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Abstract Genotype*environment interaction has been
analyzed with 12 genotypes and four probe genotypes in
French wheat trials. An integrated approach was devel-
oped which combined crop diagnosis with the analysis of
interaction by factorial regression. Crop diagnosis was
helpful to characterize the environments and to select en-
vironmental variables. Such an approach succeeded in
providing an agronomic explanation of genotype*envi-
ronment interaction and in defining the responses or pa-
rameters for each genotype and each environment. Earli-
ness at heading, susceptibility to powdery mildew and
susceptibility to lodging were the three major genotypic
covariates. Interaction could also be related to environ-
ment features, measured indirectly by the behavior of the
four probe genotypes during the formation of yield, what
we called the outputs of a simplified crop diagnosis, or
described directly by indicators of yield-limiting factors.
Two important crop diagnosis covariates were analyzed
in order to characterize interaction during the formation
of yield: the reduction in kernel number, which described
the time-period until flowering, and the reduction in
thousand kernel weight, which corresponded to the peri-
od after flowering. These variates were estimated for
each probe genotype and allowed us to compare the be-
havior of the 12 genotypes to that of the probe geno-
types. Both periods of the formation of yield contributed
to the interaction, and ‘Camp-Rémy’ was the probe of
particular interest for the comparisons. When true envi-
ronmental variates were used, factorial regression re-
vedled that water deficits during the formation of grain
number and level of nitrogen were predominant. Such an
integrated approach could be exploited when varieties
are tested in a network where numerous and diverse
yield-limiting factors may occur.
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Introduction

Evauation of genotypic performance in multi-environment
trials has to deal with the analysis of genotype* environment
interaction. During recent decades, new developments have
been achieved in crop physiology, agronomy and modeling,
and some approaches integrate these results in the evalua-
tion of genotype*environment interaction. Bidinger et al.
(1996) and Hammer et al. (1996) related genotype* environ-
ment interaction in crop adaptation to a physiological basis.
Henderson et a. (1996) compared simulation and experi-
mental approaches for the analysis of genotype*environ-
ment interactions in rice. According to these authors, the
discrepancies between the two methods underline the ef-
fects of factors other than phenology. When simulation
models are used in the analysis of genotype* environment
interaction, they need to be built with a great accuracy, and
this god has not yet been completely achieved. The devel-
opment of a strategy for integrating several components
such as modeling, agronomy, meteorological data, genetics
and plant breeding will contribute to an improvement in
both crop evaluation and breeding methods.

Environments can be characterized using two approach-
es. (1) with adirect characterization by measuring environ-
mental variables which can be physical, biologica or nutri-
tiond, and (2) with an indirect characterization by measur-
ing plant responses to capture the influence of environmen-
tal conditions on plant performance. Cooper and Fox
(1996) distinguished two types of genotypes for indirect
characterization: reference genotypes and probe genotypes.
The concept of reference genotypes, a random sample of
genotypes chosen on the basis of high environmental insta-
bility, is used for characterizing atarget population of envi-
ronments (Fox and Rosielle 1982). Probe genotypes are
specific genotypes chosen for their known reaction to one
or severa environmenta factors (Cooper and Fox 1996;



Desclaux 1996; Brancourt-Hulmel et a. 1999). The rela-
tive performance of the genotypes which comprise the
probe set can then be used to judge the incidence of the en-
vironmental factor in multi-environment trials (Cooper and
Fox 1996). Wade et a. (1996) used two rice cultivars of
opposite drought resistance as probe lines for drought char-
acterization. When the climatic conditions are very diverse
in a network, as often occurs in France, it is impossible to
choose the genotypes on the basis of their response to only
one environmental factor. This would considerably in-
crease the number of probes and limit the relevance of
such an approach. Cooper and Fox (1996) exploited probe
genotypes in indirect selection as atool for identifying and
quantifying the incidence of repeatable genotype* environ-
ment interactions. They distinguished these from interac-
tions which are less repeatable. Probe genotypes can aso
be used for identifying the main limiting factors of yield
occurring in wheat trials (Brancourt-Hulmel et al. 1999).
The analysis is based on a simplified crop diagnosis which
helps to identify a posteriori limiting factors of yield by
examining losses of yield components. For an understand-
ing of genotype* environment interaction, the probe geno-
types can also be used as a comparison to agiven set of ge-
notypes. The objective of the present paper isto develop an
integrated approach which combines the characterization
of environments by means of a crop diagnosis with the
analysis of genotype*environment interaction. The analy-
sis of genotype* environment interaction will be performed
by factorial regression (Denis 1980, 1988). In comparison
to several models, this method is relevant when external
information or covariates about both environments and ge-
notypes are available and in many casesis helpful for a bi-
ological understanding of the genotype* environment inter-
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action (Baril 1992, Baril et a. 1995; van Eeuwijk et a.
1995; Brancourt-Hulmel et al. 1997).

Materials and methods

Experimental data

A set of 12 winter wheat genotypes was evaluated for geno-
type* environment interaction, and their main features are given in
Table 1. They differed in many traits such as earliness at heading
and susceptibilities to diseases or to lodging. Most of these geno-
types were commonly grown wheat varieties in France during the
period under consideration.

The experiments were carried out over 2 years (1991, 1992) in
France at five .N.R.A. locations: Mons (MON), Rennes (REN),
La Miniere (MIN), Dijon (DI1J) and Ondes (OND). Two agronom-
ic treatments were applied: medium/late sowing date at Dijon (IN,
S2), treatment with/without fungicides at the other sites (IN, -F).
At each of the five evaluation locations, the design was a random-
ized complete block. Overall, two blocks were used, except at
Mons in 1992 where the experiment was conducted with three
blocks. For the analysis of genotype* environment interaction, one
environment was considered as a combination of year*loca
tion*treatment and thus a total of 20 environments were eval uated.

These environments have been fully characterized in a previ-
ous paper by a simplified crop diagnosis using four probe geno-
types (Brancourt-Hulmel et al. 1999). ‘Talent’ (TAL), ‘ Soissons
(SQI), ‘Camp-Rémy’ (CAR) and ‘Arminda’ (ARM) constituted an
independent specific set of probe genotypes and differed in earli-
ness. Three of them were tested twice as they were common to the
above-mentioned set of 12 genotypes.

Plant sampling and measurements
Grain yields were determined by harvesting mechanically all six

rows of each plot at maturity, and susceptibilities to diseases and
to lodging, height, earliness were also observed. About 1 day be-

Table 1 Main characteristics of the 12 genotypes. Susceptibilities were measured on a scale from 1 (resistant) to 9 (heavily damaged)

Genotype HD2 HT®b PMKe  PMTd  PMTs?  LRTe LBTf LGBTY FT,h FTh LodgKi LodgT!
APOK 149 102 5 7 1 4 4 1 2 4 3 4
ART 140 99 4 5 4 3 8 3 2 3 1 3
BAR 146 97 3 3 3 7 7 2 2 4 2 4
CAR 148 101 4 4 4 7 6 1 2 3 4 3
GEN 146 96 3 3 1 1 6 1 2 3 1 3
REC 138 87 5 6 4 2 9 1 4 3 1 2
REN 147 98 2 2 4 1 3 1 2 4 4 3
ROS 143 93 2 3 3 3 8 4 3 5 1 3
SOl 141 86 2 4 1 4 7 2 2 4 1 2
TAL 139 93 3 4 4 6 6 2 2 3 3 4
THE 143 93 4 5 3 6 8 4 3 4 2 2
VIK 148 99 4 4 4 3 7 1 3 4 1 3

aHD, Earliness at heading (expressed as days from the first of january)

b HT, Height (in cm)

¢ PMK, Susceptibility to powdery mildew during the formation of grain number
d Susceptihbility to powdery mildew during grain-filling: PMT, on leaves; PMTs, on spikes

e LRT, Susceptibility to leaf rust during grain-filling
f LBT, Susceptibility to leaf blotch during grain-filling
9 LGBT, Susceptibility to leaf and glume blotch during grain-filling

h Susceptibility to fusarium during grain-filling: FT, early observation; FT,, late observation
i Lodging: LodgK, susceptibility to lodging during the formation of grain number; LodgT, susceptibility to lodging during grain-filling
k APO, ‘Apollo’; ART, ‘Artaban’; BAR, ‘Baroudeur’; CAR, ‘Camp-Rémy’; GEN, ‘Génial’; REC, ‘Récitd’; REN, ‘Renan’; ROS, ‘Rossini’;

SOlI, *Soissons'; TAL, ‘Talent’; THE, ‘ Thésée'; VIK, ‘Viking’
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4 probe genotypes

weight (RTKW)

Genotypes
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grain yield

grain yield, reduction of kernel number
(RKN), and reduction of thousand kernel

12 varieties including 3 of the previous probe
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lodging

Environmental
covariates

variates

Probe indicators or outputs of crop diagnosis:
RKN and RTKW measured on each probe
genotype in each environment

Usual indicators of yield limiting factors :
climatic, biological and nutritional

= environmental covariates in the first round of factorial regressions

= in the second round of factorial regressions

Fig. 1 Genera presentation of the data used in the different facto-
rial regression models

fore mechanical harvest, 150 shoots were sampled in the same plot
in the inside four rows in order to measure yield components: ker-
nel number (KN) and thousand kernel weight (TKW).

Definition of covariates

The environmental covariates were of two kinds (Fig. 1): indica-
tors of yield-limiting factors and outputs from crop diagnosis. Two
series of factorial regression were carried out in order to determine
the sensitivity of a given genotype to one or several indicators of
yield-limiting factors and to compare it to the behavior of one or
several probes during the formation of yield.

The characterization of the environments borrowed a method de-
veloped by Sebillotte (1980) and has been adapted to a breeding net-
work (Brancourt-Hulmel et a. 1999). In winter whesat, grain yield
comes from two main yield components: kernel number per square
meter (KN) and thousand kernel weight (TKW). A procedure to esti-
mate potential values for these yield components has been devel oped
using a relationship between the two (Brancourt-Hulmel et al. 1999).
Plants free from stress or well adapted to it would produce yield
components close to the potential values. Two variates or outputs
from crop diagnosis were calculated from the relationship TKW=
f(KN) for each probe genotype in each environment:

reduction of kernel number :
RKN=max[0;100* (KNthreshold — KN) / KNthreshold]

reduction of thousand kernel weight :
RTKW=max[0;100* (potential TKW — TKW) / potential TKW]

RKN describes the kernel number formation period, whereas
RTKW accounts for the grain filling period. Environments were
considered as optimal for these periods when the KN and TKW of
each probe were equal to threshold or potential values and were
limited by factors when yield components were reduced. There-
fore, these reduction values can be used as « probe indicators » for
characterizing the environment for further investigation of the
genotype* environment interaction. An equivalent criteriawas also
determined for grain yield (RGY). When introduced in a factorial
regression model, the probe indicators, namely RKN and RTKW,
enable a comparison of the genotypes to the behavior of the probe
genotypes during the formation of the grain number (when RKN is
introduced) or the grain filling period (when RTKW is intro-
duced). Eight environmental covariates were provided as each
variate was calculated for each probe, ARMrkn, CARrkn, SOIrkn
and TALrkn for the reduction of kernel number and ARMrktw,
CARrtkw, SOIrtkw and TALrtkw for the reduction of thousand
kernel weight.

The other environmental covariates were physical (climatic or
not), biological or nutritional indicators and were determined for
the two main periods of the formation of yield: the formation of
grain number, which corresponds to the time-period until flower-
ing, and grain filling, which occurs after flowering. Several varia-
tes were used as indicators for yield-limiting factors for the period
of grain number formation, namely the sum of daily water deficits
(ET,—ET,) from ear at 1 cm to flowering (WDK), the ratio be-
tween total nitrogen absorbed by the plant and kernel number
(BK), the sum of daily radiation from ear at 1 cm to flowering
(RK), the sum of daily radiation +/- 3 days at meiosis (RKm) and
infection of powdery mildew (PMK). BK was used to indicate ni-
trogen stress. During that period, no days with a minimum daily
temperature below —4 °C occurred, and some varieties were
lodged (LodgK). For the grain filling period, the sum of daily wa-
ter deficits (WDT), the sum of daily radiation (RT) and high tem-
perature estimated by the sum of degree-days based on 25°C



(HTT) were computed. Infections of powdery mildew (PMT on
leaves and PMTs on spikes), leaf rust (LRT), leaf blotch (LBT),
leaf and glume blotch (LGBT) and fusarium (early observation
FT1 and late observation FT2) were observed. No stripe rust was
recorded in the network during 1991 and 1992. Lodging occurred
during grain filling (LodgT). Susceptibilities were the maximum
scores noted on a given genotype (probe genotype or not), and
other indicators were calculated according to the cycle of each
probe genotype. Used as environmental covariates in a factorial
regression model, these indicators enable us to determine the sen-
sitivity of a given genotype to a yield-limiting factor. Earliness at
heading and susceptibility to diseases and lodging were used as
genotype covariates.

Statistical analysis

Genotype* environment interaction was first analyzed according to
the following model 1 using the SAS Software System (1989):

E[ ek]:l’l+a +Be+bek+aﬁge [mOdeI 1]

where E[Y,q] is the expectation of a given yield Yy for genotype
g grown in block k in environment e, uisthe grand mean, is the
genotype main effect, 3, is the environment main effect, by, is the
effect of block k in environment e and a3y is the interaction be-
tween genotype and environment. All terms in ANOVA were con-
sidered as fixed effects. Moreover, the environment effect was
partitioned into year, location, treatment and the corresponding in-
teraction terms. The partitioning was applied to environment main
effect B, as well asto theinteraction term af3.

In a further investigation, covariates related to the genotypic
factor as well as the environmental factor were introduced in a
factorial regression for modeling the main effects (models 2 and 3)
and the interaction term (models 4, 5 and 6).

Genotypic main effect:

ag :%pk[G [model 2]
Environment main effect:
Be =¥ 0 He [model 3]
Interaction:
G,Bge = ;ng mkh ‘:Eeh [mOdeI 4]
aﬁge:%ng |EthEeh"'%O"gh DEeh"'%ﬁ'ek[G [model 5]
[model 6]

al%m = %}7”gh[fih

B s O'gn 0" g AN B’y are regression parametersinvolving H envi-
ronment covariates E4, and K genotype covariates Gy, 6, repres-
ent coefficients with respect of covariates cross-products which are
not dependent on either genotype or environment. As such (in
model 4), they provide the most smple way to deal with interac-
tion (Baril et a. 1995). But very often they are not sufficient, and
more elaborate models, as model 5, are needed where genotypic or
environmental parameters are determined. To clarify the interpreta-
tion, we will first consider the simple model involving environ-
mental covariates (model 6). For testing effects in models 2-6, we
used the variance estimated in model 1, divided by 2, as the exter-
nal error variance. The main reason is that INTERA (Decoux and
Denis 1991) alows only means data. Since in 2 environments,
there were three replications, and three values were missing, this
variance is approximate. But this was considered as valid since it
was noted that the individual error variances, resulting from two or
three blocks, were similar between environments, and the design
was slightly unbalanced as the three missing values were observed
for 3 different genotype* environment combinations.

In the two series of factorial regression analyses, the model fit-
ted to grain yield means was built by progressive addition of the
most significant covariates according to a stepwise process pro-
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posed by Denis (1988). Several rounds of analyses using different
orderings of covariates were carried out to determine the best sub-
set. Factorial regressions and corresponding plots were performed
using the INTERA package on a PC (Decoux and Denis 1991).
Model 5 will be presented using recapitul ative tables proposed by
Denis (1991) which are more comprehensible than the usual pre-
sentation. Each cell of the table corresponds to one term of model
5 with its corresponding degrees of freedom, sum of squares and
mean square.

Development of the models with 3 genotypic and 3 environmental
covariates

To get more familiar with the previous models, we present some
examples in this section. The optimal factorial regression model
was obtained with 3 genotypic covariates, namely earliness at
heading (HD), susceptibility to powdery mildew during the forma-
tion of grain number (PMK) and the susceptibility to lodging dur-
ing the grain filling period (LodgT) and with 3 environmental cov-
ariates, reduction of kernel number for ‘Camp-Rémy’ (CARrkn),
reduction of thousand kernel weight for ‘ Camp-Rémy’ (CARrtkw)
and reduction of thousand kernel weight for ‘ Soissons' (SOIrtkw).

Using these covariates, the models 26 become as follows
where indices number the parameters:

%pk [Gy = p, (HD + p, [PMK + p; [LodgT [model 2]
géh Hg, =9, [CARrkn + 5, [CARrtkw + 05 [BOIrtkw  [model 3]
%ng B, (Eq, = 6,1 (HD[CARrkn+ 6,,HD [CARrtkw

+0,5 HD [0l rtkw + 6,; IPMK [CARrkn

+0,, IPMK [CARrtkw + 6,3 (PMK [BOIrtkw [model 4]

+6;, 0LodgT [CARrkn + 65, [LodgT [CARrtkw
+03;3 (LodgT CBOIrtkw

30" g [Eon = 0" [CARTKN + 0" g [CARrthw + 0" g5 [BO rthow
[model 6]

Results
Analysis of variance

The results of ANOVA using model 1 are shown in
Table 2. Genotype* environment interaction is statistical-
ly significant. The mean grain yield is 67.2 g/ha (at 0%
moisture content), and the residual is small (3.6) indicat-
ing a good accuracy of the trials. There are three missing
values, and 501 observations used in the analysis (i.e. 12
genotypes* 20 environments*2 blocks plus a third block
in 2 environments).

Results of factorial regression using model 5 are
given in Table 3. A slight discrepancy between the esti-
mations of the total interaction sum of squares between
this table and the previous one is owing to the unbal-
anced design. In Table 3, environmental covariates are
the outputs from a simplified crop diagnosis. reduction
of kernel number (RKN) and reduction of thousand ker-
nel weight (RTKW) determined for each probe. Earli-
ness of heading is the first genotypic covariate to be in-
troduced (HD). It gives the same result as a model us-
ing susceptibility to leaf blotch (LBT) since these
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Table2 ANOVA table of grain

yield with model 1 Source df Typel SS Mean square F vaue Pr>F
Genotype 11 4765 433 334 0.0001
Environment 19 40 483 2131 164.4 0.0001
Block in environment 22 1391 653 4.9 0.0001
Genotype*environment 209 14 200 68 5.2 0.0001
Residual 239 3097 13

R-square C\V. Root MSE GY mean
0.95 5.4% 3.6 67.2 g/ha

Table 3 Decomposition of the

interaction for fi‘r)gsl"allctorial ree HD*CARrkn HD* CARrtkw HD* SOl rtkw HD* B’y

gression. Case of environment [ (1] (1] [16]

covariates RKN and RTKW 7 606 36 1487

calculated fro Camp-Rémy 7 606 36 93

CARrkn and CARrtk d

(Soi ssorng (aSnOI rtkw)r. Ev;r)l ﬁ]ness PMK* CARrkn PMK* CARrtkw PMK* SOIrkw PMK* B’

at heading (HD), PMK (pow- [l [1] [1] [16]

dering mildew during shooting) 1 82* 218* 43?

ad LodgT (lodging during grain 1 82 218 27

filling) were used as genotypic ~ LodgT* CARrkn LodgT* CARrkw LodgT* SOlrtkw LodgT* B’

covariates. Each cell corre- [1] [1] [1] [16]

sponds to one term of themod- 0 5 4 441

el with degrees of freedom [in 0 5 4 28*

brackets], sum of squaresin CARrkn* o’y CARrtkw* a’y, SOIrtkw* o’ 5 Remaining interaction

bold and mean square in italics 8] g 8] g 8] g [128]

. 21 2432

* Significant at the 0.05 proba- 24115 ?1?9 269 193

bility level

Table4 Correlations between genotypic covariates. Means of 12 genotypes. Abbreviations are asin the Table 1

HD HT PMK PMT PMTs LRT LBT LGBT FT, FT, LodgK LodgT

HD 1

HT 0.78* 1

PMK 0.01 0.18 1

PMT -0.07 0.12 0.89* 1

PMTs -0.19 0.16 006 -0.17 1

LRT 0.08 0.15 0.00 0.09 0.15 1

LBT -0.65* -0.55 0.12 0.06 0.18 0.12 1

LGBT -041 -030 -040 -0.18 0.04 0.22 0.50 1

FT, -0.31 -045 0.45 0.30 0.09 -0.25 058 022 1

FT, 013 -020 -036 -0.17 -0.40 -0.14  -0.03 0.47 0.27 1

LodgK 0.47 051 -0.03 -0.05 0.27 032 -077* -039 -054 -024 1

LodgT 0.58* 0.66* -0.24 -0.27 0.07 026 -057 -019 -0.60* 012 0.60* 1

*Significant at the 0.05 probability level

variates are highly correlated (r = -0.65 in Table 4).
This variate is followed by an environmental one,
CARrkn. Then a genotypic one is incorporated: pow-
dery mildew during the formation of grain number
(PMK). Two other environmental covariates are added:
CARrtkw and SOlrtkw. The other environmental cov-
ariates are not significant. Lodging during grain filling
is the last genotypic covariate included (LodgT). Lodg-
ing during the formation of grain number could have
been introduced instead since susceptibilities to early or
late lodging are correlated (r = 0.60), and a similar situ-
ation is obtained for the susceptibility to powdery mil-
dew (r = 0.89).

From the four probe genotypes, ‘Camp-Rémy’
(CAR) reveals the maximum of interaction. In a previ-

ous paper, we noticed indeed that * Camp-Rémy’ was the
most interactive probe for the formation of yield. It was
stable for grain yield but highly unstable for the forma-
tion of grain number and grain filling. This model is ef-
ficient because it partitions 65% of the interaction term
with a moderate consumption of degrees of freedom
(39%).

Regression on either genotype (model 2) or environ-
ment (model 3) covariates also explains a part of the cor-
responding main effects, 30% and 75%, respectively, but
in both cases the rest of the main effect remains signifi-
cant. Therefore, during the whole experiment, the vari-
ability of environments could be well accounted for by
the behavior of the probe genotypes ‘Camp-Rémy’ and
* Soissons'.



Table 5 Regression coefficient estimates for models 2, 3 and 4.
Case of probe indicators as environmental covariates. Genotypic
regression parameters of model 2 (in the first column), environ-
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mental regression parameters of model 3 (in the first line) and the
nine cofactors of covariate products determined in model 4 (in the
rest of thetable). Codes of the covariates are the same asin Table 3

Genotype Environmental component

component Main CARrkn CARIrtkw SOlIrtkw
Main u=67.16 0,=-0.49" 5,=-2.28" 0,=-5.85"
HD p,=—-0.37" 6,,=0.60 0,,=-—2.62" 6,5=1.00
PMK p,=—0.90" 6,,=0.97 6,,=0.65" 6,;=-1.95"
LogdT p;=—1.53" 6;,=0.03 6,,=0.43 6;5=-0.33

* Significant at the 0.05 probability level

Analysis of parameters from models 2 and 3
(ag = ;pk [ng and .Be = %5h |:Heh)

The regression coefficients of main effects (models 2
and 3) are presented in Table 5. Yield islimited by al of
the environmental covariates as they show negative
slopes. The varieties exhibit yield decrease when
‘Camp-Rémy’ is particularly affected during the forma-
tion of grain number (CARrkn) or during the grain fill-
ing period (CARrtkw) or when ‘Soissons' is affected
during the grain filling period (SOIrtkw). The same situ-
ation is observed for all genotypic covariates: the best
yields are obtained with early varieties and varieties re-
sistant to powdery mildew or to lodging. During the ex-
periment, an advantage is observed for the earliest geno-

types.

Analysis of genotypic parameters from model 6

(aBge = %a”gh |:lEeh)

Figure 2 depicts genotypic parameters (on the ordinate)
and genotypic main effects (on the abscissa) when devia-
tions in the yield component measured on the probe ge-
notypes are used as environmental covariates. Contrasts
are noticeable for grain yield: * Soissons' obtains the best
average, while ‘ Camp-Rémy’ yields poorly. Negative pa-
rameters or slopes (on the ordinate) correspond to geno-
types whose yield decreases when conditions are poor:
for ‘Camp-Rémy’ during the formation of grain number
(top plot), for ‘Camp-Rémy’ during the grain filling peri-
od (middle plot) or for * Soissons' during the grain filling
(bottom plot). In the top figure, ‘Apollo’ and ‘Renan’ are
opposite to ‘Camp-Rémy’, ‘Baroudeur’, ‘Rossini’ and
‘Soissons’. When conditions are poor for Camp-Rémy
during the formation of grain number, most varieties, in-
cluding ‘Camp-Rémy’ itself, react badly, except for
‘Apollo’ and ‘Renan’. ‘Camp-Rémy’ and ‘Baroudeur’
are the most affected.

When genotypic covariates are added to the environ-
mental ones, such as in model 4, it is possible to relate
the particular behavior of these genotypes to genotypic
traits. Thiswill be next considered.

Analysis of parameters from model 4

(aﬁeg = éng |Ekh |:lEeh)

For better understanding the meaning of the interaction
accounted for by the significant cross-products in Table 3,
Fig. 3 gives a summary of the signs of the centered
covariates (left part) with respect to the signs of the
cross-products (right part). For earliness, date of heading
is later as genotypes flower later. Then, after centering,
early genotypes score negatively, while late ones score
positively. About the environmental covariates, positive
values correspond to high values in the reductions of
yield components (CARrtkw, for instance), whereas neg-
ative ones are related to low values. Combining the signs
of the cross-products with those of the parameters 6,
gives a first interpretation of model 4 (bottom part of
Fig. 3).

Yield decreases when varieties are late and subject to
environments not favorable for ‘Camp-Rémy’ during
grain filling. Early varieties behave better because they
escape the bad conditions of ‘Camp-Rémy’. Differences
can be observed with the susceptibility to powdery mil-
dew according to the conditions of the environments dur-
ing the grain filling period. Environments not favorable
for ‘Camp-Rémy’ during the grain filling are not favor-
able for the resistant genotypes. The opposite result is
obtained in environments not favorable for * Soissons'.

According to these additional results, the previous
difference between ‘Viking’ and ‘Récital’ (middle plot
in Fig. 2) can be explained by their differencesin earli-
ness, as the interaction HD* CARrtkw is significant
(Tables 3 and 5). Indeed, *Viking' flowered 10 days af-
ter ‘Récital’ on average (Table 1). ‘Viking' yields poor-
ly when conditions are unfavorable for ‘Camp-Rémy’
during grain filling. As ‘Viking' and ‘Camp-Rémy’
have the same earliness, they have been subjected to
the same climatic conditions. ‘Viking’ may be a better
probe genotype than ‘ Camp-Rémy’ itself because of its
extreme behavior. ‘Récital’ escaped from these situa-
tions because of its earliness. Very similar conclusions
could be addressed to ‘Thésée’ and ‘Talent’ which are
also early varieties. The bottom plot of Fig. 3 illustrates
coefficients obtained with the covariate SOIrtkw. Two
main features can be drawn: a very poor behavior is ob-
served for ‘Récital’ while ‘Soissons' or even ‘Camp-
Rémy’ are opposite to it. Under such conditions, sus-
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Fig. 2 Genotypic parameters Genotypic parameter (o)

(a’) determined with probein-
dicators as environmental cov-
ariatesin model 6. Variability
of the estimates is represented
by confidence ellipses deter-
mined at the 0.05 probability
level

6.0

4.0+

Environmental covariate =
CARrkn

Environmental covariate =
CARrtkw

Environmental covariate =
SOlrtkw

ceptibility to powdery mildew is regarded as a signifi-
cant interaction that exists between PMK and SOlIrtkw
(Tables 3 and 5). In comparison to ‘ Soissons’, ‘Récital’
was much more susceptible to an early infection of
powdery mildew (Table 1). ‘Soissons behaves well
even under poor conditions, and this can be attributed
to its high resistance to an early infection of powdery

-8.0

-6.0 -4.0 -2.0 0

Genotypic main effect (o)

2.0 4.0 6.0

mildew. This may explain its very good general perfor-
mance.

The specific behavior of ‘Apollo’ or ‘Renan’ (top plot
in Fig. 2) can not be related to any large degree to earli-
ness at heading, to susceptibility to powdery mildew or
to susceptibility to lodging as no interaction is observed
between these covariates and CARrkn (Tables 3 and 5).
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Signs for cofactors

CARrtkw
fow () high (+)
HD early (-) + - | 012 —l
late (+) - +
CARrtkw
low () high (+)
PMK | not very (-) + - 022 +
very (+) - +
SOlrtkw
Tow () high (+)
PMK | not very (-) + - 023
very (+) - + ¢
CARrtkw
low (-) high (+)
HD early (-) - +
late (+) +
CARrtkw
low () | high (+)
PMK | not very (-) + - Summary for final interpretation
very (+) +
SOIlrtkw
low ()| _high ()
PMK | not very (-) - +
very (+) +

Fig. 3 Signs for products between centred covariates (left), and
the corresponding significant coefficients 6 (right) determined
from model 4. Summary for fina interpretation below. Case of
praobe indicators as environmental covariates

For these genotypes, other covariates might be involved
as not al of the interaction is accounted for by the pres-
ent model.

Analysis of environmental parameters from model 5
(aﬁge = ;Kng |Ekh EEeh + %a'gh EIEeh + %ﬁ'ek msgk)

Some environments are favorable to late varieties (Fig. 4):
the four conditions at Mons and 91MIN-F. Ondes is fa-
vorable to early varieties in 1991. It is not the case in
1992 (920ND-F is hidden by 920NDIN). Rennes is par-
ticularly suitable to early lines in 1991 (treatment IN)
and, to alesser extent, in 1992 (both treatments). Except-
ing 91IMON-F, 92MON-F, 91IMININ and 91RENIN, a
dlight tendency can be observed: yields increase when
environments are favorable to late varieties. For powdery
mildew, environments with negative coefficients corre-
spond mostly to environments which did not receive fun-
gicides in contrast to the others which display positive
coefficients: yield decreases when susceptibility to pow-
dery mildew increases. The reverse is obtained when
fungicides are applied. Nevertheless, Rennes is an ex-
ception as powdery mildew was also observed on pro-
tected plots. These results indicate that powdery mildew
infection may have occurred at an early stage in most of

the trials during the study. In most of the unprotected en-
vironments, such an early observation is missing, and
this result shows that it would be useful to record it more
regularly. Similar conclusions could be drawn with an
observation of powdery mildew during grain filling be-
cause of the high correlation between PMK and PMT.
The bottom plot depicts coefficients obtained with sus-
ceptibility to lodging. The situation of Rennes and La
Miniere is of particular interest as severe lodging oc-
curred in those locations during the experiment. The
pressure was higher in 1992 than in 1991. In both loca-
tions, yields are higher in 1991 than in 1992 and in envi-
ronments which received fungicides. However, a con-
trast can be detected: Rennes is favorable to resistant
lines while La Miniéere is not. This could be attributed to
the stage of the plants when lodging occurred: at Rennes,
it was observed at an early stage, at La Miniére, at alate
one.

Analysis with true indicators of yield-limiting factors

Results of the second type of factorial regressions in-
volving indicators of yield-limiting factors are displayed
in Table 6. Indicators related to the formation of grain
number are superior in the analysis of interaction: water
deficits and the ratio between nitrogen absorbed and ker-
nel number. However, this model is less efficient than
the previous one because it explains only 57% of the in-
teraction sum of squares with 35% of the degrees of free-
dom for the interaction term. In this model, only water
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Fig. 4 Environmental parame- Environmental parameter ((')
ters (B’) determined with geno- 8.0
typic covariatesin model 5.
Variability of the estimatesis
represented by confidence el-
lipses determined at the 0.05
probability level Genotypic covariate = 4.0
earliness at heading

Ofmmmmea

-16.0 -12.0 -8.0 -4.0 4.0 80 12.0 16.0 20.0 24.0

Genotypic covariate =
susceptibility to
powdery mildew

16.0 -12.0 80 -4.0 40 80 120 160 20.0 24.0

Genotypic covariate =
susceptibility to lodging

SIMININ

160 -120 -80 -40 0 40 80 120 160 200 240
Environmental main effect (B)

deficits explains significantly a part of the main environ-  Yield decreases in the presence of water deficits. No
mental effect (results not shown). Some covariate prod- conclusion can be drawn for the second environmental
ucts are significant: PMK*WDK, LodgT*WDK, indicator as the corresponding effect is non-significant.
HD*BK and PMK*BK. The regression coefficients of For covariate products, all cofactors are negative indicat-
main environmental effects are presented in Table 7. ing negative interactions (Fig. 5). Yield decreasesin situ-



Fig 5 Signsfor products be- Signs for products

tween centered covariates
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Signs for cofactors

(left), and the corresponding BK
significant coefficients 0 (right) low (-) high (+)
determined from model 4. HD early (1) + - on -
Summary for final interpreta- late (+) - +
tion below. Case of indicators WDK
of yield-limiting factors as en- i
vironmental covariates low () high (+)
PMK | not very (-) + - 021 -
very (+) - +
BK
low (-) high (+)
PMK | not very (-) + - B20 -
very (+) - +
WDK
low (-) high (+)
LodgT| not very (-) + N 031 - —l
very (+) - +
HD early () -
late (+) +
WDK
low () high (+)
PMK | not very (- - +
very (+) + -
BK Summary for final interpretation
| low () high (+)
PMK | not very (-) - +
very (+) + -
WDK
low (-) high (+)
LodgT| not very (-) - +
very (+) + -

Table 6 Recapitulative table for second factorial regression mod-
el. Cae of environmental covariates water deficits (WDK), and ni-
trogen absorbed by kernel numbr (BK). Earliness at heading (HD),
PMK (powdering mildew durig shooting) and LodgT (lodging
during grain filling) were used as genotypic covariates. Each cell
corresponds to one term of the model with degrees of feedom [in
brackets], sum of sguares of bold and mean square in italics

Table 7 Regression coefficient estimates for models 2, 3 and 4.
Case of indicators of yield-limiting factors as environmental cov-
ariates. Genotypic regression parameters of model 2 (in the first
column), environmental regression parameters of model 3 (in the
first line) and the six cofactors of covariate products determined in
model 4 (in therest of thetable). Codes of covariates are the same
asin Table 6

HD*WDK HD*BK HD* B’y
[1] (4] [17]

3 271 1861

3 271* 109*
PMK*WDK PMK*BK PMK* By,
[1] (1] [17]

114 214 412

14* 214* 24*
LodgT*WDK LodgT*BK LodgT* B’y
[1] (1] [17]

42 1 408

42* 1 24

WDK* ay BK*a'y Remaining interaction
(8] 8] [136]

456 229 2981

57* 29* 22*

*Significant at the 0.05 probability level

Genotype Environmental component
component

Main WDK BK
Main p=67.16 6,=-0.63" 4,=-0.30
HD p,;=-0.36°  6,=0.38 0,,=-1.17"
PMK p,=—0.91" 0,,=—0.75"  8,,=—1.00"
LodgT p=—1.54" 0;,=-0.59"  6,;,=0.10

* Significant at the 0.05 probability level

ations where varieties susceptible to powdery mildew or
to lodging are tested in dry environments (PMK*WDK =
-0.75 and LodgT*WDK = -0.59). In the presence of a
high level of nitrogen (high values for BK), similar re-
sults are obtained with late varieties (HD*BK = —1.17)
or with genotypes susceptible to an early infection of pow-
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Fig. 6 Genotypic parameters
(a’) determined with physical
indicators as environmental
covariatesin model 6. Variabil-
ity of the estimates is represent-
ed by confidence ellipses deter-
mined at the 0.05 probability
level

Genotypic parameter (o)

2.0

Water deficit during the formation
of grain number (WDK)

4.0

REN

-8.0

-6.0 -4.0 -2.0 0 2.0 4.0 6.0

Nitrogen absorbed/
kernel number (BK)

dery mildew (PMK*BK = —1.00). Figure 6 depicts the
sensitivity of the 12 genotypes to water deficits (top plot)
and nitrogen absorbed per kernel (bottom plot). In the
upper plot, yield can be well related to the sign of the
dlope: positive values are related to the best yields, while
negative ones correspond to poor yields. ‘Renan’ does
not follow this rule as its high positive coefficient is not
associated with a good yield. This is owing to the model
which accounts for a part of interaction (57%). Under
conditions of water deficits during the formation of grain
number, this genotype behaves differently from the oth-
ers. As PMK*WDK is significant, this particular result
could be related to the good resistance of ‘Renan’ to
powdery mildew during the formation of grain number
during the study. In comparison to the others, this geno-
type was subject to fewer yield-limiting factors. Another
feature is the contrast between ‘Soissons’ and ‘Camp-
Rémy’. ‘Soissons' is more suited to dry conditions than
‘Camp-Rémy’. Very little reaction can be observed for
the other genotypes because their values are not signifi-
cantly different from zero. The nitrogen per kernel, as an
indicator of the nitrogen status of the crop, also identifies
several contrasting genotypes. ‘Soissons is different

-8.0

-6.0

-2.0 0
Genotypic main effect ()

-4.0 2.0 4.0 6.0

from *Viking’ and ‘Apollo’. ‘ Soissons’ iswell suited to a
crop management system involving high levels of nitro-
gen inputs as its coefficient is positive. During the study,
a high level of nitrogen absorbed per kernel were ob-
served at Rennes (both years) and La Miniére (in
‘1992"). The converse is observed with ‘Viking' or
‘Apollo’: an excess of nitrogen does not contribute to in-
crease their performances. These features can be attribut-
ed to the earliness of the genotypes (as HD*BK is signif-
icant) and to their susceptibility to powdery mildew (as
PMK*BK is significant also). ‘Apollo’ and ‘Viking' are
late varieties susceptible to an early infection of powdery
mildew, while ‘Soissons' is early and less susceptible
(Table 1).

Discussion and conclusion

The present study succeeded in providing an agronomic
explanation of genotype* environment interaction: earli-
ness at heading and susceptibilities to powdery mildew
and to lodging were the genotypic covariates of major
importance during the experiment. Genotype* environ-



ment interaction could also be related to environment
features, measured indirectly by the behavior of the
probe genotypes during the formation of yield or de-
scribed directly by the usua indicators of yield-limiting
factors. Both periods of the formation of yield contribut-
ed to genotype*environment interaction: the formation
of grain number as well as the grain filling period. In a
previous paper, we noticed that these two periods influ-
enced grain yield since grain yield was significantly cor-
related to RKN (r = -0.63) and to RTKW (r =-0.71) and
that no correlation was found between RKN and RTKW
(Brancourt-Hulmel et al. 1999). These goals were suc-
cessfully achieved by combining the results of a simpli-
fied crop diagnosis with factorial regressions.

Factorial regression analysis succeeded in explaining
57-65% of the genotype*environment interaction with
35% and 39% degrees of freedom, respectively. The first
factor regression model with outputs of a simplified crop
diagnosis as environmental covariates allows us to parti-
tion the interaction term as well as the environmental
main effect. Such a modeling is useful for comparing the
results of a given set of genotypes to the performance of
probe genotypes. However, these probe genotypes have
to be well characterized by a preliminary crop diagnosis.
In our analysis, ‘Camp-Rémy’ was a probe of particular
interest. A preliminary study showed that this variety
was stable for grain yield but very unstable during the
formation of grain number and during grain filling. Our
results show that other genotypes like ‘Viking' or ‘ Réci-
tal’ could aso be used as probe genotypes. This method
could be helpful to identify probe genotypes for further
analyses.

The second round of factorial regressions using the
indicators of yield-limiting factors is less convincing.
The introduction of more environmental covariates
would be necessary in order to explain more interaction
than 57% and to more effectively partition the environ-
mental main effect. In our study, we identified only two
major environmental covariates. water deficits and level
of nitrogen. It was not possible to identify other covaria-
tes, such as high temperatures or radiation during several
periods, owing to several reasons. The first one is that
the environments are subject to numerous yield-limiting
factors and the effect of each factor may be small, some-
times too small to be detected. Secondly, the results are
also related to how the indicators are defined. For in-
stance, short heat stresses can not be detected during
grain filling with indicators computed during the whole
period. Improvement is still needed to determine more
suitable indicators of yield-limiting factors, and the ap-
proach presented here could be helpful in this respect.
For example, weather variables defined in the same way
as by Feyerherm et al. (1992), who estimated climatic el-
ements (precipitation or temperature) calculated over
particular periods of the crop, could improve the analysis
itself. Such variables defined over short periods were
discarded in our study because of the great number of
putative yield-limiting factors. A third reason is that bio-
logical variates, i.e. susceptibility to powdery mildew
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and to lodging, affected yield more than the climatic
variates. Finally, it is difficult to introduce and interpret
linear factor regression using humerous covariates. In
such a network, it is obvious that numerous factors affect
yield. Further modeling, such as biadditive regression
which combines the AMMI model and factorial regres-
sion, has to be investigated in order to take more cov-
ariates into account (Denis 1991; van Eeuwijk 1995).

In comparison to previous studies, crop diagnosis
makes the choice of the environmental covariates easier
and less arbitrary. Biarnés-Dumoulin et al. (1996) found
that water balance was also a mgjor component of the
genotype* environment interaction in pea, but no com-
parisons with other environmental covariates were men-
tioned. In a study of genotype*environment interaction
in wheat, Baril (1992) assumed that interaction was es-
sentially due to yield-limiting factors occurring at the
grain-filling stage, but the action of these factors could
not be confirmed by a crop diagnosis. The present study
shows that crop diagnosis has to be combined with the
analysis of interaction in order to relate pre-existent lim-
iting factors of yield to the major factors responsible for
the interaction. Results indicate that genotypic covariates
are more important than environmental ones in the case
of susceptibilities to diseases or to lodging owing to a
greater variability among genotypes than among envi-
ronments for these traits. This could be an additional rea-
son for the small number of environmental covariates
identified. Such a result was true in the present study,
and one can expect other covariates to be significant
with another set of genotypes or with another climatic
sequence. Concerning susceptibilities to diseases, our re-
sults indicated that powdery mildew and, indirectly, sep-
toria (which was correlated to earliness) were superior in
explaining interaction. This is partly in agreement with
the study of Chevalier-Gérard et al. (1994) who identi-
fied that stripe rust, septorias (Septoria tritici and Stago-
nospora nodorum) and powdery mildew were of mgjor
importance in the estimation of yield losses in a winter
wheat network located in the north of France. However,
no stripe rust variate was selected as no infection oc-
curred in our study. In another experiment, susceptibility
to stripe rust might have been identified. In addition to
the results of Chevalier-Gérard et al. (1994), we aso
showed that these susceptibilities generate genotype* en-
vironment interactions. With respect to susceptibility to
lodging, Baril (1992) aso identified this genotypic co-
variate in the same wheat breeding network as in our
study, but with another set of genotypes.

Other authors have associated environmental vari-
ables with genotype* environment interaction using the
biadditive model, such as Nachit et al. (1992) in durum
wheat. Their study associated morpho-physiological
traits and genotypic scores by rank order correlation co-
efficients and by multiple regression analyses. Similari-
ties were found between both models by van Eeuwijk et
a. (1993) who selected the same variables using these
two methods in perennial ryegrass. Furthermore, factori-
al regression provides genotypic and environmental pa-
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rameters. The former corresponds to the sensitivity of a
genotype to environmental characteristics, while the lat-
ter describes the response of an environment to genotype
features. Such parameters are very important for the
breeder and complement the information given by the
ecovalence, defined as the contribution of a genotype or
an environment to the interaction (von Wricke 1962).

A stepwise and integrated approach has also been ex-
plored by Desclaux (1996) in soybean with water-limited
environments. In the present study, we investigated other
environmental stresses, since the climatic conditions are
more diverse in the wheat breeding network. This is due
to the fact that wheat is grown almost everywhere in
France and that the growing season is longer than that of
soybean. This diversity allows a direct application of the
approach to the interpretation of the lines tested in the
current wheat breeding network. Moreover, the introduc-
tion of outputs of the simplified crop diagnosis gives a
better alternative to the use of the more usual indicators
for several reasons. Interaction as well as environmental
main effects are better partitioned with these covariates.
They aso offer a more global explanation than the usual
indicators. In addition, they are interesting for establish-
ing a variety type based on the behavior of the probe ge-
notypes. It is possible to compare any given set of geno-
types to the behavior of probe genotypes that are well
characterized during the formation of yield. When probe
genotypes are commonly grown cultivars, comparisons
become straightforward.
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