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AB S TRACT 

The pattern o f  grain maturat ion and germinability was s tudied in 

t h ree wheat cros ses  ripening in warm and cool environments . Two white 

grained and two red grained wheat cultivars with varying res ist ance to 

p reharvest sprout ing were used as parent s in three c ro s ses . The white 

grained wheats were Tordo , " re s i stant " to sprouting t hrough 

g ibberellin insen s it ivity, and Gabo , a s tandard cultivar suscept ible to 

sprouting . The two red grained wheats were Karamu and Sonora 6 4A,  the 

f o rmer being sprouti ng resistant while t he latter was suscept ible . 

T ordo was the common parent in a l l  three crosses . S i x  generat i ons , 

P 1 , P 2 , F2 , F3 , BC1 ( P 1 ) s 1 and BC1 (P2 ) S l f rom each cross were grown in 

a glasshouse and were t ransfe rred into cont rolled c l imate rooms at 

boot ing stage , being arranged in a randomized complete block 

experiment with three replicat ions . The patterns o f  grain development 

were measured f rom serial samples of the grains from ears  which had 

been tagged at  anthe s i s . The changes i n  gra in dry weight , moi s ture 

content , germinati on and a-amylase activities  were measured at  

intervals f rom j us t  after anthesis  unt i l  maturity;  and the  patte rns 

were desc ribed us ing regress ion analysi s  against age of  gra in ( in days 

a fter  anthe s i s ) . The functions o f  best f it t ed were used t o  est imate 

n ine key stages of grain development , which were : harvest r ipene s s , 

amylase maturity,  GA amylase maturity,  median  germinat i on ,  germinat ion 

maturity,  median embryo maturity,  embryo maturity, grain colour 

maturity and grain weight maturity . 

Gene e f fect s were estimated for  these variables ,  and a l s o  for  

maximum grain coat  colour ,  grain weight at  harvest r ipene s s , maximum 

dry weight , a-amylase act ivities  at harvest ripeness  and at  embryo 

maturity,  standard germination and potent i a l  germinat ion at harvest 

r ipeness . The gene e f fects were f itted u sing Hayman' s Generation Means 

Analys is . The full  twelve parameter model ( digenic epista s i s ,  

environment and the i r  interact ions included)  were used t o  explain  the 
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phenotypic variat ions among the s ix genet ic populations ripening in 

the two environment s .  The gene e f fects e s t imated were used t o  a s s i st 

in making recommendation for breeding f o r  p reharvest sprout ing 

res istance . 

The experimenta l  result s showed that cool envi ronment prolonged 

the t ime to reach most developmental  stages  compared to the wa rm 

envi ronment . Harves t  ripenes s  (12.5 % grain moisture ) occurred a fter 

gra i n  weight maturity ( t ime to  90  % maximum grain weight ) but before 

the t ime when t he grains reached thei r  maximum dry weight . Emb ryo 

matu r ity, as a measure of abi l ity of the grains to germinate when the 

dormancy had been bypassed, was cons idered the important component for 

germinability . Germinative a-amylase at harvest ripenes s  wa s the 

variable most cons i s tently correlated with germination at harves t  

ripeness . 

The gene act ions for the derived va riab les appea red to be 

comp licated, with epistas i s  and epistas i s  x environment e f fects being 

s igni ficant mo re o ften than the addit ive or dominance ef fect s . The 

gene actions f o r  the maximum grain colour and percent steril ity were 

also  studied . For the maximum colour score the result indicated that 

the re was interallelic  interaction between the "class ical'' gene f o r  

g r a i n  rednes s  and unknown genes . The breeding s t rategies f o r  

preharvest sprout ing resistance were discus sed based on t h e  actions of 

the genes for the characters . Briefly it appeared that producing 

hybrids would enhance the earliness  in many maturity characters which 

would indirectly resulted in more suscept ible genotypes .  To improve 

res i st ance to preha rvest sprouting, select ion for cha racters l ike low 

a-amylase activit ies  at ha rvest ripene s s ,  low standard germinat ion 

and potent ial  germination at ha rvest r ipene s s ,  or late embryo maturity 

wa s recommended . These characters were cont rolled by many genes which 

inte racted and s howed epista s is e f fect and a lso the gene ef fects we re 

dependent on environmental  condit ion . E ffect iveness in select ion 

would be speci f ic to  a particular  environment . The selection for 

cult ivar resistant to  preha rvest sprout ing based on these cha racters 

should be deferred until late r generat ions when the plant s had reached 
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h igh level of homozygos ity . The selection for  low a-amylase and low 

germinat ion at harves t  ripeness  would give more rel iable p rotection 

against preh a rvest sprouting damage . 



iv 

ACKNOWLEDGEMENT 

I would l ike to express my deep gratitude to my chief supervisor,  

D r . I . L .  Gordon for  his pat ient guidance,  and c lose supervi s i on 

through the course o f  this study . 

I a lso  feel deeply grateful  to  D r . J . M .  McEwan o f  t he Crop 

Research D ivis ion ,  D . S . I . R .  and D r . P .  Coolbear of the Seed Technology 

Centre f o r  the i r  valuable discus s ions, criticisms and thoroughly 

examining t he manuscript . 

I would l ike t o  thank Mr . Ian  Warrington o f  the P lant Phys iology 

Division f o r  providing the glas shouse and c l imate room f a c i l i t ies . All 

a s s istance f rom staff  at the Climate Laboratory was highly 

appreciated . 

I am personally indebted to  D r . D . R . Smith  for h i s  help in 

providing the F 1 seeds and comput e r  programs used in this  work . 

The help f rom Mr Wichien Chatupot e ,  Mr P i rote Wiriyacharee and 

D r . Quingfeng Li in preparing the graphic work in the Appendices was 

received with grat itude . Thei r  help and encouragement we re so 

valuable t o  me . 

Final ly I would l ike to  expres s  my s incere thanks to  the New 

Zeal and Government for  their  f inanc i a l  support during my stay  in New 

Zeal and and t o  t he Tha i  Government f o r  grant ing me study leave . 



ABSTRACT 

ACKNOWLEDGEMENTS 

TABLE OF CONTENTS 

L I ST OF TABLES 

L I ST OF FIGURES 

LIST  OF APPEND ICES 

TABLE OF CONTENTS 

CHAPTER 1 .  INTRODUCTION : THE NATURE AND OCCURRENCE OF 

PREHARVEST SPROUT ING 

CHAPTER 2 .  REVIEW OF LITERATURE 

I .  The Nature of Seed Dormancy 

I I . Dormancy of  Wheat Grain 

I I . l  St ructure of the Whea t  Grain 

I I . 2  Role o f  Grain Coat 

I I . 3  Hormonal Effect on Grain Dormancy 

I I . 3 . 1  

I I .  3 .  2 

I I . 3.3 

Gibberellic Acid 

Abscisic Ac id 

Cytokinins 

I I I . P reha rvest Sprout ing in Wheat 

IV . Temperature E f fects on Grain Deve lopment and 

P reharvest Sprouting 

IV . l  Ef fects on Gra in Development 

IV . 2  Effect s on Gra in Dormancy and P reharvest 

Sprout ing 

V .  a-Amylase 

V . l a-Amylase in Germinat ing Grain of  Wheat 

VI . Endosperm Degradat ion 

V I I . Genet ics o f  P reharvest Sprout ing 

V I I  . 1  

V I I . 2  

V I I  . 3  

V I I . 4  

Grain Coat Colour 

GA Insens it ivity 

a-Amylase Genes 

Inheritance o f  Dormancy and Preharvest 

Sprouting Characters 

VI I I .  Generation Mean Ana lysis 

V 

page 

i 

iv 

V 

ix 

xiv 

xvi ii  

1 

5 

5 

6 

6 

8 

1 2  

1 2  

1 7  

1 9  

2 0  

2 5  

2 5  

2 5  

2 6  

2 8  

3 0  

32  

32  

3 3  

3 4  

3 4  

3 5  



I X . Other Method o f  Inheritance Studies 

I X . l  D ia l lel  

I X . 2  Other Designs 

CHAPTER 3 .  MATERIALS AND METHODS 

I .  Cult ivars and Generat ions 

I I . Generation Advance 

I I I . Experimental Materials  

IV . Expe rimental Detai l s  in the Cont rolled C limate 

Rooms 

IV .1 Temperature 

I V  . 2  Light 

IV . 3  Nut rient 

IV . 4 C02 

IV . 5  Insect and Disease Cont rol 

V .  Sampl ing of  the Ears 

VI . Att ributes Measured 

vi 

3 9  

3 9  

4 1  

4 2  

4 3  

4 4  

4 4  

4 5  

4 6  

4 6  

4 6  

4 6  

4 6  

4 7  

4 7  

VI . l  Grain Dry Weight and Grain Moisture Content 4 7  

V I . 2  Ha rvest Ripeness  4 8  

VI . 3  Standard Germinat ion and P otent ial Ge rminat ion 4 8  

V I . 4  Grain Colour Score 4 9  

VI . 5  a-Amylase Concent rat ions 50  

VI . 5 . 1  

V I . 5 . 2  

V I . 5 . 3  

Base a-amylase 

Germinat ive a-Amylase 

Gibberel l in a-Amylase 

VII . Data Analys is 

V I I . l  

V I I . l . l  

VI I . 1 . 2  

VI I . l . 3  

VI I . l . 4  

V I I  . 1 .  5 

VI I . 1 . 6  

Estimat ing Data from Regression Equat ions 

Moisture Content 

Grain Dry Weight 

Standard Ge rminat ion and Potent i a l  

Germinat ion 

Estimated Dormancy Percentages . 

Grain Colour Scour 

a-Amylase Data 

V I I . l . 6 . 1  Base a-Amylase 

VI I . l . 6 . 2 Germinat i ve a-Amylase and GA3-Induced 

a-Amyla se 

V I I  . 2  

V I I . 3  

Analysis o f  Va riance 

Generation Mean Ana lysis  

5 0  

5 0  

5 0  

5 1  

5 1  

5 2  

5 3  

5 4  

5 5  

5 6  

57  

57  

5 7  

5 9  

6 1  



CHAPTER 4 .  RESULTS 

I .  Timing of  Events During Grain Deve lopment and 

Ripening 

I . 1  Definitions 

I . 2 Cross 1 ' s Results 

I . 3  Cross 2 ' s  Results 

I . 4  Cross 3 ' s Results 

I . 5  Comparisons o f  Tordo ' s Maturity Characters 

Between Crosses 

I I . Germination Percentages at Harvest Ripeness  

I I . 1  Cross 1 ' s  Results  

I I  . 2  Cross 2 ' s  Results  

I I .  3 Cross 3 ' s Results  

I I . 4  Comparison Among Crosses 

I I I . Grain Dry Weight at  Harvest Ripeness a nd Maximum 

Grain D ry Weight 

I I I . 1  Cross 1 ' s Results 

I I I . 2  Cross 2 ' s  Results 

I I I . 3 Cross 3 ' s Results 

IV . a-Amylase Content s in the Grains at Ha rvest 

Ripeness and Embryo Maturity 

IV . 1  

IV . 2  

IV . 3  

V .  

VI . 

VI I .  

VII  . 1  

Cross 1 ' s  Results 

Cross 2 ' s  Results  

Cross 3 ' s Results 

Maximum Colour Score . 

Sterility Percentage . 

Generat ion Mean Ana lysis . 

Generation Mean  Analys is  o f  Maximum Colour 

Score . 

v i i  

6 6  

6 6  

6 6  

67  

7 1  

7 6  

8 0  

82  

8 2  

8 4  

8 6  

8 8  

8 9  

8 9  

9 1  

92 

95  

9 5  

1 0 1  

1 0 8  

1 1 6  

1 1 9  

1 2 1  

122  

V I I . 2  

VI I . 3  

VII . 4  

VI I . 5  

Germinat ive a-Amylase at Harvest Ripeness . 1 2 5  

Harvest Ripeness and a-Amylase Mat urities . 1 2 6 

Median Embryo Maturity and Embryo Maturity . 1 2 9  

Dry we ight Maturity and Grain Colour 

VI I . 6 

VII . 7  

Maturity 

Germinat ions at  Harvest  Ripeness 

Grain D ry Weight 

1 3 4  

1 3 6  

1 3 9  



VI I . 8  

VI I . 9  

VI I . 1 0 

VI I . l l 

Base a-Amylases 

Germinat ive a-Amylase at Emb ryo Maturity 

GA3 a-Amylases 

Percent Sterility  

CHAPTER 5 .  D ISCUS ION 

CHAPTER 6 .  

REF ERENCES 

APPEND ICES 

I .  General Discuss ion 

I . l  Grain Maturity 

I . 2 Germinabi l ity  

I . 3  Dormancy 

I . 4  Grain Weight at Harvest Ripeness  and Maximum 

Grain Dry Weight 

I . 5  a-Amylase Level s  

I . 6  Maximum Colour Score 

I . 7  Sterility Percentage 

I I . Gene E f fects 

I I . l  Gene Effects Cont roll ing the Maximum Colour 

Score 

I I  . 2  Gene Effects of the Grain Maturity Characters 

I I .  3 Gene Effects Cont rol l ing Ge rminat ion 

I I . 4 Gene Effects Controlling the Grain Weight 

Characters 

I I . 5 Gene Effects Controll ing the a-Amylase Levels  

I I . 6 Gene Effects Cont rolling the Ste r i l ity 

Percentage 

CONCLUSION AND FUTURE RESEARCH 

viii 

1 4 0  

1 4 3  

1 4 4  

1 4 6  

1 4 8  

1 4 8  

1 4 8  

1 5 0  

1 5 1  

1 5 2  

1 5 4  

1 5 6  

1 5 7  

1 5 7  

158  

160  

1 62 

1 6 3  

1 6 4  

1 6 5  

1 6 6  

1 7 0  

1 9 0  



LI S T  OF TABLES 

Table 1 .  Estimated times of occurrence of harvest ripeness  
and other stages o f  grain development o f  Cross 1 
(Tordo x Karamu ) grown in two environments ( in days 
after  anthesi s ) . 

Table 2 .  Est imated t imes o f  occurrence o f  harvest ripeness 
and other stages o f  grain development of cross 
Tordo x Karamu (Cross 1 ) , ave raged across the two 
envi ronments .  

Table  3 .  The tests for the dif ference between maturity 
variables and the correlation coef f icients for  some 
pairs o f  variables in cross 1 .  

Table 4 .  Est imated t imes o f  occurrence of  harvest ripeness  
and other stages o f  grain development o f  the six  
generations o f  wheat c ross Tordo x Gabo (cross 2 )  
grown in the two environments ( in days after 
anthesis ) . 

Table 5 .  Estimated times o f  occurence o f  harvest ripeness 
and other stages o f  grain development o f  cross 
Tordo x Gabo (Cross 2 ) , averaged across two
environments .  

Table 6 .  The tests for the difference between maturity 
var iables and the correlat ion coe f ficients for some 
pairs o f  variables in cross 2 .  

Table  7 .  Est imated t imes o f  occurrence o f  harvested ripenes s  
and other stages o f  grain development o f  the six 
generations of  wheat cross Tordo x Sonora 6 4A 
(cross  3 )  grown in the two environment s  ( in days 
after anthes i s )  . 

Table 8 .  Est imated times o f  occurence of  harvest ripeness 
and other stages o f  grain development o f  cross 
Tordo x Sonora 6 4A (Cross 3 )  averaged across two 
environments .  

Tabl e  9 .  The tests for the dif ference between maturity 
variables and the correlation coe f ficient s for some 
pai rs o f  variables in cross 3 .  

Tabl e  1 0 . The test of  dif fe rences between the mean values o f  
maturity variables o f  Tordo in dif ferent crosses . 

Tab l e  1 1 .  Pe rcentage standa rd germinat ion , potent ial 
germinat ion and dormancy at harvest ripeness of  
the s i x  generat ions o f  wheat cross Tordo x Karamu 
( cross  1 )  grown i n  the two environment s .  

ix 

page 

6 9  

7 0  

7 1  

7 2  

7 4  

7 5  

7 7  

7 8  

7 9  

8 0  

8 3  



Tabl e  12 . Standard germinat ion , potential  germination and 
dormancy at harvest  ripeness of the s ix generations 
of wheat cross Tordo x Karamu ( cross 1 ) , averaged 
across two environments .  

Tabl e  1 3 . Percentage standard germination , potent ial  
germinat ion and dormancy at harvest r ipeness o f  the 
s ix generat ions of wheat cross Tordo x Gabo (Cross 
2 )  grown in the two environment s .  

Table 1 4 . Standard germination and potent ial  germination at 
harvest ripeness  of the s ix generations of wheat 
c ross  Tordo x Gabo (Cross 2 ) , averaged across two 
envi ronments .  

Tabl e  1 5 . Percentage standard germinat ion , potential  
germination and dormancy at harvest ripenes s  o f  the 
s ix generat ions of wheat cross Tordo x S onora 6 4A 
( cross 3 )  grown i n  the t wo environments .  

Table 1 6 . Percentage standard germination,  potential 
germination and dormancy at harvest ripenes s  of the 
six generat ions o f  wheat c ross Tordo x Sonora 6 4A 
( cross 3 ) , ave raged across t wo environments ( in 
percent ) . 

Tabl e  1 7 . Grain dry weight at harvest ripenes s  and maximum 
grain dry weight (mg/grai n )  o f  s ix generations o f  
wheat cross 1 (To rdo x Karamu ) grown i n  the two 
environments .  

Table 1 8 . Grain dry weight at harvest ripenes s  and maximum 
grain dry weight ( in mg/grain )  of s ix generations 
of wheat cross Tordo x Karamu (Cross 1 )  ave raged 
across two environments .  

Table 1 9 . Grain dry weights  at harvest ripenes s  and maximum 
grain dry weights o f  s ix gene rat ions o f  wheat cross 
2 (To rdo x Gabo)  grown in the two environments 
(mg/gra in)  . 

Table 2 0 . Grain dry weight at harvest ripeness  and maximum 
grain dry weight (mg /grain ) o f  s ix generations o f  
wheat cross Tordo X Gabo (Cross 2 ) , averaged across 
two environment s . 

Table 2 1 . Grain dry weight at harvest ripeness  and maximum 
grain dry weight ( in mg/grain)  o f  s ix generations 
of wheat in c ross 3 grown in t wo environment s .  

Table 22 . Grain dry weight at harvest ripeness  and maximum 
grain dry weight (mg/grai n )  of  six generat ions o f  
wheat cross Tordo X Sonora 6 4A (Cross 3 )  averaged 
across two environments . 

X 

8 4  

8 5  

8 6  

8 7  

8 8  

8 9  

9 0  

9 1  

9 2  

9 3  

9 4  



T able 2 3 . The level s  o f  t he three types o f  a-amylase 
activity a t  harvest r ipeness  and at embryo maturity  
o f  s ix generations of  wheat in  cross Tordo x Karamu 
( cross  1 )  grown in the two environments ( in log . 

mEU/g) . 

T able 2 4 . The leve l s  o f  t he three types o f  a-amy lases 
act ivity at harvest ripeness and at embryo maturity 
of  s ix generations of  wheat cross  Tordo x Karamu 
(Cross 1 )  averaged ac ross two environments ( in log 

mEU/g ) . 

Table 2 5 .  S imilarity and dissimilarity o f  base a-amylase , 
germinat ive a-amylase and GA3 a-amylase level s  at 
harvest ripeness  and at embryo maturity of cross 1 
wheat as a result of  paired t -test s . 

Table 2 6 .  Correlations between a-amylases at harvest 
ripeness a-amylase at embryo maturity  and 
germination percentags at ha rvest r ipeness in wheat 

xi 

9 6  

9 7  

9 9  

cross 1 .  1 0 0  

Table 2 7 . The levels o f  t he three types o f  a-amylases 
act ivity at harvest ripeness and at embryo maturity 
of  six generations o f  wheat in cross Tordo x Gabo 
(c ros s  2) grown in the two environments ( in log . 

mEU/g)  . 1 0 2  

Table 2 8 . The level s  o f  the three types o f  a-amylase 
activity at harvest  ripeness  and at embryo maturity 
o f  six generations of  wheat cross Tordo x Gabo 
(Cross 2 )  averaged across  two environment s ( in log 

mEU/g )  . 1 0 4  

Table 2 9 . S imilarity and dissimilarity  o f  base a-amylas e ,  
germinat ive a-amylase and GA3 a-amylase levels a t  
harvest  ripenes s  and at embryo maturity  o f  cross 2 
wheat as a result of paired t -test s . 1 0 6  

Table 3 0 . Correlations between a-amylases a t  harve st 
ripenes s ,  a-amylase at embryo maturity and 
germinat ion percentages at harvest r ipeness in 
wheat cros s 2 .  

Table 3 1 . The levels  o f  the three t ypes of  a-amylases at 
harvest  ripenes s  and at embryo maturity of s ix 
generations o f  wheat in cross Tordo x Senora 6 4A 
( cross 3 )  grown in the t wo environments ( in log . 

mEU/g )  . 

Table 32 . The levels o f  the three types o f  a-amylases at 
harvest  ripeness  and at embryo maturity of six 
generat ions of wheat cross Tordo x Senora 64A 
(Cross 3 )  averaged across  two environment s ( in log 

mEU/g )  . 

1 0 7  

1 0 9  

1 1 1  



Table 3 3 . Similarity and dis similarity o f  base a-amyla s e ,  
germinat ive a-amylase and GA3 a-amylase level s  a t  
harvest r ipenes s  and a t  embryo maturity o f  cross 3 

x i i  

wheat as  a result of  paired t-test s . 1 1 3  

Table 3 4 . Correlat ions between a-amylases a t  ha rvest 
ripeness , a-amy lase at embryo maturity and 
germination percentags at harvest ripeness in wheat 
cross 3 .  1 1 5  

Table 3 5 . Maximum c o lour scores of  each of  the s ix 
generations i n  the three wheat crosses grown in the 
two environments .  

Table  3 6 .  Maximum c o lour scores o f  each o f  t he s ix 
generations in the three wheat c ros ses , average 
across two environments .  

Table  3 7 . Sterility percentages of  each of  the s ix 
generations i n  the three wheat c rosses grown in the 
two environment s .  

Table  3 8 . Sterility percentages of  each o f  the s ix 
generations in the three wheat c rosses ,  ave rage 
across two environments .  

Table  3 9 . Estimation of  t he components of  generat ion means 
on a six pa rameter model and twelve parameter model 
for maximum colour score in the t h ree wheat 
c rosses . 

Table 4 0 . Est imation o f  the components of generat ion means 
on a six-paramete r  model and twelve parameter model 
for germinat ive a-amylase at harvest ripeness in 

1 1 7  

1 1 8  

1 1 9  

1 2 0  

1 2 3  

the three wheat crosses . 1 2 5  

Table 4 1 . Est imation o f  the component s of  generation means 
on a twelve-parameter model for t imes t o  harvest 
ripeness , amylase maturity and GA amylase maturity 
in the three wheat crosses . 1 2 7  

Table 4 2 . Estimation o f  the components of generat ion means 
on a twelve-parameter model for t imes t o  median 
embryo maturity ( T50PG)  and embryo maturity ( T 9 0PG)  
in  the three wheat crosses . 1 3 0  

Table  4 3 . Estimation of  the component s o f  generat ion means 
on a twe lve-parameter model for t imes t o  median 
germinat ion and germination maturity i n  cross 3 
wheat ( Tordo x Sonora 6 4A )  . 

Table 4 4 . Estimat ion o f  the.components of  generat ion means 
on a twe lve-parameter model for t imes t o  dry weight 
maturity ( T 9 0DW) and grain colour  maturity ( T 9 0COL)  
in the three wheat crosses . 

1 3 2  

1 3 4  



Table  4 5 . Estimat ion of the components o f  generation means 
on a twelve-paramete r  model for  standard 
germinat ion and potent ial germinat ion at harvest 

xiii 

ripeness  i n  the three wheat crosses . 1 3 6  

Table  4 6 . Estimat ion o f  the component s o f  generation means 
on a t we lve-parameter model for grain dry weight at 
harvest ripeness and maximum grain dry weight in 
the three  wheat crosses . 1 3 9  

Table  4 7 . Estimat ion o f  the components o f  generat ion means 
on a twelve-pa ramete r  model for base a-amylases at 
harvest ripeness and at embryo maturity in the 
three wheat crosses . 

Table 4 8 . Est imat ion o f  the components o f  gene ration means 
on a t we lve-pa rameter mode l for germinat ive a
amylase at embryo maturity in t he two wheat 
crosses . 

Table  4 9 .  Estimat ion o f  the component s o f  gene ration means 
on a t we lve-pa rameter model for GA3 a-amylase at 
harvest ripeness and at embryo maturity in the 
three wheat c rosses . 

Table  50 . Estimat ion o f  the components o f  gene rat ion means 
on a twelve -pa rameter model for pe rcent ster i l ity 
in the three wheat crosse s . 

1 4 1  

1 4 3 

1 4 4  

1 4 6  



LI ST OF FIGURES. 

Figure 1 .  The s t ructure of the wheat grai n . 

Figure 2 .  Genetic model ba sed on diploid and triploid scale . 

Figure A . 1 .  Changes i n  moisture content during grain 
development of the six generat ions o f  cross 1 wheat 
ripening in the wa rm environment . 

Figure A . 2 .  Change s i n  moi sture content during grain 
development of the six generat ions of cross 1 wheat 
ripening in t he cool environment . 

Figure A . 3 .  Changes i n  moisture content during grain 
development o f  the six generations of cross 2 wheat 
ripening in t he wa rm environment . 

Figure A . 4 .  Changes in moisture content during grain 
development o f  the s ix generat ions o f  cross 2 wheat 
ripening in t he cool environment . 

Figure A . S .  Changes i n  moi sture content during grain 
development o f  the six generations o f  cross 3 wheat 
ripening in the warm environment . 

Figure A . 6 .  Changes i n  moisture content during grain 
development o f  the six generat ions o f  cross 3 wheat 
ripening in the cool environment . 

Figure A . 7 . Change in standard germinat ion during grai n  
development o f  the six generations o f  cross 1 wheat 
ripening in t he warm environment . 

Figure A . 8 .  Change in standard germinat ion during grain 
development o f  the six generations o f  cross 1 wheat 
ripening in t he cool environment . 

Figure A . 9 .  Change in potentia l germinat ion during grain 
development o f  the six generat ions o f  cross 1 wheat 
ripening in the warm environment . 

Figure A . 1 0 .  Change in potent ial  germinat ion during grain 
development of the six gene rat ions of cross 1 wheat 
ripening in the cool environment . 

Figure A . 1 1 . Change i n  standard germination during grain 
development o f  the six generat ions o f  cross 2 wheat 
ripening in the warm environment . 

Figu re A . 1 2 .  Change in standard germination during gra in 
development of the six generat ions of cross 2 wheat 
ripening in the cool environment . 

xiv 

page 

8 

3 8  

1 9 6  

1 9 7  

1 9 8  

1 9 9  

2 0 0  

2 0 1  

2 0 2  

2 0 3  

2 0 4  

2 0 5  

2 0 6  

2 0 7  



XV 
Figure A . 1 3 . Change in potent ial germinat ion during grain 

devel opment of the s ix generations of  cross 2 wheat 
ripening in the warm environment . 2 0 8  

Figure A . 1 4 . Change in potent ial  germinat ion during grain 
devel opment of  the s ix generations of  cross 2 wheat 
ripening in the cool environment . 2 0 9  

Figure A . 1 5 . Change in standa rd germination during grain 
devel opment of the six generations of  cross 3 wheat 
ripening in the warm environment . 2 1 0  

Figu re A . 1 6 .  Change in standard germinat ion during grain 
devel opment  of  the six generat ions of  cross 3 wheat 
ripening in the cool environment . 2 1 1  

Figure A . 1 7 .  Change in potent ial  germinat ion during grain 
devel opment of  the s ix generations of  cross 3 wheat 
ripening in the warm environment . 2 1 2  

Figure A . 1 8 . Change in potent ial  germination during grain 
devel opment of the s ix generations of  cross 3 wheat 
ripening in the cool environment . 2 1 3  

Figure A . 1 9 .  Change in grain dry weight during grain 
devel opment of  the six generations of  c ross 1 wheat 
ripening in the warm environment . 2 1 4  

Figure A . 2 0 . Change in grain dry weight during grain 
development of  the six generat ions of  cross 1 wheat 
ripening in the cool environment . 2 1 5  

Figure A . 2 1 .  Change in grain dry weight during grain 
devel opment of the six generations of  cross 2 wheat 
ripening in the wa rm environment . 2 1 6  

Figure A . 2 2 . Change in grain dry weight during grain 
deve lopment of the s ix generations of  cross 2 wheat 
ripening in the cool environment . 2 1 7  

Figure A . 2 3 . Change in grain dry weight during grain 
development of the six generations of  cross 3 wheat 
ripening i n  the warm environment . 2 1 8  

Figure A . 2 4 . Change in grain dry weight during grain 
development of the s ix generations of cross 3 wheat 
ripening in the cool environment . 2 1 9  

Figure A . 2 5 . Change in base a-amylase during grain 
development of the s ix generat ions of  c ross 1 wheat 
ripening in the warm environment . 2 2 0  

Figure A . 2 6 . Change in base a-amylase during grain 
development of the s ix generations of  cross 1 wheat 
ripening in the cool envi ronment . 2 2 1  



xvi 

F igure A . 2 7 . Change in germinat ive a-amylase during grai n  
devel opment o f  the six generat ions o f  cross 1 wheat 
r ipening in t he warm environment . 2 2 2  

Figure A . 2 8 . Change in germinat ive a-amylase during grain 
devel opment o f  the six generati ons o f  cross 1 wheat 
ripening in t he cool environment . 2 2 3  

Figu re A . 2 9 . Change i n  GA3 a-amylase dur ing grain 
devel opment o f  the s ix generat ions of c ross 1 wheat 
ripening in the warm environment . 2 2 4  

Figure A . 3 0 . Change i n  GA3 a-amylase dur ing grain 
development o f  the s ix generations of cross 1 wheat 
ripening in t he cool environment . 2 2 5  

Figure A . 3 1 . Change i n  base a-amylase during grain 
development o f  the s ix generations of  cross 2 wheat 
ripening in t he warm envi ronment . 2 2 6  

Figure A . 3 2 . Change i n  base a-amylase during grain 
development o f  the s ix generat ions of cross 2 wheat 
r ipening in t he cool environment . 2 2 7  

Figure A . 3 3 .  Change in germinat ive a-amylase during grain 
development o f  the s ix generat ions of cross 2 wheat 
ripening in the warm environment . 2 2 8  

Figure A . 3 4 . Change i n  germinative a -amylase during grain 
development o f  the s ix generat ions of cross 2 wheat 
ripening in t he cool environment . 2 2 9  

Figure A . 3 5 . Change i n  GA3 a-amylase dur ing grain 
development o f  the s ix gene rat ions of  cross 2 wheat 
ripening in t he wa rm environment . 2 3 0  

Figure A . 3 6 . Change in GA3 a-amylase during grain 
development o f  the s ix generat ions of  cross 2 wheat 
ripening in the cool environment . 2 3 1  

Figure A . 3 7 .  Change in base a-amylase dur ing grain 
development o f  the s ix generat ions of  cross 3 wheat 
ripening in the warm environment . 2 3 2  

Figure A .  3 8 . Change in base a-amylase dur ing grain 
development o f  the six generat ions of  c ross 3 wheat 
ripening i n  the cool environment . 2 3 3  

Figure A. 3 9 . Change in germinative a-amylase during grain 
devel opment of the six generat ion s  of  c ross  3 wheat 
ripening i n  the wa rm environment . 2 3 4  

Figure A. 4 0 . Change in germinative a -amylase during grain 
devel opment o f  the six generations of  cross 3 wheat 
ripening in the cool environment . 2 3 5  



F igure A . 4 1 .  Change in GA3 a-amylase during grain 
development o f  the six generat ions o f  cross 3 wheat 
r ipening in the warm environment . 

Figure A . 42 .  Change in GA3 a-amylase during gra in 
development of the six generat ions of cross 3 wheat 
r ipening in the cool environment . 

F i gure A . 4 3 . Change in colour score during grain development 
of the six generations of c ross  1 wheat ripen ing in 

xvi i  

2 3 6  

2 3 7  

t h e  wa rm environment . 2 3 8  

Figure A . 4 4 .  Change i n  colour score during grain development 
o f  t he s ix generations of cross 1 wheat ripening i n  
t h e  c o o l  environment . 2 3 9  

Figure A . 4 5 . Change i n  colour sco re during grain development 
of the six generations of cross 2 wheat ripening in 
the warm environment . 2 4 0  

Figure A . 4 6 .  Change i n  colour score during grain development 
of t he six generations o f  c ro s s  2 wheat ripening in 
the cool environment . 2 4 1  

Figure A . 4 7 .  Change i n  colour score during grain development 
of the s ix generations o f  cros s 3 wheat ripening in 
the warm environment . 2 42 

Figure A . 4 8 .  Change in colour score during grain development  
o f  the  s ix gene rat ions o f  cros s 3 wheat ripening in 
the cool  envi ronment . 2 4 3  



LIST OF APPENDICES 

Appendix 1 .  The plant ing medium f o r  the wheat plants in the 
generation advance in the glasshouse . 

Appendix 2 The North Carol ina State University nut rient 
s o lut ion , used to feed the plant s in the glasshouse 
a nd i n  the c limate rooms . 

Appendix 3 . A P lant ing Dates and number o f  pot s planted with 
the s ix generations of  c ross  1 wheat in PPD 
glas shouse before trans fering to t he controlled 

xviii 

page 

190  

1 9 1  

c limate rooms . 1 92 

Appendix 3 . B P lanting dates and number o f  pot planted to  the 
s ix generat ions o f  cross 2 wheat in PPD glasshouse 
bef o re trans fering to the contro lled c l imate rooms . 1 9 2  

Appendix 3 . C P lant ing dates and number o f  pots planted with 
the s ix generat ions o f  c ross 3 wheat in PPD 
glas shouse before transfering to the cont rolled 
c l imate rooms . 

Appendix 4 .  Abbreviat ions and va riable names used in the 
experiment s .  

Appendix 5 .  Expected Mean squares in single envi ronment 
analysis of variance , random effect mode l . 

Appendix 6 .  Expected mean squares in combined analys is o f  
variance , random effect model . 

Appendix 7 .  Chi squ a re values in the test for  homogeneity o f  
e rror variance f rom t h e  warm and the cool 
envi ronment s .  

1 9 2  

1 9 3  

1 9 4  

1 9 4  

1 9 5 



• 

1 

CHAPTER 1 

INTRODUCTION 

THE NATURE AND OCCURRENCES OF PREHARVEST SPROUTING 

P reharvest sprouting in wheat ( Tri t i cum a e s t i vum L . )  is the 

germinat ion of  grains in the e a r  before harvest . This occurs when 

non-dormant whea t  cultivars a re grown in areas conduc ive t o  

germinat ion i . e .  moist weathe r condit ions during ha rvest ; or rainfall 

in t he summer during ripening periods . Mares ( 1 9 8 4 )  gave a definit ion 

for  p reha rvest sprout ing damage as "changes in the chemica l 

const ituents of  the wheat kernel which accompany ge rmination and which 

have deleterious e f fects on the subsequent commercial  ut i l izat ion o f  

the wheat " .  

The sprout ing damage problem i s  not confined only t o  actual 

sprout ing in the ear,  but a l s o  to  internal levels o f  a-amylase , which 

in s ome wheat cult iva rs can be exceptiona l ly high even in the 

unsprouted grains . Examples a re a white spring wheat cult iva r "Gamut " 

(Gordon e t  a 1 . , 1 9 7 9 ) , a wint e r  wheat cult ivar " P rofesseur Marcha l "  

( Stewart , 1 9 8 4 ) , and the Brit ish  cult iva r "Fenman" ( Co rnford and 

Bla c k ,  1 9 8 5 )  . 

Go rdon ( 1 9 8 0  ) has discus sed germinability,  dormancy and grain 

devel opment in wheat at length . He pointed out that diffe rent 

cult iva rs or the same cultiva r ripened in different environments have 

different patterns of grain development, and that dormancy could be 

due t o  e ither embryo immaturity,  embryo dormancy or the lack o f  

germina t i ve a-amylase . 

P reha rvest sprout ing damage reduces grain yield; test weight 

(which is the bul k  density of the grain , in pounds pe r bushel or  

kilograms per  hectolitre ) ; and f lour qual ity (McEwan , 1 9 5 9 ;  Belde rok,  

1 9 6 8 ; Derera e t  a l . ,  1 976;  Bhatt et al . ,  1 9 8 1 ;  Meredit h ,  1 9 8 3 ;  Lorenz 

et a l . ,  1 9 8 3 ) . Stoy ( 1 9 8 3 )  est imated yield losses to range from 10 % 
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to  a s  high as 3 0  - 5 0  % in yea rs with except iona l damage . The 

reduction of f lour quality results f rom increase in the act ivity of  

hydrolytic enzymes , particularly a-amylase ( Perten, 1 9 6 4 ; Bhatt e t  

al . ,  1 9 8 1 ) . High a-amylase level s  result i n  sta rch breakdown dur ing 

dough development and in early stages of baking giving " st icky" loaves 

with  an i r regul a r  crumb st ructu re (Buchanan and Nicholas , 1 9 8 0 ;  Evers 

and Stevens , 1 9 8 5 ;  Austin et  a l . ,  1 9 8 6 ) . Ma res ( 1 9 8 4 , 19g7b) 

empha s i zed that e ven a sma l l  number of  sprouted grains can 

i r revers ibly damage an otherwise h igh qua lity sample . 

To determine the a-amylase in the flour, a viscomet r ic method 

known as the "Fall ing Numbe r"  test  has been developed by Hagberg 

( 1 9 6 0 )  and Perten ( 1 9 6 4 ) . This method primarily measure s  the change 

in v i s cos ity o f  a heated suspension of ground wheat due t o  enzymat ic 

degradat ion of starch by a-amylase (Mathewson and Pome ranz ,  1 9 7 8 ) . 

Bakery-type wheat f lour normally has a Fal ling Number between 2 0 0  and 

2 5 0 , when the Fa l ling Number lies be low 1 5 0 ,  there is great dange r 

that the b read c rumb will be st icky (Perten, 1 9 6 4 ) . 

The problem o f  preha rvest sprouting i s  found in eve ry cont inent . 

One o f  the early reports o f  sprout ing damage in wheat was in the 

United Kingdom ( Gree r and Hutch inson, 1 9 4 5 ) . Mac Key ( 1 9 7 6 )  gave an 

extens ive list of a reas affected by preha rvest sprout ing . Inc luded in 

the l i st we re north Western Eu rope, the va l leys of the Alpine region, 

wes t e rn parts of Cent ral Europe, south Chi le, some reg ions of  

Argent ina, Bra z i l  north of 2 4° lat itude, Kenya , the United States, 

Aust r a l i a  and New Zealand . 

C l imat ic condit ions conducive to sprout ing can occur in any o f  

the wheat-growing dist rict s o f  New Zealand, but i n  some localit ies, 

such a s  Manawatu ,  the southern part of  the Canterbury P lains, and 

South land, sprout ing damage occurs frequent ly (McEwan, 1 9 6 7 ) . 

I n  western Canada , windrowing prior to  combine threshing has 

become a predominant harvest ing technique . Clark et al . ( 1 9 8 4 )  

reported that windrowing o f  wheat can lead t o  increased weathering 



damage , part icularly in suscept ible cultiva rs . I n  1 9 6 8 ,  Canadian 

wheat exported to  Japan showed elevated levels of a-amylase act ivity 

(Czarnecki,  1 9 8 7 )  . 
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In  the United States preha rvest -sprout ing o f  wheat is not a 

s e rious problem in the Great P lains because of favourable c l imat ic 

condit ions and modern rapid ha rvest techniques ( McCrate et a l . ,  1 9 8 1 ) . 

The a rea  affected by sprout ing damage is in the P acific  North West 

Stat e s , (Washington , Oregon , and Idaho ) ,  and in the Eastern States ,  

(Michigan in  particular and  New York)  (Briggle , 1 9 8 0 ) . Sprout ing 

damage in the Pacific Northwest may be caused by rain and the use of 

ove rhead sprinklers (Ciha and Goldstein,  1 9 8 3 )  . Cul t ivar differences 

between regions may also be one factor  determining the occurrence o f  

the problem . The Great P la in s  a rea produces the ha rd red wheat class 

whi ch is  suitable for mak ing bread, whereas the Pacific Northwest  is  

the p r incipal production a rea o f  the soft white wheat c lass which is 

suitable for making past ry ( Hehn and Barmore ,  1 9 6 5 )  . 

Wielenmann ( 1 9 8 0 )  reported that in Swit zerland ove r 42  per cent 

of t he total wheat crop was des troyed in 1 9 7 6  by preha rvest sprout ing . 

Sprout ing damage ,  resulting in high enzymatic act ivity, was considered 

to be the most  important problem in cereals in Sweden ( Olered, 1 9 6 3 ) . 

Aus t ralia is a count ry where white grain wheats are produced 

t raditionally . The cultiva rs used a re normally suscept ible to  

preharvest sprout ing . Ma res ( 1 9 8 7 a )  reported that in  Queens land 

sprout ing damage affects 1 5 - 2 0  % of the wheat harvest annua l ly . 

P reha rvest  sprout ing is cons idered a perennial problem in the wheat 

belt s o f  northern New South Wales and Queens land (Mares , 1 9 8 4 ) . 

Recently,  occurrences o f  p reharvest sprout ing in wheat in Asia 

have been reported . Fukunaka et al . ( 1 9 8 7 ) reported that seve ral wheat 

cult iva rs grown in Japan we re suscept ible to preha rvest sprout ing . In 

Chi n a ,  these p roblems were found in the southern winter wheat regions 

and n o rth-eastern spring wheat region where the wheat c rop matu red 

during a rainy period (Wu, 1 9 8 7 ) . 
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P reha rvest sprout ing i s  closely a ssociated with grain 

germinabil ity,  dormancy and enzyme activities in the grain at maturity 

{ a s  will be discussed in Chapter 2 ,  Review of Literature ) . The 

reports on the nature of gene effects of these t raits were sca rce . 

Acc ordingly,  this present study was carried out to investigate the 

gene e f fect s for  grain growth ,  maturity,  dormancy and a-amylase 

act ivity in three wheat crosses ripened in two environments .  It 

complement s the earlier work done by Gordon { 1 97 5 )  and Cross { 1 9 7 7 ) . 



5 

CHAPTER 2 

REVIEW OF LITERATURE 

I )  THE NATURE OF SEED DORMANCY 

It has been genera l ly accepted that seed dormancy is  the dominant 

caus e  of  resistance to preharvest sprout ing in  cereals . This  f irst 

sect ion o f  the review w i l l  give some details  on the nature and types 

of s eed dormancy . 

Seed dormancy or primary dormancy has been defined as a state in 

which viable seed fail t o  germinate under condit ions o f  moisture ,  

temperature and oxygen favourable for  vegetat ive growth ( e . g .  Amen,  

1 9 6 8 ) . Vil l iers ( 1 97 2 )  dist inguished dormancy f rom quiescence in that 

dormancy is  the state of a r rested development whereby the organ or 

organism, by virtue o f  its st ructure or  chemical composit ion, may 

pos s e s s  one or more mechani sms prevent ing its own germinat ion , but 

qui e scence is a state o f  a rrested development maintained solely by 

unfavorable environmenta l  conditions such as inadequate water supply . 

Another type of  dormancy is called seconda ry dormancy or  induced 

dormancy . In  this k ind of  dormancy,  the seeds are not init ially 

dormant , but become dormant i f  exposed to  condit ions which are 

unsuitable for germinat ion . An example o f  this  k ind of dormancy is 

whe a t  after exposure t o  high temperature (George , 1 9 6 7 )  . The term 

rel a t ive do rmancy is either used to  describe the s ituation where 

germinability is retained at lower temperatures and dormancy is  

man i fested at higher t emperatures (Vegis ,  1 9 6 4 ;  Bewley and Black,  

1 9 8 2 ) or applied to a populat ion of grains in a germination test when 

germination of viable seed is incomplete ( P . Coolbear ,  personal 

comunicat ion)  . 

Bewley and Black ( 1 9 8 2 )  divided prima ry dormancy into two types 

according to the causes ( i )  Embryo dormancy, where the cont rol o f  

dormancy res ides within the embryo i t s e l f  and ( i i )  coat-imposed 
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dormancy, in which dormancy is ma intained by the structures enclosing 

the embryo , i . e .  the seed coat . P ickett ( 1 9 8 9 )  added the thi rd type 

o f  dormancy to the c l a s s i f ication by Bewley and Black ( 1 9 8 2 )  as ( ii i )  

dormancy caused by germination inhibitors in the spikelet structures . 

I I )  DORMANCY OF WHEAT GRAIN 

Wheat gra ins are usual ly showed relative dormancy for a short 

whi le a fter ha rvest, and at that stage will not germinate at 2 0°C .  I f  

however the temperature is  lowered to 15°C ,  nearly all the grains 

germinate . After the loss of dormancy , germination occurs at both 

temperatures ( Bewley and Black,  1 9 8 2 ;  Bryant, 1 9 8 5 ) . There are many 

exceptions from the previous statement, the obvious one being when 

pre harvest sprouting o f  wheat or cerea l at maturity occurs because the 

grain a re not dormant at maturity . When the weather is wet during 

harvest time s ,  these gra ins will germinate in the ears . The dormancy 

which is  re levant to the preharvest sprouting problem is  the primary 

dormancy rather than secondary dormancy . 

The causes of dormancy in the wheat gra in has long been studied, 

but the information obta ined has rarely been put together to obtain a 

conc lus ive answer . This review will  only bring in some relevant 

information involving wheat gra in dormancy . The review will separate 

into 3 sub-topics : ( i )  structure of the wheat g ra ins ( ii )  the role o f  

gra in coat and ( i i i )  hormonal ef fects . 

I I . 1 ) Structure o f  the Wheat Grain 

A wheat gra in is  a ca ryops i s ,  a dry one-seed fruit . The pericarp 

( fruit c oat) envelops the seed and is fused with the thin seed coat 

(te sta ) . Together they form two protective layers around the 

endosperm and the embryo ( Bradbury et al . ,  1 9 5 6 a ) . The pericarp and 

the outermost tissues of the seed itsel f ,  including the aleurone 

layer ,  c omprise the bran . There was variation in the components o f  

bran . Meredith ( 1 9 67 )  cons idered that bran did not include a leurone 

laye r . The difference in component of the bran arises f rom the 



7 

variation in percentage of  the f lour recove red f rom mil ling proces s .  

Dewdney and Meredith ( 1 9 7 9 )  stated that " In countries where the 

ext raction rate of flour f rom wheat grains is below 72 % the aleurone 

is not included in the f lour" . 

From the outs ide inward ,  the perica rp o f  wheat is  composed o f  

epidermis ,  hypodermi s ,  thin-walled cells , intermediate cel l s , cross 

cel l s ,  and tube cells . The seed coat ( test a )  i s  located between the 

per i c a rp and the nucel l a r  epidermis and is f i rmly joined to either 

tube cells  or cross  cells  on the out s ide and to the nucellar  epide rmis 

on t he ins ide . The seed coat may be separated into 3 layers : a thick 

outer  cut icle , a " co lour layer"  that contains pigment , and a very thin 

inner cuticle (Bradbury et al . ,  1 9 5 6b ) . This cuticular l ayer inside 

the testa is derived f rom the nucellus (Cochrane and Duf fus , 1 9 7 9 ) . 

The endospe rm conta ins the a leurone layer which is an unicel lular 

laye r in wheat (Phillips and Pa leg, 1 9 7 2 ) , and the starchy 

endosperm which is non-living tissue in the quiescent cereal 

caryopsis , containing ca rbohydrate and protein reserves ( King, 1 98 9 ) . 

The embryo is located in the dorsal  s ide at the base o f  the caryopsis  

and comprises the scutellum, and embryonic axis . The embryonic axis 

comprised o f  shoot meristem covered by the coleoptile and root 

meristem covered by the coleorhiz a . Between the endosperm and embryo 

there is a layer of epithelial cells . The empty endosperm cells close 

to the epithel ial layer formed the "crushed laye r "  (Perciva l ,  1 92 1 )  . 

Scutellum is the rudimentary cotyledon in the embryo . 

The pericarp is  diploid t issue which has the same genet ic 

const itut ion as  the maternal plant . Endospe rm i s  triploid developed 

f rom the primary endosperm nucleus , which is f ormed by the fusion o f  

two haploid polar nuclei and the second haploid nucleus o f  a ma le 

gamete . The embryo is diploid derived from the f usion of a haploid 

ovum and a haploid pollen nucleus . Diagram o f  the wheat grain 

structure is presented in Figure 1 .  
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Figure 1 .  Diag ram showing the st ructure of the wheat grain 

(modified from Bewley and Black, 1978). 

I I . 2 ) Role o f  Grain Coat 

8 

The grain coat has been cons ide red as  a cause o f  dormancy in  

wheat in one  o f  the following ways ; ( i )  by  prevent ing the uptake of  

water ( ii )  by prevent ing the gaseous exchanges (oxygen o r  carbon 

dioxide ) ( ii i )  inhibit ing germination by inhibitors in the coat ( iv )  

impos ing a mechanical restraint to the embryo . Each o f  these 

hypotheses has been tested with diffe rent results . 

Wheat grains will  often germinate i f  the pericarp is removed 

(Belderok, 1961). Radley (1979) reported that the isolated embryos o f  

winter wheat cv . Cappelle Desprez germinated readily f rom 3 . 5  weeks 

after anthesi s ,  where as the intact grains did not germina te unt il  

nearly 7 weeks after  anthesis . Remova l o f  the outer  pericarp 

permitted the gra in to germinate at a young age like the i s ola ted 
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embryo . Wel l ington ( 1 95 6b)  observed that the e f fect o f  the cove ring 

l ayers did not appea r  to be related t o  the i r  permeability to wate r  or  

oxygen . Instead, dormancy was caused by the mechanical strength of  

the cove ring layers (We l lington,  1 9 5 6b ;  Wel lington and Durham, 1 9 6 1 )  

I n  cont rast ,  Miyamoto e t  a l .  ( 1 9 6 1 )  conc luded f rom germination tests 

of exc ised wheat embryo which had adhering s eed coat layers that the 

mechanical strength of the seed coat was not the cause of grain 

dormancy neither was dormancy caused by res t ricted water or  oxygen 

upta ke . Previous ly,  Miyamoto and Everson ( 1 95 8 )  carried out an 

ana lysis  o f  the pigment in the wheat grains . Several varieties  o f  

wheat were grown e ither i n  the f ield o r  in  t he greenhouse and were 

ha rvested at the dough stage . The grain coverings were then sepa rated 

into two f ract ions , the pericarp and the seed coat with a port ion o f  

a leurone layer adhering . They found a c lose positive corre lat ion 

between the degree of grain redness  and the quant ity of  catechin and 

catechin tannin present . The amount o f  c atechin and catechin tannin 

was found mainly in t he seed coat whi le the pericarp contains only a 

trace  amount . M iyamoto and Everson ( 1 9 5 8 )  postulated that post 

harvest dormancy in wheat might be caused by an inhibitor which could 

be c atechin, catechin tannin or  their p recusors . 

Catechin tannins (or  condensed tannin s )  a re formed by the 

condensat ion of hydroxyflavans i . e .  catechins ( flavan-3-ols ) o r  

leucoanthocyanidin ( f lavan-3 , 4 -diols )  ( Ribereau-Gayon , 1 97 2 ) . These 

phenolic compounds a re precusors of  the red p igment phlobaphene . 

Polymerization o f  cat hechin tannin to phlobaphene involves the enzyme 

complex polyphenol  oxidase (Tane j a  and Sacha r ,  1 97 4 ;  Tanej a  e t  a l . ,  

1 9 7 4 ) . 

Gordon ( 1 9 7 5 )  conducted an experiment t o  test the e f fect o f  

f l avan-3-ols i n  inhibit ing the germinat ion o f  the wheat gra in in vivo. 

One and a half yea r  old seeds of  two white-grained (Gamut and 

Timg alen) and 2 red-grained genotypes ( Senora 64A and Pembina ) were 

used . Gra ins were imbibed in six concent rations o f  cathechin 
-1 solut ions ( 0 ,  1 0 ,  5 0 ,  1 0 0 ,  2 5 0  and 5 0 0  J.l.g . ml ) . The result showed 

that concentrat ion of catechin solutions l1 • •  J no ef fect on the level o f  
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flavan-3-ol i n  the grains a fter 2 4  hours imbibit ion . The variation of  

f l avan-3-ol among genotypes was due t o  the endogeneous leve l prior to 

imb ibit ion . The result o f  germinat i on test of  the grains a fter 72  

hour s  imbibit i on was analysed by Freedman ' s  rank Chi-square . The 

result indicated t hat there were no s igni f icant differences among the 

genotypes or among the solution concent rat ions in germinat ion 

f ract ion . Furthermore the correlations between flavan-3-ol  levels  in 

the imbibed gra ins  and germinat ion f raction were +0 . 6 2 2  (**) and 

+ 0 . 9 8 1  (*) for phenotype and genotype respect ively . The pos it ive 

correlat ions obl iterated the hypothes i s  that flavan-3-ols inhibited 

germinat ion . 

Stoy and Sundin ( 1 9 7 6 )  tested the inhibitory effect o f  catechin 

t annins on the germination of  i so lated wheat embryos . They found that 

0 . 3  % catechin tannin inhibited the germinat ion of wheat embryo s ,  and 

the i nhibitory e ffect of catechin tannin was eliminated if 1 0 - 6  M GA3 

was added into the agar . Gordon ( 1 9 7 9  ) i nvest igated the level of  

f lavanols ( f lavan- 3 -ols and flavan- 3 , 4-di o l s )  in four wheat cultivars 

with diffe rent grain coat colour and dif fe rent levels o f  dormancy . He 

reported no difference in level of  f lavanol s  in the four genotypes and 

concl uded that flavanol s  did not inhibit germination in vivo. He 

p roposed two hypotheses l inking embryo dormancy with grain redness : 

( i )  the polyphenol oxidase complex, which polyme r i zes f l avanols 

to the putat ive pigment phlobaphene , cont ributes towards embryo 

dormancy by induct i on of hypo-oxia , o r  

( i i )  that the pigment itself and it t a nnin complexes cause hypo-

oxia . 

Belderok ( 1 9 6 1 )  reported that disulfide and thio groups in the 

cel l wa l ls of the outer layers of the ca ryops is were corre l ated with 

dormancy . Paulsen and Heyne ( 1 9 8 3 )  reported the existence of 

inhibitor ext racted from pericarp of  wheat grain . The inhibitor has 

an  inhibit ing e ffect on the germinability o f  excised embryos .  The 

inhibitor has been cha racterized as a phenolic derivat ive ,  soluble in 

water ,  present in both red and white gra in wheat genotypes and did not 

dimi nish dur ing a fter-ripening . Recently Morris and Paulsen ( 1 9 8 8 )  
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f ound that the bran f raction o f  the milled white wheat grain contained 

a ge rminat i on inhibitor . The inhibitor was soluble in wate r  and up to 

9 0  % ethanol ,  insoluble in pet roleum ethe r ,  and heat stable . 

It has  been observed that cultivars with red grain were more 

do rmant than cultivar s  with white grain ( Hutchinson et a l . ,  1 9 4 8 ; 

Wel lington and Durham, 1 9 5 8 ; Gfeller  and Sve jda , 1 9 6 0 ; Everson and 

H a rt , 1 9 6 1 )  . However a disc repancy f rom this relationship have been 

reported . For  example Derera et a l . ( 1 97 7 )  have ident i fied white seed 

coat wheat s  possessing a relatively h igh degree of  dormancy e . g .  

Kenya 3 2 1  s ib and Ford . Some red grain cultivars has little  o r  no 

do rmancy e . g .  Sonora 6 4A (Gordon , 1 9 7 9  ) . Re itan ( 1 9 8 0 )  found that 

intensity of gra in coat colour was poo rly correlated with seed 

dormancy ( r  = 0 . 3 8 7 ) . Also Gordon ( 1 9 8 3b )  reported a mode rate 

negative corre lat ion between grain redne ss and sprouting a s  j udged by 

grain appea rance . Some white-gra ined wheats have shown to  be 

sprout ing res istant ( Go rdon , 1 9 8 3a ) . 

Huang et al . ( 1 9 8 3 )  studied the caryops is st ructure o f  1 4  

cult ivars o f  wheat by scanning elect ron microscopy . they reported 

that white wheat cult ivars exhibited looser integument st ructu re and 

greater sepa rat ion between the seed coat and tube cells of the inner 

pericarp than did red wheat cultiva r s . The pericarp o f  wh ite wheat 

wa s f requen t ly fo lded and generally weaker than t hat of  red wheats . 

Wate r  was imbibed faster and penet rated deepe r into the kernel o f  the 

white wheats  than into the kernels of the red wheats . Wel l ington 

( 1 9 5 6 )  obse rved that the de lay in germinat ion of  the red grains was 

due to constra int imposed by the intact epidermi s being greater  than 

in the white grains . Also Belderok ( 1 97 6 )  reported that the testa o f  

a sprout ing res i stance wheat mainta ined i t s  integrity beyond grain 

matu rity whe reas the st ructure of  testa in susceptible cultivars 

became granu l a r  before maturity . All the obse rvat ions related to  the 

mechanical ba r riers imposed by grain coat lend support to the proposed 

hypotheses of hypo-oxia which might inhibit germination ( Go rdon , 

1 9 7 9b ;  1 9 8 0 )  . 
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I I . 3 ) Hormonal E f fect on Grain Do rmancy 

It has  been suggested that seed dormancy may involve an  interplay 

between endogenous growth inhibiting and growth promot ing substances 

(Amen , 1 9 6 8 ; Villie r s ,  1 97 2 ; Vil l ie rs and Wa reing, 1 9 6 5 ;  Khan,  1 97 5 ;  

Mayer and Po l j akoff -Mayber ,  1 9 8 2 )  . 

I I . 3 . 1 ) Gibbere llic  Ac id (GA) 

The gibberellins are genera l ly recogni zed as regulators  o f  growth 

and devel opment of  higher plants ( Hedden et a l . ,  1 9 7 8 ) . The pathway 

leading to the formation of  GAs comprises three steps : ( 1 )  mevalonic 

acid to  kaurene , ( 2 )  kaurene to GA1 2 -aldehyde and ( 3 )  GA1 2 - a ldehyde to 

GAs (Khan , 1 9 8 2 ) . 

Mounla and Michael ( 1 9 7 3 )  measured the amount of "bound" GAs and 

" f ree" GAs in  t wo va riet ies of  ba rley . They reported that "bound" GA 

act ivity f e l l  t o  a low level on the 9th  day after pol lination,  and 

increased t owards a maximum on the 32nd day , after that it dec reased 

again up to maturity . S lominski et a l . ( 1 97 9 )  a lso obt a ined a similar 

result with barley, they found that the peak o f  GA3 concent rat ion 

occured at  mil k  ripeness (about 2 0  days after anthesis ) . In wheat ,  

the  gibbel l in content of  grains increa s ed unti l  3 weeks a ft e r  anthesis 

then decreased (Wheeler,  1 9 7 2 ) . Mounla and Michael ( 1 97 3 )  postulated 

that bef o re the 32nd day after pol l inat ion, pa rt o f  the " f ree" GAs was 

c onverted to "bound" GAs . Thei r  result s showed that after  12th  days 

f rom pol l i nat ion the curves for t he rate of dry we ight increase and 

for " free " GA-content run more or less  parallel  to each othe r  but the 

GA content reaches its maximum 2 - 4  days earlier than that of the dry 

weight . They p roposed that GA may a ffect the assimilat i on of dry 

weight in the grain . Radley ( 1 97 6 )  reported a sharp inc rease in GA at 

the time when wheat gra ins reach its maximum volume but the dry weight 

is still  low . 

Even though a build-up of  active GA might be essent i a l  for  seed 

development and growth ,  other factors , including other promoters and 

i nhibitors might modify GA cont rol of s eed growth ( Khan , 1 9 8 2 ) . 
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Gibberellic  a c i d  at t he concentrat ion as  low a s  2 0 0  ppm u p  t o  0 . 1  

% can replace the low temperature t reatment in dormancy breaking in 

wheat ( Belkendam and Bruinsma , 1 9 6 5 ;  Kahre , e t  a l . ,  1 9 65 ) . In  wheat , 

Radley ( 1 9 7 6 )  found no correlat ion between the content o f  f ree GA and 

the germinabi lity o f  e ither isolated embryos or intact grains at 

various t ime a fter anthesi s . However the bound growth substances 

released by enzyme action showed some corre lation with germinat ion . 

Exogenous applicat ion o f  gibberellic  acid ( 1 0  �g ml-1 ) to  the intact 

gra in st imulated germinat i on during the later stages o f  development 

(Radley, 1 9 7 9 ) . Gos ling et a l . ( 1 9 8 1 )  showed that exogenous 

appl icat ion of GA3 at l 3°C stimulated both the rate and maximum 

percentage germinat ion o f  young wheat gra ins but the e ffects became 

les s pronounced as grain development proceeded . 

Gibberellin regulates the synthesis  o f  a-amylase in germinat ing 

wheat grain (Rowsell and Goad, 1 9 6 4)  and in ba rley (Va rne r ,  1 9 6 4 ;  

Va rner and Chandra , 1 9 6 4 ; F ilner and Varner ,  1 9 67 ;  Jacobsen and 

Va rner,  1 9 6 7 ) . Groat and Briggs ( 1 9 6 9 )  inve s t igated the format ion o f  

a-amylase in germinat ing barley and observed the t ime l a g  between the 

appearance of  gibberellin in the endosperm and the appea rance of a

amylase . They concluded that gibberellin originated from embryo was 

important in regulat ing the synthesis  of a-amylase in the aleurone 

layer in ma lting grain . 

Evins and Varner ( 1 97 1 )  reported that gibberellic a c id increase 

the rate o f  synthesis  o f  the endoplasmic ret iculum in barley a leurone 

ce l ls . They suggested that the increase in endoplasmic ret iculum 

synthe s i s  precedes and is probably required for the GA- induced 

synthe s i s  and release of hydrolyt ic enzyme s . Baulcombe and Buffard 

( 1 9 8 3 ) , us ing hybridi zation and in vit ro t ranslation techniques , 

demonst rated that GA3 influenced the actual leve l of a-amylase mRNA, 

thus  one cont rol point for the hormone is at the t ranscriptiona l 

leve l . More recent ly, this  has been confi rmed in more deta i l  in the 

barley system by Deikman and Jones ( 1 9 8 6 )  . 
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Trewavas and Cleland ( 1 9 8 3 )  have discus sed the important of  plant 

hormones in regulat ing the developmental  processes  in plant . They 

have an opinion that sensit ivity of t issues to plant hormones (plant 

growth substances ) has an important role in dete rmining the 

developmenta l  processes . Trewava s contended that only the tissues 

sensitivity alone dete rmined the development a l  processes , while 

C le land t hought that both the concent rat ion o f  the hormones and the 

sensitivity of the t i s sues were import ant . The results of experiment 

by Wa lke r - S immons ( 1 9 8 7 )  and by Wiedenhoeft et a l . ( 1 9 8 8 )  in wheat 

supported this hypothe s i s  ( see sect ion I I . 3 . 2  this chapter ) .  Paulsen 

and Heyne ( 1 9 8 3 )  have reported that the abi l ity o f  the embryos to 

respond t o  the endogenous inhibitor was high in f resh seeds and 

dec reased during after-ripening . They observed that embryo of  

sprout ing resistant genotypes have st rong response to endogenous 

inhibitor .  The inhibit o r  was not ident ified but was cha racterized 

( see also  I I . 2  this chapte r ) .  

In wheat , the insen s it ivity to GA in some cultivars has been 

reported . Gale and Marsha l l  ( 1 9 7 3 )  found that dwarf wheat cultivars 

"Minister Dwa r f "  and " Tom Thumb" are insensit ive to GA and thus do not 

produce a-amylase in response to the hormone . Gale and Ma rshal l  

( 1 97 5 )  have shown by an embryo t ransplantat ion technique that the lack 

of response was a function o f  endosperm t issue and that GA release 

f rom the embryos of  insens itive genotypes during germination was 

s imi lar  t o  that of sensit ive genotypes .  

Both Radley ( 1 9 7 0 )  and Gale and Ma rshal l  ( 1 9 7 5 )  reported that GA

insensitivity in the Norin type dwa rfs manifested its ef fect only in 

the shoot , but the aleurone or endosperm of these cultivars respond to 

GA in  a s imilar  manner t o  the seeds o f  tall  wheat s . The GA 

insensit ivity in the a leurone appeared to be cont rolled by dif ferent 

genes f rom the GA insens it ivity in the shoot , or in the coleopt ile 

( see also sect ion VI I . 2 ,  this chapte r ) . 

Ho e t  a l . ( 1 9 8 1 )  studied the e ffect o f  GA in two wheat 

cult ivars : 0 6 8 9 9 ,  a GA insensit ive dwar f  wheat , and Nainari 6 0 ,  a 

standard height cultiva r . They f ound that both cultivars have the 
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same upta ke and metabolism o f  gibberellin,  and the abs c i s i c  acid 

level s  in both cult iva rs are not much dif ferent . King e t  a l . ( 1 9 8 3 )  

obta ined s imilar results when they compared dwa rf and t a l l  wheats for 

abscisic  a c id levels in either turgid or part ia l ly dehydrat ed leaves . 

They f ound no di f ferences in ABA level between the two types of  wheat ,  

which impl ied that ABA was not involved i n  any GA insensit ivity 

mechani sm .  

The aleurone t issue o f  immature wheat grains i s  usually non

respons ive to gibberel l in,  with respect to a-amylase p roduction . In 

the immature grains the responsiveness can be induced by drying 

(Nicho l l s ,  1 97 9 ;  King and Gal e ,  1 9 8 0 ;  Armst rong et a l . ,  1 9 8 2 ) . 

Enhanced sensit ivity result ing f rom drying is  not caused by a change 

in gibbe re llic  acid uptake . A pos s ible mechanism for the change in 

the sensit ivity of a leurone cells  might be through st ructural 

a lterat ions in cell  membranes ( Armst rong et a l . ,  1 9 8 2 ) . 

Nichol l s  ( 1 9 8 6a )  has shown t hat dehydrat ion is not necessary and 

that det achment a lone is sufficient for the development o f  GA3 

sensit ivity . In t he later experiments (Nicho l l s , 1 9 8 6b ) , the wheat 

e a rs were cultured on a medium conta ining sugar . In this  condition 

t he loss  of water f rom the ears  was very l i t t le . The results showed 

that GA3 sens itivity in the a leurone of grains f rom cultured ears was 

c omparable to the sens it ivity o f  a leurone of  grains f rom the dried 

ears . 

King ( 1 9 7 6 )  reported the e f fect of premature drying of  wheat 

grains on germinability . As early as  10 days a fter anthe s i s  and at 

a nyt ime thereafter grain germinati on and amylase induct ion were 

poss ible if t he grain was air-dried in the e a r  for only 1 week . He 

c oncluded that grain drying may a c tually enhance ABA breakdown . 

Detaching wheat grains f rom the ear and maintaining them under 

c ondit ions o f  high humidity for  an  equivalent t ime to the drying 

t reatment occasiona lly result s in the induction of a GA-respons ive 
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produced a-amylase when the t is sue is excised f rom the grain and 

incubated on agar (Cornford et a l . ,  1 9 8 7 ) . 
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S ingh and P aleg ( 1 9 8 4 a )  f ound that low temperature ( 5°C ) 

sign i f i cant ly inc reases gibberel l ic acid sensit ivity (measured as a

amylase production)  . This low temperature induction o f  GA3 

sens it ivity was f ound to be operat ive in a leurone tissue o f  the dwar f  

variet ies c arrying at least one o f  the three Rht allele s . They 

postulated t hat the low temperature effect probably involved an 

increase in act ive hormone ( GA3 ) receptor s ites . Singh and Pa leg 

( 1 9 8 4b )  further observed that low t emperature a lso caused the changes 

in the content of the lipids , especially phospholipids . This result 

suggests  that GA3 receptor s ites  a re membrane based as  had been 

p roposed by Wood and Paleg ( 1 97 2 ,  1 97 4 )  . The content ion that 

sensit ivity t o  GA3 involves membranes was supported by Armst rong et  

a l . ( 1 9 8 2 ) . 

Khan e t  a l . ( 1 97 3 )  studied the GA-induced enzyme f o rmat ion in the 

embryoless  grains of wheat cv . Yorkstar . Their  results demonst rated 

t hat in the absence of  GA3 the embryoless grain is unable t o  

s ynthes i ze a-amyla se . Yorks t a r  wheat  has a high percentage o f  

embryoless  grains ( about 1 0 - 1 1  % )  . This phenomenon lead some 

s cient is t s  t o  think of  the pos s ibility to produce embryoless  wheat for  

b read making purpose (Marsha l l ,  1 9 8 7 ) . I f  the p roduction of  

embryoless grains o f  wheat is attainable it would be a better approach 

to solving t he sprout ing problem compared to  the proposed " RaiKai 

P rocess "  whereby grains were cut so  that embryo attached pa rt could be 

grown and deembryonated part could be milled (Me redith ,  1 9 62 ;  Meredith 

a nd P omeranz ,  1 9 8 5 ) . 

Othe r hydrolytic enzymes which were produced by a leurone of  

germinating grain o f  barley when t re ated with GA3 included p rotease 

( Jacobsen and Varner ,  1 96� and a-glucosidase (Hardie , 1 9 7 5 )  . 
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I I . 3 . 2 )  Abscisic  Acid (ABA) 

Addicott and Lyon ( 1 9 6 9 )  have reviewed the role o f  abs c i s ic acid 

( ABA) i n  plants as  ( a )  acceleration o f  abscis ion in f ruits  and leaves ; 

(b )  induct ion and p rolongat ion o f  dormancy in the shoot o f  dedicious 

t rees and in tubers ; ( c )  inhibition of germinat ion by prolonging the 

dormancy of seeds ; and (d)  inhibit ion of  f lowering of  long-day plants 

when held under short days . 

Milbor row and Robinson ( 1 97 3 )  have demonst rated that ABA can be 

synthes i zed f rom meva lonate in the embryos and endosperm o f  developing 

wheat grains . The increase in grain ABA level s  during development 

could a r i s e  f rom de n ovo synthes i s  of ABA within the gra i n ,  or from 

t ransport o f  ABA synthe s ized e lsewhere in the plant into the grain via 

the phloem, or f rom a combinat ion of these proces ses ( Jacobsen and 

Chandler ,  1 9 8 7 ) . However ,  King ( 1 97 9 )  has demonst rated that in 

detached, cultured ears of wheat  t he content of ABA s t i l l  increased to 

the same extent as in the grain of ea rs on plant s  in the glasshouse . 

Radley ( 1 97 6 )  found that a strikingly high concent rat ion o f  ABA 

occurred in the outer pericarp 3 weeks after anthesis but later most 

of the ABA was  found in the endosperm and surrounding l ayers . The 

maximum peak o f  ABA in the wheat grain was reported to occur at about 

4 0  days after  anthes i s  (McWha,  1 97 5 ;  King, 1 97 6 ;  King, 1 97 9 ) . The 

peak of ABA level occurred at about one week before maximum dry weight 

(McWha , 1 97 5 )  and it preceded the wate r  loss  f rom the gra in ( Radley, 

1 97 6 ) . The bulk o f  ABA in an e a r  was in the grain ( 9 5 % )  and the husk 

contained only 5 % of the total ABA . Within the grain , the embryo 

cont ributed 1 9  % ,  the testa and e ndosperm cont ributed 7 6  % ( King, 

1 9 7 6 ) . He a lso  obse rved that f u l l  germinability was attained 4 0 - 6 0  

days after  anthesis  i n  assoc iat ion with the loss o f  gra in water and 

decrease i n  ABA . He suggested that the accumulat ion o f  ABA at  the 

later stage of the grain growth prevented precocious germinat ion and 

p remature hydrolys i s  of starch reserves of  the morphologically  mature 

but s t i l l  unripe grain . Koch et  a l . ( 1 9 8 2 ) reported that exogenous 

applica t i on of ABA ( 1  �g/ 1 )  inhibited radi c le growth of both sprout ing 



1 8  

res istant and suscept ible cult ivars i n  the absence of pericarp t issue . 

But when a portion of  pericarp was left attached to the embryo , the 

germination was inhibited only in res i stant cult ivars . 

In  barley,  H iggins et a l . ( 1 9 8 2 )  reported that ABA reve rsed a l l  

the e f fects o f  GA3 o n  protein
· 

synthes is and mRNA level s  i n  t he 

a leurone l ayers . Thi s  result was supported by Chandler  e t  a l . ( 1 9 8 4 ) . 

Mundy ( 1 9 8 4 )  reported that ABA induced the a-amylase inhibitor in 

barley a leurone l ayers and suggested that the inhibitor  funct ioned as 

an  act ive mediator of amylase activity during the development and 

germinat ion of bar ley seeds . Stoy and Sundin ( 1 97 6 )  showed that 

germination of isolated wheat embryos was inhibited if 5 x 1 0 -5 M of 

ABA was added . GA3 at the level o f  1 x 1 0 - 5  M suppressed t he e f fect 

o f  ABA . 

However ,  Verry ( 1 97 8 )  reported that the concentrat ion of  ABA in 

developing wheat grains was not related to e ither dormancy o r  t o  

maturat ion a n d  dehydration of t h e  grain . Radley ( 1 97 9 )  a l s o  found no 

obvious relat ionship between changes in ABA and germinab i l ity . of 

wheat grains . The results of an expe riment by Walker-S immons ( 1 9 8 7 ) 

showed that embryonic ABA level s  o f  a sprout ing resistant wheat 

cult ivar ,  Brevor,  and a suscept ible cultiva r ,  Greer ,  a re s imi l a r . The 

embryonic levels in the cult ivar Greer average 7 5  % that of the 

sprouting res i stant cultivar Brevor . However ABA inhibited embryonic 

germination more i n  the sprout ing res istant cult ivar than in the 

susceptible cultiva r . Wiedenhoeft e t  a l . ( 1 9 8 8 )  compa red endogenous 

levels  of ABA in t he embryo and rate of germinat ion of  embryos in two 

cultivars of wheat grown in the f ie ld in two different years . The 

embryonic ABA level s  during gra in development are within the range of  

t he previous reports ( c f . King, 1 97 6 ;  Radley,  1 9 7 9 ;  Wa l ke r - S immons ,  

1 9 8 7 ) . F ree embryonic ABA was influenced more by environment and 

stage o f  development than by cultiva r . No consistent relationship 

between endogenous levels of ABA and embryonic germinabil ity in water 

at any stage during embryonic development has been reported . But 

exogenous l y  applied ABA reduced the rate o f  germination o f  dissected 

embryos , rega rdle s s  of  year,  cult iva r ,  or stage of  deve lopment when 



1 9  

compa red t o  germination in wate r .  The resistant cu1t ivar Brevor was 

inhibited more than the suscept ible cult ivar G reer . Wiedenhoeft et  

al . ( 1 9 8 8 )  postulated t hat dif fe rence in emb ryonic sens itivity to ABA 

may cont ribute t o  cult ivar dif fe rences in res i stance to preharvest 

sprout ing . 

I I . 3 . 3 ) Cytokinins 

Cytokinins a re ubiquitous in plant s either as free substances or 

as st ructural component s of t -RNA, the i r  e ffect has been postulated to 

trigger mitosis ( Ha l l ,  1 9 7 3 )  . A t ransient peak of  biologically act ive 

cytokinins has been detected in developing wheat grains during the 

f i rst six days a fter  f e rtili zation (Wheeler ,  1 972 ; Durley and Morris , 

1 9 8 3 )  . In  wheat grain,  cytokinins were local i zed largely  in the 

endosperm and cytokinin was higher in normal gra ins compared with the 

natural ly embryoless  seeds suggesting that the presence of an embryo 

is es senti a l  for  synthesis or accumulat ion of this hormone ( Thomas et 

al . ,  1 9 7 8 ) . Exudates f rom young stems contained cytokinins and this  

may o riginate in the roots and move to the  ears  through the stems 

(Wheeler,  1 97 2 )  . 

Eastwood et  al . ( 1 9 6 9 )  reported that the endosperm o f  wheat 

cont a in a compound which has cytokinin act ivity and which was 

respons ible for the induction o f  essent i a l  met abolic processes in the 

aleurone cells o f  the germinat ing wheat grain . The mechanisms of  

act ion of  cytokinin in germinat ion is not known . Applied cytokinins 

usual l y  display low act ivity in dormancy and germinat ion cont rol 

compared e ither t o  ABA or  GA . The i r  activit ies  are prominent when 

combined with other p romot ive agent s such as GA, l ight , and ethylene 

(Taylorson and Hendricks , 1 9 7 7 )  . The role of cytokinins could be t o  

control  the movement o f  gibberel lins and othe r plant chemicals  within 

and f rom the embryo thus triggering other biochemical processes 

leading to germination ( Thomas , 1 9 7 7 ) . 
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I I I )  P REHARVEST SPROUTING IN WHEAT 

It was generally a ccepted that seed dormancy was the dominant 

cause of  preharvest sprout ing res istance in cereals  ( Ha rrington,  1 9 4 9 ;  

Belderok, 1 9 6 8 ) . However ,  there are many other f actors which may 

c ont r ibute to preharvest sprouting res istance . Derera et  al . ( 1 9 7 7 )  

reported the presence o f  ge rminat ion inhibitors in the bracts o f  the 

wheat cultivar Kleibe r . King ( 1 9 8 4 )  found that 1 8  % of the varietal 

differences in sprout ing can be accounted for by differences in ear 

and grain water uptake . King and Richards ( 1 9 8 4 )  have shown that 

wheat line� with awns absorbed more water and showed greater sprout ing 

in the ear compared with the awnles s  near-isogenic  lines . Furthermore 

t he y  f ound that the "club-head'' character enhanced ear water upta ke 

whereas pubescence and glaucousness  had no e f fect on ear  wet t ing . 

They suggested that select i on for awnless l ines w i l l  cont ribute t o  

sprouting res istance to some extent . 

Endosperm insens itivity to gibberel l ins in wheat has been 

reported to be a factor cont ributing to sprout ing resi stance ( Gale and 

Marsh a l l ,  1 97 3 ;  Gale,  1 97 6 ;  Derera et al . ,  1 97 6 ;  McMaster ,  1 9 7 6 ) . 

This  characteristic w i l l  be discussed later in section VII . 2 . 

Numerous characters  have been used as  indicators of  preha rvest 

sprout ing re s i stance . S ome characters are direct measurement s  of  the 

sprout ing propens ity, e .g . radicle elongation,  whi le others a re 

related to endosperm deg radat ion or  levels  o f  enzyme act ivit y .  

D i f fe rent types o f  germinat ion test have been used t o  measure 

p reha rvest sprouting res i stance e . g .  germinat ion test ing of threshed 

s eeds or intact spikes in wet sand (Harrington and Knowles , 1 9 4 0 ;  

E ve rson and Hart , 1 9 6 1 ;  McEwan , 1 9 7 6 ) ; art if i c i a l ly wett ing the i nt a c t 

spikes ( Hutchinson et al . ,  1 9 4 8 ;  McMaster and Derera ,  1 97 6 ;  Gordon et  

a l . ,  1 97 7 ) . Hagemann and Ciha ( 1 9 8 4 )  compared ge rminat ion tests w ith 

intact spikes and threshed seeds at different temperatures .  The i r  

comparison w a s  based o n  three winter wheat cult ivars varying i n  

s uscept ibility to preharvest sprout ing which were grown in s ix 
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different environments .  The methods which were considered a s  

e f fect ive had to show s igni ficant di fferences in both cult ivar and 

environment e f fect at a given ge rminat ion temperature . They concluded 

t hat a germinat ion test using intact spikes rolled in pape r towels  and 

t he test us ing threshed seeds in Pet ri dishes at 2 0°C were e f fect ive 

methods in different iating dormant cultivars f rom non-dormant 

cultiva r s . 

Gos l ing et a l . ( 1 9 8 1 )  contended that assessment o f  germinat ion at 

a t ime less t han 1 5  days (d) f rom the beginning of the test would not 

reveal  the full germinat ion potenti a l  o f  grains but only reflect the 

rate o f  germinat ion . They suggested that dat a  on germination rate 

a lone could not be rel iably interpreted in terms of  seed dormancy . 

However ,  during t he course o f  germination , the ranks o f  germinability 

of  the gra ins with different ages did not change . This implied that a 

shorter incubation t ime for germination,  such as  5 days o r  7 days may 

be enough to measure the germinability . Also Gordon ( 1 9 7 5 )  has 

suggested that serial samplings during grain maturation can be 

substituted for a n  extended tes t ,  enabling the in si t u  changes in the 

embryo maturity and dormancy to  be followed directly . He observed 

t hat after  the f i rst three days o f  a test no change in germinat ion 

occurred . Other difficulties that may arise when the grain are 

incubated for  a long period a re the contaminat ion by s aprophyt ic 

f ungi , and the need for more f ac i l i t ies when dea l ing with a larger 

number o f  samples . 

The t echnique o f  placing wheat spikes in a rain s imulator has 

a lso been used (McMaster and Derera , 1 97 6 ;  Gordon e t  a l . ,  1 9 7 7 ; 

Czarneck i ,  1 9 8 7 ) . McMaster and Dere ra ( 1 97 6 )  suggested that in 

screeni ng for res istant lines sampling of  the ears should be done at 5 

, 1 5 and 2 5  days a fter harvest ripeness ( 12 - 1 4  % grain moisture )  to  

p rovide adequate protection f rom preharvest  sprout ing damage . With 

this system, Dere ra e t  a l . ( 1 97 6 )  reported s igni ficant corre lat ions 

between the a-amylase act ivity a fter  48  hour wetting with the 

sprout ing damage score s ,  in 12 wheat cult iva rs . The same result was 

obtained in the F2 l ines derived f rom a cross between " To rdo " and Tr 

4 5 0 - 1 6  ( Bhatt e t  a l . ,  1 9 7 6 ) . 



Other characters which have been used for  select ion against 

preharves t  sprout ing a re a-amylase activity ( Bingham and Whitemore ,  
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1 9 6 6 ;  ; Moss  e t  al . ,  1 9 7 2 ;  McMaster and Derera , 

1 97 6 ;  McEwan ,  1 9 8 0 ;  Meredith, 1 9 8 2 )  and F a l l ing Number ( Olered, 1 9 6 3 ;  

Tedin and Persson , 1 9 6 3 ;  Moss et - al . ,  1 97 2 ;  S vensson ,  1 9 7 6  ; 

Weilenmann , 1 9 7 6 ) . Comparing the F a l l ing Number test and direct assay  

for  amylase led Gordon ( 1 97 8 )  to  suggest that  the  falling number 

measured a l l  aspects of endosperm deg radat ion,  including amylase 

e ffects . 

Gordon el  al . ( 1 9 7 7 )  measured the leve l o f  a-amylase in one year 

old seeds of T imgalen wheat . They observed that increased in a

amylase act ivity s t a rted at about 3 6  hours a fter grain imb ibit ion and 

the sprouting preceded increased a-amylase act ivity by at least  2 0  

hours . 

Whi le ge rminat ion tests a re better in predict ing sprout ing itself 

( embryo elongation ) the enzymatic  test mea sures the actual endosperm 

damage due to  sprout ing (Gordon , 1 97 8 ;  Hagemann and Ciha , 1 9 8 4 ) . 

McCrate e t  al . ( 1 9 8 1 )  studied the effects o f  s imulated rain on hard 

red wint e r  wheats and hard white winter wheat . The wheat  cultivars 

were grown in the f ield, and ha rvested when the grain was harvest ripe 

( < 1 6  % moisture ) . Sprout-induc ing t reatments were no rain and rain 

at 0 ,  2 ,  and 4 weeks  after harvest . They reported that sprout ing and 

a-amylase act ivity were pos itively and highly correlated . However 

the e f fects  o f  simulated rain on a-amylase act ivity a nd Falling 

Number were modified greatly by the date of t reatment and by cult ivar . 

They suggested that low visual sprout ing and low a-amylase activity 

a re not mutually inclusive , so both characters should be selected for . 

Henry a nd McLean ( 1 9 87) tested the sprout ing o f  intact heads o f  three 

variet ies of wheat under cont rol led condit ions . They f ound 

s ignif icant corre l ation between a-amylase and visual sprout ing ( r  

0 . 8 3 ) . But t he relat ionship between a-amylase and sprout ing was 

dependent upon the wheat variety as well as the tempe rature . 
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Perten ( 1 9 6 4 )  reported that the relat ionship between the Falling 

Number and the a-amylase act ivity in wheat and rye are curvil inea r .  

However the l iquefact ion number i s  l inearly related t o  a-amylase 

activity , whe re l iquefact ion number i s  derived a s  follows : 

Liquefact ion number = 6 , 0 0 0  I ( Fa l l ing Number - 5 0 ) . Mathewson and 

Pomeranz  ( 1 97 8 )  studied the relationship between alpha amylase and 

Falling Number in wheat . Their  results  showed that Fall ing Number 

values f o r  the sprouted white wheats were h igher than those for the 

hard red winter wheats at the same level o f  a-amylase . Ringlund 

( 1 9 8 0 )  reported dif ferences in F a l l ing Number at a given level of a

amylase act ivity in spring wheat ha rvested at different maturity 

stages . He also found that va riet ies with high dormancy normally have 

a h igh f a l ling number .  Moss ( 1 9 87 )  stated that the relat ionship 

between a-amylase and Falling Numbe r was a f fected by many f actors 

which combine to int roduce cons iderable errors in predict i ng one f rom 

t he other . His  results supported the f inding o f  Ringlund ( 1 9 8 0 )  that 

cult ivars vary in their falling number s ,  even at the same a-amylase 

level . 

Breeding white wheat for res i stance to  sprout ing damage has been 

an ob ject ive of wheat improvement programs in a few count ries . Ma res 

( 1 9 87 ) has s creened a number o f  white wheat s  for new sources o f  

sprout ing t o le rance . Among recent Australian varieties re leased which 

s howed res istance to  sprout ing were Seneca and Sunelg . These two 

v a riet ies combined res i stance to sprout ing f rom one parent with high 

yielding , disease res i stance and good quality f rom other pa rent . He 

s t ated that low Fal l ing Numbers in appa rent ly sound, mature gra ins do 

not neces s a r i ly preclude the use o f  such va riet ies in a variety 

improvement program . As an example ,  Seneca is derived f rom Spica 

which norma l ly has a low falling number ( 2 0 0  sec ) and a high a

amylase activity at maturity . He commented that the factors which 

c ontrol gra in  germinability and sprout ing in the ear can be separated 

f rom those which condit ion low f a l l ing numbe r and high a-amylase 

a ct ivity i n  t he mature gra ins of  part icula r va riet ies in  the absence 

o f  sprout ing . De P auw and McCraig ( 1 9 8 7 )  assessed different 

t echniques to ident i f y  sprouting res i stant l ines f rom hybrid 
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population s  derived f rom crosses between f ive parenta l  genotypes with 

0-3 genes for red kernel colou r . They found that neithe r measure o f  

a-amylase act ivity determined by g e l  dif fus ion o r  by Hagberg Falling 

Number t echni ques based on non-weathered samples from the f ield were 

related to the variables used to measure sprouting res istance and a

amylase activity on samples subjected to s imulated rain . Vis ible 

evidence of sprout ing in intact spikes related quite wel l  to the 

percentage o f  germinated kernel s  and a-amylase activit y . They 

recommended that us ing evidence of visible sprout ing on a samples o f  

1 0 spikes p e r  line s ,  permits a rapid and e ffect ive separation of  a 

populat ion into sprout ing suscept ible and sprout ing res is t ant 

categorie s . Recent ly,  Upadhyay and Paulsen ( 1 9 8 8 )  evaluated F2 and F3 

l ines f rom s i x  crosses which had Clark ' s Cream, a white grained 

sprout ing res i stant cultivar,  as the male pa rent . They reported that 

t he extent o f  sprout ing in simulated rain had a negative corre lat ion 

with Fal l ing Number in five cros ses and pos it ive correlat ion with a

amylase act ivity in four crosse s . However,  because the corre lation 

values a re low,  they suggested that Fa ll ing Number and a-amylase 

act ivity a re not appropriate selection criteria . They supported the 

recommendat ion made by Gordon ( 1 9 8 3 )  and by De Pauw and . McCai g ( 1 9 8 7 )  

that screening o f  l ines for sprout ing res istance should b e  based 

direct ly  on sprout ing attributes t hemselves . 



IV)  EFFECTS OF TEMPERATURE ON GRAIN DEVELOPMENT AND PREHARVEST 

SPROUTING 

IV . l ) E ffects on Grain Deve lopment  

25  

Wardlaw ( 1 9 7 0 )  reported a reduct ion in the  individu a l  grain 

weight of wheat cul t ivar Gabo when it received low temperature 

( 1 5°C/ 1 0°C )  t re atment during 1 5 - 2 5  days from anthes is c ompa red with 

2 1°C/ l 6°C and 2 7°C/2 2°C t reatment . There was interact ion between l ight 

intensity and t emperature in such a way that the reduct ion in grain 

weight due to  l ow light , was greatest at high t emperature . Sofield et 

a l . ( 1 9 7 7 )  and Spiert z ( 1 9 7 7 )  reported that the durat ion of grain 

growth dec re ased as temperature rose . Also they reported that an 

inc rease in  t emperature increased t he rate of growth per grain . This 

was supported by Donovan et al . ( 1 9 8 3 ) . Wa rrington et al . ( 1 9 7 7 )  

f ound that wheat plants grown at l o w  temperature during e a r  

development h a d  more potent ially fert ile florets i n  each spikelet and 

t hat low t emperature during gra in f i l l ing period ( 2 0°C and l 5°C )  

resulted in  heavier individual grains compared t o  high temperature 

( 2 5°C )  . 

Campbel l  and Davidson ( 1 97 9 )  found that seed set o f  p r ima ry and 

secondary f lo rets and seed weight of Manitou wheat were inversely 

related t o  temperature . 

IV . 2 )  E ffects on Grain Dormancy and Preha rvest sprout ing 

Belderok ( 1 9 6 1 )  reported that high temperature during the 

t ransition f rom milk- to  mealy-ripeness  affected durat ion o f  dormancy 

o f  wheat grains . The high temperature during this period reduced the 

a verage durat ion of  t he dormancy . Also Belderok ( 1 9 6 8 )  reported that 

hot weather during t he dough stage of grain deve lopment shorten the 

dormancy period, whi l e  cool weather extended it . Nielson e t  al . 

( 1 9 8 4 )  studied the e f fect o f  weather va riables during maturat ion on 

p reharvest sprout ing of  winte� wheat , they reported that sprouting was 

increased by l arge da i ly temperature fluctuat ions , low dai l y  
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t emperatures and high precipitat ion . Reddy e t  al . ( 1 9 8 5 )  observed 

that high temperature during the grain filling period ( 2 6°C )  induced 

l ower dormancy level s  whereas the low temperature ( l5°C ) induced 

higher leve l s  of dormancy . The degree of expres sion o f  t he dormancy 

level depends on the temperature at which the seeds are germinated . A 

low  germination temperature ( l 5°C ) is  e f fect ive for breaking dormancy 

and thus less dormancy is expres sed . Strand ( 1 9 8 9 )  also  reported the 

e f fect of high temperature and h igh radiation during preharvest  

generally reduced seed dormancy . 

Synchrony o f  maturat ion t raits  such as  embryo maturity,  embryo 

dormancy, base a-amylase and germinative a-amylase with harves t  

ripeness in  wheat was reported to  b e  a f fected by genotype and 

t emperature regime during the grain development period (Cros s ,  1 9 7 7 ; 

Gordon, 1 9 7 8 ) . Gordon ( 1 97 8 )  found that lack o f  germinat ion in  the 

cool envi ronment was due to embryo immaturity rather than dormancy, 

a nd this happened to  a l l  the four genotypes of wheat studied . 

Plett and Larter ( 1 9 8 6 )  experimented with one wheat  line,  RL4 1 37  

a nd three t rit icale l ines and reported that there existed an  

i nteraction between germination temperature and maturat ion 

t emperature . They concluded that ge rminat ion tests at 2 5°C produced 

t o l e rance rat ings that consistent ly dif ferent iated among genotypes 

over a range of stages of kernel development as well  as different 

t emperatures during kernel maturation . But the germinat ion data  for  

RL4 1 3 7  wheat showed that  the ef fect o f  maturat ion temperature 

mani fested itself  c learly when grain we re ge rminated at 1 7°C . For 

t h i s  wheat l ine the higher the maturat ion tempe rature the lower the 

sprouting score . 

V) a-AMYLASE 

Defined a s  an endo , a-1 , 4 -glucan 4 glucanohydrolase 

( E . C . 3 . 2 . 1 . 1 ) ( Meredith and Jenkins , 1 9 7 3 ) , a-amylase i s  a group o f  

enzymes which h a s  a n  important role i n  the breakdown o f  cereal 

endosperm . Three types of  a-amylase in cere a l  grains have been 
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reported so  far . The f i rst group , a-amylase 2 ,  has been referred t o  

as  green a-amylase (Olered and Jonss on ,  1 97 0 ) , group I I  ( Sa rgeant , 19 79J 
1 9 8 0 ) , GI  and G I I  (Ma rchylo et  al . ,  1 9 8 0 )  and called I by Daussant et 

a l . ( 1 9 8 0 ) . Cha racteristics of a-amylase 2 a re that it  has a broader 

pH opt imum, greater heat labi lities ,  and a higher molecular  weight 

compared t o  the second group of a-amylases (Marchylo e t  a l . ,  1 9 7 6 ) . 

The isoelect ric points o f  a-amylase 2 ranges between 4 . 5 - 5 . 1  

(Marchylo e t  al . ,  1 97 6 ;  Sargeant , 1 9 8 0 ) . The second group o f  a

amylases , a-amylase 1 ,  is  a ma j o r  const ituent o f  a-amylase in 

germinated seeds . This group o f  a-amylase was known by other names 

as II or ma l t  (Daussant et al . ,  1 9 8 0 ) , group I ( Sargeant , 1 9 8 0 )  and G 

I I I  (Marchylo et a l . ,  1 9 8 0 ) . a-amylase 1 has an isoelect ric  point 

a round 6 . 0 - 6 . 5  ( Tkachuck and Kruger ,  1 97 4 ;  Sargeant , 1 9 8 0 )  and the pH 

optimum f o r  enzyme activity is between 5 . 5-5 . 6  (Tkachuck and Kruger ,  

1 9 7 4 )  . I t  is  only a-amylase 1 that is  able t o  absorb onto and 

subsequent l y  degrade the undamaged raw starch granule ( Sa rgeant , 

1 9 8 0 )  . Adsorption o f  a-amylase t o  the starch granule i s  a 

prerequ i s it e  for starch degradat ion . 

Daussant et al . ( 1 9 7 9 )  repo rted that there was a t h i rd group of  

a-amylase in wheat which they c a l led III  ( here referred t o  a s  a

amylase 3 )  . This group o f  enzymes a re found in developing seeds only, 

and dif fers  f rom a-amylase 2 and a-amylase 1 in that it shows 

cathodic migration , when elect rophoresed at basic pH ( a-amylase 1 and 

a-amylase 2 migrat ing towards the anode under these condit ions)  . 

Daussant and Renard ( 1 9 8 7 )  found that this third group o f  a-amylase 

has an isoe lect ric point above 1 0 . 

There a re reports that immature kernel s  o f  wheat cont a in high 

levels o f  a-amylase and the leve l f a l l s  rapidly as the grains mature 

( Olered and Jonsson,  1 97 0 ;  Kruger ,  1 9 7 2 a ;  Meredith and Jenkins,  1 9 7 3 ;  

Dedio e t  a l . ,  1 9 7 5 ; Marchylo et  a l . ,  1 97 6 ;  Daussant e t  a l . ,  1 97 9 ;  

Marchylo e t  a l . ,  1 9 8 1 ;  Daussant and Renard, 1 9 8 7 ) . The a-amylase 

level in wheat kernels during devel opment reached a maximum level 
' 

about 1 0 - 1 5  days a fter  anthesis ( Dedio et a l . ,  1 9 7 5 ) . The en zyme in 
a 

t he immature grains is found largely in the pericarp ( K ruge r ,  1 9 72 ; 
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Meredith and Jenkin s ,  1 9 7 3 ;  Dedio e t  al . ,  1 9 7 5 ) . Since the pericarp of  

immature wheat grains contain mas sive amounts o f  sma l l  s t a rch 

granules ,  it  was postulated that the amylase act ivity in  the grain at 

this stage was  associated with met abolism o f  the pericarp starch 

(Meredith and Jenkins , 1 9 7 3 ) . Dauss ant and Renard ( 1 9 8 7 )  reported in 

t he pericarp of  developing wheat kernel ,  a-amylase 2 and 3 a re both 

p resent . The low pi form ( a-amylase 2 )  was detected in  t he maternal 

t issue s ,  prior  to anthe s i s ,  whereas a-amylase 3 was identi f ied a t  a 

later s t age ,  about 1 1  days a fte r anthesis , j ust before the level o f  

low pi  enzyme was a t  i t  maximum . Upon further development o f  the 

grain,  a-amylase 3 disappeared more rapidly than a-amylase 2 .  

An expe riment  by Marchylo e t  al . ( 1 9 8 1 )  showed that the immature 

wheat endosperm-a leurone ( seed coat and endosperm detached)  produced 

cons iderably less a-amylase act ivity than immature whole or de

embryonated wheat kernels . They p roposed that the seed coat may 

contain facto r ( s )  required for normal a-amylase isozyme synthesis . 

V . 1 ) a-Amylase in Ge rminat ing Grain o f  Wheat 

In  the mature wheat grain germinat ive a-amylase appe a rs after 2 

days ' imbibition ,  and steadily increases in amount with t ime (Kruge r ,  
p 

1 97 2 ) . The s ites o f  product ion o f  a-amyla se in  germinat ing grains 

have been investigated extensively in barley . It  is genera l ly 

accepted that gibberel l ic acid produced by the embryo o f  germinating 

ba rley acts  upon the a leurone t i s sue to induce the de n o vo synthesis  

o f  several  hydrolases , including a-amylase ( P a leg, 1 9 6 0 ; Groat and 

Briggs , 1 9 6 9 )  . 

Varner and Chandra ( 1 9 6 4 )  postulated that gibbere l l ic acid 

controlled the synthesis  o f  a-amylase (and other heat-stable 

p roteins ) in ba rley aleurone cel ls by caus ing the production of 

specific mes senger RNAs . Recent studie s ,  us ing cDNA hyb ridiz ation 

techniques ,  have shown that GA3 regulates t he production of a-amylase 

mRNA in barley aleurone layers ( Jacobsen and Higgins , 1 9 82 ;  Chandler 

e t  al . ,  1 9 8 4 ;  Jones and Carbonel l ,  1 9 8 4 ;  De ikman and Jone s ,  1 9 8 6 ) . 
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Futher ,  ca lcium ions have a n  important role in synthe s i s  and/or 

secret ion of the high pi a-amylases ( Jones and Jacobsen, 1 9 8 3 ;  Jones 

and Carbonell ,  1 9 8 4 ;  Deikman and Jones , 1 9 8 6 )  . For instant Jones and 

Jacobsen ( 1 9 8 3 )  reported that the withdrawa l of Calcium ions f rom the 

incubat ion medium of ba rley a leu rone l aye rs reduced the rate o f  

accumulat ion o f  a-amylase activity i n  the medium a fter 5 hours 

incubat ion by 8 5  % relat ive to cont rol s  incubated in the presence of 

1 0  mM CaC12 . The ef fect Ca lc ium ions on the secret ion o f  a-amylase 

was l a rgely on group B a-amylase ( a-amylase 1 ) . 

I n  wheat , a leurone layers secreted a-amylase when incubated with 

GA3 ( Rowsell and Goad, 1 9 6 4b ;  La idman e t  a l . ,  1 9 7 4 ) . Some evidence 

a lso  suggested that a-amylase may be synthe s i zed in the scutel lum of 

wheat  kernels ( Marchylo e t  a l . ,  1 9 8 0b ;  Okamoto et a l . ,  1 9 8 0 ) . 

Okamoto e t  a l . ( 1 9 8 0 )  us ing the subst rate-f i lm technique showed that 

a-amylase in the germinat ing cere a l  grain f irst appea red in the 

region o f  epithelial  cells o f  the scutellum and diffused into the 

endospe rm tissue later . That the embryo / scutellum produces a-amylase 

has s ince been confirmed by several  worke rs e . g .  MacGregor and Mat suo 

( 1 9 8 2 )  and Cornford et a l . ( 1 9 8 7 ) . Howeve r the embryo contributes 

only a sma ll  proportion of  a-amylase synthesi zed in the germinating 

barley . Groat and Briggs ( 1 9 6 9 )  reported that in barley the remova l 

o f  embryo at any time after 3 days  germination had no ef fect on the 

quant ity of enzyme ultimately  produced in the endosperm . 

Eastwood e t  a l . ( 1 9 6 9 )  reported that the a leurone t issue isolated 

f rom the quiescent wheat grain conta ined a cons ide rable quant ity o f  

a-amylase wh ich i s  completely  sec reted when the t issue is  incubated 

in aqueous media . The addit ion o f  either kinet in or  gibberellic  acid 

t o  t he medium did not sign i ficant l y  increase the level o f  enzyme 

act ivity . But when the aleu rone t issue is incubated first  with 

kine t in and then with gibberel l ic acid , there is a two-fold increase 

in secreted a-amylase activity . The earlier work by Trevener and 

Laidman ( 1 9 6 8 )  had showed that the extract of  wheat starch ( endosperm) 

induced the release of a-amylase f rom the a leurone tissue ,  which has 

been isolated as bran from the quiescent wheat grain . Th is led 
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Eastwood e t  al . ( 1 9 6 9 )  to conclude that the starchy endosperm of wheat 

seemed to contain a compound which has cytokinin activity and which is  

respons ible for  the  induction o f  essent i a l  met abolic processes in the 

a leurone cells . 

VI ) ENDOSPERM DEGRADATION 

The endospe rm of wheat is composed o f  cel ls that conta in many 

sta rch granules embedded in a mat rix of  proteinaceous material  
a .  

(Bradbury e t  al . 1 9 5 6 ) . The starch granules in wheat consist o f  sma l l  

spherica l ,  B type granules approximately 5 - 8  � i n  diameter and la rge 

lent icular A type granules approximately 1 5 - 3 0  � in diameter 

( Sa rgeant , 1 9 8 0 ) . Eve rs and Linley ( 1 97 7 )  reported that the small

s i ze granules formed more than one third o f  the total weight of  

sta rch . 

D ronzek et a l . ( 1 9 7 2 )  observed that a-amylase began its attack 

in the a leurone l ayer and preferent ially attacked la rge lent icu lar 

granules .  As ge rmination proceeded B type granules were also  e roded 

but at a s lower rate than the A type granules . The la rge granules 

were attacked at the groove and at local i z ed s ites on the surface . 

Once the surface was eroded, the degradat ion seems to move through the 

l ayers o f  the granule toward the centre . In  sma ll granules the enzyme 

entered the granule at one or two s ites and then completely digested 

the interior core o f  the granule (Dronzek et  al . ,  1 97 2 ) . B type 

granules are richer in phosphol ipids than A-type granules which could 

account for the i r  s lower degradat ion (Meredith et al . ,  1 97 8 ) . 

Fincher and Stone ( 1 9 7 4 )  have demonst rated that the protein 

mat rix which adheres to the sta rch granules in wheat endosperm 

disappe a rs a fter one day' s t reatment with gibberellic acid . This 

change , attributable to proteolyt ic enzymes , would increase the 

acce s s ibil ity  of  s t a rch granules to  attack by a-amylase . 

MacGregor and Matsuo ( 1 9 8 2 )  reported that in barley and durum 

wheat degradation started at the vent ral c rease edge of the endosperm

embryo junct ion and moved along this  junct ion t o  the dorsal  edge . 
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This suggested that the s ite o f  init ial  a-amylase synthe s i s  in 

germinating cereal grains is the embryo and not the a leurone layer . 

Marchylo and Kruger ( 1 9 8?) studied the degradation of  the endosperm by 

using Scanning Electron Microscopy in four  cult ivars of  wheat . They 

f ound that the starch granule and protein matrix  degradation f irst 

occurred adj acent to the crushed layer of cel l s . The results also  

showed that the wheat cultivar  with least dormancy, Idead, exhibited 

t he l a rgest  degree of  starch degradat ion, whereas  RL4 1 3 7  the most 

dormant cult ivar ,  exhibited no degradat ion . Dronzek et a l . ( 1 972 ) 

reported that in the sprouted samples , the starch granules nea r the 

a leurone laye r  of  the kernel were attacked more severely than the 

s t a rch granules in the inner endospe rm . 

Mundy et al . ( 1 9 8 4 )  reported the presence in  wheat o f  an 

inhibitor of  endogenous a-amylase , it a lso capable of inhibit ing the 

bacte rial  p rotease subt i l isin . This inhibitor has been known as  wheat 

amylase subt i l is in inhibit o r . The inhibitor i s  protein with Mr 

approximate 2 0 5 0 0  and pi approximate 7 . 2 .  The results of  Mundy 

( 1 9 8 4 )  showed that the a-amylase inhibitor in barley was an ABA

i nduced protein and that it funct ions as an act ive mediator of amylase 

a ct ivity du r ing the development and germinat ion of ba rley seeds . 

S lack e t  a l . ( 1 9 7 9 )  reported that hordein was a ma jor  prote i n  that 

l imit s  the rate of  starch breakdown during mashing of barley . 

Weselake et a l . ( 1 9 8 5 )  reported the presence of  endogenous a-amylase 

inhibitor in  various cerea l s  including wheat , but the a-amylase 

inhibitor leve l  in a cult iva r resistant to  sprout ing (Columbus ) was 

not abnorma l ly high when compa red to  other cultivars . They concluded 

t hat this  endogenous inhibitor did not contribute to sprout ing 

res istance . However,  they mentioned that the results could be 

mis leading s ince the enzyme act ivity was based on the act ivity of  

barley a-amylase . Abdul-Hussain ( 1 9 8 7 )  reported that prot e ins from 

sprout ing res istant genotypes inhibited a-amyla se in standa rd a ssays , 

but adding EDTA (edetic acid)  to chelate Ca induced inhibitory 

act ivity in ext racts of  a l l  genotype s . Chromat ography ident if ied 6 

peaks o f  act ivity with molecular weight of  1 4 - 6 8  K Da . None of  the 

inhibitors i n f luenced the ge rminat ion of  excised embryos .  He 



concluded that proteinaceous a-amylase inhibitors interact with 

Calci um ion s ,  but do not play a prima ry role in the cont rol of 

sprout ing, although they may have secondary e f fects on the process . 

Jone s  and Meredith ( 1 9 8 2 )  f ound that purothionins can inhibit the 

act ivity o f  wheat a-amylase . When calcium chloride was included in 

the inhibition-incubation mixture containing �-purothionin,  the 

amylase act ivity was not inhibited . In the absence of  calcium 

chlor ide ,  inhibit ion occurred as before . They postulated that 

purothionins may act by cont rolling the availability of calc ium to 

serve as a cofactor . 
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Although a-amylase is  the enzyme most studied in cereal ,  there 

exist also other enzymes which may be more important in the earlier 

stages of  endosperm degradat ion . Gordon e t  a l . { 1 9 77 ) have reported 

that e ndosperm degradation had already started before a-amylase 

a ct ivity increased from the base level indicat ing that the init ial 

degradation o f  the endosperm may not cause by a-amylase . 

V I I )  GENETICS OF PREHARVEST SPROUT ING 

The genetic cont rol of many characters related to preharvest 

sprout ing of the grains is  known . Included in the list are genes 

c ont rolling grain coat colou r ,  insensit ivity t o  gibberellic acid and 

a-amylase synthesis . But how the e f fects of  these genes act and/or  

interact to inf luence dormancy is  not clea r .  

V I I . 1 ) Gra in Coat Colou r 

Nilsson-Ehle in 1 9 1 1  established that red vs . white grain in 

wheat is condit ioned by a l le les at three different loc i ,  with red 

being dominant ( Allan and Vogel ,  1 9 6 5 ) . This was confirmed by Gfeller 

and Sve jda ( 1 9 6 0 ) . The three genes cont rolling grain coat colour seem 

t o  act  in an  addit ive way in that each additional gene results in at 

least s ome intensification of the red colour ( Shul l ,  1 9 4 8 ;  Bake r ,  

1 9 8 1 )  . However ,  McEwan ( 1 9 8 0 )  found that i n  the F2 populations o f  

wheat derived f rom the cross  between Hi lgeldorf 6 1  ( a  red gra ined 
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wheat cul t ivar )  and Aotea ( a  white grained wheat cultiva r )  there was 

no a s sociat ion between intensity of red gra in colour and dosage o f  red 

grain gene s . 

Monosomic analys i s  showed that genes for red grain coat colour in 

various genotypes of wheat a re located on chromosomes 3A, 3B and 3D 

(Allan and Voge l ,  1 9 6 5 ;  Met zger and S i lbaugh , 1 97 0 )  . By intercross ing 

s i x  red winter wheats ,  s ix different grain coat colour genes were 

established ( Freed, 1 9 7 2 )  . Reitan ( 1 98 0 )  experimented with an  8 x 8 

dia llel  cross between e ight red grained and white grained, sprouting 

res istant and sprout ing suscept ible cult ivars . He scored grain co lour 

visua lly on a scale 1 to 5 .  The diallel analys is  showed that red 

grain coat colour is c lose t o  being fully dominant over white . The F2 

segregations indicated that at least f ive dif f e rent colour genes were 

present in the parenta l  cult ivars used in the c rosses . 

Relat ionships bet ween red gra in colour and dormancy were 

sugge sted to be due to l inkage or pleiot ropism (Gfeller and Svedja , 

1 9 6 0 ;  Everson and Hart , 1 9 6 1 ) . Gale ( 1 9 89 )  supported the idea that 

grain coat colour and dormancy are the results  of pleiotropic e f fect s 

o f  the genes ,  based on the lack of evidence which shows recombinat ion 

between " l inked" genes . McEwan ( 1 9 8 0 ) , experiment ing with a wheat 

c ross  Hilgeldorf x Aot e a ,  recommended that a high level of sprout ing 

resistance can be conferred by s ingle red grained gene in the 

homozygous condit ion . 

V I I . 2 )  GA Insens itivity 

A single gene conferring GA insensit ivity was located on 

chromosome 4A (Gale and Marshal l ,  1 9 7 5 ,  1 97 6 ;  Gale et a l . ,  1 9 7 5 a ) . 

The relationship between GA insensit ivity and height reduction was o f  

interest t o  plant breede rs . By cross ing t a l l  x " Tom Thumb" type 

wheats ,  Gale  and Marshal l  ( 1 9 7 6 )  concluded that the reduced he ight 

gene ( Rht 3 ) and GA insens it ivity gene (Gai 3 ) e i ther had extremely 

t ight l inkage or ,  more probably, were in fact t he same gene . They 

a lso  found that the Rht 1 and Rht3 are alternat ive a l leles at the same 
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l ocus . Gale { 1 9 8 9 )  has recently given a brief review on GA 

insensitivity gene in wheat . Five Rht a l leles a re now known in  wheat . 

Rht 1 and Rht2 are the Norin 1 0  semidwa rfing genes which have been 

wide l y  exploited in commercial  cult ivars . The " Tom Thumb" dwa rfing 

gene , Rht 3 a l le le ,  is the most potent , and conferred the dwarfness  of 

p lant type which was considered too short for use in cultivat ion . 

E ffects of  Rht 1 and Rht 3 were compa red in monosomic l ines by Lenten 

and Gale ( 1 9 8 7 ) . Whi le Rht 1 can reduce a-amylase levels , Rht 3 nearly 

e l iminates a-amylase at maturity . Norin 10 is one of  the ancestors 

of many semidwarf cult iva rs including Senora 6 4 ,  while in Tom Thumb 

dwarfness was introduced into a number of  cult ivars including the 

spring wheat Tordo { Le l ley, 1 9 7 6 )  . 

VI I . 3 )  a-Amylase Genes 

Gale { 1 9 8 9 )  made an extens ive review on the genetic control o f  

three types o f  a-amylase i n  wheat . The f i rst group of  a-amylase is 

a-amylase 1 or ma lt amylase , cons ists o f  7 - 1 4  isozymes cont rolled by 

a-AMY-l genes which located on three compound loci  on the long arm of 

chromosomes 6A , 68 and 6D . Each locus cont rol s  the product ion o f  

more than one isozyme . The second group, a-amylase 2 o r  green 

amylase , is controlled by genes on three c ompound loci on chromosomes 

7 AL,  7BL,  and 7DL . The t h i rd group reported by Daussant and Renard 

( 1 9 8 7 )  {a-amylase 3 )  is cont rol led by a-AMY-3 gene on group 5 

chromosomes . 

V I I . 4 ) Inheritance o f  Dormancy and P reha rvest  Sprout ing 

Cha racters 

Heritab i l ity o f  gra in dormancy in wheat was reported to  be as 

h igh as 7 3  - 7 6  % { Gfeller and Sve jda , 1 9 6 0 ,  Reitan , 1 9 8 0 ) . Gordon 

{ 1 9 7 8 )  reported high heritabity for grain colou r ,  harvest ripeness  and 

anthe s i s  date ;  medium high heritabil ity for  net germination , damage 

score ,  grain weight at ha rve s t ,  embryo dormancy and embryo maturity;  

and low heritability for base a-amylase and germinative a-amylase . 

I n  a dia llel analys is of  f ive wheat cult iva r s ,  Gordon { 1 9 8 7 )  found 
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that dormancy and germinat ion had spe c i f ic combining abi l ity  ( s . c . a )  

a s  their  main source o f  variation . The s . c . a  heritability f o r  

dormancy a n d  ge rminat ion were 5 8 . 8  and 5 6 . 1  % and the general  combning 

abil ity heritability (g . c . a  heritability )  for  these cha racters were 

2 . 0  and 2 . 3  % respect ively . 

VI I I )  GENERATION MEAN ANALYS I S  

The generat ion mean analys i s  i s  used t o  study gene e f fects by 

us ing different generat ions derived f rom a cross between homozygous 

parents . The analys i s  a ims to detect the e ffects of spe c i f i c  t ypes o f  

gene action and to  est imate the cont ribution o f  a part icular component 

to the overa l l  va riat ion ( Snape , 1 9 8 7 ) . 

The most common expe rimenta l  st ructure in wheat is  to  use the 

e arly filial  generat ions derived by intercros s ing and selfing the 

p a rents and the i r  F1s .  This produces s ix generations : P 1 ( t he h igher 

s core parent ) ,  P2 (the lower score parent ) , F 1 , F2 , B1 (backcross o f  

t he F 1 to the higher s core parent ) a n d  B2 (backcross of  the F 1 t o  the 

lower-score pa rent ) . More complex exper iment s can be produced by the 

inter cross ing and sel fing these generat ions further ( Snape , 1 9 8 7 )  . 

Hayman ( 1 9 5 8 )  proposed that if the two inbred lines differ  by any 

number of  unlinked genes the expectat ions of  the i r ,  and some o f  their 

descendant , family and generation means may be expressed a s  

p 1 m +  d ( 1 / 2 )  h + i - j + ( 1 / 4 )  l 
p 2 m - d ( 1 / 2 )  h + i + j + ( 1 / 4 )  l 
F 1 m + ( 1 / 2 )  h + ( t  /4) l 
F 2 m 
B1 m + ( 1 / 2 )  d + ( 1 / 4 )  i 
B2 m - ( 1 / 2 )  d + ( 1 / 4 )  i 
F 3 m - ( 1 /4 ) h + ( 1 / '1 6 ) l 
B 1 S m + ( 1 /2 )  d - ( 1 / 4 )  h + ( 1 / 4 )  i - ( 1 / 4 )  j + ( 1 / 1 6 ) l 
B2 S m - ( 1 /2 )  d - ( 1 / 4 )  h + ( 1 / 4 )  i + ( 1 / 4 )  j + ( 1 / 1 6 )  l 
F 4 m - ( 3 / 8 )  h + ( 9 / 6 4 )  l 

i . e .  mean m +  ad + �h + a2 i + 2a� j + �2 1 
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P 1 and P2 a re the means o f  the two pa rent families and F 1 i s  the 

mean  of their progeny . F2 , F3 and F 4 a re t he means o f  the generat ions 

des cending f rom this  c ross by selfing . s 1 and s2 are the means of the 

two backcrosses . s 1 s and s2 s are the means o f  the progeny o f  self ing 

the f irst two backc ross fami l ies . 

The genetic parameters d , h ,  i ,  j , 1 have the folowing 

mean ings : 

and 

d pooled addit ive e f fects ; 

h pooled dominant effect s ;  

i pooled interact ions between addit ive e f fects ; 

j pooled interactions between addit ive and dominance e f fects  

1 pooled interactions between dominance effect s . 

When more than one loci a re involved in t he character  under 

cons ide rat ion, the inc reas ing a l leles may occur together in one o f  the 

t rue breeding parent s and the decreasing a l leles in the other . In  

this case t he dis t r ibut ion of  the genes a re associated . On the other 

hand if each pa rent caries the increas ing a l lele of one gene and the 

decreasing allele o f  the other ,  the dis t r ibut ion o f  the genes a re in 

the d ispers ion state ( Hayman and Mather ,  1 9 5 5 ;  Mather and Jink s ,  

1 97 1 ) . Under t he dispe rs ion state the genes tend t o  balance one 

another out , so the additive ef fect is the sum of addit ive e f fects at 

a l l  l oc i ,  taking s ign into account . S imi l a r l y  the dominant ef fect , 

i s  the sum of dominant e f fects o f  individual  genes taking s ign into 

account . But for dominant e f fect the s ign o f  " h "  does not depend on 

gene a s sociat ion nor dispers ion but on the d i rection o f  the dominance 

it self ( Hayman and Mather ,  1 95 5 ;  Mather and Jink s ,  1 97 1 )  . Snape 

( 1 9 8 7 ) pointed out a problem in interpret ing the analys i s  o f  

generation means in that the e f fects are the ba lanced e ffects o f  a l l  

s egrega t ing loc i . 

Gamble ( 1 9 6 2 )  used the symbols " a "  f o r  a dditive e f fect s ,  " d" f o r  

dominance e f fect , " aa "  for  addit ive b y  addit i ve interact ion,  " a d" f o r  

a ddi t ive x dominance inte ract ion , and " dd" f o r  dominance x dominance 



interact ion . The pa rameters for the various gene e f fects used by 

Gamble ( 1 9 62 ) can be related with those used by Anderson and 

Kempthorne ( 1 9 5 4 )  and by Hayman ( 1 9 5 8 ) as follows : 

Gene e f fect Gamble 

Mean m 

Addit ive a 
Dominance d 
Additive X addit ive a a 
Addit ive X dominance ad 
Dominance x dominance dd 

Anderson and 
Kempthorne 

K2 
E + F 
2 E  
G + L + 
2G + L 
4G  

Hayman 

m 
d 
h 

M i 

j 
1 
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Anderson and Kempthorne ( 1 9 5 4 )  set t he genet ic assumpt ions in the 

development of t he i r  gene t ic model as  fol lows : 

1 )  multiple a l le les absent ; 

2 )  linkage absent ; 

3 )  lethal genes absent ; 

4 )  constant viability for all  genotypes and 

5 )  envi ronment e f fects addit ive with genotypic value . 

Assumpti on 5 cou ld ha rdly be va lid in many experiments when 

genotype x environment interaction is impo rtant . The use of  

population means ave raged over environment s will  reduced the bias  in 

estimates the gene e ffects (Gamble , 1 9 6 2 ) . 

When genotype x environment interact i on exists ,  the mode l for  

generation means can include new paramete r s . The parameters a re 

e = environmenta l  e f fect s ;  

ae addit i ve x environment e f fect ; 

de dominance x environment e f fect ; 

aae = ( addit ive x addit ive ) x envi ronment ef fect 

etc . 

Mather and Jinks ( 1 9 7 1 )  expressed the expected generat ion means 

with a model s imi l a r  to  the m9del proposed by Hayman;  but us ing Fro 

generation,  which is t he populat ion of  all inbred l ines derived f rom 

the cross of two inbreds , as a background mean instead of  the F2 

generat ion . 
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Generation mean a nalysi s  has been w idely used to  est imate the 

genet ic pa rameters f o r  various cha racte rs in many crops . In wheat  it 

has been used to study the inhe ritance of photoperiod response and 

vern a l izat ion response (Klaimi and Qualset , 1 97 3 ,  1 97 4 )  , the 

inheritance of  kernel weight ( Bhat t ,  1 97 2 ; Sun et al . ,  1 97 2 ) ; to  study 

gene e f fects for  heading date and plant height (Amaya e t  al . ,  1 9 7 2 ;  

Bhatt ,  1 97 2 ; Edwards e t  al . ,  1 97 6 ;  Ketata  e t  a l . ,  1 97 6 ) , yield and 

yield  component s ( Chapman and McNeal ,  1 9 7 1 ;  Amaya et a l . ,  1 97 2 ; 

Edwards et al . ,  1 9 7 6 ;  Ketata et al . ,  1 9 7 6 ) , and grain p rotein ( Chapman 

and McNeal ,  1 97 0 )  ; and to est imate the gene e f fects f o r  a-amylase in 

the wheat grains ( Ga le , 1 9 7 6 ) . 

Gale ( 1 97 6 )  p roposed the model for gene rat ion mean analysi s  o f  

GA3 -induced a-amylase i n  the wheat grain . His  model considered the 

inhe ritance of  this cha racter in  t riploid scale . The main  difference 

in the endosperm model ( or t riploid scale ) f rom the diploid model i s  

that heterozygotes c a n  deviate f rom the mid-parent even in the absence 

of dominance , and that there a re two dist inct intra alle le interact ion 

components ,  "h1 " and " h2 " .  The two mode l s  a re presented in Figure 2 .  

Diploid scale 

aa  aA 0 AA 
r - - - - - r - - - - - - - - - - - r - - - - - - - - - - - - - - - - - - - - - - - r  

<--- h------> 
<------ -a -------><--------- +a----------> 

Triploid scale 

aaa aaA 0 aAA AAA 
r - - - - - r - - - -- - r - - - - - - r - - - - - - - r - - - - - - - r - - - - - - - - r  

< --h2 --> < --h 1---> 
< - ----- -a ---------><---- +a -- ------------ -> 

F igu re 2 .  The genotypic values of  the homozygotes and the 

heterozygotes based on diploid and t r iploid scale . (Aft e r  Gale,  1 97 6 ) . 
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The triploid model f itted the data better than the diploid model 

for  GA3 induced a-amylase (Gale,  1 9 7 6 )  . 

I X )  OTHER METHODS OF INHERITANCE STUD I E S  

I X . l )  Diallel  

An a lternat i ve approach in studying the gene effect is  the 

dia l le l  analys i s . The method consist o f  c ros s ing the l ines in a l l  

pos s ible combinat ions . The ma j o r  purpose o f  these des ign is  t o  detect 

and est imate the addit ive and dominance variance ( Snape , 1 9 87 )  . The 

variance among f amil ie s  within an array of parents (VR) and covar iance 

among fami l ies within an a rray with thei r  non recurrent parents ( WR) 

were computed . I f  the re i s  no epistasis  o r  no correlated gene 

dis t ribut ion the graphical analysi s  of WR/VR can indicate the 

dist ribution o f  dominant and recessive genes among the pa rent s . 

Hayman ( 1 9 5 4 )  gave the genet ic assumptions for  genetic model a s  

follows : 

( i )  diploid segregat ion ; 

( i i )  no dif ference between reciprocal  crosses ; 

( ii i )  independent action o f  non allelic  genes (no epist a s i s )  . 

In a diallel cross the addit iona l assumpt ion a re : 

( iv )  no mult iple a llele ; 

( v )  homozygous pa rent s ; 

( v i ) genes independent ly dist ributed between the parents . 

Assumpt ions ( i i i )  and ( v i )  have been unde r  scrutiny by Gilbert 

( 1 9 5 8 )  and Baker ( 1 97 8 ) . The untenable a s sumption (vi ) leads t o  

overest imat ion o f  the average level of  dominance . Also the presence 

o f  epistasis  a ffected estimates o f  general and speci fic combining 

ability ,  mean squares , variances , and gene e f fects (Bake r ,  1 9 7 8 ) . 

Griffing ( 1 9 5 6 )  applied the concept o f  combining abi l ity to  the 

dial lel  data . Sprague and Tatum ( 1 9 42 ) def i ned the term "Genera a l  

Combining ability" a s  the average performance o f  a l ine in hybrid 



comb inat ion , and the term "specific  combining ability" as  the 

situation where certa in combinat ions do relat ively better or  worse 
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than would be expected on the bas i s  o f  the average performance o f  the 

lines involved . General combining ability  i s  primarily the result o f  

addit ive gene act ion while specific  combining ability i s  the 

express ion o f  performance between any two inbred lines and i s  

att r ibuted to dominant , epistat ic and addit ive gene action (We l s h ,  

1 9 8 1 ) . 

There a re four experimenta l  methods in diallel ana lysi s  

( i )  parent s ,  one set o f  F 1 ' s  and reciprocal of F 1 ' s  a re 

included 

( i i )  parents and one set of F 1 ' s  a re inc luded but rec iprocal  

F1 ' s  a re not ; 

( i i i )  one set o f  F 1 ' s  and reciproca l  a re included but not the 

parent s ;  and 

( iv )  one set o f  F 1 ' s  but neither parent s nor reciprocal F 1 ' s  i s  

included (Griffing , 1 9 5 6 ) . 

In  each o f  the experimenta l  methods t wo models of analys i s  a re 

avai lable ( a )  a random e f fect mode l ,  where parental lines are 

cons idered as  a random sample f rom populat ion and ( 2 )  a f ixed e f fect 

model ,  were parenta l  l ines a re cons idered as  f ixed set of line s . 

According to Gri f f ing' s ( 1 9 5 6 )  model , the varit ies e ffect s a re 

cons idered in terms o f  general and speci f ic combining ability e f fect s ,  

such that 

V · · G ·  + G ·  + S · · � J � J � J  

for  those diallele c ross ing methods in which reciprocal F 1 ' s  a re not 

included,  and 

V · . � J 

for  methods in which reciprocal F 1 ' s  are included . 



Gi is the general combin ing ability (g . c . a ) ef fect o f  the it h  

parent s ,  

s .  · i s  t he specific combining abi l ity  ( s . c . a ) ef fect f o r  the l J  
cross between the ith and j th parent s ,  and 
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R · . i s  t he rec iprocal ef fect involving the ith and jt h  pa rents . l J  

IX . 2) Othe r Designs 

There a re a few o f  other des igns o f  exper iment to  stud y the 

gene ef fects e . g .  The North Carolina Des ign 3 (Coms tock a nd Robinson, 

1 9 52 ) , the F2 Trip le Test Cross ( Kea rsey and Jinks , 1 9 6 8 ) . Each 

design has some advantages over another in some respect s .  Some 

des igns was implemented to invest igate the effect o f  l inkage e . g .  the 

Recurrent Bac kcross ing ( Hi l l ,  1 9 6 6 )  . 
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CHAPTER 3 

MATERIALS AND METHODS 

In the previous chapter , much o f  the informat ion re lated t o  grain 

dormancy and sprout ing damage was reviewed . Despite the vast  amount 

of informa tion available,  the cause of grain dormancy is s t i l l  a 

mystery . Partly ,  this may be because the materials used in different 

experiment s  were different with respect to dormancy , but a l so the 

procedures used were di fferent f rom expe riment to experiment . 

Compared t o  the physiological informat ion,  the informat ion on gene 

effects cont rol ling sprout ing res ist ance is quite scarce . 

This series o f  experiment s  was carried out to investigate the 

ef fect of  genes on grain growth,  mat u rity and dormancy in different 

generat ions of wheat de rived f rom three c rosses and ripened in two 

environments .  

Att ributes re l ated to grain growth and germinat ion were monitored 

at inte rva l s  f rom a few days a fter  anthesis  unt il the grains reached 

maturit y . The measured va lues we re fitted to appropriate funct ion s ,  

using t he numbers o f  days f rom anthesis  as  the independent variable . 

The t iming o f  some critical event s ,  e . g .  t ime of  9 0  % maximum grain 

weight , were de rived by back subst itut ion f rom t he fitted funct ions . 

The gene e f fect s o f  preharvest sprout ing attributes were est imated 

us ing Hayman' s ( 1 9 5 8 )  gene ration mean analysis . 

The ob j ect ives of these experiment s we re : 

1 )  to invest igate the nature of  gene e f fect s cont roll ing 

sprout ing cha racters  in wheat . 

2 )  to  study the effect of  grain ripening condit ions on the 

ma turity and germinability of  the whea t  gra ins . 

3 )  to establish the pattern of  grain maturity in di fferent grain 

ripening envi ronment s and its importance in dete rmining germinabi l it y  

of  the grains . 
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In order to  obtain informat ion on gene effects cont roll ing 

sprouting characters generat ion mean ana lysis  ( sect ion VI I I  in the 

Review o f  Literature ) was used . Three wheat  crosses f rom four 

cult ivars o f  wheat  were used to cover a wider range o f  genet ic  

backgrounds . The parental  cult iva rs and their descendant s were grown 

i n  two diffe rent grain ripening condit ions . D�tails  a re given in the 

f o llowing sect ion . 

I )  CULTIVARS AND GENERAT IONS 

S ix generations derived f rom each o f  three wheat crosses were 

used in the experiments . Each of  the three cros ses had Tordo , a s  a 

common pa rent , this being a white gra ined wheat , putat ive ly res i stant 

to  preha rvest sprout ing . This cult ivar has low sensit ivity t o  

exogenous gibbe rel l i n  (GA3 ) and has l imited capacity t o  synthe s i ze a

amylase on germinat ion (McMaster,  1 97 6 )  . The other parents i n  the 

crosses were : Karamu , Gabo , and Sonora 6 4 A .  Karamu i s  a red grain 

wheat res i stant to  preharvest sprout ing, Gabo is  a white grain wheat , 

suscep t ible to  preharvest sprout ing and Sonora 6 4A is  a red grain 

wheat susceptible to  preharvest sprout ing . Herea fter the cross  

bet ween Tordo and Karamu will  be refe rred to  as c ross 1 ,  between Tordo 

and Gabo as cross 2 ,  and between Tordo and S onora 64A as cross 3 .  

The generat ions used f rom each cross  a re P 1 , P2 , F2 , F3 , 

BC1 ( P 1 ) s 1 , and BC1 ( P2 ) s 1 , where F2 is  the bulk selfed progeny o f  F 1 , 

F3 is  the bulk  sel fed progeny of  F2 . In  this  chapter and the 

f o l lowing chapt e rs the system of naming the backcross generat ions is 

different f rom t he system used by Snape ( 1 9 8 7 ) which was quoted in the 

previous chapter . The generat ion des ignated BC1 C P 1 ) s 1 is  the f irst 

selfed progeny o f  t he first backcross o f  F 1 t o  the first parent , 

which i s  Tordo . S imilarly the generat ion des ignated ac 1 c P2 ) s 1 i s  the 

f irst selfed progeny of the f i rst backc ross  to the second parent 

(Ka ramu in cross 1 ,  Gabo in cross 2 and Sonora 6 4A in c ross 3 )  . 
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I I )  GENERAT ION ADVANCE 

The generat ion advance was carried out in a glasshouse , 

commencing May 1 9 8 4 . Seven to ten F 1 plants f rom each cross  we re 

ra ised . S ome of these F1 plants were used to produce F2 seeds , and 

others were used in the backcross ing to the pa rents . All  the F2 seeds 

f rom each o f  the F1 plants in a cross were ha rvested . Det a i l s  on 

p lant ing medium and the fert i l i zer used in the generation advance are 

l isted in Appendix 1 .  

About 1 0 0  F2 plants per cross were grown , two per planting bag, 

in success ive years . F3 seeds f rom each F2 plant in each c ross  were 

ha rvested sepa rately . At the same t ime as F2 was sown , the backcross 

generations were sown for each cros s . The selfed seeds o f  BC1 ( P 1 l and 

of  sc1 (P z l we re bulk harvested separately . Also a few plants o f  

parental generat ions were sown a t  the same plant ing season t o  

re juvenate those generat ions . 

From when the backcross seeds were obtained, one more season of 

sowing was required for each cross , to grow F2 together with BC1 (P 1 ) 

and sc1 (Pz l .  From this sowing F3 , BC1 ( P 1 J s 1 and BC1 ( P2 J s 1 seeds were 

obtained at harvest . The F3 , sc1 ( P 1 J s 1 and sc1 ( Pz ) S 1 seeds o f  c ross 1 

were obtained in December 1 9 8 4 ,  and those of the othe r t wo c rosses 

were obtained in t he following seasons . 

Two randomi zed complete block experiments were conducted f o r  each 

of the three crosses . One experiment o f  each pair  provided cool 

ripening condition s ,  while the other provided the warm ripening 

condit ions . 

I I I )  EXPERIMENTAL MATERIALS 

- Ra ising the Experimental Materials 

Before t he boot ing stage , all  the generations used in an 

experiment were grown in a control led glas shouse . Two plants were 

grown in each 14 x 1 4  x 14 cm3 plastic pot , for which the medium was 
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made of  sand, peat and vermiculite in the proportion o f  7 0 : 1 5 : 1 5 b y  

volume . Seeds were pregerminated on Whatman filter paper ,  using 0 . 5  % 

KN03 solution as  imbibant , unde r l 5°C / 2 0°C temperature and a lternate 

dark/ light period,  before plant ing . The seedlings were t ransplanted 

into plant ing medium when most of  the seeds had germinated ( 4  days 

after  start ing the germinat ing t reatment s ) . The environmenta l  

conditions i n  the glasshouse we re : 2 0°C day temperature and l 6°C night 

temperature with 1 4  hours daylength . The p lants received about 1 0 0  

cm3 o f  North Caro l ina Solut ion (Appendix 2 )  per pot . Ext ra water was 

applied as needed . 

Sowings o f  the segregating generat ions were staggered in three 

sowings at one week intervals . This pract ice was ca rried out with the 

aim o f  having F2 and F3 materials with s imi lar growth stages at  t he 

time the plant s were t ransferred into cont rolled climate rooms . 

However only a few plants f rom the early sowing could be used because 

most  of  them were mo re advanced in stage of growth than the plants 

that were sown at the same time as the parental generat ions . The 

tot a l  numbers of plants sown in the glas shouse varied among 

generat ions . Appendix 3 . A  shows the date of plant ing and numbers of  

pot s planted in each of  the six gene rations o f  cross 1 . The numbers 

of  pots p lanted for c rosses 2 and 3 a re presented in Appendix 3 . 8 and 

3 . C .  The plants were trans ferred into the two controlled cl imate 

rooms at the boot ing stage (Feekes scale 9 o r  1 0 ) . 

IV) EXPERIMENTAL DETAILS IN THE CONTROLLED CLIMATE ROOMS 

The design o f  the expe riment in the cont rolled climate rooms was 

a randomized complete block with three repl ications . Each 

experimental  unit cons isted of  6 pot s ( 1 2  plants ) for P 1 , P2 , 

BC1 ( P 1 J s 1 and BC1 ( P 2 ) s 1 , and 1 2  pots ( 2 4  plant s )  for F2 and F3 

generat ions . Ears  were tagged at the f i rst anthesis ,  so  that t he age 

of the grains could be determined . Ears f rom the main culms (prima ry 

tillers )  were tagged t ogethe r with a few e a rs from secondary t i l lers . 

The condit ions in the cont rol led c l imate rooms were as  follows : 
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IV . 1 )  Temperature 

In the warm environment , the tempe ratures were kept at 2 7°C / 2 1°C 

day / night temperature whe reas in the cool environment the temperature 

were kept at 1 8°C / 12°C day/ night . Day temperature and night 

temperature in each o f  the climate rooms lasted for 6 hour s ,  each 

followed by 6 hours o f  gradual change . 

IV . 2 )  Light 

The l ight intensity was 1 6 0  W m-2 with a 1 4 hour photoperiod, 

with an abrupt l ight -dark change over . Darkne s s  coincided with the 

cooler phase of the temperature pattern . 

IV . 3 ) Nutrient 

A hundred ml of North Carolina s olut ion ( see Appendix 2 )  were 

given to a pot through mic ro tubes 6 t imes a day . An additional 1 0 0  

ml o f  water was given after  nut rients applicat ion . 

IV . 4 )  C02 

co2 level was maintained at an ambient level ( 3 3 1- 4 3 1  ppm) 

throughout the experimenta l  period . Air f low down through the plants 

w a s  0 . 3-0 . 5  m sec- 1  a s  mea sured with an Alnor Instrument s  

the rmoanemometer . 

IV . S )  Insect and Disease Cont rol 

The insecticide "At t ac k "  (active ingredients :  4 7 5  g / l it re 

p i r imiphos -methyl and 2 5  g / litre permithrin in the form of  an 

emu l s i f iable concentrate )  at  the concentrat ion of  1 ml / 1  was used t o  

spray  at  intervals to k i l l  aphids . One gram of  fungicide " Benlate"  

( act ive ingradient is  5 0  % w / w  benomyl in the form of wettable powder )  

w a s  added i n t o  each lit re o f  the insecticide solut ion to  cont rol 

powdery mildew . The sprayed volume was 4 . 5  litre s  per climate room . 
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V )  SAMPLING OF THE EARS 

Serial  samples over the whole pe riod of grain development were 

harvested f rom the tagged ears . Regress ion analyses o f  each variable 

( e . g .  grain dry weight , germination pe rcentages etc . )  as  a funct ion 

of  grain age ( in days a fter anthesis ) we re done for each experimental  

unit . F rom these funct ions , the statist ics  were derived and used 

later in the generat ion mean ana lys is . 

Four to  five ears were s ampled at 7 day interval s ,  starting f rom 

7 days a f t e r  anthesis  in the warm environment and at 1 0 day interval s ,  

start ing f rom 1 0  days in the c o o l  environment . Wheneve r posible ears 

that reached anthesis on the same date were used in the s ample . The 

ages o f  the grain were expressed as the numbers of days after  anthesis  

(DAA) . 

Ears  we re immediately deglumed us ing c lean forceps . Only the 

grains f rom the middle t wo thirds o f  the ear  were used, and only the 

grains at  the pos it ions of  f irst and second f lorets in a spikelet were 

used f o r  measurements . This rest riction o f  the sampling a re a  was to 

reduce variat ion i n  s ize and maturity of t he grains , which i s  wel l  

known t o  vary with posit ion ( e . g .  Rawson a nd Evans,  1 9 7 0 ) . Also this 

sampling would minimize ear variation in t he t ime of anthe s i s  among 

f loret s within the ear  (Rawson and Evans,  1 97 0 ) . The confined 

sampling a rea of grain s ,  combined with the anthesis t agging procedure 

make it poss ible to determine the sampled grain age accurate ly, t o  

within ± 1  day . This  would enable a c lear picture of the grain 

processes  and values to be attained, without the masking e ffect s o f  

e a r  posit ion and t i l le r  cohort . Grains det a ched from the e a rs were 

stored over water in a humidif ie r  pending further treatment . 

V I )  ATTRIBUTES MEASURED 

The f o llowing attributes were measured f rom aliquots o f  the 

gra in s amples .  

VI . 1 ) Gra in D ry Weight and Gra in Moisture Content 
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A sample o f  ten grains was weighed immediately a fter  removing the 

glumes . They were then put into oven at  6 0°C for 4 8  hours . The dry 

grains were reweighed, after cool ing to room temperature in the 

des iccator for one hour . Grain dry weight w a s  expres sed in mg per 

gra in . The grain moi sture content was expres sed as a percentage o f  

fresh weight following usual cereal-technology pract ice . 

VI . 2 )  Harvest Ripeness  

Harvest ripenes s  in the experiments was  defined a s  the t ime when 

the grain moisture dec reased to 1 2 . 5  % .  This was estimated f rom the 

inte rpolat ion o f  cubic spline curve of grain moisture content 

(detailed in VI I . l . l  this chapter ) .  

VI . 3 ) Standa rd Ge rmination and Potenti a l  Germinat ion 

Each of  two t wenty grain samples was sub jected to a different 

germinat ion test . For standa rd germinat ion , the grains were put 

cre a se down into a 9 cm . Pet ri  dish on a Whatman filter pape r ,  and 5 

ml o f  distilled water added . Germinat ion was carried out at  2 0°C 

without light (Anonymous , 1 9 6 6 )  . 

Potential germinat ion was eva luated a s  t he germination when three 

mechanisms of dormancy breaking we re applied, thereby ref lect ing mean 

ontogenic ability to  germinate .  Grains were put crease down into 9 cm 

Pet r i  dish on a Whatman f i lter paper ,  the germination medium being 5 

ml o f  0 . 5  % KN0 3 solut ion . The Petri dish was  then kept i n  a 

germinat ion cabinet with a lternating temperatures and l ight a s  fol lows 

: 1 6  hours of  diffuse l ight at  2 0°C and 8 hours of darknes s  at l 5°C .  

Thi s  method combines three of  the reported procedures  to  break 

dormancy (Anonymous , 1 9 6 6 )  and was first used in this context by 

Gordon ( 1 97 5 ) . I t  has s ince also  been used successfully by Cro s s  

( 1 97 7 )  and Very ( 1 9 7 8 ) . 

The number of  germinated grains in both t ests were counted a fter  

5 days  o f  incubat ion . Grains were cons idered a s  germinated when the 

embryo ruptured t he pe ricarp . All the grains used in the germinat ion 
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test s were assumed t o  be viable and n o  tetrazolium test f o r  viabil ity 

was carried out , as  earlier expe riment s had shown that the number of 

non-viable grains was very sma ll  (Gordon , 1 97 5 ;  Cros s ,  1 9 7 7 ) . 

Germinat ion was thus expressed as  the pe rcentage of germinated grains 

based on t otal gra ins used in the test . 

VI . 4 ) Grain Colour Score 

Two to  three gra ins were used for a colour score test . For the 

segregat ing generat ions (e . g .  F2 generat ion) , one grain f rom each ear 

was used . A modi fied technique o f  Quart ley and Wellington ( 1 9 6 2 )  was 

used . Gra ins were soaked in 5 ml of 5 % NaOH for one hour,  and 

compa red with f ive standa rd cultivars , which had been treated 

simi la rly . The f ive standard cultivars ,  ranked from the lowest score 

( white ) to  the highest score ( dark red) , were : 

1) New Zea land Velvet score 1 ,  

2 )  Spoetnik score = 2 ,  

3 )  P i  tic score = 3 ,  

4 )  Park  score 4 ,  

5 )  Hope score 5 .  

The g rains which had not yet developed colour,  or  where the 

chlorophyl l  colour of the pericarp was s t i ll present were scored as 

zero . I n  cases where the sample consisted of grains with varying 

colour scores,  the mean colour score was recorded for later analysis . 

The va lues of  the colour sco re of each sample were adjusted by 

adding 0 . 5  to the score f i rst , and then mult iplying by 2 .  This 

results  in 10 intervals of o rdinal score s . The adjusted scores were 

then t rans formed into norma l scores using Table IV of Bliss  and 

Calhoun ( 1 95 4 )  . In  the analys is  these adjusted and t ransformed scores 

wi l l  be referred to  as normal scores . It  should be noted, the refore,  

that colour has been measured semi-quantitatively,  and not 

qual i t at ively a s  in classical genet ic studies . The divis ion line 

between " white" and " red" is  at about 2 . 5  -3 . 0  before normalisat ion . 



5 0  

VI . S ) a-Amylase Concent rations 

The activities of a-amylase we re determined from three a l iquots 

of grain samples ,  each a liquot being treated differently to  a ssess 

va rying aspects of amylase development . They we re then dried in the 

oven  at 6 0°C for  another 4 8  hours . This dried sample was kept in 

cool storage pending assay . 

VI . 5 . 1 ) Base a-Amylase 

This is the a-amylase f rom harvested-condit ion after drying in  

t he oven at 6 0°C for  48  hours . The drying t reatment used i s  known not 

to de-activate a-amylase (Barnes and Blakene y ,  1 9 7 4 ) . To conserve 

materia l ,  the sample f o r  this as say was the same as that used for 

grain dry weight . This represented the bas e ,  non germinat ive a

amylase in  the grains . 

VI . 5 . 2 )  Ge rminat ive a-Amylase 

A ten-grain sample was put into standard germinat ion condit ions 

for 48 hours , before drying as above . This a-amylase leve l reflected 

germinative a-amylase and f rom it " amylase maturity" would be def ined 

with respect to the earliest  t ime at which such amylase could be 

synthesised by the gra in . 

VI . 5 . 3 ) Gibbere l l in a-Amylase 

In experiment related to cross 1 ,  a sample of ten gra ins was 

ge rminated in dark conditions for 48  hours at 2 0°C ,  with 1 0 -S  M GA3 as  

a germinat ion medium . I n  c rosses 2 and 3 the GA3 concent rat ion was 

increased to  1 0- 4  M .  This a-amylase level ref lected the a-amylase o f  

the grains which were promote by gibbe rellin . This treatment was 

implemented to  invest igate the GA sensit ivity o f  the wheat genotypes 

on the one hand, and on the other hand to  f ind out whether gibberellin  

will  bring about earlier  maturity or not . 



5 1  

The a-amylase determination was carried out us ing the method of  

Barnes and Blakeney ( 1 97 4 )  . The method is based on the calorimet ric 

mea s urement of  the product released f rom Phadebas tablets . The 

Phadebas tablet being a P- l imit dext rin derived f rom potato sta rch 

which is  label led with Cibachron blue . It  is  a-amylase speci f i c ,  

being complete ly res i stance to  attack b y  P-amylase (Ba rnes and 

Blakeney, 1 97 4 ) . 

After the s ample ext ract had reacted with the Phadebas t ablet , 

under standard condit ions ( 5 0°C in a water bath fo� 1 5 minutes ) ,  the 

coloured supernatant was read for absorbance with a Spect rophotometer 

at 6 2 0  nm . The absorbance va lues we re converted into EU/ 1  of  a-

amylase activity by t he standard curve accompanying the Phadebas 

tablet s . One unit ( EU )  of  a-amylase act ivity is def ined as  the 

amount of  enzyme cata lyz ing the hydrolys is  of 1 �ol glucosidic 

linkage per minute at 37°C .  The a-amylase concent ration was converted 

into ln (mEUg- 1 ) for regress ion analysis . 

VI I )  DATA ANALYS I S  

V I I . 1 )  Est imat ing Data f rom Regres s ion Equations 

The measurement s of each variable across  sampling t imes in each 

experimental  unit were used a s  dependent variables in regression 

ana lys i s  us ing the age of the gra ins as  the independent variable . 

Dif ferent regre s s ion equat ions were est imated for each experimenta l  

unit i n  each experiment . The est imated va lues o f  dependent variables 

at particular t imes , or  the est imated t imes when a dependent variable 

attained a certain  leve l ,  f ormed a new set of  derived va riables which 

were used later in subsequent analysis of va riance and the generation 

mean  analysis . In  the few case where data of  an experimental  unit 

fai led to  f it the function ,  the data in that experimenta l  unit was 

der ived by either l inear interpolat ion or was treated as a mis sing 

value . 
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VI I . 1 . 1 ) Mo isture Content 

Init i a l ly, t wo functions were tested with this characte r ,  the 

logistic and the modified logist ic . The logist ic funct ion has been 

used succes s fully by Gordon ( 1 9 7 5 ) and Cross ( 1 97 7 ) . In  the present 

experiments even though both funct ions gave an acceptably h igh va lue 

of R2 , the estimated time of ha rvested ripeness usua l ly fel l out of  

range . 

The logist ic funct ion has the form :  

Y 1 / [ 1  + e ( a-b · X )  l 

where Y grain moisture content ( % ) , 

X age o f  grains , 

a and b = unknown parameters , 

e = base of natural logarithm .  

And t he modified logistic funct ion has the form : 

Y b + a / [ 1  + e (c - d ' X ) ] 

where Y and X a re grain moisture content and age of  grains as 

before , a,  b,  c ,  and d are unknown pa rameters . 

Because moisture content s a re values which can be measured with 

high accuracy, the est imated t ime of ha rvest ripeness f rom the 

logistic  function or from modi fied logist ic were cons idered 

unsat is factory . The spline cubic funct ion ( Rice , 1 9 6 9 )  was then used 

to express t he change of  moisture content along the x axis ( age of  the 

grains ) . Estimates  of  time to  harvest ripeness were obta ined from 

this spline cubic funct ion, using the program "MC . ES T . F7 7 "  (D . R .  

Smith,  unpublished) . 

Spline funct ions are piecewise polynomial  of degree n ,  that are 

connected together ( at points ca lled knot s )  so  as  to have n-1  

cont inuous derivat ions (Rice , 1 9 6 9 ) . 
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The cubic spline , or  the spline function of  degree 3 ,  h a s  the 

forma l a lgebraic  def init ion as 

3 

S ( x )  =L a j xj + 

j = O  

where ( x  - �t ) +  

m 

L ( 1 / 6 ) dt ( x  -�t ) 3 

+ 
t =1 

f 0 ,  when x � �t 1 (x - �t ) ,  when x � �t .  

In  this  f o rmulat ion it was a s s umed that " knots " :. �t , at which the 

sepa rate pieces are j o inted, a re in the orde r ,  � 1 < �
2 < . . .  < �m 

( Powell ,  1 9 7 0 ) . 

VI I . 1 . 2 )  Grain Dry Weight 

The grain dry weight s were f it t ed to  the Gompert z equat ion . This 

relationship has  proved to be s a t i s factory ( c f . Gordon , 1 9 7 5 ;  Cros s ,  

1 977 ) . 

y 

The equation used can be written as : 

a .  e 
( b  - C • X )  - e 

where Y = weight of  grains , 

x age of grains expres sed in days a fter anthe s i s ,  

e = based o f  natural logarithm, 

a,  b and c are the unknown parameters of  the function . 

This funct ion has  an uppe r asymptote equa l to " a " . The point o f  

inflection o f  the curve , i . e .  the point when the slope o f  the curve 

change s ,  occurs when X equa ls a / e . I n  this equat ion paramete r  c is  a 

rate paramete r ,  a high va lue indicating a rapid rise o f  the funct ion 

between the t wo asymptotes . The rat io b/c de fines the value of  X at 

the point o f  inflection ( Causton and Venus ,  1 9 8 1 ) . 

The f itt ing of this function was  a f fected by us ing the program 

" S IGMOID" ( D . R . Smith, unpublished) . 

Derived variables obta ined f rom the fitted curves were : 

1 ) Grain dry weight at harvest r ipeness  ( HRDW) , 
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2 )  Maximum grain dry weight (MAXDW) , and 

3 )  Time at which the gra ins reached 90 % of their  maximum 

dry weight ( T 9 0DW) , and will  be referred to a s  dry weight 

maturity . 

The level of  response at 90  % o f  the upper asymptote ( 9 0  % dry 

weight ) was chosen as an a rbit rary high leve l near to the maximum, 

bearing in mind that the e st imates will  have lower standa rd errors 

t han e stimates at higher  level s  (e . g .  9 5  o r  99 % )  . This arbitrary 

level was also  applied t o  other characters as  we ll . It avoids the 

problem of x-axis attenuat ion near the Y-axis a s ymptote , and 

approximates f ield  percept ion of the end of  the proces s .  

VI I . 1 . 3 ) Standard Germinat ion and Potent ial  Ge rminat ion 

The term "germinat i on '' impl ied the actual germination percentage 

obse rved under the standard germinat ion test . The term 

"germinabi l ity" implied the net germinat ion when dormancy had been 

bypassed, so it a lso measured the readines s  of the embryo to  

germinate , i . e .  mea sured embryo maturity (Gordon , 1 9 7 5 ;  Cro s s ,  

1 97 7 )  ( see a l s o  sect ion VI . 4 , this chapter )  

Changes in germinat ion and ge rminabi l ity across t ime were 

described by the logistic  funct ion , as had been found also  by Gordon 

( 1 97 5 )  and later used by Cro s s  ( 1 9 7 7 )  . I n  these expe riments the 

values of the germinat ion percentages were tran s formed into a 

f ract ions o f  1 ,  and the upper asymptote was set a s  1 ( i . e .  1 0 0  % )  . 

Therefore the function can be expres sed a s : 

y 

where Y 

X 

a and b 

percent germination in fraction o f  1 ,  

age of  grains in days after anthes is , 

unknown parameters . 

The logist ic function has a point of  inf lect ion half  way between 

lower asymptote and upper asymptote . This ma kes the curve a symmetric 

s igmoid shape . 



Derived data  obta ined from this  function were : 

1 )  t ime at which grains atta ined 5 0  % standa rd germinat ion 

( T 5 0 SG ) , hencef orth revered to  as "median ge rmination " ; 

2 )  t ime at  which grains atta ined 90  % standard germinat ion 

( T 9 0 SG ) , henceforth  referred to  as  " ge rmination maturity" ; 
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3 )  t ime at  which grains attained 5 0  % potential germinat ion 

( T50PG ) , henceforth referred to  as " median emb ryo maturity" ;  

4 )  t ime at which grains attained 9 0  % potent ial germinat ion 

( T 9 0PG) , henceforth will be referred to  as "embryo maturity" ; 

5 )  percent standard germinat ion at harvest ripeness  ( HRSG) ; and 

6) percent potent ial  germination at harvest  ripene s s  ( HRPG )  . 

VI I . 1 . 4 )  Estimated Dormancy Percentages 

Dormancy percentages were est imated as  the difference between the 

mean standard germinat ion anP potenti a l  ge rminat ion of  each generat ion 

in each environment . Gordon ( 1 97 5 )  def ined percentage embryo maturity 

as  the germinat ion percentage unde r  dormancy breaking condit ions . 

With the assumpt ion that all  the grains in the test were viable the 

percentage embryo maturity will be equal to t he percent potent ial  

germinat ion in this  experiment . Also he def ined dormancy as  the 

inab ility to germinate caused by specific processes result ing in the 

mature emb ryo ( i . e .  apa rt f rom irnmaturity) . By these def init ions 

dormancy may be estimated by : 

Dormancy ( % )  1 0 0 (potential ge rminat ion - standa rd germinat ion) . 

potent ial germinat ion 

When the potent ial  germinat ion equals  zero ( o r  was not s ignif icantly  

different f rom zero in some cases ) ,  which means the embryo is  

immature ,  the  dormancy will be  undefined (miss ing dat a )  ( Go rdon , 

1 9 7 5 )  . 

Full dormancy occurs whenever the standa rd ge rminat ion is zero , 

and potent ial  is  non- zero . There were some occasions when potenti a l  

germination h a d  smaller value tha n  standa rd germination which i s  the 
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problem attributable to  independence of  the random errors in  t he two 

measurements .  In this  s ituat ion the difference between potent i a l  and 

standard germinat ion is set to zero and c onsequent ly the dormancy will  

equal zero (or ,  i f  potentia l germination was not  signif icantly 

different from zero , remains undefined) . 

V I I . l . S ) Grain Colour Score 

The grain colour scores , a fter transformat ion into the normal 

s cores were fitted with logistic and modi fied logistic functions . 

Data f rom many experimental units failed t o  f it the logistic funct ion,  

but t hey were described satis factorily by the modi fied logistic 

funct ion as  judged by the high R2 ( Figures A , 43-A. 46 ) .  So this funct ion 

was chosen to regres s  the norma l colour s c ore a g ainst grain age . 

The modified log i s t ic has the equat ion : 

Y = b + a / [ 1  + e 
( c - d · x ) ] 

whe re Y = the grain s '  normal colour s core ,  

x = age o f  the grains i n  days after  anthes i s ,  

e = base o f  natural logarithm, 

a ,  b, c ,  and d are unknown pa rameters . 

Derived data  f rom t he curve fitting a re 

1 )  Maximum colour s core (MAXCOL ) ,  which is  the asymptote o f  the 

modified logis t i c  function,  

2 ) t ime at whi ch grains attained 90  % maximum colour s core 

( T 9 0COL) , " grain colour maturity " . 

The colour scores at  harvest ripenes s ,  o r  at  T 9 0 S G  a re usually  
I 

equivalent to  the maximum colour score s ,  s o  only the maximum colour 

s core has been presented . 

... 
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VI I . l . 6 ) a-Amylase Data 

VI I . 1 . 6 . 1 ) Base a -Amyl a se 

The pattern of change in the content of base a-amylase across 

t ime can be expressed as a quadratic exponent ial  funct ion ( Gordon , 

1 9 7 5 ;  Gordon et al . ,  1 97 9 ) . The regression funct ion can be written in 

the exponential form a s : 

y [ a + b ( X )  + c ( X ) 2 ] 
e 

whe re Y base a-amylase concent ration in mEU/g, 

X age of  grains in days after anthesis , 

a ,  b ,  and c are unknown parameters of the equat ions . 

The funct ion can be simplified by taking the natura l loga rithm of 

the above equat ion which will  result in : 

ln ( Y )  a +  b (X )  + c ( X) 2 

This second form o f  equation is in the form of a second order 

polynomi a l  equation , a nd was used in ca lculat ion . From this 

regress ion the estimates  for values of  base a-amylase at harvest 

r ipeness and at T 9 0 SG were derived, by subst itut ing x with appropriate 

values . 

VI I . 1 . 6 . 2 )  Germi n a t i ve a-Amyl a s e  and GA3 -induced a -Amyl a se 

Thes e  two variables have the patterns of change across  grain ages 

that fall distinct ly into two phases (Gordon , 1 9 7 9b)  The f irst phase 

has the s ame function as  for base a-amylase i . e .  

ln ( Y )  a +  b (X)  + c (x ) 2 

whe re X = age of  the grains . 

The second pha se has the regress ion funct ion as 

ln (Y )  a ' + b' ( X )  
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The two phases of  the a-amylase concentrat ions a re concurrent 

with biologic a l  expectat ions (Gordon , 1 9 7 9b ) . Phase 1 represent s the 

usual  dec l ine i n  pericarp act ivity in young grains ; and phase 2 

represented the response t o  germinat ive conditions in the endosperm 

( O le red and Jonsson,  1 97 0 ;  Kruger,  1 97 2 a  ; 1 972b ;  Olered, 1 97 6 ) . The 

intersection o f  the two phases a re c a l led phase intersect 1 ( P I 1 )  for 

t he germinat ive a-amylase and phase intersect 2 ( P I2 ) for the GA3 -

induced a-amylase . The j o inted fit regress ions were c a rried out by 

us ing assigned dummy va riables and were e ffected by procedure " REG" of  

the SAS program ( SAS Institute ,  Inc . ,  1 9 8 5 ) . 

The intersect ion point can occur at several points a long the x

axi s ,  depending on how the dummy variables were assigned ( i . e .  t he 

initial  a l locat i on o f  the observed values to  each phas e )  . The 

c r iteria to judge which intersect ion is the better or more rea l i s t ic 

choice are : 

1 )  the intersection point should occur when the value o f  a

amylase i s  relat ively low;  

2 )  the intersect ion point should not cause overlapping between 

phases ;  and 

3 )  the coe f f ic ient of  determinat ion ( R2 ) for the j oined fit is 

relat ively high . 

A few j oi nted fit  regress ions were t ried for each exper imenta l  

unit . The j ointed f i t  regress ion which s a t i s fied the above c riteria 

was chosen as the appropriate function . 

Derived variables f rom these f itted curve were : 

1 )  phase intersect 1 ( P I 1 ) , hencef o rt h  called amylase maturity,  

being that point in t ime at which competency to  produce 

germinat ive a-amylase occurs ; 

2 )  phase intersect 2 ( P I2 ) , hencef o rth  called GA amylase 

maturity ; 

3 )  germinat ive a-amylase at HR; 

4 )  germinat ive a-amylase at T90PG ;  



5 )  GA3 a-amy l a s e a t  HR;  a n d  

6)  G A 3  a-amy l a s e  a t  T 9 0 P G . 

A s umma ry of t he v a r i a b l e s  a nd t h e i r  abrev i a t e d  names a re 

p r e s e n t ed i n  Appe nd i x  4 . 

V I I . 2 )  Ana lys i s  o f  V a r i a n c e  
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The a n a l y s i s  o f  va r i a n c e  f o r  e a c h  c r o s s  w a s  c a r r i e d  o u t  

s epa r a t e l y , u s i n g  p r ocedu re " G LM" o f  t he S A S  s t a t i s t i c a l  p a c k a g e  ( SAS 

I n s t i t u t e  I n c . ,  1 9 8 5 )  . I n  e a c h  of t he t h ree c r o s s e s , a n a l y s i s  o f  

v a r i a n c e  w a s  e f f e c t e d  f o r  e a c h  en v i r onme n t , a nd a l s o f o r  t he c ombined 

e n v i r o n ment s .  A t e s t  f o r  h omog ene i t y  of e r r o r  v a r i a nc e s  be t we e n  

e n v i r o nme n t s  we re c a r r i e d  o u t  b y  u s i ng t he B a r t l e t t  A2 t e s t  ( LeC l e rg et  
al . ,  1 9 6 2 ) . The r e s u l t s  o f  t he t e s t  a r e  p re s e n t ed i n  Appe ndix 7 . The 

comb i n e d  a n a l y s i s  o f  t h e  expe r i men t s  wh i c h  have di f f e r e n t  e r r o r  

v a r i a n c e s  w i l l  r e s u l t  i n  a l o s s o f  s e n s i t i v i t y  i n  t e s t s  o f  

s i g n i f i c a nc e  ( C o c h r a n ,  1 9 4 7 ) . The v a r i ab l e s  i n  t he a n a l y s e s  a re t h o s e  

v a r i ab l e s  de r i ved f rom t h e  r e g re s s i o n  e qu a t io n s . T h e  mode l f o r  

a n a l y s i s  o f  v a r i a n c e  i n  a s i n g l e  e n v i r o nme n t  c a n  b e  e xp r e s s e d  a s  

f o l l o w s : 

y . .  = �L + a . + � . + £  . .  l. J  l. 1-' J l. J  . . . . . • . . .  ( 1 )  

w h e r e  Y i j  = t he obse rved v a l u e  o f  t h e  v a r i a b l e  u nde r c o n s i de r a t i o n  o f  

t h e  i t h  gene r a t i o n , i n  t he j t h  b l oc k ,  

� = t he mean common t o  a l l  obs e r v a t i o n s , 

ai t he e f f e c t  o f  t he i t h  g e ne r a t i o n ,  

P j  t he e f fe c t  o f  t h e  j t h  b l o c k . 

E i j  t h e  r a n dom e r r o r  a s s o c i a t ed w i t h  t he i n d i v i du a l  

ob s e r v a t i o n s . 

The s ig n i f ic a nc e  of gene r a t i o n  o r  b l o c k  e f f e c t s  was t e s t ed by t he 

u s u a l  F - t es t . 

F o r  t he c omb ined a n a l y s i s  o f  va r i a n c e  f rom b o t h  e n v i ro nmen t s ,  t he 

r a ndom e f fe c t s  model was a pp l i e d ,  t h a t  i s  b o t h  g e ne r a t io n  a n d  

e n v i r o nme n t  e f fe c t s  w e r e  c o n s i d e red a s  r a ndom s a mp l e s  o f  g e n e r a t i o n s  

a nd e n v i r onme n t s . T h e  mode l c a n  be w r i t t e n  a s  f o l l o w s : 



where Yi j k  = the obse rved va lue of  t he va riable unde r 

conside rat ion of  the generat ion ith , in the jth  block 

grown in  the kth environment . 

� = the mean  common to  all  obse rvations . 

ai = the e f fect o f  the i th generation, 

P j ( k )  = the e ffect o f  the jth block within 

the kth environments ,  

Yk the e ffect o f  the kth envi ronment , 

ayik = the interaction o f  the generat ion ith  

with  the kth  environment . 

ei j k  = the random error associated with the 

individu a l  observat ions . 

The appropriate F-tests for  the gene rat ion effect i s  

F MS ( G )  I MS ( G . E )  . 
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P rocedure " GLM" of  SAS does not give the c omplex F-test nor 

degrees of f reedom for environment effect . So  the environmental 

e f fect was tested by the " THWAITE"  program ( I . L .  Gordon,  unpublished ) . 

The appropriate F-test for  environmental e ffect is : 

F '  [ MS ( EN )  + MS ( E ) ] I [MS (BLK ) + MS (G . E ) ] 

where MS ( G )  = Mean square for  generat ion , 

MS ( G . E )  = mean square for  generat ion x envi ronment 

interaction,  

MS  (EN)  = mean  square for environment , and 

MS (BLK ) = mean square for block ( environment ) 
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The degrees o f  freedom for the numerator and denominator in the 

F-test for environment e ffect s a re c a l culated according to  

Satterthwaite ' s ( 1 9 4 6 )  equat ion � 

k k 

i=1  i= 1 

where f i i s  the degrees of f reedom associated with MS i , the ith 

mean square in the l inear function,  and ai = 1 in this usage . 

The expectat ion of  mean squares for the s ingle ana lys i s  of  

variance and for  combined analysis  o f  va riance , given all the e f fects 

a re random, a re presented in Appendix 5 and 6 respect ively . 

The SAS type I I  sum squares were u sed for all  characters . The 

type I I  s um squares based on the " Fitt ing Constants Method" , in which 

the adjusted sum of squares are used to test for main e f fect ( Speed, 

el al . ,  1 97 8 ) . The least square means obtained from the ana lys i s  were 

used instead of the means . Lea s t  square means are the expected values 

of class  or s ubc lass  means which would be expected for a balanced 

des ign involving the c la s s  variable with all  covariates at their mean 

value ( SAS Inst itute, Inc . ,  1 9 8 5 ) . This  was done to  accommodate the 

imbalance a r i sing from mis sing data . 

VII . 3 )  Generation Mean Ana lys i s  

The generat ion mean analys i s  w a s  ca rried out when t h e  analysis o f  

variance indicated s ignificance f o r  generations or generat ion x 

environment interaction . Princ iples o f  the method had a l ready been 

reviewed in section VI I I  of  Chapter 2 .  

The analys i s  incorporated epi s t a s i s  and environmental e f fects in 

the model . The phenotypic va lue o f  any generation in any environment 

may be expres sed, using Gamble ' s  ( 1 9 62) notat ion , a s : 

Yik  = m + aa + Pd + a2aa + 2aPad + p2dd + �e 

+ a�ae + P�de + a2�aae  + 2apyade + p2�dde 



where Yik  = t he phenotypic value of the  mean of generat ion i in 

environment k .  

m = background mea n ,  which equal the mean of  the F2 gene ration ,  
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a ,  � , and y are coe f f icients o f  corresponding parameters , as  explained 

ea r l ie r  ( See a l s o  sect ion VI I I  of Chapter 2 ) . The coef f icient y was 

a s s igned value of +1 for the environment with highe r express ion and -

1 for  envi ronment with lowe r expression . The parent with higher 

express ion was set as  P 1 throughout . 

The terms a , d, aa , ad, and dd are the net gene effect s as  previously 

described ( average a l lele,  dominance , and three types of  epista s i s )  

The parameter e i s  the environmental e f fect . The last  f i ve parameters 

in  the above equa t ion are the interactions between genet ic e f fects  and 

envi ronmental e ffect s ,  They are ae,  de, aae ,  ade, dde . 

can be expressed in mat rix nota tion as : 

Y = C M 

The equat ion 

where Y is the vecto r  of the means ( least  square means ) ,  with 

dimens ions 12 x 1 ; C is the coe ff icient mat rix of s i ze 12 x 12 ; and 

M is the vectors of the parameter estima te s ,  with dimens ions 1 2  x 1 

(the unknown ) The Y ,  and M vectors and the C mat r ix a re showned 

below . 

y M 

m 

a 
d 
a a 
ad 
dd 
e 
ae 
de 
aae 
a de 
dde 



1 . 0  1 . 0  - 0 . 50  
1 . 0  - 1 . 0  - 0 . 5 0  
1 . 0  0 . 0  0 . 0 0  
1 . 0  0 . 0 - 0 . 2 5 
1 . 0  0 . 5 - 0 . 2 5  
1 . 0  - 0 . 5  - 0 . 2 5 
1 . 0  1 . 0 - 0 . 5 0 
1 . 0  - 1 . 0  - 0 . 5 0 
1 . 0  0 . 0  0 . 0 0  
1 . 0  0 . 0  - 0 . 25  
1 . 0  0 . 5  - 0 . 2 5 
1 . 0  - 0 . 5  - 0 . 25  

1 .  00  
1 .  00  
0 . 0 0 
0 . 0 0 
0 . 2 5  
0 . 2 5  
1 .  0 0  
1 .  0 0  
0 . 0 0 
0 . 0 0 
0 . 2 5  
0 . 2 5  

- 1 . 0 0 0  
1 .  0 0 0  
0 . 0 0 0  
0 . 0 0 0  

- 0 . 2 50  
0 . 2 5 0  

- 1 . 0 0 0  
1 .  0 0 0  
0 . 0 0 0  
0 . 0 0 0  

- 0 . 2 5 0  
0 . 2 50  

c 

0 . 2 5 0 0  
0 . 2 5 0 0  
0 . 0 0 0 0  
0 . 0 62 5  
0 . 0 62 5  
0 . 0 62 5  
0 . 2 5 0 0  
0 . 2 5 0 0  
0 . 0 0 0 0  
0 .  0 6 2 5  
0 . 0 62 5  
0 . 0 62 5  

1 . 0  1 . 0 -0 . 5 0  
1 . 0  - 1 . 0  -0 . 5 0 
1 . 0  0 . 0  0 . 0 0 
1 . 0  0 . 0  -0 . 25  
1 . 0  0 . 5  -0 . 2 5  
1 . 0  - 0 . 5  -0 . 2 5  

- 1 . 0  - 1 . 0  0 . 50 
- 1 . 0  1 . 0 0 . 5 0 
-1 . 0  0 . 0  0 . 0 0 
- 1 . 0  0 . 0  0 . 2 5  
- 1 . 0  - 0 . 5  0 . 2 5 
-1 . 0  0 . 5  0 . 2 5  

1 .  0 0  
1 .  0 0  
0 . 0 0 
0 . 0 0 
0 . 2 5 
0 . 2 5 

- 1 . 0 0 
- 1 . 0 0 

0 . 0 0 
0 . 0 0 

- 0 . 2 5 
- 0 . 2 5 

-1 . 0 0 0  
1 .  0 0 0  
0 . 0 0 0  
0 . 0 0 0  

-0 . 2 50 
0 . 2 5 0  
1 .  0 0 0  

- 1 . 0 0 0  
0 . 0 0 0  
0 . 0 0 0  
0 . 2 5 0  

- 0 . 2 5 0  
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0 . 2 5 0 0  
0 . 2 5 0 0  
0 . 0 0 0 0  
0 . 0 625  
0 . 0 62 5  
0 . 0 625  

- 0 . 2 5 0 0  
- 0 . 2 5 0 0  

0 . 0 0 0 0  
- 0 . 0 6 2 5  
-0 . 0 625  
- 0 . 0 62 5  

The s o lut ion for the parameter e st imates  w a s  obtained b y  the invers ion 

of mat rix C, and pos t  multiplication by vector Y, expres sed in mat rix 

form a s : 

M ( 1 )  . 

The inversion and mult ipl icat ion o f  the matrix was  carried out by 

the "MINITAB" program ( Bray and Lai ,  1 9 8 7 ) . Because t he mean in each 

generation was obtained on a plot bas i s ,  no plant to  plant va riation 

( within plot variance ) was ava ilable . This caused a problem in 

computi ng t he variances or standard errors of the parameter estimates . 

I f  the p l ant variance of  each generation were known , the variances of 

the parameter  est imates can be computed as a l inear  funct ion o f  those 

generat ion variances . 

S ince no within plot variances were ava i lable , the variance o f  

the means  ( Least square means )  was used a s  a bas i s  for  t he variances 

of parameter estimates . However ,  t o  adj us t  the s ingle variance o f  

the means  to  reflect the expected variations o n  a plant to  plant 

bas i s ,  the expectation of  generation variances based on a s imple gene 

model ( non-epist a si s ,  n o  genotype x environment interaction)  was 

computed . 



The expect ations  o f  genetic variances in  each generation 

( St rickberge r ,  1 9 7 6 )  were as follows : 

V ( P 1 ) E 

V (P2 ) E 

V ( F1 ) E 

V (F2 ) 1 / 2  ( a2 ) + 1 / 4  ( d2 ) + E 

V ( B1 ) 1 / 4  ( a2 ) + 1 / 4  ( d2 ) + E etc . 

Likewise the expected variance o f  F3 and sel fed backcross w i l l  be 

V (F3 ) = 3 / 4  ( a2 )  + 3 / 1 6  ( d2 )  + E 

V [ BC1 (P 1 ) s 1 ] 1 / 2 ( a2 ) 1 / 1 6  ( ad) + 3 / 1 6 ( d2 ) + E 

V [ BC1 (P2 ) S 1 ] 1 /2 ( a2 ) 1 / 1 6  ( ad) + 3 / 1 6  ( d2 ) + E 

Notice that the va riances o f  BC1 ( P1 ) s 1 and BC1 (P2 ) S 1 have the same 

expectations . 
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Strickbe rger ( 1 9 7 6 )  def ined environmenta l  variance ( E )  in  the 

above equat ions as  the variation among identical genot ypes of all  

individuals in an  experiment . Th is means that the environmental 

va riance (E )  in the formula of  St rickberge r is  equal t o  the va riance 

of  the generat ion means in these experiments . 

The parameters estimated f rom the solut ion M = c- 1Y were used 

in computing the variance o f  parameter estimates . To adjust the 

generation variances for  each envi ronment another weight ing was 

int roduced . The environment weights were the proport ions of  e rror 

variance in that part i cular environment to the error variance f rom the 

combined analys i s . The f inal adjusted variances were used as  a V 

mat rix in equation ( 2 )  . 
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Error variances and covariances o f  the paramete r  est imates were 

computed a s : 

VAR (M) ( 2 ) . 

Where M is  the vector of  parameter est imates , 

V is the diagona l matrix of  adjusted error variances ,  

v- l i s  the inverse mat rix o f  V, C '  is the transposed coefficient 

matrix . 



CHAPTER 4 

RESULTS 

I )  T IMING OF EVENTS DURING GRAIN DEVELOPMENT AND RIPENING 

I . l ) Definit ions 

The names and abbreviations of  the estimated variables may be 

summarized as follows : -

1 )  harvest ripeness ( HR) , 

2 )  amylase maturity  ( P i l ) , 

3 )  GA-amylase mat u rity ( P I2 ) , 

4 )  median ge rminat ion , or t ime to  5 0  % s tanda rd ge rminat ion 

competency ( T S O SG) , 

5 )  germinat ion maturity ,  or  t ime t o  9 0  % s tanda rd germinat ion 

competency ( T 9 0 SG ) , 
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6 )  median embryo maturity or t ime t o  median potent i a l  ge rmination 

( T S O PG ) , 

7 )  embryo maturity ( T 9 0PG ) , 

8 )  dry weight mat u rity ( T 9 0DW) , 

9 )  grain colour maturity (T9 0COL ) 

Each var iable measured has a special connotat ion in re lat ion to  

matu rity and ripening o f  the grains . Furthe r  det a i ls have a lready 

been presented in Materials  and Methods . Harve s t  ripeness  ( HR )  is 

gra i n  matu rity in terms of  moisture content , ( 1 2 . 5 % moist ure content in 

this  expe riment ) ,  and is useful for f ield applicat ions . It  represents  

a general de finit ion of  when the gra in is  f i rm enough for  comb ine 

harvest ings (Gordon et a 1 . , 1 9 7 9 ;  P icket , 1 9 8 9 ) . Phase intersect 1 

( P i l ) is  t he t ime when the decreas ing phase o f  a-amylase ends and the 

increas ing phase of  a-amylase begins ; and probably represen t s  the 

po int in grain maturity at  which the capacity t o  produce a-amylase 1 

exceeds the capacity t o  produce a-amylase 2 unde r  germinat ive 

c ondit ions . This  variable can be interpreted a s  " amylase maturity" 



VARIATIONS OF SOME DERIVED DATA 

I .  HARVEST RIPENE S S . 

Harvest r ipenes s  was est imated f rom cubic spline f i t s  t o  
observat ions in each exper iment a l  unit . Al l  f i t s  were acceptable with 
respect

.
t o  the est imations of the t ime at which t he moi st ure decreased 

to  12 . 5  % ( The chosen definit ion of Harve s t  Ripene s s ,  p roposed by 
Gordon ( 1 97 9 ) ) .  These harvest ripeness  values a lways bounded by two 
neighbor ing obsevations , i .  e .  no estimat e s  were marginal nor  
extrapolat ions . Some observat ion values o f  the moisture were perhaps 
suspicious e . g .  the very l ow value of 3 . 0 5 % at  49 days after  
anthesis  (DAA) in  block  1 of  Figure A . 1 . B . , and t he unusually high 
va lue of 2 2 . 9 8 % at 6 3  DAA in block 3 of F igure A . 3 . B .  However a l l  
va lues were used as  observed to the curve f itt ing, So the re may be 
distort ion of some est imates of harvest ripeness  in those experimenta l  
units . But t h i s  practice h a s  little e ffect on t h e  mean for the 
t reatments bec ause o f  compensat ion by the values in other blocks . The 
block mean square may have been increased as  may have been e rror . 

In  some o f  the expe rimental unit the number of  plant s was 
l imited . It was necessary to spread the s amples over a longer period, 
thereby widenning the interval between some samplings . Consequentl y ,  
t h e  spline cubic funct ion f o r  the data  in t h a t  pa rticula r  block may 
not  be s imilar  to other blocks for the same generat ion . This widenning 
of the i nterval was prominent in some backcross-selfed generation s . 
F o r  example in Figure A . 3 . E  and A . 3 . F  the first  observation o f  block 2 
start at  about 7 days a ft e r  anthesis  and t he second observat ions a re 
at  about 3 5  DAA . The s ame problem was found also  in Figures A . 4 . A, 
A . 4 . B , A . 5 . B , A . 5 . E and A . 5 . F .  These "gaps " a re ve ry early in the 
development sequence ,  a nd have af fected the shape of the fit  there . 
However,  the observations are more concent rated near the harvest 
ripeness  end of  development, so that the curves a re not displaced in 
this region . For this reason, it is  unlikely that bias in harvest 
ripenes s  est imates has arisen from the wide samp l ing gaps . In  future 
work,  the expe rimental  des ign should be modi fied to allowed for  more 
p l ants per unit in the phytot rons . 

I I . EXTRAPOLAT ION OF AMYLASE DATA 

The base a-amylase , germinat ive a-amylase and GA3 a-amylase a t  
embryo maturity o f  the cult ivar Tordo were unusually h igh as  has been 
mentioned on page 9 8 . This was due to the latene s s  of  est imated embryo 
maturity, result ing in an extrapolat ion of amylase beyond the window o f  
curve fitting . This is  not recommended, but the general att itude in 
t hese results has been to let all  estimates stand as stocha s t ic 
s amples . Therefore , delet ion on " out liers " has not been pract iced . 
Howeve r ,  some estimates o f  amylase levels at  embryo maturity in Tordo 
we re so quest ionable that they were excluded f rom the Table ( Table 
2 3 )  . Nevertheless they we re included aga in in the pooled analysis  of 
va riance because analys is of variance cannot proceed if a t reatment i s  
miss ing enti rely in one experiment among seve ral . The results of  this  
analys i s  need to be  t re ated with caut ion a s  noted on  page 9 8 , and give 
only approximate indication o f  s ignificance . However the genetic 
analysi s  o f  these est imates in cross 1 was not carried out . 

f o r  these amylase data were c a rried out and the result of the 
analysis were t reated with caut ion (page 9 8 ) . 



a nd this  term will be used synonymous ly with  P i l . Phase intersect 2 

( P I 2 )  occurs when gra in s , t reated with GA3 instead o f  water for t wo 

67 

days , begin  to  show competency to  produce a-amylase 1 .  This variable 

will  be named "GA amylase maturity"  to different iate f rom amylase 

maturit y . 

T S O SG i s  the number of days after anthes i s  when 5 0 %  of  the grains 

s how c ompetency t o  germinate unde r standa rd condit ions . T S O PG i s  

s imila r ,  except t ha t  the germinat ion condit ions a re now designed to  

b reak dormancy ( see Materials  and Met hods , sect i on VI . 4 ) . T 9 0 SG and 

T 9 0PG a re the va riables related to the readiness of 90  % of the gra ins 

to germinate unde r s tanda rd or dormancy breaking condit ions 

respec t ively . As such , the latter va riable may be cons idered as an 

i ndex of embryo maturity  in t e rms of its  competency to  germinate . The 

9th  dec ile has been preferred over the median to def ine "maturity" , a s  

i t  i s  more akin t o  the f ield pe rcept ion o f  when these events have 

o ccur . 

T 9 0DW i s  the t ime when the grain reaches 90  % maximum dry we ight , 

and is s imilar to  the convent ional concept o f  so cal led "phys iological 

maturi t y" . I n  this discuss ion this  variable , T 9 0DW, will  be refe rred 

t o  as " dry we ight maturity"  which seems preferable . T 9 0COL i s  the 

t ime when gra in colour reaches 90%  of it maximum value and will be 

referred to as grain colour maturity . 

I . 2 )  Cross l ' s Results  

Changes in grai n  moi s ture during ripening o f  the six generat ions 

of cro s s  1 wheat , Tordo x Karamu (GA insensit ive x red, dormant ) , in 

t he wa rm and cool envi ronments are graphic a l ly presented in  Figure A . l 

a nd Figure A . 2  respect ively . The t imes i n  number of days from 

anthe s i s  for n ine events  for cross 1 are presented in Table 1 .  The 

cool envi ronment s igni f icantly delayed harve s t  ripeness , median embryo 

maturity  ( TS OPG) and a l l  other maturit ies ( amylase mat u r i t y ,  GA

amylase maturity ,  embryo maturity,  dry weight maturity and grain 

colour maturity)  . 



RANDOM EFFECTS VS . FIXED EFFECTS 

Whi le these experiments conside red generations and environment s  
as  random e f fects i t  may be a rgued that the two e f fects could be 
cons idered as fixed e ffect s . I f  the two effects were f ixed while the 
block effect was random, the expectat ion mean squares would change . 
According to  Schult z ( 1 95 5 )  the generat ion x environment component o f  
variance will  not exist in t he expectat ion o f  the mean s quare o f  the 
generat ion and t he environment but it will exist in the gene rat ion x 
environment mean square . As a result the F-ratios t o  test t he 
environment e ffect and the generat ion e f fect (Mc intosh, l 9 8 3 )  would be 

F (environment ) MS (environment) 

and 
F ( generation)  

MS (block ) 

MS (generation) 
MS (error )  

Consequent ly, probabilit ie s  for  F-test  e stimates for  
envi ronment and for generat ion may change f rom those for the random 
e f fect mode l ,  as reported in the thes is . But the F-test f o r  the 
generation x environment interaction e f fects would be the s ame . These 
mixed model F-ratios were invest igated in some characters f o r  
comparat ive purpose . The s ignificant symbols for  the mixed model 
( generat ion and environment f ixed, block random) a re presented beside 
s ignificance symbols o f  the random e f fects model in Table 1 , 2 , 4 , 5 , 7  
and 8 .  

It is  conceivable that under mixed model s  the sensitivity o f  the 
test is highe r compared to  random ef fect mode l . In cont rast , the 
random model test is more rigorous and is more conservative . To decide 
which model is  appropriate is  an a prior dec i s ion before data  
analysis . It  depends in part on the def init ion o f  t he population o f  
inference ,  a n  on whethe r the treatments are rega rded as bei ng exact ly 
p redefined without erro r .  

Lindman ( 1 97 4 )  has explained the difference between the random 
e f fects model and the f ixed effect s model as follows : 

( 1 ) In  f ixed effects model , the part icular groups being compared 
have been chosen because they are of  sole interest to t he 
experimenter . With the random effects  model ,  the g roups being compared 
have been chosen randomly f rom a large populat ion of potent ial groups . 

( 2 )  I n  random e f fects  model the experimenter is intere sted in 
population variable s ,  such a s  mean (�) , va riance bet ween groups 
(cr2

between ) a nd error variance (cr2
e ) .  There is no particular intere s t  

i n  speci f ic comparisons between the randomly chosen groups . The 
advantage of the random e ffects expe riment is that it enables the 
experiment e r  to generalize  statistically beyond the groups 
( t reatments )  actually t aken . 

( 3 )  To replicate a random effects exper iment , one could choose a 
new random s ample of  groups f rom which to take observat ion s . To 
repl icate a f ixed e ffect experiment one would obta in more observa t i on 
f rom the s ame groups a s  used in the original experiment . 
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There were s i gnificant dif ferences among generations f o r  amylase 

maturity i n  t he warm environment , but not in the cool environment . 

Averaged ove r the two environment s ,  the two parental  cult ivars were 

not dif ferent from each other and the F3 generat ion had s igni ficant ly 

short e r  amylase maturity compa red with the two parents ( T able 2)  . GA 

amylas e  maturity showed s ign i ficant differences among generat ions only 

in the cool environment . The F 3 was the generat ion with the shortest 

GA amylase  maturity . 

The median germinat ion ( T S OSG )  and the germination maturity 

(T90PG )  a re presented for only f ive generat ions in the warm 

environment and f o r  all  generat ions in the cool environment . Est imates 

of median germinat ion ( TSO SG)  and germinat ion maturity ( T 9 0 SG )  o f  

Tordo in the warm environment were not available because the observed 

data  did not fit the logistic funct ion (Figures A . 7  and A . 9 ) . 

Acco rdingly,  the combined ana lys i s  of  variance for these two 

cha racters was not conducted . 

Among the seven characters re l ated to  r ipening and maturity 

(va riables in Table 2 ) , dry we ight maturity and grain colour maturity 

were t he two ea r l iest event s ,  f o l lowed by amylase maturity and GA 

amylase  maturity . Median embryo maturity ( T S OPG) and germinat ion 

maturity ( T 9 0SG )  occurred somet ime late r . 

P a i red t -tests for s igni f i cant differences between maturity 

va r i ables a re presented in Table 3 .  Dry weight maturity and gra in 

colour maturity were not s igni f icantly different from each other 

( Table 3 )  . Harvest ripeness  occurred c lose to amylase maturity and 

GA-amylase matu rity, but these three maturity characters were a l l  

s ign i f ic ant ly dif ferent f rom each othe r . 



Table 1 .  E s t imated t imes of occurrence o f  harvest ripeness and other s t a g e s  o f  g r a in deve l opment o f  C ro s s  1 ( Tordo x 
Karamu )  grown in two environments ( in days a fter anthe s is ) .  

Gene rat ion 

Tordo 
Karamu 
F

2 
F

3 
BC1 ( Tordo ) S 1 
BC1 ( Karamu ) S 1 

mean 

Tordo 
Karamu 
F2 
F3 
BC1 ( Tordo ) S 1 
BC1 ( Karamu ) s 1 

mean 

H a rves t  

ripenes s  

4 1  ( 1 .  4 )  
4 2  ( 1 .  4 )  

4 2  ( 1 .  4 )  

4 1  ( 1 .  4 )  

4 3  ( 1 .  4 )  

4 2  ( 1 .  4 )  

4 2  ( 0 .  9 )  

Amylase 

maturity 

37 

( 3 .  9 )  
( 3 .  9 )  
( 3 .  9 )  
( 3 . 9 )  
( 3 . 9 )  

( 3 . 9 )  

( 3  . 1 ) 

7 6  ( 1 . 4 ) 7 6  ( 3 . 9 ) 

7 8  ( 1 . 4 ) 8 0  { 3 . 9 ) 

7 6  ( 1 . 4 ) 7 4  ( 3 . 9 ) 

7 4  ( 1 . 4 )  6 3  ( 3 . 9 ) 

7 9  ( 1 . 4 ) 72 ( 3 . 9 ) 

7 8  ( 1 . 4 ) 7 6  ( 3 . 9 ) 

GA- amylase 

maturity 

3 8  

3 6  
3 6  

3 2  

3 2  

2 8  

( 2  . 5 ) 

(2 . 5 )  
( 2 . 5 )  

( 2  . 5 )  

( 2 . 5 )  
( 2 . 5 )  

3 4  ( 4 .  6 )  

7 l a 

6 6a 

6 7a 

5 8b 

6 6a 

6 8 a 

( 2 . 5 )  

{ 3  . 2 )  
{ 2 . 5 )  
( 2  . 5 ) 
{ 2 . 5 )  

(2 . 5 )  

7 7  ( 3 . 4 ) 7 4  ( 8 . 9 ) 6 6  ( 4 . 1 ) 

Median Ge rmina t i on 
germinat ion maturity 

W&� ENVIRONMENT 

COOL ENVIRONMENT 

1 0 5  { 2 . 9 ) 1 1 4  ( 6 . 8 ) 

92 ( 2 . 9 ) 9 1  ( 6 . 8 ) 

9 8  ( 2 . 9 ) 1 0 2  ( 6 . 8 ) 

97 ( 2 . 9 ) 1 1 1  { 6 . 8 ) 
1 0 0  { 2 . 9 ) 1 0 7  ( 6 . 8 ) 

8 8  ( 2 . 9 )  9 6  ( 6 . 8 ) 

Median 
embryo 

maturity 

9 8 a 

4. 2 c 

4 8 c 

4 1 c 

5 9b 

4 3c 

5 5  

9 5 a 

8 6bc 

9 8 a 

9 0 ab 

9 5 a . 

8 4 c 

( 3 . 7 )  

( 3 . 7 )  
( 3 .  7 )  
( 3 . 0 )  

( 3 . 0 )  

( 3 . 0 )  

( 5  . 1 )  

( 3 .  0 )  

( 3 .  0 )  

{ 3 .  0 )  
( 3 .  0 )  

{ 3 .  0 )  
( 3 . 0 )  

Emb ryo 
maturity 

D ry weight 
maturity 

1 3 4 a 

s o c d  

7 1bc 

4 8 d 

8 7b 

s gcd 

7 5  

1 0 4 ab 

9 2b 

1 1 8 a 

1 0 8 ab 

1 0 6ab 

9 5b 

( 9 . 0 )  
( 9 . 0 ) 
( 9 .  0 )  
( 7  . 1 ) 

( 7  . 1 ) 

( 7  . 1 ) 

2 6  
3 5  
3 5  
3 3  

4 0  

2 5  

( 6 .  7 )  
( 5 . 3 )  

( 5  . 3 ) 
( 5 .  3 )  

( 5  . 3 ) 

( 5  . 3 )  

{ 1 3 . 0 ) 32 ( 9 . 7 ) 

{ 7  . 1 ) 
( 7  . 1 )  

{ 7  . 1 ) 
{ 7  . 1 ) 
{ 7  . 1 ) 

( 7  . 1 ) 

6 0  
5 7  
5 1  
53 
6 8  
5 2  

{ 5 . 3 )  
{ 5 . 3 )  

( 5 . 3 )  
( 5 . 3 )  

( 5 . 3 ) 

( 5 . 3 )  

9 1  ( 5  . 1 ) 1 0 4  ( 1 1 . 8 )  9 1  ( 5 . 1 ) 1 0 4  ( 1 1 . 8 ) 57 ( 8 . 6 ) 

Grain c o lour 
maturity 

3 4  
3 3 ·  
32 
32 
33 

3 2  

( 2 . 4 )  
( 2 . 4 )  

( 2 . 4 )  
( 2 . 4 )  
( 2 . 4 )  

( 2 . 4 )  

3 3  ( 3 . 5 )  

6 1  
6 2  

6 1  
5 9  

6 5  
5 9  

( 2 . 4 )  
( 2 . 4 )  

( 2 . 4 )  
( 2 . 4 )  

{ 2 . 4 )  
{ 2 . 4 )  

6 1  ( 4 .  8 )  

Ove ral l Mean 6 0  ( 2 . 5 ) 5 6  ( 6 . 7 )  5 0  ( 4 . 4 ) 7 3  { 5 . 1 ) 9 0  ( 1 2 . 3 ) 45 ( 9 . 1 ) 4 7  ( 4 . 2 )  

F-test
1 : Env . * *  [ ** ] * * [ ** ] * *  [ ** ] * *  [ ** ] ( * ) [ ** ] * *  [ ** ] * *  [ ** ] 

Gen . NS [NS ] * [ * ]  NS ( * ]  NS [ ** ]  NS [ ** ] NS [NS ] NS ( NS ] 

________ G_xE __ . __ N_'S�[�N_S�] ___ N_'s __ (�N_S�] ____ N_s_ [ �N�S�]�--�----����------*-* __ [_**
�] -----*-*�[�*-*�]��-N�S�

( N_S_J ___ N_'S--�(_N_S�]--
Least square means within each column within each environment which have a c ommon letter a re not s igni f icantly dif ferent 
by t-test at the 10 % probability level . 

1 NS : Non s ignificant ; ( * ) : s igni ficant at the 1 0  % probability leve l ;  

* : s ignifi cant at the 5 % probability leve l ;  * *  : significant at the 1 % p robab i l i t y  leve l .  

Values in parentheses a re the s t andard e r rors of the e s t imates . 



Table 2 .  Estimated times o f  occurrence o f  harvest ripeness and other stages of  grain development of  c ross 
Tordo x Karamu (Cross 1 ) , averaged across the two environments .  

Generation 

Tordo 
Karamu 
F2 
F 3 
BC1 ( Tordo ) S 1 
BC 1 ( Karamu ) S 1 

Mean 

S igni ficance 
of generation 
effect1 : 

Harvest 
r ipenes s  

5 9  
6 0  
5 9  
5 8  
6 1  
6 0  

6 0  

{ 1 . 0 )  
( 1 .  0 )  
( 1 . 0 )  
( 1 .  0 )  
( 1 . 0 )  
{ 1 .  0 )  

( 2 . 5 )  

NS [ N S ] 

Amylase 
maturity 

5 7ao 

6 2a 

5 4abc 

4 8c 

52bc 

57 ab 

5 6  

( 2 . 7 )  
( 2 . 7 )  
( 2 . 7 ) 
( 2 . 7 )  
( 2 . 7 )  
( 2 . 7 )  

( 6 . 7 ) 

* [ * ]  

GA-amylase 
maturity 

5 5  
5 1  
5 2  
4 5  
4 9  
4 8  

5 0  

NS 

( 1 .  8 )  
( 2 . 0 )  
( 1 .  8 )  
( 1 .  8 )  
( 1 .  8 )  
( 1 .  8 )  

( 4 .  4 )  

[ * ] 

Median 
embryo 
maturity 

9 6  
64  
7 3  
6 5  
77  
64  

73  

( 2 . 4 )  
( 2 . 4 )  
{ 2 . 4 )  
( 2 . 1 )  
( 2  . 1 ) 
( 2  . 1 ) 

( 5 .  1 )  

NS ( ** J 

Embryo 
maturity 

1 1 9  
7 1  
9 5  
7 8  
97  
77  

90  

( 5 . 7 )  
( 5 . 7 )  
( 5 . 7 )  
( 5 . 0 )  
( 5 . 0 )  
( 5 . 0 )  

( 12 .  3 )  

NS ( ** 1 

D ry weight 
maturity 

43 
4 6  
4 3  
4 3  
5 4  
3 9  

4 5  

{ 4 .  3 )  
( 3 . 7 )  
( 3 . 7 ) 
( 3 . 7 )  
( 3 . 7 ) 
( 3 . 7 )  

{ 9 . 1 ) 

NS [ N S )  

Grain colour 
matu rity 

4 8  
4 8  
4 6  
4 5  
4 9  
4 5  

4 7  

( 1 .  7 )  
{ 1 .  7 )  
( 1 .  7 )  
( 1 .  7 )  
( 1 .  7 )  
( 1 .  7 )  

( 4 . 2 )  

NS [ N S ]  

Least squa re means within each column 
the 1 0  % probability leve l .  

which have a common letter a re not s igni f icantly different by t-test at 

1 NS : Non s igni f icant ; 
* : s igni f icant at the 5 % probability leve l ;  

( *) 
* *  

s ignificant at the 1 0  % probability level ; 
significant at the 1 % probability level . 

Values in parentheses a re the standard errors o f  the estimates . 

-...J 0 
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Table 3 shows that a-amylase maturity,  GA a-amylase maturity and 

ha rvest ripeness  in cro s s  1 a re dif fe rent stages of development . 

H a rvest ripenes s  also dif fers f rom grain coat mat urity and dry weight 

maturity . The two variables which were not s ignificant ly different 

f rom each other are grain coat maturity and dry weight maturity . 

Table 3 .  The tests for the dif ference between maturity variables and 
the correlat ion coeffic ients for some pairs of variables in cross 1 .  

Va riable 

Amylase maturity 

GA amylase 
maturity 

H a rvest ripene s s  

G r a i n  colour 
maturity 

GA amylase 
matu rity 

4 . 1 0 ** 
3 4  

0 . 9 4 ** 

Harvest 
ripeness  

3 . 8 1 ** 
3 5  

0 . 9 4 ** 
1 0 . 30 ** 

3 4  
0 . 9 5 ** 

Gra in colour 
maturity 

1 2 . 5 1 ** 
3 5  

0 . 9 5 ** 

Dry weight 
maturity 

8 . 0 5 ** 
3 4  

0 . 8 0  ** 
1 .  22  NS 

3 4  
0 . 8 2 ** 

1 : Values in the first row a re t-values for the pa ired t -test between 
t he two variables ; the values in the second row a re the numbers of 
s amples in the paired t -test and in comput ing the correlat ion 
coe f f icient s ; 
the values in the third row a re the correlation coefficient s .  
** : s igni ficant values o f  t or corre lat ion coeff icients at  the 1 % 
probab i l ity level . 
NS : no s ignificance difference between the means  or non s igni f icant 
correlat ion coefficient s .  

I . 3 )  Cross 2 ' s Results 

Changes in grain moisture content o f  the s i x  generations o f  the 

wheat cross  2, Tordo x Gabo (GA insensit ivity x white , non-dormant ) ,  

in the warm and the cool ripening environment s  a re presented in 

F igures A . 3  and A . 4 respect ively . Harvest ripeness and t imes of 

occur rence of  other maturity cha racters in this cross a re presented in 

Table 4 .  



Table 4 .  Estimated t imes of  occurrence of  harvest ripeness  and other stages o f  grain development o f  
t h e  s ix generations o f  wheat cross Tordo x Gabo (cross 2 )  grown in the t wo environments ( in days after 
anthe s is ) . 

Generation 

Tordo 
Gabo 
F2 
F3 
BC1 (Tordo ) S 1 
BC1 ( Gabo ) S 1 

Mean 

Tordo 
Gabo 
F2 
F3 
BC1 ( To rdo ) S 1 
BC1 ( Gabo ) S1 

Harvest  
ripeness 

4 1  
s o  
4 0  
3 9  
4 1  
4 0  

( 4 . 2 )  
( 4  . 2 )  
( 4 . 2 ) 
( 4  . 2 )  
( 4  . 2 )  
( 4  . 2 )  

4 2  ( 6  . 3 )  

8 4  
8 0  
87  
83  
8 1 
8 0  

( 4  . 2 )  
( 4 . 2 )  
( 4  . 2 )  
( 4 .  2 )  
( 4  . 2 )  
( 4  . 2 )  

Mean 83  ( 8 . 0 )  

Overa l l  Mean 62  ( 7 . 2 )  

F-test1 : Env . ** [ ** ] 
Gen . NS [NS ] 
G x E NS [NS ]  

Amylase 
maturity 

4 6  
s o  
56  
49  
45  
4 3  

( 5 . 4 )  
( 5 .  4 )  
( 6 .  8 )  
( 5 . 4 )  
( 5 .  4 )  
( 5 . 4 )  

4 8  ( 6 .  6 )  

GA-amylase 
maturity 

4 4  
4 8  
3 7  
4 3  
5 4  
4 7  

WARM 
( 7  . 2 )  
( 7 . 2 )  
( 7  . 2 )  
( 7 . 2 )  
( 9 . 1 ) 
( 7  . 2 )  

4 5  ( 8  . 2 )  

Median 
embryo 
maturity 

ENVIRONMENT 
6 3  ( 1 4 . 3 )  
4 3  ( 1 4  . 3 )  
52  ( 1 1 . 2 )  
4 4  ( 1 1 . 2 )  
5 3  ( 1 1 . 2 )  
3 6  ( 1 1 . 2 )  

4 8  ( 6  . 5 )  

Embryo 
maturity 

6 5  
7 5  
7 7  
7 4  
7 7  
52  

( 2 1 . 3 ) 
( 2 1 . 3 )  
( 1 6 . 7 )  
( 1 6 . 7 )  
( 1 6 . 7 )  
( 1 6 . 7 ) 

7 0  ( 1 5 . 7 ) 

COOL 
( 7 . 2 )  
( 7 . 2 )  
( 7 .  2 )  
( 7 . 2 )  
( 7 . 2 )  
( 7  . 2 )  

ENVIRONMENT 
6 1  
6 4  
8 0  
8 1  
72 
7 8  

( 5 .  4 )  
( 5 . 4 )  
( 5 . 4 )  
( 5 . 4 )  
( 5 .  4 )  
( 5 . 4 )  

5 9  
8 0  
6 5  
5 9  
6 0  
4 6  

7 3  ( 1 1 . 1 )  6 2  ( 15 . 4 ) 

6 0  ( 9 . 3 ) 5 4  ( 12 . 5 ) 

* *  [ ** ]  
NS [ NS ]  
NS [ N S ]  

* [ ** ]  
NS [NS ] 
NS [ NS ] 

g ab ( 1 4  . 2 >  
12 4ab ( 1 1 . 2 )  
1 0 9ab ( 1 1 . 2 )  
1 0 1  b ( 1 1 . 2 )  
1 3 0 a ( 1 1 .  2 )  
1 1 1  ab ( 1 1 . 2 ) 

1 0 8  
1 4 7  
1 4 8  
1 3 4  
1 7 1  
1 4 0  

/ 

( 2 1 . 2 )  
( 1 6 .  7 )  
( 1 6 . 7 ) 
( 1 6 . 7 )  
( 1 6 .  7 )  
( 1 6 . 7 )  

1 12 ( 2 6 . 0 ) 1 4 1 ( 3 7 . 0 )  

8 0  ( 1 9 . 4 ) 1 0 6  ( 2 9 . 0 ) 

** [ ** ] 
NS [ NS ]  
NS [NS ] 

** [ ** ] 
NS [NS ] 
NS [ N S ]  

Dry weight Grain  colour 
mat urity maturity 

3 1  
2 6  
2 9  
2 7  
3 2  
2 8  

( 6 .  4 )  
( 6 .  4 )  
( 6 .  4 )  
( 6 .  4 )  
( 6 .  4 )  
( 6 .  4 )  

3 0cd 

42a 

3 9ab 

3 3bc 

2 6d 

2 9cd 

( 2 . 9 )  
( 2 . 9 )  
( 2 . 9 )  
( 2 . 9 )  
( 2 . 9 )  
( 2 . 9 )  

2 9  ( 3 . 8 ) 33  ( 4 .  5 )  

6 7  
5 5  
5 3  
s o 
67  
48  

( 6 .  4 )  
( 6 . 4 ) 
( 6 .  4 )  
( 6 .  4 )  
( 6 .  4 )  
( 6 .  4 )  

5 7  ( 1 5 . 3 )  

4 3  ( 1 1 . 1 ) 

* [ * * ]  
N S  [ NS ] 
NS [ NS ]  

6 9a 

6 8 a 

72a 

6 8a 

5 4b 

6 lb 

( 2 . 9 )  
( 2 . 9 )  
( 2 . 9 )  
( 2 . 9 )  
( 2 . 9 )  
( 2 . 9 )  

6 5  ( 5 . 4 )  

4 9  ( 5 . 0 ) 

** 
* 

NS 

[ ** ]  
[ ** 1  
[NS ] 

Least  square means within each column within each environment which have a common letter are not 
s ignificantly dif ferent by t-test at the 1 0  % probability leve l . 
1 NS : Non signif i cant ; (*) : s igni f ic ant at the 1 0  % p robability leve l ;  
* : s igni ficant a t  the 5 % probabi lity leve l ;  ** : s igni ficant at  the 1 % probabi lity leve l . 
Values in  parentheses are the standard errors of  the est imates . 
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As i n  cross 1 ,  the cool environment s igni ficantly delayed t ime t o  

ha rvest  ripeness as  wel l  as  a l l  other developmental  stages o f  the 

wheat grain . Mean t imes to  harvest ripenes s ,  median embryo maturity,  

embryo maturity, dry weight maturity and grain co lour maturity in the 

cool environment were approximately double those in the warm 

envi ronment . 

Table 5 shows the mean values o f  harvest ripeness and a l l  other 

maturity characters of the six generat ions of wheat in this cross when 

averaged over the two ripening environment s .  The F-test results  for  

combined analysis  of  va riance showed a signi ficant generat ion e ffect 

for gra in colour maturity only ( P < 0 . 0 5 ,  Table 5 ) . 



Table 5 .  E s t imated t imes of occurence of  harves t  ripenes s  and othe r s t ages of  grain development of  
cross  Tordo x Gabo (Cross  2 ) , averaged across  t wo environments .  

Generation 

Tordo 
Gabo 
F2 
F3 
BC1 ( To rdo ) S 1 
BC1 (Gabo ) S 1 

Mean  

Harves t  
ripenes s  

63  ( 2 . 9 )  
65  ( 2 . 9 )  
64  ( 2 . 9 )  
6 1  ( 2 . 9 )  
6 1  ( 2 . 9 )  
6 0  ( 2 . 9 )  

62 ( 7  . 2 )  

S igni f icant 
of generation 
e f fect 1 : NS [ NS ]  

Amylase 
maturity 

53 ( 3 . 8 )  
57  ( 3 .  8 )  
6 8  ( 3 . 8 )  
6 5  ( 4  . 3 )  
5 8  ( 3 .  8 )  
6 1  ( 3 .  8 )  

6 0  ( 9 .  3 )  

NS [ N S ]  

GA-amylase 
maturity 

52 ( 5  . 1 ) 
64  ( 5  . 1 ) 
5 1  ( 5  . 1 ) 
5 1  ( 5  . 1 ) 
5 7  ( 5  . 8 ) 
47  ( 5  . 1 ) 

5 4  ( 12 . 5 )  

NS [ N S ]  

Median 
embryo 
maturity 

80 ( 1 0  . 1 ) 
8 3  ( 9 . 1 ) 
8 1  ( 7 .  9 )  
7 3  ( 7 .  9 )  
92 ( 7 .  9 )  
7 4  ( 7 . 9 )  

8 1  ( 1 9 . 4 )  

NS [ N S ]  

Embryo 
mat urity 

8 7  ( 15 . 0 )  
1 1 1  ( 13 .  6 )  
1 1 3  ( 1 1 . 8 )  
1 0 4  ( 1 1 . 8 )  
12 4 ( 1 1 . 8 ) 

9 6  ( 1 1 . 8 ) 

1 0 6  ( 2 9 .  0 )  

NS [ NS ] 

Dry weight 
maturity 

49 ( 4 .  5 )  
4 1  ( 4  . 5 ) 
4 1  ( 4 .  5 )  
3 9  ( 4 .  5 )  
5 0  ( 4 .  5 )  
3 8  ( 4 .  5 )  

4 3  ( 1 1 . 1 ) 

NS [ NS ] 

Grain  colour 
maturity 

5 obc ( 2 . 0 )  
5 5  a ( 2 . 0 )  
5 5  a ( 2 . 0 )  
s ob ( 2 . 0 )  
4 0d ( 2 . 0 )  
4 5cd ( 2 . 0 )  

4 9  ( 5 . 0 )  

* [ ** ] 

Least  square means within each column which have a common letter a re not s ignif icantly different by 
t-test at the 1 0  % probability leve l . 
1 NS : Non s igni fi cant ; * : s igni ficant at the 5 % probability level . 

Values in  parentheses a re the standard errors of  the estimates . 

� 
----
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Comparison between variables to test  whether they occurred at  the 

s ame point o f  t ime o r  not were carried out u s ing paired t -test s . The 

results  a re presented in Table 6 .  Only s ix pai rs o f  variable 

c ombinat ions were tested . 

Table 6 s howed that amylase maturity and harvest ripenes s  

occurred a t  the s ame point of  t ime . This c ross ' s results a re 

dif fe rent f rom c ros s l ' s result in that the t iming of dry weight 

maturity and grain c olour maturity of this  cross  a re s ignif icant ly 

dif f e rent . 

Table 6 .  The tests  for the difference between maturity variables and 
the correlation coeffic ients for  some pairs  of  variables in cross  2 .  

Variable 

Amylase maturity 

GA amylase 
matu rity 

Harvest ripenes s  

Grain colour 
maturity 

GA amylase 
maturity 

2 . 6 0 * 
3 3  

0 . 3 5 * 

Harvest 
ripenes s  

0 . 8 3 NS 
3 4  

0 . 7 0  ** 
2 . 9 4 ** 

3 4  
0 . 5 1 ** 

Grain colour Dry weight 
maturity matu rity 

7 . 12 ** 7 .  7 1 ** 
3 5  3 5  

0 . 8 6 ** 0 .  7 2  ** 
2 . 7 8  ** 

3 5  
0 . 7 0 ** 

1 : Va lues in the first row are t -values for  paired t -test between the 
two variables ; the va lues in the second row a re the numbers o f  
samples i n  the pai red t -test and in comput ing the correlat ion 
coe f f icient s ; the values in the third row are the correlation 
coef f icient s . 
** : s igni f i cant values of t or  correlat ion coefficients at  the 1 % 
probability level . 
* : s ignif icant va lues o f  t or  corre lation coefficients at  the 5 % 
probability leve l . 
NS : not s ignif icance difference between the means or  not s ignificant 
correlat ion coe f ficient s . 
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I . 4 ) Cross  3 ' s Results 

Changes in grain moisture content o f  the s ix generat i ons of  wheat 

cross  3 ,  Tordo x Sonora 64 A (GA insensit ive x red, non-do rmant ) ,  in 

the warm and in the cool ripening environments  are presented in 

Figures A . S  and A . 6 , respectively . The estimated t imes of occurrence 

of  nine event s re lated with maturity and ripening of the six  

gene rations o f  wheat c ross 3 are presented in Table 7 .  

As in the f i rst t wo crosses the cool environment del ayed ha rvest 

ripeness and a l l  othe r developmenta l  stages s ignif icant l y . 

Differences among generat ion means when averaged over the two 

environments were detected for GA amylase maturity,  median ge rmination 

and for  ge rminat ion maturity (Table 8 ) . GA amylase maturities o f  the 

two pa renta l  cult iva rs  were not s igni f icantly different , but the F2 

generat ion had a signi ficant ly more rapid GA amylase maturity compared 

to the two pa rents . Median germinat ion also  showed a signi f icant 

generat ion x environment interact ion . In  both environment s  Tordo had 

higher mean values o f  median germination than Sonora 6 4 A .  The two 

selfed backcrosses were significant ly  different f rom the recurrent 

parents in the warm environment but these dif ferences disappea red in 

the cool environment . 

Median embryo maturity and embryo maturity showed s ign ificant 

gene ration x environment interact ions . In the warm environment Tordo 

had a later median embryo maturity and embryo maturity than Sonora 

6 4 A .  But in the cool environment median embryo maturity o f  these two 

cultivars were not dif ferent and Sonora 64A had later emb ryo maturity 

c ompared to To rdo . 

The sequence o f  development a l  stages in this cross was s imi lar to  

those o f  the earlier two  crosses i . e . - dry weight maturity and grain 

colour maturity were the two earliest event s followed by amylase 

maturity and GA amylase maturity . Ha rvest ripenes s came after  amylase 

maturities and was followed by median embryo maturit y ,  median 

germinat ion , embryo maturity ( T 90PG )  and germination maturity ( T 9 0 SG )  

respective l y . 



Table 7 .  Estimated times o f  o ccurrence of harvested ripenes s  and other stages of grain development o f  the s ix 
generations o f  wheat cro s s  T ordo x Senora 6 4 A  (cross 3 )  grown in the two environments ( in days after anthe s i s ) . 

Generation 

Tordo 
Senora 6 4A 
F z 
F 3 
BC1 (Tordo ) S l 
BC1 ( S_onora ) s 1 
Mean 

Tor do 
S onora 6 4A 
F2 
F 3 
BC1 (Tordo ) S 1 
BC1 ( S onora ) S 1 
Mean 

Harvest 
ripeness 

42 ( 1 .  9 )  
4 2  ( 1 .  9 )  
3 8  ( 1 . 9 )  
3 9  ( 1 .  9 )  
4 1  ( 1 .  9 )  
3 9  ( 1 .  9 )  

Amyl a s e  GA-amylase Median Germination 
maturity maturity maturity germination 

48 ( 5 . 9 )  
3 8  ( 4 .  6 )  
3 5  ( 4 .  6 )  
3 1  ( 4 . 6 ) 
3 7  ( 5 . 9 )  
4 3  ( 4 .  6 )  

5 4a ( 1 0 . 7 ) 
4 0 a ( 5 . 8 ) 
25b < 5 . 8 ) 
3 9ab ( 5 . 8 ) 
4 7 a ( 7 . 4 ) 
4 5a ( 5 . 8 ) 

8 3a 
3 8d 
sz c 
5 3c 
6 7b 
4 8 c 

WARM ENVIRONMENT 
( 3 . 2 )  9 3a ( 6 . 5 ) 
( 4 .  0 )  4 4 c ( 8  . 2 )  
( 3 . 2 )  6 5b ( 6 . 5 ) 
( 3 . 2 )  6 5b ( 6 . 5 ) 
( 3 . 2 ) 9 3a ( 6 . 5 ) 
( 3 . 2 ) 6 0bc ( 6 . 5 ) 

4 0 ( 3 .  0 )  3 9 ( 8 .  8 )  42 6 .  9 )  5 7  ( 4 .  7 )  7 0  ( 8 . 0 )  

7 8  ( 1 .  9 )  
8 0  ( 1 .  9 )  
7 8  ( 1 . 9 )  
8 0  ( 1 .  9 )  
7 9  ( 1 . 9 )  
8 0  ( 1 . 9 )  

7 2  ( 4 . 6 ) 
6 4  ( 4 .  6 )  
6 4  ( 4 . 6 ) 
6 6  ( 4 .  6 )  
7 9  ( 4 .  6 )  
7 2  ( 4 _ 6 ) 

7 7  
7 4  
5 9  
6 7  
62 
72 

( 5 . 8 )  
( 5 . 8 )  
( 5 . 8 )  
( 5 .  8 )  
( 5 .  8 )  
( 5 . 8 )  

l l B a 
9 9b 

1 0 4b 
1 0 4b 
ll5 a 
1 0 3b 

COOL 
( 3 .  2 )  
( 3 . 2 )  
( 3 .  2 )  
( 3 . 2 )  
( 3 . 2 )  
( 3  . 2 )  

ENVIRONMENT 
1 4 1ab ( 6 . 5 )  
1 1 6c ( 6 . 5 )  
122c ( 6 . 5 ) 
1 2 6bc ( 6  . 5 )  
152 a ( 6 . 5 ) 
1 2 6abc ( 6 . 5 ) 

7 9  ( 3 . 7 ) 7 0  ( 7 . 4 ) 68 ( 1 1 . 8 ) 1 0 7  ( 6 . 1 ) 1 3 0  ( 13 . 4 ) 

Overall Mean 60 ( 3 . 3 ) 54 ( 8 . 1 ) 55 ( 1 0 . 1 ) 82 ( 5 . 5 ) 1 0 0  ( 1 1 . 2 )  

F-test .I. : Env . 
Gen . 
GxE . 

* * [ ** 1 
NS [ N S ]  
NS [ NS ] 

* * r ** 1 
NS [ ( * ) 1 
NS [ NS ] 

* * [ ** 1 
< * >  r * 1 

NS [ NS ]  

* *  
* 

* 
[ ** ] 
[ * * ] 
[ * ] 

* * [ ** ] 
* * [ ** 1 
NS [ NS ] " 

Median 
embryo 
maturity 

( 4  . 1 ) 
( 5 .  9 )  
( 3 . 2 )  
( 3 . 2 )  
( 3  . 2 )  
( 4 . 1 )  

Embryo 
maturity 

9 0 a 
3 6c 
4 3c 
5 1c 
6 6b 
42c 

( 5 - 7 ) 
( 8 . 2 )  
( 4 .  4 )  
( 4 .  4 )  
( 4 .  4 )  
( 5 . 7 )  

4 8  ( 7 . 3 )  5 5  ( 1 0 . 1 )  

1 0 4a 
1 0 1 ab 
1 0 2ab 

9 6bc 
9 9 ab 
9 0 c 

( 3  . 2 )  
( 3 . 2 )  
( 3 . 2 )  
( 3 . 2 )  
( 3 . 2 )  
( 3 . 2 )  

1 1 7c 
1 3 5 a 
1 3 0 ab 
1 1 9bc 
1 3 6a 
l l 9bc 

( 4 .  4 )  
( 4 . 4 ) 
( 4 .  4 )  
( 4 .  4 )  
( 4 . 4 )  
( 4 .  4 )  

9 9  ( 4 . 0 ) 1 2 6  ( 5 .  7 )  

7 3  ( 5 . 5 )  9 0  ( 7 . 7 )  
* *  [ ** ] 
NS r ** 1 ** [ ** 1 

* * [ ** 1 
NS [ ** 1 ** [ ** J 

Dry weight 
maturity 

27 
3 1  
3 0  
3 0  
2 8  
2 7  

( 4 .  7 )  
( 4 . 7 ) 
( 4 . 7 )  
( 4 . 7 )  
( 4 . 7 )  
( 4 . 7 )  

2 9  ( 3 . 8 )  

5 9  
5 6  
6 8  
6 6  
6 5  
62 

( 4 . 7 )  
( 4 . 7 ) 
( 4 . 7 )  
( 4 . 7 )  
( 4 . 7 )  
( 4 .  7 )  

6 3  ( 1 0 . 8 ) 

4 6  C B  . 1 ) 
* * [ ** ] 
NS [ N S ] 
NS [ NS ) 

Grain 
colour 
maturity 

35 ( 4  . 2 )  
32 ( 4  . 2 )  
3 3  ( 5 . 3 )  
4 6  ( 4  . 2 )  
2 8  ( 4 . 2 ) 
2 8  ( 4 . 2 )  

3 4  ( 7 . 9 ) 

53 ( 4  . 2 )  
52 ( 4 . 2 )  
6 1  ( 4  . 2 )  
6 0  ( 4  . 2 )  
6 1  ( 4  . 2 )  
6 0  ( 4  . 2 ) 

5 8  ( 6 .  6 )  

4 6  ( 7 . 3 ) 

** [ ** 1 
NS [ NS 1 
NS [ NS ) 

Least square means within e ach column within each environment which have a common letter are not s ignificant ly different 
by t -test at the 10 % probab il ity leve l .  
1 NS : Non s ignificant ; ( * )  : significant at the 1 0  % probability leve l ;  
* : signi f icant at the 5 % probability leve l ;  * * : s i gnifi cant a t  the 1 % probability leve l . 
Values in pa rentheses are the standard errors of the est imates . 



T able 8 .  Estimated times of occurence o f  harvest ripeness and other stages of grain development of cross Tordo 
x Sonora 6 4A (Cross 3 )  averaged across two environments .  

Generation Harvest Amylase GA-amylase Median Germination Median Embryo D ry weight Grain 
ripeness maturity maturity germination maturity embryo maturity maturity colour 

maturity maturity 

T ordo 6 0  ( 1 . 4 )  6 0  ( 3 . 8 )  65a ( 6  . 1 ) 1 0 la ( 2 . 2 )  1 1 7a ( 4 .  6 )  9 0  ( 2 . 6 )  1 0 3  ( 3 . 6 )  4 3  ( 3 . 3 )  4 4  ( 3 . 0 ) 
Sonora 6 4A 6 1  ( 1 . 4 )  4 9  ( 3  . 3 )  5 7a ( 4 . 1 )  6 8d ( 2 . 6 )  8 o c ( 5 . 2 )  7 0  ( 3 .  3 )  8 5  ( 4 .  7 )  4 4  ( 3  . 3 )  4 2  ( 3 . 0 )  
F2 5 8  (1 . 4 )  4 9  ( 3 .  3 )  4 2b ( 4 . 1 ) 7 8 c ( 2 . 2 )  9 3b ( 4 .  6 )  7 4 ( 2 . 2 )  8 6  ( 3 . 1 ) 4 9  ( 3 . 3 )  47  ( 3 . 4 )  
F3 5 9  ( 1 .  4 )  4 9  ( 3 . 3 )  5 3  a ( 4 . 1 ) 7 8c ( 2  . 2 )  9 5b ( 4 .  6 )  67  ( 2  . 2 )  8 5  ( 3  . 1 ) 4 8  ( 3  . 3 )  53  ( 3 .  0 )  
BC1 ( Tordo ) S l 60  ( 1 .  4 )  5 8  ( 3 .  8 )  5 4  a ( 4 .  7 )  9 lb ( 2  . 2 )  1 2 2a ( 4 .  6 )  7 6  ( 2 . 2 ) 1 0 1  ( 3  . 1 ) 47 ( 3  . 3 )  4 4 - ( 3 . 0 )  
BC1 ( Sonora ) S 1 5 9  ( 1 . 4 ) 5 8  ( 3  . 3 )  5 8  a ( 4 . 1 ) 7 6c ( 2 . 2 ) 9 3b ( 4 .  6 )  6 4  ( 2 . 6 )  8 0  ( 3 . 6 )  4 4  ( 3 . 3 )  4 4  ( 3 . 0 ) 

Mean 60  ( 3 . 3 ) 5 4  ( 8  . 1 ) 55  ( 1 0  . 1 ) 8 2  ( 5 . 5 ) 1 0 0  ( 1 1 . 2 )  7 4  ( 5 .  5 )  9 0  ( 7 . 7 )  4 6  ( 8  . 1 ) 4 6  ( 7 . 3 )  

S ignificant 
generation 
e f fect 1 : NS [ N S )  NS [ { * ) ) ( * ) [ * J * [ ** )  * *  [ ** ] NS [ ** ] NS [ ** ] NS [ NS ]  NS [N S ]  
Least square means within each column which have a common letter a re not s igni ficantly different by t-test at 
the 10 % probability leve l .  
1 NS : Non s ignificant ; (*)  : significant at the 1 0  % p robability level ; 
* : significant at the 5 % probability leve l ;  * *  : s ignificant at  the 1 % probability level . 

Values in parentheses are the standard errors of the est imates . 
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The test  for differences between maturity variables were carried 

out by p a i red t-tests . S ix p a i rs o f  comparisons were t ested . The 

results  a re p resented in Table 9 .  

I n  c ro s s  3 ,  a-amylase maturity and GA amylase mat urity were not 

s ign i ficant l y  different , also  grain  colour maturity and dry weight 

maturity  were alike (Table 9 )  . 

Table 9 .  The tests for  the difference between maturity variables and 
the correlat ion coe f f icients f o r  some pairs of variables in  cross 3 .  

Var i able 

Amylase maturity 

GA amylase  
maturity 

Harves t  r ipeness 

Grain colour 
maturity 

GA amylase 
maturity 

0 . 02 NS 
32 

0 . 75  * *  

Ha rvest Grain colour D ry weight 
r ipeness  maturity maturity 

3 . 67 * *  
3 3  

0 . 87  * *  

3 . 1 6 * *  
3 2  

0 . 8 4  * *  

7 . 37  * *  
3 4  

0 . 82 * *  

1 0 . 7 4 * *  
3 5  

0 . 92 * *  

0 . 02 NS 
3 4  

0 . 8 1 * *  

1 : Values i n  the f i rst row a re t -values f o r  pa i red t -test between the 
two variables ;  the values in  the second row are the numbers  of  samples 
in  t he p a i red t -test and in comput ing the corre lation coefficient s ;  
the values i n  the third row a re the correlat ion coe f f ic ients .  
* *  : s igni fi cant values of t o r  correlat ion coef f icients at  the 1 % 
probab i l ity  leve l . 
NS : not s ignificance diffe rence between the means o r  not s ignificant 
corre l a t ion coe f ficients . 
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I . S ) Comparisons o f  Tordo ' s Maturities Cha racters Between Crosses 

The t imes to harvest ripenes s  and other maturity cha racters o f  

Tordo in  the different crosses were compa red b y  t-test s .  The 

compa r i son were conducted for  each environment and for the averaged 

means across  the two environments .  The t -va lues are presented in  

Table 1 0 . 

Table  1 0 . The test o f  diffe rences between the mean values o f  
maturity va riables o f  Tordo in  different crosses . 

Cha racters 

Ha rvest  
ripene s s  

Amylase 
maturity 

GA amylase 
mat urity 

Media n  
embryo 
mat u rity 

Env i ronment Comparisons Mean 

Warm 

Coo l 

Pool 

Wa rm 

Cool 

Pool  

Wa rm 

Cool 

Pool  

Wa rm 

Cool 

Pool  

between D if f . a 

cros ses 

1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 

3 
3 

1 vs 
2 vs 
1 vs 2 
1 vs  3 
2 vs 3 
1 vs 2 

3 
3 

1 vs 
2 vs 
1 vs 2 
1 VS 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 

0 . 0  
- 1 . 0  
- 1 . 0  
- 8 . 0  
-2 . 0  

6 . 0  
- 4 . 0  
- 1 . 0  

3 . 0  
-7 . 0  
- 9 . 0  
-2 . 0  
1 5 . 0  

4 . 0  
- 1 1 . 0  

4 . 0  
- 3 . 0  
- 7 . 0  
- 6 . 0  

- 1 6 . 0  
- 1 0 . 0  

1 2 . 0  
- 6 . 0  

- 1 8 . 0  
3 . 0  

- 1 0 . 0  
- 1 3 . 0  

3 5 . 0  
5 . 0  

- 3 0 . 0  
- 3 . 0  

- 4 6 . 0  
- 4 3 . 0  

1 6 . 0  
-2 1 . 0  
- 3 7 . 0  

T 

0 . 0 0 0  
-0 . 42 4 
-0 . 2 1 7  
-1 . 8 0 7  
-0 . 8 4 7  

1 .  3 0 2  
-1 . 30 4  
- 0 . 5 8 1  

0 . 9 32 
-1 . 0 5 1  
-1 . 27 3  
-0 . 2 5 0  

2 . 2 52  
0 . 6 6 3  

-1 . 55 1  
0 . 8 5 8  

-0 . 6 4 4  
-1 . 3 0 3  
-0 . 7 8 7  
- 6 . 1 6 3 
-1 . 3 8 2  

1 .  57 4 
-0 . 9 5 0  
- 1 . 9 4 7  

0 . 55 5  
-1 . 57 2  
-1 . 6 3 5  

6 . 1 7 0  
0 . 6 6 9  

-3 . 8 4 9  
-0 . 5 8 1  
- 6 . 4 2 6  
-5 . 55 6  

6 . 6 6 1  
-4 . 0 4 7  
-8 . 0 4 2 

S ig .  

ns  
ns  
ns 
ns  
ns  
ns  
ns  
ns  
ns  
ns 
ns  
ns  ( * ) 
ns 
n s  
ns  
n s  
ns  
n s  
* *  
n s  
n s  
n s  
n s  
ns  
n s  
ns  
* *  
ns 
* 
n s  
* *  
* *  
* *  
* *  
* *  



Table 1 0 . ( cont inue ) 

Cha racters Envi ronment Compar isons 
between 
crosses 

Embryo 
maturity 

Dry weight 
maturity 

Gra i n  
colour 
matu rity 

Median 
germination 

Wa rm 

Cool 

Pool 

Warm 

Coo l  

Pool  

Warm 

Cool 

Pool  

Cool  

Germination  Cool 
mat u rity 

a : Mean difference . 

1 vs 2 
1 VS 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 
1 VS 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 VS 2 
1 vs 3 
2 VS 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 vs 2 
1 vs 3 
2 VS 3 
1 vs 2 
1 vs 3 
2 vs 3 
1 VS 2 
1 vs 3 
2 vs 3 
1 vs 3 

1 vs 3 

Mean 
Diff . a 

6 9 . 0  
4 4 . 0  

- 2 5 . 0  
- 4 . 0  

- 1 3 . 0  
- 9 . 0  
32 . 0  
1 6 . 0  

- 1 6 . 0  
- 5 . 0  
- 1 . 0  

4 . 0  
-7 . 0  

1 . 0  
8 . 0  

- 6 . 0  
0 . 0  
6 . 0  
4 . 0  

- 1 . 0  
- 5 . 0  
- 8 . 0  

8 . 0  
1 6 . 0  
-2 . 0  

4 .  0 
6 . 0  
6 . 0  

-27 . 0  

T 

7 . 5 8 8  
4 . 1 3 0  

-4 . 2 7 6  
-0 . 55 6  
- 1 . 55 6  
-1 . 97 3  

4 . 2 2 0  
2 . 37 3  

-2 . 5 97  
- 0 . 5 4 0  
-0 . 1 2 2  

0 . 5 0 4  
-0 . 8 42 

0 . 1 4 1  
1 .  0 0 8  

-0 . 9 6 4  
0 . 0 0 0  
1 .  0 7 5  
1 . 0 63 

- 0 . 2 0 7  
-0 . 9 8 0  
-2 . 1 25  

1 . 6 5 4  
3 . 1 35 

-0 . 7 62 
1 . 1 60 
1 . 6 6 4  
1 .  3 8 9  

-2 . 8 7 0  

S ig .  

** 
* 
* 
ns 
ns 
ns  
** 
* 
* 
ns 
ns 
n s  
ns  
ns  
ns  
ns  
ns  
ns  
ns  
ns  
ns  
n s  
ns  
* 
ns 
ns 
n s  
n s  

* 

b : S igni f icant symbols , n s  = not significantly different at the 
10 % probability leve l ,  ( *) = s ignificant ly dif ferent at the 1 0  % 
probabi lity leve l ,  * = sign i f icant ly different at the 5 % 
probability level and;  ** = s ignificant ly dif ferent at the 1 % 
probabi l ity level . 

8 1  

Table 1 0  shows that median embryo maturity and embryo maturity of  

To rdo in  diffe rent crosses were s igni f icantly dif ferent in many 

compa r i s ons . Harvest ripeness , amylase maturity,  GA amylase maturity, 

dry we ight maturity and gra in colour maturity were generally not 

s ignif icantly different between crosses . 



82  

I I )  GERMINAT ION PERCENTAGES AT HARVEST RIPENESS 

I I . 1 ) Cross 1 ' s Results 

Changes in the standard germinat ion percentages of the six 

gene rations of  wheat cros s 1 ripening in the warm and in the cool 

environments a re presented in F igures A . 7  and A . 8 respectively . Also 

the changes in  the potent i a l  germinat ion of the s ix generations in the 

warm and cool environments a re presented in Figures A . 9  and A . 1 0 ,  

respectively . Germination percentage s o f  the gra ins a t  harvest 

ripeness  for t he two germination tests a long with the percentage 

dormancy of  this  cross a re presented in Table 1 1 . The dormancy 

percentage were computed according to  the formula given earlier 

( sect ion VI I . 1 . 4 , Chapte r 3 ) . The means of  the six gene rat ions 

averaged acro s s  the two environment s a re presented in Table 1 2 . 



Table 1 1 . P ercentage standard germinat ion ,  potent ial  germination and 
dormancy at harvest ripeness  of the s ix generat ions of wheat cross 
Tordo x Karamu ( c ross 1)  grown in the two environment s .  

Envi ronment 

Warm 

Mean 

Cool 

Mean 

Mea n  

F - t e s t  result s 

Generation 

Tordo 
Ka ramu 
F2 
F3 
BC1 ( Tordo ) S 1 
BC1 ( Karamu ) S 1 

Tordo 
Ka ramu 
F2 
F 3 
BC1 ( Tordo ) S 1 
BC1 ( Karamu ) s 1 

Env . 
Gen . 
G X E .  

Standard 
germination 
at HR 

7 

( 2 . 3 )  
( 2 . 3 )  
( 2 . 3 )  
( 2 . 3 )  
( 2 . 3 )  
( 2 . 3 )  

( 4 .  0 )  

0 ( 1 . 8 )  
ob ( 1 . 8 l 
ob ( 1 .  8 l 
7a ( 1 . 8 ) 
1b ( 1 . 8 ) 
ga ( 1 . 8 )  

3 

5 

NS 
NS 
* *  

( 3 . 2 )  

( 3 .  6 )  

P otenti a l  
ge rminat ion 
at HR 

o c 

4 1ab 

2 3bc 

5 4  a 

2 0c 

4 7 ab 

3 1  

2 
3 
8 

1 3  
0 

3 5  

1 0  

2 1  

* 
NS 
NS 

( 9 .  4 )  
( 9 .  4 )  
( 1 2 . 9 )  
( 7 .  4 )  
( 7 .  4 )  
( 7 .  4 )  

( 1 3 . 5 ) 

( 7 .  4 )  
( 7 .  4 )  
( 7 .  4 )  
( 7 .  4 )  
( 7 .  4 )  
( 7 .  4 )  

( 1 2 . 3 ) 

( 1 2 . 8 )  

Dormancy 
at HR 

95 
52  
57  
80  
94  

77  

1 0 0  
1 0 0  
1 0 0  

4 6  

7 4  

7 0  

7 6  

8 3  

Lea s t  squa re means within each column within each environment which 
have a common letter a re not s ignif icantly different by t-test at the 
1 0  % p robab i l ity  level . 
1 NS : Non s ignif icant ; * : s ignif icant at the 5 % probability leve l ;  
* *  : s igni f icant a t  the 1 % probabi l ity level . 
Values in pa rentheses a re the standard errors o f  the least square 
mea ns .  

The standa rd germinat ion at harvest ripeness  showed a highly 

s igni f icant generat ion x environment interact ion . I n  both 

environment s  the two parent a l  cult iva rs had the same level of  standa rd 

germinat ion . The standard ge rminat ion at ha rvest ripeness  of  the F2 

and F 3 generat ions in the warm ripening environments were 

s igni f icantly higher than the two parent s ,  but in the cool ripening 

env i ronment only the F 3 gene ration had a higher percent standard 

ge rmination than the two parents . 

The potential  germinatio'n at harvest ripenes s  o f  grains developed 

in the cool environment was s igni ficantly lowe r t han that of grains 

developed in the warm envi ronment . There were s i gni f icant dif ferences 



8 4  
f o r  potential  germinat ion a t  ha rvest r ipenes s  among generat ions i n  the 

w a rm ripening environment (P < 0 . 0 5 ) . Karamu had a s ignificantly 

h igher potent ial  germination at harvest ripeness  c ompared to  Tordo 

whi c h  had zero potent i a l  ge rminat ion . 

The dormancy pe rcentage computed f rom the mea n  values of the t wo 

germinat ion tests appea red to be very high for  both parent s . For F2 in 

the warm environment and F2 and F3 in the cool environment the 

dormancy leve l was only about half of that in the parenta l  cultivars . 

Table 12 . Standard germinat ion ,  potent ial  germinat ion and dormancy at 
ha rvest ripeness  of the s i x  generat ions of wheat c ross Tordo x Karamu 
( c ross 1 ) , ave raged ac ross two environment s .  

Gene rat ion 

To rdo 
Ka r amu 
F2 
F 3 
BC 1 ( Tordo ) S 1 
BC1 ( Ka ramu) S 1 

Mea n  

0 
1 
6 

1 3  
2 
6 

5 

Standard 
ge rminat ion 
at HR 

( 1 . 5 )  
( 1 . 5 )  
( 1 . 5 ) 
( 1 . 5 )  
( 1 . 5 )  
( 1 .  5 )  

( 3 . 6 )  

S ignif icance 
of generation 
ef fects1 : NS 

1 NS  : Non s ignificant . 

Potent ial  
germinat ion 
at HR 

1 ( 6 .  0 )  
2 2  ( 6 .  0 )  
1 5  ( 7 . 9 )  
33  ( 5  . 2 )  
12 ( 5  . 2 )  
4 1  ( 5  . 2 )  

2 1  ( 1 2 . 8 )  

NS 

Do rmancy 
at HR 

1 0 0  
9 5  
6 0  
6 1  
8 3  
8 5  

7 6  

Va lues i n  parentheses a re the standard errors o f  the least square 
means . 

I I . 2 ) Cross 2 ' s Results 

Changes in the standa rd ge rminat ion percentages of the six 

generat ions of wheat c ross  2 (Tordo x Gabo ) developing in the warm and 

the cool environment s a re presented in Figures A . 1 1  and A . 12 

respect ively . The changes in potent ial ge rmination of the six  

generat ions of this  c ross in  the warm and cool  environments a re 

presented in Figure A . 1 3 and A . 1 4 .  
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Table 1 3  shows t he standard and potent ial germination at harvest 

ripene s s . and the percentage dormancy of the s ix generations of  wheat 

cross  2 ripening in t he two environments .  Mean values averaged 

across t he two environments are presented in Table 1 4 . The potent ial 

germinat ion at harvest ripeness o f  grain which had developed in the 

coo l environment was s igni f icantly lower than that of  grains developed 

in the warm environment (Table 1 3 )  . There was h ighly s ignificant 

generat ion x environment interact ion for potent i a l  germinat ion at 

har vest ripeness . Under the warm ripening environment , Gabo showed 

s ignificantly higher potential germination at harvest ripeness than 

did Tordo . Under the cool ripening environment the two cultivars did 

not dif fe r  in potent ial  germination at harvest  ripeness . 

Table 1 3 . Percentage standard germination , potent ial germination and 
dormancy at ha rvest ripeness of the s ix generations of wheat cross 
Tordo x Gabo (Cross 2 )  grown in the two environments . 

Environment 

Warm 

Mea n  

Cool 

Mea n  

Generation 

Tor do 
Gabo 
F2 
F3 
BC1 (Tordo ) S 1 
BC1 (Gabo ) S 1 

Tordo 
Gabo 
F2 
F3 
BC1 (Tordo ) S l 
BC1 ( Gabo ) S 1 

Mea n  over two env . 

F-test results Env . 
Gen . 
G X E .  

Standard 
germinat ion 
at HR 

1 
3 9  
1 7  
1 4  

4 
1 8  

1 6  

5 
7 

1 8  
8 
8 
6 

9 

12  

NS  
NS  
NS  

( 8  . 1 ) 
( 8  . 1 ) 
( 8  . 1 ) 
( 8 . 1 )  
( 8 . 1 )  
( 8  . 1 ) 

( 1 6 . 4 )  

( 1 4 . 9 )  
( 8 .  1 )  
( 8 . 1 ) 
( 8 . 1 ) 
( 8 . 1 ) 
( 1 0 . 3 )  

( 9 . 5 ) 

( 1 4 . 0 )  

P otential 
germination 
at HR 

0 
6 3a 

2 7bc 

4 lb 

2 l c 

6 5a 

3 6  

6 c 

2 c 

2 5a 

2 4ab 

1 4 abc 

1 0 abc 

1 3  

2 5  

( * )  
NS 
* *  

( 8 . 6 )  
( 8 . 6 )  
( 6 .  7 )  
( 6 .  7 )  
( 6 .  7 )  
( 6 .  7 )  

( 1 4 . 0 )  

( 8 . 6 )  
( 6 .  8 )  
( 6 .  8 )  
( 6 .  8 )  
( 6 .  8 )  
( 6 .  8 )  

( 9 . 3 ) 

( 1 1 . 7 )  

Dormancy 
at HR 

3 8  
3 7  
6 6  
8 1  
7 2  

5 6  

1 7  
0 

2 8  
67  
4 3  
4 0  

3 1  

5 2  

Lea st square means within each column within each envi ronment which 
have a common letter a re not s igni ficantly diffe rent by t-test at 10 % 
probabi lity level . 
1 NS  : Non s ignificant ; ( * )  .s ignificant at the 1 0  % probability 
level ;  * *  : s ignif icant at the 1 % probability level . 
Val ues in parentheses  a re the standard errors o f  the least squa re 
means . 



Table 1 4 . Standa rd germinat ion and potent i a l  ge rminat ion at harvest  
ripene s s  of  the s ix generat ions of wheat cross  Tordo x Gabo (Cross 
ave raged across two envi ronment s .  

Gene rat ion Standa rd Potent ial Dormancy 
germination germinat ion at HR 
at  HR at HR 

Tordo 3 ( 8 . 5 )  2 ( 6 . 1 ) 
Gabo 2 3  ( 5 . 7 )  32  ( 5 . 5 )  2 8  
F2 1 8  ( 5 .  7 )  2 6  ( 4 .  8 )  3 1  
F3 1 1  ( 5 . 7 )  3 3  ( 4 .  8 )  67  
BC1 (Tordo ) S 1 5 ( 5 . 7 )  1 7  ( 4 . 8 )  7 1  
BC1 ( Gabo ) S 1 1 2  ( 6 .  5 )  3 8  ( 4 .  8 )  6 8  

Mean  12  ( 1 4 . 0 )  2 5  ( 1 1 . 7 )  5 2  

S igni ficance 
of gene ration 
e ffect s 1 : NS NS 

1 NS  : Non s ign i f i cant . 
Values in pa renthe ses a re the standa rd e rrors o f  the least squa re 
means . 

I I . 3 ) C ross  3 ' s  Results 

Changes in the percent age standard germinat ion at ha rvest 

8 6  

2 ) , 

ripeness of  the s ix gene rat ions o f  wheat cro s s  3 (Tordo x Sonora 6 4A) 

deve loped in the warm and cool ripening environment a re presented in 

Figures A . 1 5 and A . 1 6 re spect ive ly . Change s in potent i a l  germinat ion 

at h arvest ripenes s  of the six generat ions of this cross developed in 

the warm ripening environment and in the cool r ipening environment a re 

pre s ented in Figures A . 1 7 and A . 1 8 .  The ge rminat ion percentages at 

harves t  r ipeness and per cent dormancy o f  the s ix generations o f  this 

c ro s s  deve loped i n  the two ripening environment s are presented in 

Table 1 5 . The means o f  the s ix generations a re presented in Table 1 6 . 

No s igni ficant environmental  effect or  gene ration e f fects were 

dete cted for standard germinat ion at harvest  ripenes s .  However 

gra i n s  developed in the cool ripening envi ronment had s igni f icant ly 

lower percentages of potent ial  ge rminat ion at  ha rvest r ipeness  

( P < 0 . 1 0 ) . In the warm r ipening envi ronment Tordo had s igni ficant ly 



8 7  

lower potenti a l  germinat ion a t  ha rvest ripene s s  compa red to  Sonora 

6 4A ,  but in the cool ripening environment both cultivars had low 

potent ial  germinat ion and did not dif fe r  f rom each othe r . 

Table  1 5 . Pe rcentage standard germination,  potential germination and 

dormancy at harve s t  ripene s s  of the s ix generat ions of wheat c ro s s  

Tordo x Sonora 6 4A ( c ross 3 )  grown in the two environment s .  

Envi ronment 

Warm 

Mean 

Coo l 

Mean  

Generat ion 

Tor do 
Sonora 6 4A 
F2 
F3 
BC 1 ( Tordo ) S 1 
BC1 ( Sonora ) S 1 

To rdo 
Sonora 6 4A 
F2 
F3 
BC1 (Tordo ) S 1 
BC1 ( Sonora ) S 1 

Mean  ove r two env . 

F-test results Env . 
Gen . 
G X E .  

Standa rd 
germinat ion 

at HR 

0 ( 7 .  9 )  
4 9  ( 1 0 . 0 )  
1 0  ( 7 .  9 )  
1 1  ( 7 .  9 )  
1 2  ( 7 .  9 )  
1 5  ( 7 .  9 )  

1 6  ( 1 8 . 7 )  

2 ( 7 . 9 )  
8 ( 7 . 9 )  
5 ( 7 . 9 )  
7 ( 7 . 9 )  
9 ( 7 . 9 )  

1 3  ( 7 . 9 )  

8 ( 6 .  4 )  

1 2  ( 13 . 7 )  

NS 
NS 
NS 

Potential  
germinat ion 

at HR 

0 ( 1 1 . 6 )  
8 7 a ( 1 6 . 8 ) 
62 a ( 9 .  0 )  
62 a ( 9 .  0 )  
1 4b ( 9 .  0 )  
6 5a ( 1 1 . 6 )  

4 8  ( 2 1 . 9 )  

1 ( 9 .  0 )  
1 9ab ( 9 .  0 )  
1 3ab ( 9 .  0 )  
1 6ab ( 9 .  0 )  
2 3ab ( 9 .  0 )  
3 3a ( 9 .  0 )  

1 8  ( 1 0  . 1 ) 

3 3  ( 1 5 . 6 )  

( * )  
NS 
* *  

Dormancy 
at HR 

4 4  
8 4  
8 2  
1 4  
7 7  

6 7  

5 8  
6 2  
5 6  
6 1  
6 1  

5 6  

6 4  

Leas t  square means within each column within each envi ronment which 
have a common letter a re not s ign ificant ly dif ferent by t-test at 1 0  % 
probabi l ity level . 
1 NS : Non signif icant ; ( * )  s ignificant at  the 1 0  % probabi lity 
leve l ;  * *  : s igni f icant at the 1 % probab i l ity  level . 
Va lues in parentheses are the standa rd e rrors of  the least squa re 
means .  



TRANSFOMAT ION OF GERMINAT ION DATA . 

The data for percentage germinat ions ( standard germinat ion and 
potent i a l  germinat ion)  in these experiments were not t ransformed to 
arcs ine , as done in some repor t s  on germinat ion experiments .  The 
arcs ine t rans format ion is applicable to binomial  dat a  expressed as 
decimal f ract ions or  percentages ,  and is especia lly recommended when 
the percentages cover a wide range of values ( Steel and Torrie,  1 9 8 0 ) 
The unit o f  a rcs ine t rans format ion i s  degrees o r  radians . Bart lett 
( 1 9 4 7 )  suggested that the t ransformed data should have the following 
characte r s : -

" ( a )  The variance o f  the t ransformed va riate should be 
unaf fected by changes in the mean level . 

( b )  The transformed variate should be normally dis tributed . 
( c )  The t rans formed scale should be one for  which a rithmatic 

average i s  an efficient estimat e  of  the true mean level for  any 
particu l a r  group of measurement s .  

(d )  The t ransformed scale should be one for  which real effects 
are l inea r  and addit ive . "  

Thu s ,  t rans format ion may be used to change the dat a  t o  fit the 
assumpt ions for analys is of va riance . The assumpt ions have been 
des cribed by Cochran ( 1 9 4 7 )  as follows : 

( 1 )  The treatment e f fects and the block ef fect s must  be addit ive . 
( 2 )  The experimental  errors must  be independent . 
( 3 )  The experimenta l  errors must have a common vari ance . 
( 4 )  The experimental errors should be norma lly dist ributed . 
In  the germination tests , the state o f  seeds under the test may 

be one of two kinds , i . e .  germinable or not germinable , suggest ing t hat 
the dat a  may have a binomial  distribution . The expectation o f  the 
grain germinability can be ca lculated by the formular  (P  + Q ) n . 
Where P i s  the probability that the grain will  germinate , and Q is the 
probab i l ity  that the grain w i l l  not germinate . The number of seeds in 
the test equal to  n .  Howeve r ,  P and Q in the present experiments are 
not constants for  all generat ions because they are determined by 
genetic and environmental  ef fects s ampled in the experiment . Thus the 
germinat ion in an experiment o f  this  kind can be considere d  to be 
norma l ly dist ributed rather than binomia l  data . This is  the attitude 
adopted in t he present study . 

I n  genet ic study the scale used to represent the degree of  
expres s ion of  a character can a f fect the apparent occurrence , 
direct ion and degree of  dominance and epistasis  (Mather and Jink s ,  
1 9 7 1 )  . Further ,  by changing the scale the relat ive magnitude of  
genotype x environment e f fect s will change in such a way t hat they may 
be reduced or almost nel igible . Therefore , the choice o f  s cale can be 
crucial  t o  such studies . 

I n  biometrical genet ics , some people suggested that a scale 
should be chosen so  as to remove a s  far as poss ible the e ffects of  non 
a l le l i c  interactions and genotype x environment interactions , a llowing 
dominance to take its own value on the scale so reached ( Mather and 
Jink s ,  1 9 7 1 )  . 

Mather and Jinks ( 1 9 7 1 )  have pointed out that "discovery o f  a n  
empirically  satis factory s c a l e  cannot of  i t s e l f  b e  used t o  j ustify 
theoret ical  conclusions concerning the physiology o f  gene action " . So  
without t he empirical knowledge o f  what the appropriate s cale for  the 
character should be , the t ransformation will  not give a c lue to what 
type of gene e ffect s are important . Therefore,  it may be better to use 
natura l scale a s  far as pos s ible , so  that the results a re not 
predetermined by scale choice . Therefore , cons idering this  point 
together with the earlier discussion on the variability o f  binomial  P 
and Q ,  it has been decided t o  analyse germinat ion dat a  in natural 
scale . 
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Table 1 6 .  Percentage standa rd ge rmination , potential ge rminat ion and 
dormancy at harvest ripeness  of  the six generations of  wheat cross 
Tordo x Senora 6 4A ( c ross  3 ) , ave raged across t wo environments  ( in 
percent ) . 

Generat ion 

To rdo 
Seno ra 6 4A 
F2 
F3 
BC1 ( Tordo ) S 1 
BC1 ( S onora ) S 1 

Mean  

S ignificance 
of  gene rat ion 
e f fects 1 : 

Standa rd 
germinat ion 
at HR 

1 ( 5 . 6 )  
2 9  ( 6 .  4 )  

7 ( 5 . 6 )  
9 ( 5 . 6 )  

1 0  ( 5 .  6 )  
1 4  ( 5 . 6 )  

12  ( 1 3 . 7 )  

NS 

Potent ial  
germinat ion 
at HR 

0 ( 7 . 4 )  
5 3  ( 9 .  5 )  
3 8  ( 6 .  4 )  
3 9  ( 6 .  4 )  
1 8  ( 6 .  4 )  
4 9  ( 7 . 4 )  

3 3  ( 1 5 . 6 )  

NS 

NS : non s ignificant at  the 10 % probability leve l . 

Dormancy 
at HR 

4 5  
8 2  
7 7  
4 4  
7 1  

6 4  

Values in parentheses a re the standard errors o f  the least square 
means .  

I I . 4 ) Compa rison Among Crosses 

The performances o f  the parenta l  cultivars in the two ripening 

envi ronment s have been compa red . Tordo developed in the two ripening 

envi ronment s cons istent ly showed low germination percentage s . Karamu 

ripen ing in the warm environment showed a moderate level o f  potent ia l 

germination ( 4 1 % )  but had a low level o f  standa rd germinat ion at 

ha rvest ripeness . When ripening in the cool environment , this 

cult ivar had a low leve l o f  standard germination and potent ial 

germination at  harvest  ripenes s .  The two sprout ing suscept ible 

cultiva rs ,  Gabo and Senora 6 4A showed moderate levels of standard 

germination at harvest  ripeness and high leve l s  o f  potential 

germinat ion at  ha rvest  ripenes s .  But both cult ivars ripening in the 

cool environment exhibited low leve l s  of  germinat ion . The e f fect o f  

dormancy breaking t reatments was more e f fect ive with gra in ripening in 

the warm environment , and did not appear  to be correlated to sprouting 

susceptibi lity . 



I I I )  GRAIN DRY WEIGHT AT HARVEST RIPENESS  AND MAXIMUM GRAIN 

DRY WEIGHT 

I I I . 1 ) Cross 1 ' s Results 

8 9  

Changes in grain dry weights during grain development and 

mat urity for  the six generations of wheat f rom cross Tordo x Karamu 

grown in the warm and the cool environments a re p resented in Figures 

A . 1 9  and A . 2 0 respect ively . Grain dry weight at  harvest  ripeness  and 

maximum grain dry weight (mg/grain)  of the six  generations of wheat in 

cross  1 ripening in the two environments are presented in Table 1 7 . 

The mean  values , ave raged over the two environments a re p resented in 

Table 1 8 . 

Table 1 7 . Grain dry weight at harvest ripene ss  and maximum grain dry 
weight (mg/grain) of s ix generat ions of wheat  c ross 1 (Tordo x Karamu )  
grown in the two environments .  

Environment Generat ion Grain dry weight Maximum gra in 
at HR . dry weight 

Warm Tordo 4 1 . 5  ( 1 . 7 )  41 . s e ( 1 .  7 )  
Karamu 43 . 5ab ( 1 . 3 )  45 . 7a ( 1 . 3 )  
F2 4 1 . 8b ( 1 . 3 )  47 . 2 a ( 1 .  3 )  
F3 4 5 . 5a ( 1 .  3 )  47 . 5a ( 1 . 3 )  
BC1 ( Tordo ) S 1 42 . 8ab ( 1 .  3 )  47 . 4a ( 1 . 3 )  
BC1 ( Ka ramu ) S 1 4 3 . 2ab ( 1 .  3 )  43 . 5b ( 1 .  3 )  

Mea n  43 . 0  ( 2  . 1 ) 45 . 4  ( 1 .  9 )  

Cool Tordo 5 4 . 4abc ( 1 . 3 )  56 . 86 ( 1 . 3 ) 
Karamu 55 . 2abc ( 1 . 3 )  56 . 7b ( 1 . 3 )  
F2 55 . 8ab ( 1 . 3 )  56 . 7b ( 1 . 3 )  
F3 52 . 4c ( 1 . 3 )  53 . 6b ( 1 . 3 ) 
BC1 ( Tordo ) S 1 57 . 9a ( 1 . 3 )  62 . o a ( 1 . 3 ) 
BC1 ( Ka ramu ) S 1 53 . 5bc ( 1 . 3 )  54 . 4b ( 1 . 3 )  

Mean  5 4 . 9  ( 2  . 1 ) 56 . 7  ( 2 . 6 )  

Mea n  over two env . 4 9 . 0  ( 2 . 3 )  51 . 1  ( 2 . 3 )  

F-test results : Env . * *  * *  
Gen . NS NS 
G X E .  ( * )  * 

Least squa re means within each column within each envi ronment which 
have a common letter a re not s igni ficant ly dif fe rent by t -test at 10 % 
p robabi l ity level . 
1 NS : Non s ignificant ; ( * )  : s ignificant at  t he 10 % probability  
leve l ;  * : s ignific ant at  the 5 % probability level ;  * *  : s ignif icant 
at  the 1 % probabil ity  level . 
Va lues in pa rentheses a re the standard errors of  the least square 
means . 
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Table 1 8 . Grain dry weight at harvest ripeness  and maximum grain dry 
weight ( in mg/grain )  of s ix generations o f  wheat cross Tordo x Ka ramu 
(Cross 1 )  averaged across  two environment s .  

Generat ion 

Tordo 
Karamu 
F2 
F3 
BC1 (Tordo ) S l 
BC1 (Ka ramu ) S 1 

Mean  

Significance 
of  generat ion 
effect 1 : 

Grain dry weight 
at HR 

48 . 0  ( 1 . 1 ) 
4 9 . 4  ( 0 . 9 )  
4 8 . 7  ( 0 . 9 )  
4 8 . 9  ( 0 .  9 )  
50 . 3  ( 0 .  9 )  
4 8 . 3  ( 0 . 9 )  

4 8 . 9  ( 2 . 3 )  

NS 

Maximum gra in 
dry weight 

4 9 . 2  ( 1 . 1 ) 
5 1 . 2  ( 0 . 9 )  
5 1 . 9  ( 0 . 9 )  
5 0 . 5  ( 0 . 9 )  
5 4 . 7  ( 0 . 9 )  
4 8 . 9  ( 0 . 9 )  

5 1 . 1  ( 2 . 3 )  

NS 

1 NS  : non s igni fi cant at  the 1 0  % probabi l ity  level . 
Va lues in pa rentheses are the standard errors o f  the least square 
means . 

The cool environment signi ficantly increased gra in dry weight at  

ha rvest  ripeness and maximum grain dry weight ( T able 1 7 ) . There were 

no s igni ficant generat ion e f fects for gra in dry weight at harvest 

ripenes s  nor maximum grain dry we ight . But t he generat ion x 

environment interact ions were significant for  grain dry we ight at 

ha rvest  ripeness ( P  < 0 . 1 0 )  and for maximum grain dry we ight (P<0 . 0 5 )  

The grain dry weight o f  the F3 gene rat ion ranked as the highest i n  the 

wa rm ripening envi ronment , but in the cool ripen ing envi ronment this 

generat ion had the lowest  value . Karamu had a s ignif ic ant ly highe r 

maximum grain dry weight than Tordo in the warm ripening envi ronment , 

but this  difference disappeared in the cool environment . 
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I I I . 2 ) Cross 2 ' s Results 

Changes in grain dry weight o f  the six generat ions o f  wheat cross 

2 ( T o rdo x Gabo ) developed in the warm environment and in the cool 

envi ronment are present ed in Figures A . 2 1 and A . 22  respectively . 

Gra i n  dry weight at harvest ripeness ( HRDW) and maximum grain dry 

weight (MAXDW) of the s ix generations of wheat in this cross a re 

presented in Table 1 9 . The mean va lue s ,  averaged over the two 

env i ronment s ,  of t he six generat ions of wheat in this cross are 

pre sented in Table 2 0 . 

Tab l e  1 9 . Grain dry we ights at ha rvest ripene s s  and maximum grain dry 
weights of six generat ions of wheat cross 2 (Tordo x Gabo)  grown in 
the two environment s (mg/grain ) . 

Env i ronment generation Grain dry weight 
at HR 

Warm 

Mea n  

Cool 

Mea n  

Tordo 
Gabo 
F2 
F3 
BC 1 ( Tordo ) S l 
BC1 (Gabo ) S 1 

Tordo 
Gabo 
F2 
F3 
BC1 ( Tordo ) S 1 
BC1 ( Gabo ) S 1 

Mea n  over two env . 

F-te s t  results : Env . 
Gen . 
G x E .  

4 5 . 9  
4 5 . 7  
4 6 . 6  
4 5 . 2  
4 6 . 2  
4 4 . 8  

4 5 . 7  

52 . 8  
5 9 . 6  
55 . 1  
5 6 . 6  
5 4 . 7  
5 6 . 4  

55 . 9  

5 0 . 8  

* *  

NS 
NS 

( 1 . 5 ) 
( 1 . 5 )  
( 1 .  5 )  
( 1 . 5 ) 
( 1 . 5 ) 
( 1 . 5 )  

( 0 .  9 )  

( 1 . 5 )  
( 1 . 5 ) 
( 1 . 5 )  
( 1 .  5 )  
( 1 . 5 ) 
( 1 .  5 )  

( 3 .  6 )  

( 2 . 6 )  

Maximum grain 
dry weight 

4 7 . 7  
4 6 . 1  
4 8 . 1  
4 6 . 2  
4 8 . 3  
4 5 . 8  

4 7 . 0  

5 6 . 5  
6 0 . 7  
55 . 8  
57 . 2  
5 9 . 4  
5 6 . 7  

57 . 7  

52 . 4  

* *  

NS 
NS 

(2 . 1 ) 
( 2  . 1 ) 
( 2  . 1 ) 
( 2  . 1 ) 
( 2  . 1 ) 
( 2  . 1 ) 

( 1 . 4 )  

( 2  . 1 ) 
( 2  . 1 ) 
( 2  . 1 ) 
( 2  . 1 ) 
( 2  . 1 ) 
( 2  . 1 ) 

( 5 . 0 )  

( 3 . 7 )  

1 N S  : Non significant ; * *  : s ignificant a t  the 1 % probability 
leve l . 
Va lues in parentheses a re the standard e rrors of  the least square 
mean s . 
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Table 2 0 . Grain dry weight at harvest ripeness and maximum grain dry 
weight (mg/gra in)  o f  s ix generat ions o f  wheat cross Tordo X Gabo 
(Cross 2 ) , averaged across two environments .  

Gen e ration 

Tordo 
Gabo 
F2 
F3 
BC1 ( Tordo ) S 1 
BC 1 (Gabo ) S 1 

Mea n  

Significance 
of generat ion 
ef fect 1 : 

Grain dry weight 
at HR 

4 9 . 3  ( 1 . 1 ) 
52 . 7  ( 1 . 1 ) 
5 0 . 8  ( 1 . 1 ) 
5 0 . 9  ( 1 . 1 ) 
5 0 . 4  ( 1 . 1 ) 
5 0 . 6  ( 1 . 1 ) 

5 0 . 8  ( 2 . 6 )  

NS 

Maximum grain 
dry weight 

52 . 1  ( 1 . 5 ) 
5 3 . 4  ( 1 . 5 ) 
52 . 0  ( 1 . 5 ) 
5 1 . 7  ( 1 . 5 ) 
5 3 . 9  ( 1 . 5 ) 
5 1 . 2  ( 1 . 5 )  

52 . 4  ( 3 . 7 )  

NS 

NS : non s igni f icant diffe rence at the 10 % probability leve l . 
Values in parentheses are the standard errors  of  the least square 
means . 

As in c ro s s  1 ,  the cool envi ronment s ignificant ly increases both 

the grain dry weight at harvest ripenes s  and maximum grain dry weight . 

Howeve r this c ross  showed no s ignificant differences among generat i ons 

or  s igni ficant generation x environment inte ract ions . 

I I I . 3 ) Cross  3 ' s Results 

Changes in grain dry weight of  the s ix generat ions o f  wheat cross 

3 ( Tordo x Senora 64A )  ripening in the wa rm environment and in the 

cool  environment a re presented in Figures A . 2 3 and A . 2 4  respectively . 

Grain dry weight at harvest ripeness and maximum grain dry weight o f  

the s ix generations o f  wheat c ross 3 a re presented in Table 2 1 .  The 

mea n  values of these two variables averaged over the two environments 

are  presented in Table 22 . 
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Table 2 1 . Grain dry weight at harve s t  r ipeness and maximum grain dry 
weight ( in mg/grain ) of s ix generat ions o f  wheat in cross 3 grown in 
two environment s .  

Envi ronment Generat ion Grain dry weigh 
at HR 

Warm Tordo 4 6 . 4a 

S onora 6 4  A 4 0 . 3c 

F2 4 3 . 4abc 

F3 4 4 . 3ab 

BC1 ( T o rdo ) S 1 42 . 6bc 

BC1 ( Sonora ) S 1 4 0 . 2c 

Mean 42 . 9  

Cool Tordo 5 8 . 4  
Sonora 6 4A 5 7 . 4  
F2 5 8 . 1  
F3 5 8 . 4  
BC1 ( To rdo ) S 1 55 . 4  
BC1 ( Sonora ) S 1 57 . 9  

Mean 57 . 6  

Mean 5 0 . 2  

F-t e st results  : Env . ** 
Gen . NS 
G x E .  NS 

( 1 .  6 )  
( 1 .  6 )  
( 1 .  6 )  
( 1 .  6 )  
( 1 .  6 )  
( 1 .  6 )  

( 2 . 5 )  

( 1 .  6 )  
( 1 .  6 )  
( 1 .  6 )  
( 1 .  6 )  
( 1 .  6 )  
( 1 .  6 )  

( 2 . 9 )  

( 2 . 7 )  

Maximum grain 
dry weight 

4 6 . 9a 

4 1 . 6bc 

4 5 . 3ab 

4 6 . 0a 

4 3 . 7abc 

4 1 . 2 c 

4 4 . 1  

60 . 2  
5 8 . 6  
61 . 8  
61 . 4  
58 . 9  
60 . 3  

60 . 2  

52 . 2  

** 
NS 
NS 

( 1 .  7 )  
( 1 .  7 )  
( 1 .  7 )  
( 1 . 7 )  
( 1 .  7 )  
( 1 .  7 )  

( 2 . 5 )  

( 1 .  7 )  
( 1 . 7 )  
( 1 .  7 )  
( 1 .  7 )  
( 1 .  7 )  
( 1 .  7 )  

( 3  . 2 )  

( 2 . 9 )  

Lea st  square means within each column within each environment which 
have a common lett e r  are not significant ly different by t -test  at the 
1 0  % probability level . 
1 NS : Non s igni f icant ; ** : signif icant at the 1 % probabil ity level . 
Va lues in pa renthe ses are the standa rd e r ro rs of  the least squa re 
mean s . 



Table 22 . Grain dry weight at harvest ripeness and maximum grain dry 
wei ght (mg / gra in )  of s ix generations o f  wheat cross Tordo X Sonora 
6 4A (Cross 3 )  averaged across two environment s .  

Generation 

To rdo 
Sonora 6 4A 
F2 
F3 
BC1 (Tordo ) S 1 
BC1 ( S onora ) S 1 

Mean 

S igni ficance 
o f  generat ion 
ef fects 1 : 

Grain 
at 

52 . 4  
4 8 . 8  
5 0 . 8  
5 1 . 3  
4 9 . 0  
4 9 . 0  

5 0 . 2  

NS 

dry weight Maximum grain 
HR dry weight 

( 1 . 1 ) 5 3 . 5  ( 1 . 2 )  
( 1 . 1 ) 5 0 . 1  ( 1 . 2 ) 
( 1 . 1 )  5 3 . 5  ( 1 . 2 )  
( 1 . 1 ) 5 3 . 7  ( 1 . 2 ) 
( 1 . 1 ) 5 1 . 3  ( 1 . 2 )  
( 1 . 1 ) 5 0 . 8  ( 1 . 2 )  

( 2 . 7 )  52 . 2  ( 2 . 9 )  

NS 

1 NS : not s igni ficant difference at t he 10 % probability leve l . 
Values in pa rentheses are the standa rd errors o f  the least square 
means . 

9 4  

Differences i n  grain dry weight a t  harvest  ripeness and maximum 

grain dry weight among generations we re detected in only the warm 

environment . To rdo had heavier grain dry weight at harvest  ripeness 

and had heavier maximum grain dry weight than Sonora 6 4A .  F-test 

results for  combined ana lyses of  va riance showed highly s igni f icant 

envi ronment a l  e ffects . The cool envi ronment s igni ficant ly inc reased 

grain dry we ights compared to those in the wa rm environment . 



IV) a-AMYLASE CONTENTS IN THE GRAINS AT HARVEST RIPENE S S  AND 

EMBRYO MATURITY 

IV . 1 ) Cross 1 ' s Results 
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Changes in base a-amylase level o f  the s ix generations o f  wheat 

cross  1 developed under the warm and the cool environment s a re 

presented in Fig�re A . 2 5 and Figure A . 2 6  respectively . Those for  

germinat ive a-amylase a re presented in Figure A . 27 and Figure A . 2 8 ,  

and for GA a-amylase in Figure A . 2 9  and Figure A . 3 0 .  The levels  of 

each types o f  a-amylase act ivity at harvest ripeness and at embryo 

mat urity o f  the six gene rat ions o f  c ross 1 wheat developed under warm 

and cool ripening envi ronments a re p re sented in Table 2 3 . The mean 

va lues of the s i x  variables averaged over the two environments are 

presented in Table 2 4 . 



t 
Table 2 3 . The levels of the three types of a-amylase activities at harvest ripeness and at embryo maturity of six 
generat ions o f  wheat in cross Tordo x Karamu ( cross 1) grown in the two environments ( in log . mEU/g ) . 

Generation Base a-amvlase Germinative a- amylase GA3 a- amylase 

at HR at embryo 
maturity 

at HR at embryo 
maturity 

T o rdo 3 . 2 4 9 0 
Karamu 3 . 3 3 3 9  
F2 3 . 3 3 1 4  
F 3 3 . 3 7 9 5  
BC1 ( Tordo ) S 1 3 . 4 1 1 6  
BC1 ( Ka�amu ) S 1 3 . 1 8 7 9  

( 0 . 0 9 1 9 )  
( 0 . 0 9 1 9 )  
( 0 .  0 9 1 9 )  
( 0 . 0 9 1 9 )  
( 0 .  0 9 1 9 )  
( 0 .  0 9 1 9 )  

NA 
2 . 1 6 93c 
4 . 5 8 22bc 
3 . 1 1 3 9bc 
5 . 8 8 2 9b 
2 . 9 0 8 5c 

Mean 3 . 3 1 5 5  ( 0 . 1 7 4 6 )  3 . 7 3 1 4  

Tordo 
Karamu 
F2 
F 3 
BC 1 ( Tordo ) S 1 
BC1 (Karamu ) S 1 
Mean 

3 . 4 3 0 4  ( 0 . 0 9 1 9 )  
3 . 1 0 8 0  ( 0 . 0 9 1 9 )  
3 .  3 7 9 4  ( 0 . 0 9 1 9 )  
3 .  4 7 0 4  ( 0 .  0 9 1 9 )  
3 . 2 9 4 9  ( 0 . 0 9 1 9 )  
3 . 2 6 7 1  ( 0 . 0 9 1 9 )  

2 .  7 4 7 1  
2 . 8 2 5 1  
3 . 0 2 6 6  
2 . 9 4 3 1  
2 . 8 6 9 6  
2 . 8 3 1 8  

3 . 32 5 0  ( 0 . 1 42 0 )  2 . 2 8 0 0  

Overall Mean . 3 . 32 0 3  ( 0 . 15 9 1 )  3 . 0 0 5 7  

F-test .l. : Env . 
Gen . 
GxE . 

NS 
NS 
NS 

NA : Not applicable ; 

NS 
NS 
** 

( -
( 1 .  4 72 0 )  
( 1 . 4 7 2 0 )  
( 1 . 1 5 9 7 )  
( 1 . 15 9 7 )  
( 1 . 15 9 7 )  

WAR� ENVIRONMENT 
3 . 3 1 1 0b { 0 . 2 0 7 5 )  NA 
3 . 1 6 1 7b ( 0 . 2 0 7 5 )  5 . 4 7 2 1bc 
3 . 9 6 6 3a ( 0 . 2 0 7 5 )  5 . 4 0 2 3bc 
4 . 2 1 6 5a ( 0 . 2 0 7 5 )  4 . 6 0 8 4 c 
4 . 12 92 a { 0 . 2 0 7 5 )  7 . 0 0 67b 
3 . 4 3 8 7b ( 0 . 2 0 7 5 )  5 . 4 8 7 7bc 

( 3 . 1 1 4 3 )  3 . 7 0 3 9  ( 0 . 412 3 )  5 . 5 9 5 4  

{ 1 . 15 9 7 )  
{ 1 . 1 5 9 7 )  
( 1 . 1 5 9 7 )  
( 1 . 1 5 9 7 )  
( 1 . 1 5 9 7 )  
( 1 . 15 9 7 )  

COOL ENVIRONMENT 
2 . 7 5 3 2  ( 0 . 2 0 7 5 )  4 . 4 7 5 7  
2 . 9 5 6 4  ( 0 . 2 0 7 5 )  4 . 0 4 8 6  
2 .  8 2 1 1  ( 0  . 2 0 7 5 )  
3 . 4 1 0 8  ( 0 . 2 0 7 5 )  
3 . 12 1 7  ( 0 . 2 0 7 5 )  
3 . 4 1 5 1  ( 0 . 2 0 7 5 )  

4 . 6 9 2 1  
4 .  9 1 4 7 
3 . 3 8 0 1  
4 . 3 6 1 9  

( 0 . 2 6 5 0 )  3 . 0 7 9 7  ( 0 . 2 9 7 4 )  4 . 3 122 

( 2 . 0 0 8 7 )  3 . 3 9 1 8  ( 0 . 3 5 9 5 )  4 . 9 5 3 8  

* 
NS 
( * ) 

NS 
NS 

* 

( 1 . 1252 ) 
( 1 . 12 5 2 )  
( 0 . 8 8 6 5 )  
( 0 . 8 8 6 5 )  
( 0 . 8 8 6 5 )  

a t  HR 

3 . 6 3 4 7  
4 . 6 63 2  
4 . 0 8 9 9  
4 . 52 2 5  
4 . 52 6 1  
4 . 9 7 0 0  

( 0 . 2 3 8 5 )  
( 0 . 2 3 8 5 )  
( 0 . 2 3 8 5 )  
( 0 . 2 3 8 5 )  
( 0 . 2 3 8 5 )  
( 0  . 2 3 8 5 )  

at embryo 
maturity 

NA 
5 . 6 7 6 0 cd 
6 . 7 7 7 4bc 
4 . 9 5 3 7 d 
7 . 42 4 0b 
6 . 3 9 1 5b c  

( 2 . 2 6 4 8 )  4 . 4 0 1 1  ( 0 . 52 1 5 )  6 . 2 4 4 5  

{ 0 . 8 8 6 5 )  
( 0 . 8 8 6 5 )  
( 0 . 8 8 65 )  
( 0 . 8 8 65 )  
( 0 . 8 8 65 )  
( 0 . 8 8 65 )  

3 . 1 9 0 8  
3 . 1 0 5 8  
3 . 4 3 8 6  
3 . 77 5 3  
3 . 2 4 4 9  
3 . 7 7 5 7  

( 0  . 2 3 8 5 )  
( 0  . 2 3 8 5 )  
( 0  . 2 3 8 5 )  
{ 0  . 2 3 8 5 )  
( 0 . 2 3 8 5 )  
( 0 . 2 3 8 5 )  

4 .  6 6 1 1  
3 . 8 8 1 8  
5 .  7 1 9 2  
4 . 9 5 2 7  
3 . 8 4 8 7  
4 . 9 6 1 6  

( 0 . 6 4 5 9 )  3 .  4 2 1 8  ( 0  . 2 6 3 6 )  4 .  67 0 8  

{ 1 . 5 3 5 4 )  3 . 9 1 1 5  ( 0 . 4 1 3 2 ) 5 . 4 5 7 7  
* *  
NS 
NS 

( * ) 
NS 
* *  

( -
( 0 . 6 8 8 1 )  
( 0 . 6 8 8 1 )  
( 0 . 5 4 2 1 )  
( 0 . 5 42 1 )  
( 0 . 5 42 1 )  

( 0 . 8 4 7 7 )  

{ 0 . 5 4 2 1 )  
( 0 . 5 4 2 1 )  
( 0 . 5 4 2 1 )  
( 0 . 5 4 2 1 )  
( 0 . 5 42 1 )  
( 0 . 5 4 2 1 )  

( 0 . 9 9 8 0 )  

( 0 . 9 3 9 0 )  

Least square means within each column within 
by t-test at the 10 % probability level . 

each environment which have a c ommon letter are not s ignif i c antly different 

1 NS : Non s ignificant ; 
* : s ignificant at the 5 % probability leve l ;  

( * ) : s ignificant at the 1 0  % probability leve l ;  
* *  : s ignificant at the 1 % probability leve l . 

Values in pa rentheses are the standard errors of the estimates . 



Table 2 4 .  The level s  of the three types of a-amylases act ivities at harvest ripeness  and at embryo maturity of six 
generations of wheat cross Tordo x Karamu ( Cross 1 )  averaged across two environments ( in log rnEU/g)  . 

Generations 
at HR 

Tordo 3 . 3 3 9 7  
Karamu 3 . 22 1 0  
F2 3 . 3 5 5 4  
F3 3 . 4 2 5 0  
BC1 (Tordo ) S 1 3 . 3 5 32 
BC1 { Karamu) S1 3 . 22 7 5  

Mean 3 . 32 0 3  

S igni ficant 
generation 
effect 1 : NS 

NA : Not applicable 

Base a-amylase 

{ 0 . 0 65 0 )  
{ 0 . 0 6 5 0 )  
{ 0 . 0 6 5 0 )  
( 0 . 0 6 5 0 )  
{ 0 . 0 65 0 )  
( 0 . 0 65 0 )  

{ 0  . 1 5 9 1 )  

a t  embryo 
maturity 

NA 
2 .  4 9 7 1  
3 . 8 0 4 4  
3 . 02 8 5  
4 . 37 62 
2 . 8 7 0 1  

5 . 2 7 98 

NS 

{ 0 . 9 3 6 9 )  
( 0 . 9 3 6 9 )  
( 0 . 8 2 0 0 )  
( 0 . 8 2 0 0 )  
( 0 . 8 2 0 0 )  

{ 2 . 0 0 8 7 )  

1 NS : Non significant . 

Germinative 
at HR 

3 . 03 2 1  { 0 . 1 4 67 )  
3 . 0 5 9 0  { 0 . 1 4 67 ) 
3 . 3 9 3 7  ( 0 . 14 6 7 )  
3 . 8 13 7  ( 0 . 1 4 67 ) 
3 . 62 5 4  ( 0  . 1 4 67 ) 
3 . 42 6 9  ( 0 . 1 4 6 7 )  

3 . 3 9 1 8  { 0 . 3 5 9 5 )  

NS 

Values in parentheses are the standard e rrors of the estimates . 

a-amylase GA3 a-amylase 
at embryo at HR at embryo 
maturity maturity 

NA { - 3 . 4 1 2 7  { 0 . 1 6 8 7 )  NA ( -

4 . 7 6 0 3  ( 0 . 7 1 6 2 )  3 . 8 8 4 5  ( 0 . 1 6 8 7 )  4 . 77 8 9  ( 0 . 43 8 1 )  
5 . 0 47 2  ( 0 . 7 1 62 )  3 . 7 64 2  { 0 . 1 6 8 7 )  6 . 2 4 8 3  ( 0 . 4 3 8 1 )  
4 . 7 6 1 6  ( 0 . 62 6 8 )  4 . 1 4 8 9  ( 0 . 1 6 8 7 )  4 . 9 5 32 ( 0 . 3 8 3 3 )  
5 . 1 9 3 4  ( 0 . 62 6 8 )  3 . 8 8 5 5  ( 0 . 1 6 8 7 )  5 . 6 3 6 4  ( 0 . 3 8 3 3 )  
4 . 92 4 8  { 0 . 62 6 8 )  4 .  3 7 2 8  { 0 . 1 6 8 7 )  5 . 6 7 6 6  ( 0 . 3 8 3 3 )  

5 . 4 5 3 2  { 1 .  5 3 5 4 )  3 .  9 1 1 4  ( 0 . 4 132 ) 5 . 95 5 1  { 0 . 93 9 0 )  

NS NS NS 



I n  Table 2 3  the three a-amylases at embryo maturity o f  cult ivar 

Tordo a re not included in the table because of unusual ly high 

ext rapolated levels ( 2 7 . 4 57 4 , 1 1 . 5 8 7 5  and 1 2 . 2 1 3 5 ,  in ln  mEU/g, for  

bas e  a-amylase ,  germinative a-amylase and GA3 a-amylase  
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respect ively) . The apparent high levels  o f  a-amylases at embryo 

matu rity o f  Tordo were due to the lateness  of embryo matu rity . The 

mea n  va lues averaged across environments for  these three variables for  

cul t ivar Tordo a re thus also  left out from Table 2 4 .  

Grain developed in the cool envi ronment had s igni f icantly lowe r 

germinat ive a-amylase and GA a-amylase compared to  grains developed 

in the wa rm environment . There were s igni ficant gene rat ion x 

env i ronment interact ions for  the three a-amylases at embryo maturity 

and for ge rminat ive a-amylase at harvest ripeness . The inte ractions 

for t he f i rst three variables ( t h ree a-amylases at emb ryo maturity) 

can not be inte rpreted directly s ince , the combined analyses of 

va r iance included the abno rma lly high va lues of  Tordo in the warm 

envi ronment in the analysis . For germinat ive a-amylase at ha rvest 

ripenes s ,  the F2 , F3 , BC 1 ( Tordo ) S 1 generat ions had higher mean va lues 

compa red to  the two parenta l  gene rations and BC1 ( Karamu ) S 1 which 

formed another group with s imilar  means . The di f ferences among 

gene rat ions for  this character we re mani fested in only the warm 

env i ronment . 

Compa risons between a-amylase act ivit ies at the ha rvest ripeness  

and at embryo maturity were carried out us ing t-test s . The t-test 

res u l t s  a re presented in Table 2 5 . Simple correlations between a

amylase activities at the two stages o f  development were also computed 

and t he correlat ion coeffic ient s a re presented in Table 2 6 .  The leve l 

of  base  a-amylase at harvest  ripeness is not nece s sa ri ly lowe r than 

at embryo maturity . The paired t -test showed that the base a-amylase 

level s  at the two stages we re not signif icantly dif fe rent (Table 2 5 )  . 



Table 2 5 . S imilarity and dis s imilarity o f  base a-amylase , germinative a-amylase and GA3 a
amylase levels at harvest r ipenes s  and at  embryo maturity of c ross 1 wheat as a result of 
p a ired t-test s . 

Base Germinative Germinative GA GA 
a-amylase a-amylase a-amylase a-amylase a-amylase 
at  embryo at embryo at harvest 
maturity maturity r ipeness 

Base a-amylase 1 . 2 1 NS 5 . 3 4 * *  0 . 7 5  NS 
at harvest ripeness  33  35  35  

Base a-amylase at 7 . 9 4 * *  1 .  0 3  NS 
embryo maturity 33 33  

Germinat i ve a-amylase 5 . 3 0 * *  

at  embryo maturity 35 

Germinat i ve a-amylse 
at h arvest r ipeness  

GA amylase at embryo 
maturity 

NS 
* *  

non s ignificant t-values a t  the 5 % probability level . 
s igni ficant t-values at the 1 % probability level . 

at  embryo at  harvest 
maturity r ipenes s  

6 . 6 4 * *  5 . 0 0 * *  

3 5  3 5  

5 . 91 * *  0 . 42 NS 
3 3  3 3  

0 . 8 5 NS 4 . 0 4 * *  

35  35  

6 . 65 * *  4 . 4 5 * *  

35  35  

5 . 1 8 * *  

3 5  



Table 2 6 .  Correlations between a-amylases at harvest ripeness a-amylase at embryo maturity and 
germination percentags at harvest ripeness in wheat cross 1 .  

Base a-amylase 
at harvest  
r�penes s  

Base a-amyla se 
at  embryo maturity 

Germinative 
a-amrl@ase . 
at  e ryo matur�ty 

Germinative a-amylase 
at harvest  r ipeness  

GA a-amylase at  
embryo maturity  

GA a-amylase at  harvest 
ripenes s  

Standard germination 
at harvest r ipeness  

Base Germinative 
a-amylase a-amylase 
at embryo at embryo 
maturity maturity 

0 . 2 3  NS 0 . 1 4  NS 
3 4  a 3 6  

0 . 8 6  * *  

3 4  

NS corre lation coefficient was not s igni ficant at 
* correlation coefficient was s igni f icant at the 
* *  correlation coef f i c ient was s ignif icant at the 
a number in  second row a re the sample s izes 

Germinative GA GA Standard 
a-amylase a-amylase a-amylase germination 
at harvest at embryo at harvest  at harvest  
ripeness maturity r ipeness  ripeness 

0 . 17 NS 0 . 0 0  NS 0 . 1 1 NS 0 . 11 NS 
3 6  3 6  3 6  2 9  

0 . 2 2  NS 0 . 63 * *  0 . 23 NS - 0 . 0 7 NS 
3 4  3 4  3 4  2 7  

0 . 2 4  NS 0 . 75 * *  0 . 1 8 NS - 0 . 13 NS 
3 6  3 6  3 6  2 9  

0 . 2 3  NS 0 . 42 * 0 . 67 * *  

3 6  3 6  2 9  

0 . 1 6 NS - 0 . 22 NS 
3 6  2 9  

0 . 35 NS 
2 9  

the 5 % probability level . 
5 % probability level . 
1 % probability  level . 

Potenti a l  
germinati on 
at harvest  
ripeness  

- 0 . 2 3  NS 
32 

0 . 0 8 NS 
3 0  

- 0 . 0 8 NS 
32 

0 . 3 8  * 

32 

- 0 . 0 3 NS 
32 

0 . 7 4  * *  

3 2  

0 . 6 9 * *  

2 5  

..... 
0 0 



1 0 1  
IV . 2 )  Cross 2 ' s  Results 

The changes in base a-amylase , germinat ive a-amylase and GA3 a

amylase leve l s  in the six generat ions of wheat c ross 2 ( Tordo x Gabo ) 

are presented in Figures A . 3 1 ,  A . 3 3 and A . 3 5 for  those ripened in the 

wa rm environment and in F igures A . 32 , A . 3 4 and A . 3 6 for those ripened 

in t he cool environment . The three types of  a-amylase at ha rvest 

ripeness and at embryo maturity for each of the s ix gene rations in 

each of  the two ripening environment s are presented in Table 2 7 . The 

mean values averaged over the two environment s are presented in Table 

2 8 . 



' 

Table 27 . The levels of the three types of a- amyla s e s  activities at harvest ripeness and at embryo maturity of s ix 
generations of wheat in cross Tordo x Gabo ( cross 2 )  grown in the two envi ronments ( in log . mEU/g ) . 

Generation 

T o rdo 
Gabo 
F2 
F3 
BC1 ( Tordo )_ s 1 
BC1 (Gabo ) S 1 
Mean 

Tordo 
Gabo 
F2 
F3 
BC1 ( Tordo ) S 1 
BC1 ( Gabo ) S 1 
Mean 

at HR 

3 . 12 1 1 c 
6 . 3 95 8 a 
4 . 5 5 9 4b 
4 . 3 3 1 0b 
3 . 4 5 62 c 
4 . 5 o 5 ob 

4 . 3 9 4 7  

2 . 8 7 3 8 c 
3 . 9 3 0 7 a 
3 . 2 7 1 4bc 
3 . 6 0 4 7 ab 
3 . 0 62 3bc 
3 . 3 5 4 4abc 

3 . 3 4 9 5 
Over all mean 3 . 8 7 2 1  

F-test : Env . * 
Gen . ( * ) 
GxE . * 

Base a-amylase 

( 0 . 2 5 7 7 ) 
( 0  . 2 5 7 7 )  
( 0 . 2 5 7 7 ) 
( 0 . 2 5 7 7 ) 
( 0  . 2 57 7 )  
( 0 . 2 5 7 7 ) 

at embryo 
maturity 

3 . 6 5 3 1  ( 1 . 2 5 4 1 )  
6 . 1 8 1 1  ( 1 . 2 5 4 1 )  
4 . 6 9 1 4  ( 0 . 9 8 3 8 )  
4 . 5 1 3 3  ( 0 . 9 8 3 8 )  
5 . 1 1 7 2  ( 0 . 9 8 3 8 )  
4 . 3 7 4 0  ( 0 . 9 8 3 8 )  

Germinat ive a- amylase 
at HR at embryo 

maturity 

ENVIRONMENT 
( 0 . 3 4 1 5 )  4 . 2 0 6 6  
( 0 . 3 4 1 5 )  5 . 8 5 6 5  
( 0 . 3 4 1 5 )  5 . 9 3 0 9  

WARM 
2 .  7 1 8 7d 
6 . 2 8 12a 
4 . 0 3 0 7bc 
3 . 3 8 5 3cd 
3 . 5 0 1 1bcd 
4 . 2 3 1 9b 

( 0 . 3 4 1 5 )  5 . 7 3 2 0  
( 0 . 3 4 1 5 )  6 . 3 1 1 7  
( 0 . 3 4 1 5 )  4 .  7 8 8 4  

( 1 .  6 5 6 8 )  
( 1 .  6 5 6 8 )  
( f- . 2 9 9 7 )  
( 1 . 2 9 97 )  
( 1 . 2 9 9 7 )  
( 1 . 2 9 9 7 )  

at HR 

2 . 6 7 8 8 e 
6 . 9 8 12 a 
5 . 5 4 3 9 c 
6 . 2 7 3 6abc 
4 . 5 4 5 1d 
6 . 4 9 2 7 ab 

( 0 . 5 4 0 4 )  4 . 7 5 5 0  ( 1 . 3 6 1 3 )  4 . 02 4 8  ( 0 . 6 0 2 0 )  5 . 4 7 1 0  ( 1 . 2 7 8 5 )  5 . 4 1 9 2  

( 0 . 2 5 7 7 )  
( 0 . 2 5 7 7 ) 
( 0 . 2 5 7 7 ) 
( 0 . 2 5 7 7 ) 
( 0 . 2 5 7 7 ) 
( 0 . 2 5 7 7 ) 

1 .  7 6 7 8  
5 . 8 9 8 5  
3 . 7 6 61 
4 . 1 1 7 9  
4 . 7 4 4 0  
2 . 9 8 6 4  

( 1 . 2 4 4 4 )  
( 0 . 9 8 3 8 )  
( 0 . 9 8 3 8 )  
( 0 . 9 8 3 8 )  
( 0 . 9 8 3 8 )  
( 0 . 9 8 3 8 ) 

COOL 
3 . 52 3 1  
4 . 22 3 3  
3 . 4 3 3 8  
3 . 57 1 3  
2 . 7 7 7 9  
3 . 2 9 8 7  

( 0 .  3 2 6 3 )  3 .  8 8 0 1  ( 1 .  9 5 8 9 )  3 .  4 7 1 3  

( 0 . 4 4 6 3 )  4 . 3 1 7 6  ( 1 . 7 0 4 0 )  3 . 7 4 8 1  

* 
** 
NS 

NS 
NS 
**  

ENVIRONMENT 
( 0 .  3 4 1 5 )  4 .  7 4 8 4  
( 0 . 3 4 1 5 )  5 . 1 6 2 6  
( 0 . 3 4 1 5 )  7 . 4 1 4 8  
( 0 . 3 4 1 5 )  8 . 4 1 9 7  
( 0 . 3 4 1 5 )  5 . 4 67 7  
( 0 . 3 4 1 5 )  3 . 7 1 5 0  

( 1 .  6 4 4 0 )  
( 1 . 2 9 9 7 )  
( 1 . 2 9 9 7 )  
( 1 . 2 9 9 7 )  
( 1 . 2 9 9 7 )  
( 1 .  2 9 9 7 )  

3 . 3 8 7 6b 
4 . 6 3 8 5a 
4 . 6 3 0 8a 
4 . 9 8 3 6a 
3 . 63 3 4b 
4 . 7 6 0 0a 

( 0 . 5 8 0 9 )  5 . 8 2 1 4  ( 2 . 8 4 95 )  4 . 3 3 9 0  

( 0 . 5 9 1 5 )  5 . 6 4 62 ( 2 . 2 5 1 2 )  4 . 8 7 9 1  

NS 
NS 
NS 

( * ) 
( * ) 
** 

GA3 a-amvlase 

( 0 . 3 422 ) 
( 0 . 3 422 ) 
( 0 . 3 4 2 2 )  
( 0 . 3 42 2 )  
( 0 . 3 4 2 2 )  
( 0 . 3 4 2 2 )  

a t  embryo 
maturity 

3 . 4 7 4 9b ( 0 . 9 2 5 6 )  
7 . 4 8 3 4a ( 0 . 92 5 6 )  
6 . 6 7 2 8 a ( 0 . 7 2 6 1 )  
6 .  6 9 8 6a ( 0 .  7 2 6 1 )  
6 . 5 4 72 a ( 0 . 72 6 1 )  
6 . 8 7 1 7a ( 0 . 72 6 1 )  

( 0 . 5 52 8 )  6 . 2 9 1 4  - ( 0 . 4 8 8 1 )  

( 0 . 3 422 ) 
( 0 . 3 42 2 )  
( 0 . 3 422 ) 
( 0 . 3 4 2 2 )  
( 0 . 3 4 2 2 )  
( 0 . 3 4 2 2 )  

4 . 3 8 1 5  
4 . 17 8 6  
7 . 3 8 8 9  
6 . 2 8 93 
6 . 7 8 9 5  
4 . 3 1 3 7  

( 0 . 92 0 2 )  
( 0 . 7 2 6 1 )  
( 0 .  7 2 6 1 )  
( 0 .  72 6 1 )  
( 0 . 92 0 2 )  
( 0 . 72 6 1 )  

( 0 . 6 3 0 0 )  5 . 5 5 6 9  ( 1 . 7 1 0 4 )  
( 0 . 5 9 2 7 ) 5 . 92 4 2  ( 1 . 2 57 7 )  

NS 
NS 

( * ) 

Least square means within each column within each envi�onment which have a common letter are not significantly different by 
t-test at the 1 0  % probability leve l . 
1 NS : Non s ignif icant ; ( * ) : s ignificant at the 1 0  % probability leve l ;  
* : s ignificant at the 5 % probability leve l ;  ** : s ignificant at the 1 % probability leve l . 
Values in parentheses are the standard errors of the est imates . 
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1 0 3 
Table 2 7  showed that grains developed in t he warm ripening 

envi ronment had s igni ficantly higher base a-amylase at ha rvest 

ripenes s  and at embryo maturity .  Also ove ra l l  GA3 a-amylase level s  

at h a rvest ripenes s  o f  grains developed in the warm envi ronment was 

s igni ficantly higher ( P  < 0 . 1 0 )  than that o f  the grains developed in 

the cool environment . 



Table 2 8 . The levels  of the three types of a-amylases activit ies at harvest ripeness and at embryo maturity o f  s i x  
generations of wheat cross Tordo x Gabo (Cross 2 )  averaged across two environments ( in log mEU/g)  . 

Generations Base a-amylase Germinative a-amvlase GA3 a-amvlase 
at HR at embryo at HR at embryo at HR at embryo 

maturity maturity maturity 

Tor do 2 . 9 97 4c ( 0 . 1 8 2 2 )  2 .  7 1 0 5c ( 0 . 8 83 4 )  3 . 1 2 0 9  ( 0  . 2 4 1 5 )  4 . 4 7 7 5  ( 1 . 1 67 0 )  3 . 30 3 3d ( 0  . 2 42 0 )  3 . 92 8 2  ( 0 . 6 5 2 6 )  
Gabo 5 . 1 63 3a ( 0 . 1 8 2 2 ) 6 . 0 3 9 8a ( 0 . 7 97 0 )  5 . 2 5 2 2  ( 0 . 2 4 1 5 )  5 . 5 0 95 ( 1 .  0 5 2 9 )  5 . 8 0 9 8 a ( 0  . 2 4 2 0 )  5 . 8 3 1 0  ( 0 . 5 8 8 2 )  
F2 3 . 9 1 5 4b ( 0 . 1 8 2 2 )  4 . 2 2 8 8abc ( 0 . 6 957 ) 3 . 7 32 3  ( 0 . 2 4 1 5 )  6 . 6727  ( 0 . 9 1 9 0 )  5 . 0 8 7 4b ( 0  . 2 4 2 0 )  7 . 0 3 0 9  ( 0 . 5 1 3 5 )  
F 3 3 . 9 67 8b ( 0 . 1 82 2 ) 4 . 31 5 6abc ( 0 . 6 9 5 7 )  3 . 4 7 8 3  ( 0  . 2 4 1 5 )  7 . 0 7 5 9  ( 0 . 9 1 9 0 )  5 . 62 8 6ab ( 0  . 2 42 0 )  6 . 4 9 4 0  ( 0 . 5 1 3 5 )  
BC1 (To rdo ) S 1 3 . 25 9 2c ( 0 . 1 8 2 2 )  4 . 93 0 6ab ( 0 . 6 957 ) 3 . 1 3 9 5  ( 0 . 2 4 1 5 )  5 . 8 8 97  ( 0 . 9 1 9 0 )  4 . 0 8 93c ( 0 . 2 4 2 0 )  6 . 6 6 8 4  ( 0 . 5 8 6 1 )  
BC1 (Gabo ) S 1 3 . 9 2 9 7b ( 0 . 1 8 2 2 )  3 . 6 8 0 2bc ( 0 . 6 957 ) 3 . 7 653  ( 0  . 2 41 5 )  4 . 2 5 1 7  ( 0 . 91 9 0 )  5 . 62 6 3ab ( 0  . 2 42 0 )  5 . 5 92 7  ( 0 . 5 1 3 5 )  

Mean 3 .  8 7 2 1  ( 0 . 4 4 6 3 )  4 . 3 1 7 6  ( 1 .  7 0 4 0 )  3 . 7 4 8 1  ( 0 . 5 9 1 5 )  5 . 6 4 62 ( 2  . 25 1 2 )  4 . 8 7 9 1 ( 0 . 5 9 2 7 )  5 . 9 2 4 2  ( 1 . 25 7 7 )  

S igni f icant 
generation 
e ffect 1 : ( * )  * *  NS NS ( * ) NS 

Least  square means within each column which have a common letter  are not significantly dif ferent by t-test at t he 1 0  % 
probability  leve l . 
1 NS  : Non significant ; ( * ) : s ignificant at the 1 0  % probability  leve l ; 
* : s igni f icant at the 5 % probability leve l ;  * *  : s ignificant at the 1 % probability leve l . 

Values in parentheses are the standard errors o f  the estimates . 
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The ove r a l l  means of  generat ions were s ignificant ly different for 

base a-amylase at embryo maturity ( P  < 0 . 0 1 )  and for base a-amylase , 

and GA3 a-amylase at harvest ripeness ( P  < 0 . 1 0 ) . Generation x 

environment interact ions were signif icant f o r  base a-amylase and 

ge rminat ive a-amylase at harvest ripeness  and for GA3 a-amylase at 

both stages . I n  this  cross , except for  germinat ive a-amylase in the 

cool  envi ronment , Tordo had a lower level of all types of  a-amylase 

act ivity at ha rvest ripeness compared to  Gabo in both environment s .  

Averaged ove r t he two environment s ,  Gabo also showed higher means 

for base a-amylase at harvest ripeness  and at embryo maturity and GA3 

a-amylase at harvest  ripeness  compared to Tordo . 

Table 2 9  shows the t -values for comparison between a-amylase 

act ivit ies of  wheat cross 2 at the two stages of  development . S imple 

corre lat ion coe f f ic ient s between pairs o f  a-amylase act ivit ies a re 

pre sented in Table 3 0 . The pai red t -test for  the difference between 

base a-amylase at harvest ripeness and at embryo maturity in this 

cross showed that t he base a-amylase level s  at the two different 

t imes we re s ignif icant ly different ( Table 2 9 )  



Table 2 9 .  S imilarity and dis s imilarity o f  base a-amylase,  germinative a-amylase and GA3 a
amylase levels  at harvest ripeness and at embryo maturity o f  cross 2 wheat as a result o f  
paired t -test s . 

Base a-amylase at 
harvest ripene s s  

Base a-amylase a t  
embryo maturity 

Germinative a-amylase 
at embryo maturity 

Germinat ive a-amylase 
at harvest ripene s s  

GA a-amylase at 
embryo maturity 

Base 
a-amylase 
at embryo 
maturity 

2 . 4 9 * 
3 5a 

Germinative 
a-amylase 
at embryo 
maturity 

4 . 9 2 * *  
3 5  

3 . 2 5  * *  

3 5  

Germinative 
a-amylase 
at harvest 
ripeness  

1 . 1 4 NS 
3 5  

2 . 8 1 * *  

3 5  

5 . 1 8 * *  
3 5  

N S  : non s ignificant t-values a t  the 5 % probability level . 
* : s ignificant t values at the 5 % probability leve l . 
* *  : s ignificant t-values at the 1 % probability leve l . 
a : Numbers on the second row of  each cell are sample s i zes . 

GA 
a-amylase 
at embryo 
maturity 

6 . 1 9 * *  
3 3  

2 . 8 3 * *  

3 3  

0 . 4 3 NS 
3 3  

6 . 0 7 * *  

3 3  

GA 
a-amylase 
at harvest 
ripenes s  

6 . 8 7 * *  
3 5  

0 . 2 2 NS 
3 5  

2 . 4 2 NS 
35 

6 . 8 9 * *  
3 5  

2 . 9 8 * *  
3 3  



Table 3 0 . Correlations between a-amylases at harvest ripeness , a-amylase at embryo maturity and germination 
percentags at harvest ripenes s  in wheat cross 2 .  

Base Germinative Germinative GA GA Standard Potential 
a-amylase a-amylase a-amylase a-amylase a-amylase germination germination 
at embryo at embryo at harvest at embryo at harvest at harvest at harvest  
maturity maturity r ipeness mat urity ripeness ripeness  ripeness  

Base a-amylase at 0 . 17 NS 0 . 0 4 NS 0 . 8 0  * *  0 . 2 6  NS 0 . 7 7  * *  0 . 55  * *  0 . 67 * *  

harvest ripeness  3 6a 3 6  3 6  3 4  3 6  33  33  

Base a-amylase at 0 . 4 8 * *  0 . 1 6  NS - 0 . 0 7 NS - 0 . 1 1 NS 0 . 05 NS 0 . 12 NS 
embryo maturity 3 6  3 6  3 4  3 6  3 3  3 3  

Germinative a-amylase 0 . 0 3 NS 0 . 13 NS - 0 . 0 8 NS 0 . 05 NS 0 . 11 -NS 
at embryo maturity 3 6  3 4  3 6  33  33  

Germinative a-amylase 0 . 1 1 NS 0 . 7 0 * *  0 . 5 9  * *  0 . 4 9 * *  

at harvest ripenes s  3 4  3 6  33  3 3  

GA a-amylase at 0 . 4 9 * *  0 . 2 2  NS 0 . 57 * *  

embryo maturity 3 4  3 1  3 1  

GA a-amylase at 0 . 61 * *  0 . 7 9  * *  

harvest ripeness  33  33  

Standard germination 0 . 60 * *  

at harvest r ipenes s  3 1  

NS correlation coe f ficient was not significant at the 5 % probability level . 
* correlation coefficient was s ignificant at the 5 % p robability level . 
* *  correlat ion coefficient was s ignificant at the 1 % p robability level . 
a : Numbers in the second row of each cell a re the sample s i zes . ,__. 
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Table 3 0  showed that the base a-amylase level was corre l ated 

with both germinat ive a-amylase and GA a-amylase level s  at harvest 

ripeness . At embryo maturity the base a-amylase level corre lated with 

germinat i ve a-amylase leve l  onl y . The germinat ive and GA a-amylase 

level s  at harvest r ipeness corre lated with both the standard and 

potent i a l  germinat ions . The two germinat ion percentages were a lso 

closely corre lated . 

IV . 3 )  Cros s ' s 3 Results 

The changes in levels of  base a-amylase,  germinat ive a-amylase 

and GA3 a-amylase of the six generations of  wheat cross  3 ( To rdo x 

Sonora 6 4A)  deve loped in the warm r ipening envi ronment a re presented 

in F igures A . 3 7 ,  A . 3 9  and A . 4 1 respect ively . Likewis e ,  the leve ls o f  

these  three a-amylases of  the s ix generat ions r ipening i n  t he cool 

envi ronment a re presented in F igures A . 3 8 ,  A . 4 0  and A . 42 .  The mean 

values of base a-amylase,  germinat ive a-amylase and GA3 a-amylase at 

two stages of devel opments i . e .  harvest  ripeness  and at  embryo 

maturity  a re p resented in Table 3 1 . The mean va lues o f  t he s ix 

var i ables f o r  each of  the six generat ions averaged ove r the t wo 

envi ronment s a re presented in Table 3 2 . 



L 

Table 3 1 . The levels of the three types of a- amylases at harvest ripenes s  and at embryo maturity o f  s ix generations 
o f  wheat in cross Tordo x S onora 64A ( cross 3 )  grown i n  the two environments ( in log . mEU/g ) . 

Generation Base a-amylase Germinative a-amvlase GA3 a-amvlase 
at HR at T 9 0PG at HR at T 9 0PG at HR at T 9 0 P G  

WARM ENVIRONMENT 
Tordo 3 . 2 4 1 6  ( 0  . 1 4 1 6 )  7 .  7 1 4 4 a ( 0 . 45 3 9 )  3 . 2 7 6 0 c ( 0 . 3 4 0 4 )  1 .  0 82 3  ( 1 .  6 6 4 0 )  3 . 2 67 1c ( 0 .  4 0 6 1 )  6 . 3 7 0 9  
Sonora 6 4A 3 . 3 5 32 ( 0 . 1 4 1 6 )  3 .  5272b ( 0 . 6 5 4 6 )  5 . 5 0 5 9a ( 0  . 2 67 0 )  5 . 1 7 0 0  ( 1 .  6 6 4 0 )  6 . 4 4 4 7a ( 0 . 4 0 6 1 )  6 . 4 1 0 2  
F2 3 . 57 2 3  ( 0 . 1 4 1 6 )  3 . 3 0 7 2b ( 0 . 3 5 1 6 )  4 . 3 7 8 8b ( 0  . 2 67 0 )  4 . 5 5 9 6  ( 0 . 8 8 4 2 )  5 . 4 4 0 0b ( 0 .  4 0 6 1 )  5 . 7 8 0 9  
F3 3 . 5 3 0 1  ( 0 . 1 4 1 6 )  3 . 4 4 92b ( 0 . 3 5 1 6 )  4 . 4 6 4 2b ( 0  . 2 67 0 )  5 . 6 9 4 3  ( 0 . 8 8 42 )  5 . 7 9 1 4ab ( 0 . 4 0 6 1 )  7 . 4 3 1 9  
BC1 (Tordo ) S 1 3 . 53 4 0  ( 0  . 1 4 1 6 )  3 . 2 0 4 9b ( 0 . 3 5 1 6 )  3 . 4 0 6 9c ( 0 . 3 4 0 4 )  4 . 1 0 4 1  ( 0 . 8 8 42 )  5 . 1 0 4 2b ( 0 . 5 1 3 7 ) 7 . 0 6 9 4  
BC1 ( Sbnorc; ) S 1 3 . 4 0 2 9  ( 0  . 1 4 1 6 )  3 . 4 2 5 0b ( 0 .  453 9 )  4 . 4 0 7 4b ( 0  . 2 67 0 )  5 . 13 7 1  ( 1 . 1 4 1 5 )  5 . 7 9 9 5 ab ( 0 . 4 0 6 1 )  3 . 3 4 0 8  

3 . 4 3 9 0  ( 0 . 3 0 7 7 )  4 . 1 0 4 6  ( 0 . 5 1 2 1 )  4 . 2 3 9 9  ( 0 . 5 17 9 )  4 . 2 9 12 ( 2 . 3 2 0 3 )  5 . 3 0 7 8  ( 0 .  8 9 0 0 )  6 . 0 67 3  

COOL ENVIRONMENT 
Tordo 3 . 3 52 4 ( 0 . 1 4 1 6 )  2 . 6 4 4 1  ( 0 . 3 5 1 6 )  2 . 9 1 8 9  ( 0  . 2 6 7 0 )  5 . 4 6 9 0  ( 0 . 8 8 4 2 )  3 .  0 7 1 5b ( 0 . 4 0 6 1 )  6 . 0 2 4 5  
S onora 6 4A 3 . 0 5 0 0  ( 0 . 1 4 1 6 )  3 . 9 4 9 4  ( 0 . 3 5 1 6 )  3 . 1 8 2 4  ( 0  . 2 6 7 0 ) 3 . 9 6 0 3  ( 0 . 8 8 42 )  4 . 0 1 2 6ab ( 0 . 4 0 6 1 )  5 . 9 1 0 4  
F2 3 . 2 9 4 1  ( 0  . 1 4 1 6 )  3 . 0 0 8 6  ( 0 . 3 5 1 6 )  3 . 3 3 0 3  ( 0  . 2 67 0 )  4 . 9 6 0 1  ( 0 . 8 8 42 )  4 . 3 6 0 7a ( 0 .  4 0 6 1 )  6 .  7 1 3 8  
F 3 3 . 32 5 1  ( 0 . 1 4 1 6 )  3 . 1 6 8 9  ( 0 . 3 5 1 6 )  3 . 4 1 52 ( 0  . 2 6 7 0 )  4 . 5 6 4 4  ( 0 . 8 8 4 2 ) 4 . 4 8 8 0 a ( 0 . 4 0 6 1 )  6 . 5 8 8 0  
BC1 ( To rdo ) S 1 3 . 2 9 3 8  ( 0  . 1 4 1 6 )  3 . 4 5 3 3  ( 0 . 3 5 1 6 )  2 . 9 8 5 0  ( 0  . 2 67 0 )  4 . 7 4 1 4  ( 1 . 1 1 8 4 )  4 . 4 9 6 0 a ( 0 . 4 0 6 1 )  7 . 2 4 8 0  
BC1 ( Sonora ) S 1 3 . 1 97 3  ( 0 . 1 4 1 6 )  2 .  7372 ( 0 . 3 5 1 6 )  3 . 2 4 5 6  ( 0  . 2 67 0 )  5 . 4 9 8 7  ( 0 . 8 8 4 2 )  4 . 4 5 4 1a ( 0 .  4 0 6 1 )  7 . 6 5 4 7  

Mean 3 . 2 5 2 1  ( 0  . 1 6 0 0 )  3 . 1 6 02 ( 0 .  6 6 0 2 )  3 . 1 7 9 6  ( 0 . 4 12 9 )  4 . 8 65 6  ( 0 . 8 1 0 8 )  4 . 1 4 7 1  ( 0 .  4 7 6 6 )  6 . 6 8 9 9 

Ove ral l  mean . 3 . 3 4 5 6  ( 0 . 2 4 5 3 )  3 . 6324 ( 0 .  6 0 8 9 )  3 . 7 0 9 7 ( 0 .  4 62 5 )  4 . 5 7 8 4  ( 1 . 5 3 1 5 )  4 . 72 7 5  ( 0 . 7 0 3 4 )  6 . 3 7 8 6  

F-test .J. : Env . * NS * NS * NS 
Gen . NS NS NS NS ( * )  NS 
GxE . NS * *  * NS NS NS 

Least square means within each column within each environment which have a common letter a re not s ignificant ly 
diffe rent by t-test at the 1 0  % probability leve l . 
1 NS : Non s ignificant ; ( * )  : s ignificant at the 10 % probabil ity leve l ;  
* : s ignificant a t  the 5 % probability leve l ;  ** : significant a t  t h e  1 % probability leve l . 
Va lues in parentheses are the st andard errors of the estimates . 

( 1 . 0 5 2 5 ) 
( 1 . 5 1 2 3 ) 
( 0 .  8 1 0 9 )  
( 0 . 8 1 0 9 )  
( 1 . 0 42 3 )  
( 1 . 0 5 2 5 )  

( 2  . 1 62 5 )  

( 0 . 8 1 0 9 )  
( 0 . 8 1 0 9 )  
( 0 .  8 1 0 9 )  
( 0 .  8 1 0 9 )  
( 0 .  8 1 0 9 )  
( 0 .  8 1 0 9 )  

( 0 . 7 8 7 8 )  

( 1 .  4 0 4 5 )  
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Table 3 1  shows that grains developed in the warm ripening 

environment had higher levels of base a-amylase,  germinat ive a

amylase  and GA3 a-amylase at harvest ripeness  than the s ame types of  

a-amylases  of  gra ins developed in the cool ripening environment . 

Gene ration means averaged over the two environment s were s igni ficantly 

dif f e rent only for GA3 a-amylase at  ha rvest ripeness (P < 0 . 1 0 ) . GA3 

a-amylase  o f  Tordo was significant ly lowe r than those o f  other 

generations . Generat ion x environment interaction were s igni ficant 

for  base a-amylase at embryo maturity and germinat ive a-amylase at 

harve s t  ripene s s . Both cha racters  showed s igni ficant di f ferences 

among gene rat ions only in the warm ripening environment . 



Table 3 2 . The leve ls o f  the three types of a-amylases at harvest ripeness and at embryo maturity o f  s ix generations  
o f  wheat c ross  Tordo x Senora 6 4A (Cross 3 )  averaged across two environments ( in log mEU/g) . 

Generat ions 

Tordo 
Senora 6 4A 
F2 
F3 
BC1 (Tordo ) S 1 
BC1 ( Sonora ) S 1 

Base a-amvlase 
at HR at T9 0PG 

3 . 2 97 0  ( 0 . 1 0 0 1 )  
3 . 2 0 1 6  ( 0 . 1 0 0 1 )  
3 . 4 33 2  ( 0 . 1 0 0 1 )  
3 . 42 7 6  ( 0 . 1 0 0 1 )  
3 . 4 1 3 9  ( 0 . 1 0 0 1 )  
3 .  3 0 0 0  ( 0  . 1 0 0 1 )  

5 . 17 9 3 ( 0 . 2 8 7 1 )  
3 .  7 3 8 3  ( 0 . 3 7 1 5 )  
3 . 1 5 7 9  ( 0 . 2 4 8 6 )  
3 . 3 0 9 1  ( 0 . 2 4 8 6 )  
3 . 32 9 1  ( 0 . 2 4 8 6 )  
3 . 0 8 1 1  ( 0 . 2 8 7 1 )  

Germinative a-amvlase 
at HR at T9 0PG 

3 - 0 97 5  ( 0  . 2 1 6 3 )  
4 . 3 4 4 1  ( 0 . 1 8 8 8 )  
3 . 8 5 4 6  ( 0 . 1 8 8 8 )  
3 . 9 3 9 7  ( 0 . 1 8 8 8 )  
3 . 1 9 5 9  ( 0 . 2 1 6 3 )  
3 . 82 6 5  ( 0 . 1 8 8 8 )  

3 . 2 7 5 7  ( 0 . 9 42 2 )  
4 . 5 652  ( 0 . 9 4 2 2 )  
4 . 7 5 9 9  ( 0 . 6252 ) 
5 . 12 9 4  ( 0 . 6252 )  
4 . 4 2 2 8  { 0 . 7 1 2 9 )  
5 . 3 1 7 9  ( 0 . 7 1 2 9 )  

GA3 a-amyla se 
at HR 

3 . 1 6 9 35 ( 0 . 2 8 7 2 )  
5 . 22 8 7a { 0 . 2 8 7 2 )  
4 .  9 0 0 4a ( 0 . 2 8 7 2 )  
5 . 1 3 9 7a ( 0 . 2 8 7 2 )  
4 . 8 0 0 1a ( 0 . 2 8 7 2 )  
5 . 12 6 9a ( 0 . 32 7 4 )  

a t  T 9 0PG 

6 . 1 9 7 7  ( 0 . 6 6 4 3 )  
6 . 1 6 0 3  ( 0 . 8 5 8 0 )  
6 . 2 47 3  ( 0 . 57 3 4 )  
7 . 0 0 6 3 ( 0 . 5 7 3 4 )  
7 . 1 5 8 7  { 0 . 6 6 0 3 )  
5 - 4 97 7  ( 0 . 6 6 4 3 )  

Mean  3 . 3 4 5 6  ( 0 . 2 4 5 3 )  3 . 3 62 5  ( 0 . 6 0 8 9 )  3 . 7 0 97 ( 0 . 4 6 2 5 )  4 . 5 7 8 4  ( 1 . 5 3 1 5 )  4 . 7 2 7 5  ( 0 . 7 0 3 4 )  6 . 37 8 0  ( 1 . 4 0 45 )  

S igni ficant 
generation 
e f fect1 : NS NS NS NS ( * )  NS 

Least square means within each column which have a common letter are not signi ficantly different by t-test at the 1 0  
% probability leve l . 
1 NS : Non significant ; ( * )  : s ignificant at the 1 0  % probability level . 

Values in parentheses are the standard e rrors o f  the estimates . 

,_.. 
,_.. 
,_.. 
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Comparisons between pai rs of  a-amylase act ivities by t -tests 

were carried out , and the results a re presented in Table 3 3 . Table 3 3  

showed that base a-amylase levels at harvest ripeness  and at embryo 

mat urity  were not s ignificant l y  different . Whi le germinat ive a

amy lase levels as wel l  as GA3 amylase levels at the two stages o f  

deve lopment were s ignif icantly different . 



Table 3 3 . S imil a rity and di s s imilarity o f  base a-amylase, germinat ive a-amy l a s e  and GA3 a

amylase leve l s  at ha rvest ripenes s  and a t  embryo maturity of cross 3 wheat a s  a result of 

pai red t-tests . 

Ba s e  a-amylase a t  
h a rvest ripenes s  

Base a-amylase a t  
embryo maturity 

Germinative a-amyl ase 
at embryo maturity 

Ge rminative a-amylase 
at h a rvest ripene s s  

GA a-amylase a t  
embryo ma turity 

Base 

a-amylase 

at embryo 
maturity 

2 . 2 1  NS 
35 

Germinat i ve 

a-amylase 

at embryo 
maturity 

6 . 7 9  * *  

3 1  

6 . 8 4 * *  

3 1  

Germinat ive 
a-amylase 

at harvest 
ripeness 

2 . 3 9 * 

3 3  

1 . 1 2 NS 
3 3  

5 . 7 6  * *  

3 1  

NS : non s igni f i c ant t-values at the 5 % p robabilit y  level . 
* : s igni f icant t va lues at the 5 % probability leve l . 
* *  : s ignificant t -va lues at the 1 % probabi l ity leve l . 

GA GA 

a-amy l a s e  a-amylase 

at embryo at harvest 

maturity ripenes s  

2 1 . 0 4 * *  7 . 0 9  * *  

32 3 4  

6 . 1 9 * *  1 . 12 NS 
32 3 4  

3 . 2 4  * *  2 . 3 5  * 

2 9  3 1  

12 . 7 5  * *  8 . 7 5  * *  

3 1  3 3  

8 . 2 8  * *  

3 2  

.... 
.... 
w 
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The corre lat ions between a-amylase act ivit ies and the t wo 

germinati ons at harvest  r ipeness  we re a lso computed . The s imple 

c o r relat i on coe f f ic ient s among these variables a re presented in Table 

3 4 . Table  3 4  shows that among a-amylase activities est imated, base 

a-amylase and germinat ive a-amylase at embryo maturity were h ighly 

correlated . Also germinat ive a-amylase and GA a-amylase at harvest  

r ipeness  were  highly correlated . The germinat ive a-amylase and GA a

amy lase at  harvest ripeness are both h ighly corre lated with the  two 

germinat i on percentages . 



Table 3 4 . Correlations between a-amylases at harvest ripenes s ,  a-amylase at embryo mat urity and germination 
percentags at harvest ripeness in wheat cross 3 .  

Base Germinative Germinative GA GA 
a-amylase a-amylase a-amylase a-amylase a-amylase 
at embryo at embryo at harvest at embryo at harvest 
maturity maturity ripenes s  maturity ripeness  

Base a-amylase at - 0 . 13 NS 0 . 0 1 NS 0 . 0 6 NS - 0 . 0 9 NS 0 . 17 NS 
harvest ripeness  3 6  32  3 4  3 3  3 5  

Base a-amylase at 0 . 8 0 * *  0 . 2 6  NS - 0 . 0 8 NS 0 . 05 NS 
embryo maturity 32 3 4  3 3  3 5  

Germinative a-amylase 0 . 2 8  NS 0 . 2 3  NS 0 . 1 8  NS 
at embryo maturity 32 3 0  3 2  

Germinative a-amylase - 0 . 12 NS 0 . 7 9  * *  

at harvest ripeness  3 2  3 4  

GA a-amylase at 0 . 13 NS 
embryo maturity 33 

GA a-amylase at 
harvest ripeness  

Standard germination 
at harvest ripeness  

NS correlation coe f f ic ient was not s igni f icant at the  5 %  probability level . .  
* correlation coefficient was significant at the 5 % probabilit y  leve l . 
* *  correlation coe f f ic ient was significant at the 1 % probabi l it y  level . 
a : Numbers in the second row of  each cell are the s ample s izes 

Standard P otential 
germination germination 
at harvest at harvest 
ripeness ripeness  

- 0 . 13 NS 0 . 17 NS 
35 3 2  

0 . 2 8 NS - 0 . 0 5 NS 
3 5  3 2  

0 . 3 4  NS - 0 . 1 1 NS 
3 1  2 8  

0 . 52 * *  0 . 77 * *  

3 3  3 0  

- 0 . 0 3 NS 0 . 07 NS 
32  3 0  

0 . 53 * *  0 . 8 4  * *  

3 4  3 1  

0 . 4 5 * 

3 1  

1-' 
1-' 
1..11 
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V )  MAXIMUM COLOUR SCORE 

Changes in colour scores during grain development of  the six  

gene rati ons in  each  o f  the three wheat crosses ripened in the  wa rm and 

in the cool environments are presented in F igures A . 4 3  and A . 4 4  

respectively,  those for  cross 2 i n  F igures A . 4 5  and A . 4 6 ,  and for  

cross 3 in F igures A . 4 7 and A . 4 8 . 

The maximum colour scores o f  each o f  the s ix generations o f  each 

of  the three crosses developed in the two ripening environments are 

presented in Table 3 5 .  Data for  this  variable averaged over the two 

environment s for a l l  the three crosses are presented in Table 3 6 .  In  

both Table 3 5  and Table 36 ,  generat ion label P 1 means Tordo and 

BC1 ( P 1 ) s 1 means BC1 ( Tordo ) S 1 . Thus P2 means Karamu , Gabo , and Sonora 

6 4A i n  crosses 1, 2 and 3 respect ively and the generation BC1 (P2 ) s 1 

are t he selfed backcrosses to coresponding P 2 . Note that this 

labe l l ing is  independent to the a l location of two pa rent s as  P 1 and P2 

in generation mean analysis in the following chapter . 
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Table 35 . Maximum colour scores of each of  the six generations in the 
three wheat c ros ses grown in the t wo envi ronment s .  

Env . Gen . Cross 1 Cros s 2 Cross  3 

Warm p 1 2 . 6 7 c ( 0 .  0 9 )  2 . 6 06 
( 0 . 0 4 )  2 . 5 0e ( 0 .  0 4 )  

p2 3 . 5 8 a ( 0 .  0 9 )  2 . 7 4 a ( 0 .  0 4 )  3 . 2 2 a ( 0 . 0 4 )  
F2 3 . 0 6b ( 0 . 0 9 )  2 . 7 5a ( 0 .  0 4 )  2 . 9 0 c ( 0 . 0 5 )  
F3 3 . 1 5b ( 0 .  0 9 )  2 . 7 6a ( 0 . 0 4 )  2 . 7 6d ( 0 . 0 4 )  
BC 1 ( P 1 ) s 1 3 . 1 4b ( 0 . 0 9 )  2 . 5 9b ( 0 . 0 4 )  2 . 8 6c ( 0 .  0 4 )  
BC1 ( P2 ) s 1 3 . 43a ( 0 . 0 9 )  2 . 6 4b ( 0 . 0 4 )  3 . 1 1b ( 0 . 0 4 )  

Warm env . mean 3 . 1 7 ( 0  . 1 1 )  2 . 6 8 ( 0 .  0 6 )  2 . 8 9 ( 0 .  0 6 )  

Cool p 1 2 . 7 7a ( 0 . 0 9 )  2 . 5 86 
( 0 . 0 4 ) 2 . 6 oa ( 0 .  0 4 )  

p2 3 . 4 8 a ( 0 . 0 9 )  2 . 7 7 a ( 0 .  0 4 )  3 . 1 9a ( 0 . 0 4 )  
F2 3 . 1 obc ( 0 .  0 9 )  2 . 7 6a ( 0 . 0 4 )  3 . 0 4b ( 0 . 0 4 )  
F 3 3 . 1 4bc ( 0 . 0 9 )  2 . 7 7 a ( 0 . 0 4 )  2 . 97b ( 0 . 0 4 )  
BC1 ( P 1 ) s 1 3 . 0 1c ( 0 . 0 9 )  2 . 6 3b ( 0 .  0 4 )  2 . 8 3 c ( 0 . 0 4 )  
BC 1 ( P2 ) s 1 3 . 2 9ab ( 0 . 0 9 )  2 . 7 7 a ( 0 . 0 4 ) 3 . o ob ( 0 .  0 4 )  

Cool env . mean  3 . 13 ( 0 . 2 0 )  2 . 7 1  ( 0 . 0 8 )  2 . 9 4 ( 0 . 0 6 )  

Overall mean  3 . 1 5 ( 0 . 1 6 )  2 . 7 0  ( 0 . 0 7 )  2 . 92 ( 0 . 0 6 )  

F-test results  : Env . NS NS NS  
Gen . * *  * * *  

G X E .  NS NS * *  

Least squ a re means within each column within each environment which 
have a common letter are not s ign i ficant dif fe rent by t -test  at the 1 0  
% probab i l ity  l evel . 
1 NS : Non s igni ficant ; * : sign i f icant at the 5 % probabi li t y  leve l ;  
* *  : s ign i f icant at the 1 % probabi l it y  leve l . 
Values in pa rentheses are the st anda rd errors o f  the least square 
means . 

Table  3 5  showed that ripening envi ronment had no e f fect  on the 

express ion of c olou r scores . The gene rat ion ef fects were s ignif icant 

in all c rosses . Ave raged over the t wo envi ronments ,  Tordo had a 

s ignif icantly l ower maximum colour score than the othe r p a rent s 

( Ka ramu , Gabo and Sonora 64A) in a l l  the three crosses . It  i s  

noteworthy t h a t  cross 2 ,  involving only  white wheats , s t i l l  showed a 

s ignif icant generat ion difference for  colour ,  but all  values were 

within the " white"  range . The othe r t wo crosses each involved 

apparent one gene dif ferences in the c lassical  " red" genes ( see 

Material s  and Methods ) . For these two crosses , not ice pa rt icularly 

that the means for F2 are not at the level o f  ( 3 (P 1 ) + 1 ( P2 ) ) / 4 as  

would be  expected i f  only the one c l a s s ical  gene for  redness was 

operat ing . This w i l l  be discussed f u rther later . 
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Table 3 6 .  Maximum colour scores of  each o f  the six generations in the 
three  wheat crosses , averaged across two envi ronments .  

Generat ions Cross 1 Cross 2 Cross 3 

p l 2 .  7 2  ( 0 .  0 6 )  2 . 5 9 ( 0 . 0 3 )  2 . 55  ( 0 . 0 3 )  
p2 3 . 5 3 ( 0 . 0 6 )  2 . 7 6  ( 0 . 0 3 )  3 . 2 1 ( 0 .  0 3 )  
F2 3 . 0 8 ( 0 . 0 6 )  2 . 7 6  ( 0 . 0 3 )  2 . 97 ( 0 . 0 3 )  
F3 3 . 1 5 ( 0 .  0 6 )  2 . 7 7 ( 0 . 0 3 )  2 . 8 7 ( 0 . 0 3 )  
BC 1 ( P 1 ) s 1 3 . 0 8 ( 0 . 0 6 )  2 . 6 1 ( 0 .  0 3 )  2 . 8 4 ( 0 . 0 3 )  
BC1 ( P2 ) s 1 3 . 3 6 ( 0 . 0 6 )  2 . 7 0  ( 0 . 0 3 )  3 . 0 5 ( 0 . 0 3 )  

Mean  3 . 1 5 ( 0  . 1 6 )  2 . 7 0  ( 0 .  0 7 )  2 . 92 ( 0 . 0 6 )  

S igni ficance 
o f  generat ion 
e ffect 1 : * *  * * *  

1 * : s ignific ant a t  the 5 % probabil ity leve l ;  * *  : s igni f icant at 
the 1 % probabi lity level . 
Value s in parentheses are t he standard errors of  the least square 
means . 
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VI ) STERILITY PERCENTAGE 

The sterility percentages , i . e .  pe rcentage o f  undeveloped grains 

in  the sampled port ions of the ear, of each of the six gene rat ions in 

the three c rosses grown in  the two environment s a re presented in Table 

3 7 . The mean values averaged over the two environment s are presented 

in Table 3 8 . The rule f o r  labeling the P 1 and P 2 used for maximum 

c olour score also  applied t o  this character ( i . e . - P 1 is Tordo 

t hroughout ) . 

Table 3 7 . Sterility percentage s  of  each o f  the six  generat ions in the 
three wheat crosses grown in  t wo environment s .  

Env . 

Wa rm 

Gen . 

p 1 
p 2 
F2 
F3 
BC1 ( P 1 ) s 1 
BC1 ( P2 ) s 1 

Warm env . mean 

Cool p 1 
p 2 
F2 
F3 
BC1 (P 1 ) s 1 
BC1 ( P2 ) S 1 

Cool env . mean 

Ove r a l l  mean  

F-test 
results 1 : 

Env . 
Gen . 

G X E .  

Cro s s 1  

1 5 . 4 1a 

7 . 6 obc 

5 . 8 o c 

1 0 . 0 3b 

1 6 . 8 9a 

5 . 8 0 c 

1 0 . 2  6 

4 . 9 9°c 

2 . 6 1 c 

3 . 6 8 c 

8 . 6 8 ab 

1 1 . 3 7 a 

3 . 3 8 c 

5 . 7 9 

8 . 02 

* 
* 

( * )  

( 1 . 5 9 )  
( 1 .  5 9 )  
( 1 .  5 9 )  
( 1 .  5 9 )  
( 1 .  5 9 )  
( 1 . 5 9 )  

( 2 . 8 7 )  

( 1 .  5 9 )  
( 1 .  5 9 )  
( 1 . 5 9 )  
( 1 .  5 9 )  
( 1 .  5 9 )  
( 1 .  5 9 )  

( 2 . 6 3 )  

( 2 . 7 5 )  

Cross2 

1 0 . 43° 

2 1 . 5 0a 

2 0 . 9 0a 

1 3 . 7 4b 

2 3 . 2 8a 

1 2  . l lb 

1 6 . 9 9 

5 . 1 8 a 

6 . 63ab 

3 . 4 8b 

4 . 3 9b 

1 1 . 12a 

5 . 52 ab 

6 . 0 5 

1 1 . 52 

* * 

NS 
NS 

( 2 . 7 0 )  
( 2 . 7 0 )  
( 2 . 7 0 )  
( 2 . 7 0 )  
( 2 . 7 0 )  
( 2 . 7 0 )  

( 5 .  9 1 )  

( 2 . 7 0 )  
( 2 . 7 0 )  
( 2 . 7 0 )  
( 2 . 7 0 )  
( 2 . 7 0 )  
( 2 . 7 0 )  

( 2 . 9 4 )  

( 4 .  6 7 )  

Cross3  

1 3 . 9 0a 

3 . 57c 

6 . 22c 

12 . 4 5ab 

1 5 . 2 9a 

7 . 2 3bc 

9 . 7 7 

7 . 17 
1 . 1 1 
6 . 2 7  
7 . 2 0  
9 . 3 5 
5 . 2 7 

6 . 1 5 

7 . 9 6 

* 
* 

NS 

( 2 . 4 4 )  
( 2 . 4 4 )  
( 2 . 4 4 )  
( 2 . 4 4 )  
( 2 . 4 4 )  
( 2 . 4 4 )  

( 4 . 9 3 )  

( 2 . 4 4 )  
( 2 . 4 4 )  
( 2 . 4 4 )  
( 2 . 4 4 )  
( 2 . 4 4 )  
( 2 . 4 4 )  

( 3 . 3 8 )  

( 4 . 22 )  

Least square means within each column within each environment which 
have a common letter a re not significant dif fe rent by t -test at 10 % 
probability leve l . 
1 NS : Non s igni f icant ; ( * )  significant at the 1 0  % probability 
leve l ;  * : s igni f icant at  the 5 % probability level ; **  : s igni ficant 
at the 1 % probability leve l . 
Values in parentheses a re the standard e rrors o f  the least square 
means . 
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Table 37  shows that in  a l l  crosse s ,  the warm envi ronment during 

the grain  development period caused s ignif icant ly  highe r sterility 

than the cool ripening environment . Generat ion e f fect s were 

s ignif icant in two out of  the three c rosse s . In t hese two crosses ( 1  

and 3 ) , Tordo had a highe r percent sterility than the other parents . 

Table 3 8 . Sterility percentages o f  each o f  the s ix generat ions in the 
three wheat crosse s ,  averaged across two environments . 

Generat ions 

p 1 
p 2 
F2 
F 3 
BC1 (P 1 J s 1 
BC1 ( P2 ) s 1 
Mean 

S ignif icance 
o f  gene rat ion 
e f fect s 1 : 

Cross 1 

1 0 . 2 0 
5 . 1 1 
4 . 7 5 
9 . 3 6 

1 4 . 13 
4 . 5 9 

8 . 02 

* 

( 1 . 12 )  
( 1 . 12 )  
( 1 . 12 )  
( 1 . 12 )  
( 1 . 1 2 )  
( 1 . 12 )  

( 2 . 7 5 )  

Cross 2 

7 . 8 1 
1 4 . 0 6 
1 2 . 1 9 

9 . 0 7 
1 7 . 2 0 

8 . 8 2 

1 1 . 52 

NS 

( 1 . 9 1 )  
( 1 . 9 1 )  
( 1 . 9 1 )  
( 1 . 9 1 )  
( 1 .  9 1 )  
( 1 .  9 1 )  

( 4 . 67 )  

Cross 3 

1 0 . 5 4 
2 . 3 4 
6 . 2 5  
9 . 8 3 

1 2 . 32 
6 . 5 0 

7 . 9 6 

* 

( 1 .  7 2 )  
( 1 .  7 2 )  
( 1 .  7 2 )  
( 1 .  7 2 )  
( 1 .  7 2 )  
( 1 . 7 2 )  

( 4 . 2 2 )  

1 NS : Non significant ; * s ign ificant at the 5 % probabi lity level . 
Values in pa rentheses are the standard errors of  the least square 
means . 
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VI I )  GENERATION MEAN ANALYS I S  

Gene e f fect s cont rolling cha racters related t o  maturity and 

characters with some relevance to sprouting damage wil l  be discussed 

in this sect ion . The parameter est imates f rom the twelve parameter 

model are presented for all cha racters , except base a-amy l a s e ,  

germinat ive a-amylase and G A  a-amylase a t  embryo maturity in  c ross 1 

(because the est imated mean values f o r  these characte rs o f  Tordo wa s 

abnormally  high )  . 

The ana lys i s  of  gene e f fects us ing a s ix parameter mode l for the 

generation means  averaged f rom the t wo environment s was a ls o  carried 

out . Thi s  analysis which inc luded t he six parameters into the model 

( m, a, d, a a ,  ad  and dd) does not t ake the environment a l  e f fect and 

it s interact ions into account , and e st imates without bias  the mean 

genet ic e f fect s . These results a re presented a long with the full 

twe lve parameter model for two characters (maximum colour s core and 

germinat ive a-amylase at HR) , in order to check that the twelve 

parameter model provides unbiased e s t imates of  the mean genetic 

effect s . The maximum colour score was  chosen for this  presentation 

because it represented a character which showed signif icant generat ion 

effects in the analys is of va riance and was one for which there is 

conside rable knowledge about its clas s ical inheritance . The a

amylase leve l  at  harvest ripenes s  was chosen to  represent a character 

with s igni ficant generat ion x environment interaction . E s t imates of  

gene effects f rom the s ix pa rameter and twe lve pa rameter models are 

presented in Table 3 9  ( for maximum colour score ) and Table 4 0  for 

germinat ive a-amylase at harves t  ripenes s .  Both,  Table 39 and Table 

40 showed that the estimates of the s ix genetic parameters ( m, a,  d, 

aa, ad and dd) obta ined from the s i x  and twelve parameter models were 

the same except for small rounding e r rors . Consequent ly  only the 

results f rom t he twelve pa rameter model are presented for  the rest o f  

the study because they contain more informat ion . 
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The discuss ion w i l l  emphasize only the characters which showed 

s igni f icant gene ration effects or  s igni ficant generat ion x environment 

interact ion . The term ' equivocal '  will  be used in the context that 

the gene e ffect was s igni f icant when the gene ration e ffect o r  

generation x envi ronment interact ion w a s  not s ignificant in the 

analys is o f  variance . When a s igni ficant gene e f fect was observed in 

a cha racter that showed s igni ficant generation effect or  generat ion x 

environment inte raction,  the term ' unequivocal '  will be used for  this 

circumstance . In  test ing the effect s ,  a t-test was employed us ing 

standard error  estimates and a degree o f  freedom equa l to  t he error 

degree o f  f reedom in the analysis  of variance (df = 2 0 )  . The 

s ignificant levels we re selected at 1 0 ,  5 and 1 % .  The symbols  for 

each sign i ficant level are presented at  the bottom of each table . The 

estimates which were not signi ficant by t-test but had values greate r  

than the i r  standa rd e rrors were marked with a plus s ign ( + )  . 

The a l locat ions o f  the parents a s  P 1 or  P2 we re based on the 

comparat ive va lues of the pa renta l  genotypes . The parent with the 

greater phenotypic value was set as P 1 , in accordance with the usua l 

pract ice with these gene models . Also generat ion means in the 

envi ronment with higher envi ronmenta l  mean would have +e ( i . e .  the e 

paramete r  has a coe f f icient of  + 1 )  in their expectat ions while the 

generation means in the environment with lower environment a l  mean will 

have -e ( i . e .  the e parameter has a coe f f icient of  -e )  in  the i r  

expectation . The mean expectat ion o f  any generation in any 

environment may be expressed as a linear funct ion of  these pa ramete r  

est imates . 

VI I . 1 ) Generat ion Mean Ana lys is of Maximum Colour Score 

T. e s t imat ion of the components of generat ion means based on the 

s ix and L l.ve parameter models f o r  maximum colour score a re p resented 

in Table 3 9 . 'he corresponding generat ion means are presented in 

Table 3 6 ,  f o r  six parameter model ;  and in Table 3 5 ,  f o r  the twelve 

paramete r  mode l . 
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Table 3 9 . Est imation o f  the components of generat ion means on a s ix 
parameter model and twelve parameter model for  maximum colour score in 
the three wheat  crosses . 

Gene 
effects 

m 

a 
d 
a a 
ad 
dd 

m 

a 
d 
a a 
ad 
dd 
e 
ae 
de 
aae 
a de 
dde 

Cros s 1 
Est imates s . e .  

3 . 0 8 * *  

0 . 1 6 
- 1 . 0 3 

0 . 2 8  
- 0 . 2 5  
-3 . 0 0 + 

3 . 0 8 * *  

0 . 17 
- 1 . 0 1 + 

0 .  2 9  
- 0 . 2 4 + 
- 3 . 0 0 + 

-0 . 0 2 
- 0 . 0 4  
- 0 . 6 6 + 

0 . 2 5  
- 0 . 0 9 
-2 . 2 4  

( 0 . 0 9 )  
( 0 . 22 )  
( 0 . 6 7 )  
( 0 . 37 )  
( 0 . 2 2 )  
( 2  . 22 )  

( 0 . 0 7 )  
( 0 . 2 3 )  
( 0 . 6 1 )  
( 0 . 4 0 )  
( 0 .  2 3 )  
( 2 . 3 4 )  
( 0 . 0 7 )  
( 0  . 2 3 )  
( 0 . 6 1 )  
( 0 . 4 0 )  
( 0 . 2 3 )  
( 2 . 3 4 )  

Cross 2 
Est imates s . e .  

Maximum Colour Score 

Six  P a rameter Model 

2 . 7 6  * *  ( 0 .  0 4 )  
0 . 1 0 + ( 0 .  0 9 )  
0 . 67 * ( 0 . 3 0 )  

- 0 . 4 6 * ( 0 . 17 )  
0 . 0 1 ( 0 .  0 9 )  
2 . 8 4  * ( 0 . 9 9 )  

Twe lve P a rameter Model 

2 . 7 6  * *  

0 . 1 1 + 
0 . 62 * 

- 0 . 4 3 * 
0 . 0 3 
2 .  6 2  * 

0 . 0 1  
0 . 0 8  

- 0 . 3 1 + 
0 . 1 5 
0 . 0 7 

- 1 . 2 2 + 

( 0 . 0 3 )  
( 0 . 1 0 )  
( 0 . 2 8 )  
( 0 . 1 7 )  
( 0 . 1 0 )  
( 1 .  0 0 )  
( 0 .  0 3 )  
( 0  . 1 0 )  
( 0 . 2 8 )  
( 0 . 17 )  
( 0 . 1 0 )  
( 1 .  0 0 )  

Cross 3 
Est imates s . e .  

2 . 97 * *  

0 .  0 9  · -

0 . 02 
0 . 3 0 

-0 . 2 4 le 

- 1 . 52 + 

2 .  * *  

0 9 + 
-0  3 

( . 3 4  * 

- . 2 4  * *  

. 7 8  ( * )  

. 0 7  ( * )  

. o s  

. 7 4 * 

0 . 5 6 * *  

-0 . 0 2 
3 . 5 0 * *  

( 0 . 0 3 )  
( 0 . 0 8 )  
( 0 . 2 5 )  
( 0  . 17 )  
( 0 . 0 8 )  
( 0 . 9 1 )  

( 0 . 0 4 )  
( 0 . 0 8 )  
( 0 . 3 0 )  
( 0  . 1 6 )  
( 0 . 0 8 )  
( 0 . 92 )  
( 0 . 0 4 )  
( 0 . 0 8 )  
( 0 . 3 0 )  
( 0  . 1 6 )  
( 0 . 0 8 )  
( 0 . 92 ) 

* *  sign i f icant at the 1 % probability  leve l ;  * sign i ficant at  the 5 % 
probability  level ; ( * )  s igni f icant a t  the 1 0  % probability leve l ; 
+ Estimat e  larger t han its standa rd e rror . 
Values in pa rentheses are standard e r rors o f  the est imat e s . 

The gene t ic est imates derived f r om the s ix parameter model and 

twe lve parameter model are the same except for small rounding errors . 

The twe lve pa rameter model also conta ins the information about the 

environment a nd the genet ic x environment interaction e f fect s . So  

this model is  preferable . 

There were s igni ficant generat ion e ffects in all  t h ree c rosses ,  

and a s ignif icant gene ration x environment interaction was detected in 

cross 3 .  Cro s s  1 ( To rdo x Ka ramu ) had the mean effect as  a sole 
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s igni f icant e f fect f o r  maximum colour score ,  but other e ffects were 

larger than the i r  standa rd errors ( dominance , addit ive x dominance 

dominance x dominance and dominance x envi ronment interaction ) . 

Cross  2 ( To rdo x Gabo ) in which both parents were white gra ined 

wheat s ,  showed a s ign i ficant mean e f fect and s ignificant dominance , 

additive x addit ive and dominance x dominance e ffects . Gene e f fects 

in  this c ro s s  clearly were not the clas s ical red genes ,  but must  

indicate othe r genes which are relat ed t o  the  reaction o f  grain coat 

to  NaOH solut ion . It  appea red that the pos itive enhancing mean effect 

of dd wa s balanced out by the negat ive aa e ffect and by dominance 

e ffect s ince the coe fficients for  the dominance effect in the 

expectation o f  the means we re a l l  negat ive . 

The pa rameters est imated in cross  3 were more complicated than 

expected . The mean e f fect together with the addit ive x dominance 

e f fect , aae e ffect and dde e f fect we re h ighly  s ignif icant , whi le aa, 

dd, and de e f fects we re s ignificant at the � 5 % probabi l it y  leve l . 

The environment a l  ef fect was also  s igni f icant at a 1 0  % p robabi lity 

leve l . One pa rent o f  this cross , Sonora 6 4A ,  has only one gene for 

grain  redness ( Jan and Qualset , 1 9 7 6 )  . Because Tordo has none of  the 

classical genes for grain redness  the epistasis  effects f ound in this 

cross must  be due to hitherto unreported modif iers . The re were 

s imilarities in the direct ions of many epistasis  effects between cross 

1 and cro s s  3 ( e . g .  both had the negat ive e f fect s of  d, ad, e,  de, and 

dde) . The negat ive e f fects of  dominance indicate that white grain 

coat is  dominant or partially dominant to the red grain  coat 

character .  All  these cont radict ing results f rom the earlier  reports 

will be conside red further in the Discus sion . But brie f l y ,  it should 

be remembered t hat : ( i )  this analysis  analyses populat ion mean 

e f fect s ,  not segregat ing individual counts ;  ( ii )  other genes bes ides 

the three " c l a s s ical '' may well  be operating ; and ( ii i )  this  i s  a 

quant itat ive measure o f  redness not a qualitat ive one a s  reported in 

earlie r  work . 
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VI I . 2 )  Germinat ive a-Amylase at Ha rvest  ripeness 

The genet ic e ffect , environmental  e f fect and genetic x 

envi ronment int eraction est imated f rom the s ix pa ramete r  mode l and the 

twe lve pa rameter mode l are presented in Table 4 0 . The mean values 

corresponding to the s ix paramete r  model analyses are presented in 

Tables 2 4 ,  28 and 3 2  respectively,  and the mean values corresponding 

to the twelve pa rameter model analyses a re p resented in Tables 2 3 ,  2 7  

and 3 1 . 

Table 4 0 . Est imat ion of  the components o f  generation means on a s ix
pa rameter model and twelve parameter model f o r  germinat ive a-amylase 
at harvest ripeness  in the three wheat c rosses . 

Gene C ross 1 
e f fects Estimates  s . e .  

Cross  2 
Est imates s . e .  

Cross 3 
Estimates s . e .  

Ge rminat ive a-Amylase at  Ha rvest Ripene s s  

Six Pa rameter Model 

m 3 . 3 9 3 7  * *  ( 0 . 1 9 6 8 )  3 . 7 32 3  * *  ( 0 . 3 2 6 0 )  3 . 8 5 4 6  * *  ( 0 . 2 6 5 5 )  
a -0 . 4 1 0 5  ( 0 . 47 5 6 )  0 . 1 8 5 9  ( 0 . 7 9 5 6 )  0 . 6 3 7 9 ( 0 . 6 4 2 8 )  
d - 1 . 7 5 5 9  + ( 1 . 5 1 6 2 )  3 . 1 47 7  + ( 2 . 52 15 )  2 . 47 9 6  + ( 2 . 0 4 7 1 )  
a a - 1 . 1 5 0 2  + ( 0 . 8 5 9 6 )  -0 . 1 0 3 6  ( 1 . 3 8 7 6 )  - 1 . 7 1 4 0  + ( 1 . 1 6 6 6 )  
a d  - 0 . 42 3 9  ( 0 . 47 7 1 )  -0 . 8 7 97 + ( 0 . 7 97 9 )  0 . 0 1 4 6  ( 0 . 6 4 4 7 )  
dd -0 . 3 0 3 6  ( 5 . 0 1 6 5 )  8 . 52 6 8  + ( 8 . 2 4 6 9 )  1 1 . 2 8 0 0  + ( 6 . 7 92 2 )  

Twelve P arameter Mode l 

m 3 . 3 93 7  * *  ( 0 . 1 8 4 2 )  3 . 7 3 2 2  * *  ( 0 . 2 9 4 6 )  3 . 8 5 4 5  * *  ( 0 . 2 4 3 8 )  
a - 0 . 4 1 0 6  ( 0 . 4 8 4 2 )  0 . 1 8 5 9  ( 0 . 8 1 9 9 )  0 . 6 3 7 7  ( 0 . 6 5 92 )  
d - 1 . 7 5 6 0  + ( 1 .  4 6 95 )  3 . 1 4 7 5  + ( 2 . 4 1 1 1 )  2 . 4 7 9 1  + ( 1 . 9 6 9 4 )  
a a - 1 . 1 4 9 9  + ( 0 . 8 7 3 1 ) -0 . 1 0 3 6  ( 1 . 4 2 8 3 )  - 1 . 7 1 3 9  + ( 1 . 1 9 1 3 )  
ad  - 0 . 4 2 4 0  ( 0 . 4 8 7 2 )  -0 . 8 7 9 8  + ( 0 . 8 2 4 4 )  0 . 0 1 4 4  ( 0 . 6 6 3 1 )  
dd -0 . 3 0 5 0  ( 5 . 0 6 3 5 )  8 . 52 6 6  + ( 8 . 3 9 6 7 )  1 1 . 2 7 8 8  + ( 6 . 8 8 4 6 )  
e 0 . 57 2 6  * *  ( 0 . 1 8 4 2 ) 0 . 2 9 8 4  + ( 0 . 2 9 4 6 )  0 . 52 4 2  * ( 0 . 2 4 3 8 )  
a e  -0 . 8 9 5 8  ( * )  ( 0 . 4 8 4 2 )  -0 . 50 5 6  ( 0 . 8 1 9 9 )  0 . 2 4 8 3  ( 0 . 6 5 9 2 )  
de 1 .  7 5 4 9  + ( 1 . 4 6 9 5 )  -0 . 8 95 4  ( 2 . 4 1 1 1 )  1 . 3 1 8 4  ( 1 . 9 6 9 4 )  
aae  -0 . 5 8 0 3  ( 0 . 8 7 3 1 )  2 . 02 8 4  + ( 1 . 4 2 8 3 )  - 0 . 5 1 4 3  ( 1 . 1 9 1 3 )  
a de -0 . 8 0 7 7  + ( 0 . 4 8 7 2 ) - 1 . 22 12 + ( 0 . 82 4 4 )  - 0 . 2 4 3 3  ( 0 . 6 6 3 1 )  
dde 4 . 3 0 3 8  ( 5 . 0 63 5 )  - 9 . 8 4 4 6  + ( 8 . 3 9 6 7 )  5 . 2 7 7 6  ( 6 . 8 8 4 6 )  

* *  s ignificant at  the 1 % probability leve l ;  * sign i ficant at  the 5 % 
probability leve l ; ( * )  signi ficant at  the 1 0  % probabi l ity  leve l ; 
+ Estimate l a rger than its standard error . 
Values in pa rentheses a re standard e rrors of  the estimate s . 
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The genetic estimates f rom the two model s  are the same except for 

very small  dif fe rences due t o  rounding e r ro r .  While the e f fects 

est imated f rom the s ix paramete r  model showed no signi f icant gene 

e f fects  apart from the mean e f fects in a l l  the three cros ses , the 

estimates f rom the twe lve parameter model showed signi ficant 

environmental  e f fects in two c rosses ( cross 1 and c ross  3 ) and an ae 

interaction e f fect in one cross ( cross 1 )  . The dominance e f fect 

decreased germinat ive a-amylase in cross 1 and increased germinat ive 

a-amylase in cros ses 2 and 3 ,  the e ffects were not s igni ficant , but 

large r than the standa rd errors . Addit ive x additive epi stasis  

dec re a sed germinat ive a-amylase in cross 1 and 3 .  Dominance x 

dominance reinforced the effect of  dominance in  inc reas ing the value 

of ge rminat ive a-amylase in crosses 2 and 3 .  Addit i ve x dominance 

epistasis  decreased germinat ive a-amylase in c ross 2 .  

VI I . 3  ) Harvest Ripeness and a-Amylase Maturit ies 

The generat ion mean analysis result s of t imes to ha rvest 

ripene s s ,  a-amylase maturity ( P I 1 )  and GA a-amylase maturity ( P I2 ) 

of  the three wheat  c rosses a re presented in Table 4 1 . The 

corresponding gene ration means are presented in Tables 1 ,  4 and 7 .  
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Table 4 1 . Est ima tion o f  the components o f  generat ion means on a 
twelve-parameter model for  t imes t o  harvest r ipeness,  amylase maturity 
and GA amylase maturity in the three wheat c rosses . 

Gene Cross 1 Cross 2 Cross 3 
e ffects E s t imate s  s . e .  Est imates s . e .  Estimates s . e .  

Ha rvest Ripeness (HR) 

m 5 9 . 0 9  * *  ( 1 . 32 )  6 3 . 5 4 * *  ( 3 . 8 7 )  5 8 . 4 1 * *  ( 2  . 1 7 )  
a -2 . 2 9  ( 3  . 2 5 )  - 4 . 0 5 ( 9 .  6 4 )  - 0 . 9 6 ( 3 . 6 2 ) 
d - 9 . 62 ( 1 0 . 27 )  2 4 . 7 8 ( 3 0 . 17 )  - 4 . 62 ( 1 4 . 8 8 )  
a a 1 0 . 0 2 + ( 5 . 8 5 )  - 3 . 0 1 ( 1 6 . 5 6 )  1 . 1 6 ( 6 .  3 1 ) 
ad -2 . 9 6 ( 3 . 2 8 )  -5 . 3 9 ( 9 . 7 5 )  - 1 . 4 0 ( 3 . 7 7 )  
dd - 5 8 . 0 0 + ( 3 4 . 17 )  6 3 . 6 8 ( 9 9 . 0 9 )  - 4 . 8 0 ( 3 9 . 6 4 )  
e 1 7 . 0 5 * *  ( 1 . 32 )  2 3 . 8 9  * *  ( 3 . 8 7 )  1 9 . 9 4 * *  ( 2  . 1 7 ) 
ae 0 . 63 ( 3 . 2 5 )  3 . 0 5 ( 9 .  6 4 )  3 . 4 9 ( 3 . 6 2 )  
de - 6 . 5 4 ( 1 0 . 2 7 )  2 0 . 3 6 ( 3 0 . 17 )  -2 . 42 ( 1 4 . 8 8 )  
aae 6 . 2 2 + ( 5 . 8 5 )  - 8 . 67 ( 1 6 .  5 6 )  - 1 . 6 8 ( 6 .  3 1 )  
a de 0 . 32 ( 3 . 2 8 )  6 . 1 9 ( 9 . 7 5 )  2 . 9 8 ( 3 . 7 7 )  
dde - 3 5 . 12 + ( 3 4  . 17 )  5 2 . 4 0 ( 9 9 . 0 9 )  - 4 . 32 ( 3 9 . 6 4 )  

Amyla se Maturity (P i l) 

m 5 3 . 7 1  * *  ( 3 . 35 )  67 . 8 1 * *  ( 4 .  9 9 )  4 9 . 43 * *  ( 3 . 8 8 )  
a 8 . 1 1 ( 8 . 2 9 )  2 . 5 0 ( 1 2 . 6 5 )  -3 . 8 3 ( 12 . 0 4 )  
d 2 . 4 7 ( 2 6 . 0 7 )  4 0 . 93 + ( 3 9 . 22 ) - 5 5 . 7 0 + ( 3 3 . 4 9 )  
a a 2 9 . 1 0 ( * )  ( 1 5 . 8 9 )  -2 1 . 07 ( 2 2 . 0 9 )  3 6 . 4 6 ( * )  ( 2 0 . 97 ) 
ad 5 . 8 7 ( 8 .  5 3 )  0 . 7 6  ( 1 2 . 7 5 )  - 8 . 12 ( 12 . 0 8 )  
dd - 8 7 . 4 0 ( 8 9 . 8 9 )  1 1 5 . 8 0 ( 13 0 . 7 7 )  - 2 3 1 . 9 4 ( * ) ( 1 2 2 . 2 9 )  
e 1 9 . 8 0 * *  ( 3 . 3 5 )  1 1 . 7 1  * ( 4 .  9 9 )  1 4 . 2 4 * *  ( 3 . 8 8 )  
ae -2 . 3 8 ( 8 .  2 9 )  9 . 9 3 ( 1 2 . 6 5 )  1 3 . 52 + ( 1 2 . 0 4 )  
de 3 . 4 7 ( 2 6 .  0 7 )  - 3 8 . 2 3 ( 3 9 . 2 2 ) - 3 1 . 57 ( 3 3 . 4 9 )  
aae 1 6 . 0 0 + ( 1 5 . 8 9 )  - 3 . 47 ( 2 2 . 0 9 )  0 . 6 8 ( 2 0 . 9 7 )  
a de -2 . 3 1 ( 8 . 53 )  1 0 . 4 2 ( 1 2 . 7 5 )  1 3 . 97 + ( 1 2 . 0 8 )  
dde - 6 2 . 6 0 ( 8 9 . 8 9 )  - 8 0 . 0 4 ( 1 3 0 . 7 7 ) - 7 2 . 6 6 ( 12 2 . 2 9 )  
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Table 4 1 . ( cont inue ) 

Gene Cross 1 Cross 2 Cross 3 
e f fects  Estimates s . e .  Estimates s . e .  Est imates s . e .  

GA Amylase Maturity (P I 2) 

m 5 1 . 82 * *  ( 2 . 0 4 )  5 0 . 9 9 * *  ( 6 .  2 0 )  4 1 . 7 0 * *  ( 5 . 7 8 )  
a 0 . 57 ( 6 . 2 2 )  - 2  6 . 12 + ( 1 6 . 7 7 )  - 1 1 . 4 8 ( 1 5 . 4 3 )  
d 2 8 . 4 5 + ( 17 . 4 4 )  7 . 8 0 ( 5 0 . 0 9 )  - 7 7 . 62 + ( 4 6 . 43 )  
a a 1 4 . 7  9 + ( 10 . 7  9 )  2 . 6 1 ( 32 . 2 8 )  1 4 . 17 ( 2 7 . 3 4 )  
a d  -1 . 2 7 ( 6 .  2 4 )  - 3 2 . 2 1 ( * )  ( 1 6 . 9 6 )  - 1 5 . 6 1 + ( 1 5 . 4 9 )  
dd 1 . 2 2 ( 63 . 1 4 )  32 . 4 0 ( 1 8 0 . 7 3 )  - 1 3 3 . 6 8 ( 1 5 9 . 8 0 )  
e 1 5 . 4 3 * *  ( 2 . 0 4 )  1 4 . 0 4 * ( 6 .  2 0 )  17 . 0 0 * *  ( 5 . 7 8 )  
ae -7 . 1 0 + ( 6 .  2 2 )  - 1 1 . 4 4 ( 1 6 . 7 7 )  - 1 0  . 1 1 ( 1 5 . 4 3 )  
de -22 . 8 1 + ( 1 7 . 4 4 )  97 . 6 1 ( * ) ( 5 0 . 0 9 )  4 7 . 8 2 + ( 4 6 . 4 3 )  
aae 22 . 1 9 ( * ) ( 10 . 7  9 )  - 2  6 .  97 ( 32 . 2 8 )  - 1 5 . 7 9  ( 2 7 . 3 4 )  
a de -8 . 02 + ( 6 .  2 4 )  - 1 5 . 82 ( 1 6 . 9 6 )  -7 . 4 3 ( 1 5 . 4 9 )  
dde - 1 32 . 4 2 * ( 6 3 . 1 4 )  2 9 4 . 2 0 + ( 1 8 0 . 7 3 )  1 4 6 . 9 6 ( 1 5 9 . 8 0 )  

* *  s igni f icant at the 1 % probability leve l ;  * s igni f icant at the 5 % 
probabil ity leve l ;  ( * ) signi f icant at the 1 0  % probability  leve l ;  
+ Est imate l a rger than i t s  standard error . 
Values in pa rentheses are st andard errors of  the est imates . 

The time to ha rvest r ipeness in a l l  the three c rosses did not 

show s ignificant genetic e f fect s . This is probably due to  the 

s imi l a r ity  between the two parents of  each cross rathe r than the lack 

o f  any genetic  cont rol for  this cha racter . The generat ion mean 

analyses only showed signi ficant e f fects of the means ( F2 means ) and 

the environmental  effects . In  all  the three crosses cool envi ronment 

added 1 7 -2 4  days to the background means for ha rvest ripeness  ( and 

thus t he wa rm envi ronment subt racted 1 7 -2 4 days f rom the background 

means ) . Thi s  is in concordance with results in Tables 1 ,  4 and 7 

which showed that the di f fe rences between environment a l  means for  

ha rve s t  ripeness  were 35 ,  41  a nd 39  days for  cross 1 ,  cross 2 and 

c ross  3 respect ively . According to the model ,  the difference between 

the two environmental means in a cross equals twice the environmenta l  

e ffect ( e) . 

For  amylase maturity ,  addit ive x addit ive epistasis  e f fect 

increa sed t he means in c rosses  1 and 3,  while dominance x dominance 

epistasis  decreased the mean only in c ross 3 .  Dominance e f fect 
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a l though not signif icant , have the increasing e f fect in cross 2 but 

have the dec reasing e ffect in cross 3 .  For this  character the gene 

e ffects which can be interpreted with cert ainty were those of cross 1 .  

GA amylase maturity showed large magnitude o f  dominance e f fects 

in  crosses 1 and 3 a lthough the e ffect s were not s igni ficant . This 

gene effect inc reased the mean in cross 1 and dec reased the mean in 

c ross  3 .  The dominance and de e ffects had oppos ite signs in crosses 1 

and 3 ,  indicated that the dominance ef fect dec reased as  the means 

increased f rom wa rm t o  cool ripening environments . 

VI I . 4 ) Median Embryo Maturity and Embryo Maturity 

The pa rameters e s timated for  t imes to median embryo maturity 

( T S OPG)  and embryo maturity ( T 9 0PG) , of all the t hree crosses a re 

presented in Table 4 2 . The corresponding generat ion means a re 

presented in Tables 1 ,  4 and 7 .  
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Table 4 2 . Estimat ion o f  the components o f  generat ion means on a 
twelve-paramete r  model for t imes t o  median embryo maturity (T5 0PG)  and 
embryo mat urity ( T 9 0PG) in t he three wheat crosses . 

Gene Cross 1 
effect s Estimates 

m 

a 
d 
a a 
ad 
dd 
e 
ae 
de 
aae  
a de 
dde 

m 

a 
d 
a a 
ad 
dd 
e 
ae 
de 
a a e  
a de 
dde 

7 3 . 0 2 * *  
1 0 . 7 1 + 
3 6 . 7 8 + 
1 9 . 8 8 + 
- 5 . 5 0 
2 2 . 8 8 
2 4 . 6 8 * *  

6 . 95 
1 4 . 27 

- 2 1 . 1 0 + 

1 8 . 8 3 * 
5 5 . 5 6 

9 4 . 67 * *  
1 5 . 22 
6 3 . 6 9 + 
3 6 . 2 4 + 
- 8 . 65 

- 1 7 . 2 4  
2 3 . 3 8 * *  

1 .  4 3  
37 . 0 7 

- 6 5 . 2 4 ( * ) 
1 9 . 2 5 

2 53 . 0 8 + 

s . e .  

( 2  . 5 4 )  
( 7 . 6 2 )  

( 2 1 . 5 4 )  
( 1 3 . 9 5 )  

( 7 . 6 5 )  
( 7  9 .  4 7 )  

( 2 . 5 4 )  
( 7 . 6 2 )  

( 2 1 . 5 4 )  
( 1 3 .  9 5 )  

( 7 . 6 5 )  
( 7 9 . 47 )  

( 7  . 1 4 )  
( 1 9  . 1 6 )  
( 57 . 47 )  
( 3 4 . 5 5 )  
( 1 9 . 3 1 )  

( 2 0 0  . 0 3 )  
( 7  . 1 4 )  

( 1 9 . 1 6 )  
( 5 7 . 47 )  
( 3 4 . 55 )  
( 1 9 . 3 1 )  

( 2 0 0 . 0 3 )  

Cross 2 
Est imates s . e .  

Cross 3 
Est imates s . e .  

Median Embryo Maturity 

8 0 . 6 0 * *  ( 1 0 . 2 8 )  
- 3 7 . 1 1 + ( 2 7 . 5 4 )  
- 1 4 . 3 3 ( 8 2 . 6 7 )  

4 0 . 8 1 ( 5 4  . 1 9 )  
- 3 8 . 6 1 + ( 2 8 . 0 5 )  

- 1 8 6 . 4 4 ( 3 0 0 . 4 8 )  
2 8 . 5 4 * ( 1 0 . 2 8 )  

- 1 4 . 0 9 ( 2 7 . 5 4 )  
- 7 5 . 0 3 ( 8 2 . 6 7 )  

3 8 . 5 1  ( 5 4  . 1 9 )  
- 2 5 . 5 1 ( 2 8 . 0 5 )  

- 3 0 1 . 0 8 + ( 3 0 0 . 4 8 )  

Embryo Maturity 

1 1 2 . 5 5 * *  
- 6 7 . 8 0 + 

- 5 . 9 0 
2 3 . 6 4 

- 8 0 . 0 4 ( * ) 
- 1 6 1 . 2 0  

3 5 . 8 6  * 
- 1 4 . 37 
- 9 0 . 8 0 

6 0 . 1 8 
-2 1 . 6 0 

- 4 5 0 . 4 0 + 

( 1 4 . 7  6 )  
( 4 0 . 2 3 )  

( 1 1 9 . 6 6 )  
( 7  9 .  2 6 )  
( 4 0 . 7 8 )  

( 4 3 8 . 6 0 )  
( 1 4 . 7 6 )  
( 4 0  . 2 3 )  

( 1 1 9 . 6 6 )  
( 7  9 .  2 6 )  
( 4 0 . 7 8 )  

( 4 3 8 . 6 0 )  

7 4 . 2 6  * *  
1 5 . 1 4 + 
4 6 . 5 4 ( * ) 
1 2 . 22 

5 . 0 8 
6 6 . 0 6 
2 8 . 0 5 * *  

1 .  5 4  
1 6 . 12 

- 1 8 . 7 0 + 

1 0 . 17 + 

8 6 . 50 

8 6 . 4 9 * *  
3 2 . 6 4 * 

( 2 . 4 0 )  
( 9 . 0 7 )  

( 2 3  . 1 5 )  
( 1 6 . 7 1 )  

( 9  . 1 1 )  
( 9 3 . 7 4 )  

( 2 . 4 0 )  
( 9 . 0 7 )  

( 2 3  . 1 5 )  
( 1 6 .  7 1 )  

( 9  . 1 1 )  
( 9 3 . 7 4 )  

( 3 . 3 7 )  
( 1 2 . 3 5 )  
( 3 1 . 9 0 )  
( 2 3 . 7 0 )  

- 1 7 . 22 
2 1 . 97 
2 3 . 7 9 

- 9 1 . 12 
( * ) ( 12 . 4 2 )  

( 1 30 . 52 )  
4 3 . 2 4 * *  
1 1 . 1 3 
2 8 . 1 1 
1 2 . 1 3 
2 9 . 3 6 * 

- 3 8 . 4 4 

( 3 . 37 )  
( 12 . 3 5 )  
( 3 1 . 9 0 )  
( 2 3 . 7 0 )  
( 12 . 4 2 )  

( 13 0 . 52 )  

* *  s igni f icant a t  the 1 % probability level ;  * s ign i f icant a t  the 5 % 
probabi lity level ; ( * ) s ignif icant at the 1 0  % probabi l ity leve l ;  
+ E s t imate larger than i t s  standard e rror . 
Values in parentheses are standard errors o f  the est imates .  
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Median embryo maturity showed signif icant generat ion x 

environment interaction e f fect s in cross 1 and cross 3 .  I n  c ross  1 ,  

the mean  and the environmental e f fect s which were highly  s igni ficant , 

wh i le the addit ive x dominance x envi ronment inte ract ion was also  

s ignif icant . This e f fect dec rea sed the mean o f  the va lue of  the 

higher parent and the backcross selfed of  this  pa rent in a better 

environment , it also  increased the value of the l ower pa rent and the 

backcros s  selfed to  this parent in an envi ronment with increasing 

va lue . In  the envi ronment with decreasing value , the act ion o f  ade 

e ffect i s  reve rsed . In c ross 1 ,  the genetic e f fects which were 

greater than their s tanda rd error are additive ,  dominance , addit ive x 

addit ive ( all  pos it ive ) and addit ive x addit ive x envi ronment , which 

was  negat ive . In c ross  3 ,  other than the mean and the environmental  

e f fect which were s igni ficant , the  genet ic e f fect which was important 

was the dominance e f fect which was s igni f i cant at the 10 % 

p robability  level . The estimated genetic e f fect s which we re not 

s ignif icant but larger than their  standa rd e rrors were addit ive , 

addit i ve x addit ive x envi ronment and addit ive x dominance x 

environment interact ion . 

Embryo maturity o f  a ll the three cro s s e s  a re sign i ficant 

funct ions o f  the means and the environmenta l  e ffects . Only cro s s  1 

and cross  3 showed s igni ficant generat ion x envi ronment interact ion 

e f fect s . In cross 1 the s igni ficant genetic  effect was addit ive x 

addit ive x environment . This e f fect was negat ive, s o  its  e f fect was 

to  increase the means o f  the parent a l  generat ions and the backc ross  

selfed generat ions in the envi ronment with a lower mean . The third 

c ross ( To rdo x Sonora 6 4  A) showed s igni fi cant addit ive , addit ive x 

dominance and additive x dominance x envi ronment effect s . All these 

genetic e f fects and the genic x environment interact ion effect a re 

posit ive . The two e f fects ad and ade will  reinforce each other in the 

environment with higher mean ( for this character - cool environment ) ;  

but t hey will  obliterate each other in the envi ronment with lowe r 

mean . In  the second cross ( To rdo x Gabo ) the addit ive x dominance 

e f fect is equivocal l y  s ignif1cant , despite the non s igni f ic ant 

generation e f fects in t he analys i s  of va riance . 
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The parameters e s t imated for  median germinat ion and ge rmination 

maturity of cross 3 a re presented in Table 4 3 . The generat ion means 

corresponding to  this analysis a re presented in Table 7 .  The 

est imates for  these two characters in cros s 1 and cross 2 a re not 

available because means of one generation ( To rdo ) were undetermined . 

Table 4 3 . Estimat ion o f  the components of  
generation means on a twelve-pa rameter model f o r  
t imes to  median germinat ion and germination 
maturity in cross 3 wheat  ( Tordo x Sonora 6 4A)  . 

Gene 
e ffects 

m 

a 

d 

a a 
ad 

dd 

e 

a e  

de 

a a e  

a de 

dde 

m 

a 

d 

a a 

ad 

dd 

e 

ae 

de 

a a e  

a de 

dde 

Cross 3 
Estimates  s . e .  

Median Ge rmination 

7 7 . 92 * *  ( 2 . 5 7 )  
1 4 . 7 0 ( * ) ( 7 . 9 9 )  

- 3 1 . 7 1 + ( 2 2 . 2 1 )  
2 0 . 5 9 + ( 1 4  . 1 6 )  
- 1 . 5 1 ( 8 .  0 1 )  

- 1 1 9 . 6 6 + ( 8 1 . 8 4 )  
2 5 . 6 3 * *  ( 2 . 5 7 )  
-0 . 2 3  ( 7 . 9 9 )  
- 4 . 6 8 ( 2 2 . 2 1 )  
-0 . 1 3 ( 1 4  . 1 6 )  

6 . 2 8  ( 8 .  0 1 )  
- 1 5 . 1 8 ( 8 1 . 8 4 )  

Germinat ion Maturity 

93 . 3 4 * *  ( 5 . 42 )  
3 9 . 2 7 * ( 1 6 . 35 )  

- 1 0 4 . 58 * ( 4 6 . 1 3 )  
4 9 . 5 9 ( * ) ( 2 8 . 6 9 )  
2 0 . 6 9 + ( 1 6 .  3 7 )  

- 3 8 7 . 1 4 * ( 1 6 6 . 97 )  
2 8 . 52 * *  ( 5 . 4 2 ) 
-0 . 3 3 ( 1 6 . 35 )  

- 1 7 . 67 ( 4 6  . 1 3 )  
2 . 7 7 ( 2 8 . 6 9 )  
5 . 7 9 ( 1 6 . 37 )  

- 3 9 . 7 8 ( 1 6 6 . 97 )  

* *  sign i ficant at the 1 % probabi l ity leve l ;  
* s igni ficant a t  the 5 % probabilit y  leve l ;  

( * )  s igni ficant a t  the 1 0  % probability leve l ; 
+ Est imate larger than its .standard erro r . 

Values in parentheses a re standard e rrors o f  the 
estimates . 
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Cross 3 exhibited s igni ficant e f fects o f  the mean,  environment a l  

e f fect and the addit ive e f fect for  median germinat ion ( T S O SG ) . Both 

the environment a l  e f fect and addit ive effect were pos itive . The 

germinat ion maturity ( T 9 0 SG )  in this cross appea red to be directed by 

t he mean ,  the environmental  e f fect , addit ive genet ic e ffect , dominance 

e f fect , additive x addit ive and dominance x dominance epistasis . The 

dominance and dominance x dominance e f fects  were negat ive while a l l  

other e ffects were pos it ive . The cool environment prolonged median 

germinat ion and germinat ion maturity 2 6  and 2 9  days f rom the 

background means . 
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VII . 5 ) D ry We ight Maturity and Grain Colour Maturity 

The parameters est imated by the generation mean analys i s  for  

t imes to dry weight maturity  and grain colour maturity a re presented 

in Table 4 4 . 

Table 4 4 . E s timation o f  the components o f  generation means  on a 
twelve-parameter  model for t imes to  dry weight maturity ( T 9 0DW) and 
grain colour maturity ( T 9 0COL ) in t he three wheat crosses . 

Gene 
e f fects 

Cross 1 
E s t imates  s . e .  

m 

a 

d 

a a 

a d  

dd 

e 

ae 

de 

aae 

a de 

dde 

m 

a 

d 

a a 

ad 

dd 

e 

a e  

de 

aae 

a de 

dde 

4 3 . 2 6  * *  

- 3 1 . 7 0 * 

- 2 2 . 93 
1 3 . 1 4 

- 3 3 . 2 7 * 
- 9 3 . 32 

7 .  8 7  ( * )  
1 .  8 8  

- 3 5 . 4 9 + 
1 4 . 5 4 

4 . 8 7 
- 1 0 4 . 8 4 

4 6 . 4 9 * *  
6 . 8 9  + 

- 2 . 4 4 
6 . 9 5 
6 . 8 6  + 

- 2 7 . 5 4 
1 4 . 7 6  * *  

4 . 6 7 
- 1 . 7 7 

4 . 2 9  
5 . 1 6 

-2 4 . 3 4 

( 4 .  0 6 )  
( 12 . 5 8 )  
( 3 5 . 02 )  
( 2 5  . 1 6 )  
( 12 . 6 4 )  

( 13 7 . 0 6 )  
( 4 .  0 6 )  

( 12 . 5 8 )  
( 3 5 . 0 2 )  
( 2 5  . 1 6 )  
( 1 2 . 6 4 )  

( 1 3 7 . 0 6 )  

( 2 . 1 9 )  
( 5 .  2 6 )  
( 1 6 .  8 5 )  
( 1 0 . 0 4 )  
( 5 . 35 )  
( 5 7 . 0 4 )  
( 2 . 1 9 )  
( 5 . 2 6 )  
( 1 6 . 8 5 )  
( 1 0 . 0 4 )  
( 5 . 35 )  
( 57 . 0 4 )  

Cros s 2 
Estimates s . e .  

Dry Weight Maturity 

4 0 . 8 5 * *  
- 1 9 . 1 6 + 
- 1 4 . 1 0 

1 9 . 32 
- 1 4 . 7 5  + 
- 8 9 . 0 6 

1 1 . 82 * 

- 1 2 . 7 6 
- 4 . 9 6 

8 . 52 
- 1 1 . 2 2  
- 2 5 . 7 4 

( 5 .  4 1 )  
( 1 4 . 2 0 )  
( 4 3 . 12 )  
( 2 7 . 8 6 )  
( 1 4 . 4 2 )  

( 15 4 . 9 4 )  
( 5 . 4 1 )  

( 1 4  . 2 0 )  
( 4 3 . 1 2 )  
( 2 7 . 8 6 )  
( 1 4 . 42 )  

( 1 5 4 . 9 4 )  

Grain Colour Maturity 

5 5 . 3 6 * *  
6 . 5 8 

9 8 . 67 * *  
- 3 1 . 6 6 * 

3 . 7 6 
3 1 2 . 0 4 * *  

1 6 . 2 5 * *  

6 . 55 
8 . 0 4 

- 9 . 0 4 
9 . 7 5  + 

5 1 . 2 8 

( 2 . 2 8 )  
( 7  . 1 5 )  

( 1 9 . 8 1 )  
( 12 . 5 1 )  

( 7  . 1 6 )  
( 7 2 . 7 5 )  

( 2 . 2 8 )  
( 7  . 1 5 )  

( 1 9 . 8 1 )  
( 12 . 5 1 )  

( 7  . 1 6 )  
( 7 2 . 7 5 )  

Cro s s  3 
Estimates  s . e .  

4 8 . 9 6 * *  
5 . 4 6 

1 7 . 92 
- 1 1 . 4 4 

6 . 0 9  
5 8 . 8 0 
1 8 . 8 8 * *  
- 0 . 0 9  
-2 . 4 1 
-0 . 9 8 
- 1 . 9 0 

- 1 9 . 4 8 

4 7 . 0 1 * *  

-0 . 4 0 
1 4 . 0 0 

-35 . 4 0 * 
- 1 . 3 8 

1 5 3 . 0 4 + 

1 4 . 4 8 * *  

1 .  6 7  
-2 4 . 9 1 

3 6 . 7 0 * 

2 . 17 
- 2 1 7 . 4 8 * 

( 4 .  3 2 )  
( 1 0 . 1 8 )  
( 32 . 9 8 )  
( 1 8 . 3 6 )  
( 1 0 . 4 1 )  

( 1 0 7 . 6 7 )  
( 4 . 32 )  

( 1 0  . 1 8 )  
( 3 2 . 9 8 )  
( 1 8 . 3 6 )  
( 1 0 . 4 1 )  

( 1 07 . 6 7 )  

( 4 . 9 4 )  
( 8 . 32 )  

( 3 3 . 9 9 )  
( 1 4 . 2 4 )  

( 8 .  5 6 )  
( 9 0 . 2 6 )  

( 4 .  9 4 )  
( 8 . 32 ) 

( 3 3 . 9 9 )  
( 1 4 . 2 4 )  

( 8 . 5 6 )  
( 9 0 . 2 6 )  

* *  s ign i f i cant a t  the 1 % probabi l i t y  leve l ;  * signif i cant a t  the 5 % 
p robability  leve l ;  ( * ) s ignificant at  the 1 0  % probab i l it y  leve l ;  
+ Estimat e  l a rger than i t s  standard error . 
Values in  parenthese s  are s tandard e rrors o f  the est imates . 



There was no s igni ficant generat ion e f fects in analysis o f  

variance for  dry weight maturity ( T 9 0DW) in a l l  the three c ros ses 

(Table 1 ,  4 and 7 )  . 
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The means and the environmenta l  e f fect s  were signi ficant in a l l  

cro s ses . The cool environment increased t ime to  dry weight maturity 

between 8 t o  19  days  to  the background means . Cross 1 showed 

equivoca l l y  sign i ficant addit ive and additive x dominance e f fect s ,  

both e f fects were negat ive . 

Grain colour maturity ( T 9 0 COL) wa s a funct ion of  genet ic e f fects 

in c ross  2 ( Tordo x Gabo ) . In this cross  the dominance e f fect , 

addit ive x addit ive and dominance x dominance effects  were 

signi f icant . The e f fect of  dominance and dominance x dominance were 

pos it ive , while t he additive x additive e ffect was negat ive . S ince 

the dominance and dominance x dominance epistasis  are the components 

o f  the heterozygous genotypes , it could be predicted that the hybrid 

f rom this  cross w i l l  have very late grain colour maturity . I n  the 

third c ross the genet ic e f fects which we re equivocal l y  s ign i ficant 

were additive x addit ive , addit ive x addit ive x envi ronment and 

dominance x dominance x environment . The dominance x dominance x 

environment inte raction was very large in magnitude and was negat ive . 

The addit ive x addit ive epistasis  was negat ive and s imilar  in 

magnitude to c ro s s  2 .  
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V I I . 6 ) Germinat ions a t  Ha rvest Ripene s s  

The results  o f  generat ion mean analys i s  for standard germinat ion 

and potent ial germinat ion at harvest ripenes s  are presented in Table 

4 5 . The generat ion means corre sponding to  t hese ana lyses a re 

presented in Tables 1 1 ,  1 3  and 1 5 . 

Table 4 5 . E s t imat ion of  the components o f  generation means on a 
twe lve-parameter model for standard germinat ion and potent ial  
germination at harve s t  ripenes s  in the  three wheat crosses . 

Gene 
e f fect s 

Cro s s  1 
Estimates  s . e .  

m 

a 

d 

a a 

a d  

dd 

e 

a e  

de 

a a e  

a de 

dde 

m 

a 

d 

a a 

ad 

dd 

e 

a e  

de 

a a e  

a de 

dde 

5 . 2 8 * 
6 .  2 0  + 
0 . 62 

- 4 4 . 1 4 * *  

5 .  8 4  + 

1 5 8 . 8 8 * *  

5 . 2 8  * 
- 8 . 7 4  ( * ) 
3 9 . 7 9  * 

-35 . 9 4 * *  
- 9 . 1 1 ( * )  

2 0 4 . 3 6  * *  

1 5 . 2 5 * 
47 . 0 5 * 

- 1 0 0 . 7 2 ( * ) 
- 2 5 . 67 

3 6 . 3 4 + 

- 1 1 3 . 3 6 
7 . 6 9 + 

- 1 2 . 3 4 
1 1 . 93 

-55 . 1 1 + 
-22 . 1 9 + 
2 4 9 . 4 0 + 

( 1 .  9 1 )  
( 4 .  4 6 )  

( 1 4 . 52 )  
( 8 .  7 0 )  
( 4 .  5 4 )  

( 4 9 .  0 4 )  
( 1 .  9 1 )  
( 4 . 4 6 )  

( 1 4 . 52 )  
( 8 .  7 0 )  
( 4 .  5 4 )  

( 4 9 . 0 4 )  

( 6 . 4 4 )  
( 2 1 . 1 8 )  
( 5 7 . 3 4 )  
( 37 . 5 9 )  
( 2 1 . 2 2 )  

( 2 1 6 . 3 3 )  
( 6 .  4 4 )  

( 2 1 . 1 8 )  
( 5 7 . 3 4 )  
( 37 . 5 9 )  
( 2 1 . 22 )  

( 2 1 6 . 33 )  

Cro s s  2 
Estimates s . e .  

Cro s s  3 
Estimates s . e .  

Standard Germina t i on at HR 

1 7 . 9 3 * 

3 . 0 0 
63 . 9 6 
- 9 . 8 6 
- 6 . 8 9 

1 4 8 . 6 4 
-0 . 5 0 

7 . 6 4 
- 6 . 4 1 
-2 . 7 0 
- 1 . 1 6 
2 7 . 32 

( 8 . 3 5 )  
( 2 0 . 9 2 ) 
( 65 . 2 7 )  
( 3 6 . 2 6 )  
( 2 1 . 12 )  

( 2 1 5 . 7 5 )  
( 8 . 3 5 )  

( 2 0 . 9 2 )  
( 6 5 . 2 7 )  
( 3 6 . 2 6 )  
( 2 1 . 1 2 )  

( 2 1 5 . 7 5 )  

7 . 4 5 
- 5 . 63 

- 2 3 . 6 9 
1 2 . 0 3 

- 1 9 . 3 5 + 

- 6 6 . 0 6  
2 . 2 6  

- 1 1 . 4 7 
2 3 . 52 
- 3 . 6 5 

-22 . 0 4 + 
9 0 . 7 8  

( 7 . 4 9 )  
( 1 7 . 0 5 )  
( 5 6 . 3 9 )  
( 3 0 . 0 0 )  
( 17 . 7 4 )  

( 17 9 . 0 5 )  
( 7 . 4 9 )  

( 1 7 . 0 5 )  
( 5 6 . 3 9 )  
( 3 0 . 0 0 )  
( 1 7 . 7 4 )  

( 1 7 9 . 0 5 )  

Potent ial Germinat ion at HR 

2 5 . 6 3 * *  
2 5 . 60 + 

- 3 0 . 92  
- 2 0 . 53 

1 0 . 9 6 
- 1 2 . 22 

0 . 9 0 
3 0 . 6 1 ( * ) 

- 9 0 . 7 4  ( * ) 
2 6 . 7 3 
1 3 . 8 8 

- 2 3 6 . 4 6 + 

( 6 .  0 6 )  
( 1 6 . 9 6 )  
( 4 9 . 7 3 )  
( 3 1 . 0 7 )  
( 1 7 . 15 )  

( 1 7 7 . 8 8 )  
( 6 .  0 6 )  

( 1 6 . 9 6 )  
( 4 9 . 7 3 )  
( 3 1 . 07 )  
( 1 7 . 15 )  

( 17 7 . 8 8 )  

37 . 8 6 * *  
3 5 . 3 0 + 
1 3 . 17 

- 2 2 . 5 4 
9 . 0 6 

7 2 . 82 
2 4 . 50 * *  

2 3 . 4 0 + 
1 3 4 . 5 6 ( * )  

- 6 8 . 52 + 

( 8 . 52 ) 
( 2 2 . 6 2 ) 
( 6 8 . 27 )  
( 4 4 . 1 6 )  
( 2 3  . 1 5 )  

( 2 4 6 . 0 4 )  
( 8 . 5 2 ) 

( 2 2 . 6 2 ) 
( 6 8 . 2 7 )  
( 4 4  . 1 6 )  

6 . 0 9 
5 1 1 . 6 6  

( 2 3  . 1 5 )  
( * ) ( 2 4 6 . 0 4 )  

* *  s igni f icant a t  t he 1 % probabilit y  leve l ;  * signif icant at  t he 5 % 
p robability leve l ;  ( * ) s ignificant at  t he 1 0  % probability leve l ;  
+ E st imate larger t han it s s tandard e r ro r . 
Values in parentheses are standard errors o f  the estimates . 
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Only cross 1 ,  Tordo x Ka ramu, showed a s ignificant generation x 

envi ronment interact ion in the combined ana lys is o f  variance for  

standa rd germinat ion a t  harvest ripene s s . Apart from the s igni f icant 

effect of  the mean  ( m )  and the environment a l  e f fect , a a  and dd 

epistasis  were both s ignificant . The magnitude of  dd epistasis  was  

relat ively la rge and positive ,  while the a a  epistasis was relat ively 

sma ller and negat ive . The interaction o f  genetic effects with 

environmental e ffect were all s ignificant ( i . e .  ae, de,  aae,  a de and 

dde ) with dde being relat ively large in magnitude . 

Dominance x dominance type epista s i s  increased the mean o f  a l l  

generat ions included i n  the analysi s  except for  F2 , while the addit ive 

x addit ive type o f  epistasis  dec reased the values of both paren t s  and 

backcross selfed generat ions . The aae e ffect was negat ive s o  it  had a 

decreas ing effect in the higher value envi ronment (cool envi ronment 

f o r  this character )  . The dde e f fect was pos it ive so it has enhancing 

e f fect in the cool environment and had diminishing e ffect in the wa rm 

environment . The e ffect of  environment was equivocally s igni f icant , 

despite the non s ign i ficant environment e ffect in the analys is o f  

variance . 

There we re no s igni f icant generat ion e ffect s ,  environmenta l  

e ffect s nor gene rat ion x environment interact ion e f fect s in the 

analysis of variance for standard germinat ion at ha rvest ripenes s  in 

cross 2 and cross  3 .  As the pa rents in each of  the two crosses  are 

putat ively different in preharvest sprout ing res istance , the non 

s igni ficant gene rat ion effect in these two crosses could be attributed 

to the high s tandard errors of this character rather than the lack of  

genetic cont rol or  the resemblance between the two parent s in the 

cros s . The generat ion mean analyses did not reveal any s igni f icant 

e ffect in cross  3, and only the mean e ffect was s igni f icant in  cross 2 

(Coe f f icients  o f  Variat ion for this character equal 1 0 6 . 7 8 and 1 2 9 . 42 

% for  cross 2 and cross 3 respect ive ly) . 

There we re s igni ficant generat ion x environment inte ract ions in 

cross 2 and c ro s s  3 for  potential germinat ion at harvest ripenes s .  In 

cross 2 ( Tordo x Gabo ) the s ignificant ef fect s detected by generat ion 
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mean analys is  were t he mean (m) , addit ive x environment e f fect and 

dominance x environment e f fect . The a e  effect has an increasing 

e ffect on the highe r mean parent and the backcross selfed t o  this 

pa rent in the h igher mean environment ( warm environment ) . The e f fect 

( ae effect ) was reve rsed in the othe r environment ( i . e .  it  dec reased 

the mean of t he parent with the h ighe r  mean va lue and the backcross 

selfed to  this parent ) . The dominance x environment e f fect was 

negat ive , t h i s  resulted in the net increase in  the expected value of 

all generations in t he test , except for F2 , in the environment with 

the higher mean  (warm environment for this character )  . The 

environment a l  e ffect has no signif icant cont ribution to  the expected 

va lues of  the generat ion means f o r  this  character . 

For c ro s s  3 (Tordo x Senora 6 4A)  the e f fects which were 

s igni ficant included the mean e ffect , the envi ronmenta l ,  dominance x 

environment and the dde interaction e f fects . The later t wo e f fects 

were sign i ficant at the 10 % probabi l ity level but the i r  magnitudes 

were relat ive l y  large . 

The generation mean analysis  f o r  potent ial  germination at harvest 

ripeness of c ro s s  l showed an equivocal s igni f icant addit ive e ffect 

and a negat ive dominance e f fect . 
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VI I . 7 )  Gra in D ry Weight 

The paramete rs estimated for  grain dry weight at ha rvest ripeness  

and f o r  the maximum grain dry weight o f  the three wheat  crosses  a re 

presented in Table 4 6 . The generation means corresponding to  the 

analyses a re presented in Tables 1 7 ,  1 9  and 2 1 . 

Table 4 6 .  Estimat ion of  the component s o f  generat ion means on a 
twe lve-pa rameter mode l for grain dry weight at  harvest  ripeness  and 
maximum grain dry weight in the three wheat  c rosses . 

Gene Cross 1 
e ffects Estimates 

Cross 2 
s . e .  Estimates 

Cross 3 
s . e .  Est imates s . e .  

Gra in Dry Weight at Ha rvest Ripeness 

m 

a 

d 

a a 

ad 

dd 

e 

a e  

de 

a a e  

a de 

dde 

m 

a 

d 

a a 

a d  

dd 

e 

a e  

de 

a a e  

a de 

dde 

4 8 . 7 8  * *  
- 4 . 6 8 + 
- 4 . 47 

1 . 4 9  
- 5 . 3 8 ( * )  

- 1 5 . 3 5 
7 . 0 1 * *  

- 4 . 4 6 + 
3 . 5 4 

1 1 . 7 5 ( * )  
- 4 . 17 + 

- 4 3 . 2 6  + 

5 1 . 9 1 * *  
- 1 2 . 5 4 * *  

-2 . 65 
5 . 2 0 

- 1 3 . 5 6 * *  
-32 . 9 9 

4 . 7 5  * *  
-2 . 6 1 
- 9 . 4 8 + 
1 3 . 32 ( * ) 
- 1 . 5 3 

- 6 4 . 9 3 ( * )  

( 1 .  2 3 )  
( 2 . 9 9 )  
( 9 .  47 ) 
( 5 . 8 7 )  
( 3 . 02 )  

( 32 . 8 0 )  
( 1 . 2 3 )  
( 2 . 9 9 )  
( 9 .  4 7 )  
( 5 . 8 7 )  
( 3 . 02 )  

( 32 . 8 0 )  

5 0 . 8 3 * *  
- 1 . 3 5 

2 . 7 7  
- 1 . s o  
-3 . 0 3 
1 2 . 2 2 

4 . 2 6  * *  
1 . 2 5  

-4 . 1 5 
-2 . 92 
-0 . 5 0 

7 . 1 7 

( 1 . 3 0 )  
( 3 . 2 4 )  

( 1 0  . 1 5 )  
( 5 . 6 1 )  
( 3 . 3 7 )  

( 3 3 . 4 7 )  
( 1 .  3 0 )  
( 3 . 2 4 )  

( 1 0  . 1 5 )  
( 5 .  6 1 )  
( 3 . 3 7 ) 

( 3 3 . 4 7 )  

Maximum Grain D ry We ight 

( 0 . 9 9 )  
( 3 . 2 0 )  
( 8 . 7 3 )  
( 6 .  4 2 )  
( 3 . 2 0 )  

( 3 4 . 8 3 )  
( 0 . 9 9 )  
( 3 . 2 0 )  
( 8 . 7 3 )  
( 6 .  4 2 )  
( 3 . 2 0 )  

( 3 4 . 8 3 )  

5 1 . 9 8 * *  
-5 . 9 1 + 
-3 . 12 

3 . 4 6 
- 6 . 57 + 

- 1 7 . 0 3 
3 . 8 5 * 

- 1 . 6 3 
-9 . 1 3 

0 . 0 8 
- 3 . 1 0 

- 1 0 . 4 6 

( 1 . 7 7 )  
( 4 .  6 5 )  

( 1 4 . 1 4 )  
( 9 . 1 0 )  
( 4 .  7 4 )  

( 5 0 . 6 9 )  
( 1 . 7 7 )  
( 4 .  6 5 )  

( 1 4  . 1 4 )  
( 9 . 1 0 )  
( 4 . 7 4 )  

( 5 0 . 6 9 )  

50 . 7 6  * *  
-1 . 9 6 
13 . 8 0 + 
-9 . 2 4  + 
-3 . 7  6 
63 . 9 6 + 

7 . 3 5  * *  
-3 . 6 1 
-2 . 3 8 

2 . 2 7 
-2 . 32 

-14 . 1 5 

53 . 5 1 * *  
-0 . 6 6 
1 6 . 5 3 + 

-10 . 6 9 + 
-2 . 3 9  
6 9 . 0 3 + 

8 . 2 3 * *  
-2 . 9 1 
-4 . 2 3 

3 . 5 1 
- 1 . 9 9 

-25 . 17 

( 1 .  3 5 )  
( 3 . 8 0 )  

( 1 1 . 12 )  
( 6 . 53 )  
( 3 . 8 2 )  

( 3 8 . 6 2 ) 
( 1 .  3 5 )  
( 3 . 8 0 )  

( 1 1 . 12 )  
( 6 . 5 3 )  
( 3 . 82 )  

( 3 8 . 62 )  

( 1 . 4 3 )  
( 4 .  0 0 )  

( 1 1 . 7 1 )  
( 6 .  8 9 )  
( 4 .  0 1 )  

( 4 0 . 7 0 )  
( 1 .  4 3 )  
( 4 .  0 0 )  

( 1 1 . 7 1 )  
( 6 .  8 9 )  
( 4 .  0 1 )  

( 4 0 . 7 0 )  

* *  s igni f icant at  the 1 % probability level ; * signif icant at t he 5 % 
p robability leve l ;  ( * )  signi ficant at the 1 0  % probability leve l ;  
+ Est imate larger than its standard erro r . 
Values in pa rentheses a re standa rd errors o f  the est imates . 
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In  a l l  the three crosses there were n o  s igni ficant differences 

among generations f o r  grain dry weight at harvest ripenes s  but the 

environment a l  e f fects were s igni ficant in a l l  three c ro s se s . The 

generat ion mean  ana lys is of a l l  the t hree crosses showed that the only 

two import ant effects which s igni ficantly influence t he grain dry 

weight at harvest ripene s s  were the means and the environmental  

e f fect s . The cool environment added between 4 . 2 6  mg/grain  t o  7 . 3 5 

mg/grain t o  the background mean dry weight at ha rvest ripene s s . 

There was sign i f icant generat ion x environment inte ract ion for 

maximum grain dry weight in cross  1 .  In this cross the gene ration 

mean analys i s  showed a highly s igni ficant addit ive e f fect and addit ive 

x dominance e f fect , apart f rom t he mean effect and the environment a l  

e ffect . The aae e ffect and dde e f fect were also  sign i ficant at the 1 0  

% probabi l it y  leve l . Many o f  these e f fect s ,  i . e .  a a d  and dde were 

negat ive . The addit ive e ffect f o r  t his character in cross  1 is  

negat ive a s  in  cros s 2 and cro s s  3 i n  spite o f  the la rge r mean o f  P 1 

( Tordo acts  a s  P2 in crosses 1 and 2 and acts a s  P 1 in c r o s s  3 for  

this characte r)  . This may imply that the addit ive e f fect result s in 

smaller grain s . 

The environmental  e f fects were also s igni f icant in cross  2 and 

cross 3 .  The cool environment added 4 . 8 , 3 . 9  and 8 . 2  mg/grain to  the 

background mean in crosses 1 ,  2 and 3 respect ively . 

VI I . 8 ) Base a-Amylases 

The paramete rs estimated f rom the generation mean analysis for 

the charact e rs base  a-amylase at  harvest ripeness and base a-amylase 

at embryo maturity in the three wheat crosses  a re presented in Table 

4 7 . The corresponding generat ion means used in the analys i s  are 

presented in Tables 2 3 ,  27  and 3 1 . 
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Table 4 7 . Estimat ion of  the components o f  generation means on a twelve
paramete r  model f o r  base a-amylases  at  harvest ripenes s  and at embryo 
maturity in t he three wheat crosses . 

Gene 
e f fects 

m 

a 

d 

a a 

ad 

dd 

e 

ae 

de 

aae 

a de 

dde 

Cross  1 
Estimates s . e .  

3 . 3 5 5 4  * *  
0 . 1 92 1  
0 . 37 0 1  

- 0 . 5 3 8 3  + 
0 . 1 3 2 7  
2 . 5 9 3 0  + 

- 0 . 0 2 4 0  
0 . 2 97 7  + 

- 0 . 1 9 6 8  
0 . 2 1 9 3 
0 .  3 9 9 5  ( * )  

- 1 . 1 3 0 2  

( 0 . 0 8 8 1 )  
( 0 . 1 9 7 8 )  
( 0 . 6 6 0 0 )  
( 0 . 37 1 6 ) 
( 0 . 2 0 1 0 )  
( 2  . 1 4 2 5 )  
( 0 . 0 8 8 1 )  
( 0  . 1 97 8 )  
( 0 . 6 6 0 0 )  
( 0 . 37 1 6 ) 
( 0 . 2 0 1 0 )  
( 2  . 1 4 2 5 )  

Cros s 2 
Est imates s . e .  

Base a-Amylase at HR 

3 . 9 1 5 4  * *  
0 . 2 5 8 0  
2 . 8 97 3  + 

- 1 . 4 93 5  + 
-0 . 8 2 4 9  + 
1 2 . 42 8 4  ( * )  

0 . 6 4 4 0  * 
0 . 2 0 2 2  
2 . 1 3 1 2  + 
0 . 0 9 1 9  

- 0 . 3 5 2 2  
4 . 0 3 12 

( 0 . 2 2 9 5 )  
( 0 . 6 1 3 8 )  
( 1 .  8 4 4 6 )  
( 1 .  0 7 5 4 )  
( 0 . 6 1 6 1 )  
( 6 . 32 2 3 )  
( 0 . 22 9 5 )  
( 0 . 6 1 3 8 )  
( 1 . 8 4 4 6 )  
( 1 . 0 7 5 4 )  
( 0 . 6 1 6 1 )  
( 6 . 32 2 3 )  

Cross 3 
E s t imates s . e .  

3 . 4 3 3 2  * *  
0 . 17 9 9  
0 . 2 4 1 8  

- 0 . 2 8 2 4  
0 . 1 3 2 2  
0 . 8 7 7 6  
0 . 1 3 9 1  
0 . 13 8 1  
0 . 0 3 92  
0 . 0 3 5 8  
0 . 2 4 1 6  

- 0 . 42 8 8  

( 0 . 1 4 1 1 )  
( 0 . 2 8 2 6 )  
( 1 . 0 1 8 0 )  
( 0 . 52 0 3 )  
( 0 . 2 9 4 0 )  
( 3 . 0 7 8 1 )  
( 0  . 1 4 1 1 )  
( 0 . 2 8 2 6 )  
( 1 .  0 1 8 0 )  
( 0 . 52 0 3 )  
( 0 . 2 9 4 0 )  
( 3 . 0 7 8 1 )  

Base a-Amylase a t  Embryo Maturity 

m 

a 

d 

a a 

ad 

dd 

e 

ae 

de 

aae 

a de 

dde 

no estimates 
for cross 1 

4 . 22 8 7  * *  
- 4 . 1 65 5  ( * ) 
- 0 . 32 0 4  
- 0 . 0 4 0 8  
- 5 . 8 3 0 2  * 

0 . 1 0 7 8  
0 . 4 62 6  
1 . 4 1 5 1  
0 . 33 8 2  
0 . 97 0 0  
1 . 8 1 5 7  

-2 . 8 8 62 

( 0 . 92 1 8 )  
( 2 . 32 1 7 )  
( 7  . 22 1 6 )  
( 4 . 57 82 )  
( 2 . 3 5 2 1 )  

( 2 5 . 4 7 9 9 )  
( 0 . 92 1 8 )  
( 2 . 32 1 7 )  
( 7 . 2 2 1 6 )  
( 4 . 57 82 )  
( 2 . 3 5 2 1 )  

( 2 5 . 4 7 9 9 )  

3 . 1 5 7 9 
- 0 . 22 4 5  

2 . 2 2 4 2  
- 0 . 4 1 5 8  

* *  ( 0 . 3 9 4 2 )  
( 0 . 9 0 0 6 )  
( 2 . 9 7 2 9 )  
( 1 . 5 3 5 7 )  

- 0 . 9 4 50 + 

1 1 . 3 1 5 1  + 
0 . 1 4 93 

- 2 . 3 0 9 3  * 

( 0 . 9 1 5 1 )  
( 9 . 3 1 4 0 )  
( 0 . 3 9 4 2 )  
( 0 . 9 0 0 6 )  
( 2 . 9 7 2 9 )  
( 1 . 5357 ) 

2 . 3 4 1 0  
- 0 . 1 2 1 2  
- 3 . 6 8 2 5  

9 . 2 1 7 8  
* *  ( 0 . 9 1 5 1 )  

( 9 . 3 1 4 0 )  

* *  s ign i f icant a t  the 1 % probabi l i t y  leve l ;  * signi ficant a t  the 5 % 
probabi lity leve l ;  ( * )  sign i ficant at the 1 0  % probability leve l ;  
+ Estimate larger than its standard erro r .  
Values i n  parentheses a re standard errors o f  the est imates . 



1 4 2  

Cross  2 ( Tordo x Gabo ) showed significant di f ferences among 

generat ions as we ll  as generat ion x environment inte ract ion for  base 

a-amylase  at harvest ripene s s . Other than the mean and the 

envi ronment effect , only the dominance x dominance epistasis  effect 

was s igni ficant at the 10 % probability leve l . The pa rameters 

est imated which were greater than their  standard errors were d, aa, ad 

and de e f fects . For this c ross  the warm environment increased the 

base a-amylase at ha rvest ripeness by 0 . 6 4 4 0  mEU/g ( in log scale ) . 

The dominance gene effect and the dominance x dominance epistasis are 

both posit ive , indicating that the heterozygous genotype , such as  a 

hyb r id F 1 , will  have a high value of  base amylase at harvest ripenes s .  

Therefore this results would a rgue against the product ion of hybrids 

to improve resistance to sprout ing damage . 

Neither c ross 1 nor c ross  3 showed s igni ficant gene rat ion e f fects 

in t he analys is  of variance . However the gene rat ion mean analys is  o f  

cro s s  1 showed equivoca l s ign i ficant addit ive x dominance x 

environment e f fects at the 1 0  % probabi l ity level . 

For  base a-amylase at embryo maturity,  cross 3 showed 

s igni f icant gene rat ion x envi ronment interact ion e f fects  while cross 2 

showed s igni f icant generat ion e f fects . The generat ion mean ana lys is 

showed highly signif icant mean e f fects in both cros ses ,  but neither of  

the two c rosses showed s igni f icant envi ronmental e f fects  (e )  . In  

cross  2 s igni ficant genet i c  e ffects were addit ive e f fects and addit ive 

x dominance e f fect s ;  both a re negative . Cross 3 had ae and ade as 

s igni ficant genetic effect s and both effect s were negat ive . The 

negat ive ade e ffect resulted in an increasing va lue of the highe r  

pa rent and the backcross selfed t o  this pa rent in the environment with 

h ighe r mean, on the other hand it dec rea sed the value of the lower 

parent and the backcros s s el fed to this pa rent in the same 

envi ronment . 
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VI I . 9 ) Germinative a-Amylase at  Embryo Maturity 

The parameters estimated from generat ion mean analysi s  f o r  

ge rminat ive a-amylase at  embryo maturity a re p resented i n  Table 4 8 . 

The corresponding generation means used in the analysis  a re presented 

in Tables 2 7  and 3 1 . There was no estimat ion f o r  this cha racter in 

cross  1 because of  incomplete set o f  generation means . 

Table 4 8 . Est imat ion o f  the component s o f  generat ion means on a 
twelve-parameter model for  germinative a-amylase at emb ryo maturity 
in the two wheat crosse s . 

Gene 
e f fects  

m 
a 

d 

a a 

a d  

dd 

e 

a e  

de 

a a e  

a de 

dde 

* *  s ignif icant 

Cross 2 
Estimates  s . e .  

Cross 3 
Est imates s . e .  

Germinat ive a-Amylase at  Embryo Maturity 

6 .  6 7 2  9 * *  ( 1 . 2 0 8 1 )  4 . 7 5 9 9  * *  ( 1 . 3 0 9 4 )  
-3 . 9 0 4 5  + ( 3 . 3 1 7 7 )  1 . 1 4 5 6  ( 1 . 8 4 9 0 )  

9 . 6 8 3 6  ( 9 . 82 6 9 )  - 2 . 5 62 7  ( 8 . 6 8 3 4 )  
-8 . 0 2 0 6  + ( 5 . 8 2 62 )  - 1 . 0 3 6 1  ( 3 . 0 8 5 3 )  
- 4 . 5 3 3 0  + ( 3 . 3 4 1 8 )  0 . 5 0 0 8  ( 1 . 9 7 97 ) 
4 5 . 1 8 2 1  + ( 3 4 . 1 42 5 )  - 4 . 3 3 8 8  ( 2 0 . 7 0 7 9 )  

0 . 7 4 2 0  ( 1 . 2 0 8 1 )  0 . 2 0 0 3  ( 1 . 3 0 9 4 )  
-0 . 0 3 3 0  ( 3 . 3 1 7 7 ) 1 . 12 3 4  ( 1 . 8 4 9 0 )  

8 . 4 3 5 4  ( 9 . 82 6 9 )  0 . 7 92 2  ( 8 . 6 8 3 4 )  
-7 . 2 92 8  + ( 5 . 8 2 6 2 )  3 . 2 5 8 7  + ( 3 . 0 8 5 3 )  

0 . 1 6 3 5  ( 3 . 3 4 1 8 )  2 . 52 2 5  + ( 1 . 97 97 ) 
4 3 . 37 2 0  + ( 3 4  . 1 42 5 )  - 9 . 0 7 4 4  ( 2 0 . 7 0 7 9 )  

at the 1 % probability  leve l ;  * s igni f icant at the 
probability leve l ;  ( * )  s igni ficant a t  the 1 0  % probability leve l ;  
+ Est imate la rger than its  standa rd erro r .  
Values in pa rentheses a re standard errors o f  t he estimates . 

5 

For germinative a-amylase at embryo maturity,  c ross 2 and cross 

3 did not show s igni ficant differences among generations in the 

analyses of variance nor was there any s igni f icant generation x 

environment interaction . In  these two c rosses only the mean  ef fect 

was s igni ficant . The environmenta l  e f fects in  t hese two c rosses were 

not s igni ficant . 

% 
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VII . l O )  GA3 a-Amylases 

The parameters estimated f rom the generat ion mean  analysi s  for 

GA3 a-amylase at h a rvest ripeness and at embryo maturity a re 

p resented in Table 4 9 .  The generat ion means corresponding to  the 

analysis are presented in Tables 2 3 ,  27  and 3 1 . 

Table 4 9 . E s t imat ion of  the components o f  generat ion means on a twelve
parameter model for GA3 a-amylase at ha rvest ripeness  and at embryo 
maturity in the three wheat crosses . 

Gene Cross 1 
e f fects Estimates  s . e .  

m 
a 

d 

a a 

ad 

dd 

e 

ae 

de 

a a e  

a de 

dde 

3 . 7 6 4 2  * *  

0 . 7 3 8 8  + 

-3 . 1 5 0 6  ( * ) 
- 0 . 07 8 9  

0 . 5 0 2 9  
- 6 . 4 4 8 2  + 

0 . 32 5 6  + 
- 0 . 3 6 5 3  
- 1 . 9 9 6 5  + 

0 . 9 8 1 1  
-0 . 6 4 37 + 

-7 . 2 1 8 6  + 

( 0 . 2 0 6 8 )  
( 0 . 5 8 0 1 )  
( 1 .  6 9 8 6 )  
( 1 . 0 0 2 7 )  
( 0 . 5 8 1 4 )  
( 5 . 9 1 4 9 )  
( 0 . 2 0 6 8 )  
( 0 . 5 8 0 1 )  
( 1 . 6 9 8 6 )  
( 1 . 0 0 2 7 ) 
( 0 . 5 8 1 4 )  
( 5 . 9 1 4 9 )  

Cross 2 
Estimates s . e .  

GA3 a-Amylase at HR 

5 . 0 8 7 3  * *  

1 .  6 8 5 9  * 

0 . 5 0 4 8  
- 3 . 0 8 3 2  ( * )  

0 . 2 97 5  
1 0 . 67 9 0  + 

0 . 4 5 6 5  + 
0 . 0 5 8 1  

- 1 . 7 3 2 6  
0 . 0 6 4 4  

-0 . 7 0 4 8  
-3 . 9 1 5 0  

( 0 . 2 7 1 8 )  
( 0 . 7 8 15 )  
( 2  . 2 5 9 0 )  
( 1 .  5 5 8 6 )  
( 0 .  7 8 7 0 )  
( 8 . 5 4 1 6 )  
( 0 . 2 7 1 8 )  
( 0 . 7 8 1 5 )  
( 2 . 2 5 9 0 )  
( 1 . 55 8 6 )  
( 0 . 7 8 7 0 )  
( 8 . 5 4 1 6 )  

Cross 3 
Estimate s  s . e .  

4 . 9 0 0 3  * *  

- 0 . 37 6 3  
- 1 . 9 0 7 5  
- 0 . 7 0 5 0  
- 1 . 4 0 6 0  + 
-3 . 8 0 0 6  

0 . 5 3 9 6  + 

0 . 1 7 8 1  
0 . 6 4 4 5  

- 0 . 6 5 3 2  
-0 . 3 8 1 1  

4 .  3 7 1 0  

( 0 . 3 9 7 0 )  
( 0 . 92 6 9 )  
( 3 . 0 1 8 5 )  
( 1 . 62 0 6 )  
( 0 . 9 4 2 3 )  
( 9 . 6 6 9 7 )  
( 0 . 3 9 7 0 )  
( 0 . 92 6 9 )  
( 3 . 0 1 8 5 )  
( 1 . 62 0 6 )  
( 0 . 9 4 2 3 )  
( 9 . 6 6 9 7 )  

GA3 a-Amylase at  Embryo Maturity 

m no e s t imate s  7 . 0 3 0 8  * *  ( 0 . 6 3 6 3 )  6 . 2 4 7 3  * *  ( 0 . 7 8 4 8 )  
a for c ross  1 -3 . 1 0 2 7  + ( 1 . 8 4 1 9 )  4 . 1 1 6 6  ( * )  ( 2 . 1 4 2 2 )  
d 2 . 9 0 02 ( 5 . 3 0 5 2 )  - 0 . 7 8 3 6  ( 6 . 3 6 6 3 )  
a a -1 . 4 5 3 7  ( 3 . 4 1 0 8 )  -2 . 7 1 2 5  ( 4 . 1 2 32 ) 
ad - 4 . 0 5 4 1  * ( 1 . 8 5 4 3 )  4 . 0 9 7 9  ( * )  ( 2 . 1 7 3 9 )  
dd 3 . 0 1 0 0  ( 1 9 . 3 6 8 4 )  9 . 0 0 9 3 ( 2 3 . 0 7 4 6 )  
e -0 . 3 5 8 1  ( 0 . 6 3 6 3 )  0 . 4 6 6 4 ( 0 . 7 8 4 8 )  
a e  1 . 7 4 7 4  ( 1 . 8 4 1 9 )  -3 . 3 6 0 2  + ( 2  . 1 422 ) 
de -5 . 5 8 0 6  + ( 5 . 3 0 5 2 )  - 6 . 6 0 9 4  + ( 6 . 3 6 6 3 )  
a a e  1 .  4 9 7 1  ( 3 . 4 1 0 8 )  6 . 1 9 47 ( * ) ( 4 . 12 3 2 )  
a de 0 . 6 9 4 6  ( 1 . 8 5 4 3 )  -3 . 3 9 8 6  + ( 2 . 17 3 9 )  
dde - 1 3 . 3 1 92 ( 1 9 . 3 6 8 4 )  - 4 0 . 7 0 9 6  ( * ) ( 2 3 . 0 7 4 6 )  

* *  s ignificant a t  the 1 % probability leve l ;  * signi ficant a t  the 5 % 
probability leve l ;  ( * ) s igni f icant at  the 1 0  % probability leve l ; 
+ Estimate l a rger than its standard e r ro r . 
Values in parentheses a re standard e r rors  of  the est imates . 
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O f  the three c rosses only c ross 2 and c ross 3 showed s igni ficant 

generat ion e ffects in  the ana lyses of variance for GA3 a-amylase at 

harvest ripene s s . Cross 2 a lso showed a s igni ficant generat ion x 

environment int e ract ion . The s igni f ic ant e f fects found in this  cross 

we re the mean ,  addit ive e f fect and addit ive x additive e f fect . The 

additive x additive e f fect was larger than the addit ive e f fect and was 

negat ive . Cross  1 showed a s ignificant mean  e f fect and an equivocal  

s igni ficant dominance effect . In cross  3 ,  only the mean e ffect was 

s igni ficant . The environmental effect , l ike in the f irst two crosses , 

had the value l a rger than their  standa rd e r ror . The addit ive x 

dominance e f fect o f  this cross also had a value larger than its  

standa rd erro r . 

For GA a-amylase at embryo maturity,  cross 2 had sign i ficant 

generat ion x env i ronment interact ion . This cross showed s igni ficant 

e f fects of  the mean  and additive x dominance effect . In this  c ross 

the additive e f fects  was negative despite the higher value o f  P 1 ( Gabo 

= P 1 for  this cha racter ) . This suggested that the net addit ive 

e ffect had a dimin ishing effect on GA a-amylase at embryo maturit y . 

Also the addit ive x dominance e ffect o f  cross 2 was negat ive . 

The third cross  ( Tordo x Sonora 6 4A)  had a signi f icant mean 

e f fect . The genetic  effect and the inte ractions which were 

equivoca lly s ign i ficant were ae, ade and dde . 
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V I I . l l )  Percent Sterility 

The parameters estimated f rom generat ion mean analysis f o r  

pe rcent steril i t y  o f  the three wheat crosses are presented in Table 

5 0 . The corre sponding generation means used in the analysis a re 

presented in Table 3 7 . 

Table 50 . Estimat ion of  the components  o f  generation means on a 
twelve-pa rameter mode l for pe rcent sterility in the three wheat  
c rosses . 

Gene Cross 1 
e ffects Estimates  s . e .  

m 4 . 7 4 * *  ( 1 . 1 3 )  
a 1 6 . 5 3 * *  ( 4 . 0 2 )  
d - 3 1 . 1 3 * *  ( 1 0 . 5 1 )  
a a 0 . 02 ( 7 . 2 0 )  
ad 1 3 . 9 9 * *  ( 4 .  0 3 )  
dd - 5 0 . 7 0 + ( 4 1 . 1 0 )  
e 1 .  0 6  ( 1 . 1 3 )  
a e  1 .  7 4  ( 4 .  0 2 )  
de - 1 . 82 ( 1 0 . 5 1 )  
a a e  5 . 2 4 ( 7 . 2 0 )  
a de 0 . 3 9  ( 4 .  0 3 )  
dde - 1 3 . 42 ( 4 1 . 1 0 )  

Cross 2 
Est imates s . e .  

Percent Sterility 

1 2 . 1 9 * *  ( 2  . 1 3 )  
- 1 9 . 9 0 * *  ( 6 . 2 0 )  

- 9 . 0 5 ( 1 7 . 8 2 )  
1 5 . 7 7 + ( 12 . 4 8 )  

-23 . 0 3 * *  ( 6 . 2 2 )  
- 8 6 . 2 0 + ( 6 8 . 0 4 )  

8 .  7 1  * *  ( 2  . 1 3 )  
-7 . 9 8 + ( 6 . 2 0 )  
2 4 . 82 + ( 1 7 . 8 2 )  

0 . 0 5 ( 12 . 4 8 )  
- 1 0 . 3 8 + ( 6 . 22 )  

3 4 . 7 2 ( 6 8 . 0 4 )  

Cross 3 
Estimates s . e .  

6 . 2 5  * *  ( 2 . 0 4 )  
7 . 5 4  + ( 5 . 9 6 )  

-2 4 . 9 3 + ( 1 7 . 0 7 )  
- 1 . 6 6 ( 1 0 . 3 7 )  

3 . 4 5 ( 5 . 9 9 )  
-42 . 4 6  ( 6 0 . 7  9 )  

-0 . 0 3 ( 2 . 0 4 )  
3 . 4 1 ( 5 . 9 6 )  

- 1 0 . 3 6 ( 17 . 0 7 )  
-3 . 1 0 ( 1 0 . 37 )  

2 . 3 5 ( 5 . 9 9 )  
0 . 9 8 ( 6 0 . 7 9 )  

* *  signi ficant a t  the 1 % probability leve l ; * signi f icant at  
the 5 % probabi l ity  leve l ;  ( * )  sign i f icant at  the 10  % 
p robabi l ity leve l ;  + Est imate larger than its standard error . 
Values in parentheses are standa rd e r rors  o f  the est imates . 

The analysis  o f  variances exhibited s igni f icant differences among 

generat ions in c ro s s  1 for percent sterility  of the spikelet s .  The 

s ignificant generat ion x environment e f fects were detected in c ross  1 

and cross 3 .  Ana lysis  o f  generation means showed that sterility 

percent age in  cross  1 was  cont rolled by the mean, addit ive , dominance 

and addit ive x dominance effect s . 

Cross 2 showed signi f icant mean  and environment a l  e f fect s . Two 

genetic effects were equivocal ly s igni ficant despite the 

nonsignif icant generat ion e f fect in this  c ross . The two e f fect s were 
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addit ive and additive x dominance e ffect s ,  both were negat ive . The 

t h i rd cross (Tordo x Senora 6 4A )  showed only a s igni ficant mean 

e f fect . The two parameters est imated which the values larger than 

the i r  standard e rrors were addit ive and dominance e f fect s . 



CHAPTER 5 

D I SCUS S ION 

I )  GENERAL D ISCUS S ION 

I . 1 ) Gra in Maturity 

In  these experiments the maturity o f  the wheat grain has been 

evaluated from s ix dif ferent aspects . 
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( i )  Maturity i n  relat ion t o  grain moisture content , called 

harvest ripenes s ,  which has been defined e a r l ier as the t ime when the 

grain reaches 1 2 . 5  percent moisture content . 

( ii )  Maturity in relat ion to  the accumulation o f  grain dry weight 

which was def ined as the t ime when gra ins reached 90 % of thei r  

maximum dry weight . This variable is c lose t o  the convent ional  

est imat ion of  "physiological"  maturity .  

( ii i )  Maturity i n  relat ion t o  the bui ld up of  pigment in the 

testa ,  which was measured as  the time when t he grains reached 9 0  % o f  

the i r  maximum c o lour . 

( iv )  Maturity in  relation to  the development o f  the embryo 

( embryo maturity)  which was indirectly expressed by t he t ime when the 

grains acqui red 90 % potential  germinat ion with dormancy broken . 

( v )  Maturity in relation to the readiness o f  the a leurone layer 

to  synthesize a-amylase under standard germinat ion condit ions . This 

maturity is  referred to a s  amylase mat urity . 

(vi )  Maturity a s  in ( v )  but with t he germinat ion imbibant being a 

gibberel lic a c id s o lution ( 1  x 1 0-5 M o r  1 x 1 0 - 1  M) , called GA 

amylase maturity . This maturity ref lect s onset of  the competency o f  

the a leurone t issue t o  respond to  GA . 

Among the six  maturity-paramet e rs , dry weight maturity and grain 

coat maturity were t he e arliest event s .  The synchrony between t he two 

parameters is  in agreement with the obse rvation of  Hanft and Wych 

( 1 9 8 2 )  who note that comp lete loss o f  the g reen colour f rom the kernel 

occurs c lose t o  physiological maturity . 
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Harvest ripeness  occurred later than dry weight maturity and 

gra in colour maturity . In  these exper iment s the t iming o f  harvest  

ripeness  o f  different cult ivars was  not  s igni ficantly different within 

either of  the two environments ,  a lthough i t  was cons ide rably delayed 

in cool condit ions ( Table 1 , 4 and 7 ) . 

The two amylase maturities occurred a t  approximately the same 

t ime as  harvest r ipeness , while embryo mat u r ity was the latest event . 

Thi s  j uxt apos it ion o f  the events suggested that the ove ra l l  

ge rmination processes  of  the grains may requ i re a ful l y  developed 

embryo to trigger the aleurone to produce germinative enzyme s . In  

other words , emb ryo maturity was  the last  component to  be  acqui red 

before the grains were able to germinat e . The interva l between dry 

weight maturity and embryo maturity was quite long ( 4 5 ,  63 and 44 days 

in crosses 1 ,  2 and 3 respectively) . This  period was much longe r than 

the t ime needed to  a ccumulate another 1 0  percent of grain dry weight 

and thus must involve more subtle developmental change s than s imply  

growth in  mass . 

It is l ikely that the germinat ive development o f  the embryo 

after  amylase maturities may involve e ither a change in ho rmone levels 

in the embryo or  an increase in sensit ivity of target-t i ssue to  the 

hormonal signa l . 

a fter-ripening . 

Thi s  change is  what was expected t o  occur during 

The most widespread change displayed by seeds during 

this  period is  the gradua l reduction i n  dormancy (Bewley and Black , 

1 9 8 2 )  . In wheat , the relevant proces s  was postulated t o  be t he 

decreasing o f  an inhibitor level from the pericarp (Miyamoto et  a l . ,  

1 9 6 1 ) , or the increase in sens it ivity t o  gibberellic a c id ( T rewava s  

and Cleland, 1 9 8 3 )  . Other processes which has been speculated 

included dehydrat ion of  the grain (Miche l l  et a l . , 1 9 8 0 ) , increas ing of 

the oxygen permeability of  the grain coat ( Belderok,  1 9 6 8 )  . 
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I . 2 )  Germinabil ity 

The two germinat ion tests at harvest r ipeness ( s tanda rd and 

potent ial ge rminat ions ) ,  dete rmine whether the generat ions a re 

resistant or  suscept ible to sprouting damage , f rom the embryo 

sprouting point of view . The suscept ible cult iva r or  generation would 

have a high level o f  germinat ion at harves t  ripeness . Among the f our 

cult ivars used as parent s in the three cros ses , Tordo cons istently 

showed low standard germinat ion and potent ial  germinat ion at harvest 

r ipeness  in both environment s .  Karamu showed low ge rmination 

percentage at  ha rvest  ripeness ,  but showed a moderate leve l o f  

potenti a l  ge rminat ion a t  this stage under the warm ripening 

environment . The F2 and F3 generat ions of the c ross Tordo x Karamu 

showed highe r  leve l s  of  standard germinat ion at harvest ripene s s  under 

the warm ripening envi ronment compared to  the two pa rents . These 

segregat ing generat ions must have t ransgressive segregat ion unde r the 

warm environment f o r  this character . In  the cool ripening envi ronment 

the F2 generation did not have a higher mean standa rd germinat ion at 

harvest ripenes s  compa red to  the two pa rents . 

Gabo showed a high level of  ge rminat ion at harvest ripeness  under 

the warm ripening envi ronment but not under the cool ripening 

environment . The F2 generation of  this  c ross had an intermediate 

level o f  germination between the two parents in the wa rm ripening 

envi ronment . In the cool ripening environment the F2 gene rat ion 

showed transgre s s ive segregat ion in potential germinat ion . The level 

o f  potent i a l  ge rmination o f  the F2 exceeded both pa rent s in this  

environment . 

Sonora 6 4A showed a high level o f  germinat ion at harvest ripeness 

when grain deve lopment was in the warm r ipening envi ronment , but in 

the cool envi ronment its germinat ion percentage was quite low . The F2 

generat ion o f  the cross Tordo x Sonora 6 4A had an intermediate level 

o f  germinat ion in the warm ripening envi ronment . 
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Median ge rmination o r  median embryo maturity when related to 

harvest ripeness  a re good indicators o f  germinability of the grains . 

Whenever median germination ( o r  median embryo maturity ) preceded the 

harvest ripeness  the standard germinat ion ( o r  potenti a l  germinat ion)  

at harvest ripeness  was usually  high . Even when harvest  ripenes s  

preceded median germinat ion ( o r  median embryo maturity)  the leve l o f  

germination percentages could b e  h igh i f  harvest ripeness  and these 

times were close . The condit ion that ensured low levels  o f  

germinat ion at harvest ripenes s  wa s when harvest ripeness  occurred 

much earlier than median germinat ion ( o r  median embryo maturity the 

dif fe rence in t ime being more than the inte rval between median 

ge rminat ion (or median  embryo maturity ) and germinat ion maturity 

(or  embryo maturity  ) . I f  this was the c a s e ,  the germination 

percentage at ha rvest  ripeness would be less than 1 0  % (because the 

ge rminat ion curves we re symmet rical )  . 

I . 3 ) Do rmancy 

Dormancy pe rcentages obta ined, provide an  estimate o f  t rue 

dormancy excluding the immaturity of  the embryo . The va lidity o f  this 

view does depend on whether the " special  ge rmination" method does 

tru ly break dormancy . The earlie r work ( Gordon , 1 9 7 5 ; Cros s ,  1 9 7 7 ;  

Very,  1 9 7 8 )  does show that there i s  a rea l  e f fect i n  breaking 

dormancy . However the populat ion of  wheat  used in the present study 

consisted of dif ferent generat ions with dif ferent genetic structures 

from different crosse s . The e f fect o f  special  germinat ion condit ions 

did not a lways break dormancy . This posed a problem in calculat ing 

the dormancy . Dormancy is measured a s  the difference between 

potent ial germinat ion and standard germinat ion, as a rat io to the 

potential germinat ion . I f  the former ( potent ial germination)  is zero 

, t hen no maturity is  obse rved, and no valid statement can be made 

about dormancy under these conditions . 

In the cool ripening environment , Tordo exhibited 1 0 0  percent and 

1 7  percent dormancy in crosses 1 and 2 respectively . But the 

do rmancy percentage o f  this cult ivar  in the warm ripening environment 
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in a l l  the three c rosse s ,  and the dormancy under the cool ripening 

environment in c ros s 3 were undefined . The dif ferences in dormancy 

percentages between cro s s  1 and cross 2 of  Tordo could not be proved, 

s ince each est imat e  was derived f rom mean standard germination and 

mean potent i a l  germination under a particular environment . The 

generally low potential germinat ion at ha rvest ripenes s  of Tordo 

indicated that at harves t  ripeness  the embryos were still  immature . 

Karamu also s howed a high level of  dormancy at harvest ripenes s  under 

both the wa rm and cool ripening environment s . The mean dormancy o f  

the F2 generation in the cross Tordo x Karamu w a s  low under the warm 

ripening environment and fully dormant in the cool environment . This 

implied that the environmental  e f fect was an important fact o r  

determining the levels o f  dormancy . However no combined analysis  of  

variance or  generat ion mean analys is were carried out for this  

character . Gabo showed a low level o f  dormancy at harves t  ripeness  

in the warm ripening environment ( 3 8 % )  and  no  dormancy in the cool 

ripening envi ronment . Sonora 6 4A expre ssed a moderate leve l o f  

dormancy a t  harvest ripeness  i n  both ripening environment s ( 4 4  and 5 8  

% in the warm and cool ripening environment ) . 

The gene rations ripening under the warm envi ronment expre s sed 

higher germinability . The present experiment supported the finding by 

P lett and Larter ( 1 9 8 6 )  with wheat line RL4 1 3 7  (a sprout ing res is t ant 

wheat cult iva r )  that the highe r the maturat ion temperature the higher 

the ge rminat ion o f  the gra in . There we re reports by several  workers 

(e . g .  Cros s ,  1 97 7 ;  Briggle , 1 9 8 0 ;  St rand, 1 9 8 9 )  that highe r 

tempe rature and more intense radiat ion during the grain matu rat ion 

period generally  reduced seed dormancy . 

I . 4 ) Grain Weight at Ha rvest Ripenes s  and Maximum Grain D ry 

weight 

In mos t  generat ion-environment comb inat ions the gra in dry weights 

at ha rvest ripeness  were s lightly lowe r than the maximum grain dry 

we ight s .  This indicated that at ha rvest ripeness the gra ins had not 

yet reached the ir  maximum grain dry we ight . 
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S ince harvest r ipene s s  occurred a fter dry weight maturity ( t ime 

o f  9 0  % maximum dry weight ) in a l l  generat ions under both ripening 

environments ,  the harvest  ripenes s  therefore,  was a stage closer t o  

the t ime when grain attained maximum grain dry we ight more than the 

dry weight maturity ( T 9 0DW) in these experiments . This result was in 

agreement with the work o f  Gordon e t  a l . ( 1 9 7 9 )  who found that 

dif ferences in dry weight o f  grains at dif f erent levels o f  grain 

mo isture content we re sma l l  (the three level s  of moisture were 1 2 . 5 ,  

1 7 . 5  and 2 0 % ) . These authors used Gompert z equation to  describe the 

grain growth,  and the res u lt showed that at the grain moisture content 

between 2 0  % to  1 2 . 5  % ,  the grain dry weight was increas ing . At 1 2 . 5  

% the grain weights reached about 92 - 9 9  % o f  the upper a s ymptotes in 

the four wheat cult iva rs ( Gordon e t  a l . ,  1 9 7 9 ) . 

The estimat ion o f  occurrence of  phys iologic a l  maturity (t ime at 

which t he gra in f i rst atta ined the "maximum" gra in dry we ight)  f rom 

the gra in growth pattern,  has been invest igated by others us ing 

diffe rent funct ions to explain the grain growth (e . g .  Los s ,  et a l . ,  

1 9 8 9 ) . The three funct ions used we re l inea r ,  cubic and logistic . They 

reported that among the three funct ions,  the logist ic funct ion wa s 

f ound t o  be the mos t  appropriate model to  des c ribe grain growth . The 

t ime when "maximum" grain dry matter was achieved varied with the 

f unct ion f itted to the data . 

Meredith and Jenkins ( 1 9 7 0 )  def ined r ipenes s  for harvest ing in 

New Zealand condit ions a s  when the grains reach 16 . 7  % moisture 

content ( 2 0  % dry ba s i s )  . Under f ield condit ions they repo rted that 

s ome wheat cult iva rs approached a maximum dry weight at or  after 

r ipeness 9nd some cultivars atta ined a maximum dry weight at ripene s s  

beyond which there was l o s s  o f  dry weight , with a subsequent recovery 

(Meredith and Jenki n s ,  1 97 0 ) . While Hanf and Wych ( 1 9 8 2 )  observed 

that grain moisture at t he t imes grains reach maximum grain dry weight 

varied f rom 1 3 . 4  to  2 8 . 1  percent , Clark ( 1 9 8 3  ) repo rted that 

phys i ological maturity  occurred at 3 2 . 4  to 4 3 . 6  % moi sture content . 

It  can be concluded that the attainment o f  maximum grain dry weight 



1 5 4  
may occur at a certain level o f  grai n  moisture depending on the 

environmenta l  conditions in which the gra ins developed . As Hanft and 

Wych ( 1 9 8 2 )  have pointed out , gra in moisture content was too variable 

to  be cons idered a reliable indicator of physiological maturit y . 

It  is general ly accepted that the gra ins which developed f rom the 

basa l f loret s we ighed more than the grains developed from the distal  

florets (Ki rby, 1 97 4 ;  Rawson and Evans , 1 970 ; Simmons and Moss , 1 97 8 ;  

S immons and C rookston ,  1 9 7 9 )  . The difference in kernel weight has 

been att ributed t o  the di f ference i n  kernel growth rate during the 

l inear dry matter  accumulation period, and the difference in the 

anthesis t ime among florets in the s ame spikelet ( S immons and 

Crookston , 1 9 7 9 ) . With this observation in mind the maximum grain dry 

weight s in the present report are overest imates of the rea l  ave rage 

we ight of grains . Howeve r ,  it serves the purpose for studying the 

basic pattern o f  development , and the environmental  or  genotype 

e f fects on grain maturat ion . 

I t  was c lear  that cool environment yielded heavier grains than 

the warm envi ronment for  all cultivars . This result was s imilar  to 

that of Cro s s  ( 1 97 7 )  with s ix wheat genotypes . He obse rved that all  

the six genotypes showed higher maximum grain weight unde r the cool 

ripening environment ( 1 8 / 12  °C )  compared with a warm ripening 

envi ronment ( 3 0 / 2 0  °C ) . 

I . S )  a-Amylase Levels 

Base a-amylase levels at harvest ripeness  were not signif icant ly 

different among generat ions in cross  1 and cross 3, but the re were 

s ignificant dif fe rences among generat ions in both environments for  

cross  2 .  At  embryo maturity the estimated base a-amylase o f  Tordo in  

the warm environment showed large variat ion f rom cross  to  c ross  and 

the va lue was abnormally  high in the f i r s t  cross . There we re 

signi ficant differences among generations for ba se a-amylase at 

embryo maturity in cross 2,  and a s igni f icant difference among 

generations within the warm ripening envi ronment in cross 3 .  
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0 . 8 6 ,  0 . 4 8 and 0 . 8 0 ,  all  h ighly s igni ficant ( Tables 2 6 , 3 0  and 3 4 ) . 

Gordon ( 1 9 7 5 )  has reported that base amylase and germinative response 

a -amylase  had medium low and negative correlations ( s imple and part ial 

correla t i ons ) . As these relat ions were the same irrespect ive o f  the 

grain colour of the genotypes , he contended that these two characters 

we re independent . The present experiment showed that t he correlat ions 

between the t wo amylases may be low or  high at the harvest ripeness  

t ime depending on the genet i c  populat ions used . But t he levels  o f  

the t w o  amylases may i n  f a ct b e  the same once the grain  h a s  lost 

dormancy such as  at the t ime o f  embryo maturity . 

Germinat ive a-amylase and GA3 a-amylase at embryo maturity a re 

norma l l y  higher than the s ame t ype o f  a-amylase at harvest ripeness . 

P a i red t -tests for differences between germinat ive a-amylase at the 

two stages showed that in a l l  t he three crosses germinat ive a-amylase 

at embryo maturity were s igni ficant ly  higher than the leve l s  at 

harvest ripeness , a lso pai red t -tests showed that GA a-amylase at 

embryo maturity was higher than the GA a-amylase leve l at harvest 

ripene s s  in all the three crosses ( Table 2 5 , 2 9  and 3 3 ) . Among the six 

a-amy l a se act ivit ies est imated, germinat ive a-amylase at  harvest 

ripene s s  signi f icantly corre lated with standard germinat ion and 

potent i a l  germination at harvest  ripeness  in a l l  the three crosses 

( T ables 2 6 ,  30  and 3 4 ) . Base a-amylase at harvest ripeness  

c o rrelated with  standa rd germination and potent ial germinat ion at 

harve s t  ripeness  only iri c ross  2 ( Table 30 ) . GA a-amylase at harvest 

r ipenes s  correlated with standard germinat ion at  harvest ripenes s  in 

c ross  2 and cross 3 and correlated with potent ial  germinat ion at 

ha rvest  ripeness in all the three crosses . Base on the correlat ions 

between variables it seems that germinat ive a-amylase at harvest  

r ipenes s  was the most consistent variable that  correlated with 

germinat ion . Nevertheless the correlat ion coef f ic ient cannot be 

inte rpreted as  the change in . one variable caused by a change in 

anothe r variable . Cross  ( 1 97 7 )  also  reported that base a-amylase at 
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harvest  ripeness provides no discernible pattern with which to 

dist inguish cult ivars into dormant or non-dormant , whereas  the a

amylase response activity (germinat ive a-amylase)  at h a rvest ripeness 

dif f ered among cult ivars when developed in the warm environment . 

Howeve r t he magnitude o f  the corre lation coe f f ic ient s in the present 

experiments were only moderate ( Table 2 6 ,  3 0 and 33 ) .  GA a-amylase 

at ha rvest  ripeness  correlated with potent ial  germinat ion at harvest 

ripeness  quite o ften . 

GA a-amylase at embryo maturity correlated with potential 

germination at harvest ripenes s  in cross 2 .  

The e ffect o f  1 0 - 5 or  1 0 - 4  M GA3 in st imulat ing the grain to  

produce more a-amylase was evident with the paired t -test results 

with a l l  the actual measurement s of a-amylase levels over the total 

length of sampling period . The GA3 a-amylase levels were 

sign i f icant ly higher than germinat ive a-amylase leve ls  at the 1 % 

probabi l ity  level in all  the three crosses ( t  7 . 8 6 ,  df 3 3 3 , for 

cross 1 :  t = 1 1 . 2 1 ,  df = 3 1 7 , for  cross 2 ; and t = 1 0 ,  df 3 1 1 ,  for 

cross 3 ) 

I . 6 ) Maximum Colour Score 

The maximum colour score recorded in these expe riments showed 

that when the white-grained wheat was cros sed with red-gra ined wheat 

the F2 generations had a mean  maximum colour score at an intermediate 

leve l between the two pa rent s irrespect ive of the environment in which 

the wheat  was grown . It may be worthwhile to clarify that the mean 

colour score of the segregat ing generat ions was the weighted ave rages 

o f  the va rious expres s ions o f  gra in colour . The weight ing was the 

f requency of  the grains in e ach score c l ass . Thus , the gra in colour 

score ( as well  as the maximum colour score )  was treated as a 

quant itat ive character .  In  c ross 2 in which both parents were white 

grain  cult ivars the measurement of colour score in this cross may 

ref lect the react ion of  the polyphenol oxidase enzyme rathe r  than 

measuring the red pigment phlobaphene as was postulated by Gordon 
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( 1 9 7 5 )  . So  the generat ion differences may indicate the difference in 

the level of the polymerizing enzyme , which is probably  low in both 

parents . 

I . 7 )  Ste rility Percentage 

I n  a l l  three crosses , steri lity percentages were higher unde r the 

wa rm ripening environment . This result was in agreement with the 

earlier  report s by Wardlaw ( 1 9 7 0 )  and Warrington et al . ( 1 97 7 )  who 

reported the h igher number o f  fertile f loret and more grain set at low 

temperature . The sterility percentage measured in these experiments 

may be an  under-est imate o f  the mean sterility o f  the whole ear ,  

because only the  middle port ion of the  ear was used in measurments . 

Thi s  sterility percentage excluded the innate sterility of  some distal 

f l o rets  which may differ among dif fe rent genotype s . F isher ( 1 9 7 3 )  has 

reported that some wheat cultivars derived f rom Norin 1 0  such as 

Senora 6 4 ,  Le rma Ro j a  66 and Yorkstar had greate r  apical dominance 

within individual  spikelets and resulted in more fert i le florets per 

spikelet . However this ster i l ity percentage would be an appropriate 

measu rement of sterility  when compa ring the effects of envi ronment s .  

I I )  GENE EFFECTS 

The generat ion mean analysis results of  maximum grain dry weight 

and ge rminat ive a-amylase at HR (Table 2 9  and 3 0 )  has shown that the 

s ix pa rameter model and the twelve pa rameter model yield s imilar 

est imates o f  t he f irst six  pa rameters . This could be expected, since 

in both models the estimat ion of the parameters were obtained by 

s olving the norma l equat ions (perfect fitted solut ion ) . The ext ra 

information f rom the twelve pa rameter model reveals how the genes act 

under different environment s ,  e .  g .  the direct ion of ae will  tell  

instantly t hat  the  dif f erence between the  two inbreds will  increase or 

dec rease when the environment a l  means increase . A negat ive a e  means 
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the diffe rence w i l l  dec rease as the environment changes in a pos itive 

direct ion ( t he environmental  mean becomes higher )  . Anothe r obvious 

advantage of the twelve pa rameter model was that the environment a l  

e f fect  c a n  be tested at the same t ime as other parameters . Twice the 

e parameters is  the difference between the two environmenta l  means . 

The s ix pa rameter model ignored the environmental  e f fect and genetic x 

environment interaction f rom the mode l ,  s o  it was less informat ive . 

The p arameters est imated by this model ( also the f i rst s ix parameters 

of  the twelve pa rameter mode l )  were in fact averaged e f fects of the 

estimates when analysed for e ach s ingle environment separately . The 

analysis of t he generat ion means f o r  each environment w i l l  only give 

informat ion about the gene ef fects in that particul a r  environment . To 

apply the results  to other environment s ,  one must assume that there is 

no genotype environment interact ion , which is a condit ion seldom found 

for  most o f  these plant characters . In  f act , estimates in j u s t  one 

environment a re potent ially biased by confounding the gene e f fects 

with the inte ract ion e f fects . 

I I . l ) Gene E f fect s Cont roll ing the Maximum Colour Score 

Cons ide ring the grain co lour score t o  be cont rol led by the we ll  

known red grain  gene s ,  cross 1 and cross  3 should involve the cross ing 

o f  pa rents which differ in only one locus for the red grain gene . 

To rdo is one o f  the pa rents in both crosses and has no gene for grain 

redness . The othe r parents in the two crosses were Karamu with one 

gene for grain redness (J . M .  McEwan, pe rsona l communicat ion ) , and 

Sonor a  6 4A a l s o  with one gene for grain redness  (Jan and Qual set , 

1 9 7 6 )  . Cro s s  2 is  dist inct f rom the other two crosses because it  

invol ved only  white grained wheats ( even though the generat ion e ffect 

showed that there were colour dif f erence among gene rat ion s )  . Because 

sodium hydroxide reacts with the p igment phlobaphene to  produce the 

red- brown phorogenic acid (Miyamoto and Everson, 1 9 5 8 ) , Gordon ( 1 9 7 5 )  

assumed that  t he NaOH test indicated t he present o r  absence o f  this 

pigment . He further demonstrated that white grained wheats  may lack 

the p olyme r i z ing enzyme , but . the precusor ( flavano l )  level was the 

same as  that o f  red grained wheat , he therefore proposed that the gene 
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f o r  grain redness was pos s ibly the gene f o r  polyphenol oxidas e  (the 

polymeriz ing enzyme ) . In this cross  in particular,  the interpretat ion 

of  the genetic  e f fects  would be more appropriate , if  the gene being 

investigated is cons idered to be di fferent f rom genes f o r  gra in 

redne s s . This line of  thinking also  applies to  c ross 1 and c ross 3 

when the epistasis  e f fect s were important , since it would be diff icult 

to conceive the concept of  epi s t a s i s  in the populations which derived 

f rom the cross  with only one gene seg regat ing . In other words , these 

results s ugges t  that there are genes othe r than the c l a s s ic a l  '' red" 

genes which react under the NaOH test for phlobaphene ( t he putat ive 

gra in coat pigment ) .  

There we re s ignificant dominance , addit ive x addit ive a nd 

dominance x dominance gene effects f o r  maximum colour s core in cross 

2 .  The addit ive gene effect was larger than its  standa rd e r ror but 

was not s igni f icant . Cross 3 showed s igni f icant addit ive x addit ive , 

addit ive x dominance and dominance x dominance epista s i s  e f fects . The 

environmenta l  e f fect was sign i f icant at the 1 0  % probabi l it y  level . 

Also the re we re s ignif icant de, a a e  a nd dde inte ract ion e f fe ct s . 

These results suggested that the gene effect cont rolling the grain 

coat colour did not only act addit ive ly, as has been be l ieved, but is 

also  a f f ected by t he interact ion of genes between loci and interact ion 

of  genes with the envi ronment . 

One point to ment ion here i s  the simila rity of the gene act ions 

for maximum colour score and grain c o lour mat urity in a l l  three 

crosses . The environmental e f fects were s ignificant more o f ten for 

grain c olour maturity,  but for  the maximum colour score the 

environmenta l  e f fect was less important ( only s ignif icant at  the 1 0  % 

probabilit y  level in cross 3 )  . Thes e  results suggested that genes 

cont rolling grain coat colour may a l s o  a f fect the t ime o f  grain colour 

maturity and that the latter character wa s influenced more by the 

environment than t he former one . 

The results o f  generation mean analyis o f  colour s c o re in this 

study was not pa rallel with the expectat ion based on the segregation 

o f  s ingle gene for grain redne s s . The mean colour score o f  the F2 
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generation was the average score from di f ferent colour classes . The 

size  o f  s ample was probably not la rge enough to cover the different 

classes  in the right proport ions . This problem also occurred with 

other segregating generations . I f  the red grai n  gene segregated on 

only one locus and red was complete ly dominant to white , the colour 

score of F2 generation would be expected to be 

is  the mean va lue o f  the parent with a red gene and P2 is  the mean 

value o f  the parent with no red gene . None o f  the F2 means in all  the 

three c rosses  have the observed values c lose to the expected values . 

I I . 2 )  Gene E f fects of  the Grain Maturity Characters 

Characters related to grain maturity which did not show 

sign i f icant gene rat ion e f fects or generat ion x envi ronment 

inte ract ions in all the three crosses we re harvest ripene s s  and dry 

weight matu rity . This may be att ributable t o  the s imi larity  of  the 

two pa rents in each o f  the three crosses . These two characters we re 

determined by the mean and envi ronment e f fects only, in these results . 

The gene act ions for median germinat ion and germination maturity 

showed s igni ficant addit ive e f fect s ,  and negat ive dominance for both 

characters . The magnitude o f  dominance was about two t imes la rger 

than addit ive ef fect for median germinat ion and about 2 . 5  t imes la rger 

than addit ive for germination maturity . Their  negat ive va lues 

indicated t hat dominance e f fects resulted in early median germinat ion 

and germination maturity .  This result a lso dis favour the production 

o f  hetero zygous genotypes ( i . e .  hybrids ) ,  since heterozygosity would 

result in e arly median germinat ion and germinat ion maturity .  For 

thes e  attributes , it wa s clear that select ion for late median 

germinat ion and late germinat ion maturity would be the opt ion . The 

select ion f o r  these characters may need serial samples for  germinat ion 

tes t s ,  howe ver . Prolonging sampling unt il  full  germinat ion was 

rea ched would also  be important . 
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Amylase maturity in crosses 1 and 3 showed s ign i ficant a a  

epista s i s ,  this  effect i n  c ross  3 was equivocal . The additive and 

dominance effects were smal l  compared to the aa epista s i s . The 

b reeding strategy to exploit the aa ef fect is to select for homozygous 

l ines f rom a segregat ing population derived f rom a c ross . 

The signi f icant aa ef fect for  amylase maturity indicated that 

se lect ion for late amylase maturity should be deferred unt il  later 

gene rations when plant reached high leve l of  homo zygos ity . The gene 

e ffect f o r  GA amylase maturity in cross 3 showed a l arge magnitude of  

dominance in a negat ive direct ion , the est imates was l a rger than it s 

standard error although it was not signi f icant . The negat ive 

dominance e f fect indicated that hete rozygosity would result in ea rlier 

GA amylase maturity . This nature o f  gene action is evidence against 

p roduction of hybrid wheat res istant to  preharvest sprout ing . 

The cross  between Tordo and Karamu showed a significant e ffect of 

epista s i s  x environment for median embryo maturity which suggest ing 

that the genetic  system for  this cha racte r in this c ross  was 

complicated and select ion needs to be carry out in later  gene rat ions 

unde r dif ferent envi ronments . C ross 3 ( Tordo x Senora 6 4A) showed 

s igni f ic ant dominance e f fect for  median embryo matu r ity . The e f fect 

resulted in a mean increa se ( later median embryo maturity )  . 

Embryo maturity showed a s ignif icant aae e ffect in cross 1 and 

the e f fect was negat ive . The other two e f fects cont rolling this 

character in cross 1 which had values greater than standard errors 

were dominance and addit ive x additive e f fect . The gene e f fects for 

embryo maturity in c ross 3 appea red t o  be additive ,  ade ( s ign i ficant 

at  the 5 % probability leve l )  and addit ive x dominance ( s igni f icant at 

the 1 0  % probability leve l )  . I t  appeared that the gene act ions for 

median embryo maturity and f o r  embryo maturity in this cross were 

quite dif ferent . 

Breeding for  resistance . to sprouting damage should seek late 

embryo maturity . This would need the special germinat ion tests o f  

serial  s amples during grain maturation unt i l  well  p a s t  harvest 
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ripenes s  s o  that reliable e s t imates of  embryo maturity can be obtained 

f rom t he f itted function . The s ignificance o f  epist a t ic gene e f fect s 

( ad i n  cross  3 )  and s ignificant epistasis  x environment interact ion 

( aa e  in cross  1 and ade in cross  3 ) indicate that select ion for  late 

embryo maturity must be deferred unt il  later generations . The gene 

effects  f o r  this cha racter showed that the gene action has  tendency to 

be duplicate epistasis  (the oppos ite s ign of d and dd e ffect ) , which 

sugge sted that select ion for this  cha racte r would be dif ficult . 

Cross  Tordo x Gabo showed a large magnitude of dominance and dd 

epis t a s i s . This suggested that t he hybrid f rom this cross  would have 

very  late grain colour maturit y . 

I I . 3 ) Gene E f fect s Cont rolling Germinat ion 

The germinations at harvest ripeness appeared to be the cha racter 

with complex gene effects . The c ross Tordo x Ka ramu s howed that 

nea r l y  a l l  epistasis  and epis t a s i s  x environment were s igni f icant , 

whi le the addit ive and dominance e f fects we re not . The relat ive large 

magnitude of dd epistasis  and dde interact ion e f fect s suggested that 

the hybrid would have high germinat ion pe rcentage . Negat ive aa  would 

dec rease the s tandard germinat ion at harvest ripene s s . 

Potential germination at  ha rvest ripenes s  o f  cros s 1 showed an 

equ ivocal sign i ficant addit ive e ffect and a s ignificant dominance 

e f fe ct in the negative direct ion . Cro s s  2 exhibited s igni f icant ae 

and de e f fect s ,  while cross 3 showed s ignificant de and dde e ffect s . 

The environment e f fect was s igni ficant only in cross 3 .  In this  cross 

the magnitude o f  dde was quite large and pos itive ,  about four t imes 

larger than de e f fect . 

The signi f icant interact ion between epistasis and environment ae 

and de ( in cross  2 )  and de and dde ( in cross 3) indicated that 

addit ive effect , dominance gene effect and dominance x dominance 

epi st a s i s  were sensit ive to  envi ronment a l  changes . Under these type 

o f  gene a ctions selection would be effect ive only f o r  a specific  

envi ronment . 
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I I . 4 ) Gene Effect s Cont rol ling the Grain We ight Characters 

Cross 1 showed an equ ivocal signi ficant ad e f fect for grain dry 

weight at ha rvest ripene s s . For  maximum grain dry we ight this cross 

s howed signif icant additive , ad, aae and dde e f fects . It appeared 

that  the addit ive e f fect was negat ive for this character,  despite the 

h igher value o f  P 1 in the mode l . To rdo is a dwa r f  cult iva r derived 

Rht 3 ( o r  Gai 3 ) gene f rom Tom Thumb ( F lintham and Gal e ,  1 9 8 0 ) . The 

Rht 3 a l leles resulted in sma ller grain weight and increase in gra in 

number per e a r  in the F4 random lines compared with the l ines carries 

rht 3 a l leles ( F lintham and Gale , 1 9 8 0 )  . The results f rom t he present 

e xperiments showed that the Rht 3 gene in Tordo may have e f fects in 

decreas ing grain s i ze as  was reported by F lintham and Gale ( 1 9 8 0 )  . 

The effect of  Rht 3 gene on spikelet number was small  indicated 

that  the increased in grain number was due to an increase in fertility 

of distal florets within the spikelet ( F lintham and Gale , 1 9 8 0 ) . This 

confounding e ffect of  grain numbe r on the grain weight was also  

p ointed out by Cho jecki et  al . ( 1 9 8 6 ) . They contended that the  genet ic 

analysis  for  grain weight based on the basal floret s of central 

spikelets would have f a i led to  detect the most pronounced e ffect of  

ch romosome lA  on grain weight , which e f fects floret s 2 and 3 ,  and that 

t he interfe rence by the difference in grain number per ear make 

s tudying the genet ic e f fects for grain we ight alone unrel iable . 

The genetic system cont rolling grain dry weight is o f  group 3 as 

c la s s i f ied by Hayman ( 1 9 6 0 )  where epista s i s ,  addit ive and/ or  dominance 

a re s igni ficant , with epistasis  at least as important as the other 

modes of  gene act ion . 

The conclusion that can be made about the gene e f fect for  maximum 

grain dry weight in cross  1 was that addit ive x dominance epistasis  as  

wel l  a s  aae and dde int e ract ion was  important in determining this 

character . The e f fect s of the Rht 3 gene in Tordo showed a st rong 

e ffect in reducing the grain dry weight , as found in these studies . 
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I I . S ) Gene E f fects Cont rolling the a-Amyla s e  Levels 

Only cross 2 showed s igni f icant gene e ffec t s  cont rolling base a

amy l a se at ha rvest ripene s s . In  this c ross the dd effect wa s 

s igni fi cant at the 1 0  % p robab ility level . 

Base a-amylase at embryo maturity exhibited signi ficant a and ad 

in cross  2 ;  s igni f icant a e  and ade in cross 3 .  Cross  2 seems to  have 

pa rt i a l  dupl icate gene interact ion ( d  = [ 1 / 3 ]  dd) but both d and dd 

were not signi ficant . 

I t  appea red that the environmenta l  e f fect s were not s igni ficant 

f o r  base a-amylase at embryo maturity for both c rosses 2 and 3 .  This 

was in agreement with the analysis of variance of cross  3 ,  but was in 

cont radiction with ana lys is of va riance in cross 2 .  

Germinative a-amylase at harvest ripeness  appeared to  be 

regulated ma inly by addit ive x envi ronment inte raction ( a e s ignificant 

at 1 0  % probability ) . in cross  1 .  None of the gene e f fects in c ross 2 

and c ross  3 we re signif icant ( Table 3 0 )  . Germinat ive a-amylase at 

embryo maturity (Table 3 8 )  neither showed signi ficant environment 

e f fect s nor gene e f fects in both cross 2 and cross 3 .  

GA3 a-amylase at harvest ripeness had significant addit ive and 

addit i ve x dominance gene e f fect in cross 2 .  Cross 1 showed equivocal  

s igni ficant dominance e ffect for this  cha racter . 

The GA3 a-amylase leve l  at  embryo maturity showed significant 

addit i ve x dominance in c ross  2 .  This cross the addit ive gene e f fects 

wa s negat ive and higher than its st andard error (Gabo being P 1 in this 

c ro s s )  . Thi s  showed that low GA a-amylase at embryo maturity is a 

dominant expression over the high GA3 a-amylase at embryo maturity . 

The p resent results supported the f inding of  Bhatt e t  a l . ( 1 97 6 )  who 

reported that low a-amylase s ynthesis  was dominant over the high a

amy l a s e  synthesis . Cros s 3 showed equivocal  s ignificant ae, ade and 



dde e ffects . This cross  seems to have over or  super duplicate gene 

act ion ( -12  d � dd) , but both gene act ion d and dd were not 

sign i f icant . 

I I . 6 ) Gene Effects Cont rolling the Sterility Percentage 
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Percent sterility appea red to  be cont rolled by addit ive and 

dominance gene act ion and the additive x dominance epistasis  in cross 

1 .  Cross 2 showed equivocal  addit ive , and addit i ve x dominance gene 

e f fe ct s ,  whereas cross 3 showed no s igni f icant gene e ffect s . 

D ominance gene effects were negat ive in a l l  crosses ( sign i ficant 

only in cro s s  1 ) , which indicated that the hybrids produced f rom these 

c r o s s e s  would have low sterility . Thi s  may be one a spect of yield 

imp rovement by producing hybrid wheat . The effect o f  Rht 3 gene in 

increas ing the grain number per e a r  has  a l ready been discus sed in 

section I I . 3 .  It  is  unlikely that the increase in number of distal 

grains was the cause o f  high sterility in the basal f loret s . 

According t o  zee and O ' Brien ( 1 97 0 )  the basal  florets are closer to 

the vascular bundle than dista l  one s ,  so  they should have a better 

chance to deve lop into grains . In  relat ion to  grain yie ld, it must be 

pointed out that it i s  a s s umed that the percent sterilit y  in the 

s ampled portion of the ear represent the sterility of the e a r  as a 

whole . As f o r  the grain dry weight , the effect of s ome genes which 

e ffect the third and the fourth f lorets in the spikelet may have been 

excluded f rom the analysis  of this character (Cho jecki et a1 . , 1 9 8 6 ) . 



CHAPTER 6 

CONCLUSIONS AND FUTURE RESEARCH 

The result s f rom these experiments may be concluded a s  the 

f o l l owings . 
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1 )  Cool ripening environment del ayed most maturation a spects o f  

t h e  grain s ,  dec reased t h e  grain germinability,  and increased maximum 

grain dry weight and decreased percent sterility . 

2 )  The sequence o f  occurrences o f  maturat ion t raits in general  

was  t hat grain colour maturity and dry weight maturity were the 

e a r l iest event s , followed by amylase maturity and GA amylase maturity .  

3 )  H a rvest ripenes s  occurred close to amylase  maturity and GA 

amylase  maturity,  this event happened just prior to the t ime to  

maximum grain  dry we ight . 

4 )  Median germina t ion ,  ge rminat ion maturity  generally  occurred 

a f t e r  ha rvest ripene s s . 

5 )  Dormancy percentages at harvest ripenes s  of Tordo wa s 1 0 0  % in 

cros s 1 and was undefined i n  crosses 2 and 3 .  Ka ramu , Gabo and Sonora 

6 4 A  have the estimated dormancy equal  9 5 , 2 8  and 45 percent . 

6 )  Tordo genera l l y  s howed low percentages standa rd and potential  

germinat ion at harvest ripeness in both ripening envi ronment s .  

St andard germinat ions o f  Ka ramu were low in both ripening 

envi ronment s .  The potent i a l  germinat ion percentage o f  this cultivar 

i s  intermediate in the warm ripening envi ronment and was low in the 

cool ripening environment . Gabo has intermediate standard germination 

and high potent ial germinat ion at harvest ripene s s . But the two 

ge rminat ion percentages were low in the cool ripening environment . 

Sonora 6 4A showed int e rmediate standard germinat ion percentage and 

high potential  germinat ion percentage at ha rvest ripenes s  in the cool 

r ipening envi ronment . 

7 )  Cool ripening envi ronment yielded the grains with lower 

ge rminat ive a-amylase and GA a-amylase at harvest ripenes s  in c ross  1 

and 3 .  In  cross 2 only GA3 a-amylase of  grains  developed in the cool 

ripening environment was lower than that o f  grains developed in the 



warm environment . Environment has no e f fects on base a-amylase 

leve l s  in c ross 1 ,  but in cros ses 2 and 3 the warm ripening 

environment produced grains with highe r  level of base a-amylase at 

harvest ripeness  
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8 )  Ge rminat ive a-amylase levels  at harvest  ripeness  consistent ly 

correlated with the standa rd and potential germinations at ha rvest 

ripeness  in  a l l  the three crosses . GA3 a-amylase levels at harvest 

ripeness  c orrelated with potent ia l germinat ion at harvest  ripeness in 

a l l  the t h ree c rosses and correlated with standa rd germination at 

h a rvest r ipeness in crosses 2 and 3 .  Base a-amylase at harvest 

ripeness correlated with the ge rminat ion percentages only in c ross 2 .  

9 )  The results o f  generat ion mean analysis  based on the twelve 

pa ramete r  mode l ,  for different attributes may be summarized as 

f o l lows : -

9 . 1 ) Gene action o f  the genes cont rol amylase maturit y  in cross 1 

was of  addit ive x additive epist a s i s . 

9 . 2 )  The dominance e ffect were the ma j o r  gene act ion for median 

embryo maturity in cross 3 and grain colour maturity in c ross 2 .  The 

dominance effects we re positive suggest ing the lateness  in t imes to  

embryo maturity and grain colour maturity in the F 1 hybrid produced by 

this  c ros s . 

9 . 3 )  Epistasis x environment interact ions were important for 

embryo maturity ( aae  in cross 1 ,  a , ad and ade in cross 3 ) . 

9 . 4 ) The gene act ion for grain colour maturity in cross 2 were 

dominance , aa and dd gene effect s . 

9 . 4 ) Standard germination at  harvest ripeness o f  c ross 1 wheat  

was  cont rolled by  epistasis  and epistasis  x environment types o f  gene 

act i ons . The s igni ficant genetic e f fects for  potent i a l  germination at 

ha rvest ripeness were ae ( c ross 2 ) , de ( crosses 2 and 3 )  and dde 

( c ross  3 )  

9 . 5 ) Maximum grain dry weight was controlled b y  additive ,  

addit ive x dominance , aae and dde e f fects i n  cross 1 .  The addit ive 

e f fects were negat ive in all  crosses ( only in cross 1 that the e f fect 

was s igni f icant and unequivocal )  . It was speculated that the Rht 3 

gene o f  Tordo may have role in cont rol ling the grain we ight a l s o . 
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9 . 6 ) The unequivoca l  s igni ficant gene e f fect for base a-amylase 

at  harvest ripeness  in  c ross  2 was dominance x dominance type gene 

actions . The dominance ef fect for this character in this  c ross also  

large c ompa red to the addit ive effect . This suggested that hybrids 

produced f rom this c ross  would have high level o f  base a-amylase . 

Base a-amylase at embryo maturity showed unequivocal s ignificant ae  

e f fect ( cross 3 )  and  ade e f fect s ( c rosses 1 and  3 )  . 

9 . 7 ) Only c ross  1 showed unequivoca l  s ign i f icant ae e ffect for  

germinative a-amylase at harvest ripeness . 

9 . 8 ) GA3 a-amylase at harvest ripenes s  o f  wheat cross 2 was 

cont r o l led by genes with additive x addit ive gene act ion . GA3 a

amylase at embryo maturity showed aae type o f  gene act ion in cro s s  1 

and a e ,  ade and dde type of  gene action in cross  3 .  

9 . 9  ) Maximum colour score as  a quantitat i ve character showed 

dominance , addit ive x additive and dominance x dominance gene action 

in c ross 2 .  The gene action for maximum colour score in  cross 3 

(Tordo x Sonora 6 4A)  we re aa,  ad, dd, de, aae and dde . It  was 

spe c ulated that the classical red gene may interact with some othe r 

genes  and resulted in epistasis gene action ( It was a l s o  poss ible to  

look at epista s i s  ef fects cont rolling the maximum colour score as  the 

inte ra llelic interaction between the wild t ype , ' no colour ' , a l leles ) 

9 . 1 0 ) The gene a ction for grain sterility appea red to be 

addit ive , dominance and additive x dominance in cross 1 .  The negat ive 

va l ue of dominance e ffects suggested that the hybrid F 1 f rom this  

cross  will have low percent sterility,  which may cont ribute t o  high 

yiled . 

Scope for  Future Research 

In  the present experiments the genes control l ing each character 

were studied . Most o f  the characters were statistics  obtained f rom a 

f itted funct ion . P recis ion in gett ing the estimates is  one factor 

c ont rolling the reliability o f  these results .  Differences between 

generat ions were also  c rucial in interpreting the generation mean 

analysis result s .  When a generation difference was not detected, the 
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analysis may only ref lect a biometrical parameters which lack t he 

biologica l  meanings . Also in the present generation mean analys i s  the 

test  for goodness o f  fit by chi square was not possible because a l l  

t h e  degrees o f  f reedom were used to  est imate parameters . With more 

generations included in the analysis , the test for goodness  o f  f it 

w i l l  be poss ible and more rel iable results  will  be obta ined . 

The appropriate trans format ion f o r  each character is  a l s o  worth 

invest igat ing in the future research . Appropriate t ransformat ion o f  

t he data  may turn a n  effect which probably b e  mult iplicat ive in  nature 

into the addit ive e ffect . Under a different scale o f  measurement the 

magnitude or  the direction of gene act ions may change . 

The genet ic analysis of  the characters measured f rom grains was 

c omplicated in  nature because of the dif ference in ploidy and genet ic 

constituent ion o f  t he different t i s sues in the grains . The t riploid 

s ca le model a s  proposed by Gale ( 1 97 6 )  for  a-amylase activity i s  well  

worth invest igating . This would be  poss ible if  more assumpt ions were 

imposed on the model such as no epistasis  or no genotype x e nvi ronment 

inter action . Another way to make the t riploid model analys i s  

possible is by increas ing the numbers o f  generations included in the 

analysis . 

The quant itat ive analysis of  grain colour score may give more 

l ight into the action of gene for  grain redness , i f  the two parents 

a re different in all the three genes for grain redness . 
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Appendix 2 .  The North Carolina State ' University nutrient solution, u sed 
to  feed the plants in the glasshou se and climate rooms . 

CL IMATE LAB - N . C . S . U .  PHYTOTRON NUTRI ENT 
2 ml A + 2 ml B/1 w a t e r  

g r am s / l i t r e  

S to c k  s o l u t i on A :  
Ammon i um n i t r a t e 

N H 4 N0 3 
Ca l c i u m n i t r a t e 

Ca { N0 3 ) 2 X 4 H 2 0 
S eq u e s t r e n e  3 3 0  

1 0 % DT P A  N a  Fe 

S t o c k  s o l u t i o n  B :  
P o t a s s i um p h o s p h a t e  

K H 2 P0 4 
P o t a sis i um p h o s p h a t e  
K 2 H P 0 4 
P o t a s s i um n i t r a t e  

K N 0 3 
M a g n e s i um s u l f a t e 

M g S 0 4 X 7 H 2 0 
Sod i um s u l f a t e  

N a 2 S0 4 
Z i n c  s u l f a t e  

Z n S 0 4 X 7 H 2 0 
M a n g a n e s e  c h l o r ide 

M n C l 2 
Cop p e r  s u l f a t e 

CuS0 4 x S H 2 0 
Bor i c  a c i d  

H 3 B0 3 
S od i u m  mo l y bd a t e  

N a 2 Mo0 4 X 2 H 2 0 

N u t r i e n t  

N 

p 
K 
s 
e a  
F e  
M g  

PPM 

1 1 1 . 5 5 

7 . 6 5 
6 1 . 5 4  
2 4 . 0 6  
5 4 . 0 6  

5 . 9 6  
6 .  0 8 

M o l e c u l a r  
W t . { g )  

8 0 . 0 2 

2 3 6 . 1 5 

4 6 8 . 2 0 

1 3 6 . 0 8  

1 7 4 . 1 7 

1 0 1 . 1 1 

2 4 6 . 5 0 

1 4 2 . 0 5 

2 8 7 . 5 5 

1 9 7 . 9 2 

2 4 9 . 6 8 

6 1 . 8 2 

2 4 1 . 9 3 

f'ro 
N H 4 2 2 0 0  
N 0 3 6 1 3 0  

P 0 4 6 . 8  
80 

so 4 7 5 0  
1 2 8 0  
1 2 5  
2 5 0  

Co ne . 

8 0 . 0 5  

1 5 9 . 2 5 

2 9 . 8  

1 2 . 5  

5 . 5  

6 3 . 9  

3 0 . 8 1 

3 5 . 5  

0 . 0 2 5  

0 . 2 6 

0 . 0 1  

0·. 3 5  

0 . 0 0 2 7  

Nu t r i e n t  

B 

M n  
C u  
Z n  
Mo 
C l  
N a  

p H  o f  f i n a l  s o l u t i o n = 6 . 5 - 7 . 5  

F i n a l  
S o l n . 

. 1 6 0 1  
N 
ea 

. 3 1 8 5  N 
Fe 

. 0 5 9 6  N a  

K 
. 0 2 5  p 

K 
. 0 1 1  p 

K 
. 1 2 7 8  N 

Mg 
. 0 6 1 6 2  s 

N a  
. 0 7 1  s 

Z n  
. 0 0 0 0 5  s 

Mn 
. 0 0 0 5 2  C l  

c u  
. 0 0 0 0 2  s 

. 0 0 0 7  B 
N a  

. 0 0 0 0 0 5 4  M o  

P P M  

0 . 1 2 3  

0 . 1 4 4  
0 . 0 0 5  
0 . 0 1 1  
0 . 0 0 2  
0 . 1 8 6  

25 . 9 1 1  

PPM 

5 6 . 0 5 

5 4 . 0 6  
3 7 . 7 9 

5 . 9 6  
2 . 9 3 

7 . 1 8 
5 . .  6 9  
4 . 9 4 
l .  9 6  

4 9 . 4 2 
1 7 . 7 1 

6 . 0 8  
8 . 0 2  

2 2 . 9 8 
1 6 . 0 3  
0 . 0 1 1  
0 . 0 0 6  
0 . 1 4 4  
0 . 1 8 6  
0 . 0 0 5  
0 . 0 0 3  

0 . 1 2 3  
0 . 0 0 1  
0 . 0 0 2  

rm 
B0 3 1 1 . 3 9 

2 . 5 5 
0 . 0 8  
0 . 1 7 
0 . 0 2 
5 . 3 6 
1 1 2 5  
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Appendix 3 . A .  P lanting dates and number o f  pot s planted with the 6 
generat ions of  cross  1 wheat in PPD glasshouse before t ransferring 
to t he controlled c l imate rooms * . 

Generations 

Date p l p2 F2 F3 BC1 (P 1 ) s 1 BC1 (P2 ) s 1 
(Tordo ) ( Karamu ) 

(no . of  pot s )  

8 March 1 9 8 5  4 3  4 3  22  2 2  
15  March 1 9 8 5  8 6  8 6  4 4  4 4  
22  March 1 9 8 5  4 4  4 4  4 3  4 3  2 2  2 2  

Total  4 4  4 4  1 7 2  1 7 2  8 8  8 8  

* P lants were t ransferred into climate rooms on  May l Oth 
, 1 9 8 5 . 

Appendix 3 . B .  P lanting dates  and number o f  pot s planted t o  the 6 
gene rat ions of  c ro s s  2 wheat in PPD glasshouse before t ransferring 
to t he cont rolled climate rooms * . 

Generations 

Date p l p2 F2 F 3 BC1 (P 1 ) S 1 BC1 (P 1 ) s 1 
(Tordo ) (Gabo ) 

(no . o f  pot s )  
17 Apr i l  1 9 8 6  4 5  3 0  3 0  3 0  
1 9  Apr i l  1 9 8 6  7 
2 0  Apr i l  1 9 8 6  3 6  
2 1  Apr i l  1 9 8 6  7 
22 Apri l  1 9 8 6  9 0  7 0  60  6 0  
2 3  Apri l  1 9 8 6  7 
2 4  Apr i l  1 9 8 6  2 3  
2 5  Apr i l  1 9 8 6  2 0  
27  Apr i l  1 9 8 6  4 5  3 0  3 0  3 0  

Total 50  50  1 8 0  1 3 0  120  120  

* P lant s were t rans ferred into climate rooms on June 1 6th, 1 9 8 6 . 

Appendix 3 . C .  P lant ing dates  and number o f  pot s  planted with the 6 
generat ions o f  cross  3 wheat in PPD glas shouse before t ransferring 
to the control led cl imate rooms * . 

D ate 

2 March 1 9 87  
5 Ma rch 1 9 8 7  
9 Ma rch 1 9 8 7  

1 2  March 1 9 8 7  
1 6  March 1 9 8 7  
1 9  March 1 9 8 7  
2 3  March 1 98 7  

T ot a l  

* P lants were 

p l 
( Tordo ) 

1 8  

3 6  

1 8  

7 2  

1 8  

3 6  

1 8  

7 2  

Generat ions 

(no . of  pot s )  

4 3  4 3  

8 6  8 6  

4 3  4 3  

1 7 2  1 7 2  

t ransfe rred into c l imate rooms 

2 2  22  

44  4 4  

2 2  22  

88  88  

on April 2 1 st 
, 1 9 8 7 . 
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Appendix 4 .  Abb reviat ions and va riable names used in the exper iments .  

Abbreviat ions 

HR 
P i l  
P I 2  
T S O S G  

T 9 0 SG 

T S O PG 

T 9 0 PG 
T 9 0 DW 

T 9 0 COL 

HRSG 
HRPG 
HRDW 
MAXDW 

MAXCOL 
STRL 

Names of variables 

Harvest ripeness 
Amylase maturity (Phase Inte rsect 1 )  
GA-amylase maturity ( Phase I ntersect 2 )  
Medin germinat ion , t ime t o  median standa rd germinat ion 
competency 
Germinat ion maturity,  t ime t o  9 0 %  standard germination 
competency 
Median embryo maturity,  or t ime to median potent ial  
germinat ion 
Embryo maturity ( Time to 9 0 %  potential germinat ion )  
Dry weight maturity ( Time t o  9 0  % maximum grai n  dry 
weight ) 
Grain colour maturity ( Time to 9 0  % maximum colour 
score ) 
Standard germinat ion at harvest ripeness 
P otential germination a t  harvest ripeness 
Grain dry weight at harvest  ripeness 
Maximum gra in dry weight 
Base a-amylase at harvest  r ipeness  
Base  a-amylase at embryo maturity 
Ge rminat ive a-amylase a t  harvest ripeness 
Germinative a-amylase at embryo maturity 
GA3 a-amylase at harve s t  r ipeness 
GA3 a-amylase at embryo mat urity 
Maximum colour score 
Percent sterility 
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Appendix 5 .  Expected mean squares in s ingle environment analysi s  of  
varianc e ,  random e ffect model . 

Source of  Degree of Mean Expected mean square F ratio 
variat ion f reedom squa re 

Generations g- 1 M1 (J2 + b (J2 MS 1 /MS 3 
Blocks b- 1  M2 (J2 + 2G 

MS2 /MS3 g cr B 
Error (g-1 ) (b- 1 )  M3 (J2 

g = number of  generat ion ; b = number o f  block . 

Appendix 6 .  Expected mean squares in combined analys is  of  va riance , 
random effect mode l . 

Source of  
variat ion 

Degree of 
f reedom 

Mean 
square 

Environments e - 1  MS1  

Blocks within 
environment 

Generat ions 

Generation x 
environment 

E rror 

e (b- 1 )  MS2 

g - 1  MS3 

( g- 1 )  ( e - 1 )  MS 4 

e ( g- 1 )  (b-1 ) MSS 

e = number of environment ; g 
within environment . 

Expected mean square 

number o f  generati on ;  b 

F rat io 

(MS 1  + MSS) 
(MS2 + MS 4 )  

MS2 /MS 5 

MS 3 /MS 4 

MS 4 /MS 5 

number of  block 
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Appendix 7 .  Chi -square values in the test for homogeneity o f  e rror 
variances f rom the warm and the cool environments .  

Var i ables 

Harvest ripenes s  

Amylase maturity 

GA-amylase maturity 

Median germination 

Germination maturity 

Median embryo maturity 

Emb ryo maturity 

Dry weight maturity 

Gra i n  colour maturity 

Gra i n  dry weight a t  

harvest ripene s s  

Maximum grai n  

dry weight 

Base a-amylase at 

harvest r ipeness 

Bas e  a-amylase at 

embryo maturity 

Germinat ive a-amylase 

at harvest r ipeness 

Ge rminat ive a-amylase 

at embryo maturity 

GA3 a-amylase  at  

harvest r ipenes s  

GA3 a-amylase at 

embryo maturity 

Standard germinat ion 

at harvest r ipeness 

Potential germination 

at harvest  r ipeness 

Maximum colour score 

Steri lity 

Cross 1 

1 4 . 0 0 9  a * *  

8 . 2 4 8  a * *  

0 . 1 1 4  NS 

0 . 0 0 0  NS 

0 . 07 9  ( * )  

0 . 12 6  NS 

0 . 9 6 5  N S  

0 . 4 6 6  N S  

0 . 92 4  NS 

0 . 42 1  NS 

3 5 . 2 3 9  * *  

1 .  0 5 1  NS 

1 1 . 1 8 9  a * *  

4 . 12 6  a * 

0 . 2 1 4  

0 . 0 6 9  

3 . 4 4 7  

0 . 07 8  

NS 

NS 

( * )  

NS 

adjusted chi-square values . 

Cross 2 

0 . 53 4  

2 . 3 9 7  

NS 

NS 

3 . 2 7 9  a ( * )  

1 1 . 6 1 2  a **  

5 . 1 6 4  a * 

1 4 . 6 0 0  a * *  

0 . 2 7 3  NS 

13 . 7 92 a * *  

1 1 . 9 1 8  a * *  

2 . 4 47 NS 

1 . 0 8 3  NS 

0 . 0 1 3 NS 

4 . 5 4 1  a * 

0 . 1 7 0  NS 

9 . 62 5  a * *  

2 . 2 47 

1 .  3 8 0  

1 .  0 8 0  

NS 

NS 

NS 

4 . 3 1 8  a * 

Cross 3 

0 . 4 4 0  NS 

0 . 2 5 4  NS 

2 . 0 9 6  NS 

0 . 62 5  NS 

2 . 35 9  NS 

2 . 6 9 7  a NS 

2 . 4 9 5  NS 

8 .  8 9 1  a * *  

0 . 3 0 8  NS 

0 . 2 62  NS 

0 . 4 6 9  NS 

3 . 8 1 3  a ( * )  

0 . 4 6 NS 

0 . 4 6 NS 

6 . 7 5 4  a * *  

3 . 37 3  ( * )  

6 . 72 4  a * *  

9 . 1 33  a * *  

4 . 3 1 4  a * 

0 . 0 0 0  

1 .  3 8 4  

NS 

NS 

a 
NS 
( * )  : 
* 
* *  

Chi -squa re not s igni ficant at the 1 0  % probability level . 
Chi -square s igni ficant at the 1 0  % probabi l ity leve l . 
Chi-square s igni ficant at the 5 %  p robability level . 
Chi -square s igni ficant at the 1 % p robability leve l . 
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F igure A . l .  Changes in mo i s t u re c o n t e n t  du ring grain development of  
the s i x  generat ions o f  c ross  1 whe a t  ripening i n  the warm environment . 

A Tordo 

B Karamu 

c F 2  

D F3 

E BC1 (Tordo ) S 1 

F BC 1 (Karamu ) S 1 

* obse rved values i n  block 1 .  

obse rved va lues i n  block 2 .  

+ obse rved values in block 3 .  

pred i c t e d  v a l u e s  i n  b l o c k  1 .  

p red i c t ed v a l u e s  i n  b l o c k  2 .  

pred i c t ed va l u e s  i n  b l oc k  3 .  
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Figure A . 3 .  Changes i n  mo i s t u re c o n t e n t  du ring gra in  development o f  
t h e  s i x  generat ions o f  c r o ::; s  2 wheat r ipen i ng in t h e  wa rm envi ronment . 

A To rdo 

B Gabo 

c F2 

D F 3 

E BC 1 ( Tordo ) S 1 

F BC1 (Gabo ) S l 

* obse rved va lues in b l o c k  1 .  

obse rved va lues in  block 2 .  

+ obse rved values in  block 3 .  

p redicted va lues in b l o c k  1 .  

predicted va lues in  block 2 .  

predicted va lues in b l o c k  3 .  
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Figure A . 4 .  Changes in mo i s t u re c o n t e n t  during grain development of  
the six gene rat ions o f  c ro ss 2 wheat ripening in the cool environment . 
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,..... 
� 80 
H 

� 70 
H 
� 60 
(.) 

� 
50 

:::;:, 40 H 
Cll 
H 30 
� 20 
z 
H 1 0  � 

A 80 

70 

60 

50 

40 

30 

20 

,.__........,_.,..- 1 0  

1 99 

B 

� 0�--+---+---+---+---+-� 0·+---+---�--������ 
0 20 40 60 80 1 00 1 20 0 20 40 60 80 1 00 1 20 

DAYS AFTER ANTHESIS 

c 80 

70 

60 

50 

20 40 60 80 1 00 1 20 0 20 40 60 80 1 00 1 20 

;; 80 

� 70 
� 
� 60 
0 (.) 50 
� 40 :::;:, 
H 

� 30 
� 20 
z 

DAYS AFTER ANTHESIS 

E 80 

70 

60 

50 

40 

30 

20 
H 1 0  1 0  
� 
� 0 0+---+---�--����--� 

F 

0 20 40 60 80 1 00 1 20 0 20 40 60 80 1 00 1 20 

'DAYS AFTER ANTHE S I S  



Figure A . S .  Changes in mo isture conte n t  during grain development of  
the s ix generations of  cross  3 wheat ripening in  the warm environment . 
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-- p r e d i c t ed va l u e s  i n  b l o c k  2 .  

. . . .  . . . . . . . . . .  p r e d i c t e d  va l u e s  i n  b l o c k  3 .  
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F igure A . 6 .  Changes in moisture content during grain development of  
the  six gene rat ions of  c ross 3 wheat ripening in  the cool environment . 
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predicted values  i n  block  3 .  
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F igure A . 7 . Change in standard germinat ion dur ing grain development of 
the six gene rat ions o f  c ross 1 wheat ripen ing in the warm environment . 
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F igure A . B .  Change in standa rd germinat ion du ring grain development of  
the  six generat ions of  cross  1 wheat ripening in the  cool  environment . 
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Figu re A . 9 .  Change in potent i a l  ge rminat ion du r ing grain devel opment 
of the s ix generat ions of c ross 1 wheat ripen ing in the warm 
envi ronment . 
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F igure A . 1 0 .  Cha nge in potentia l ge rmina tion during grain devel opment 
o f  the s ix generat ions of cross 1 wheat ripening in the cool 
environment . 
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F igu re A . l l .  Change in standa rd ge rmination du ring grain deve lopment 
o f  the s ix generations of cross 2 wheat ripening in the wa rm 
envi ronment . 
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. . . .  . . . . . . . . . .  p re d i c t e d  va lues in b lock 3 .  
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Figure A . 1 2 .  Change in st andard germina t ion during gra in development 
o f  the s ix gene rat ions of c ross 2 wheat ripening in the coo l 
environment . 
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Figu re A . 1 3 .  Change in potent ial  germination dur ing gra in devel opment 
o f  the six gene rations of c ross 2 wheat ripening in the warm 
envi ronment . 
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F igu re A . l � . Change in poten t ia l  germina t ion during grain deve lopment 
o f  the six gene rat ions of  cross 2 wheat ripening in the cool 
environment . 
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Figu re A . l S .  Change in  s t anda rd ge rmination du ring grain development 
o f  the six gene rations of c ross 3 wheat ripening in the wa rm 
environment . 
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predicted values in block 1 .  

predicted values in block 2 .  

p redicted values in block 3 .  
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F igu re A . l 6 .  Change in standa rd ge rminat ion du ring gra in development 
o f  the s ix generat ions of cro s s  3 wheat ripening in the cool 
environment . 
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F igure A . 17 .  Change in potenti a l  germinat ion du ring grain deve lopment 
o f  the s ix gene rat ions o f  c ro s s  3 wheat ripening in the warm 
envi ronment . 
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F igure A . l 8 . Cha nge in potent ial germinat ion during grain development 
o f  the s ix genera tions of cro s s  3 wheat ripening in the cool 
envi ronment . 
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Figure A . 1 9 .  Change in gra in dry weight during gra in development o f  
t he six generat ions o f  cross 1 wheat ripening in the wa rm envi ronment . 
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F igure A . 2 0 . Change in gra in dry we ight during grain development o f  
t h e  s ix generat ions o f  cross  l wheat ripening i n  the cool environment . 
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Figure A . 2 1 .  Change in gra in dry we ight  during grain deve lopment o f  
t h e  s ix generat i ons o f  cross 2 wheat ripening i n  t he wa rm environment . 
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F igure A . 2 2 .  Change in gra in dry weight during grain devel opment of 
the six generat ions of cros s 2 whea t  r ipen ing in the cool envi ronment . 
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Figure A . 2 3 .  Change in grain dry we ight during grain development of  
the s i x  generat ions o f  cross 3 whea t ripening in the wa rm environment . 

A Tordo 

B Sonora 6 4A 

c F2 

D F3 

E BC1 (Tordo ) S 1 

F BC1 ( Sonora 6 4A) S 1 

.- . 

* observed va lues in block 1 .  

obse rved va lues in block 2 .  

+ observed va lues in block 3 .  

predicted va lues in block 1 .  

predicted va lues in block 2 .  

p redicted va lues in block 3 .  



2 18  

,..... 
= 80 A 80 B 
·r-l 70 70 ell � bO 60 60 ........ bO a 50 50 '-' H ::X:: 40 * 40 (.!) 
H 

� 30 30 

� 20 20 
A 

z 
1 0  1 0  

H 
� 0 
(.!) 0 20 40 60 80 0 20 40 60 80 

DAYS AFTER ANTHESIS 

'2 80 c 80 0 ·r-l ell 70 70 � bO 
........ 60 60 bO a * '-' 50 * 50 . . . . . . . '-"i--··'-·•··. ,it: H t ok ::X:: . . . . . . . . . . .  + +···· · · · 40 (.!) 40 + H + 
� 30 30 

� 20 20 
A 

z 1 0  1 0  
H 

� 0 
(.!) 0 20 40 60 80 0 20 40 60 80 

DAYS AFTER ANTHESIS 

'2 80 E 80 F •r-l 
ell 70 � 70 
bO 
........ 60 60 
� '-' 50 50 * H ::X:: 40 40 (.!) H 
� 30 30 

� 20 20 
A 

z 1 0  1 0  
H 

� 0 
(.!) 0 20 40 60 80 0 20 40 60 80 

DAYS AFTER ANTHESIS 



F i gure A . 2 4 . Change in grain dry weight during grain development of  
the s ix generat i ons o f  c ross  3 wheat ripening in the cool envi ronment . 
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Figure A . 2 5 .  Change in base a -amylase dur ing grain development o f  the 
s ix generat ions of  cross  1 wheat ripening in the warm envi ronment . 

A Tordo 

B Karamu 

c F2 

D F3 

E BC1 ( To rdo ) S 1 

F BC1 (Ka ramu ) S 1 

* obse rved values in block 1 .  

obse rved va lues in block 2 .  

+ observed values in block 3 .  

predicted values in block 1 .  

predicted va lues in block 2 .  

·· · ·  . . . . . . . . . .  predicted va lues in block 3 .  



2 20 

.-.1 0000 A 1 0000 B 
bO 

......... 
;:::> 
>il 
a 1 000 1 000 .._, 

>il 
U) 
� 
.....:l 1 00 1 00 � 

I 

� 1 0  1 0  p.. 
� 
>il 

1 1 U) 
� 0 20 40 60 80 0 20 40 60 80 � 

DAYS AFTER ANTHES I S  

� 1 0000 c 1 0000 D 
......... 
;:::> 
� 
.._, 1 000 1 000 
>il 
U) 
� 

� 

1 00 1 00 
I � 
� 1 0  1 0  p.. 
� 
>il 
U) 1 1 � 
� 0 20 40 60 80 0 20 40 60 80 

DAYS AFTER ANTHE S I S  

� 1 0000 E 1 0000 F 
......... 
p 
� 1 000 1 000 .._, 

� 
U') 
� 

� 

1 00 1 00 

-� I 
< ·· · · ·· · ·•·.·· · ········· · · 
::c 1 0  1 0  + 
p.. 

� 
� 
U) 1 1 
� 0 20 40 60 80 0 20 40 60 80 � 

DAYS AFTER ANTHES I S  



F igure A . 2 6 . Change in base a -amylase du ring grain development o f  the 
s ix generat ions o f  cross 1 wheat ripening in the cool environment . 
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F igu re A . 27 .  Change in ge rminative a -amylase during gra in development 
o f  the s ix generat ions o f  cro s s  1 wheat ripening in the wa rm 
environment . 
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F igure A . 2 8 . Change in germin a t ive a-amylase du ring grain development 
o f  the s ix gene rations of  cro s s  1 whea t ripening in the coo l 
envi ronment . 

A To rdo 

B Ka ramu 

c F2 

D F 3 

E BC1 ( Tordo ) S l 

F BC 1 (Karamu ) S 1 

* observed va lues in block 1 .  

observed va lues in block 2 .  

+ obse rved values in block 3 .  

pred icted values in block 1 .  

predicted values in block 2 .  

predicted values in block 3 .  



� 1 0000 
< 

� 1 000 
I 

< :I:: ,..., p.. bO 
� ;- 1 00 
� � > '-"  
H 

� 1 0  
z 
H 

� 
� 1 c.!) 

� 1 0000 
Cl) 

0 

< � .....:l 

� 1 000 
I 

< :I:: ,..., p.. bO 
� ;- 1 00 
� � > '-"  H � 1 0  
z H 

20 40 60 

2 2 3 

A 1 0000 B 

� 1 000 

1 00 
. 

'· 

1 0  

1 
80 1 00 1 20 0 20 40 60 80 1 00 1 20 

DAYS AFTER ANTHESI S  

c 1 0000 D 

1 000 

1 00 

1 0  

� 1 �--��---+--�--+-� 1 +---+---+---+---+---+-� (.!) 0 20 40 60 80 1 00 1 20 0 

DAYS AFTER ANTHES I S  

,, 

''\ �-

E 1 0000 

1 000 

1 00 

1 0  

20 40 60 80 1 00 1 20 

F 

1 +---+---+---+---+---+-� 1 +---+---�--�--���� 
0 20 40 60 80 1 00 1 20 0 20 40 60 80 1 00 1 20 

DAYS AFTER ANTHESI S  



Figure A . 2 9 . Change in GA3 a -amylase du ring grain development o f  the 
s ix gene rations o f  cros s 1 wheat ripen ing in the wa rm environment . 
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F i gure A . 3 0 .  Change in GA3 a-amylase during grain development of the 
s i x  gene rat ions o f  cross  1 wheat ripening in the cool environment . 
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Figure A . 3 1 .  Change in base a-amylase during gra in development o f  the 
s i x  gene rat ions of cross 2 wheat ripening in the wa rm environment . 
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Figu re A . 32 .  Change in ba se a -amylase  du ring gra in deve lopment of  the 
s i x  gene rat ions  of c ro s s  2 whe a t  ripening in the cool environment . 
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F igure A . 3 3 .  Change in  germina t ive a-amylase dur ini gra i n  devel opment 
of  the s ix gene rat ions o f  cross 2 whe a t  r ipeni ng in t he w a rm 
environme n t . 
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F igure A . 3 4 .  Change in g e rminat ive a -amylase during gra in development 
o f  the s ix gene ra t ions o f  c ro s s  2 whe a t  ripen ing in the cool  
environment . 
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F igure A . 3 5 .  Change in GA3 a -amylase during gra in deve lopment of  the 
s ix gene rat ions o f  cross 2 whe a t  ripen ing in the wa rm envi ronment . 
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F igu re A . 3 6 . Change in G A 3  a -amylase during gra in development o f  the 
s ix generat ions of cross  2 wheat ripen ing in the cool  environment . 
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F igure A . 3 7 .  Change in base a-amylase during grain development of the 
s ix generat ions of c ross 3 wheat ripening in the warm environment . 
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Figu re A . 3 8 . Change in base a -amylase during grain development of  the 
s ix gene rat ions of cro s s  3 wheat ripening in the cool envi ronment . 
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F igure A . 3 9 .  Change i n  ge r m i n a t i ve a - a my l a s e  du ring grain deve lopment 
of the s ix generations of c r o s s  3 w l 1 e <1 t  ripening in the wa rm 
environment . 
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p redicted va lues i n  block 3 .  
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F igure A . 4 0 . Change in ge rminat ive a-amylase du ring gra in development 
o f  the six gene rat ions o f  c ro s s  3 whe a t  ripen ing in the cool  
envi ronment . 
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F igu re A . 4 1 .  Change in GA3 a -amylase du ring grain deve lopment of  the 
s i x  gene rations of c r o s s  3 w h e a t  ripen ing in the wa rm envi ronment . 
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Figure A . 4 2 .  Change in GA3 a - a my l a s e  du ring grain deve lopment o f  the 
s ix generat ions of cross 3 w h e a t  ripening in the cool environment . 
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Figure A . 4 3 .  Change in colour score during gra in development of  the 
s ix generat ions of  c ross 1 wheat ripening in the warm environment . 
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F igure A . 4 4 .  Change in colou r score du ring grain deve lopment o f  the 
s ix gene rat ions of cross l whe a t  ripening in the cool envi ronment . 
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F igure A . 4 5 .  Change in colour score du ring gra in deve lopment o f  the 
s ix genera t ions o f  c ross 2 wheat ripen ing in the warm environment . 
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Figure A . 4 6 .  Change i n  colour score d u r i ng grain deve lopment of  the 
s ix gener a t ions of c ross  2 w he a t  r i pe n i ng in the cool environment . 

A Tordo 

B Gabo 

c F 2 

D F3 

E BC1 ( Tordo ) S 1 

F BC1 (Gabo ) S 1 

* observed values i n  block 1 .  

obse rved values in block 2 .  

+ obse rved values in block 3 .  

p redicted va lues in block 1 .  

predicted values in block 2 .  

. . . .  ·· · · · · · · · ·  predicted values in block 3 . 

R2 range from 93 . 3 7- 1 00 . 00% 
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F igure A . 4 7 .  Change in colour score du r ing grain development of  the 
s i x  gene rations of cross 3 wheat  ripening in the wa rm environment . 

A To rdo 

B Senora 64A 

c F2 

D F 3 

E BC 1 (Tordo ) S 1 

F BC 1 ( Sonora 6 4A) S 1 

* observed values in block 1 .  

observed values in block 2 .  

+ obse rved va lues in block 3 .  

predicted va lues in block 1 .  

predicted va lues in block 2 .  

. . . .  . . ..... . . .  predicted va lues in block 3 .  

R2 r a ng e  f r om 7 9 . 78- 100 . 00% 
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F igure A . 4 8 . Change in colour score du ring gra in development of  the 
s i x  generat ions o f  cross 3 wheat ripe n ing in the cool environment . 

A Tordo 

B Senora 64A  

c F2 

D F3 

E BC1 ( Tordo ) S 1 

F BC 1 ( Sono ra 6 4A) S 1 

* obse rved va lues in block 1 .  

observed values in block 2 .  

+ observed values in b l ock 3 .  

p redicted va lues in block 1 .  

predicted values in block 2 .  

predicted va lues in bloc k 3 .  

R2 r ange f r om 86 . 5 1- 1 00 . 00%  
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