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Abstract - Putting together information on French bread-baking drawn from 15 years of multi-local experimentation
and results of various technological tests (protein content and grain hardness, Pelshenke test, Zeleny sedimentation test
and Chopin alveograph), has made it possible to study the effects of genotype and environment on the traits tested as
well as the relationships between them. With the exception of protein content and extensibility L of alveograph, geno-
type X environment interactions are weak for technological tests, whereas Cnerna bread-baking parameters are strongly
influenced by these same interactions. There would appear to be a relatively close connection between the technological
tests (except for protein content and extensibility L of alveograph). The technological tests are, however, at best quite
weakly linked to bread-baking parameters, making indirect selection quite unreliable. Threshold values making it possi-
ble to eliminate only those genotypes showing little chance of high bread-baking quality are defined for the technologi-
cal tests. In other respects, it seems that grain hardness has no influence on French bread-baking quality. Knowledge of
hardness only seems interesting in helping interpret tests at constant hydration, such as Chopin alveograph, in which it
introduces bias. (© 1999 Inra/Editions scientifiques et médicales Elsevier SAS.

French bread-baking / alveograph / Zeleny / Pelshenke / hardness / interaction

Résumé — Une étude sur la fiabilité de la sélection indirecte pour la valeur en panification francaise chez le blé
tendre. La récapitulation, sur 15 années d’expérimentations multilocales, de données relatives a la panification
frangaise et a différents tests technologiques (teneur en protéines et dureté du grain, test Pelshenke, test de sédimenta-
tion de Zeleny et alvéographe Chopin), nous a permis d’étudier les effets du génotype et du milieu sur ces caracteres et

Communicated by Max Rives (Villeneuves-lés-Avignon, France)

* Correspondence and reprints
oury @clermont.inra.fr




622 F.-X. Oury et al.

les relations existant entre eux. A ’exception de la teneur en protéines et de I’extensibilité L de 1’alvéographe, les tests
technologiques sont peu soumis aux interactions « génotype X milieu », alors que les différents parametres de la panifi-
cation Cnerna sont, eux, fortement soumis & ces interactions. Les relations entre les tests technologiques (excepté pour
la teneur en protéines et le L de ’alvéographe) apparaissent fortes. En revanche les tests technologiques ne sont, au
mieux, qu’assez faiblement reliés aux parametres de la panification, ce qui rend peu fiable la sélection indirecte. Des
valeurs seuils permettant d’éliminer seulement les génotypes ayant peu de chance d’étre de bonne valeur en panifica-
tion, sont définies pour I’utilisation des tests technologiques en sélection indirecte. Par ailleurs, il apparait que la dureté
du grain n’intervient pas dans la valeur en panification frangaise ; la connaissance de la dureté ne semble importante que
pour mieux interpréter les résultats de tests & hydratation constante, comme 1’alvéographe Chopin, dans lesquels elle

introduit un biais. © 1999 Editions scientifiques et médicales Elsevier SAS.

panification francaise / alvéographe / Zeleny / Pelshenke / dureté / interaction

1. Introduction

Selection of bread wheat for French bread-bak-
ing quality is carried out almost entirely in an indi-
rect manner, on the basis of various technological
tests which are all related to rheological character-
istics of the dough. In fact, baking French style
bread requires, on the one hand, a large quantity of
flour (which rules out testing the first generations
for which there are only a few grams per genotype)
and, on the other hand, protracted work-time (thus
ruling out testing intermediate generations in
which the number of genotypes is still too high).

Up to now the reliability of such indirect selec-
tion has been little studied. In fact, most published
works treat either the relationships between differ-
ent technological tests but without any actual
bread-making [7, 10-12] or the relationships
between different technological tests along with a
bread-baking test [13, 14, 23, 27], but in that case
it corresponds to Anglo-Saxon bread-baking which
is very different from French bread-baking.
Furthermore, only a few works [4, 19-22] take into
account, along with the genotype effect, the effect
of environment and genotype x environment inter-
actions on the various technological traits of flours.
For French bread-making, only the results of
Branlard et al. [8] on 3 years of multi-local experi-
mentation integrate these different aspects and,
even though their article was not presented with
this goal in mind, enable us to study the reliability
of indirect selection for bread-making quality.

The present article covers 15 years of multi-
local experimentation for which we possess both

the results of French bread-baking tests and the
results of technological tests currently used in the
breeding process. In order to study the validity of
indirect selection, we first looked at the influence
of genotype and environment on the various tech-
nological traits of the flours, then analysed the
relationships between the technological tests and
the different parameters of French bread-making.

2. Materials and methods

2.1. Plant material and experimental design

At Institut national de la recherche agronomique
(Inra), breeding for bread wheat is handled by five sta-
tions: Clermont-Ferrand (CF), Dijon (DI), Estrées-Mons
(EM), Le Moulon (LM) and Rennes (RE). The crossings
and follow-up of young generations are carried out at
these five sites first in nurseries and then in trials. To
evaluate advanced generations a multi-local network is
used (for a more complete presentation, see Brancourt-
Hulmel and Lecomte [5]) grouping the five previously
mentioned stations along with four other Inra sites:
Colmar (CO), Lusignan (LU), La Miniére (MI) and
Orgeval (OR). At all nine sites trials with two ran-
domised complete blocks are run, with agronomical
practices corresponding to those of intensive farming,
notably as concerns efficient fungicide and insecticide
protection and nitrogen fertilisation adjusted to a goal of
high yield.

Lines evaluated in the network are at least F6 genera-
tion and the agronomic value of this material, corre-
sponding to lines at the final stage of the Inra breeding
process, is perfectly representative of material adapted
to North-European conditions. The best lines at the end
of the first year of multi-local trials are carried over for
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second year trials, and the number of genotypes is then
low enough for French bread-making to be feasible. The
bread-making itself is carried out by the Nantes Inra sta-
tion for a sub-sampling of the nine experimental sites
(from four to seven sites, depending on the year). In par-
allel, several technological tests used for indirect selec-
tion of bread-baking quality are run. All of these techno-
logical analyses are run on only one of the two blocks of
the trials retained.

Our study covers data over 15 years of multi-local
experimentation. For each of these years table I gives
the number of genotypes present and the sites for which
technological analyses were carried out. The 15 years
are, in fact, divided into two sub-groups: 1977-1985
(skipping 1979) and 1991-1997. Indeed, we wanted to
take into account any possible transformation in the
position and dispersion parameters of the different vari-
ables under study over time. Preliminary study of the
data (results not shown), however, made it clear that no
tendency of change in the distribution of the different
traits between the two groups of years could be
observed. Henceforth, the 15 years will be treated glob-
ally, without taking their sub-group structure into
account.

2.2. Technological tests

Among the tests studied one can distinguish between
those requiring limited quantities of grain and little

investment in work-time and those requiring more flour
and/or longer work-time. The former tests are used for
the large number of genotypes found in the early gener-
ations of selection, while the latter are used for subse-
quent generations in which the breeding process has
already reduced the number of subjects. In the first
group protein content, grain hardness, the Zeleny sedi-
mentation test and the Pelshenke test are considered. In
the second the Chopin alveograph is retained.

Note: grain hardness has only been tested in the net-
work since 1993. In fact, until 1985 ‘hard’ wheat types
were not grown significantly in France [15]. Since then,
an increasing number of ‘hard’ wheat types have been
registered in the French catalogue, which has led breed-
ers to include hardness in their list of traits.

Protein content and hardness were estimated by near
infrared reflectance using wholemeal flour produced on
a Cyclotec mill with an 0.8 mm sieve. The methods
used are now referenced, respectively, as AACC 39-10
and AACC 39-70 A [2]. The Zeleny sedimentation test
[28] was carried out on a flour obtained using a
Quadrumat Junior mill (extraction rate approximately
20 %).

The Pelshenke test [18] was run using wholemeal
flour obtained with a MIAG mill equipped with a fluted
cone. This test is now described in the method AACC
56-60 [2]. The Chopin alveograph was used according
to the method presently referenced as AACC 54-30A

Table I. Locations for which technological analyses have been made and number of genotypes studied, over the 15

years of experimentation.

Year Location Number of genotypes Peculiarities

1977 CF CO DI EM MI RE 23 no bread-making for CO

1978 CF CODIEM MIRE 27 no alvéograph and no bread-making for MI
1980 CF CO DIEM LM MI 27

1981 CF CO DIEM LM MIRE 31 dough and bread grades not available
1982 CO DI EM LM MI RE 29 dough and bread grades not available
1983 CF CO DI EM LM MIRE 26 dough and bread grades not available
1984 CF CODIEM LM MI RE 19

1985 CF CODIEM LM MIRE 22 dough and bread grades not available for CO
1991 DI EM MI RE 31

1992 DI EM MI OR 47 no Pelshenke and no protein content
1993 CFDIOR RE 40

1994 CFLM OR RE 39

1995 CFDIOR RE 40 no alveograph for OR

1996 CFLM OR RE 34

1997 CFDILM OR 47 farinograph hydration not available

CF = Clermont-Ferrand; CO = Colmar; DI = Dijon; EM = Estrées-Mons; LM = Le Moulon; MI = La Miniére; OR = Orgeval;

RE = Rennes.
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[2] on a flour obtained using a Brabender Senior mill
(extraction rate of approximately 70 %). The various
parameters for force (W), tenacity (P) and extensibility
(L) were calculated first manually (years 1977-1985),
then on the basis of recordings made with a Chopin
RCV4 apparatus (years 1991-1995) or with a Chopin
Alveolink apparatus (years 1996 and 1997).

French bread-baking was carried out according to the
standardised Cnerna method (Cnerna NE V03-716) on
the same Brabender Senior flour as the alveograph. The
quantity of water added to the flour to make dough cor-
responded to the level of hydration required to give con-
stant consistency with the Brabender farinograph.
Among the different parameters recorded during bread-
baking, only bread volume and the synthetic quality
grades of the dough (on a scale of 100), the bread (on a
scale of 200) and their total were retained: this total (on
a scale of 300) constitutes the final grade in Cnerna
bread-making.

2.3. Statistical analyses

For each year, genotype and environment effects
were studied using the following variance analysis
model:

Yy=u+o,+B+¢;

where o, represents the effect of genotype i, Bj the effect
of site j and €, an error term.

Since genotypes were different from year to year,
global analysis over the 15 years including a year effect
was not possible.

Genotype X environment interactions could not be
tested using variance analysis as there was only one rep-
etition for the technological analyses. Trait stability was
therefore studied using inter-location Spearman rank
correlation coefficients. This approach shows only the
part of genotype X environment interactions which pro-
vokes modifications in genotypes classification [3, 6],
but it is in fact this non-conservation of classifications
from one site to another which poses the biggest prob-
lem in selection.

3. Results and discussion

3.1. Effect of genotype and environment
on the different traits studied

Variance analysis brings to light location and
genotype effects which are highly significant for
all variables (table II), in accordance with results

published by Branlard et al. [8]. The only point to
make is that for Cnerna bread-making parameters
location effects are not so highly significant certain
years. If F values (table 1), or the probabilities
associated with the F values for the 15 years (data
not presented), are considered, one finds that for
yield and protein content location effects are often
higher than genotype effects, whereas for all other
variables genotype effects are usually higher than
those of location.

For the part of genotype X environment interac-
tions reflected in rank correlation coefficients fig-
ure 1 makes it possible to distinguish between
three types of variable.

Yield, for which the average of Spearman rank
correlation coefficients is very low, indicating poor
conservation of genotypes classifications from one
site to another and therefore very high levels of
genotype X environment interactions.

Protein content, extensibility L of alveograph
and the four variables relative to Cnerna bread-
making, for which average values of rank correla-
tion coefficients are quite low, with wide disper-
sion of these coefficients. For these six variables
there are, hence, high levels of genotype X environ-
ment interactions.

Pelshenke, Zeleny, the P and the W of alveo-
graph (and to a lesser extent the P/L ratio), for
which the average values of rank correlation coeffi-
cients are high, with moderate dispersion of these
coefficients. For these five variables there is a rela-
tively good conservation of genotype classifica-
tions from one site to another, indicating low levels
of genotype X environment interactions.

The importance of genotype X environment
interactions is in part connected to the importance
of trait variability. In fact, if this variability is eval-
uated using the variation coefficient (VC), it
appears that the classifications for variables with
high VC (0.36 for Zeleny, 0.36 and 0.37 respec-
tively for the P and the W of alveograph, 0.55 for
Pelshenke) change less from site to site than do the
classifications for variables with lower VC (0.12
for protein content, (.13 for bread volume, 0.2 for
yield and 0.21, 0.22 and 0.23, respectively, for the
total grade, the dough grade and the bread grade in
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Figure 1. Distribution of the inter-location Spearman rank correlation coefficients and average value of these coefficients, for the dif-
ferent traits studied (# is the number of pairs of locations, over the 15 years of multi-local experimentation, for which the correlations

have been calculated).
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Cnerna bread-making). The only exception con-
cerns the extensibility L of alveograph, for which
the classifications are unstable in spite of a rela-
tively high VC (0.31).

These results highlight one of the difficulties
encountered in breeding for French bread-baking
quality: one must select for a trait which is strongly
affected by genotype X environment interactions. It
is, moreover, an indirect selection and the fact that
most of the technological tests used are relatively
stable appears to be unfavourable to the develop-
ment of close correlations between the tests and the
Cnerna bread-making parameters.

3.2. Correlations between the different
traits studied

The first column in zable Il shows that yield is
not linked to any of the technological traits. In par-
ticular, there seems to be no conflict between pro-
ductivity and high French bread-making quality.
Only a slightly negative relationship between yield
and protein content can be found. This weak nega-
tive correlation appears regularly [11, 16, 17, 22]
whenever series of genotypes belonging to the cat-
egory of wheats appropriate to bread-making are
studied (by far the largest category in the material
under selection). It becomes somewhat stronger
only when the samples of genotypes include
wheats which are unsuitable for bread-making
(often highly productive and low in protein con-
tent) and ‘strengthener’ wheats characterised by
high protein levels and low productivity.

For the relationships between the Cnerna bread-
making parameters, table [II shows that the dough
grade is not closely linked to either the bread grade
or bread volume: the average determination coeffi-
cients (R?) are 0.56 and 0.46, respectively. In con-
trast, bread volume is closely linked to the bread
grade (average R” value: 0.81), which can be
explained by the important weight given to volume
in compiling this grade.

For the connections between the different tech-
nological tests, table III shows that there is a rela-
tively close relationship between Pelshenke and
Zeleny (average R? value: 0.46). In contrast, the

Pelshenke test is practically independent of protein
content (average R? value: 0.09) and the relation-
ship between protein content and the Zeleny sedi-
mentation test seems quite low (average R? value:
0.28), indicating that Zeleny depends more on the
qualitative variation of storage proteins than on
their quantitative variation. Furthermore, these
three tests appear to be linked to the W of alveo-
graph: only slightly, as far as protein content is
concerned (average R? value: 0.24), quite strongly
for the Pelshenke test (average R? value: 0.54) and
very closely for Zeleny (average R? value: 0.71).
Links between these three tests and the tenacity P
of alveograph follow the same orientation but at a
lower level. On the other hand, none of these tests
applicable to young generations are connected to
the extensibility L of alveograph. All of these
results are coherent with those of Rousset et al.
[22] and Branlard and Dardevet [7].

Finally, one sees (table III) that the various tech-
nological tests used in indirect selection give only
a relatively poor explanation for the variability of
French bread-making parameters. For the total
grade in Cnerna bread-making it is the W which
gives the highest level of explanation (32 %).
However, along with considerably lower require-
ments in flour and work-time than the alveograph,
the Zeleny sedimentation test gives a quite compa-
rable level of explanation (27 %). With the
Pelshenke test, the level of explanation is only
20 %, while with protein content it drops to 8 %.
The percentages of explanation by the technologi-
cal tests are a little higher in the case of the dough
grade, and weaker for the bread grade and bread
volume (table III). The weakness in all these corre-
lations is not a recent phenomenon due to the evo-
lution in selected material, as the correlations are
not higher for the years 1977-1985 than for the
years 1991-1997 (results not presented).

Branlard et al. [8] give correlation values for the
relationships between bread volume and several
technological tests, obtaining R? averages of 0.04
with protein content, 0.3 with Pelshenke, 0.38 with
Zeleny and 0.38 with the W of alveograph. These
values are a little higher than ours (except for the
case of protein content) but, on the one hand, their
experimental design covered only 3 years of multi-
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local experimentation (number of site X year com-
binations: n = 18) meaning that differences
between their values and ours could be simply due
to sampling effects; and, on the other hand, their
values remain globally coherent with ours insofar
as the tests are organised in the same manner and
the levels of explanation remain quite low.

All these results point to the principal difficulty
encountered in breeding for French bread-baking
quality: the technological tests used are quite poor-
ly correlated with the final trait. What is more,
since the links between the different tests are quite
close (except in the case of protein content and,
particularly, the extensibility L), switching to mul-
tiple regression results in only moderate progress
in explaining the bread-making parameters through
different combinations of the technological tests
(table 1V). For the dough grade, the bread grade
and the total Cnerna grade as well as for bread vol-
ume, an explanation ceiling is reached at 40 %
using the three tests applicable to young genera-
tions as explanatory variables and at 60 % using
the whole set of tests. The main progress seems to
come, moreover, when the different parameters of
the alveograph are simultaneously taken into
account: one moves from an R? of 0.32 in simple
regression with the W as the explanatory variable
to a multiple R? average of 0.49 whenever W, P, L
and P/L are taken as explanatory variables.

3.3. Defining thresholds for technological tests
in breeding for French bread-making

Although the relationships between the techno-
logical tests and the various Cnerna bread-making
parameters are rather distant, there would seem to
be no alternative to indirect selection. It is, there-
fore, important to exploit the results of the tests as
well as possible. Our data constitute a good basis
for defining threshold values for the technological
tests, below which only those genotypes with little
chance of being good for bread-baking would be
eliminated. To do so, for each location X year com-
bination and for each possible value X of the total
Cnerna bread-making grade (limiting study to a

[X;,p Xsup] range of variation which ignores

extreme values), the smallest value of the techno-
logical test for the genotypes belonging to the [X,
Xl interval is retained. The result is a stepped
curve like that shown in figure 2a which concerns
the Pelshenke test for the 45 genotypes in the 1997
Dijon trial. For each of the values of the Cnerna
total grade and for the retained location X year
combination, this stepped curve defines the
Pelshenke threshold value under which no geno-
type with a bread-baking value superior to that
considered on the X-axis would be eliminated.

The cloud of points on figure 2b corresponds to
the collection of stepped curves for the set of loca-
tion X year combinations. For each of the possible
bread-making values one thus finds, on a corre-
sponding vertical line, the distribution of the
Pelshenke threshold values for the 15 years of
multi-local experimentation. When a quantile is
selected from this distribution, a threshold is
defined — more or less stringently depending on the
quantile chosen — under which there is little chance
of finding Cnerna bread-making grades superior to
that of the X-axis value.

Figure 2¢ shows the positions of three specific
quantiles (first quartile, third decile and median) of
the threshold value distribution, for each of the
possible bread-making values. The curves thus
defined show a strong bending radius, reflecting
the low level of correlation between the Pelshenke
and the Cnerna total grade. Figure 2d,e,f shows the
smooth curves corresponding to these three quan-
tiles for the three traits (Pelshenke, Zeleny and W
of the alveograph) which are the least affected by
genotype X environment interactions and which
have the closest correlations with the bread-making
parameters. These curves make it possible to
define threshold values for given bread-baking
quality. For the selection of wheats appropriate to
bread-making but of only average bread-making
quality (Cnerna total grade above or equal to 175)
by making a compromise between the values
obtained for the three quantiles one can thus retain
thresholds of 30 for the Pelshenke test, 20 for the
Zeleny sedimentation test and 120 for the W of
alveograph, whereas for the selection of wheats of
high bread-making quality (grades above or equal
to 200) thresholds of 50 for Pelshenke, 25 for
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Table IV. Average values for multiple determination coefficients, in explaining Cnerna bread-making parameters by

several combinations of technological tests.

Explanatory Explained Variables
Variables dough grade bread grade total Cnerna grade bread volume
% proteins + Pelshenke 0.31 0.28 0.3 0.29
(n=52) (n=52) (n=74) (n=73)
% proteins + Zeleny 0.36 03 0.34 0.32
(n=52) (n=52) (n=174) (n=173)
Pelshenke + Zeleny 0.36 0.3 0.35 0.33
(n=52) (n=52) n=74) (n=73)
% proteins + Pelshenke 0.4 0.36 0.4 0.38
+ Zeleny (n=152) (n=152) (n="74) (n="73)
W+P+L+P/L 0.51 0.44 0.49 0.46
(n=155) (n=155) (n=177) (n=176)
% proteins + W+ P+ L + P/L 0.56 0.5 0.53 0.5
(n=51) (n=51) (n=173) (n=72)
Pelshenke + W+ P + L + P/L. 0.56 0.51 0.54 0.52
(n=51) (n=51) (n=173) (n="72)
Zeleny+ W+ P+ L +P/L 0.55 0.49 0.53 0.52
(n=155) (n=155) (n="77) (n=176)
% proteins + Pelshenke 0.6 0.55 0.58 0.56
+W+P+L+P/L (n=51) (n=51) (n=73) n=72)
% proteins + Zeleny 0.6 0.54 0.57 0.56
+W+P+L+P/L (n=51) (n=51) (n=73) (n=72)
Pelshenke + Zeleny 0.59 0.54 0.58 0.57
+W+P+L+P/L (n=51) (n=51) (n=73) (n="72)
% proteins + Pelshenke 0.62 0.58 0.61 0.6
+ Zeleny + W+ P+ L +P/L (n=>51) (n=51) (n=173) (n=72)

n is the number of location X year combinations for which the multiple correlations have been calculated.

Zeleny and 150 for the W can be retained. These
threshold values might seem low insofar as they do
not allow many genotypes to be eliminated (in the
distributions of the technological tests commonly
encountered in breeding programmes, most of the
genotypes are situated above these thresholds).
Threshold values based on a linear relationship
between the technological tests and Cnerna bread-
baking quality would be much stronger. However,
since this linear relationship is of poor quality there
would be a high risk of eliminating genotypes
which would be good for French bread-making.
Using the thresholds we have defined, this risk is
quite limited.

For protein content, the low level of correlation
with Cnerna bread-making parameters does not
rule out using the same type of approach since the

definition of threshold values is not based on the
existence of a linear relationship between the two
traits. One finds threshold values in the order of
10.4 for bread-making grades above or equal to
175 and in the order of 10.8 for bread-making
grades above or equal to 200. However, the high
level of genotype X environment interactions for
protein content makes using such thresholds rather
risky.

3.4. Role of hardness

For hardness, variance analysis (results not pre-
sented) brings to light highly significant genotype
and location effects, with highest importance for
genotype, over the 5 years for which we had mea-
surements (1993-1997). For genotype X environ-
ment interactions, hardness is situated in the same
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Figure 3. Linear regression between hardness and hydration
required to obtain a constant consistency with the Brabender
farinograph. Dotted curves delimit 95 % confidence area.

category as Pelshenke, Zeleny, the W and the P of
alveograph: the average of rank correlation coeffi-
cients is 0.85 (n = 30) and the trait thus appears
stable.

Hardness has a direct influence on the properties
of flour hydration owing to the high percentage of
damaged starch in flour from ‘hard’ wheats [1, 9].
Figure 3 shows the close relationship that exists
between hardness and the hydration required to
obtain constant consistency with the Brabender
farinograph. The points on the figure correspond to
average values of hardness and hydration for the
different genotypes present in 1993, 1994, 1995
and 1996 (years for which data on both variables
were available). Depiction of the average points is
justified insofar as there is a low level of genotype
X environment interaction for these two traits (the
average of rank correlation coefficients for hydra-
tion at farinograph is 0.81 with n = 175).

Due to the major gene involved in the genetic
determination of hardness [24-26], ‘hard’ types
can easily be distinguished from ‘soft’ types in the
samples of genotypes from years 1993 to 1997. It
then becomes obvious that hardness has no influ-

Table V. Average value of inter-location Spearman
rank correlation coefficients for the different traits stud-
ied, according to the hardness type.

‘Soft” types ‘Hard’ types

Yield (n = 30) 0.31 0.31
Protein content (n = 30) 0.45 0.46
Pelshenke (n = 30) 0.81 0.77
Zeleny (n =30) 0.75 0.72
W of alveograph (n = 27) 0.73 0.64
P of alveograph (n = 27) 0.8 0.76
L of alveograph (n = 27) 0.62 0.55
P/L of alveograph (n = 27) 0.77 0.72
Dough grade (n = 30) 0.45 0.47
Bread grade (n = 30) 0.5 0.48
Total Cnerna grade (n = 30) 0.51 0.51
Bread volume (n = 30) 0.53 0.48

n is the number of pairs of locations for which these correla-
tions have been calculated, over the 5 years of multi-local
experimentation for which hardness was available.

ence on the stability of the various traits: average
rank correlation coefficients for the years
1993-1997 are the same for the ‘hard’ group as for
the ‘soft” group (table V). Moreover, there is no
relationship between hardness and the other tech-
nological traits inside a hardness category (table
VI). If ‘soft’ and ‘hard’ types are taken into
account simultaneously, there is still no relation-
ship between hardness on the one hand and yield,
protein content and Cnerna bread-making parame-
ters on the other. In contrast, there does appear to
be a relationship between hardness and the other
technological tests. This relationship is quite dis-
tant for the Pelshenke test, the W and the L of
alveograph but quite close for the Zeleny sedimen-
tation test, the tenacity P of alveograph and, to a
lesser degree, the P/L ratio (table VI).

In the case of alveograph parameters, the rela-
tionships observed could be explained by the influ-
ence of hardness on flour hydration. Indeed, the
alveograph is a test run at constant hydration,
resulting in under-hydration of ‘hard’ wheat types.
This under-hydration gives ‘hard’ wheats an artifi-
cially high tenacity P which, in turn, leads to over-
estimated W levels compared to those of ‘soft’
wheat types. As alveographic test results are of
high importance to the inscription of a genotype in
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Table VI. Relationships between hardness and the different traits studied, within the ‘soft’ types, within the ‘hard’
types, and for all the genotypes. Values are averages of determination coefficients with the sign of the correlation.

‘Soft’ types ‘Hard’ types All genotypes

Yield (n = 20) 0.06 -0.06 -0.03
Protein content (n = 20) 0 0.14 0.08
Pelshenke (n = 20) 0.07 0.05 0.27
Zeleny (n = 20) 0.01 0.06 0.45
W of alveograph (n = 19) -0.01 0.03 0.25
P of alveograph (n = 19) 0.01 0.04 0.42
L of alveograph (n = 19) -0.04 0.01 -0.18
P/L of alveograph (n = 19) 0.04 0.01 0.29
Dough grade (n = 20) 0 -0.01 0.1

Bread grade (n = 20) -0.01 -0.05 0.06
Total Cnerna grade (n = 20) -0.01 -0.04 0.08
Bread volume (n = 20) -0.01 -0.03 0.07

n is the number of ‘location X year’ combinations for which correlations have been calculated.

the French catalogue of varieties, one can partially
explain the progress of ‘hard’ wheat types by this
protocol at constant hydration which is advanta-
geous for them.

A similar explanation can be retained for the
effect of hardness on Pelshenke, as Pelshenke is
also a test run at constant hydration (the lower
average R? value could be due to the fact that the
operator slightly corrects hydration when dough
cannot be obtained, which is only the case with
some very ‘hard’ genotypes).

It is thus obvious that the biases introduced by
hardness in a constant hydration test like the alveo-
graph could lead only to a weakening of the rela-
tionship between this test and the Cnerna bread-
making parameters (which are taken at constant
consistency). Indeed, in the absence of any hard-
ness-bread-making relationship (fable VI), the arti-
ficially inflated W values for ‘hard’ wheats can
only represent an additional dispersion factor for
the cloud of points whenever, for example, the total
Cnerna grade is depicted with reference to the W
of alveograph for a set of genotypes including both
“hard” and “soft”” wheat types. However, a constant
consistency protocol for the alveograph would only
have moderate impact on the level of correlation
with French bread-baking, as dough strength
remains determined essentially by the composition

and the rheological properties of the storage pro-
teins of the grain, with hardness of only secondary
importance.

4. Conclusion

Our study covering 15 years of multi-local
experimentation brings to light the difficulty of
breeding for French bread-baking quality. On the
one hand this trait is substantially affected by
genotype X environment interactions, making eval-
uation complicated. On the other hand the techno-
logical tests have, at best, only a slight connection
with the various Cnerna bread-making parameters,
rendering indirect selection unreliable. One posi-
tive point can, however, be emphasised: there is no
conflict between productivity and bread-making
quality, at least within the range of wheats suitable
for bread-making.

Moreover, our results show that hardness does
not affect French bread-making quality and that
this trait should not be used in the breeding
process. Knowledge of hardness is, however,
important insofar as it facilitates interpretation of
results from tests with constant hydration, such as
the alveograph, in which hardness introduces bias.
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