW glu
tenin subunits. The lines with subunits
13 + 16 were highest in protein content
(13.9%), whereas the lines with subunits
17 + 18 were lowest (13.1%). The average
protein contents of breeding lines con
taining other subunits varied from 13.2%
to 13.6%. T'hus, the variation in protein
content of the breeding lines is not likely
to have affected the variation in peak
areas of the various HMW glutenin sub
units in the material analysed.

For HMW glutenin subunit 8, the

Tab le I. The different compositions ofHMW glutenin subunits occurring in the material analyscd, and the
number ofbreeding lines of the various composition. Data are from the 111 pure and homozygote breeding
lines

HMW subunits of glutenin No.of
Glu-Al Glu-Bl Glu-Dl lines

I 0 17+ 18 5+ 10 1
2 2• 17+ 18 5+ 10 2
3 2• 7 2+ 12 2
4 2• 7 5+ 10 3
5 2• 7+8 2+ 12 9
6 2• 7+8 5+ 10 20
7 2• 13 + 16 2+ 12 3
8 2• 13+ 16 5+ 10 29
9 2• 6+8 2+ 12 2

10 2• 6+8 5+10 10
11 2• 7+9 2+ 12 1
12 2• 7+9 5+ 10 4
13 1 7 5+ 10 2
14 I 7+8 5+10 8
15 1 13+ 16 5+ 10 6
16 1 6+8 2+12 I
17 I 6+8 5+10 2
18 1 7+9 5+10 6
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and the Zeleny sedimentation volume
(r=0.28,P < 0.0l)ontheother.Thedata
were also analysed by stepwise multiple
regression analysis using the protein
content and the total subunit peak areas
as the x-variables and Zeleny sedimen
tation volume as the y-variable. A small,
but significant contribution to the deter
mination of Zeleny sedimentation vo
lume was then found from the total sub
unit peak areas (R2 = 0.03 P < 0.01) in
addition to the protein content.

DISCUSSION

The quantitative variation of HMW
glutenin subunits has been examined in
this study using dye intensities of the
subunit bands digitalized by densitome
ter scanning as a measure of quantity.
The binding capacity of the dye (Coo
massie Brilliant Rlue) is known to de
pend on the amino acid composition of
the polypeptides. As the amino acid corn
position of various IIMW glutenin sub
units is almost identical (Shewry et al.
1984; Moonen et al. 1985), the differences
in band intensity found between HMW
glutenin subunits are most likely caused
by differences in quantity.

The results revealed relatively cons
tant relationships between the subunit
band intensities of various HMW glu
tenin subunits belonging to the different
subgroups. The following ranking of the
subunit groups according to subunit peak
areas was obtained: I B x > 1 Dy = 1 D x
> 1 A x = 1 B y. One exception was the
18 x-subunit 6, which had only about
half the band intensity of the other 18 x-

1HB 7 I 3 I O I 2 2 5 6 I 2 * I 6 9 8
\Bx 18y 1Bx 18x 10y 10y 1Dx 10x 1Bx 1Ax IAx 1By \By 18y

HMW glutenin subunits

Fig. 3. Avcrage peak areas of the various IIMW
glutenin subunits, 95% confidence intervals are
indicated for each subunit

average peak area was calculated when
this subunit was linked to either subunit
7 or subunit 6. The results revealed that
the peak area of subuni t 8 of the 6 + 8
allele was significantly higher than that
of subunit 8 of the 7 + 8 allele (T'able 2).
For the HMW glutenin subunit 7 of the
alle les 7 + 8, 7 + 9 and 7, no significant
differences in band intensity were found.

Significant correlations were found
between the total subunit peak areas for
each breeding line on the one hand and
the protein content (r= 0.25, P < 0.01)

Table 2. Average peak areas of the HMW glutenin subunit 8 when combined with subunit 6 and 7. 95%
confidence intervals are given in parentheses

HMW glutenin subunit 8
of the 6+8 allele of the 7 +8 allele

Average peak area
No. oflines

4574 ( ± 1340)
10

2519<± 483)
19
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subunits. The results are in accordance
with the results of Payne el al. (1981b)
and Galili & Feldman (1983).

Only one structural gene appears to
be present per HMW glutenin subunit
(Harberd et al. 1986). Thus, the observed
differences in quantity cannot be explai
ned by variation in the number of struc
tural genes of the specific subunits. As
has been pointed out by Galili & Feld
man (1985), the constancy in the relative
proportions of HMW glutenin subunits
under different genetic backgrounds in
dicates that the rate of expression is an
inherited property of the structural ge
nes themselves.

The higher quantity of subunit 8
when combined with subunit 6 than
when combined with subunit 7 was also
observed in the study by Payne et al.
(1981b). Furthermore, Holt et al. (1981)
found differences in the isoelectric point
of subunit 8 when linked to its different
counterparts. This may indicate that
what has hitherto been regarded as one
subunit (subunit 8) could actually be two
structurally different subunits of al most
identical molecular weight.

The peak areas of the HMW glutenin
subunits were positively correlated to the
protein content. As the Zeleny sedimen
tation volume is also highly affected by
the protein content, the positive correla
tion found between the subunit peak
areas and Zeleny sedimentation volume
was expected. The multiple regression
analysis revealed that the total peak
areas of HMW glutenin subunits had a
small, but significant effect on the Zeleny
sedimentation volume in addition to the
protein content. Considerably greater ef
fects on Zeleny sedimentation volume,
however, were found for the qualitative
variation in HMW glutenin subunit corn
position in this material (Uhlen 1990).
These results suggest that differences in
the biochemical properties of the sub
units seem to be more important than the
overall quantity of BMW glutenin sub
units. As the relative quantities of the
different HMW glutenin subunits were

found to be approximately constant from
one genotype to another, information on
the presence or absence of the various
HMW glutenin subunit alleles along
with the protein content may contain the
main information on the total quantity of
HMW glutenin subunits in genotypes.
Hence, selection for bread-making quali
ty according lo the electrophoretic pat
terns of HMW glutenin subunits in the
breeding programmes should be carried
out qualitatively, on the basis of the pre
sence or absence of the specific subunits.
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The present study reports investigation on the influence of gliadins, HMW
glutenin subunits and protein content on Zeleny sedimentation volume and
extensogram resistance and extensibility. The gliadins were separated by
APAGE, the HMW glutenin subunits by SDS-PAGE, and the multivariate
technique Partial Least Square (PLS) Regression were used as data
analytical tool. Six different gliadin hands were found to be strongly
associated with bread-making quality. Three w - gliadin hands and one y
gliadin band, which correspond to the gliadin block Gld1B8, were positively
associated with the qua li ty tests. Two other gliadin hands, one w -gliadin band
and one y-gliadin band, encoded by chromosome 1 B, were negatively
associated with the quality tests. It is concluded that the six gliadin hands
found to be associated with bread-making quality may be useful as quality
criteria in wheat breeding programmes in addition to the HMW glutenin
subunits.

Key words: Bread-making quality, densitometry scanning, electrophoresis,
gliadins, glutenins, multivariate analyses, Triticum aestiuum, wheat.

Ellen Mosleth, MATFORSK, Norwegian Food Research Institute, P.O.Box 50,
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Abhreviations used in this paper:
APAGE acid polyacrylamide gel electrophoresis
DNA deoxyribonucleic acid
Ex 90 E extensogram extensibility after 90 min
Ex 90 R extensogram resistance after 90 min
Gli-I complex loci on chromosomes I encoding

gliadins and low molecular weight
(LMW) glutenin subunits

Gli-2 complex loci on chromosomes6encoding
gliadins

GLI (0-1) qualitative variables ex pressing gliadin
hands

GLI-SC adjusted densitometer scan of APAGE
pattern of gliadins

Glu-1 complex loci on chromosomes I encoding
HMW subunits of glutenin

H MW high molecular weight
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H MW GLU <0-1) qualitative variables expressing
HMW glutenin subunits

HMW GLU (A) scanning area of HMW glutenin
subunit.s
low molecular weight
near infrared reflectance
Partial Least Squares
protein content
reverse-phased high performance
liquid chromatography
sodium dodecyl sulphate
sodium dodecyl sulphate poly
acrylamide gel electrophoresis
specific Zeleny sedimentatinn
Zeleny sedimentation

The unique properties of bread doughs
made from hexaploid wheat flour are pr i
marily the result of the content and qua
lity of the storage proteins in the flour.
Storage proteins make up about 85% of
the endosperm proteins in wheat kernels.
When wheat flour is mixed with water,
the storage proteins hydrate and form a
gluten matrix, a complex, coherent net
work in which starch and other com
ponents are embedded. This gluten mat
rix is responsible for gas retention, which
makes production of leavened bread pos
sible. lmproved quality of wheat for
bread-making may be achieved by in
creasing the protein content or by irn
prov ing the protein quali ty, or both
(Finney & Barmore 1948). The protein
content is strongly influenced by the
growth conditions, whereas the protein
quality is determined by the composition
of the storage proteins which is mainly
dependent on the genotype. Hence, con
cerning improvement in the bread-rna
king quality of wheat by plant breeding,
attention has been focused mainly on irn
provement in the storage protein com
position.

The storage proteins consist of two
main protein fractions; gliadin and glu
tenin. Classilication of the storage pro
teins into these two groups is preferably
carried out in accordance with the state
of aggregation in dissociating media of
these proteins. With this classification,
gliadin occurs as a complex mixture of
single polypeptides, whereas glutenin
consists of polypeptides or «subunits-

that are linked together mainly by di
sulphide bonds. The glutenin subunits
are further divided into two groups based
on their molecular weights; high mole
cular weight (HMW) subunits of glu
tenin and low molecular weight (LMW)
subunits of glutenin (Payne et al. 1981b).
Normally, the gliadin fraction is divided
into the w-, y-, (3-, and a-gliadins based on
their mobility in acid polyacrylamide gel
(Woychik et al. 1961). However, amino
acid sequencing of gliadins and ONA
sequencing of their genes have revealed
a high degree of sequence homology be
tween the a- and (3-gliadins (Bartels &
Thompson 1983; Anderson et al. 1984;
Rafalski et al. 1984), suggesting that the
se two gliadin types belong to a common
protein group.

The genes encoding the different ty
pes of polypeptides constituting the sto
rage proteins have been mapped on the
wheat chromosomes. Nine major loci
have been identified at the homoeologous
chromosome groups l and 6 (Bietz et al.
1975; Rybalka & Sozinov 1979; Lawrence
& Shepherd 1980; Payne et al. 1980;
Lawrence & Shepherd 1981; Payne et al.
1982; Dvorak & Chen 1983; Jackson et
al. 1985). Figure l summarizes the pre
sent knowledge on the chromosomal loca
tion of these loci. Three loci located on
the long arm of chromosomes I A, I B and
1D (the Glu-1 loci) encode HMW sub
units of glutenin. 'l'hree other loci on the
short arm of the same chromosomes (the
Gli-I loci) encode LMW glutenin sub
units, w- and y- gliadins, whereas three
loci on the short arm of chromosomes 6A,
6B and 6D (the Gli-2 loci) encode (3- and
a-gliadins. In addition, two minor loci en
coding storage protein subunits have
been found on the short arm of chrorno
somes l A and l B (Sobko 1984; Jackson et
al. 1985). The polypeptides encoded from
these loci have been classified as LMW
subunits of glutenin, as they were
strongly bound to glutenin in gel fil
tration studies (Jackson et al. 1985). Re
cently published results of Payne et al.
(1988b), however, have revealed that

LMW
NIR
PLS
P%
RP-HPLC

sos
SDS-PAGE

SZEL
ZEL



Identification ofquality-related gliadins 29

contlMo,oona (cM)
20 0 20 40 60

LONG ARM SHORT ARM

1A t I li I I
1B; I li I l=:J

1D 1 I li I
GLU-1 GLU-2 GLI-1

6A1 II!

6B 1 li I
6D L li I

GLI-2

Figure 1. Chromosomal locations of genes en
coding storage proteins in the wheat endosperm.
The thickness of the vertical bars illustrates the
relative complexity of'these loci (Payne 1987)

these polypeptides are gliadin-type mole
cules, closely related to the w-gliadins.

All the loci encoding storage protein
polypeptides are composed of tightly lin
ked genes which rarely recombine, i.e.
they are complex loci. The number of ge
nes encoding gliadins at Gli-1 and Gli-2
loci has been estimated to 9-15 and 9-12,
respectively (Harberd et al. 1986). 'I'his is
more than the number of major poly
peptides expressed by these loci (Payne
1987). 'I'he explanation for this discre
pancy may be the presence of pseudo
genes, as reported for the Glu-1 loci
(Payne et al. 1985). Another possibility is
that some of the dominating polypep
tides, in particular the y-gliadins, may be
products of two or more gene copies
(Payne 1987).

As recombination is extremely rare
between the genes encoding gliadins at
the Gli-1 and the Gli-2 loci, the alleles at
each of these loci will be inherited as
linked groups or «blocks» (Sozinov et al.
1975; Baker & Bushuk 1978; Mecham et
al. 1978; Sozinov & Poperelya 1980;
Branlard 1983; Payne et al. 1984b). 'I'he
gliadin polymorphism have been studied
extensively by the use of one-dimen-

sional starch gel electrophoresis by
Sozinov & Poperelya (1980), who were
able to catalogue a number of gliadin
blocks encoded from the Gli-1 and the
Gli-2 loci. This work has been extended
further using polyacrylamide gel electro
phoresis (Metakovsky et al. 1984, Meta
kovsky unpublished results). The most
recently identified gliadin blocks of
Metakovsky (unpublished results) are
shown in Fig. 2.

For the HMW subunits of glutenin,
approximately 25 different subunits
have been identified in hexaploid wheat
(Payne & Lawrence 1983; Lawrence
1986; Sontag et al. 1986). Each variety
has three to five subunits (Lawrence &
Shepherd 1980). Variation in the cornpo
sition of HMW glutenin subunits among
different genotypes has a pronounced
influence on the bread-making quality
(Payne et al. I 979, 1981 a; Moonen et al.
1982; Payne et al. 1984a; Branlard &
Dardevet 1985; Campbell et al. 1987;
Cressey et al. 1987; Payne et al. 1987a,
1988a; Ng & Bushuk 1988; Uhlen
1990a). Today, the electrophoretic pat
tern of the HMW glutenin subunits is
used for quality selcctions in wheat bree
ding programmes in several countries.
As the one-dimensional electrophoretic
technique used to fractionate these sub
units isa fair ly rapid method, and can be
performed on the endosperm of a single
wheat grain, selection based on the elec
trophoretic pattern can be carried out at
an early stage in the breeding pro
gramme. The electrophoretic pattern can
also be used as a guideline for selecting
parents for new crosses.

The numbers of polypeptides belon
ging to gliadins and LMW subunits of
glutenin are much larger than those be
longing to HMW subunits of glutenin.
Using two-dimensional electrophoresis,
Wrigley & Shepherd (1973) found that
each variety contains approximately 45
gliadins. For the LMW subunits of glu
tenin, each variety is reported to contain
14-16 subunits (Wall 1979). Investi
gations of the influence of gliadins and
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Figure 2. Gliadin blocks encoded from gene loci at chromosomes 1 A, 18, ID, 6A, 68 and 6D identified on
the basis of polyacrylamide gel electrophoresis ( Metakovsky unpublished results)

LMW glutenin subunits on the bread
making quality are therefore more dif
ficult than for the HMW glutenin sub
units. Besides, atternpts to summarizø

previous studies relating the gliadin
compositions of varieties to the brcad
making quality are impeded by the in
consistent nomenclature and the difTe-
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rent electrophoretic techniques used. It
should also be noted that positive or
negative associations found between
bread-making quality and w- and y
gliadins may be due to LMW subunits of
glutenin (and vice versa), as the genes of
these protein groups are closely Iinked.
Another complicating factor is that one
dimensional gel electrophoresis <loes not
resolve all the different gliadins adequa
tely. This is particularly true of the a
and 13-gliadins. A better resolution of the
gliadins can be achieved by using two
dimensional techniques (Payne et al.
1984b).

On analysing a large number of pro
genies from many different crosses using
one-dimensional electrophoresis, Sozinov
& Poperelya (1980) were able to find
consistent associations between several
gliadin blocks and bread-making quality,
the latter mainly determined by the Ze
leny sedimentation test. However, as
these gliadin blocks were identified
using starch gel electrophoresis, they
cannot be directly compared to gels of
polyacrylamide (Metakovsky 1984),
which are most commonly used today
throughout the world.

Payne et al. (1987b) analysed F5
progenies from a cross between two geno
types differing only in the lA chro
mosome. They found significant diffe
rences in SDS-sedimentation volume cor
responding to variation in the Gli-Al lo
cus, which encodes both gliadins and
LMW subunits of glutenin. However,
among the polypeptides coded for by the
Gli-Al locus, only LMW subunits of glu
tenin were found in abundance as gel
protein in the SOS-sediment. It was
therefore concluded that the differences
found in the SDS-sedimentation volume
between genotypes differing in the Gli
A 1 locus primarily stemmed from the
LMW subunits of glutenin. Other wor
kers have found quality differences asso
ciated with gliadins encoded from the loci
at chromosome 6 (Campbell et al. 1987).
These loci encode gliadins only.

When analysing the effects of different
gliadins or gliadin blocks on the quality
parameters, problems arise because of
variation in the genetic background in
other storage protein alleles. In parti
cular, the HMW subunits of glutenin
may mask the effects of the gliadins. This
problem can be overcome by using iso
geneic lines differing only in one locus, or
by analysing progenies from crosses of
parental material differing in a few loci
only. Another approach would be to ana
lyse a large set of varieties with a wide
range of quality types, and to include in
the analyses variation in other storage
proteins.

On investigating 177 Norwegian
grown breeding lines for their compo
sition of HMW subunits of glutenin,
Uhlen (1990a) found that approximately
27% of the variance in Zeleny sedirnen
tation volume could be accounted for by
variation in the HMW glutenin subunit
composition. In the present work the
electrophoretic patterns of the gliadins
as well as those of the HMW glutenin
subunits of 97 of these breeding lines
were studied. 'I'he relatively new multi
variate technique, Partial Least Square
(PLS) regression, was used to relate the
electrophoretic patterns to bread-making
quality. This method allows a large num
ber of intercorrelated variables to be
used simultaneously to describe the vari
ation in quality parameters. Thus, all the
information on the storage protein corn
position revealed by the two different
one-dimensional gel electrophoretic tech
niques and the protein content could be
taken into account in the data analyses.

The purpose of this paper was to
identify possible quality-related gliadins
or gliadin blocks, and to estimate their
contribution to bread-making quality. A
further aim was to generate calibration
models for predicting bread-making qua
lity for new varieties or breeding lines on
the basis of the electrophoretic patterns
of gliadins and H MW glutenin subunits.
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MATERIALS AND METHODS

The plant material
The plant material analysed consisted of
97 advanced breeding lines {F7-Fs) from
the spring wheat breeding programme at
the Department of Crop Science, Agri
cultural University of Norway. The bree
ding lines were grown in two different
field trials, one in 1985 the other in 1986
consisting of 51 and 46 lines, respec
tively. The references used for these tri
als are «85B2» and «86B2». Both field
trials were located at the experimental
farm of the Department of Crop Science
at Ås. No selection for bread-making
quality has been applied to these bree
ding lines.

Evaluation ofprotein quality
Protein content (P%) was determined by
NIR (Ringlund 1978), and is presented on
a dry weight basis. The Zeleny sedimen
tation test (ZEL) was carried out accor
ding to AACC (1983) on white flour ob
tained from a Brabender Quadromat
Junior mill. As ZEL is influenced by P%
as well as by the storage protein compo
sition, a quality parameter termed «spe
cific Zeleny sedimentation voluma
(SZEL) was calculated by adjusting ZEL
for the linear relationship with P% as
described by Uhlen (1990a). In order to
study the rheological properties of the
doughs, extensograms of the Brabender's
extensograph were obtained for the lines
in 85B2. These were taken at the Swe
dish Cereal Laboratory, Svalof by their
standard methods (ICC, nr. 115).

The protein composition
The compositions of HMW glutenin sub
units and of gliadins were examined
using gel electrophoretic techniques of
protein extracts made of whole meal
flour from a Falling Number's Labora
tory mill 3100. Sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS
PAGE) by the method of Payne et al.
(1980) with minor modifications as des
cribed by Uhlen (1990a), was used for

analysing the composition of HMW sub
units of glutenin. The HMW glutenin
subunits were classified according to the
numbering system of Payne & Lawrence
(l 983). The gliadins were extracted in
70% ethanol and fractionated by one-di
mensional polyacrylamide gel electro
phoresis at pH 3.1 (APAGE) by the
method of Bushuk & Zillman (1978).
However, the concentration of hydrogen
peroxide, used as a catalyst for the gel
polymerization, was reduced according to
Khan et al. (1985) to produce a firmer gel
that gave a hetter resolution. Electropho
resis was carried out using the Pharma
cia Gel Electrophoresis Apparatus GE-
2/4 LS at 500 V. I<'or 8582, the running
time for the electrophorcsis was set to the
time required for the marker to reach the
bottom of the gel multiplied bya factor of
1.7. lmproved resolution of the gliadin
hands was obtained for 86B2 by in
creasing this factor to 1.8. The gels were
stained as described for SDS-PAGE
(Uhlen 1990a), and destained in 6% tri
chloracetic acid.

Two-dimensional electrophoresis
(APAGE*SDS-PAGE) as described by
Payne et al. (1984b) was carried out fora
few breeding lines duringa stay at PBI,
Cambridge. Some of the gliadins are
identified by the chromosome numbers
(IA, 1 B, 1 D) of their genes according to
Payne (pers. comm.).

Quantification of the electrophoretic pat
terns
The electrophoretic patterns of both the
HMW subunits of glutenin and the glia
dins were scanned on a Shimadzu scan
ning densitometer CS 930 at 570 nm. The
peak area of each 1-IMW glutenin subunit
was calculated and expressed as one
variable. For the gliadins, the whole
scanning curve was quantified by ma
nually tracing the scan curve with a
digitizer HP 911 lA Graphic Tablet. In
order to avoid inaccuracy caused by vari
able electrophoretic conditions between
different gels and between different
tracks within each gel, three well-de-
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fined gliadin hands were used as refe
rences and the longitudinal extensions of
the digitized curves were adjusted accor
ding to these three hands. Adjustment for
the background staining, which decrea
sed gradually from the top of the gel to
the bottom, was obtained by subtracting
a linear function found for each electro
phoretic track from the digitized scan
ning curve. The resulting curves were
expressed as 156 variables. The gliadin
hands of the one-dimensional APAGE
were identified by the variable number
corresponding to the highest position of
the peaks on the adjusted scanning cur
ves.

Data analyses
The multivariate data analytic techni
que, Partial Least Squares (PLS) reg
ression (Wold et al. 1982; Martens 1985;
Martens & Næs 1989), was used to inves
tigate the relationship between the
electrophoretic patterns of gliadins and
HMW glutenin subunits and the bread
making qua I i ty tests. 'I'his method allows
the electrophoretic patterns of the two
protein groups to be used simultaneously
to describe the variation in the quality
tests.

The peak areas of the individual
HMW glutenin subunits, the adjusted,
digit.ized curve of the gliadins, and the
protein content were used as x-variables
and the bread-making quality tests as y
variables. The magnitude of the different
x-var iables var ied considerably, and the
reforc all the variables were standar
dized to unit variance.

In the PLS regression analysis, infor
mation from all the x-variables is com
bined into a few basic variables or «PLS
factors- orthogonal to each other. The
PLS factors are linear combinations of
the original variables, estimated to give,
in descending order, relevant predictions
of the quality tests (the y-variables).
Variable plots of the first PLS factors
give information on how the different
electrophoretic bands re late to the bread
making quality tests. Variables having

strong positive -Ioadings- for the first
PLS factor(s) are positively associated
with quality, while those having strong
negative loadings are negatively asso
ciated with quality.

The first PLS factors are used for
estimating regression coefficients, whe
reas the last PLS factors are ignored as
they contain noise and irrelevant pre
diction information. The regression coef
ficients estimated from the first PLS
factors constitute a calibration model
that can be used to predict the bread
making quality from the electrophoretic
patterns and the protein content. When
regression coefficients are estimated,
prediction of the quality (the y-variable)
is carried out as in multiple linear reg
ression analyses.

The number of factors to be included
in the calibration mode) is determined
on the basis of a predictive cross-vali
dat.ion test (Wold 1978). With this
method the samples are divided into a
number of -Cross-Validation segrnents-.
One segment at a time is left out of the
calibration and used for evaluation of the
predictions. This is repeated so that all
the breeding lines are left out once.

An overview of the different PLS
regression analyses carried out in this
study is given in Table 1. These analyses
will be referred to according to the num
hers given in the table. Zeleny sedimen
tation volume (Zl<:LJ was used as the y
variable in the first three analyses. In
analysis no. 1, protein content (P%) was
used as the only x-variable. In analysis
no. 2, both P% and the scanning areas of
the different HMW glutenin subunits
(HMW GLU (A)) were used as x-var i
ables. This gi ves a total of 14 x-variables.
In the third analysis the adjusted digi
talized scanning curves of the gliadins
(GLI-SC) were included as well, givinga
total of 170 x- variables.

SZEL was used as the y-variable in
data analyses nos. 4 and 5 (Tab le 1 ). In
data analysis 4, IIMW GLU (A) was used
as the x-variables, and in analysis 5, the
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x-variables were both 11 MW GLU (A)
and GLI-SC.

PLS regression was also carried out
on qualitative data of the electrophoretic
patterns. The electrophoretic variables
were transformed to 0-1 variables by
being given the value « l • when a band
was present and «0» when a band was
absent. All the HMW glutenin subunits
were included as 13 x-variables (HMW
GLU (0-1)) in the qualitative data ana
lysis no. 6, and SZEL was used as the y
variable. The gliadin bands found to be
associated with bread-making quality in
the previously described analyses were
also transformed to qualitative variab-

les. These variables were included in
PLS analysis no. 7 as 6 x-variables
(GLI (0-1)) in addition to the 13 HMW
GLU (0-1) variables.

PLS regression analyses nos. 1 to 7
were carried out separately for 85B2 and
86B2. The two sets of data were also com
bined and analysed in equivalence with
data analyses 3 and 5. The year of cul
tivation («YEAR«) was included as a
second y-variable consisting of «0» for
samples in dataset 8582 and «l» for
samples in dataset 86B2. These PLS
regression analyses are gi ven as nos. 8
and 9 in Table 1.

Table l. An overview of the PLS regression analyses carried out in this study. X-variables are listed on the
left, y-variables on the right. The variable numbers are given below each set ofvariables

X-variables

Analysed for 8582 and 8682 separate ly:

Y-variables

2

3

4

5

6

7

P%
l
HMW GLU <A> + P%
1-13 14
HMW GLU <A> + GLI-SC + P%
1-13 14-169 170

HMWGLU(A) S
1-13
HMW GLU (A) + GLI-SC
1-13 14-169

HMW GLU <0-1)
1-13
HMW GLU (0-1 >+GLI <0-1 l
1-13 14-19

ZEL
I
ZEL
I
ZEL
I

ZEL
I
SZEL
l

SZEL
I
SZEL
l

Anal_ysed for 8582 and 8682 combined:

8

9

HMWGLU(AJ + GLI-SC +P%
1-13 14-169 170
HMWGLU(Al + GLI-SC
1-13 14-169

ZEL + YEAR
I 2
SZEL + YEAR
I 2

Analysed for 8582 only:

Il

HMWGLU(A)+
1-13
HMWGLU(A) +
1-13

GLI-SC + P%
14-169 170
GLI-SC + P%
14-169 170

Ex 90R
1
Ex90E
1
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Table 2. Ave rage va lues (X) and standard deviations (o) of protein con tent (P%) and Zeleny sedimentation
volume <ZEL) (ml), and correlation coefficients (r) between P% and ZEL of the two set of data 85B2 and
86B2

P% ZEL Corr. P%-ZEL

x 0 x 0 r
85B2 13.1 0.7 47 8.4 0.443 ••
86B2 13.7 1.0 57 11.8 0.744 •••

••• • ••
• 0.01 < p < 0.05 ** 0.001 < p < 0.01 ...... p < 0.001

For 8582, dala analyses equivalent
to analysis 3 were carried out using ex
tensogram resistance after 90 min
(Ex 90 R) and extensogram extensibility
after 90 min (Ex 90 E) as the y-variables;
data analyses nos. 10 and 11, respec
tively.

The proportion of the variance in the
y-variables explained by the PLS regres
sion analyses, «the explained variance in
y», is given for analyses 1-7. The explai
ned variance in y represents the lit
between the observed y-value and the y
value est.irnated from the regression ana
lysis as a total of all the samples.

The results from the individual
Cross-Validation segments are given for
PLS analysis 3 carried out on 8582 and
86B2 separatelv. The fit between the
observed y-value and the y-value pre
dicted from the calibration model is thus
given for samples that are excluded from
the calibration. As a total of all the
Cross-Validation segments this is termed
«the predicted variance in y». The pre
dicted variance in y is given for data
analyses nos. 8 and 9 in which all the
breeding lines and all the present infor
mation about the storage proteins are
included.

RESULTS

Variation in protein content and Zeleny
sedimentation uolume
The average protein content (P%) and
Zeleny sedimentation volume (ZEL) were

significantly higher in 8682 than in
85B2 (Table 2). The correlation between
P% and ZEL was significant in both
years (Table 2), hut the correlation coef
ficient between the two parameters was
higher in 86B2 than in 85B2. The stan
dard deviations in both P% and ZEL were
also higher in 86B2 than in 85B2.

One-dimensional gel electrophoresis of
gliadins andHMWglutenin subunits
Electrophoretic patterns (APAGE) of the
gliadins for I 0 breeding lines are shown
in Fig. 3. The regions of the gel con-

Figure 3. APAGE pattern of gliadins for 10 bree
ding lines from 86B2. The areas of the gel con
taining w-, y-, ll-, and a-gliadins, and the variable
numbers of some gliadin hands, are marked
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taining the w-, y-, Ø- and a-gliadins are
marked on the figure. Fig. 4 shows den-

•I
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Figure 4. Densitometer scan of gliadins for two
wheat breeding lines separated by APAGE; one
from 8582 (a) and one from 86B2 (b). The three
peaks marked on the curve are used as references
for adjustments of the curves

sitometer scans for two breeding lines,
one from 85B2 and one from 86B2. More
hands were resolved by the elec
trophoresis of 8682 than by the elec
trophoresis of 85B2. The three gliadin
peaks used as references for the longi
tudinal adjustments of the scans are
marked with arrows. Digitized curves for
two breeding lines from 8582 and two
from 86B2 adjusted for longitudinal ex
tension and background staining are gi
ven in Fig. 5.

Densitometer scans of the HMW glu
tenin subunits for three varieties are
shown in Fig. 6. The frequencies of
different combinations of HMW glutenin
subunits occurring in the material ana
lysed are listed in Table 3. The corn
bination 2*, 7 + 8 and 5 + I O and the
combination 2*, 13 + 16 and 5 + 10 were
found to be of highest frequency. Sub
units 17 + 18 and the null-allele were
found to be rare in this material. Some of

a) b)
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Figure 5. Adjusted digitalized scanning curve of the gliadins for two breeding lines from 8582 (a) and
two from 86B2 (b). The variable numbers ofsome gliadin peaks are marked on the curves
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Table 3. The number ofbreeding lines with the various combinations ofHMW glutenin subunits found in
8582 and 8682

8582 86B2
HMW SUBUNITS OF GLUTENIN NUMBER HMW SUBUNITS OF GLUTEN IN NUMBER

2• 13+ 16 2+12 I 2• 6+8 2+12 1
2• 6+8 2+ 12 1 1 6+8 2+12 1
1 6+8 2+12 I 2• 7 2+12 1
2• 7+8 2+12 4 112• 7 2+12 1
2• 13+ 16 5+10 17 2• 7+9 2+12 I
2• 17+ 18 5+10 1 2• 7+8 2+12 3
2• 6+8 5+10 5 2• 13+ 16 5+10 7
2• 6+8/13+16 5+10 1 1 13+ 16 5+10 2
1 7 5+10 1 0 17+ 18 5+10 1
2• 7+9 5+10 1 2• 17+ 18 5+10 1
1 7+9 5+10 2 2• 6+8 5+10 5
112• 7+9 5+10 1 1 6+8 5+10 2
2• 7+8 5+10 6 2• 7 5+10 3
1 7+8 5+10 4 1 7 5+10 1
2• 13+ 16 5+10/2+12 1 2• 7/13+16 5+10 2
2• 6+8 5+10/2+12 2 2• 7+9 5+10 2
1 7 5+10/2+12 1 1 7+9 5+10 2
2• 7+8/6+8 5+10/2+12 1 2• 7+8 5+10 5

112• 7+8 5+10 1
0 7 +8/17 + 18 5+10 1
2• 7+8/17+ 18 5+10 2
2• 7+8 5+ 10/2+ 12 1

13

T60~~ 2
2
•

8 12

T6035 5 /\

9

10

~

80 90 100

Figure 6. Densitometer scan of HMW glutenin
subunits for three breeding lines. The different
subunit peaks are identified according to the
system of Payne & Lawrence( 1983)

the breeding lines contained two sets of
subunits encoded from the same locus.
This is due either to some heterozygosity
in the lines, or to contamination of other
breeding lines in the grain samples.

Data analyses
The proportions of the variance in ZEL
explained by the x-variables in PLS reg
ression analyses nos. 1, 2 and 3 (Tab le 1)
are shown in Fig. 7. For 8582, 17% of the
variance in ZEL was explained by the
variance in P% (1). When HMW GLU (A)
was included (2), 51% of the y-variance
was explained, and when GLI-SC was
included as well (3), the explained vari
ance in ZEL increased to 73%.

For 86B2, the variance in Po/o alone
(1) accounted for as much as 54% of the
variance in ZEL. The proportion of the
variance in ZEL explained by the reg
ression analysis increased to 74% when
HMW GLU (A) was included (2) and to
88% by further inclusion of GLI-SC (3).
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(I) (2) (3)

86B2

(I) (2) (3)

Figure 7. Percent explained variance in ZEL (the
y-variable) by the x-variables in the PLS regres
sion analyses l, 2 and 3 for 85B2 and 86B2. The
first column illustrates the proportion of the
variance in y explained by the first PLS factor,
the second illustrates the explained variance in y
when the first two PLS factors are included, and
the third when the first three PLS factors are in
cluded. The number of factors included was de
termined bya Cross-Validation test

A plot of loadings of the different x-va
riables for the first PLS factors can vi
sually reveal which of the x-variables
that correlate with high values of the y
variable. The loadings of the x-variables
for the first PLS factor in analysis no. 3
for 85B2 are given in Fig. 8. This first
PLS-factor explained 58% of the variance
in ZEL. It contained strong positive loa
dings for P% and the HMW glutenin sub
units 5 + 10 and 13 + 16. The loadings for
subunits 2+ 12, which are the alterna
tive to 5 + 10, were strongly negative. In
addition, some of the gliadin bands had
strong positive loadings and some had
strong negative loadings. These gliadin
bands are marked by their identification
number in Fig. 8. They comprise gliadin
bands 32, 49 and 75 of strong positive
loadings and gliadin bands 40 and 80 of
strong negative loadings. These gliadin
bands are also marked on the adjusted,
digitalized scanning curves given in Fig.
5a. It can be seen from the scanning cur-
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Figure 8. The «loadings- of the x-variables for
the first PLS factor in the PLS regression
analysis no. 3 for 85B2. The loadingsofthe HMW
glutenin subunits are marked by a rectangle in
Fig. a) and enlarged in Fig. b). The variable
number of predominating gliadin hands are
marked on Fig. a)

ve (Fig. 5a) that gliadin band 49 consists
of at least two gliadins.

Gliadin bands that appeared to have
a strong influence on bread-making qua
lity in the 85B2 material were also found
to be of importance in the 8682 material
(Fig. 9). The loadings of gliadin band 75
were strongly positive, while the loa
dings of gliadin band 80 were strongly
negative. In addition, gliadin bands 35,
53 and 60 had strong positive loadings
and gliadin band 45 strong negative
loadings in this material. On examining
the APAGE gels, it became evident that
gliadin bands 53 and 60 correspond to
band 49 of the 85B2 material (see Fig. 5a
and b). Because of the slightly longer
running time of the electrophoresis car
ried out for the 86B2 material, band 49
was separated into two bands in 86B2,
giving one peak at position 53 and one at
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LOA0INGS

HMW-+...-GLI-SC--- - •
0.20 lGLU (A) 53 60 75

0.10
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Table 4. The explained variance in SZEL for the
PLS analyses 4, 5, 6 and 7. One PLS factor is
included in all the analyses as determined by
Cross Validation tests

Quantitative
data analyses

Qualitative
data analyses

Datasel
85B2
86B2

(4)
36%
17%

(5)
42%
49%

(6) (7)
36% 42%
20% 40%

40 80 120 160
x-variable no

Figure 9. «Loadings- of the x-variables for the
first PLS factor in PLS regression analysis no. 3
for 86B2. The variable numbers of predomina
ting gliadin hands are marked on the figure

position 60 on the adjusted scanning cur
ve. Similarly, gliadin hands 35 and 45 of
the 8682 material correspond to gliadin
hands 32 and 40 in 8582. Gliadin hands
35, 45, 53, 60, 75 and 80 are marked in
Fig. 3.

The additional PLS factors included
in analyses nos. 2 and 3 (see Fig. 7) con
sisted of loadings with high positive
values for P% and for the HMW glutenin
subunits 5 + 10 and 13 + 16. No major ad
ditional information on the gliadin scan
was observed in these factors.

The explained variances in SZEL for
data analyses nos. 4 to 7 are given in
Table 4. When 8582 was analysed, HMW
GLU (A) alone explained 36%, while
HMW GLU (A) + GLI-SC explained 42%
of the variance in SZEL. For 86B2, HMW
GLU (A) alone explained 17% of the
SZEL variance, while HMW GLU (A) +
GLI-SC explained 49%. The loadings of
the electrophoretic variables for the first
PLS factor in these analyses were similar
to those found for data analyses nos. 2
and 3 in which ZEL was used as a y
variable and P% was included as an x
variable.

Tablc 4 also gives the results from
the qualitat.ive data analyses in which
the electrophorctic patterns were expres
sed as 0-1 variables. For 8582, the ex
plained variance in SZEL was the same

in the qualitative analyses (6 and 7) as
when the densitometer scans were inclu
ded (analyses nos. 4 and 5). Thus, for this
dataset, the relevant information on both
protein groups for predicting SZEL ap
pears to be related to the presence or ab
sence of the various HMW glutenin sub
units and six gliadin hands. For 8682,
however, inclusion of the gliadin scan
cxplained slightly more of the variance
in SZEL than just the presence or absen
ce of the six gliadin hands.

The predictive validity of the cali
bration mode! obtained for analysis no. 3
is given in Fig. 10a for 8582 and in Fig.
IOb for 8682. ZEL was predicted from all
the x-variables in these analyses. Each
curve represents the result from one
Cross-Validation segment consisting of

<• I

v-ver-tence

factor number

(b)

Y-variance

factor number

Figure I 0. Predicted variance in ZEL for 85B2 (al
and 86B2 b). The curves represent, cumulatively,
the predicted variance in y, for each of the Cross
Validation segments, by increased numbers of
PLS tactors included in the calibration mode!.
The resuJts from the different Cross-Validation
segments is scaled to unit variance
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five or six breeding lines. The predicted
sedimentation volume fits the observed
value for most of the Cross-Validation
segments relatively well, hut for some
segments it failed. T'his phenomenon was
also observed for the other data analyses
carried out on each year separately. In
part.icular, prediction of SZEL failed for
many breeding lines in the 86B2 ma
terial when th is quality parameter was
predicted from the HMW glutenin sub
units only (data analyses nos. 4 and 6,
results not shown).

The predicted variance in ZEL and
SZEL for the combined analyses of 85B2
and 86B2 (analyses 8 and 9, rcspectivcly)
is given in Fig. 11. All Cross-Validation
segments summarized indicated that
60% of the variance in ZE L can be pre
dicted for new samples when P%, HMW
GLU (A) and GLI-SC are known. For
SZEL, the Cross-Validation test indi
cated that 35% of the variance can be
predicted from I-IMW GLU (A) and GLI
SC.

Loading plots of the x-variables for
the first PLS factors in analyses 8 and 9
gave the same information as similar
analyses carried out for each year sepa
rately (see loading plots for prediction of
ZEL in Fig. 8 and 9).

Regression coefficients for SZEL pre
diction estimated from the first two PLS
factors in analysis 9 are given in Fig. 12.
The regression coefficients are shown for
the 13 HMW GLU (A) variables and

al

Y-va r 1 ance Y-vanance

1 00

75

50

25

factor number

I 00

75

50

25

factor number

Figure 11. Predicted variance in ZEL (a) and
SZEL (b) for PLS analyses nos. 8 and 9 respec
tively, evaluated by Cross-Validation test

REGRESSION COEFF!C!ENTS
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HMW glutenin subunits Gl i ad in

bands

Figurc 12. Regression coeflicients for prediction
ofSZEL estimated from the first two PLS factors
in PLS analysis 9. The HMW glutenin subunits
are numbered according to the system of Payne
& Lawrence (1983), and the six gliadin hands by
their variable nwnbers

gliadin hands 32, 40, 53, 60, 75 and 80.
Most important among the IIMW glu
terrin subunits were the subunits 5 + 10
and 13+ 16 having positive regression
coefficients, and subunits 2 + 12 which
had negative regression coefficients. In
addition, gliadin hands 53, 60 and 75 had
strong positive regression coefficients,
whereas those for gliadin hands 40 and
80 were strongly negative.

For 85B2, the relationship between
electrophoretic data and extensogram
resistance and extensibility was analy
sed in data analyses 10 and 11, res
pecti vely. The loadings of the x-variables
for the first PLS factor, explaining 47% of
the y-variance in both analyses, are
given in Fig. 13. These loadings revealed
basically the same information about the
associations hetween the different elec
trophoretic hands and bread-making
quality as found for ZEL.

Two-dimensional eleclrophoresis of glia
dins
The two-dimensional electrophoresis
(APAGE*SDS-PAGE) of one breeding
line, T8020, which contains the gliadin
hands found to be associated with good
bread-making quality, is shown in Fig.
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Figure 13. The -Ioadings- of the x-variables for
the first PLS factor in data analyses 10 (Fig. a)
and 11 (Iigure b), in which extensogram resis
tance and e xtensibi lity, respectively, were used
as y-variables. The variable numbers of pre
dominating gliadin bands are marked on the
figure

14. The major y-gliadin, marked with a
double-headed arrow corresponds to the
gliadin band 75 (on APAGE). The w
gliadin, marked with a filled arrow, cor
responds to gliadin band 60, and the two
w-gliadins marked with open arrows cor
responds to gliadin band 53. The w
gliadins corresponding lo gliadin band 32
are not easily identified. One or more of
the three spots marked with thin arrows
may move into this band when subjected
toAPAGE.

DISCUSSION

The relationship belween the compo
sition of gliadins and HMW glutenin sub
units and bread-making quali ty has been
examined in this study. The bread
making quality has been tested by means

of Zeleny sedimentation volumes and ex
tensograms which analyse properties of
the proteins important for bread-making
quality.

The results revealed that variation
in gliadins as well as in HMW glutenin
subunits contributed considerably to the
variation in Zeleny sedimentation volu
me. The effects of the various HMW sub
units of glutenin on the quality tests
were in accordance with the results of
Uhlen (1990a). In addition, several glia
din hands were found to be strongly as
sociated with bread-making quality.
Gliadin hands 32, 53, 60 and 75 were
positively associated with the Zeleny
sedimentation volume and with the
resistance and the extensibility of the
extensogram, whereas gliadin bands 40
and 80 were negatively associated with
these quality parameters. Similar quali
ty associations for these gliadin hands
were found when another sei of 25 bree
ding lines was analysed (Uhlen et al.
1987).

The breeding line T8020, having the
gliadin bands positively associated with
bread-making quality, is reported by
Sontag (unpublished results) to contain
the gliadin blocks GldIA2, GldlB8 and
Gid 1 D3 according to the nomenclature of
Metakovsky (unpublished results) given
in Fig. 2. According to this information
and to the chromosomal location of the w
and y-gliadins given for the same bree
ding line on the two-dimensional gel
(Fig. 14), it is concludcd thai the gliadin
hands 75, 60 and 53 correspond to the
gliadins of block Gld1B8. Band 53 may
also contain a w-gliadin belonging to
block GldlA2, when this block is present
in addition lo Gid 188. Furthermore, one
of the three w-gliadins that possibly
correspond to gliadin band 32 (marked
with thin arrows in Fig. 14) belongs to
GldlA2. The chromosomal location of the
genes encoding the other two w-gliadins
are at present not known. It was obser
ved in the present material that gliadin
bands 75, 60 and 53 always occurred to
gether, supperting the conclusion thai
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Figure 14. Two-dimensional electrophuresis (APAGE•SDS-PAGE) of the gliadins of the breeding line
T8020. The arrows indicate the gliadin spots corresponding to the gliadin bands at variables 32 (thin
arrows), 53 (open arrows), 60 (filled arrow) and 75 (doubleheaded arrow). The corresponding
electrophoretic pattern of one-dimensional APAGE is illustrated by projecting the gliadin spots in the
vertical direction. The number of the chromosomes ( I A, I B ), from which some of these gliadins are
eucoded is marked on the figure

these gliadin bands belong to one gliadin
block. Similarly, gliadin bands 40 and
80, negatively associated with quality,
occurred together, and were alternative
to gliadin bands 75, 60 and 53. From
these observations and according to the
identified gliadin blocks of Metakovsky
(unpublished results) it is concluded that
bands 40 and 80 also belong to gliadin
blocks encoded by chromosome 1 B.

None of the gliadin bands from the
region of the one-dimensional gel with
extensive overlap (the region containing
a- and Ø-gliadins) were related to quality
in this study. It is possible that other
techniques giving a belter separation of
the gliadins (i.e. two-dimensional elec
trophoretic techniques, RP-HPLC) may
reveal quality associations for these gli
dins.

When a calibration mode) was made
based on protein content, the HMW
glutenin subunits and the six above
mentioned gliadin hands, the bread
making quality was well predicted for
most breeding lines, whereas for some
breeding lines the calibration mode)
failed. This is most likely due to varia
tion in storage proteins that was not in
cluded in the present calibrations. Data
on the composition of LMW glutenin
subunits were not included. Furthar
more, one-dirnensional APAGE do not
separate all the gliadins, causing several
gliadins or gliadin blocks to be hidden in
the electrophoretic patterns. Another
factor that may contribute to the pre
diction failure is the distorted distri
bution of the storage protein subunits in
this material, as seen from the distri-



Identifi,cation ofquality-related gliadins 43

bution of the HMW glutenin subunits
(Table 3).

Most of the variation found to be
relevant for predicting the quality tests
appeared to be related to the presence or
absence of the various HMW glutenin
subunits and six gliadin bands. The
quantitati ve difTerences measured by
densitometric scanning did not give con
sistent additional predictive information.
For well-separated H MW subunits of
glutenin, densitometer scanning of the
bands has been reported as an accurate
method for quantitative measurements
(Uhlen & Ringlund 1987). However, by
means of this technique, Payne et al.
(I 98 I b) and also Uh len (1990b) found
that the relative intensities of different
HMW glutenin subunit bands are appro
ximately constant from one variety to the
other. As a consequence, the presence or
absence of the various HMW glutenin
subunits along with the protein content
contain most of the variation present in
the densitometer scan ofthese subunits.

For the gliadins, inclusion of the
whole scanning curve in the PLS reg
ression analyses made it possible to re
veal quality associations for six gliadin
bands of the w- and y-types. Since these
gliadin bands appeared to be strongly
associated with bread-making quality,
they may be used as markers for bread
making quality in wheat breeding
programmes. As the genes for the w- and
y-gliadins are closely linked to the genes
for the LMW subunits of glutenin, it is
not known which of these two storage
protein groups is responsible for the
observed difTerences in quality.
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describing genetic effects and environmental effects are set throughout in
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continuous variation (i.e. quantitative characters).

Key words: Genotype, phenotype, quantitative characters

Bjørn Ivar flonne, K oithamar Research Station, N-7500 Stjørdal, Norway.

In principle, genotypic variation is dis
continuous in the sense that difTerences
between genotypes are in units of one
allele, and not in a continuum of frac
tions of allelcs. Phenotypic var iat.ion,
however, may be discontinuous or conti
nuous, depending on the relative influ
cnce of environmental efTects on the phe
nolypic expression, and on the scale used
to assess the phenotype.

For the discontinuous variation, few
loci are often assumed, and that their
genes have "large" efTects. For a charac
ter with a continuous phenotypic vari
ation, i.e. a quantitative character, a nor
mal distribution is often assumcd, as an
inference often follows the assumption
that it must be governed by many loci.

The onstart may also be the other way
around: because the studied character is
a complex one, it must be governed by
many loci, and therefore it is reasonable
to assume a (near) normal phenotypic
distribution. Both viewpoints stem from
the known relationship between the
normal- and the binomial distribution. In
order to explain a (near) normal phenoty
pic distribution as beinga consequence of
a binomial genotypic distribution, the as
sumption of many loci with small and
near equal gene efTects is so frequently
adopted that this appears more or less as
the "household" assumption for quanti
tative characters. For genctic interpreta
tion of statistical parameters in certain
experiments, the latter assumption is ne-
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cessary, hut not always so. In any case, a
normally distributed environmental ef
feet, or error element, is assumed to be
overlaid the genotypic distribution.

However, many published observa
Lions of phenotypic distributions for
quantitative characters in plants seem to
deviate from normality in one or more
ways (Beddows 1969, Honne 1979a).
They may have two or more maxima,
they may be skewed and/or kurtotic.
Also, several works have been published
which clearly demonstrate that gene ef
fects for quantitative traits may be both
"large" and variable among loci (see for
instance Wehrhahn & Tai 1988 with re
ferences).

The aim of this paper is to describe
discontinuous and continuous variation
on a single Jocus mode!, and to indicate
possible criteria for makinga distinction
between the two types. Some cases where
the principal mode! is tentatively fitted
to describe observed phenotypic varia
tion will also be discussed. The mode!
adopted is more or less the standard
approach, but its irnplications will be
drawn in more detail than usual.

MODEL ASSUMPTIONS AND SPECI
F'ICATIONS

Diploid model
We consider one locus with two alleles, A
and a, in a diploid population. The rela
tive frequency of the positive allele A is
u, while that of allele a is (1-u) = v. The
genetic effects are specified as deviations
from the midpoint between the two ho
mozygous genotypes (F'isher et al. 1932),
with d representing the additive- and h
the dominance effect. 'I'he genotype fre
quencies used are panmictic equilibrium
frequencies, although generaHy the follo
wing approach may be used with any
genotypic composition of the population,
provided the genotype frequencies are
known or specified.

In addition to the genetic effects, the
phenotype is determined by environ-

Genotypes

AAAA
AAAa
AAaa
Aaaa
aaaa

Genetic effects

g4=m + 2d
g3=m + d+3h+3w+x
g2=m + 4h
gl=m- d+3h-3w+x
g0=m-2d

mental effects. These are assumed to be
normally distributed with mean O and
standard deviation Oe.Genotypes and en
vironmental effects are distributed inde
pendently. Although a regression type of
genotype by environment interaction
may be accommodated, I will assume
here that there is no g by e interaction.
The assumptions and specifications are
summarized in 'l'able 1.

A utotetraploid motlel
For the autotetraploid also I will consider
the simplest case with one locus contai
ning two alleles, A anda. Their frequen
eies are designaled as in the diploid case.
In addition to the allele frequencies, the
mode! should also account for the prob
ability of double reduction, designated as
a. This is the probability that pieces of
sister chromatides containing the locus
under consideration end up in the same
garnete. The parameter a* which appears
below is defined as

3a
a*=---

(2 +a)

For the autotetraploid locus we have the
following five possible genotypes, with
parameters describing the genetic effects
as deviations from the midpoint, m, be
tween the nulliplex and the quadriplex
genotypes.

h,w, and x specify digenic-, trigenic-, and
quadrigenic interactions, respectively
(Kempthorne 1957, Honne 1986). For the
examples for this mode! I will also use
panmictic equilibrium frequencies. (De
ductions of these may be found in
Seyffert 1960, or llonne 1979b.) The
further assurnptions are parallel to the
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Tab le l. Specifications for the phenotypic variution with u diploid one locus genetic mode! anda normally
distributed environmental effect. No genotype by environment interaction

Environment, Genotype, gen.eff.,f'req. Row
env. eff., AA Aa aa Mean Var.
frequency u2 2uv v2

Ei, e1, f(e1) d+e1 h+e1 -d+e1 (u-v)d+ 2uvh+e1 Vg
E2, e2, fle2) d+e2 h+e2 -d+e2 (u-v)d+2uvh+e2 Vg

En, en, f(eo) d+e0 h+e" -d+e; (u-v)d+2uvh+e0 Vg

Col. mean d h -d (u-v)d + 2uvh vg
Col. var. v. v. v. v.

Phenotypic mean. (u-v)d+ 2uvh
Phenotypic variance: Vi + V•
Variance ofrow means: V00;
Variance of column means: Vi = 2uv(d-(u-v)h)2 + 4u2v2h2

diploid case, and are summarized in
Table 2. Here the genotype frequencies
are given in terms of garnete frequencies
assuming random mating. The garnete
frequencies in terms of allele frequencies
and probability of double reduction are at
equilibrium: AA: r=u2+a*uu, Aa: s=
2(1-a*)uu, aa: t = u2 + a*uu.

Composition of the modelled phenotypic
uariation
Variation within each class of genotype
is caused solely by environmental varia
tion. There is no covariance between ge
notype and environment and no g x e in
teraction (Tables 1 and 2). There are no
differences between classes of genotypes
conditional on environment. Variation

Table 2. Specifications for the phenotypic variation with an autotetraploid one locus genetic mode) anda
normally distributed environmental effect. No genotype by environment interaction

Environment, Genotype, frequency, and gen. ell How
env. eff., AAAA AAAa AAaa Aaaa aaaa
frequency r2 2rs 2rt+ s2 2st t2

g4 g3 g2 gl gO meun var.

E1,e1,f<e1) g4+e, g3+e1 g2+e, gl+e1 gO+e1 µg+e, Vg
E2, e2, He2> g4+e2 g3+e2 g2+e2 gl +e2 gO+e2 µg+e2 Vg

En, en,l\en> g4+en g3+en g2+en gl +en gO+en µg+en Vg

Col. mean g4 g3 g2 gl gO
~

Vg
Col. var. v. v. v. v. v. "

Phenotypic mean: 2(u-v)d+2<4uv+s)h+6s<u-v)w+2s(1-s)x = µi
Variance of row means: V• =o; < = variance within class of genotype.)
Variance of col. means: Vg ( = variance between classcs of genotype.)
Phenot.ypic variance : Vg + Ve
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among classes of genotypes is entirely ge
netic.

The probability of an environment.al
effect in the interval from x to z is given
by:

z

f(ei)= f N(O,ae)de
X

where N(0,oe) means a normal density
function with mean = 0, and standard de
viation = 0e.

A particular class of phenotypes, Pi,
within a genotypic class, Gi, is given by:

b

f(Pi)=~J N(Gj,ae)dP~ f(Gj)
0

where a and b are the lower and upper
phenotypic class limits, N(Gi,oe) means a
normal density function with mean Gj =
genotypic value of the actual class of ge
notypes; f(Gj) designates the relative fre
quency within the population of that ge
nolypic class. The total frequency of the
particular phenotypic class in the popu
lation is then totalled over all genotypic
classes con tributing that phenotype. This
is given by:

k b

f(P-)=I ~f N(G.,ae)dPlf(Gj)
I • 1 j ~i= 0

where Gj, j=l,2, .. ,k refers to the k
genolype-classes contributing phenoty
pes of the aclual class, Pi.

The phenotypic standard deviation
within a genolypic class is 0e, thal is to
say, equal to the total environment.al
standard deviation in the population.
The contribut.ion of the particular class
to the total environmental variation wit-
hin the population is thus o; =Ve
weighted with the genotypic class fre
quency. It is only the phenotype frequen
cy within the population which is weigh
led with the genotype class frequency.
The variance within each class of genoty-

pes is unaffected by the size of the class.
(The variances here are the results of
predefined effects of genotype and envi
ronment respectively, and notestimates
based on random samples of these ef
fects.)

GRAPHIC JLLUSTRATIONS OF THE
MODEL

Several examples with various parame
ter values for the diploid mode! are
shown in Figs. 1-3. Note that both the
non-additive gene effect and the stan
dard deviation of the envil onmental ef
fects are defined in relation to the additi
ve gene effect, d. These relations allow us
to identify the necessary criteria in dis
tinguishing between continuous and dis
continuous phenotypic variation, and to
calculate expected heritabilities for the
various mode! situations.

Note also that the ordinate of the
density function is plotted as y•Oe (y is the
usual ordinate of the normal density
function). That is to say, the ordinate of
the density function is comparable to
ordinates of a histogram with class width
equal to 0e, and the area under the
compound density function is also equal
to 0e. For area of unit d, the ordinates of
the graphs in columns I and 2 in Figs. 1-
6 must be divided by 0.25 and 0.5, respec
tively.

For a normal density function more
than 99.7% of the observations are
expected within µ ± 3-o, and more than
95% within µ ± 2-o. It is clear then that
when the distance between two
consecutive classes of genotypes is
approximately equal to or exceeds 6-oe,
the phenotypic distribution is expected to
be discontinuous. When the distance is
less than 6-oe, the distribution is
expected to be continuous. For the diploid
mode! the larl;{est distance between two
classes is (d+ lhl), with an upper limit of
2d. It may therefore be said that when
6-oe S(d+lhl), we will have a qualitative
character; while if 6-oe > (d+ lhl), we will



Fig. 1. Diploid mode!. lllustration of the composite phenotypic distribution (density function) when the
degree of dominance changes from no dominance (top row) to partial dominance (midd le row) to complete
dominance (bott.om row). The environmental standard deviation increases among columns from leit to
right. The expected composite phenotypic distribution is shown by the continuous line; phenotypic distri
bution of each of the genotype classes is indicated by the dotted lines. Frequency of the positive allele is
u=0.3
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have a quantitative character. For prac
tical purposes, considering also sample
size, we may expect borderline cases
when the largest distance is between say
4 to 6 times Oe,

For the autotetraploid mode!, illu
strated in Figs. 4-6, the !argest distance
between two consecutive classes will usu
ally be found between the nulliplex and
simplex, or between the triplex and qua
driplex, depending on the direction of
non-additive gene-effects. (For some pa
rameter values, however, it may be bet
ween duplex-simplex or duplex-triplex.)
(Sets of likely parameter values for
autotetraploids have been discussed by
Opsahl 1964, Gallais 1977, Honne 1981,
1986.) For the !argest distances of the
first category, the distance will be De=
(d + l3hl + l3wl + lxl), with an upper limit
of 4d. Evidently for the autotetraploid
the criterion for discontinuous variation
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will be 6·0e :5 De, while continuous varia
tion is expected if 6-oe > De.

COMPARING THE MODEL TO SOME
OBSERVATIONS OF PHENOTYPIC
VARIATION

The first example is for a "classical"
trait, namely plant height in peas. The
original seed material for the parental
lines used was obtained from the Mendel
Museum in Brno, by the Department of
genetics and plant breeding, Agri
cultural University of Norway, and later
maintained at the Department.

After an initial cross between a tall
and a short inbred line, a total of 172 F2
plants were grown in pots in a glasshou
se. The two parental lines and a sample
of Fl were grown at the same time. After
flowering, the plant height was measu
red in een timetres, and the number of in-
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Fig. 5. Autotetraploid mode I, u = 0.5, otherwise similar to Fig. 4
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Fig. 6. Autotetraploid mode I, u = 0.1, otherwise similar to Fig. 4

ternodes counted. (The initial cross was
not between isogenic lines, as it also se
gregated for seed colour, green vs yellow,
and for smooth vs wrinkled seed coat.)

For reasons which are unknown, the
short F2 plants were considerably shorter
than the short parental line. Also the
number of internodes per plant changed
from parental lines to 1◄'1 and to F2 in a
pattern not consistent with expectation
for a single locus with dominance. The
parameters of the fitted phenotypic mo
del are therefore not the ones est.imated
from linear combinations of Pl, P2, and
1◄'1 means, bul somewhat modified to ac
count for the discrepancies rnent.ioned.

An additional problem as compared
with the principal mode! is the large
span of the phenotypic values on the sea
le used. The tallest phenotypes are an or
der ofmagnitude taller than the shortest.
This makes it doubtful that the environ
mental variance intra class of genotypes
is the same. lndeed, the tall parental line
had significantly higher phenotypic vari
ance than the short line. The intra class
phenotypic standard deviation used for
the mode! therefore increases from the
short class (oe, = 16) to the two taller clas
ses (oe2 = 20). In Table 3 parameters of
the mode! are compared with estimates

0.2 ~-------------------~

QJ
b
>--

0.1

Phenotypic value, units of d

Fig. 7. Effect of double reduction when u=0.5,
a8=d/2, and h=w=x=0. Heritability is 0.80
when a =0, and 0.83 when a = In

and predictions for F2 based on P1, P2,
and Fl, and with estimates from F2.

A graphic illustration of the observed
phenotypic distribution and the fitted
mode) is shown in Fig. Sa. From this figu
re, and from the last two lines of Table 3,
it will be seen that a discontinuous phe
notypic distribution, or rather a borderli
ne case, is expected. The discontinuity is
-hidden- by the grouping of observations
in the histogram, but a "gap" of 19 cm
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Tab le 3. Parameters of the mode! for phenotypic
distribution of plant height in cm, compared with
estimates from F2, and with estimates based on
P1,P2, and 1"1 (see Fig. 8)

Parameter Mode! F2 Pl ,P2,f'l

F2 mean 122.5 120.8 121.6
m (midpoint) 105.0 110.6
d 65.0 65.8 50.8
h 35.0 22.0
h/d 0.53 0.43
s0 (weighted) 19.0 19.9
Vg 2418.8 2272.9 1412.6

h~ 0.86 0.84 0.77
(d+h) 100.0 72.8
3·o., +3·0.2 108.0 119.4
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Fig. 8. Phenotypic distribution of 142 F2 plants in
peas. Histogram: observations grouped; conti
nuous line with filled squares: mode! expecta
tions with ordinate fitted to the class width. a:
Plant height in cm. Note different class width for
the tall and short groups (see Tab le 3 and text). b:
lnternode length in cm, class width 1.2 cm.

with no observations occurred between
the short and the tall groups.

Evidently, on the short vs tall scale,
the character is observed as with cornple
te dominance for tall plants. On the een
timetre scale, plant height is observed as
with incomplete dominance, h/d around
1/2, hut with a practically discontinuous
phenotypic distribution.

If the observed "gap" is taken as
"true", the 172 observed F2 plants segre
gated into 128 tall vs 44 short, while the
expected 3: 1 is 129:43. (Which again re
sults in a suspicously low Chi-square of
0.0311.) None of the observations have
been discarded. The fitted mode! deviates
from the grouped observations with a
non-significant Chi-square of 2.80 (7 df,
P::::::0.9).

As mentioned above, the number of
internodes was counted, and their avera
ge length calculated. A model fitted to
the grouped observations of F2 is shown
in Fig. 8b. Neither the fitted model nor
observations suggestsa "gap" in the phe
notypic distribution. For the fitted mode}
we have (d+h)=4.8-oe, which suggestsa
continuous phenotypic distribution. Chi
square for goodness-of-fit is not signifi
cant.

The next example is from a diploid
outbreeding species, namely Festuca pra
tens is. The observations are heading date
for 200 randomly selected clones from the
variety 'Løken'. The clones were planted
in a field trial in plots of four ramets, and
in a randomized block design with two
replicates. As there are no possible esti
mates of gene frequencies or genetic ef
fects in the present experiment, their pa
rameter values in the mode) are guess
work, although it may be called "qualifi
ed guesswork" (cf. estimates by Simon
sen 1977). The mode I is in this case an at
tempt to describe the observed phenoty
pic distribution with as simple a mode! as
possible.

The tentative model fitted toa histo
gram of the observations is shown in Fig.
9. The observations are significantly ske
wed (gl =0.694, P<.01). A summary of
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The character used here is the average
diameter of the cross-section of plants
grown in a field experiment with two re
plicates of clones in plots with five ra
mets. The experiment is described by
Honne (I 979). Data are from the popula
tions 'Holt' (Fig. 10a) and 'Hattfjelldal'
(Fig. 10b). Parameter values of the mo-

025-------------------

0

Fig. 9. Phenotypic distribution of days to heading
of 200 randomly selected clones of Festuca
pratensis, var. 'Løken'. Histogram: observations
grouped, class width is one day. Continuous line
with squares: expected phenotypic distribution
with mode I parameters as given in Tab le 4.

the mode! parameters and expectations
compared with the observations is given
in Table 4. As can be seen from the figure
and the table, the mode] adequately de
scribes the observations.
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Tab le 4. Observations of days from June 1 to hea
ding for 200 randomly selected clones of Festuca
pratensis, var. 'Løken', compared with a tentative
phenotypic model. The genetic model has one lo
cus with two alleles

Parameter Model

m 15.50
d 2.25
h -0.75
hld - 1/3
u 0.35

mean 11.48
v. 1.0
Vg 1.98

Observations

11.44
0.99
2.22

h~ 0.67 0.69
2Goodness-of-fit: Xm = 4.26 (P""0.75)

The final example is from the out
breeding species Dactylis glomerata. This
species behaves cytologically as an auto
tetraploid (McCollum 1958, Honne
1973), and clear indicat.ions of tetrasomic
inheritance have been found (Cuany
1958).
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Plant diameter, cm

Fig. 10. Phenotypic distribution of ave rage plant
diameter. a: population 'Holt', b: populatiou
'Hattfjelldal'. Histogram: gruuped observations,
class width = 0.5cm; continuous line with
squares: expected phenotypic distribution with
parameter values as given in Table 5; dotted
curves: expected phenotypic distr ibution of each
genotypic class of the mode I ,

dels fitted in these figures are given in
Table 5, where modeI expectations are al
so compared with estimates for the grou
ped observations. The Chi-squares for
goodness-of-fit are not significant. Again
a simple one locus mode) is sufficient to
describe the observed phenotypic varia
tion, although there are very good rea
sons for assuming that at !east for this
character, variation in more than one lo
cus is involved. It should be pointed out



Table 5. Parameter values and expect.ations for
phenotypic mode) of average plant diameter,
compared with estirnates from the grouped obser
vations of the character in the two populations
'Holt' and 'Hattfjelldal'

Parameter 'Holt' 'Hattfjelldal'
Model Obs. Mode) Obs.

m 15.5 15.25
d l.O 0.875
h 0.125 0.0625
w -0.04167 0.04167
X 0 -0.1875
a 0 0
u 0.45 0.45
Oe 0.55 0.55
mou n 15.7 15.7 15.15 15.14
Vg 0.9763 l.18 l.0560 l.10
v. 0.3025 0.40 0.3025 0.40
hi 0.76 0.75 0.78 0.73

that the tendency to skewness in the two
distributions is not significant at the 5%
leve I.

Now, in all the examples where the
simple mode! has been fitted to grouped
observations, one might suspect that the
fit of the mode I would be very dependent
on how the class borders are selected. Se
veral runs with various class borders
compared to the models with parameter
sets as presented show the fit of the mo
del to be fairly robust against shifting of
class borders for the grouped obser
vations.

DISCUSSION

The models presented are in principle the
same as those frequently adopted in the
standard statistical approach, only their
implications are shown in more detail
than in many other cases. In addition,
the standard deviation of the environ
mental effect (in experiments it may be
the residual variation) is defined in rela
tion to the additive genetic effect, d. This
allows a more general development,
independent of actual measurements,
and also allows calculation of heritabil-
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ities in the various mode! situations. It
also allows comparison of some properti
es of diploid and autotetraploid phenoty
pic distributions.

Defining o, in relation to d also al
lows the criteria for distinguishing bet
ween continuous and discontinuous phe
notypic variations to be seen in the con
text of the genotypes. The criteria are de
pendent on the distribution of the
environmental- or residual effects, and so
far we have discussed normal distribu
tion only. For almost any distribution, µ
± 4·o will cover 99% or more of the ob
servations. Consequently, if the !argest
distance in phenotypic value between
two adjacent genotype classes exceeds
8·oc, the phenotypic distribution is ex
pected to be discontinuous, irrespective
of density function of environmental ef
fects. 'I'his is, however, a very conservati
ve border, anda normal density function
is probably the best approximation in
mostcases.

As pointed out, the distinction betwe
en a quantitative and qualitative type of
phenotypic distribution relies neither on
the magnitude of the genetic effects, nor
on the number of segregating loci invol
ved. The distinction relies entirely upon
the relation in magnitude between gene
tie effects and the standard deviation of
environmental/residual effects. As can be
seen from Figs. 1-6, phenotypic distribu
tion for variation at a single locus may in
many cases, even with skewed genotypic
distributions and medium heritabilities,
be difficult to distinguish experimentally
from a normal distribution.

Another implication of the models
described is that for any given degree of
dominance, hld, it is possible to calculate
the minimum broad sense heritabilty,
ht fora qualitative character, which is
also the maximum hb for a quantitative
character with the same hld. For instan
ce, for the diploid mode! and allele frequ-
ency u= 0.5, this hb is 0.95, 0.90, and
0.87, as hld takes the values 0, 0.5, and
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1.0, respectively. If a 5% uncertainty in
classification is accepted in the model,
the expecled borderline h~ drops to 0.91,
0.83, and 0.79 for the same degrees of do
minance. The example with plant height
in peas (Table 3 and Fig. Sa) is conside
red discontinuous, provided an uncer
tainty of between 1 % and 5% in classifi
cation is accepted in the mode!.

However, a large proportion of the
characters one would be interested in do
not constitute single locus characters.
How does this simple mode! touch upon
realilies? lf the loci regulaling a charac
ter are independent, their effects may
simply be added. lnleracting pairs of loci
on the diploid level are lo some extent,
comparable to some of the situations illu
strated for the single autotetraploid lo
cus. On the other hand, if variation in a
character is dominated by either (a) one
locus wit.h a "major gene", or (b) one "ef
fective factor", then single locus models
should be sufficicnt to describe the phe
notypic variation. The "effective factors",
however, are not likely to maintain their
integrity over generations, (Mather &
Jinks 1971), particularly not in outbree
ding species (Allard 1988).

Earliness in meadow fescue and ave
rage plant diameter in cocksfoot are eer
lainly regulated by more than one locus,
and the populations used in the experi
menls mentioned above, most probably
segregate for more than one locus for
each of the characters. Nevertheless, in
both of these examples, and several un
published ones, a single locus mode! with
genotype frequencies as expected for po
pulations at equilibrium, describes the
phenotypic distribution adequately.
Now, both simulation studies (Bulmer
1976) and studies of plant populations
(Allard l.c.) clearly show that directional
selection tends to create linkage blocks
in the genome. These blocks will behave
as (more or less) distinct, discrete genetic
units, and clearly tend to produce pheno
typic distributions which may be descri
bed with fewer effective factors than the
number of loci involved. Both the above-

mentioned characters in the populations
used here have been subject to directi
onal natura! selection during adaptation
to photoperiod.The considerable efforts
world-wide to locate genes with large ef
fects on quantitative traits by means of
RFLPs will likely greatly contribute toa
hetter understanding of the constitution
of these «effective factors- and their con
tribution to phenotypic variation and
distribution.

SUMMARY

Diploid and aulotetraploid single Iocus
models for phenotypic variation and dis
tribut.ion are described, where genotypes
have panmictic equilibrium frequencies
and environmental- (or residual) effects
are normally distributed. Genotypes and
environmental effects are assumed to be
independent, and no genotype by envi
ronment interaction is assumed. The
standard deviation of environmental ef
fects is specified in relation to the additi
ve genelic effcct, d, as are also the non
additi ve effects intra loci. This allows
calculations of heritabilities for any corn
bination of parameter values in the mo
dels.

The effecls on the phenotypic distr i
bution of varying gene frequencies, de
grees of dominance, and different levels
of environmental variance are illustra
ted in a number of graphs. (Figs. 1-3 for
the diploid model, Figs. 4-6 for the auto
tetraploid.)

The broad sense heritability in the
situations illustraled varies between
0.13 and 0.94 and between 0.11 and 0.98
for the diploid and autotetraploid mode Is,
respectively. The situations span both
continuous and discontinuous variation
for both mode Is. It is pointed out that the
distinction between the two types of va
riation is reliant on the magnitude of the
standard deviation of the environmental
(or residual) variation relative to the lar
gest distance between two consecutive
genotypic classes. Neither the absolute



va lue of the genetic effects per se, nor the
number of loci involved, is an efficient
criterion for such a distinction. For in
stance, one may expect a normally distri
buted phenotype and a narrow sense
heritability of 0.33 for variation at a
single diploid locus. (Fig. 2 (2, 3)).

The single locus models have been
fitted to describe the following observed
phenotypic distributions:
(1) Variation for plant height and inter
node length among 142 F2 plants of peas
(diploid with gene frequency 0.5, Fig. 8).
(2) Variation in days to heading among
200 randomly selected dones of Festuca
pratensis (diploid, outbreeding, unequal
gene frequencies, Fig. 9).
(3) Variation in average plant diameter
among 200 randomly selected dones
from each of two populations of Dactylis
glomerata (autotetraploid, outbreeding,
Fig. 10).

In all cases the simple one locus mo
del adequately describes the observed
phenotypic distribution (none-significant
Chi-squares for goodness-of-fit). One pos
sible explanation for the easy fit of single
locus models to characters (presumably)
regulated by more than one segregating
locus is the presence of linkage groups
generated under directional selection. In
the present cases natura] selection rela
ted to adaptation to photoperiod.
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EFFECTS OF OZONE ON GROWTH AND
DRY MATTER PARTITIONING IN DIFFE
RENT PROVENANCES OF NORWAY
SPRUCE (PICEA ABIES (L.) KARST.)
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Mortensen, L.M. 1990. Elfects of ozone on growth and dry matter partitioning
in different provenances of Norway spruce (Picea abies (L.) Karst.).
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Six provenances of Norway spruce seedlings were grown at different ozone
concentrations over 50 or 100 days in two experiments. Ozone levelsofS0-100
ppb 7-8 h day-1 reduced top and root weight as well as plant height in four of
the provenances, while the other two were unalfected compared with the
control treatment ( l 0-30 ppb). No elfect of ozone on top/root dry weight ratios
was recorded. Ozone significantly increased the needle/stem dry weight ratios
in the two provenances where this ratio was measured. Two provenances
which were grown at an intermedia te ozone concentration (57 ppb) showed no
growth reductions compared with the con tro I.
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Up until recently little attention has
been paid to ozone pollution and its
effects on agricultural crops and forest
trees in Norway. In many countries
ambient ozone concentrations have been
shown to reduce growth in different
species (Adams et al. 1984; Commission
of European Communities 1986, 1988).
Despite a high latitude location with
relatively clean air compared with most
other countries (Joranger et al. 1986),
the ozone concentration in Norway du
ring summer varies between 20 and 60
ppb (Hoem et al. 1988). The high ozone
concentrations ( > 50 ppb) are generally
related to long-range transported air
masses from the European continent by
southerly winds.

Norway spruce is the most important
forest tree species in Norway, and there
fore a study of the effects of ozone on this
species is of particular interest. During
recent years this tree species has also
been an important one in ozone research
in other countries. In the present investi
gations the effects of high ozone concen
trations have been studied on six prove
nances of Norway spruce.

MATERIALS AND METHODS

Experiment 1. Two experiments were
carried out. Experiment 1 comprised four
provenances (B2, B3, B4, Cl) of Norway
spruce from Sønsterud nursery. They
were sown on 1 March 1987 in multipots
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(780 pols per m2), each pot containing 50
ml substrate (Råsånen 1981). The sub
strate consisted of a mixture of 25%
perlite and 75% peat (superfine,
Hasselfors A8, Sweden). The peat was
limed with 1 kg dolomitic limestone per
m3. N inety potted plants of each prove
nance were placed in each of four growth
chambers (Mortensen 1982) on 25 June
1987. Two chambers were supplied with
ozone 8 h day -1 (0900-1700 h) while the
other two were not. The initial top dry
weight per plant varied between 0.20 and
0.23 g, the root dry weight between 0.065
and 0.088 g, and the plant height be
tween 9.3 and 11.2 cm in the different
provenances.

The plants were harvested on 5
October 1987.

Experiment 2. Two provenances (82 and
85) of I-year-old Norway spruce plants
were potted in vermiculite (grade 1) in 8
cm pots on 9 May 1988. On 10 May 14
pols of each provenance were placed in
each of six growth chambers at three
different ozone concentrations 7 h day-!
(10.00-17.00 h), two chambers to each
concentration. The initial top dry weight
was 1. I and 1.0, root dry weight 0.22 and
0.34 g, and plant height 20.2 and 18.3
cm, in 82 and 85 respectively. The plants
were harvested on 5 J uly 1988.
During the experiments the plants were
watered with a cornplete nutrient solu
t.ion consist.ing of (mg 1-1 ):

RESULTS
N p K Ca Mg s
158 32 209 103 35 32

Fe Mn Zn Cu 8 Mo

1.8 0.8 0.16 0.11 0.16 0.03

Ozone was generated by a high-voltage
generator (Nomizon, Nordmiljø A8,
Sweden) using air. The high ozone
concentration in Experiment I was ad
justed to 80-100 ppb and was checked
several times a week. The ozone concen
tration in the control treatment varied
between 10 and 30 ppb because of the
ambient air concentration of ozone. In
Experiment 2 the ozone concentration
was measured four times an hour by
means of a Dasibi Environmental Corp.
(Model 1008AH) analyser. Concentra
tions varied within + /-10 ppb at all three
ozone levels in Experiment 2. The con
centration of nitrogen oxides at the
highest ozone treatmenl was 6-10 ppb,
which originated partly from the ozone
generator (4-5 ppb) and partly from the
background air (2-5 ppb). The nitrogen
oxides were measured using a Monitor
Labs Inc., Model 8840 analyser. The
mean temperature, air humidity, photo
synthetic active radiation (PAR) and
ozone levels are given in Table 1.

At termination of the experiments
the dry weights of the different plant
parts, plant height and number of lateral
shoots were recorded. A two-way ana
lysis of variance was carried out.

Ozone concentralions of 80-100 ppb
significantly reduced the total dry

Table I. The experimental period, mean ozone concentration, temperature, relative humidity and solar
radiation <PAR) during the experiments

Time 03 conc. Temperature %RH Radiation
Exp. no. (days) < ppb) <•Cl (mol m·2day·1)

105 10-30,80-100 21.0 ± 2.0 85 ± 5 16
2 55 27,57,88 22.0 ± 2.0 85 ± 5 26
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Tahle 2. Variance ratios (Fl and significance levels for the different variables in Experiment I. The
residual error mean squares are given on the bottom line. Significance levels: 0,P<0.10; •,P<0.05;
••,P<0.01; •u,P<0.001

Dry weights
Df Top Root Total Top/root Height

0zone (0) I 8.63* 17.4 •• 12.2" 0.03 12.1••
Provenance ( I') 3 7.04** 14.4** 6.04* 15_0•• 11.6**
0xP 3 2.73 4.09* 3.08° 1.94 2.98°

Ms residual error 8 0.038 0.003 0.053 0.170 5.00

Tab le 3. The effect of ozone concentration on growth of four spruce provenances in Experiment I. I 0-30 ppb
= C, and 80-100 ppb = + 03

Dry weights (g)

Top Root Total Top/root Height
C +0:i C +03 C +03 C +0:i C +03

B2 1.33 1.14 0.52 0.48 1.85 1.61 2.6 2.4 23.2 20.7
B3 1.38 1.20 0.58 0.49 1.96 1.69 2.4 2.4 22.8 20.5
B4 1.10 1.06 0.52 0.53 1.63 1.59 2.1 2.0 19.4 18.9
Cl 1.19 1.21 0.47 0.44 1.66 1.66 2.6 2.9 21.2 21.3

X 1.25 1.15 0.53 0.49 1.77 1.64 2.4 2.4 21.7 20.3

weight in two of the four provenances in
Experiment 1 (Tables 2 and 3). Top and
root weights were similarly affected, as
was plant height. In Experiment 2 total
dry weight of the two provenances de
creased at the highest ozone concen
tration white no effect of the inter
mediate concentration was found (Tables
4 and 5). The top/root dry weight ratio
was unaffected white the needle/stem
ratio increased at the highest concen
tration. The highest ozone leve! also de
creased plant height and number of
lateral shoots.

DISCUSSION

The growth of four out of the six spruce
provenances was significantly reduced
by 80-100 ppb, hut without any visible
injury. This is in accordance with the

previous findings that spruce and pine
plants generally seem to be rather tole
rant of ozone pollution, at !east in exper i
ments lasting only one growing season
(Wilhour & Neely 1977; McLeod et al.,
1986; Barnes & Davison 1988; Lucas et
al. 1988). However, variation in sensi
tivity to ozone seems to exist between
different genotypes within the same
species, as previously shown with Pinus
strobus (Nicholson & Skelly 1977; Genys
& Heggestad 1978; Trimbie et al. 1982)
and Pinus taeda (Adams et al. 1988;
Kress et al. I 982.)

Differences in ozone sensitivity with
in a species may be related to different
absorption rates between genotypes
(Reich 1987) and/or different resistance
to the absorbed ozone which may be
connected to the concentration of ascor
bie acid in the cell wall (Chameides 1989)
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Table 4. Variance ratios (F) and significance levels for the different variables in Experiment 2. The
residual error mean squares are given on the bottom line

Dry weight.s

Needle/ Top/ No.side
Df Needle Stem Root Top Total stem root shoot.s Height

Ozone (0) 2 4.21° 6.89* 4.64° 5.28* 5_51• 6.43• 0.35 9.07· 1 i.o=
Provenance 1 0.25 0.006 15.0.... 0.08 0.95 9.29* 12.1 • 30.2" 0.09
OxP 2 0.40 0.171 0.48 0.26 0.08 1.96 0.62 0.54 0.55

Ms residual 6 0.398 0.175 0.165 1.06 1.87 0.028 6.70 12.3 61.0
error

Tab le 5. The effect ofozone concentration on growth oftwo provenances of Norway spruce (mean va lues) in
Experiment 2.

Ozone Dry weight.s (g)
conc.

Needle/ Top/ No.side Height
(ppb) Needle Stem Root Top Total stem root shoot.s (cm)

27 1.75 1.25 0.91 3.00 3.91 1.43 3.89 13.8 31.6
57 1.65 1.19 0.86 2.85 3.71 1.42 3.57 13.4 31.3
88 1.41 0.96 0.68 2.38 3.07 1.53 3.98 11.2 27.1

or other antioxidants (Mehlhorn et al.
1986).

The 7-h daytime mean concentration
at Ås during Experiment 2 (50 days) in
1988 was 41 ppb. The results indicate
that this ozone concentration will not
reduce growth of spruce seedlings during
one growing season. Plants exposed to
ozone during several seasons, however,
may be negatively afTected by such
concentrations. Su tinen et al. (I 989)
found that in a clone of Norway spruce
ambient ozone levels (27-32 ppb, 7-h
seasonal means for 1985-1987) compared
to clean air (5 ppb) caused ultrastructual
damage and reduced photosynthetic
rates of the needles after two years.
Long-term experiments are therefore
needed if the effect of ozone on conifers is
to be evaluated. Ozone may also decrease
the frost tolerance of Norway spruce
without any visible efTect on growth du-

ring the growing season (Brown et al.
1987; Barnes & Davison 1988). The
relationship between ozone and the
hardening process in spruce seems to be
the most interesting one when dealing
with ozone efTects on spruce. Furt.her
work should therefore be particularly
concentrated on this relationship using
genotypes of different susceptibility to
ozone. The effect of ozone may also
depend on the climatic conditions such as
light, temperature, air humidity and
drought (Mortensen 1989). Experiments
for studying the efTect of ozone in clima
tie conditions which maximize and/or
minimize the ozone effect should there
fore be carefully designed so that it is
possible to make an evaluation of the
potential risk of ozone damage on forests.
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Plants of the cv. PLA 'Anette Hegg Vinterstar' were grown in different
coloured plastic pots in combination with different lengths of shading period
from planting. An ordinary culture programme was used. Root growth in the
white and terracoua coloured pots showed a positive gravitropic curvature,
which was most pronounced in the white pots. In the black pots roots have a
diageotropic growth, the geotropic stimulus in this case being related to white
and red light penetrating the pot wall. Pot culuur has a certain bearing on
plant development. These observations are assignable to the culture rnethod,
which includes growth regulation and an adequatc supply of water and
nutrients. Use of black pots is preferable, because the visible roots makes it
possible for the grower to detect root diseases at an early stage.

Key words: Gravitropic response, poinsettia, pot colour
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Growers using both terracotta coloured
and black pots in poinsettia cultivation,
have noticed differences in root develop
ment. Plants grown in black pots develop
an excellent root system which twists
around on the outside of the soil ball,
while roots which grow in terracotta
coloured pots are mainly located in the
soil and have a downward growth when
reaching the pot wall. This observation is
also described by Hasek and Sciaroni
(1975), who also found chlorotic foliages
when using light-green plastic pots. In
Norwegian commercial nurseries no
significant differences in plant develop
ment related to pot colour have been
found. However, it is of great interest to
clear up any effect pot colour might have
on the economic parameters ofplants.

MATERIALS AND METHODS

Rooted cuttings of PLA 'Anette Hegg
Vinterstar' were planted in fertilized
peat in 12 cm diameter plastic pots on 20
August. Short-day condition (photo
period of 10.5 h) was established from 14
September, and the experiment was
terminated on 10 December. The plants
were grown as single stems in an acrylic
greenhouse using normal culture proce
dures: Air temperature at 20-21°C until
late October, then gradually decreasing
to 18°C in the last period before time of
sale; fertilizing with a complete nutrition
solution; chlormequat sprayed several
times for growth retardation, and from
the beginning of October, artificial light
ing using high pressure sodium lamps
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(SON-T), l0Wm-2 (PAR) measured at the
top of the plants. The temperature was
recorded hourly on a multipoint recorder.

Commercial plastic pots were used:
Black pots (Strømberg), terracotta
coloured pots (LOG) and white pots (OS
plastic). The different pot qualities were
combined with different lengths of shad
ing period in the establishing phase of
the cuttings. Cheesecloth was used as the
shading material 0, 3, 6, 9 and 12 days
from planting the rooted cut.tings in the
pots. The experiment was carried out
twice with two replicates, the first year,
and three replicates the second year,
with six plants per plot each times.

The number of cyathia with visible
pistils and stamens at a given date was
used as a measurement for earliness. In
the first year, the cyathia were regi
stered at the end of the experiment,
white a weekly registration (three times)
was carried out in the last two weeks of
the second experiment. Lateral branch
ing was registered as number of lateral
shoots longer than 5 mm. The number of
lateral flowering shoots is a subjective
observation of lateral shoots with a mar
ketable value. These registrations were
made at the end of the experiments on 10
December. The bracts were measured
twice, right angled. The height and the
bract diameter of lateral flowering shoots
used in the calculation isa total of all the
lateral flowering shoots per plant.
Wholesale prices in accordance with spe
cific plant quality were used for the eco
nomic calculations in the second expe
riment.

The coefficients of correlation are
given as Spearrnan rank correlations.
The standard deviation ofmeans is given
in parentheses.

RESULTS

Root deuelopment
The experiment showed considerable
differences in root growth. Development
of the roots in the white and terracotta

coloured pots was very similar, with a
positive gravitropic effect toward the pot
wall (Fig. I). Roots in the white pots dis
played a more pronounced downward
curving before reaching the pot wall than
the roots in the terracotta coloured pots.
On the other hand, the roots in the black
pots were twisted around the soil ball,
without any particular sign of geore
sponses. The roots in the black pots were
thicker and longer than those developed
in the other pots. The root mass was not
measured, bul on tearing the soil ball the
quantity of roots seemed to be conside
rably greater in the black pots than in
the other pols.

Figure I. Root development of the poinsettia cv.
PLA 'A.H. Vinterstar' grown in different
coloured pots, From left to right: black, terra
coua and white

Plant height
The average plant height was 24.1 (±
0.26) cm the first year and 24.5 ( ± 0.42)
cm the second year. In the first year the
plants grown in the black pots were
significantly taller (P < 0.05) than the
other plants. No significant differences
were found the following year. The
plants were significantly shorter when
no shade was used (P < 0.05, the first
year, P< 0.01, the second year). Re
garding plant height, there was no signi
ficant interaction between pot colour and
the duration of shading.



Bract diameter
The average diameter of the top bracts
was found to be 18.6 ( ± 0.53) cm the first
year and 21.2 ( ± 0.44) cm the second
year. The plants grown in the black pots
had the biggest bracts in both years,
followed by those in the white and the
terracotta coloured pots. These diffe
rences J.ere significant in the first year
(P < 0.05). Shading the plantsa few days
after planting, had a small hut signifi
cant effect on bract diameter (P < 0.05).
Plants which had the two tongest periods
of shading, produced the biggest bracts.
No significant interaction on bract dia
meter was found between pot colour and
the length of the shading period.

The diameter of the top bract did not
significanlly correlate with the number
of lateral shoots or number of lateral
flower ing shoots.

Lateral branching
For the subsequent two years, 2.19 ( ±
0.22) and 1.39 (± 0.25) lateral shoots per
plant were registered. The different
types of pols had no significant effect on
lateral branching in the second year.
However, the effect of shading was sig
nificant (P < 0.05), when the tongest
shading period resulted in the fewest
lateral Jhoots (0.88 per plant). No signifi
cant interaction was found between pot
type and the length of the shading
period.

Lateral [loioering shoots
The mean number of lateral flowering
shoots was 1.13 ( ± 0. I 8) the first year
and 0.29 (± 0.09) the second year,
without any significant effect of pot type.
The highest number of lateral flowering
shoots was produced without shading in
both years, but the efTect of the shading
programme was significant only in the
second year (P < 0.05). The number of
lateral flowering shoots was positively
correlated with the lateral branching
both years(r= 0.53 and r = 0.70, P <
0.001).
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The total height or the total diameter of
lateral flowering shoots per plant showed
no significant variation with colour of
the pots or with the length of the shading
periods. Concerning the number of
lateral flowering shoots, no significant
interaction was found between pot colour
and the length of the shading periods.

Earliness
Pots of different colour had no significant
efTect on the development of cyathia. In
the second year, the number of cyathia
per plant increased from 0.28 (± 0.07)
two weeks before sale, to 0.55 ( ± 0.11)
one week later and 1.38 ( ± 0.19) at time
of sale. The number of flowers at any
given moment was negatively, but not
significantly correlated with the number
of lateral shoots or number of lateral
flowering shoots.

Plant price
Classification of the plants in the first
year, gave an average price of NOK
20.60 ( ± 0.71), which <lid not vary with
experimental conditions.

The plant price was positively corre
lated with the number of lateral shoots (r
= 0.37, P < 0.001), number of lateral
flowering shoots (r = 0.66, P < 0.001)
and the diameter of the top bracts (r
0.60, P < 0.001 ).

DISCUSSION

The different chemical contents of the
pots related to pot colour had no effect on
root development. A possible chemical
effect was tested in a previous experi
ment (not published) when two pots of
different colour were used inside each
other (Fig. 2). The observed differences in
geotropic responses in plants grown in
the diITerently coloured pots must be
related to light penetration through the
pot wall. Light is an essensial factor in a
positive gravitropic response for many
plants. Lake & Slack (1961), Scott &
Wilkins (1969), Suzuki & Fujii (1978)
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Figure 2. Root development of the poinsettia ev.
PLA 'A.H. Vinterstar' grown in different
coloured pots. From teft to right, a tall black pot,
a tall terracotta coloured pot, a tall white pot, a
short terracotta coloured pot, a short black pot in
a terracotta coloured pot and finally a small
terracotta coloured pot in a black pot

and Feldman & Briggs (1987) have
concluded that phytochrome is the only
pigment that is involved in light-induced
gravitropic bending in roots. The dia
geotropic growth of the roots in the black
pots is related to the fact that the colour
of the pots <loes not allow light pene
tration. On the other hand, the positive
geocurvation observed in the other pols
may be connected with light penetrating
the pot wall (Suzuki & Fujii 1978, Hart
& MacDonald 1980, Miyazaki et al.
1986). The poinsettia cultivar PLA 'A. li.
Vinterstar' must be a plant with a light
promoted gravisensitivity in the roots.
The inhibition of root growth as re
cognized is described for other plants, too
(Ohno & Fujiwara 1967, Schwarz &
Schneider 1985).

Only small differences in plant
development could be related to pot
colour. An increased soil temperature of
O - 1.5°C in the black pots in comparison
with the other pots at the beginning of
the season, especially in sunny weather,
is not expected to give responses on plant
growth at the fixed temperature regime
(Janes & McAvoy 1982).
The dccreasing daylight intensity in the
auturnn, a normal culture procedure in-

cluding growth regulation, a complete
nutrient solution and a flow watering
system contributed toward neutralizing
any possible effect of pot quality. It is
likely that plants grown under these
conditions will receive nutrition and
water regardless of root distribution. On
the other hand, black pots, which give
visible roots, are preferable. Visible roots
allow the growers better to inspect the
roots for possible diseases.
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The effect of CO2 enrichment during periods of ventilation was studied in
eight tomato greenhouses in 1985 and 1986. Four of the greenhouses received
2.75 kg CO2 1000 m·2 h·1 in periods of ventilation while the other four did not.
This enrichment resulted in CO2 concentrations of 300 to 450 µIl 1, depending
on the vent opening. In houses without enrichment the concentration was
from 260 to 300 µ111 during ventilation. In periods when the vents were closed
all greenhouses were maintained at a concentration of900 µ11-1.
The average yield for 1985 and 1986 in the greenhouses with enrichment
during ventilation periods was 32.9 kg m·2; without enrichment the yield was
33.0 kg m·2. The total CO2 consumption during ventilation periods was 6.1 kg
m·2. It is concluded that CO2 enrichment during ventilation periods with the
present COi flow rate does not affect the yield.

Key words: COi, greenhouse, tornato, ventilation.
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In greenhouses without ventilation and
without CO2 application, the CO2
concentration could fall to below 200 µ11-1
(Sebesta & Reiersen 1981, Slack & Hand
1985, Slack el al. 1988). Even with
ventilation the concentration could de
crease significantly below the outside
concentration. Levels of 200-300 µIl-I
have been reported (Drakes 1984, Slack
& Hand 1985). In England, carbon
dioxide enrichment during periods of
ventilation has been found to give posi
tive effects on tomato yield (Drakes 1984,
Slack et al. 1988); this is also to some
extent 1the case in Denmark (McCall &
Saxe 1987). In the English and Danish
studies a constant CO2 concentration
was maintained irrespective of the vent

opening. In the present study the CO2
concentration was kept at 900 µ11-1 when
the vents were closed, while a constant
CO2 flow was supplied when the vents
were open.

MATERIALS AND METHODS

Eight greenhouses were chosen in three
greenhouse holdings in south-west
Norway (59°N) (Table 1). Most tomato
greenhouses in Norway are located in
this area. Summer temperatures of 10-
20°C a rainfall of 2-4 mm day+, relative
air humidities (RH) of 75 to 85%, a
photon flux of 15-30 mol m-2day-l (PAR)
and south westerly winds are typical of
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Table 1. Greenhouse sizes and tomato cultivars (Virusa
experiments in 1985 and 1986

V and Abunda A) in the different

Green house Greenhouse size (m -2) Cultivar
pair Control + C02 1985 1986

A 1040 960 A A
B 1100 900 V A
C 560 560 V V
D 915 680 V+A

Table 2. Photon llux (PAR), mean daily maximum and minimum temperatures, relative humidity (Rll)
and mean daily rainfall during the experimental period (Meteorological data, Særheim Experimental
Stat.ion, 1985, 1986)

PAR Temperature (°C) Rainfall
(mol m lday 1) 1985 1986 %RIi (rnm/day)

Period 1985 1986 max min max min 1985 1986 1985 1986

5.2-15.4 9.7 14.7 6.3 3.2 6.0 2.2 76.2 76.0 1.7 1.715.4-1.10 26.0 28.2 16.6 10.3 16.7 12.8 82.6 86.1 3.4 3.6

this area (Table 2). All the greenhouses
were given 900 µIl-I CO2 from the start of
the experiment in the middle ofFebruary
until termination (1 October) for as long
as the vents were closed. Half of the
greenhouses were supplied with 2.5-3.0
kg CO2 1000 m-2 h-1 (mean 2.75 kg) when
the vents were open. The other half were
not given CO2 during the ventilation
periods. The CO2 gas was supplied from
bottles through perforated tubes which
were placed between each double row on
the greenhouse floor. Two flow con
trollers were used, one for application of
the CO2 when the vents were closed, in
order to maintain 900 µ11-1 CO2 (about
4.0 kg CO2 1000 m-2 h-1), the other for
application of 2.75 kg CO2 1000 m-2 h-1
when the vents were open in half of the
greenhouses. The gas was supplied in the
light period only.

When planning the experiments care
was taken to choose pairs of greenhouses
which in earlier years had given approxi
mately the same yield (within a 0.0-1.0
kg m-2 difference). One of the green-

houses in each pair was given CO2
during the ventilation per iods, hut not
the other. Four pairs of greenhouses
(A,B,C,D) were included in the exper i
ment in 1985 and three in 1986. Green
house pairs and tomato cultivars are
shown in Table 1. Pair A was located in
one greenhouse holding, pair B in a
second, and pairs C and D in a third.
Outside clirnatic conditions during the
experimental period are given in Table 2.

The tomato plants were raised under
artificial light and planted out in the
greenhouses (2.5 plants m-2) in rockwool
(Grodan) between 10 and 20 February.
Night temperature until 15 April was
maintained at 18-20°C, thereafter at 16-
18°C. The ventilation temperature until
15 April was 25-26°C, and thereafter at
22-24°C. The RH leve) was kept at 80-
85%, except in the pollination period be
tween 10 and 12 a.m. when the humidity
was lowered to 75-80% by means of
heating and ventilation. In this period
trusses with flowers were agitated using
a battery-driven vibrator.
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The commercial greenhouses included in
the experiments had no continuous
measurements of the CO2 concentration.
The concentration was therefore mea
sured continuously in one of the green
houses (greenhouse pair C, + CO2) at
different vent openings at different CO2
flow rates throughout two weeks in
varying weather conditions (Table 1 ).
The greenhouse used was 50 m long (560
m-2) and was fitted with continuous ridge
vents, 1 m in width. The measurements
were carried out in the middle of the
greenhouse 2 m above the ground by
means of an infrared gas analyser
(Beckrnan, Mode! 864).

Tab le 3. The elfect of CO~ enrichment on tomato
yield during ventilation

Yield (kg m -2)
CO2 treatment 1985 1986 Mean

Control 34.4 31.4 33.0
WithCO2 33.4 32.3 32.9-
No. ofreplicates 4 3 7
Significance ns ns ns
atP=0.05 leve!

100

0 12 16 10 24

TIME ( h)

3). The mean numbers ofhours with CO2
enrichment were 2210 and 830 with the
vents open and closed, respectively
(Table 4). From the start of the experi
ment until 15 April CO2 enrichment was
supplied for approximately 50 h with the
vents open and for 450 h with the vents
closed. The total CO2 consumption dur
ing the experiment were 6.1 and 3.3 kg
CO2 1000 m-2 h-1 with vents open and
closed, respectively.
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Fig. l.T he diurnal CO2 concentration in a
tomato greenhouse without CO2 enrichment in
cloudy (<15 molrn r sday r ! PAR) and clear
weather (>40 molm-2day-1 PAR). Time O is
midnight. Measured in mid-May.

RESULTS

Enrichment with CO2 during periods of
ventilation did not significantly affect
the tomato yield in 1985 or 1986 (Table

The diurnal CO2 concentration without
CO2 enrichment of the greenhouse air
was measured throughout a two-week
period in May. Typical CO2-curves are
given in Fig. I. In cloudy weather ( < 15
mol m-2 day-! PAR), with the ridge vents

Tab le 4. fNumber of hours with CO2 enrichment with vent.s closed or open, and CO2 consumption per m2, as
means for 1985 and 1986. Standarderrors are given

Vent.s No. ofhours CO2 consumption (kg m-2)

Closed
Open

830 ± 30
2210 ± 130

3.3
6.1

±
±

0.1
0.3

Total 3040 9.4
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open just enough to prevent an increase
in humidity, the C02 concentration fell
to 285 µ11-1. During sunny days (>40 mol
m-2 day! PAR) when the vents were
wide open in order to prevent tempera
ture increases, the C02 concentration
decreased to 260 µ11-1.

The C02 concentration was also
rneasured when the greenhouse air was
supplied with two application rates of
C02 at different openings of the vents
(Fig. 2). The photon flux density was
about 800 µmol m-2 s-1 outdoors and 480
µmol m-2 s-1 at the top of the plants
during the measurements. With 3.5 kg
C02 1000 m-2h-1 supplied the C02 con
centration fell from 490 to 320 µIl-I when
the vent opening increased from 2 to 34
cm (full opening). With 7.0 kg 1000 m-2 h
l supplied the C02 concentrations were
1000 and 360 µli-I respectively at the two
vent openings.

1000~ •
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•

•
~ 600
;::g
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U 400
~3351 ::::----,.,. • •u "'---• • ■
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O 200
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Fig. 2. The effect of the opening ofthe ridge vent.s
on the C02 concentration in a 560 m2 t.omat.o
greenhouse supplied with 3.5 (■ ) and 7.0 kg
C02 I 000 m - 2h - 1 <• ). The opening of the ridge
vent.s was measured from the outer tip of the
vent.s down to the greenhouse roof. The out.side
C02 concentration of 340 µ11-1 is indicated bya
line

With 2.75 kg C02 1000 m-2 h-1 supplied
during the ventilation periods, as was
used in the experiment, the concen
tration varied from 300 (sunshine, vents

wide open) to 450 µ11-1 (clouded, 2 cm
vent opening), depending on the solar
radiation (data not presented).

DISCUSSION

Despite an increase in the C02 concen
tration by C02 enrichment during pe
riods of ventilation the tomato yield was
not significantly affected. An English
experiment with tomato, where the C02
concentration was prevented from falling
below 335 µ11-1 during the summer,
showed an yield increase of 14.5% com
pared to the ambient concentration
(Drakes 1984). This positive effect of C02
enrichment, however, could be explained
by the very low concentrations which
were likely to occur with the vents closed
in the ambient treatment. In another
English study yield increases of about 5,
10 and 20 % were found by 375, 450 and
525 µIl-I C02, respectively, compared to
the arnbient concentration (Slack et al.
1988). These concentrations were kept
irrespective of vent opening. In this re
port it was concluded that with between
320 and 526 µ11-1 C02 the tomato yield
increased by 2.65 kg for each 100 µli-I
increase in mean C02 levet.

In a Danish study with tomato the
effect of 1000/400 µll-1 C02 when the
vents were closed/open was compared
with no enrichment at all throughout the
summer (McCall & Saxe 1987). The yield
increased by 8 %. This effect could at
!east be partly explained by very low C02
concentration in the control treatments
when the vents were closed.

Different experimental designs could
to some extent explain the different
results obtained by C02 enrichment
during ventilation. However, it was
expected that the C02 enrichment would
increase the yield since it is well known
that any increase in C02 leve! within
certain limits should have a positive
effect on the tomato yield (Mortensen
1987). When this was not the case it
could partly be explained by the high

•
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CO2 concentration which was also ap
plied to the control houses in periods
when the vents were closed. It has been
shown that the effect of CO2 enrichment
decreases with time in plants which have
been grown continuously at high CO2
levels (Aoki & Yabuki 1977, Ehret &
Jolliffe 1985, Imai 1978, Mortensen
1983, Peet 1986). However, reducing the
daily enrichment period has been shown
to decrease the tomato yield (Calvert &
Slack 1976). Another important point is
that the 2.75 kg 1000 m-2h-I application
rate only increased the CO2 concen
tratio~ from 260 to 300 µll-1 at the
highest PAR levels (sunny days), and
from 285 to 450 µll-1 at low PAR levels
(cloudy days). This means that the in
crease in CO2 concentration was rela
tively small when the plant growth was
supposed to be at its highest. It seems
that a higher CO2 concentration has to
be maintained during periods of high
PAR levels if an enhancement of the
yield is to be accomplished. By supplying
7.0 kg 1000 m-2h-I the CO2 concentration
could have been raised to 360 µli-I during
periods with high radiation and maxi
mum ventilation. However, this would
have substantially increased the CO2 gas
consumption.

ACKNOWLEDGEMENTS

The authors are indebted to R. Wiig, J.
Wiig, S. Ladstein, and A. Bekkeheien for
their help during the experiments. 'I'his
work was supported by Norsk Hydro NS.

REFERENCES

Aoki, M. & K. Yabuki 1977. Studies on the carbon
dioxide enrichment for plant growth. Vil. Changes
in the dry matter production and photosynthetic
rate of cucumber during carbon dioxide enrich
ment. Agric. Meteorol. 18: 475-485.

Calvert, A. & G. Slack I 976. EITecl of carbon
dioxide enrichment on growth, development and
yield of glasshouse tomatoes. li. The duration of
daily periods of enrichment. J. Hort. Sei. 51: 401-
409_

Drakes, G.D. 1984. Prevention of C02 depletion in
tomatoes. Acta Hortic. 162: 245-247.

Ehret, O.L. & P.A. Jolliffe 1985. Photosynthetic
carbon dioxide exchange of bean plants grown at
elevated carbon dioxide concentrations. Can. J. Bot.
63: 2026-2030.

!mai, K. 1978. Effect of carbon dioxide con
centration on growth and dry matter production of
crop plants. V. Analysis of after- effect of carbon
dioxide treatment on apparent photosynthesis.
Japan. Jour. Crop Sei. 47: 587-595.

McCall, D. & H. Saxe, 1987. Summer C02 to
tomatoes in 1986 (in Danish). Gartner Tidende 103:
109-111.

Mortensen, L.M. I 983. Growth responses of some
greenhouse crops to environment. X. Long-term
effect of C02 enrichment on photosynthesis,
photorespiration, carbohydrate content and growth
ofChrysanthemum morifolium Ramat. Meld. Norg.
LandbrHøgsk., 62: 1-11.

Mortensen, L.M. 1987. Review: C02 enrichmenl in
greenhouses. Crop responses. Scientia Hortic. 33: 1-
25.

Peet, M.M. 1986. Acclimation to high C02 in
monoecious cucumbers. I. Vegetative and reproduc
tive growth. Plant Physiol. 80: 560-576.

Sebesta, A. & D. Reiersen I 981. A comparison of
single glass and double acrylic sheating with
respect to heat loss and effecls on plant environ
ment. Acta Hortic. 115: 409-416.

Slack, G. & D.W. Hand 1985. The efTect of winter
and summer C02 enrichment on the growth and
fruit yield of glasshouse cucumber. J. Hortic. Sei.
60: 507-516.

Slack, G., J.S. Fenlon & D.W. Hand 1988. The
effecls of summer C02 enrichmenl and ventilation
temperalures on the yield, quality and value of
glasshouse tomatoes. J. Hort. Sei. 63: 119- 129.





VI. PLANT GROWTH AND CHEMICAL
ANALYSIS

JOHANNA L.F. VAN DER VLUGT
Agricultural University ofNorway, Department ofHorticulture, Aas, Norway

Vlugt J.L.F. Van der, 1990. VI. Plant growth and chemical analysis.
Norwegian Journal of Agricultural Sciences 4: 77-90. ISSN 0801-5341.

The physiological root death of cucumber was studied in plants grown
individually in containers. During 2 months growth, water and nutrient
uptake, nutrient distribution and assimilate production and distribution were
observed. The shoot/root ratio (fresh weight) increased until harvesting; the
generative/vegetative ratio increased from flowering through the whole
period. The rate offruit production and the leaf area observed indicated that
assimilate production was barely enough for fruit production; other plant
parts would therefore starve.
The uptake and transport of nutrients was shown to be reduced after
harvesting had started. Reduction in uptake may have been caused by
reduction in root surface area after root death. With the onset of fruit
production it was seen that the content of non-structural carbohydrates in
other plant parts had decreased. It seemed that root death in this experiment
was ca used by the sink strength of the fruit with regard to both assimilates
and mineral nutrients.

Key words: cucumber, Cucumis sativus, mineral uptake, mineral distribution,
root death, stachyose, starch, sucrose
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Physiological root death of the cucumber
(Cucumis satious L.) may be caused by
competition between roots and fruits.
The dobinance of the fruit would affect
the whole plant. Van der Post (1968)
showed that shoot growth stopped and
the root mass became diminished after
fruit growth was initiated. Therefore the
top/root ratio increased tremendously.
The decrease in root mass was associated
with root death (Van der Vlugt, part 4, in
prep.), the order of events is not known,
however.

The uptake and transport of nutr i
ents may also be affected by fruit growth
and root death. lron deficiency symptoms
have ojten been observed in plants with
root death. Deficiencies of other elements
not relocated within the plants may also

be expected. Khudheir & Newton (1980)
studied nutr ient uptake in tomatoes in
connection with root death. 'I'hey found
that uptake of all elements decreased in
plants affected with root death and that
uptake of boron and manganese de
creased earlier than uptake of the other
elements.

Assimilation and distribution of
stachyose and other sugars in the cucurn
ber plant have not been studied in con
nection with root death.

The purpose of this experiment was
to study growth, mineral nutrition and
assimilate production and transport in
the cucumber in relation to root death.
The elements investigatcd were N, P, K
as major nutrients, Fe and Ca as
elements not easily redistributed in the
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plant and B and Mn as possible indi
cators of root death. Wilh regard lo
carbohydrates, the primary product (hex
oses, sucrose), the transport unit (stachy
ose) and the slorage unit (starch) were
studied.

MATERIALS AND METHODS

Seeds of the cucumber cultivar Farbio
were sown in rockwool blocks (7.5 x 7.5 x
7.5 cm) in September 1985. On October
14 ( = day 24), the plants were placed in
10 1 containers. The rockwool block was
fitted into the lid, with 1 cm protruding.

During propagation and after plant
ing the plants received additional arti
ficial light, 180 W/m2 installed SON and
HPI lamps, for 18 hours/day. The plants
were trained upwards to the wire, and
after the wire was reached the tops grew
downwards. All side-shoots were pinched
and all fruits were allowed to develop.

The containers were filled with
nutrient solution and air was bubbled
through the solution continuously. The
solution was supplied from a 250 I tank,
from which a sample was taken for
chemical analysis, whenever the tank
was refilled. The standard solution con
tained in ppm: 200 nitrate-N, 30 P, 420
K, 200 Ca, 1.5 Fe (chelated), 1.0 Mn, 0.5
B and adequate amounts of the other
elements. The solution in the tank
showed small deviations from the stan
dard solution. The containers were
refilled once every day, and the volume
supplied was measured for each plant
separately.

Ca, Fe and Mn in the nutrient
solution were determined with a flame
atomic absorption spectrophotometer.
Potassium was determined with a flame
photometer. The molybdo-vanadate corn
plex with phosphorus was determined
spectrophotometrically. Boron was deter
mined speclrophotometrically with car
minic acid (Rosenfeid & Selmer-Olsen,
1979). N itrate-N was determined colo
rimelrically with a Technicon Auto-ana-

lyzer after reduction of the nitrate with a
Cd-reductor and the addition of sulpha
nilamide and N-1-naphtylethylene
diamine (Henriksen & Selmer-Olsen,
1970).

At planting each plant was given a
number. The numbers were randomized
throughout the greenhouse. Twice week
ly (days 24, 27, 31, 34 etc.) 3 plants in
numerical order were taken for measure
ments and chemical analysis. Leaves,
which were not dried out and longer than
5 cm, were measured. Leaf area was
calculated as length x width x 0.72
according to Graf-Marin (Liebig, 1978,
pp. 17-18).

Fresh weight was determined for all
plants: roots (without the rockwool
block), stem segment including leaf nos.
4 and 5, top (6 uppermost unfolded leaves
+ stem and apex), fruit and complete
shoot. Whenever the side-shoots were
pinched, old leaves removed or fruits
picked before the whole plant was taken,
these parts were also weighed. The
weight was later added to the total.

For organic chemical analysis plant
parts from two plants were thoroughly
mixed and extracted with 86% ethanol.
The residue after filtration was used for
starch determination after a modifi
cation of Pharr & Sox (1984). The filtrate
was used for total sugar and stachyose
determination. Total sugar was measur
ed as glucose after a modification of the
method of Hagedorn & Jensen. For
stachyose determination the filtrate was
concentrated and analysed by paper
chromatography. Whatman no. 4 filter
paper was used, perpendicular to fibre
direction, descending elution with n
butanol : acetic acid : water = 200 : 50 :
250 upper phase. Stachyose was hydro
lyzed by a method developed by Mrs. G.
Remedios (not published) and the hexo
ses were developed with silver nitrate.

The third plant was used for
inorganic chemical analysis. Nitrate-N
was extracted by boiling the fresh
material in 0.01 M CuSO4-solution; a
quantitative delermination was made
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with an ion-selective electrode (Øien &
Selmer-Olsen, 1969). The other elements
were determined in a hydrochloric acid
solution (5%) of the ash. Ca, Fe and Mn
were determined with flame atomic
absorption spectroscopy. P was deter
mined colorimetrically as the molybdo
vanadate complex (Boltz et al., 1977).
Potassium was determined in a flame
photometer. Boron was determined with
a spectrophotometer as a complex with
carminic acid in concentrated H2SO4
(Oelschlager, 1956).

Total weight and total leaf area per
plant were calculated for all days of
observation. Curves were fitted using a
spline routine that minimized a linear
combination of the sum of squares of the
residuals of fit and the integral of the
square of the second derivative (Reinsch,
1967).

RESULTS AND DISCUSSJON

The plants developed very well. How
ever, from the end of November (day 66)
excessive ageing of the plants occurred.
Flowering occurred on day 38, the first
fruits were harvested on day 55 and root
deat.h occurred on day 62.

In another experiment (not publ i
shed), the average volume of the roots
was observed to be about 0.2 I. This did
not seriously alTect the calculation of the
uptake of nutrients until the end of the
experiment when a more diluted topping
up solution was used.

Root weight was more or less con
stant after a short white (Fig. lA), but
shoot weight continued to increase (Fig.
1B). The shooUroot ratio increased.
Leaves 4 + 5 were followed throughout
their development, their weight showing
a slight decline towards the end as is
usual (Ho et al., 1984). Also, the top of
the plant decreased in weight after
harvesting had started. Pharr & Sox
( 1984) noticed that all plant parts above
the fruit decreased in weight.

The weight of the total fruit mass
increased almost linearly with 96 g fresh
weight per day (Fig. l C), Fruits were
harvested when they weighed 300-400 g.
Between two successi ve harvests the
fruit mass increased by 300-400 g.
Several fruits developed at the same
time, which meant that the plant carried
a load of at !east 500 g fruit from day 55
onward.

On average, the dry matter content
of the fruits in this experiment was 3.6%.
The increase in dry matter was 3.5 g
CH2O assirnilated per day, which con
curred with the results of Pharr et al.
(1985). Total leaf area reached a maxi
mum of about 150 dm2 on day 52 (Fig. 2).
Afterwards the total leaf area decreased
because of excessive ageing. For the
production of 3.5 g CH2O 5 g CO2 is
needed. The average leaf used 170-210
mg CO2/dm2/day in the experiment of
Schapendonk & Challa (1980), who used
a 14-hour photoperiod. The average leaf
area was 5.5 dm2 in this experiment. For
3.5 g CH2O one would need 5-6 leaves
givinga total area of27.5-33 dm2.

The average water uptake varied
considerably (Fig. 3). Up until root death,
variation in water consumption concur
red with variation in radiation (Anon.,
1986). After root death, the correlation
was less clear.

The EC in the containers increased
gradually; therefore, at the end of the
experiment a more diluted topping-up
solution was used. Because of the calcu
lation method, uptake of nutrients was in
time with water uptake, only at the end
of the experiment did nutrient uptake
decrease. The EC was not taken into
account in calculating nutrient uptake,
so this may have led to overestimation of
the actual amount taken up. Still, our
results more or less concur with the
literature, e.g., the average water con
sumption in this experiment was 0.9 I per
plant per day. 'I'his estimate was low
because there were more plants at the
beginning of the experiment. A maxi
mum of 467 mg nitrate-N and 651 mg K
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Fig. 1. Development of fresh weight (kg) in different plant parts of the cucumber. Root death occurred on
day 62. A. Root weight per plant. B. Weight distribution in the shoot per plant. C. Weight of the whole
shoot and all fruits per plant

were taken up according to the calcu
lation with 2.4 I water. Adams (1980)
found in his plants an average uptake of
1.14 I water with 250 mg nitrate-N and
380 mg K per day. Even higher rates
have been found in the tomato (Adams &
Massey, I 984).

Distribution of the nutrients in the
different plant parts is shown in Fig. 4.
The nitrate content in the roots was not
afTected by root death (Fig. 4A). The
nitrate content of leaves 4+ 5 showed a
peak on day 48. Nitrate is reduced in the
leaves (Matsumoto & Tamura, 1981).
Both fruit and shoot contained a
considerable amount of nitrate on the
day of root death. The total content of
nitrate-N remained constant after root

death, though this was difTerently
distributed between shoot and fruit;
probably the shoot lacked sufficient
energy to reduce the nitrate.

The amount of phosphorus in the
roots increased gradually after a mini
mum on day 41 (Fig. 4B), The amount of
P in the fruit increased while it de
creased in the shoot; the fruit seemed to
acquire P at the expense of the shoot,
while transport from the roots seemed to
be failing.

The leaves, and to a lesser degree the
tops, contained most of the potassium in
the shoot (Fig. 4C). This is noticeable
when the plants are young. The potas
sium contcnt in the roots remained con
stant after root death, while it decreased



82 VI. Plant growth and chemical analysis

FIGURE 2 JLF VAN DER \'LUGT

160 -

1 50 -
I

140 -

1 JO ~

1 20 ~

1 1 0 .J
TOTAL

1 00 ~

LEAF gQ -
I

,o j
AREA

70 •

(DH2) 601

50 ~
I

,o -
JO -

20 j

1 0 ~

01r, ,-,--,.-. T ,-.- , r"T""> T""TT ,-.......,-. -..-............,..~..-,-T"r,-, rT<-. ',

20 30 •o s o 60

TiriE (DAYS)

70 ,o s o
....., r r • • l--,- r ,....., ,-, ,--. -,-f' '-. .,.......,., ' 1 'T

Fig. 2. Total leaf area (dm2) per plant. Cucumber leaves were longer than 5 cm and not dried out. Root
death occurred on day 62.

FIGURE 3

:IATER

JPTAKE

( L/PLANT, DAY I

J,

I

JLF VAN DER VLUGT

.,....,,.,.-r-.-7,-.-. ,--y-·,·m7 .-,·, r-r-r-r-r •1-
20 JO ,o 50

Tlf\E i0AYSi
60 70 80 90

Fig. 3. Ave rage water up take (Uplant per day) of the cucumber. Root death occurred on day 62



VI. Plant growth and chemical analysis 83

in the shoot. The uptake by the fruit
continucd, secmingly at the expensc of
the shoot.

The fruit containcd very little calci
um (Fig. 41)). A low calcium content was
found in the shoot around the time ofroot
death. Calcium uptake and transport
seemed to be little affected by root death.
Root death occurred at some distance
from the root tip. Since calcium is taken
up by the distal 20 cm of the Cucurbita
root (Clarkson 1981), uptake might not
have been affected so much.

The iron content of the root was high
and increased more rapidly after root
death (Fig. 4E). The increase in shoot
and fruit was less. Wanasuria & Kuhn
(1977) observed that transport of iron
may have failed because of precipitation
of iron phosphate in the roots.

Although the boron content of shoot
and fruit increased steadily, it decreased
per fruit (Fig. 4F). The manganese
content increased in the root (Fig. 4G)
and it reached a maximum in the shoot
on day 55. Thereafter the fruit may have
obtained manganese through relocation
rather than through transport from the
roots.

Ward (1967) analysed leaf blades,
petioles, stem, roots and fruits separately
for N, P, Kand Ca. Only leaves 4+5 and
roots were compared with his results. In
this experiment we found a higher con
tent for all elements in these plant parts,
except for N in the leaves and Ca in the
roots, which concurred with Ward's re
sults. On the other hand, the content of
minerals never reached toxic levels, as
given for boron by Bergmann et al.
(1965) and for manganese by Osawa &
Ikeda (1974) and Geissler et al. (1976).

Summing up, it would seem that
mineral uptake and transport were both
affected by root death, but differently for
the different elements. The reduced up
take might be explained by the reduction
in root surface area. Van der Vlugt (part
4 in prep.) showed that the stele diameter
is only one-third of the root diameter. In
root death, the cortex up until the endo-

dermis is destroyed (ibid.) and the mere
reduction in surface area could explain a
reduction in uptake by two-thirds. Not
the whole root system is affected sirnul
taneously, but debris from the cortex
may make diffusion more difficult. A
reduction in uptake of 0-60% could be
expected. Transport of nutrients may
have been diminished because of Jack of
assimilates in the roots, which is sup
posed to be the case in root death.

Fig. 5 shows the content of sucrose,
stachyose and starch 3 hours after the
lights were switched on. Stachyose was
used immediately in the roots (Fig. 5A).
The total con tent of non-structural carbo
hydrates was low from days 45 to 73,
after which time especially the leve! of
starch increased. The starch content of
leaves 4+ 5 decreased with age, while the
sucrose content varied. The stachyose
level was low all the time (Fig. 5C).

In the top, the content of all car
bohydrates analysed decreased after
flowering (Fig. 58). Possibly the starch
level increased again after day 73, which
would be in contrast to the decrease in
weight observed. The fruit mainly con
tained sucrose, the content of which for
individual fruits decreased towards the
end of the experiment (Fig. 5D).

The results indicated that the fruit is
the strengest sink for assimilates also. It
can monopolise up to 95% of the assirni
lates from the nearest leaves (Murakami
et al., 1982), or 80% of the total pro
duction of the plant (Barrett & Amling,
1978).

CONCLUSION

It would seem that in this experiment
competition for assimilates was the main
factor triggering root death. Assimilate
production was barely sufficient for fruit
growth. Because of starvation, root-bark
cells died, which diminished the area
through which mineral uptake could
take place. Also, the dead cells may have
hindered diffusion to the living part of
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Fig. 5. Content (mg) of different carbohydrates in different plant parts of the cucumber in relation to root
death (day 62). A. Carbohydrates in the root B. Carbohydrates in the top C. Carbohydrates in leaves 4 + 5
D. Carbohydrates in the fru.it

the root. Transport of minerals was also
reduced because of Jack of energy.

Deficiencies could develop in the
shoot, since the fruit was also an effective
sink for minerals. The plants reacted lo
the deficicncies by increasing their root
growth; an accumulation of starch was
seen al the end of the experimenl.

The whole process began after flowe
ring bul reached its el imax when the first
fruits were harvested. Then the fruit
production rate came into the linear
phase of the sigmoidal growth curve.
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VII. THE VERDICT: FRUITS ARE ACCES
SORY TO ROOT DEATH. EXUDATES
ARE THE CAUSE?
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Vlugt J .L.F. Van der, 1990. Vil. The verdict: fruits are accessory to root death.
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In earlier reports it was shown that fruits compete with the other plant parts
for assirnilates. However, since incomplete or cumplete removal of the fruits
does not prevent root death, competitiun for assirnilates is not cunsidered to be
the primary cause of root death.
Root exudates also became suspects as an outcome of these experiments. The
literature on root exudates shows that they may be toxic to the plants
themselves or to other plant species. The arnount and the composition of the
exudates vary with growth and development of the plants. The root exudates
from the cucumber may be autotoxic, the arnount of exudate increasing after
flowering.
It is concluded that exudates are the likely cause ofroot death in most cases. A
heavy load of fruits or unfavourable growing conditions may cause root death
by promoting competition for assimilates in addition to exudation. Therefore,
in winter and spring crops of cucumber root death is more severe than in a
summer crop.

Key words: cucumber, Cucumis satiuus, root exudates.

J.L.F. uan der Vlugt, Agricultural University ofNorway, Dept. of Horticulture,
P.O.Box 22, N-1432 Ås-NU/, Norway

In this series two factors have been
mentioned as causes of physiological root
death in the cucumber (Cucumis satiuus
L.): 1. competition for assimilates be
tween roots and fruits, and 2. root exu
dation.

From the time of constant fruit
production rate, the growth rate of the
fruits was such that competition occur
red, i.e. after harvesting of the first fru it
root death caused by competition could
be expected (Van der Vlugt, part V in
prep.). On other occasions, when root
death occurred before harvesting or even
in vegetatively growing crops, exudation
was assumed to be the cause of root death

(Van der Vlugt, part Ill, Van der Vlugt,
1986, 1987).

My experiments were directed to
wards the effects of fruit growth. In this
paper they were re-examined with re
gard to root exudates. The literature on
exudates was reviewed to tind the pos
sible role of exudates in root death.

INDICATINS OF THE ROLE OF
EXUDATES IN ROOT DEATH

The results from our experiments con
firm the impression that root death is
less severe in summer than in winter.
Light conditions are better in summer, so
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competition is not expected to be as
significant a factor as in winter. Another
factor must therefore be involved in root
death, presumably root exudates.

In the high nitrogen treatment (Van
der Vlugt, 1987) relatively fewer fruits
were expected than in the low nitrogen
treatments; the assimilate supply to the
roots would be !arger, therefore the roots
would also exude more. Root death
occurred before harvesting in this treat
ment. Pegg (1986) showed that tomato
roots exuded more when the assimilate
supply was !arger.

The same effect was shown in
different ways in the cucumber experi
ments with different fruit loads and
different plant density (Van der Vlugt,
1986; Van der Vlugt, part Ill). Root death
occurred in all treatments, more plants
and fewer fruits giving a higher con
centration of exudates. It must be assu
med that Cucurbita roots are less sus
ceptible to exudates or exude less than
cucumber roots.

In the experiments with wide gullies
and with containers a large volume of
nutrient solution was available to each
plant (Van der Vlugt, parts IV, V and
VI). In this way it would take a longer
time for toxic concentrations of exudates
to be reached than in commercial instal
Iations. In this case the fruits would be
more important. It was found that
vigorous root growth was an advantage
in these experiments. A vigorously grow
ing root system is probably a good cornpe
titor if the exudate concentration is kept
low.

OTHER EFFECTS OF ROOT EXU
DATES

Root exudates have been investigated in
connection with weed growth and crop
rotation. Auto-intoxication has been
directly shown for the asparagus (Young,
1984). New plants have difficulties in
becoming established in an asparagus
field.

This has been shown indirectly for
wheatgrass. Bokhari & Singh (1974)
obtained more plant material from
plants which had been cut than from
control plants. In the cut plants they
assumed less material to have been
exuded from the roots, and therefore no
inhibition of root growth when needed for
the regrowth of the aerial part of the
plant.

In Cucumis spp. and sweet pepper
plants, which were kept vegetative, root
growth stopped after a white and root
death symptoms could be seen (Van der
Post, 1968; Hall, 1977). It may be
assumed that root exudates caused this
rootdeath.

ROOT EXUDATE: QUANTITY AND
COMPOSITION

Many seemingly contrasting results
have been obtained in experiments with
root exudates. The composition of the
root exudate varies with the plant
growth stage (Vancura & Hanzlikova,
1972; Caussanel & K unesch, 1979). The
effects of root exudation on other plant
species depends on the combination of
species and plant growth stage of the
exudate donor (Pope et al., 1985). A
!arger amount of exudates gives greater
inhibition (Caussanel & Kunesch, 1979).

In several experiments attempts
have been made to remove exudates and
their effect. Abdel Rahman & Newton
(1984) successfully used activated carbon
to prevent root death in the tomato. In
our experience with cucumber this was
not successful. In another experiment
with lettuce and other crops Stevens &
Tang (1985) found that the hydrophilic
substances in the exudate from Bidens
pilosa were the most toxic.

Caussanel & Kunesch (1979) studied
the composition of the exudate of the
common lambsquarters (Chenopodium
album) and its effect on the growth of
maize seedlings. They observed that
oxalic acid was the active component as



in many other C3-plants and that the
amount of oxalic acid increased consider
ably after flowering of the weed.

The nutrient solutions from the
growth analysis experiment (Van der
Vlugt, part V in prep.) were stored at 5°C
in the dark for 1 year and used for exu
date analysis. The exudates had accumu
lated from day 24. Seeds of cucumber and
maize were germinated on filter paper in
Petr i dishes with 2 x 2 ml distilled water
at room lemperature; 4 days and 5 days
respectively after sowing, the primary
roots were measured and the seedlings
transferred to 2 x 2 ml of the different
nutrient solutions; 8 cucumber and 10
maize seedlings respecti vely per dish.
After 3 days and 5 days respectively the
roots were measured again and the
increase calculated relative to the
original length, since the original length
varied both within and between Petri
dishes (Table 1 ). The nutrient solutions
were titrated, with oxalic acid used as a
standard. The results showed an increase
in titratable acids up until root death.
The growth of the seedlings seemed to be
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stimulated at first, but then decreased at
higher acid concentrations. It seemed
that acids in the cucumber root exudate
had a growth inhibiting effect at high
concentrations. This inhibitory effect
was less severe than with 5 meq/1 of
oxalic acid, which completely inhibited
growth of both species.

EXUDATION IN NFT

The nutrient solution in NFT (nutrient
film technique) is different from that in
soil in that the concentration of nutrients
is much higher in NFT. Root exudation
in itself may be less in NFT because
there are no abrasive soil particles to
cause wounds and thereby more exu
dation (Hale & Moore, 1979). The NFT
gullies form a closed system in which
exudates may accumulate. Low con
centrations of exudates may have a sti
mulating effect (Caussanel & Kunesch,
1979), but the concentration will in
crease to toxic levels. A larger volume of

Tuble 1. Amount of titrutable acids in the nutrient solutions taken from cucumber plants 27-83 days old.
The plant.s flowered on day 38, the firstfruit.s were harvested on day 55, and rootdeath occurred on day 62.
Length of cucumber primary root after 3 days in the different nutrient solutions relative to their original
length. Length of maize primary root after 5 days in the different nutrient solutions relative to their
original length.

Day Titratable acids(meq./1) Cucumber roots Maize roots

27 1.6 0.9 4.3
31 1.8 I.I 8.9
34 2.5 3.5 7.9
38 2.2 1.9 6.6
41 3.2 1.6 9.7
45 2.1 1.4 8.5
48 3.1 1.1 5.4
52 4.4 1.3 6.6
59 4.9 1.5 5.1
62 5.0 1.2 6.1
66 4.9 1.0 7.3
69 6.3 0.8 2.5
73 2.9 1.1 5.4
76 3.1 0.9 6.2
80 1.0 1.2 10.9
83 1.2 1.4
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nutrient solution per plant will delay the
onset oftoxicity.

The role of micro-organisms in exu
dat.ion is lit.tle understood. In NFT a new
situation probably exists, with few na
turally occurring organisms in the be
ginning and after a while a microf1ora
which may or may not be different from
that in soil. The micro-organisms may
use plant exudates and stimulate or
inhibit exudation from the plants. Diffe
rent organisms have different effects and
differences between soil and NFT may
occur. These factors have had very little
investigation so far (Hale & Moore, 1979;
Pegg, 1986).

CONCLUSION

Root death is caused either by compe
tition for assimilates or by root exu
dation. The latter is considered to be the
most significant. The former is only of
significance under disadvantageous
growing conditions. Both factors occur in
a natura) situation, their combined
strength determining the severity of root
death. If it were possible to manipulate
exudation or build-up of exudates in
NFT, then vegetable production in NFT
would have great possibilities.
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