Chapter 4

Diallel Analysis for an Additive-Dominance-
Epistasis Model with Genotype-by-
Environment Interaction Effects

Jun Zhu

Purpose

To analyze balanced or unbalanced data of an additive x dominance
(AD) + additive x additive (AA) genetic model for estimating components
of variance, covariance, heritability, and selection response.

Definitions 1
Mating Design

A set of inbred lines is sampled from a reference population. Parents are
used to produce F; crosses and their F,. Experiments with parents, F;s, and

F,s are conducted in multiple environments using a randomized complete
block design.

Genetic Model

The genetic model for genetic entry of the kth type of generation derived
from parents i and j in the /th block within the Ath environment is

Y nijid =u+E, +G,

i TOE 0 +By ey

where L = population mean, E;, = environment effect, G;;, = total genotypic
effect, GEj;, = genotype x environment interaction effect, By, = block ef-
fect, and ey, = residual effect.
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For parent (P;, k = 0):

G, +GE,;, =2A, +D, +4AA, +2AE, +DE,, +4AAE

hii
For Fy (P;x Pj, k= 1)

Gy +GEy; =A, +A; +D; +AA, +AA; +2AA, + AE
+AE, +DE,; + AAE,, + AAE,, +2AAE

hij

For F (F|®, k =2):

G,.J.2 +GE,;, =A, +4; +%D,.j +iD; +§Dﬁ +AA, +AA; +2AA
+AE, +AE, +1DE,, +;DE,; +1DE
+AAE,; + AAE,; +2AAE,,

i

hij

where A = additive effect, D = dominance effect, AA = additive by additive
epistatic effect, AE = additive by environment interaction effect, DE =
dominance by environment interaction effect, and AAE = epistasis by envi-
ronment interaction effect.

Analysis Methodology
Mixed Linear Model 1

The phenotypic mean of the genetic model can be expressed by a mixed
linear model as

y=Xb+U e, +Upe, +U 0,0, +U p .z +U ppep +U izl 0 +U e, +e,
=Xb +2Uueu

with variance-covariance matrix

2 T 2 T 2 T 2 T
var(y)=c,UU, +0C 2UnUp +6 32U U 44 +0 .U U ie

2 T 2 T 2 T 2
+GDEUDEUDE +GAAEUAAEUAAE +GBUBUB +Gel

=io‘ﬁUuUf.
u=t
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Variance Components

Unbiased estimation of variances can be obtained by restricted maxi-
mum likelihood (REML) or MINQUE(1) approaches. When experimental
variances (G, ) are estimated, genetic variance components can be obtained
by V, =2°-iv Yo =G§>’ Via =4GiA’ Vie =20/21£’ Ve =0-§1E’ Viae =40z21AE’ v, =°'§ .
The total phenotypic variance is V, =V, +V, +V,, +V,, +V,, +Vr +V,.

Covariance Components and Correlation

Unbiased estimation of covariances can be obtained by MINQUE(1)
approaches (Zhu, 1992; Zhu and Weir, 1996). When experimental
covariances (G, ) are estimated, genetic covariance components can be
obtained by C, =26 ,,, C;, =6 1, C,, =46 400> Coz =26 45,0 Cpr =0 pgipe»
Cuse =40 gazianes C. =6, . The total phenotypic covariance isC, =C, +C,
+Cyy +C,p +Cpp +C,, +C, . For trait 1 and trait 2, correlation coefficients
of genetic components can be estimated by r, =C, /j!VA;l;VA;Z)’
T =Co Vo, Voay  Tan=Cas/ Vi Yuay  Te=Cug ! Vaea\Vaz)»

"oe =Coe / \VoeasVoeeys Taar =Case / yVassa)Vaazay» andr, =C, INVenrVey -

Heritability Components

The total heritability (42) can be partitioned into two components
(h*=hg +hi), where hl=(V,+V,,)/V, is general heritability and
hgs =(Vag +V,up)/V, is interaction heritability (Zhu, 1997).

Selection Response

The total selection response (R=ih2\/f ) can be partitioned into two
components (Zhu, 1997):

R=R; +R,,

where R; =ih} ||V, is general response and R, =ih};+/V, is interaction re-
sponse.
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Heterosis Components

Prediction of genetic merits can be obtained by use of the linear unbi-
ased prediction (LUP) method (Zhu, 1992; Zhu and Weir, 1996) or the ad-
justed unbiased prediction (AUP) method (Zhu, 1993; Zhu and Weir,
1996). Predicted genotypic effects and GE interaction effects can be fur-
ther used in analyzing heterosis of different generations (Zhu, 1997).
Heterosis in specific environments consists of two components. General
heterosis is due to genotypic effects and can be expected in overall envi-
ronments, and interaction heterosis is a deviant of GE interaction relative
to specific environments. The two components of heterosis relative to
midparent or relative to better parent can be calculated as follows:

General heterosis of F, relative to midparent:
H, (F)=3)""A, +2A,, ,

Interaction heterosis of F, relative to midparent:
H . (F,) =(%)n_1 App +2A 0

General heterosis of F, relative to better parent (P)):
HB(Fn)=HM(Fn)—15mG

Interaction heterosis of F, relative to better parent (P;):
HBE(F,.):HME(Fn)_%mGE

where A, =D, - (D, +D,)is dominance heterosis, A ,; =DE,; ~(DE,, +
DE,;) is DE interaction heterosis, @ =|G(P,.) —G(Pj)| is parental genotypic
difference, and @, =’GE(P,.) ~GE(P, )| is parental interaction difference.

Heterosis based on population mean (H,, =vHy, Hpyp=1Hyg, |
Hpy =1-Hy, OF Hppe =-H ;) can be used to compare proportion of heter-
osis among different traits.
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Software Available

Zhu, J. (1997). GENAD.EXE for constructing AD model, GENVAR1.EXE for estimating
components of variance and heritability, GENCOV 1.EXE for estimating components
of covariance and correlation, GENHET1.EXE for predicting genetic effects and com-
ponents of heterosis. Analysis Methods for Genetic Models (pp. 278-285). Agricultural
Publication House of China, Beijing (program free of charge). Contact Dr. Jun Zhu,
Department of Agronomy, Zhejiang University, Hangzhou, China. E-mail: <jzhu@
zju.edu.cn>.

EXAMPLE

Unbalanced data (COTADAA.TXT) to be analyzed (Parent = 10, Year = 2,
Generation = P, F;, F», Blk = 1):

Year Male Fem Gen Blk Bolls Lint$
1 1 1 0 1 10.39 37.16
1 1 6 1 1 16.69 39.29
1 1 6 2 1 15.05 37.68
1 1 7 1 1 18.27 40.92
1 1 7 2 1 14.44 38.35
1 1 9 1 1 13.36 36.43
1 1 9 2 1 12,37 36.1

1 1 10 1 1 14.57 33.45
1 1 10 2 1 11.52 34.81
1 2 2 0 1 18.06 34.95
1 2 6 1 1 16.65 38.28
1 2 6 2 1 15.43 39.5

1 2 7 1 1 17.67 39.27
1 2 7 2 1 18.82 38.43
1 2 8 1 1 19.89 38.22
1 2 8 2 1 12.65 35.44
1 2 9 1 1 18.03 34.57
1 2 9 2 1 15.45- 35.51
1 2 10 1 1 17.08 33.69
1 2 10 2 1 16.1 29,89
1 3 3 0 1 11.03 39.53
1 3 7 1 1 17.52 42.46
1 3 7 2 1 13.99 39.38
1 3 9 1 1 14.56 37.04
1 3 9 2 1 12.28 38.27
1 3 10 1 1 13.27 37.83
1 3 10 2 1 16.42 39.14
1 4 4 0 1 16.54 40.8

1 4 6 1 1 17.11 40.34
1 4 6 2 1 14.58 40.77
1 4 8 1 1 16.7 40.92
1 4 8 2 1 14.7 39.72
1 4 9 1 1 17.1 38.7

1 4 . 9 2 1 17.34 38.41
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5 9 1 1. 10.47 40.31
— 5 9 2 1 10.89 40.03
5 10 1 1 10.33 38.78
S 10 2 1 8.95 39.09
6 6 0 1 11.24 38.6
7 7 0 1 10.67 43.22
8 8 0 1 10.77 40.74
9 9 0 1 6.87 37.43
.10 10 0 1 11.69 35.05

. Run GENADE.EXE to create mating design matrix files and data for

additive-dominance-epistasis (AD+AA) models. The data files
(COTADAA.TXT) should have five columns: (1) environment, (2) ma-
ternal, (3) paternal, (4) generation, and (5) replication. There is a limi-
tation (<100 traits) for the number of trait columns. An example of a
data file is provided under the name COTADAA.TXT.

. Run programs for variance and covariance analyses. Standard errors

of estimates are calculated using jackknife procedures. If you have
multiple blocks for your experiments, you can use GENVARIR.EXE
or GENCOV 1R.EXE for jackknifing over blocks. Otherwise you can
use GENVARIC.EXE or GENCOV1C.EXE for jackknifing over
cell means.

. Run GENVAR IR .EXE or GENVAR 1C.EXE for estimating variance

components and predicting genetic effects before estimating co-
variance and correlation. The two programs in Step 2 will allow you
to choose the parental type (inbred or outbred) and the prediction
methods (LUP or AUP). You also need to input coefficients (1, 0, or
—1) for conducting linear contrasts for genetic effects of parents.

. After you finish variance analysis, you can run GENCOV1R.EXE or

GENCOV 1C.EXE for estimating covariance components and coeffi-
cients of correlation among all the traits analyzed.

. If you want to predict heterosis and genotypic value for each F;

or F, cross by an AD model, you can run GENHET1R.EXE or
GENHETI1C.EXE.

. All results are automatically stored in text files for later use or print-

ing. Examples of output files are provided with the names
COTADAA.VAR for analysis of variance and genetic effects,
COTADAA PRE for heterosis, and COTADAA.COR for analysis of
covariances and correlation.
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Output 1 for Variance Analysis

Traits =, 2

Variance components = , 7

Degree of freedom = , 99

File name is COTADAA.VAR

Date and Time for Analysis: Fri Jun 23 08:33:02 2000

Variance Components Estimated by MINQUE (1) with GENVARIR.EXE.
Jackknifing Over Block Conducted for Estimating S.E.
Predicting Genetic Effects by Adjusted Unbiased Prediction (AUP)

Method.
NS = Not significant; S+ = Significant at 0.10 level.
S* = Significant at 0.05 level; S** = Significant at 0.01 level.

Linear Contrast Test:
+<1>  +<2> +<3> +<4>  4<5> —<6> —<7> —<8> —<9> -—<10>

Diallel Analysis of Trait, Bolls, for Public Users.

Var Comp Estimate S. E. P-value -
(1): Additive Var 2.36714 0.474734 1.31e-006 S**
(2) : Dominance Var 12.4508 2.25708 1.3%e-007 SH*
(3): Add.*Add. Var 3.48369 0.502654 1.9e-010 S**
(4): Add. * Env., Var 3.59761 0.745664 2.55e~006 Sk
(5): Dom. * Env., Var 16.8931 2.83894 2.03e-008 S**
(6): (AR) * Env. Var 0 0 1 NS
{(7): Residual Var 3.12779 0.712819 1.43e-005 S*x
(8): Var (Pheno.) 41.9202 4.31614 2.55e-011 ~S**

: Proportion of Var(G)/Var(T)Estimate S. E. P-value

. (1) : Additive Var/Vvp 0.0564678 0.0211358 0.00441 S**
(2) : Dominance Var/Vp 0.297013 0.0369701 2.44e-011 S**
(3): Add.*Add. Var/vp 0.0831029 0.0214262 9.46e-005 S**
(4): Add. * Env. Var/Vvp 0.0858205 0.0120405 5.86e-011 Sh*
(5): Dom. * Env. Var/Vp 0.402983 0.0341788" 2.55e-011 S**
(6): (AA) * Env. Var/Vp 0 0 1 NS
(7): Residual Var/Vp 0.0746131 0.0151876 1.78e~-006 S**
Heritability Estimate S. E. P-value
(8): Heritability(N) 0.139571 0.0266373 4,55e-007 S**
(9): Heritability(B) 0.436584 0.0348678 2.55e-011 S**
(10) : Heritability(NE) 0.0858205 0.0120405 5.86e-011 S**
(11) : Heritability(BE) 0.488803 0.03613 -2.55e-011 Sx*
Genetic Predictor, S.E., P-value for Two-tail t-test %
(1) : Random Effect is Additive Effects
Al 0.020391 1.046932 0.984 NS
A2 -0.172118 0.865219 0.843 NS
A3 0.243015 0.933404 0.795 : NS
A4 0.024512 0.610581 0.968 NS
AS -0.198413 0.284266 0.487 NS
A6 -0.045113 0.559257 0.936 NS

0.525715 0,991 NS

A7 ~0.006029
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A8 -0.242755 0.336519 0.472 NS B
A9 0.177528 0.247130 0.474 NS =
Al0 0.197105 0.780527 0.801 NS
Linear Contrast -0.237404 11.14 0.983 NS
(2) : Random Effect is Dominance Effects
D1*1 -1.985631 1.605723 0.219 NS
D2%*2 -4.853828 3.095245 0.12 NS
D3*3 -0.293169 . 0.924650 0.752 NS
D4*4 -1.707263 1.061605 0.111 NS
] D5*5 -7.790652 3.617237 0.0337 S*
‘ D6*6 -2.681446 1.218021 0.03 S*
D7*7 -4.154995 2.393013 0.0856 S+
D8*8 -7.236830 3.889634 0.0658 S+
D9*9 -3.026015 1.713898 0.0806 S+
D10*10 1.364409 1.417177 0.338 NS
D1*6 1.844893 1.020188 0.0736 S+
D1*7 0.088293 2.692258 0.974 NS
D1*9 =-2.270995 1.155729 0.0522 S+
D1*10 2,668295 1.548696 0.088 S+
D2*6 1.351880 0.655828 0.0419 S*
D2*7 -1.297874 1.003310 0.199 NS
D2*8 9.815433 5.523754 0.0786 S+
D2*9 5.188726 2.350358 0.0296 S*
D2*10 -4.090970 1.895508 0.0333 S*
D3*7 3.495850 2.000000 0.0836 S+
D3*9 4.970930 2,262232 0.0303 S*
D3*10 . -9.112045 4.458072 0.0436 S*
D4*6 2.946256 1.541041 0.0588 S+
D4*8 5.140935 2.364873 0.0321 S*
D4*9 -1.798652 0.660681 0.00766 Sk*
D4*10 -1.958099 0.910923 0.034 S*
D5*7 6.710816 3.253640 0.0418 S*
D5*8 -0.368711 0.290930 0.208 NS
D5*%9 0.235750 0.576913 0.684 NS
DS*10 8.804042 3.903617 - 0.0263 S*
Heterosis <Delta> 2.90056 12.8407 0.822 NS

(3): Random Effect is Add.*Add. Effects

AAl*1 -1.827866 0.885620 0.0416 S*
AA2*2 1.857440 0.69225%2- 0.00855 Sk
AA3*3 -3.923112 1.819274 0.0335 S*
AA4*4 -0.427958 0.372799 0.254 NS
AA5*5 1.095843 0.431401 0.0126 S*
AR6*6 1.074095 0.485307 0.0292 S*
ART*7 2.010456 0.866196 0.0223 S*
ARB*8 0.866474 0.254778 0.00097 Sk*
f AA9*9 -2.618613 1.297275 0.0462 S*
; . AA10*10 -1.434506 0.678498 0.037 S*
AAl*6 1.127468 0.554236 0.0446 S*
; AR1*7 0.260405 0.142121 0.0699 S+
3 AAl1*9 -0.626353 0.353682 0.0796 S+
3 AAl1*10 -2.892538 1.389233 0.0399 S*
3 AA2*6 -0.039485 0.150785 0.794 NS
; AA2*7 0.997226 0.482695 0.0414 S*
: RR2*8 -2.373975 1.062655 0.0277 S*
AA2*9 0.916657 0.551207 0.0995 S+
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AR2*
AA3*
AA3*
AR3*
ARg¥*
AAg*
AA4*
RAA4*
AAS*
AAS*
ARS*
AAS*

Heterosis <Delta>

(4):
AE1l
AR2
AE3
AE4
AES5
AE6
AE7
AES
AE9

10
7
9
10
6
8
9
10
7
8
9
10

Random Effect is Add.

in
in
in
in
in
in
in
in
in
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AE10 in El

ARl
AE2
AE3
AE4
AE5
AE6
AE7
AESB
AES

in
in
in
in
in
in
in
in
in

E2

AE10 in E2

Linear Contrast

(5):
DE11l
DE22
DE33
DE44
DE55
DE66
DE77
DE88
DE99

DE1010 in E1l

Random Effect is Dom.

in
in
in
in
in
in
in
in
in

El
El
El
El
El
El
El
El
El

DE16 in El
DE17 in El
DE19 in El1

DE110 in El

DE26 in El
DE27 in El
DE28 in El
DE29 in El

DE210 in E1

0.966337 0.475264
-1.240906 0.602029
0.736135 0.560053
3.882660 1.687257
-0.333696 0.292460
0.232070 0.281352
3.758026 1.714850
0.453800 0.251847
-1.360470 0.556477
0.698657 0.311950
1.219364 0.571954
-3.054544 1.399209
1.12761 5.66678

* Env. Effects

-1.871303 1.336265
1.679535 1.500118
~=-0.899398 0.974282
0.355846 0.398988
0.613201 0.505110
-0.319194 0.433700
3.154071 2.503520
-1.709535 0.955588
-1.004626 0.705371
0.000037 0.749113
-0.687704 0.654509
0.130732 0.339243
-1.165105 0.703354
1.212089 0.914817
-0.818562 0.501433
1.647312 1.146417
-2.111514 1.652810
1.666313 1.018155
1.460007 0.882265
-1.334250 0.692084

-0.000322198 0.00010415

-7.339941
-5.544965
-1.685938
-1.592941
-6.919656
-2.769618
-5.708889
-6.906281
-3.155495
~4.448080
1.945276
6.019940
0.953192
5.306395
0.018365
-4.879109
11.874683
2.481694
1.704185

HFNAOANOWOBRWHEWWHWKRNW

3

* Env. Effects

.362180
.293144
.763209
.468080
.156330
.534016
.470978
.149161
.695257
.583114
.444322
.117258
.789965
.178059
.840712
.046507
.855778
.213078
.338270

0.0447
0.0419
0.192
0.0235
0.257
0.411
0.0308
0.0746
0.0163
0.0274
0.0355
0.0314
0.843

0.165
0.266
0.358
0.375
0.228
0.463
0.211
0.0767
0.158
1
0.296
0.701
0.101
0.188
0.106
0.154
0.204
0.105
0.101
0.0567

0.00257

0.0314
0.0854
0.543
0.281
0.0307
0.074
0.103
0.0306
0.0657
0.217
0.181
0.147
0.23
0.0981
0.983
0.019
0.0864
0.265
0.206

-
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DE37 in El 5.935123 3.679177 0.11 NS
DE39 in El 2.916905 2.004578 0.149 NS
DE310 in E1 -5.481360 3.413565 0.112 NS
DE46 in El 3.541911 2.501341 0.16 NS
DE48 in El 1.163%06 1.499863 0.44 NS
DE49 in El -1.462106 0.664229 0.03 S*
DE410 in E1l 0.093319 - 0.547534 0.865 NS
DE57 in E1 5.091230 3.513362 0.15 NS
DE58 in E1 0.249648 0.907277 0.784 NS
DES9 in E1 1.192191 1.072943 0.269 NS
DE510 in‘El 7.405446 4.610249 0.111 NS
DE1l in E2 6.233934 2.649984 0.0206 S*
DE22 in E2 0.070564 1.631085 0.966 NS
DE33 in E2 2.860760 1.834532 0.122 NS
DE44 in E2 0.496960 1.260403 0.694 NS
DE55 in E2 0.762586 0.976264 0.437 NS
DE66 in E2 0.750042 0.589078 0.206 NS
DE77 in E2 2.513161 1.959827 0.203 NS
DEB8 in E2 -0.681558 1.133328 0.549 NS
DE99 in E2 1.396232 1.222769 0.256 : NS
DE1010.in E2 6.754486 3.043240 0.0287 S*
DE16 in E2 -0.782136 0.571314 0.174 NS
DE17 in E2 ~-6.286620 3.932846 0.113 NS
DE19 in E2 -2.727444 1.812851 0.136 NS
DE110 in E2 -2.626815 1.660283 0.117 NS’
DE26 in E2 0.500294 0.49725% 0.317 NS
DE27 in E2 2.695619 1.378225 0.0533 S+
DE28 in E2 0.710618 1.939384 0.715 NS
DE29 in E2 1.408633 0.928007 0.132 NS
DE210 in E2 -5.416844 3.370826 0.111 . NS
DE37 in E2 -2.775914 1.748225 0.116 NS
DE39 in E2 1.697015 1.049894 0.109 NS
DE310 in E2 -4.892908 3.552561 0.172 NS
DE46 in E2 -0.956358 0.906075 0.294 NS
DE48 in E2 2.794023 1.735292 0.111 NS
DE49 in E2 -1.011061 1.141284 0.378 NS
DE410 in E2 -1.635955 1.322434 0.219 NS
DE57 in E2 0.749728 1.094644 0.495 NS
DE58 in E2 -1.851171 0.743874 0.0145 S*
'DE59 in E2 -1.672750 0.952113 0.082 S+
DE510 in E2 0.922233 1.377869- 0.505 NS

(6) : Random Effect is (AA) * Env. Effects
No Significant Effects.

Fixed Effect <1>, 15.345
Fixed Effect <2>, 10.3648

Results of Lint% are not presented.

Time Used (Hour) = 0.004722

Output 2 for Covariance Analysis

Traits =, 2
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Covariance components = , 7
“PDegree of freedom = , 99
File name is COTADAA.COV
Date and Time for Analysis: Fri Jun 23 08:33:35 2000

Covariance Components Estimated by MINQUE (1) with GENCOV1C.EXE.
Jackknifing Over Cell Mean Conducted for Estimating S.E.

NS = Not significant; S+ = Significant at 0.10 level.
s* = Significant at 0.05 level; S** = Significant at 0.01 level.

Covariances and Correlations Between, Bolls, , & Lint%, for Public

Users.:
Covariances Estimates S.E. P-value
Additive Cov -0.165704 0.968417 0.864 : NS
Dominance Cov 0.802175 2.31849 0.73 NS
Add.*Add. Cov 0.52236 0.79344 0.512 NS
Add. * Env. Cov -0.585695 0.668664 0.383 NS
Dom. * Env. Cov 1.44656 2.09928 0.492 NS
(AA) * Env. Cov -0.116658 1.07689 0.914 NS
Residual Cov 0.192467 0.376523 0.61 NS
Cov<l=Genotypic>
Cov <2=Phenotypic> Estimates S.E. P-value
Cov 2 2.09551 1.35407 0.125 NS
Cov 1 1.90304 1.35435 0.163 NS
Correlation Estimates S.E. P-value
Additive Cor ’ -0.043057 0.0498808 0.39 N8
Dominance Cor 0.100186 0.0495757 0.046 s *
Add.*Add. Cor 0.174520 0.0516629 0.00104 S **
Add. * Env. Cor -0.207088 0.0362769 1.1%e-007 S **
pom. * Env. Cor 0.000000 0 1 NS
(AA) * Env., Cor 0.000000 0 1 NS
Residual Cor 0.079717 0.0377952 0.0375 s *
Cor <1=Genotypic>
Cor <2=Phenotypic> Estimates S.E. p-value
Cor 2 0.073183 0.0448333 0.106 NS

Cor 1 0.072636 0:0500355 0.15 NS

Time Used (Hour) = 0,003056

Output 3 for Heterosis Analysis

Traits =, 2

Variance components = , 7

Degree of freedom = , 99

File name is COTADJM.PRE

Date and Time for Analysis: Fri Jun 23 08:34:07 2000

Variance Components Estimated by MINQUE (1) with GENVARIR.EXE.
Jackknifing Over Block Conducted for Estimating S.E.
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Predicting Genetic Effects by Adjusted Unbiased Prediction (AUP)
Method. .

Not significant; S+ = Significant at 0.10 level.
Significant at 0.05 level; S** = Significant at 0.01 level.

NS
g*

Var Comp, Estimate, S. E. , P-value of One Tail t-test of, Bolls, for
Public Users.

Additive Var 2.36728 0.474749 1.31le-006 S *x
Dominance Var 12.4508 . 2,25708 1.3%e-007 S *x
Add.*Add. Var 3.48381 0.502665 1.9e-010 S **
Add. * Env. Var 3.59769 0.745673 2.54e-006 S **
Dom. * Env. Var 16.893 2.83894 2.03e-008 S **
(AA) * Env. Var 0 0 0.5 NS
Residual vVvar 3.12783 0.712823 1.43e~-005 S **
Heterosis Analysis of Trait, Bolls, for F, Seeds with total mean =,
12.854884
No. Cross Fl1 (GE) S.E.P-value Sig. F2 (GE) S.E. P-value Sig.
Cro 1 <E1> <1 * 6> -0.25 1.85 0.90 NS -3.75 1.57 0.02 S *
Cro 2 <El1> <1 * 7> 7.30 4.14 0.08 S+ 1.03 1.39 0.46 NS
Cro 3 <El> <1 * 9> -1.92 1.60 0.23 NS -5.02 1.88 0.01 S **
Cro 4 <El1> <1l * 10> 3.44 3.50 0.33 NS =-2.17 2.05 0.29 NS -
Cro 5 <E1> <2 * 6> 1.38 1.17 0.24 NS -0.71 1.26 0.57 NS
Cro 6 <El1> <2 * 7> -0.04 3.21 0.99 NS -0.42 2.55 0.87 NS
Cro 7 <El> <2 * 8> 11.84 6.84 0.09 S+ 2.79 2.30 0.23 NS
Cro 8 <E1> <2 * 9>  3.16 2.41 0.19 NS -0.26 1.40 0.85 NS
Cro 9 <El1> <2 * 10> 3.38 1.63 0.04 S * 0.03 1.43 0.98 NS
Cro 10 <E1> <3 * 7> 8.19 4.09 0.05 S * 3.37 1.89 0.08 s +
Cro 11 <E1> <3 * 9> 1,01 2.25 0.65 NS -1.66 1.67 0.32 NS
Cro 12 <E1> <3 * 10> ~6.38 3.52 0.07 s +~5,17 2,04 0.01 S *
Cro 13 <E1> <4 * 6> 3.58 2.53 0.16 NS 0.72 0.98 0.47 NS
Cro 14 <E1> <4 * 8> . -0,19 1.73 0.91 NS =-2.90 1.47 0.05 S +
Cro 15 <E1> <4 * 9> -2.11 0.82 0.01 s * -2.57. 0.89 0.00 S w*
Cro 16 <E1> <4 * 10> 0.45 0.81 0.58 NS -1.11 1.39 0.43 NS
Cro 17 <E1> <5 * 7> 8.86 4.38 0.05 s * 3.16 2.50 0.21 NS
Cro 18 <E1> <5 * 8> -0.85 1.20 0.48 NS -4.43 1.51 0.00 § **
Cro 19 <E1> <5 .* 9> 0.80 1.22 0.51 NS =-2.31 1.20 0.06 S +
Cro 20 <E1> <5 * 10> 8.02 4.80 0.10 S+ 1.47 1.73 0.40 NS
Cro 21 <E2> <1 * 6> 0.18 0.77 0.82 NS 2.31 0.92 0.01 S *
Cro 22 <E2> <1 * 7> -9.09 4.23 0.03 S.*-3.76 1.82 0.04 s *
Cro 23 <E2> <1 * 9> -1.95 1.88 0.30 NS 1.32 0.89 0.14 NS
Cro 24 <E2> <1 * 10> -4.65: 1.97 0.02 S *-0.09 1.17 0.94 NS
Cro 25 <E2> <2 * 6> 2.28 0.97 0.02 S * 2.23 1.05 0.04 S *
Cro 26 <E2> <2 * 7> 0.72 1.80 0.69 NS 0.01 1.27 0.99 NS
Cro 27 <E2> ' <2 * 8> 2.51 1.99 0.21 NS 2.00 1.12 0.08 S +
Cro 28 <E2> <2 * 9> 3.00 1.18 0.01 S * 2.66 1,00 0.01 § w*
Cro 29 <E2> <2 * 10> -6.62 3.59 0.07 S +~-2.21 1.30 0.09 S +
Cro 30 <E2> <3 * 7> -6.05 2,55 0.02 s *-3.32 1.71 0.05 S +
Cro 31 <E2> <3 * 9> 1,99 1.19 0.10 S + 2.21 0.94 0.02 s *
Cro 32 <E2> <3 * 10> -7.39 3.97 0.07 S +-2.54 1.53 0.10 NS
Cro 33 <E2> <4 * 6> 1,90 1.64 0.25 NS 2.69 1.44 0.06 S +
Cro 34 <E2> <4 * 8> 5,67 2.21 0.01 S * 4.23 1.49 0.01 S *»
Cro 35 <E2> . <4 * 9> 1.66 1.61 0.31 NS 2.64 1.29 0.04 S *
Cro 36 <E2> <4 * 10> -1.76 1.31 0.18 NS 0.87 0.94 0.35 NS
Cro 37 <E2> <5 * 7> -2.18 2.04 0.29 NS -1.74 1.67 0.30 NS
Cro 38 <E2> <5 * 8> -1,00 0.91 0.27 NS -0.06 0.76 0.94 NS
Cro 39 <E2> <5 * 9> -1.03 1.05 0.33 NS 0.35 0.65 0.60 NS
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Cro 40 <E2> <5 * 10> -1.23 1.67 0.46 NS 0.19 1.10 0.87 NS

éignificance of F1 or.F2 is over Population Mean 12.854884
Number Cross F1(G) S.E. P-value Sig. F2(G) S.E. P-value Sig.

Cro 1 <1 * 6> 16.18 1.01 0.00 S ** 14.09 0.98 0.21 NS
Cro 2 <1 * 7> 13.66 2.81 0.78 NS 12.08 1.30 0.55 NS
Cro 3 <1 * 9> 5.08 1.77 0.00 S **+ 4,96 1.64 0.00 S **
Cro 4 <1 * 10> 6.69 3.39 0.07 S + 5.20 2.95 0.01 s *
Cro 5 <2 * 6> 16.84 1.27 0.00 S ** 14,28 1.52 0.35 NS
Cro 6 <2 * 7> 17.24 1.85 0.02 s * 15:.64 2.33 0.24 NS
Cro 7 <2 * 8> 20.23 5.09 0.15 NS 12.30 2.58 0.83 NS
Cro 8 <2 * 9> 19.12 2.07 0.00 S ** 14,56 1.07 0.12 NS
Cro 9 <2 * 10> 11.15 1.91 0.37 NS 12.32 1.42 0.71 NS
Cro 10 <3 * 7> 12.19 2.39 0.78 NS 9.33 1.62 0.03 s *
Cro 11 <3 * 9> 13.18 2.73 0.91 NS 9.86 1.89 0.12 NS
Cro 12 <3 * 10> 6.59 4.32 0.15 NS 11.41 2.81 0.61 NS
Cro 13 <4 * 6> 15.76 1.80 0.11 NS 13.19 1.32 0.80 NS
Cro 14 <4 * 8> 18,68 1.98 0.00 s ** 13,87 0.86 0.24 NS
Cro 15 <4 * 9> 15,73 1.49 0.06 s + 15.45 1.71 0.13 NS
Cro 16 <4 * 10> 10.16 0.76 0.00 s ** 11.06 0.67 0.01 § w*
Cro 17 <5 * 7> 19.75 2.59 0.01 s ** 13.41 0.98 0.58 NS
Cro 18 <5 * 8> 15.40 0.84 0.00 S **.11.83 1.97 0.61 NS
Cro 19 <5 * 9> 13.99 0.64 0.08 s + 11.16 1.12 0.13 NS
Cro 20 <5 * 10> 15.21 4,39 0.59 NS 9.20 2.55 0.16 - NS
No. Cross Hpn(F;) S.E. P~ Sig. Hp(F2) S.E. P- Sig
(GE) value (GE) value
Cro 1 <E1> <1 * 6> 0.54 0.25 0.03 s * 0.27 0.12 0.03 s *
Cro 2 <El1> <1 * 7> 0.98 0.54 0.07 s + 0.49 0.27 0.07 s +
Cro 3 <El1> <1 * 9> 0.48 0.19 0.01 s * 0.24 0.10- 0.01 s *
Cro 4 <E1> <1 * 10> 0.87 0.45 0.06 s + 0.44 0.23 0.06 s +
Cro 5 <E1> <2 * 6> 0.32 0.15 0.03 s * 0.16 0.07 0.03 s *
Cro 6 <El1> <2 * 7> 0.06 0.28 0.84 NS 0.03 0.14 0.84 NS :
Cro 7 <E1> <2 * 8> 1.41 0.77 0.07 S + 0.70 0.38 0.07 s + ;‘
Cro 8 <E1> <2 * 9> 0.53 0.27 0.05 S + 0.27 0.13 0.05 s + 3
Cro 9 <El1> <2 * 10> 0.52 0.24 0.04 s * 0.26 0.12 0.04 s *
Cro 10 <E1><3 * 7> 0.75 0.46 0.11 NS 0.37 0.23 0.11 Ns
Cro 11 <E1><3 * 9> 0.42 0.26 0.12 NS 0.21 0.13 0.12 NS
Cro 12 <E1><3 * 10> ~-0.19 0.43 0.67 NS -0.09 0.22 0.67 NS
Cro 13 <E1><4 * &> 0.45 0.29 0.13 NS 0.22 0.15 0.13 NS
Cro 14 <E1><4 * 8> 0.42 0.20 0.03 s * 0.21 0.10 0.03 s *
Cro 15 <E1><4 * 9> 0.07 0.12 0.5% " NS 0.04 0.06 ~0.55 NS
Cro 16 <E1><4 * 10> 0.24 0.15 0.10 s + 0.12 0.07 0.10 S +
Cro 17 <E1><5 * 7> 0.89 0.46 0.06 S + 0.44 0.23 0.06 s +
Cro 18 <E1><5 * 8> 0.56 0.19 0.00 S ** 0.28 0.10 0.00 § **
Cro 19 <El1><5 * 9 0.48 0.20 0.02 s * 0.24 0.10 0.02 s *
Cro 20 <El1><5 * S + 0.51 0.29 0.08 s +

10> 1.02 0.57 0.08

Cro 21 <E2><1 * &> -0.33 0.13 0.01 s * .-0.17 0.06 0.01 s *
Cro 22 <E2><1 * 7> -0.83 0.46 0.08 s +° ~-0.41 0.23 0.08 s +
Cro 23 <E2><1 * 9> -0.51 0.24 0.04 s * -0.25 0.12 0.04 s *
Cro 24 <E2><1 * 10> -0.71 0.30 0.02 s * -0.35 0.15 0.02 s *
Cro 25 <E2><2 * 6> 0.01 0.08 0.93 Ns 0.00 0.04 0.93 NS
Cro 26 <E2><2 * 7> 0.11 0.16 0.51 NS 0.05 0.08 0.51 NS
Cro 27 <E2><2 * 8> ‘0.08 0.22 0.72 NS 0.04 0.11 0.72 Ns
Cro 28 <E2><2 * 9> 0.05 0.12 0.66 NS 0.03 0.06 0.66 NS
Cro 29 <E2><2 * 10> -0.69 0.39 0.08 s+ -0.34 0.19 0.08 s +
Cro 30 <E2><3 * 7> -0.42 0.23 0.06 s+ -0.21 0.11 0.06 s +
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Cro 31 <E2><3 * 9> -0.03 0.12 0.77 NS -0.02 0.06 0.77 NS
Cro 32.<E2><3 * 10> -0.75 0.43 0.08 S + -0.38 0.22 0.08 S +
" Cro 33 <E2><4 * &> -0.12 0.12 0.29 NS -0.06 0.06 0.29 Ns
Cro 34 <E2><4 * 8> 0.22 0.20 0.26 NS 0.11 0.10 0.26 NS
Cro 35 <E2><4 * 9> -0.15 0.14 0.29 NS -0.08 0.07 0.29 Ns
Cro 36 <E2><4 * 10> -0.41 0.20 0.04 S * -0.20 0.10 0.04 S *-
Cro 37 <E2><5 * 7> -0.07 0.13 0.59 NS -0.03 0.06 0.59 Ns
Cro 38 <E2><5 * 8> -0.15 0.09 0.09 s + -0.07.0.04 0.09 s +
Cro 39 <E2><5 * 9> -0.21 0.12 0.08 s + -0.11 0.06 0.08 S +
Cro 40 <E2><5 * 10> -0.22 0.20 0.26 NS -0.11 0.10 0.26 NS
Significance of Fl1 or F2 is over Population Mean 12.854884
No. Cro Hen(Fy) S.E. P- Sig. Hp(F2) S.E. P- Sig.
: (G) value (G) value
Cro 1 <1l * 6> 0.56 0.12 0.00 S ** 0,40 0.08 0.00 § **
Cro 2 <1 * 7> 0.27 0.31 0.39 Ns 0.15 0.16 0.35 NS
Cro 3 <1 * 9> 0.27 0.10 0.01 s * 0.26 0.08 0.00 s **
Cro 4 <1 * 10> 0.04 0.19 0.85 NS -0.08 0.12 0.50 NS
Cro 5 <2 * 6> 0.16 0.20 0.42 Ns -0.04 0.13 0.78 Ns
Cro 6 <2 * 7> 0.10 0.18 0.56 NS -0.02 0.10 0.84 NS
Cro 7 <2 * 8> 0.65 0.62 0.30 NS 0.04 0.37 0.92 Ns
Cro 8 <2 * 9> 0.91 0.26 0.00 S ** 0.56 0.13 0.00 § **
Cro 9 <2 * 10> -0.07 0.17 0.70 Ns 0.03 0.10 0.80 Ns
Cro 10 <3 * 7> 0.40 0.21 0.06 s + 0.18 0.11 0.09 S + .
Cro 11 <3 * 9> 1.14 0.21 0.00 s ** 0.88 0.19 0.00 S **
Cro 12 <3 * 10> 0.27 0.52 0.61 NS 0.65 0.40 0.11 NS
Cro 13 <4 * &> 0.30 0.18 0.10 Ns 0.10 0.11 0.36 Ns
Cro 14 <4 * 8> 0.75 0.28 0.01 s ** 0.38 0.14 0.01 § *
Cro 15 <4 * 9> 0.87 0.24 0.00 s ** 0.84 0.25 0.00 S **
Cro 16 <4 * 10> 0.08 0.12 0.53 NS 0.15 0.10 0.14 Ns
Cro 17 <5 * 7> 0.53 0.43 0.22 Ns 0.04 0.26 0.88 NS
Cro 18 <5 * 8> 0.51 0.23 0.03 s * 0.23 0.11 0.04 s *
Cro 19 <5 * 9> 0.75 0.16 0.00 S ** 0,53 0.10 0.00 § #**
Cro 20 <5 * 10> 0.49 0.42 0.25 Ns 0.02 0.26 0.94 Ns
No. . Cross Hpp(Fy) S.E. P- Sig. Hw(F;) S.E. P- sig.
(GE) value {GE) value
Cro 1 <E1> <1 * &> 0.25 0.23 0.28 NS -0.03 0.13 0.85 NS
Cro 2 <E1> <1 * 7> 0.52 0.56 0.35 NS 0.03 0.31 0.91 NS
Cro 3 <E1> <1 * 9> 0.25 0.16 0.13 NS 0.01 0.10 0.92 Ns
Cro 4 <E1> <1 * 10> 0.61 0.45 0.17 NS 0.18 0.23 0.45 Ns
Cro 5 <E1> <2 * 6> 0.28 0.18 0.13 NS , 0.11 0.15 0.44 NS
Cro 6 <E1> <2 * 7> -0.05 0.27 0.86 N§ -0.08 0.19 0.68 NS
Cro 7 <E1> <2 * 8> 1.09 0.75 0.15 Ns 0.39 0.37 0.30 Ns
Cro 8 <E1> <2 * 9> 0.42 0.31 0.18 NS 0.15 0.20 0.46 NS
Cro 9 <E1> <2 * 10> 0.43 0.31 0.17 Ns 0.17 0.23 0.45 Ns
Cro 10 <E1><3 * 7> 0.59° 0.50 0.24 NS 0.22 0.29 0.46 Ns
Cro 11 <E1><3 * 9> 0.35 0.30 0.25 .NS 0.14 0.19 0.45 NS
Cro 12 <E1><3 * 10> =-0.23 0.42 0.60 NS -0.13 0.22 0.56 NS
Cro 13 <E1><4 * 6> 0.35 0.31 0.27 NS 0.12 0.17 0.46 NS
Cro 14 <E1><4 * 8> 0.05 0.22 0.81 Ns -0.16 0.17 0.36 NS
Cro 15 <E1><4 * 9> -0.10 0.13 0.46 NS -0.13 0.09 0.16 Ns
Cro 16 <E1><4 * 10> 0.10 0.20 0.60 NS -0.02 0.15 0.91 Ns
Cro 17 <E1><5 * 7> 0.64 0.44 0.15 Ns 0.20 0.22 0.38 Ns
Cro 18 <E1><5 * 8> 0.38 0.23 0.11 NS 0.10 0.19 0.61 NS
Cro 19 <E1><5 * 9> 0.46 0.20 0.02 s * 0.22 0.13 0.08 S +
Cro 20 <E1><5 * 10> 0.97 0.59 0.11 NS 0.46 0.32 0.15 NS

*

Cro 21 <E2><1 6> -0.36 0.19 0.06 s + -0.20 0.14 0.16 NS




Cro 22
Cro 23
Cro 24
Cro 25
Cro 26
Cro 27
Cro 28
Cro 29
Cro 30
Cro 31
Cro 32
Cro 33
Cro 34
Cro 35
Cro 36
Cro 37
Cro 38
Cro 39
Cro 40

No.

Cro
Cro
Cro
Cro
Cro
Cro
Cro
Cro
Cro
Cro 10
Cro 11
Cro 12
Cro 13
Cro 14
Cro 15
Cro 16
Cro 17
Cro 18
Cro 19
Cro 20

WOTJNHUT WA

Pre (F1)
Pre (F2)
Hpm (F1)
Hpm (F2)
Hpb (F1)
Hpb (F2)
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<E2><1
<E2> <1
<E2> <1
<E2> <2
<E2> <2
<E2> <2
<E2> <2
<E2> <2
<E2> <3
<E2> <3
<E2> <3
<E2> <4
<E2> <4
<E2> <4
<E2> <4
<E2> <5
<BE2> <5
<E2> <5
<E2> <5

Cro

<1
<1
<1
<1

Generation n
0.5 Omiga (AA)
2Delta (AA)

Results of Lint% are not presented.
Time Used (Hour)

* % % * ¥ ¥ F F R F ¥ ¥ % * ¥ * ¥ * *

* % % % F F ok ¥ * % F X ¥ ¥ * * % H * %

7>
9>
10>
6>
7>
8>
9>
10>
7>
9>
10>
6>
8>
9>
10>
7>
8>
9>
10>

Significance of Fl or

6>
7>
9>
10>
6>
7>
8>
9>
10>
7>
9>
10>
6>
8>
9>
10>
7>
8>
9>
10>

-1.08 °0.48 0.03 s * -0.67 0.25
-0.53 0.27 0.05 s + =-0.28 0.17
-0.74 0.34 0.03 s * -0.38 0.21
-0.14 0.11 0.21 NS -0.14 0.08
0.03 0.23 0.90 NS -0.02 0.16
-0.01 0.24 0.96 NS -0.05 0.14
-0.10 0.14 0.48 NS -0.13 0.10
-0.83 0.40 0.04 s * -0.49 0.22
-0.51 0.26 0.05 s + -0.30 0.16
-0.18 0.14 0.21 NS -0.16 0.10
-0.89 0.44 0.05 s * -0.52 0.23
-0.17 0.11 0.13 Ns -0.11 0.07
0.21 0.22 0.33 Ns 0.10 0.13
-0.21 0.14 0.15 Ns -0.13 0.09
-0.45 0.22 0.04 s * -0.25 0.14
-0.10 0.18 0.57 NS ~0.07 0.13
-0.28 0.12 0.02 s * -0.21 0.09
-0.42 0.13 0.00 s ** -0.31 0.09
-0.41 0.24 0.09 s+ -0.30 0.15
F2 is over Population Mean 12.854884
Hpp(F1) S.E. P- Sig. Hpp(F2) S.E.
(G) value (G)
0.14 0.17 0.43 Ns -0.02 0.15
~0.24 0.31 0.44 NS -0.36 0.18
0.12 0.14 0.42 NS 0.11 0.13
-0.17 0.21 0.42 NS -0.29 0.15
0.14 0.20 0.49 NS -0.06 0.13
0.04 0.20 0.85 NS -0.08 0.13
0.40 0.64 0.53 Ns -0.22 0.3°
0.31 0.24 0.19 NS -0.04 0.16
-0.31 0.25 0.22 Ns -0.22 0.20
-0.35 0.23 0.14 NS -0.58 0.20
1.05 0.21 0.00 § ** 0.79 0.21
-0.18 0.53 0.74 NS 0.20 0.40
0.11 0.18 0.55 NS -0.09 0.11
0.72 0.27 0.01 s *+ 0.34 0.15
0.49 0.25 0.05 s + 0.46 0.26
0.05 0.17 0.76 NS 0.12 0.16
0.23 0.44 0.60 Ns -0.26 0.27
0.49 0.23 0.04 s * 0.22 0.13
0.38 0.19 0.05 s * 0.16 0.18
0.48 0.3%9 0.23° NS 0.01 0.25

13.987
12.6895

0.147004
0.0457101
-0.837894
-0.939187
0.569721
0.673029
-0.0555835

= 0.003056

0.730276
0.306025
0.136824
0.0706352
0.143119
0.0983169
0.0534007
0.0727739
0.0447671

0.124
0.59

Significance of Heterosis is over Populigion Mean 12.854884

0.285
0.519
6.23e-008
-5.0%e-011
~5.0%9e-011
~5,09e-011
0.217

0.01 S
0.10 S +
0.07 S +
0.08 S +
0.88 N
0.71 NS
0.19 NS
0.03 s *
0.06 s +
0.11 NS
0.03 s *
0.13 NS
0.43 NS
0.14 NS
0.07 S +
0.60 NS
0.03 s *
0.00 5 **
0.05 s +

P- Sig.
value

0.88 NS
0.05 S *
0.42 NS
0.05 s +
0.63 NS
0.53 NS
0.58 NS
0.80 NS
0.28 NS
0.60 § **
0.00 S **
0.63 NS
0.41 NS
0.03 s *
0.08 S +
0.44 NS
0.34 NS
0.10 S +
0.36 NS
0.96 NS

NN
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