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The linear regressions of individual genotypes on the mean value of all genotypes for a number of environments has
been used as a measure of a genotype's response to environmental variables. The present data from spring barley
indicated that genotype by environment interactions may not always be adequately explained by a linear function of
the environment. A genotype's phenotypic variance over environments may be used as a measure of environmental
sensitivity. It is demonstrated that randomly produced F3 and or doubled haploid families may be used to predict new
combinations of mean performance and environmental sensitivity.

INTRODUCTION

Plant breeders are only too aware of the problems
caused by genotype by environment interactions
(G XE). Such interactions are revealed in a statis-
tical sense by a significant interaction term when
two or more genotypes are grown in two or
more contrasting environments. This statistical
definition, however, covers a wide range of diverse
biological phenomena. In order to have a better
understanding of genotype by environment inter-
action, joint regression analysis (Yates and
Cochran, 1938) has been applied to trial data.
This technique, which was developed and
advanced by Finlay and Wilkinson (1963) as well
as Jinks and co-workers (Perkins and Jinks,
1968a, b; Jinks and Pooni, 1980), involves quan-
tifying each environment by the means of all the
genotypes in the experiment. For each genotype
the linear regression of individual values on the
environmental means is then calculated. The
salient feature of this analysis is that the environ-
ments are measured in biological terms and not
specified by physical factors. The sums of squares
measuring the interaction item may then be parti-
tioned into an heterogeneity term which measures
the differences between the slopes of the
regressions and a deviation term which measures
the scatter of points about the regression lines.
Although the joint regression approach has been
used extensively (Breese, 1969; Lawes, 1977;

Kaitsikes and Larter, 1970) its value as a measure
of adaptability is dependent on a high degree of
linearity. There is evidence from a number of crops
that mean performance and sensitivity to macro-
environmental variables are highly correlated.
Examples are yield in maize (Eberhart and Russell,
1966) and final height in Nicotiana rustica (Jinks
and Connolly, 1975). The present study was con-
ducted on spring barley to assess the linear
regression approach as a means of measuring a
genotype's environmental sensitivity. The relation-
ship between mean expression and environmental
sensitivity in random inbred lines of spring barley
was also investigated.

MATERIALS AND METHODS

Three spring barley pair crosses were studied:
Golden Promise x Mazurka (TTI)
Golden PromisexArk Royal (TT3)
BH4/ 143/2 X Ark Royal (TT4)
The experiment in 1983 included: the parents,

F2 and F3 generations for the TTI, TT3 and TT4
crosses. Also included were 20 F1 derived double
haploid (DH) lines and 40 single seed descent
(SSD) lines. Sowing data and density were
manipulated to produce four environments. The
first environment (S1 10) was created by sowing ten
seeds per family with a 5 cm spacing between
plants. Rows were spaced 225 cm apart with a
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wheat "guard" sown at each end of each row. On
the same day, on an adjacent plot of land, the S15
experiment was sown in exactly the same manner
as for the S1 10 experiment but in this case there
were only five plants per row which produced a
spacing of 10 cm between plants. Fifteen days later
the second series (S2) of experiments were sown
to produce the S210 and S25 environments.

The experimental design was a randomised
complete block of two replicates and the experi-
ments were netted to prevent bird damage. The
following characters were scored:

1. Awn emergence, days from the 1st of June
until awns emerged from the flag leaf sheath. (AE).

2. Maturity (Mat) scored on a I to 9 scale
(1:early, 9:late).

3. Final height, measured from the base of the
plant to the collar in cm (Ht).

4. The number of fertile tillers per plant (TN).
5. The number of grains per ear, measured on

the main system (GN).
6. The yield of grain on the main stem in gm2

(MSW).
7. The length of the ear in cm (EL).
8. Thousand grain weight calculated using GN

and MSW (TGW).
9. Grain yield of the whole plant, single plant

yield (SPY).

RLTS

The results of the joint regression analysis for the
three crosses are given in table 1. In most cases
both the heterogeneity and deviations items are

significant which indicate that some of the interac-
tion with environment can be explained in terms
of a linear response with the environment but that
there are also deviations from linearity which can-
not be explained by experimental error. A con-
venient way to examine the relative contribution
of the heterogeneity and deviation items to G x E
is to use the components of variance. These are
given in table 2 and in some cases e.g., awn emer-
gence in the TT1 cross all the G x E may be
explained by the deviation component. In contrast
main stem weight in the TF1 cross a linear relation-
ship can adequately explain the G x E interaction.
Finlay and Wilkinson (1963) who originally used
this method to compare the yield performance of
a set of cereal varieties grown at different sites
found a high degree of linearity and used the
estimates of the regression slopes to measure
adaptability. The present data on barley clearly
demonstrate that it is not reasonable to simply
assume that the G x E interactions may be
explained by a linear function of the environment.

MSW in the TT1 cross which displays a linear
and hence predictable response will be used to
illustrate the phenotypic regression approach. It
should be noted that since the regression
coefficients are based on the means of all
genotypes, the average response must have a
regression coefficient of 10 (Mather and Jinks,
1982). The phenotypic expression (Y) of a par-
ticular genotype (i) in a specific environment (j)
depends on three genetic properties: a mean per-
formance (pa,a linear response to the environment
[(1 +)a] and residual deviations from regression
(So).

Table 1 Joint regression analyses of the T1'l, T1'3 and TT4 crosses

df Ht AE TN
Mean

Mat
Squares

GN EL MSW TGW SPY

a. TT'1
Heterogeneity 94 33.74*** 485 14.33*** 3.41*** 1002*** 089 2672 1380
Deviation 187 (1)t 31.98*** 5.34*** 1039 241 12.29*** 107** 008 3562*** 1915***
Residual 334 (42)f 3046 496 1011 239 784 083 008 3185 1542
b. TT3
Hetereogeneity 94 42.54* 598 1399 3ØØ** 570 062 012** 4604** 26.64**
Deviation 186 (2 3714 529 17.86** 203 693 1.08* 0.08* 55.27*** 2741**
Residual 342 (34)4. 35.49 4.55 892 206 600 077 006 2699 1782
c. 1T4
Heterogeneity 94 6167** 9.47** 1236 261 12.85** 131 0.13** 5525 24.06*
Deviation 184(4)* 48.30* 606 13'95 159 974 115 007 5965 24.02*
Residual 335 (41) 3828 578 1137 191 885 096 008 6143 1896

t indicates number of missing values
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Table 2 Components of variance attributable to heterogeneity and deviations expressed as percentages

Ht AE TN Mat GN EL MSW TGW SPY

a. TT1
Heterogeneity 22-45 0-00 77-78 92-59 000 0-00 10000 0-00 0-00
Deviation 77-55 10000 22-22 741 10000 100-00 0-00 100-00 10000

b. TT3
Heterogeneity 45-00 18-86 000 100-00 000 0.00 33•33 0-00 000
Deviation 5500 81-14 100-00 0-00 10000 100-00 66-67 10000 l0000

c. TT4
Heterogeneity 2500 75-44 0-00 100-00 4664 1739 100-00 0-00 0-20
Deviation 75-00 24-56 100-00 0-00 53-36 8261 0-00 100-00 99-80

It is therefore clear that individual means, the
regression slope and the deviations around the
slope must all be considered in evaluating the
potential performance of genotypes. The remain-
der M.S. for each individual genotype from the
TTI cross are very variable and reflect the fact that
mean squares measuring the scatter of points about
individual regression lines are not homogeneous
(X86] = 12046, P <0001 using Bartlett's test). The
mean square measuring the overall deviations from
regressions presented in table 1 are therefore not
strictly valid. Furthermore the deviations from
regression appear to be under genetic control and
hence characteristic of particular genotypes, as was
found by Mather (1975).

Various stability parameters have been sug-
gested by numerous workers (for a review see Hill,
1975) but the most useful method has been pro-
posed by Jinks (1976). The basic statistics needed
for this approach are the mean performance of a
genotype in respect of any trait averaged over all
environments and variation in performance over

these environments. These two measures will be
used in subsequent analyses and provide a two
dimensional assessment of each genotype for
each character. Environmental sensitivity being
measured as the square root of the variance (a-)
component over environments.

The phenotypic correlations between mean
performance and a- for the three crosses are given
in table 3. Non-significant correlations, e.g. MSW,
indicate independence of the genes controlling
mean performance and environmental sensitivity.
A significant correlation between mean perform-
ance and a- on the other hand indicates pleiotropy
and or linkage disequilibrium in the control of
these characters. Since DH and SSD samples will
differ in terms of the number of rounds of recombi-
nation a comparison of the correlation coefficients
in these two populations may offer a means of
distinguishing between these two relationships
(Caligari, Powell and Jinks 1985a). In the case of
TN significant correlations exist in both the DH
and SSD samples and indicate a pleiotropic

Table 3 Phenotypic correlations between mean performance and regression slope (13), upper figure, as well as mean performance
and square root of the variance (a-), lower figure, for the 111, TT3 and TT4 crosses

MSW TGW Ht GN TN EL Mat SPY

a. Tf 1
DH

SSD

0-0372
—00876
—0-1856

00389

0-0708
—0-2635

0-0656
—01246

0-0909
0-3073

—01575
0.1376*

—02803
—0-0864

0-2374

—0-0262
0.7384***

—0-2651
0.6688***

—0-0183
03719

—0-0437
0.3486*

—0-1603
—0-3303
—0•2932
—0-2473

0.8124***
0-0929
Q.7616***

b. 113
DH

SSD

0-2434
01406

—00789
0-0948

0-1977
0-0992

—0-0802
0-0842

—02601
0.5524*
0-1555
02595

0-0296

0-2029
—03042

0.6532**
—0-0765

0.4947***

0-2257
O.6244**

—0-1371
0-0164

—0-2852

—01909

—0-1526
O.6960***

—0-1487
0.4873***

c. 114
DH

SSD

—02148

—00347
—01326

—01488
—0-1910
—0-1385

01165

—02218
0.6093**
02787
01452

0-1434

0-1771
—0-2436

—01357
0.6012**

Ø.4794**

0-3674
0-0294
01094
0-0307

—0-1186
O.5848*
0-2491

—0-0345
0.7463***

—0-1493
0.5252***
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relationship between mean performance and
environmental sensitivity or tight linkage. Similarly
tight linkage or pleiotropy may also explain the
positive correlation between yield and environ-
mental sensitivity as measured as the square root
of the variance component. In practice these two
explanations are indistinguishable where indepen-
dent genetical systems are physically tightly linked.
However, the use of the regression slope (3) to
measure environmental sensitivity may be totally
misleading and this may be illustrated by inspec-
tion of figs. 1 and 2. In fig. 1 the slopes are plotted
against mean performance (for SPY) and the non-
significant correlation is in striking contrast to that
observed in fig. 2 where the square root of the
vairance component replaces the slope. In the case
of height in the TT4 cross a significant positive
correlation exists in the DH sample but not in the
SSD sample. Clearly there is an excess of coupling
linkages in the DH generation which are broken
down following rounds of recombinations. The
association between tall genotypes and above
average sensitivities may be broken following
opportunities for recombination.

The three crosses used in the present study
contain the erectoides dwarfing gene and it has
been demonstrated that this locus affects the
expression of quantitative characters (Powell eta!.,
1985 a). Furthermore, the method used to establish
an association between major genes and agronomic
characters may be extended and applied to the
phenotypic variance of any given character. The
principle of the method depends on the ability to
classify inbred lines into two groups: an erect
group which possess the erectoides dwarfing allele
and the tall (nutans) group which possesses the
alternative allele. It is thus possible to assess the
effects of the erectoides locus on the square root
of the variance component. The appropriate
analyses of variance for the DH and SSD popula-
tions are given in tables 4(a) and 4(b). The mean
squares for the erectoides v nu tans item in the DH
population are only significant for awn emergence
and height in the TT4 cross. Thus in these cases
the means of the two sub-populations are sig-
nificantly different. Furthermore the fact that these
mean squares are significant when tested against
the between lines within groups item indicates that
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Figure 1 Relationship between mean and slope for SPY in the SSD sample for the IT1 cross. The 2's plotted on the graph indicate
the coincidence of two data items.
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Figure 2 Relationship between mean and a- for SPY in the SSD sample for the IT1 cross. The 2's plotted on the graph indicate
the coincidence of two data items.

a significant portion of the additive genetic vari-
ation (D) is associated with allelic differences at
the GP en locus. This association may be due to
pleiotropy and or linkage disequilibrium. Inspec-
tion of table 4(b) indicates that for these characters
in the 1T4 cross there are no significant differences
between the two sub-populations in the SSD
generation. It is therefore likely that the association
between mean performance and environmental
sensitivity in these cases is due to linkage which
is broken following rounds of recombination.
There are significant differences between the erect
and nutans sub-populations in the TT3 cross (SSD
sample) for height and MSW at the 5 per cent
level. Although only border line in significance this
suggests an association between the erectoides
locus and environmental sensitivity. This may be
due to pleiotropy or tight linkage which has not
been broken following extra rounds of
gametogenesis.

It has been shown that the properties of recom-
binant inbred lines may be predicted from the early
generations of a cross (Caligari et a!., 1985a;
Powell eta!., 1985b). By replicating genotypes over
four environments it is possible to make predic-

tions for sensitivity to macro-environmental
differences (Jinks and Pooni, 1980). Estimatesf
m, the mean of all possible inbred lines and
the standard error of the means of all possible
inbred families have been calculated from the DH
and F3 samples. This information is summarised
in table 5 for environmental sensitivity (where
there is significant genetic variation). The univari-
ate predictions derived from this information by
the methods outlined by Jinks and Pooni (1976)
are given for the TFI and TT3 crosses in table
5(b). The predicted numbers can be compared with
observed numbers for environmental sensitivity.
Both predictions and observations are given as
whole numbers summing to 40, the total number
of SSD lines. It is clear from these tables that it is
possible to predict the number of inbreds falling
into defined phenotypic classes i.e., environmental
sensitivity can be included as a character in cross
prediction programmes and estimates of genetical
parameters obtained from the early generations of
a cross may be used to predict the frequency of
transgressive segregants.

It is possible to predict the joint distribution
of two characters simultaneously (Jinks and Pooni,

r = 07616
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Table 4 Results of the analyses of variance for environmental sensitivity

(b) the SSD samples
Tn
1. Between reps
2. Between groups (erg vs.

nutans)
3. Bet, lines within groups
4. Reps x lines

1T3
1. Between reps
2. Between groups (ert vs.

nutans)
3. Bet, lines within groups
4. Reps x lines

TT4
1. Between reps
2. Between groups (ert vs.

nutans)
3. Bet, lines within groups
4. Reps x lines

18 1'42 0'18 2'26 5'41 053 105 933 244 436
19 161 0'15 2'39 2'OO 200 1'21 743 2'28 317

1 161 O'20 4'34 0'09 0'13 511 58'08 022 4'42
1 068 0'15 1'74 2'49 1'OO 301 16'25 0'29 1'02

72'24 24'56 5169
29'31 106 1402

12'24 3'06 371
9'97 207 306

1695 2'69 4'62
1407 2'44 4'04

8'57 2'74 0'31
540 0'35 0'84

13'88 3'39 3'24
1117 3'84 4'70

1980; Powell et a!., 1985b). To make joint predic-
tions about mean performance and environmental
sensitivity an estimate of the additive genetic corre-
lation is necessary. The between family component
of the covariance between mean performance and
environmental sensitivity can be used as an
approximate estimate of the additive genetic
covariance from which we can derive the additive
genetic correlation (Powell et a!., 1985b). The
results for the TF1 and TT3 crosses are given in
table 6. The number of lines that are predicted to
fall into four of the possible nine phenotypic
classes for combinations of mean performance and
environmental sensitivity are tabulated together
with the observed number of SSD families. It is

clear that the two sets of predictions are in reason-
ably good agreement with the observed numbers.
In fact where there are discrepancies for univariate
and bivariate predictions it can invariably be traced
back to consistently high estimates of m for
environmental sensitivity compared with the mid-
parental value. This may be due to differential
survival in the DH samples and or dominance in
the case of the F3 samples.

CONCLUSIONS

1. Genotype by environment interactions iden-
tified in this study are not necessarily adequately

AE EL GN Ht Mat MSW(102) TGW TN SPY
df MS MS MS MS MS MS MS MS MS

1 231 0'28 2'20 0'61 121 068
I 215 0•68 1'05 2'20 092 052

(a) the DH samples
rn
1. Between reps
2. Between groups (en vs.

nutans)
3. Bet, lines within groups
4. Reps x lines

TT3
1. Between reps
2. Between groups (en vs.

nutans)
3. Bet, lines within groups
4. Reps x lines

TT4
1. Between reps
2. Between groups (ert vs.

nutans)
3. Bet, lines within groups
4. Reps x lines

23'80 007 l'88
0'92 054 0'28

1819 559 1374
1615 4'94 11'24

8'67 1'65 0'64
0.44 099 2'58

8'74 225 3'65
987 3.54 4'48

18 0'60 213 2'97 11'90 079 3'39
19 075 019 2'96 6'98 038 289

1 071 058 4'45 14'04 0'36 058
1 13,32** 042 2'31 25,81* 1'59 005

18 1'26 067 434 5'30 057 258
19 1'80 041 411 4'60 0'45 244

I 0'21 0.01 0'35 27'68 0'77 19'42
1 4'49 0'08 157 920 0'53 4'04

38 3•35 0'20 3.05 474 037 2'89
39 126 0'22 2'26 5'68 040 311

1 525 061 082 11'62 173 1177 68'74 274 082
1 895 007 372 43.55* 016 9,80* 21'll 331 1292

38 2'97 0'27 1'22 9'42 0'52 209
39 109 026 113 456 0'38 224

I 4'02 0'76 0'19 525 0'Ol 320
I 3'80 0'13 8'66 082 0'30 0'36

38 4'71 0•19 2'53 1125 0'63 2'31
39 1'39 0'll 2'97 7'24 0'40 1'91
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Table 5 (a) Estimates ofgenetical parameters for environmental sensitivity in the T1'l and T13 crosses

Ht EL Ht Mat

G. Promise 400 083 G. Promise 400 150
Mazurka 605 080 Ark Royal 600 118

F1DH m 429 — m 593 166
D 119 — D 138 043

F3 m 592 081
D 131 048

AA
(b) Univariate predictions for environmental sensitivity in the Til and Tf3 crosses

Ht EL Ht Mat
Predicted Predicted Predicted Predicted

iT! DH F3 Obsv. DH F3 Obsv. TIT3 DH Obsv. DH Obsv.

>P1 3 18 6 — 19 14 19 11 20 16
<P2 16 3 10 — 20 25 3 14 5 10
<P1 >P2 21 19 24 — 1 1 18 15 15 14

Table 6 Joint predictions for mean performance and environmental sensitivity in the TI! and TT3 crosses

TT1 (Golden Promise x Mazurka)
Ht EL

Mean Env. Pred. Pred.
performance Sensitivity DH F3 Obsv. F3. Obsv.

>P1 >P1 2 3 1 4 4
<P2 <P2 1 0 1 5 3

>P1 <P2 0 0 2 3 2
<P2 >P1 0 2 0 4 1

Remainder 37 35 36 24 30

TT3 (Golden Promise x Ark Royal)

Mean Env.
Ht
Pred.

Mat
Pred.

performance Sensitivity DH Obsv. DH Obsv.

>P1 >P1 7 0 0 0
<P2 <P2 1 2 0 0
>Pl <P2 0 0 3 7

<P1 >P1 0 0 1 4

Remainder 32 38 36 29

explained by a linear function of the environment.
The use of the regression slope to measure environ-
mental sensitivity may be replaced by a genotype's
phenotypic variance over environments.

2. Environmental sensitivity measured as a
function of a genotype's phenotypic variance is a
character which may be included in univariate and
bivariate prediction studies. Indeed the present
results indicate that F3 and DH samples may be
used to predict new combinations of mean perfor-
mance and environmental sensitivity which may
appear in SSD populations. Genotypes with higher
and lower than average environmental sensitivites
may be fixed and selected in recombinant inbred
lines.

3. Barley breeding programmes may be
organised to produce genotypes with a desired
level of sensitivity with the same confidence as is
currently applied to mean performance.
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